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Abstract- The development of nanocarrier-based drug
delivery systems has emerged as one of the most
significant paradigm shifts in contemporary oncology
therapeutics, offering a strategic response to the
pharmacokinetic, pharmacodynamic, and
toxicological limitations inherent to conventional
anticancer  treatments. Targeted nanocarrier
platforms are engineered to modulate drug
biodistribution, prolong systemic circulation, enhance
tumor-selective accumulation, and facilitate controlled
intracellular drug release. By integrating principles of
materials science, tumor pathophysiology, and
molecular  pharmacology, nanocarriers enable
precision delivery of cytotoxic agents, biologics, and
nucleic acid—based therapeutics, thereby redefining
therapeutic index optimization in cancer care.

Over the past two decades, rapid advances in
nanotechnology have yielded a diverse array of
delivery platforms, including lipid-based vesicles,
polymeric assemblies, inorganic and metallic
nanoparticles, and biomimetic systems derived from
cellular components. Several of these platforms have
successfully transitioned from preclinical investigation
to clinical evaluation, culminating in regulatory
approval for select formulations. However, despite
extensive experimental validation and technological
sophistication, the clinical impact of targeted
nanocarriers has been heterogeneous and, in many
cases, modest. Discrepancies between preclinical
efficacy and clinical outcomes have highlighted critical
challenges related to tumor heterogeneity, immune-

mediated clearance, delivery inefficiency,
manufacturing reproducibility, and regulatory
complexity.

This review provides a comprehensive and critical
evaluation of emerging nanocarrier platforms for
targeted oncology therapy, with particular emphasis
on targeting strategies, clinical translation trajectories,
and translational barriers. In addition, future
prospects encompassing personalized nanomedicine,
artificial intelligence—assisted nanocarrier design, and
theranostic integration are examined. By synthesizing

current evidence and identifying strategic gaps, this
review aims to inform rational design principles and
translational frameworks necessary for the next
generation of clinically impactful nanomedicine.
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L. INTRODUCTION

Cancer represents a biologically complex and
clinically heterogeneous group of diseases
characterized by uncontrolled cellular proliferation,
genomic  instability, dysregulated signaling
pathways, and progressive invasion of surrounding
tissues. Despite substantial advances in molecular
diagnostics, genomics, and immunotherapy, cancer
remains a leading cause of death globally, with an
increasing incidence driven by aging populations,
environmental exposures, and lifestyle factors.
Systemic chemotherapy continues to be a
cornerstone of cancer management across multiple
tumor types; however, its therapeutic utility is
frequently constrained by narrow therapeutic
windows, cumulative toxicity, and limited tumor
selectivity.

Conventional chemotherapeutic agents are typically
administered as small-molecule formulations that
distribute indiscriminately throughout the body
following systemic administration. Their
pharmacological action is predicated on disrupting
fundamental cellular processes such as DNA
synthesis, mitotic spindle formation, or nucleotide
metabolism—mechanisms that are not exclusive to
malignant cells. Consequently, healthy rapidly
proliferating tissues are disproportionately affected,
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resulting in dose-limiting toxicities that include
myelosuppression, cardiomyopathy, neurotoxicity,
mucositis, and gastrointestinal injury. These adverse
effects not only diminish patient quality of life but
also necessitate treatment interruptions, dose
reductions, or premature discontinuation, thereby
compromising therapeutic efficacy.

In response to these limitations, nanotechnology has
emerged as a transformative approach to drug
delivery in oncology. Nanocarrier systems, typically
ranging from 10 to 200 nanometers in size, are
engineered to encapsulate therapeutic agents within
structured architectures that protect drugs from
premature degradation, improve solubility, and alter
pharmacokinetic profiles. Unlike conventional
formulations, nanocarriers can be rationally
designed to interact with tumor-specific biological
features, including aberrant vasculature, altered
metabolism, and distinct microenvironmental
conditions. These capabilities enable a shift from
indiscriminate systemic exposure toward spatially
and temporally controlled drug delivery.

Over the past several decades, the field of cancer
nanomedicine has evolved from conceptual
exploration to clinical implementation. Multiple
nanocarrier formulations have progressed through
clinical trials, with several achieving regulatory
approval for oncology indications. Nevertheless, the
translational success of nanocarriers has been
uneven, revealing a critical gap between
technological innovation and clinical benefit. A
comprehensive and critical evaluation of emerging
nanocarrier platforms is therefore essential to
identify the determinants of clinical success and
guide future development strategies.

II. RATIONALE FOR TARGETED DRUG
DELIVERY IN ONCOLOGY

The fundamental rationale for targeted drug delivery
in oncology arises from the need to reconcile
therapeutic efficacy with acceptable safety profiles.
The ideal anticancer therapy would achieve
sustained cytotoxic activity within malignant tissues
while sparing normal organs from harmful exposure.
However, traditional chemotherapy operates largely
in opposition to this ideal, relying on systemic drug
distribution and differential sensitivity between
cancerous and normal cells. This approach
inherently limits dose escalation and therapeutic
durability.

Targeted nanocarrier systems offer a mechanistically
distinct strategy by decoupling drug efficacy from
systemic exposure. Through precise control of
physicochemical properties such as particle size,

surface charge, hydrophilicity, and ligand
presentation, nanocarriers can be engineered to
preferentially localize within tumors and malignant
cells. This selective accumulation enhances
intratumoral drug concentrations, enabling effective
cytotoxicity at lower systemic doses and thereby
expanding the therapeutic index.

Beyond localization, nanocarriers facilitate
controlled and sustained drug release, addressing the
pharmacokinetic shortcomings of conventional
formulations. Encapsulation protects therapeutic
agents from enzymatic degradation and rapid
clearance, prolonging circulation time and
maintaining  therapeutically relevant plasma
concentrations. Additionally, nanocarriers enable
co-delivery of multiple agents, allowing synergistic
combinations such as chemotherapeutics with
sensitizers, gene silencers, or immunomodulators to
be administered in a coordinated manner.

Importantly, targeted delivery also holds promise for
overcoming multidrug resistance, a major obstacle
in oncology. Resistance mechanisms such as efflux
transporter  overexpression, intracellular drug
sequestration, and altered apoptotic signaling often
arise due to subtherapeutic drug exposure at the
tumor site. Nanocarriers can bypass or saturate
efflux mechanisms, enhance intracellular retention,
and modulate resistance pathways through
combination payloads. These attributes position
targeted nanocarrier systems as a critical enabler of
precision oncology.

III. LIMITATIONS OF CONVENTIONAL
CHEMOTHERAPY

Conventional chemotherapy is fundamentally
limited by its inability to discriminate effectively
between malignant and normal tissues. Systemic
administration results in widespread drug exposure,
with cytotoxic effects extending far beyond the
intended tumor site. Myelosuppression remains one
of the most common and clinically significant
toxicities, often necessitating supportive care
interventions such as growth factor administration or
transfusions. Cardiotoxicity, particularly associated
with anthracyclines, imposes lifetime dose limits
that restrict long-term treatment options.

Pharmacokinetic inefficiencies further undermine
therapeutic outcomes. Many anticancer drugs
exhibit poor aqueous solubility, leading to
formulation challenges and variable bioavailability.
Rapid renal clearance, extensive hepatic
metabolism, and non-specific tissue distribution
reduce effective drug concentrations at tumor sites.
Attempts to compensate through dose intensification
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frequently exacerbate toxicity without achieving
proportional improvements in tumor control.

Another critical limitation is the emergence of
intrinsic and acquired drug resistance. Tumor cells
can adapt to chemotherapeutic pressure through a
multitude of mechanisms, including upregulation of
drug efflux pumps, enhanced DNA repair capacity,
metabolic reprogramming, and evasion of apoptosis.
These resistance pathways are often reinforced by
heterogeneous drug distribution within tumors,
resulting in survival of resistant subpopulations that
drive disease recurrence and progression.

Collectively, these limitations underscore the
inadequacy of conventional chemotherapy as a
standalone therapeutic strategy and highlight the
urgent need for advanced delivery systems capable
of improving tumor selectivity, pharmacokinetic
control, and therapeutic durability. Nanocarrier-
based targeted delivery has emerged directly in
response to these unmet clinical needs, offering a
platform to re-engineer existing drugs into more
effective and safer oncology therapies.

IV. OVERVIEW OF NANOCARRIER SYSTEMS

Nanocarrier systems represent a transformative
approach in oncology therapeutics, designed to
overcome the fundamental limitations of
conventional chemotherapy. These submicron-scale
delivery vehicles are engineered to encapsulate
therapeutic agents, protect them from enzymatic
degradation, and modulate their pharmacokinetic
and pharmacodynamic profiles. By controlling
biodistribution and facilitating selective
accumulation at tumor sites, nanocarriers aim to
maximize therapeutic efficacy while minimizing
systemic  toxicity. The rationale for their
development is deeply rooted in tumor biology; the
abnormal vascular architecture, elevated interstitial
fluid pressure, heterogeneous extracellular matrix,
and receptor-mediated endocytosis present unique
opportunities for selective drug delivery. Unlike
small-molecule chemotherapeutics that
indiscriminately distribute throughout the body,
nanocarriers offer a strategic means to integrate
pharmacological potency with tumor specificity.

The development of nanocarriers involves a careful
balance between structural design, functional
capacity, and clinical applicability. Particle size,
shape, surface chemistry, and functionalization
determine circulation time, cellular uptake, and
biodistribution. The selection of materials—organic
or inorganic—dictates biodegradability, drug
loading efficiency, and potential multifunctionality.
Furthermore, the design of nanocarriers is

increasingly guided by the need to interact favorably
with the host immune system, evade premature
clearance, and respond dynamically to the tumor
microenvironment. Collectively, these
considerations position nanocarriers as highly
versatile platforms capable of addressing the
multifactorial challenges of modern oncology.

V. CLASSIFICATION OF NANOCARRIERS

Nanocarriers are broadly categorized based on
composition and functional design into organic,
inorganic, and hybrid or stimuli-responsive systems.
This classification not only reflects material
properties but also predicts clinical behavior,
translational feasibility, and therapeutic potential.
Understanding the distinctions between these
classes is essential for rational platform selection,
preclinical optimization, and eventual -clinical
translation.

Organic Nanocarriers

Organic nanocarriers encompass lipid-based and
polymer-based systems and are the most clinically
established platforms. Lipid-based carriers, such as
liposomes, solid lipid nanoparticles (SLNs), and
nanostructured lipid carriers (NLCs), exploit the
amphiphilic properties of lipids to encapsulate both
hydrophilic and hydrophobic drugs. These carriers
protect labile therapeutic molecules from enzymatic
degradation, improve solubility, and allow for
controlled release within the tumor
microenvironment. Liposomes, in particular, have
demonstrated clinical success, exemplified by
pegylated liposomal doxorubicin, which exhibits
enhanced  circulation time and reduced
cardiotoxicity compared with free doxorubicin.
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Polymeric carriers—including polymeric
nanoparticles, micelles, and dendrimers—offer
distinct advantages in structural precision and
functional versatility. Synthetic and natural
polymers, such as poly(lactic-co-glycolic acid)
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(PLGA), polycaprolactone, and polyethylene glycol,
provide a matrix for high drug loading, tunable
degradation, and controlled release. Surface
modification with targeting ligands, hydrophilic
polymers for stealth properties, or stimuli-
responsive moieties further enhances specificity and
therapeutic performance. These systems also
support the co-delivery of multiple drugs or gene
therapies, enabling synergistic treatment strategies.
Despite their advantages, challenges such as
potential polymer-related toxicity, aggregation, and
manufacturing reproducibility must be carefully
managed.

Inorganic Nanocarriers

Inorganic  nanocarriers, including  metallic
nanoparticles, silica-based frameworks, and
magnetic nanoparticles, are valued for their
structural stability, multifunctional properties, and
potential  for theranostic integration. Gold
nanoparticles offer plasmonic properties that enable
photothermal  therapy and  imaging-guided
interventions. Silica nanoparticles provide high
surface area, chemical stability, and tunable porosity,
allowing precise drug loading and surface
modification. Magnetic nanoparticles, typically iron
oxide-based, can be externally guided to tumor sites
and facilitate magnetically induced hyperthermia.
These platforms offer the advantage of combining
diagnostic imaging with therapeutic action, a critical
feature for precision oncology. However, clinical
translation is limited by concerns regarding
biodegradability, long-term accumulation, and
systemic toxicity, which necessitate careful surface
engineering and biocompatible coatings.

Hybrid and Stimuli-Responsive Nanocarriers

Hybrid and stimuli-responsive  nanocarriers
represent the frontier of oncology drug delivery,
integrating organic and inorganic materials with
functional responsiveness to achieve
spatiotemporally controlled drug release. These
carriers are engineered to exploit tumor-specific
conditions, such as acidic extracellular pH, elevated
enzymatic activity, hypoxia, or redox gradients, to
trigger localized drug release selectively at
malignant sites. Externally activated systems,
responsive to heat, light, ultrasound, or magnetic
fields, further enhance precision, enabling on-
demand drug activation while minimizing systemic
exposure.

These platforms are particularly valuable for co-
delivering multiple therapeutic agents, including
chemotherapy, nucleic acids, or immunomodulators,
enabling combination therapies that target multiple

oncogenic pathways or overcome multidrug
resistance. Hybrid carriers allow the integration of
imaging agents, facilitating theranostic applications
that combine real-time tumor visualization with
therapeutic intervention. Despite their immense
potential, these sophisticated systems face
significant challenges, including manufacturing
complexity, quality control, immunogenicity, and
regulatory hurdles, which collectively constrain
their broad clinical adoption.

VL.FUNCTIONAL CLASSIFICATION AND
CLINICAL CONSIDERATIONS

Beyond material composition, nanocarriers can be
functionally  classified based on  passive
accumulation, active targeting, and stimuli-
responsiveness. Passive targeting relies on the
enhanced permeability and retention (EPR) effect of
tumors, while active targeting involves ligand-
mediated receptor binding to facilitate cellular
internalization. Stimuli-responsive carriers exploit
tumor-specific conditions or external triggers for
controlled release. Importantly, functional behavior
is intertwined with material composition: polymeric
micelles may be predominantly passive, gold-core
liposomes may support externally triggered therapy,
and hybrid systems may combine multiple
functional strategies.

From a translational perspective, the clinical
selection of a nanocarrier platform is dictated by
tumor biology, administration route, therapeutic
payload, and safety considerations. Organic carriers
are preferred for established clinical applications
due to regulatory familiarity and biocompatibility,
while inorganic and hybrid carriers are increasingly
explored for theranostic and multifunctional
applications. Across all classes, the overarching goal
is to reconcile mechanistic sophistication with
clinical feasibility, ensuring effective tumor
targeting, reproducible manufacturing, and minimal
systemic toxicity.

VILLIPID-BASED NANOCARRIERS

Lipid-based nanocarriers have emerged as a
cornerstone in the development of clinically
translatable oncology therapeutics, representing
some of the earliest and most widely utilized
platforms in nanomedicine. Their success is
underpinned by intrinsic biocompatibility, structural
versatility, and the ability to encapsulate a broad
spectrum of therapeutic agents, ranging from
hydrophilic small molecules to lipophilic drugs and
even nucleic acids. These carriers exploit the
amphiphilic nature of lipids to form self-assembled
vesicles or solid matrices, providing a protective
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microenvironment  that mitigates premature
degradation and reduces systemic toxicity.
Importantly, lipid-based nanocarriers can be
engineered to optimize pharmacokinetic profiles,
prolong circulation half-life, and enable passive and
active tumor targeting through both
physicochemical design and functionalization
strategies. Their adaptability, combined with a
strong safety record, has facilitated the regulatory
approval of multiple formulations, making lipid-
based nanocarriers a mainstay in modern cancer
therapy.

The tumor microenvironment presents multiple
barriers to effective chemotherapy, including
heterogeneous vasculature, elevated interstitial fluid
pressure, and enzymatic degradation of therapeutic
agents. Lipid-based systems are particularly well-
suited to overcome these challenges due to their
ability to traverse biological ~membranes,
accommodate both hydrophilic and hydrophobic
drugs, and facilitate controlled release. Moreover,
their surfaces can be modified with polyethylene
glycol (PEQG) or targeting ligands, improving stealth
properties and enabling selective receptor-mediated
internalization. These characteristics have rendered
lipid-based  carriers  highly  versatile  for
monotherapy, combination therapy, and even
integration with external stimuli for controlled
activation, bridging the gap between preclinical
innovation and clinical applicability.

Liposomes

Liposomes are spherical vesicles composed of one
or more phospholipid bilayers encapsulating an
aqueous core. This unique architecture allows
simultaneous incorporation of hydrophilic agents
within the aqueous compartment and hydrophobic
drugs within the lipid bilayer, providing unparalleled
versatility for oncological therapeutics. The
structural properties of liposomes—size, lamellarity,
lipid composition, and surface charge—significantly
influence pharmacokinetics, biodistribution, and
tumor accumulation. For example, liposomes with
diameters between 50-200 nm efficiently exploit the
enhanced permeability and retention (EPR) effect of
solid tumors, while PEGylation confers steric
stabilization, reducing opsonization and clearance
by the reticuloendothelial system.
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Clinically, liposomes have transformed the
administration of chemotherapeutics by mitigating
dose-limiting toxicities and improving tumor-
specific delivery. Pegylated liposomal doxorubicin
(Doxil®) exemplifies this impact, achieving reduced
cardiotoxicity and enhanced circulation half-life
relative to free doxorubicin. Similarly, liposomal
formulations of irinotecan, paclitaxel, and
cytarabine have demonstrated improved
pharmacological profiles and tolerability in patients
with advanced malignancies. However, despite these
advantages, liposomes are not without limitations.
Heterogeneity in EPR-mediated tumor
accumulation, rapid clearance in certain patient
populations, and stability issues during storage and
administration continue to challenge clinical
efficacy. Consequently, ongoing research focuses on
active targeting strategies, stimuli-responsive
release mechanisms, and hybrid liposomal
constructs to optimize therapeutic outcomes.

Solid Lipid Nanoparticles and Nanostructured Lipid
Carriers

Solid lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs) represent a second generation
of lipid-based systems designed to overcome the
limitations of conventional liposomes, particularly
drug leakage, stability, and scalability. SLNs consist
of a solid lipid matrix stabilized by surfactants,
providing a rigid structure that facilitates controlled
drug release, high payload capacity, and protection
against chemical degradation. NLCs, an evolution of
SLNs, incorporate a mixture of solid and liquid
lipids, creating imperfections in the crystalline
lattice that allow for higher drug loading and
reduced expulsion during storage.

From a mechanistic perspective, SLNs and NLCs
exploit similar passive and active targeting
principles as liposomes. Their nanometric size
enables EPR-mediated accumulation, while surface
modifications with PEG or ligands enhance tumor
selectivity and cellular internalization. Preclinical
studies have demonstrated that SLNs and NLCs can
significantly improve the pharmacokinetics of
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hydrophobic chemotherapeutics such as paclitaxel
and docetaxel, increase tumor retention, and reduce
systemic toxicity. Additionally, these platforms offer
flexibility for co-delivery of drugs and nucleic acids,
supporting combination therapies that can
simultaneously modulate multiple oncogenic
pathways or circumvent multidrug resistance.
Despite their promise, the clinical translation of
SINs and NLCs is limited by manufacturing
challenges, including polymorphic transitions of
lipids, batch-to-batch reproducibility, and scale-up
feasibility, which remain areas of active
investigation.

Mechanistic and Translational Insights

The clinical success of lipid-based nanocarriers
stems from their ability to integrate multiple
mechanisms that enhance tumor targeting and
therapeutic efficacy. Passive targeting via the EPR
effect remains foundational, allowing preferential
accumulation of nanocarriers within leaky tumor
vasculature. Complementing this, active targeting
through  ligand-receptor interactions further
enhances cellular uptake and intracellular delivery,
particularly in tumors with high expression of folate
receptors, transferrin receptors, or integrins.
Additionally, stimuli-responsive liposomes and
lipid-based nanoparticles that respond to pH,
temperature, or enzymatic activity enable precise
spatiotemporal control of drug release, addressing
heterogeneity within the tumor microenvironment.
Collectively, these mechanistic advantages position
lipid-based carriers as versatile platforms capable of
enhancing efficacy while reducing systemic toxicity.

From a translational perspective, lipid-based
nanocarriers offer a combination of regulatory
familiarity, scalable manufacturing potential, and
robust safety profiles that support clinical adoption.
They serve as platforms not only for conventional
chemotherapy but also for nucleic acid-based
therapeutics, immunomodulatory agents, and
combination  therapies. = Importantly, their
adaptability allows integration with theranostic
approaches, including the incorporation of imaging
agents or external stimuli for controlled drug
activation, thus bridging the gap between preclinical
innovation and clinical implementation.

VIIL POLYMERIC NANOCARRIERS

Polymeric nanocarriers have become a cornerstone
of modern targeted oncology therapeutics due to
their unique combination of structural tunability,
functional versatility, and controlled drug delivery
capabilities. Unlike conventional
chemotherapeutics, which diffuse non-selectively

into healthy and malignant tissues alike, polymeric
nanocarriers can be engineered to navigate complex
biological barriers, enhance tumor accumulation,
and release therapeutic payloads in a controlled
manner. Their design is rooted in decades of polymer
chemistry research, leveraging both natural
polymers such as chitosan, alginate, and gelatin, and
synthetic polymers including poly(lactic-co-glycolic
acid) (PLGA), polycaprolactone, polyethylene
glycol, and polylactic acid. The adaptability of
polymeric chemistry allows precise control over
particle size, surface charge, hydrophobicity, and
degradation kinetics, which are all critical
parameters for optimizing pharmacokinetics and
biodistribution.

From a therapeutic standpoint, polymeric
nanocarriers address many of the limitations
inherent to conventional chemotherapy, including
rapid systemic clearance, poor solubility of
hydrophobic drugs, dose-limiting toxicities, and
multidrug resistance mechanisms. By encapsulating
chemotherapeutic agents within a polymeric matrix,
these systems protect labile drugs from enzymatic
degradation and immune recognition, prolong
systemic circulation, and facilitate controlled release
within the tumor microenvironment. Moreover,
polymeric carriers can be engineered to interact with
tumor-specific receptors or exploit the enhanced
permeability and retention (EPR) effect, thereby
achieving both passive and active targeting. This
combination of protective encapsulation, tunable
release, and targeting potential makes polymeric
nanocarriers exceptionally versatile for a wide range
of oncological applications.

Polymeric Nanoparticles

Polymeric nanoparticles are colloidal particles,
typically ranging from 50 to 300 nanometers,
composed of biodegradable or biocompatible
polymers that form a solid matrix for drug
encapsulation. Their structure allows for both
hydrophilic and hydrophobic drug loading,
depending on the polymer composition and
preparation method. Common synthetic polymers,
such as PLGA and polycaprolactone, provide
predictable degradation profiles through hydrolytic
cleavage, which can be fine-tuned by adjusting
polymer molecular weight, copolymer ratio, or end-
group chemistry. Natural polymers such as chitosan
offer intrinsic bioadhesive properties,
mucoadhesion, and potential immunomodulatory
effects, providing additional advantages for
localized and systemic delivery.
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Mechanistically, polymeric nanoparticles enable
sustained and controlled drug release, which can
occur through a combination of polymer
degradation, diffusion, and swelling-mediated
mechanisms. Their nanometric size allows
preferential extravasation into tumor tissue through
the EPR effect, while surface modification with
hydrophilic polymers such as polyethylene glycol
reduces recognition and clearance by the
mononuclear ~ phagocyte system. Further
functionalization with ligands targeting folate
receptors, transferrin receptors, or integrins enables
receptor-mediated endocytosis, enhancing
intracellular drug delivery and cytotoxic efficacy.
Preclinical studies have demonstrated that
polymeric nanoparticles loaded with paclitaxel,
docetaxel, or camptothecin achieve enhanced tumor
accumulation, prolonged circulation, and improved
antitumor activity compared with free drugs.

Clinically, several polymeric nanoparticle systems
have advanced into trials. For instance, CRLX101, a
cyclodextrin-based polymer nanoparticle loaded
with camptothecin, has shown promising activity in
patients with metastatic solid tumors, providing
improved pharmacokinetics and tolerability relative
to conventional formulations. Similarly, NK105, a
micelle-like polymeric nanoparticle containing
paclitaxel, has demonstrated reduced neurotoxicity
and enhanced tumor response in phase II studies for
breast and gastric cancers. These clinical examples
underscore the potential of polymeric nanoparticles
to improve both efficacy and safety profiles,
particularly for hydrophobic chemotherapeutics
with otherwise poor solubility and high systemic
toxicity.

Despite these advantages, polymeric nanoparticles
face challenges for clinical translation, including
batch-to-batch reproducibility, scale-up
manufacturing, potential immunogenicity, and
protein corona formation in vivo, which can alter
biodistribution and reduce targeting efficiency.

Addressing these limitations requires integrated
strategies combining rational polymer chemistry,
advanced surface functionalization, and thorough
preclinical ~evaluation to ensure consistent
performance.

Polymeric Micelles

Polymeric micelles are self-assembled nanoscale
structures formed from amphiphilic block
copolymers, typically 10-100 nanometers in size.
The hydrophobic core serves as a reservoir for
poorly water-soluble drugs, while the hydrophilic
corona, often composed of polyethylene glycol,
stabilizes the micelle in systemic circulation and
reduces opsonization. The small size of micelles
allows for deep penetration into tumor tissue and
evasion of renal clearance, making them particularly
advantageous for solid tumor therapy.

Mechanistically, drug release from polymeric
micelles can be passively controlled through
polymer degradation or actively triggered by tumor-
specific stimuli such as pH, temperature, or
enzymatic activity. Tumor-specific acidic pH or
overexpressed proteases can destabilize the micelle
structure, facilitating localized drug release and
reducing systemic exposure. Additionally, surface
functionalization with targeting ligands enhances
receptor-mediated internalization into cancer cells,
improving intracellular drug accumulation and
therapeutic efficacy. The multivalent presentation of
ligands on micelle surfaces can further enhance
binding avidity to tumor receptors, particularly in
heterogeneous tumor populations.

Clinical examples of polymeric micelles include
Genexol-PM®, a paclitaxel-loaded polymeric
micelle formulation approved in South Korea for
breast, lung, and ovarian cancers. Genexol-PM
demonstrates enhanced solubility, reduced solvent-
related toxicity, and improved antitumor efficacy,
illustrating the translational potential of micellar
systems. Newer generations of polymeric micelles
are being developed with dual-targeting strategies,
co-delivery of chemotherapeutics and siRNA, and
stimuli-responsive release mechanisms, aiming to
overcome multidrug resistance, tumor
heterogeneity, and off-target toxicities.

Dendrimers

Dendrimers are highly branched, monodisperse
macromolecules with a precisely controlled three-
dimensional architecture, allowing exceptional
control over size, surface chemistry, and internal
cavities for drug encapsulation. Each branching
generation introduces multiple terminal groups,
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enabling multivalent ligand presentation, enhanced
drug loading, and modular functionalization.
Poly(amidoamine) (PAMAM) dendrimers are the
most extensively studied in oncology, owing to their
tunable size, biocompatibility, and amenability to
surface modification with PEG, targeting ligands, or
imaging agents.

Mechanistically, dendrimers enable dual modes of
drug delivery: encapsulation within internal cavities
for hydrophobic drug protection and surface
conjugation for active targeting or imaging
functionality. The multivalency of dendrimers
enhances binding avidity to tumor receptors,
facilitating efficient receptor-mediated endocytosis
and intracellular payload delivery. Preclinical
studies have demonstrated the ability of dendrimer-
based formulations to overcome multidrug
resistance, achieve synergistic combination therapy,
and provide theranostic capabilities by integrating
imaging and therapeutic functions within a single
nanoscale platform.

Despite these promising features, dendrimers face
clinical translation challenges, including
cytotoxicity associated with cationic surface groups,
immunogenicity, potential accumulation in organs,
and manufacturing complexity. Strategies such as
surface PEGylation, acetylation, and hybridization
with biocompatible polymers have been employed
to mitigate toxicity and improve biodistribution,
highlighting the importance of rational design in
advancing dendrimer-based therapeutics toward
clinical applications.

Mechanistic and Translational Insights

Polymeric nanocarriers collectively provide a
platform that integrates passive tumor targeting via
the EPR effect, active receptor-mediated uptake, and
controlled or stimuli-responsive drug release. By
optimizing polymer chemistry, particle size, surface
charge, and ligand density, these systems can
overcome biological barriers such as poor tumor
penetration, heterogeneous receptor expression, and
enzymatic degradation. Functionally, polymeric
nanoparticles offer sustained release and high
payload capacity, micelles enable solubilization of
hydrophobic drugs with deep tissue penetration, and
dendrimers allow precise multivalent targeting and
multifunctionalization.

From a clinical perspective, polymeric nanocarriers
offer advantages in enhanced therapeutic index,
reduced systemic toxicity, and compatibility with
combination therapies, including chemotherapy,
gene therapy, and immunotherapy. They also
provide a foundation for theranostic approaches,

combining imaging and therapy within a single
platform. Critical translational challenges include
reproducibility, scale-up, immunogenicity,
regulatory compliance, and integration with
personalized medicine strategies. Nevertheless, the
ongoing evolution of polymeric nanocarriers—
incorporating  stimuli  responsiveness, dual-
targeting, and co-delivery capabilities—positions
them at the forefront of next-generation targeted
oncology therapeutics, capable of addressing the
multifaceted challenges of modern cancer treatment.

IX. INORGANIC AND METALLIC
NANOCARRIERS

Inorganic and metallic nanocarriers represent a
distinct class of nanomedicines that leverage the
unique physicochemical, optical, magnetic, and
catalytic properties of metals and inorganic
materials for oncology therapy. Unlike organic
systems, which primarily rely on polymeric or lipid
matrices, inorganic nanocarriers are valued for their
structural stability, multifunctionality, and tunable
surface chemistry, enabling both therapeutic
delivery and diagnostic imaging within a single
platform. These carriers can be engineered with
precise size, shape, and surface functionalization to
optimize tumor accumulation, cellular uptake, and
controlled drug release. Moreover, their inherent
physicochemical properties provide additional
opportunities for external stimulus-mediated
therapy, such as photothermal or magnetic
hyperthermia, which can complement
chemotherapeutic or gene-based payloads.

The rationale for utilizing inorganic nanocarriers in
oncology stems from the need to address limitations
of conventional chemotherapy, including poor drug
solubility, non-specific biodistribution, dose-
limiting toxicities, and multidrug resistance.
Inorganic systems offer not only enhanced tumor
accumulation through passive or active targeting but
also multimodal functionality, integrating drug
delivery, imaging, and external-triggered therapy.
By combining therapeutic and diagnostic
capabilities, these platforms contribute to the
emerging field of theranostics, enabling real-time
monitoring of treatment efficacy, optimization of
dosing regimens, and personalized cancer therapy.

Gold Nanoparticles

Gold nanoparticles (AuNPs) are among the most
extensively studied metallic nanocarriers due to their
biocompatibility, tunable size and shape, and unique
optical properties, particularly surface plasmon
resonance. These properties allow AuNPs to absorb
and scatter light efficiently, converting optical
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energy into heat, which can be harnessed for
photothermal therapy. In oncology, AuNPs can serve
as both drug delivery vehicles and therapeutic agents
themselves, providing a dual modality of treatment.

Mechanistically, AuNPs can be functionalized with
chemotherapeutics, nucleic acids, or targeting
ligands, enabling receptor-mediated uptake into
tumor cells while maintaining stability in systemic
circulation. The surface chemistry of AuNPs allows
attachment of PEG to prolong circulation, antibodies
or peptides for active targeting, and stimuli-
responsive linkers for controlled intracellular drug
release. Additionally, their plasmonic properties
facilitate localized photothermal ablation of tumor
tissue upon near-infrared (NIR) light exposure,
providing a non-invasive adjunct to chemotherapy.

Clinically, gold nanoparticles have demonstrated
promise in preclinical models of breast, lung,
prostate, and head-and-neck cancers, showing
enhanced drug delivery, improved tumor retention,
and synergistic effects with photothermal therapy.
For example, paclitaxel-loaded AuNPs conjugated
with targeting ligands exhibit higher cytotoxicity
and reduced systemic toxicity compared with free
paclitaxel. Despite these advantages, -clinical
translation faces challenges including long-term
bioaccumulation, potential cytotoxicity at high
doses, and regulatory hurdles associated with
metallic  nanomedicines.  Nonetheless,  the
multifunctional nature of AuNPs makes them a
highly versatile platform for integrated therapy and
imaging.

Silica-Based Nanocarriers

Silica nanoparticles, particularly mesoporous silica
nanoparticles (MSNs), have gained prominence due
to their high surface area, tunable pore size,
chemical stability, and ease of surface
functionalization. These features allow precise
control over drug loading, release kinetics, and
targeting specificity. The mesoporous structure
provides a large internal volume for encapsulation of
chemotherapeutics, photosensitizers, or nucleic
acids, while the outer surface can be modified with
PEG, targeting ligands, or stimuli-responsive
moieties.
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Mechanistically, silica-based carriers exploit passive
targeting via the EPR effect, with additional
enhancement through active targeting strategies.
Stimuli-responsive MSNs have been engineered to
release their payload in response to pH, redox
gradients, enzymatic activity, or external triggers
such as light or heat, ensuring spatial and temporal
precision of drug delivery. Their rigid inorganic
structure also allows co-delivery of multiple
therapeutics, combination with imaging agents, and
integration into theranostic platforms.

Preclinical studies have demonstrated that drug-
loaded MSNss, functionalized with targeting ligands
such as folate or transferrin, achieve higher
intracellular ~ drug  accumulation, enhanced
cytotoxicity, and improved tumor regression
compared with non-targeted systems. Additionally,
MSNs can be combined with photodynamic therapy,
whereby encapsulated photosensitizers generate
reactive oxygen species upon light exposure,
providing synergistic cytotoxic effects. Challenges
for clinical translation include long-term
biodegradation, potential immunogenicity, and
large-scale manufacturing, yet their structural
versatility and functional adaptability make silica-
based nanocarriers a leading candidate for next-
generation cancer therapeutics.

Magnetic Nanoparticles

Magnetic  nanoparticles  (MNPs),  typically
composed of iron oxide (Fe304 or y-Fe203),
represent a unique class of nanocarriers that
combine drug delivery with externally guided
localization and hyperthermia. Their
superparamagnetic ~ properties  allow  precise
manipulation using external magnetic fields,
enabling targeted accumulation in tumor tissue
while minimizing systemic exposure. Additionally,
exposure to alternating magnetic fields generates
localized heat, providing magnetically induced
hyperthermia that can sensitize tumors to
chemotherapeutic ~ agents or induce direct
cytotoxicity.

Mechanistically, MNPs can be functionalized with
polymers, targeting ligands, or drugs to enable
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receptor-mediated uptake, controlled release, and
prolonged circulation. The combination of magnetic
guidance and stimuli-responsive heating provides a
dual modality for spatial and temporal control over
therapy. Clinically, MNPs have been explored for
the treatment of glioblastoma, liver tumors, and
metastatic lesions, demonstrating enhanced tumor
localization, improved therapeutic outcomes, and
reduced systemic toxicity. Additionally, MNPs can
be used as contrast agents for magnetic resonance
imaging (MRI), allowing simultaneous diagnostic
imaging and therapy.

Challenges in translating MNPs to widespread
clinical use include potential oxidative stress,
aggregation in circulation, reproducibility in
synthesis, and regulatory concerns associated with
combination device-drug products. Nevertheless,
the integration of imaging, targeting, and therapy
positions magnetic nanoparticles as a versatile
platform for precision oncology.

Mechanistic and Translational Insights

Inorganic and metallic nanocarriers provide a unique
set of advantages in targeted oncology therapy that
are not achievable with purely organic systems.
Their structural rigidity, multifunctionality, and
responsiveness to external stimuli enable integration
of chemotherapy, imaging, and physical modalities
such as hyperthermia. Passive accumulation via the
EPR effect is complemented by active targeting
through ligand functionalization, while stimuli-
responsive systems provide controlled, tumor-
specific drug release. Gold nanoparticles offer
plasmonic  photothermal effects, silica-based
carriers provide high-capacity encapsulation and
stimuli-responsive  release, and  magnetic
nanoparticles allow external guidance and
hyperthermia, making these systems highly
adaptable for theranostics and combination therapy.

Clinically, these inorganic carriers have
demonstrated enhanced tumor localization,
improved pharmacokinetics, and synergistic
therapeutic effects in preclinical models. However,
their translation is hindered by biocompatibility
concerns, biodegradation, accumulation in non-
target organs, complex manufacturing, and
regulatory challenges. Addressing these issues
requires advanced surface engineering,
biocompatible coatings, and robust quality control.
Despite these hurdles, inorganic and metallic
nanocarriers remain at the forefront of next-
generation oncology therapeutics, offering the
potential to integrate precision targeting, multimodal

therapy, and real-time imaging into a single
platform.

X. BIOMIMETIC AND CELL-DERIVED
NANOCARRIERS

Biomimetic and cell-derived nanocarriers constitute
a highly innovative frontier in targeted oncology
therapeutics, redefining the paradigms of drug
delivery by closely emulating natural biological
systems. Traditional lipid- or polymer-based
nanoparticles, while advantageous in terms of drug
encapsulation and controlled release, are inherently
limited by their synthetic origin, which often triggers
rapid recognition and clearance by the immune
system, nonspecific biodistribution, and suboptimal
tumor targeting. Biomimetic carriers circumvent
many of these limitations by replicating the
structural and functional properties of biological
membranes or extracellular vesicles, thereby
achieving enhanced biocompatibility, immune
tolerance, and tumor-homing capability. Their
biological origin allows them to interact naturally
with cellular receptors and intracellular trafficking
machinery, exploit endogenous communication
pathways, and traverse physiological barriers that
would typically hinder synthetic nanoparticles.

The development of biomimetic nanocarriers is
motivated by several clinical imperatives. Cancer
therapy remains challenged by the limited
specificity of conventional chemotherapeutics,
which indiscriminately damage healthy tissues and
are prone to rapid metabolism or efflux.
Additionally, the complex tumor microenvironment,
characterized by dense extracellular matrices,
heterogeneous vasculature, and immunosuppressive
signaling, often impedes nanoparticle penetration
and drug delivery. By leveraging nature-inspired
design, biomimetic carriers can navigate these
barriers,  achieving  enhanced  intratumoral
accumulation and selective cellular uptake, thereby
maximizing therapeutic efficacy while minimizing
systemic toxicity. This approach has catalyzed
intense research in precision oncology, particularly
for delivering cytotoxic drugs, nucleic acids,
immunomodulatory agents, and combination
therapeutics.

Exosomes

Exosomes are nanosized extracellular vesicles,
typically ranging from 30 to 150 nanometers in
diameter, secreted by virtually all mammalian cells
and integral to intercellular communication. These
vesicles carry a complex cargo of proteins, lipids,
and nucleic acids, reflecting the physiological or
pathological state of the parent cell. In oncology,
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tumor-derived exosomes play a dual role: they
mediate intercellular signaling that promotes
angiogenesis, metastatic dissemination, and immune
evasion, yet the same inherent targeting machinery
can be exploited for therapeutic delivery.

Mechanistically, exosomes possess surface adhesion
proteins, tetraspanins (CD9, CD63, CDS81),
integrins, and other membrane molecules that
facilitate selective uptake by recipient cells, often
through endocytosis or membrane fusion. This
natural tropism can be harnessed for drug delivery
by loading chemotherapeutics, siRNA, miRNA, or
genome-editing components such as CRISPR-Cas9
ex vivo. Loading strategies are diverse, including
passive incubation, electroporation, sonication, and
genetically engineering donor cells to incorporate
therapeutic cargo during exosome biogenesis. Once
systemically administered, exosomes display
remarkable stability in circulation, minimal
immunogenicity, and the capacity for homing to
tumor microenvironments, particularly when
derived from tumor-tropic sources such as
mesenchymal stem cells, dendritic cells, or
macrophages.

Preclinical studies highlight the transformative
potential of exosome-based therapeutics. Paclitaxel-
loaded exosomes derived from macrophages have
demonstrated superior tumor penetration, higher
cytotoxicity, and prolonged survival in murine
models compared with conventional nanoparticles
or free drug formulations. Beyond
chemotherapeutics, exosomes can be engineered as
theranostic agents, co-encapsulating fluorescent
dyes, MRI contrast agents, or radionuclides to
enable real-time tracking of biodistribution, drug
release, and treatment response. Despite these
compelling advantages, clinical translation is
impeded by significant challenges. These include
heterogeneity in exosome populations, variations in
cargo loading efficiency, difficulties in large-scale
isolation, and long-term stability concerns.
Regulatory frameworks are also evolving to address
safety, reproducibility, and potential off-target
signaling effects inherent to biologically derived
vesicles.

Cell Membrane-Coated Nanoparticles

Cell membrane-coated nanoparticles (CMNPs)
represent an innovative synthetic-biological hybrid
platform, merging the engineering versatility of
synthetic nanomaterials with the biological fidelity
of natural cell membranes. In CMNPs, nanoparticles
composed of polymers, lipids, or metals are cloaked
with cell membranes derived from red blood cells,

platelets, cancer cells, or immune cells. This
biomimetic coating preserves native membrane
proteins, lipids, and glycocalyx structures, endowing
the particles with immune evasion capabilities,
homotypic targeting, and receptor-mediated uptake.

The mechanistic basis of CMNPs lies in retaining
the functional characteristics of the source cells. For
example, RBC membranes provide prolonged
systemic circulation and stealth properties,
minimizing clearance by the mononuclear
phagocyte system. Platelet membranes facilitate
tumor adhesion, vascular targeting, and interaction
with metastatic niches, while cancer cell membranes
exploit homotypic recognition to preferentially
accumulate in tumors of the same origin. These
functional properties are coupled with the
physicochemical  advantages  of  synthetic
nanoparticles, such as tunable size, drug loading
capacity, and controlled release kinetics, enabling
the creation of multifunctional carriers capable of
delivering chemotherapeutics, immunomodulators,
or imaging agents with unprecedented precision.

Functionally, #CMNPs allow for selective
recognition and internalization by tumor cells,
enhancing therapeutic index while mitigating off-
target effects. Preclinical evidence demonstrates that
doxorubicin-loaded cancer cell membrane-coated
nanoparticles exhibit significantly higher tumor
accumulation and cytotoxicity relative to non-coated
counterparts. RBC-coated nanoparticles, by
contrast, show extended half-life in circulation and
reduced clearance, providing sustained drug
exposure. CMNPs can also be integrated with
external stimuli-responsive elements, enabling
combination therapies such as photothermal or
photodynamic therapy, which synergistically
augment tumor killing while maintaining safety
profiles.

Despite their promise, CMNPs face technical and
translational challenges. Manufacturing
complexities include membrane extraction,
purification, and coating uniformity, all of which
influence reproducibility and scale-up feasibility.
Additionally, potential immunogenicity from
allogeneic membranes, inadvertent activation of
signaling pathways, and long-term stability remain
critical concerns for clinical development.
Overcoming these barriers will require standardized
protocols, advanced quality control measures, and
rigorous  preclinical ~ validation to  ensure
reproducible, safe, and efficacious outcomes.
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Mechanistic and Translational Insights

Biomimetic and cell-derived nanocarriers represent
a paradigm shift in precision oncology, enabling
drug delivery systems that integrate natural
targeting, immune evasion, and multifunctionality.
These carriers combine passive targeting
mechanisms, such as EPR-mediated accumulation,
with intrinsic receptor-mediated homing, enhanced
cellular internalization, and prolonged circulation.
The unique surface characteristics of exosomes and
CMNPs allow them to traverse dense tumor stroma,
evade immune clearance, and deliver therapeutic
payloads to previously inaccessible cellular niches.

Translationally, preclinical studies consistently
demonstrate that biomimetic carriers achieve
superior tumor penetration, enhanced intracellular
delivery, and reduced systemic toxicity compared
with conventional polymeric or lipid nanoparticles.
Moreover, their compatibility with theranostic and
stimuli-responsive strategies enables simultaneous
imaging, real-time monitoring of drug release, and
integration with external modalities such as
hyperthermia or phototherapy. However, clinical
application remains in its infancy, with critical
challenges  including  scalable  production,
reproducibility, cargo loading consistency, safety
assessment, and regulatory approval. Addressing
these challenges will require interdisciplinary
approaches, integrating nanotechnology, cell
biology, pharmacology, and clinical oncology.

Future directions are likely to focus on hybrid
biomimetic systems that combine exosomal and cell
membrane-based features, co-deliver multiple
therapeutic modalities, and incorporate personalized
cargo loading based on patient-specific tumor
characteristics. Integration with external stimuli-
responsive elements and real-time imaging will
further enhance the precision and efficacy of these
platforms. Ultimately, biomimetic and cell-derived
nanocarriers exemplify the convergence of
biological insight and nanotechnology, offering a
transformative approach to targeted oncology
therapy capable of addressing the multifaceted
challenges of modern cancer treatment.

XI.ACTIVE AND PASSIVE TARGETING
STRATEGIES

Targeting strategies are central to the therapeutic
efficacy of nanocarrier-based oncology platforms.
The fundamental goal of these strategies is to
maximize drug accumulation in malignant tissues
while minimizing systemic toxicity, thereby
overcoming the limitations of conventional
chemotherapy. Targeting can be broadly classified

into passive and active modalities, each exploiting
distinct biological mechanisms to achieve selective
drug delivery. Passive targeting primarily leverages
tumor-specific pathophysiological characteristics,
while active targeting relies on molecular
recognition and receptor-ligand interactions to
achieve  precise  intracellular  localization.
Increasingly, modern nanocarriers are also designed
to respond to tumor microenvironmental cues or
external stimuli, further enhancing spatial and
temporal control over therapeutic delivery.

The clinical impact of targeting strategies is highly
context-dependent, shaped by tumor heterogeneity,
vascular  architecture, interstitial ~ pressure,
extracellular matrix density, and the dynamic
immune milieu. A sophisticated understanding of
these parameters is essential for rational nanocarrier
design and effective translation to human oncology,
as suboptimal targeting can result in heterogeneous
drug distribution, insufficient intracellular uptake,
and therapeutic resistance. Consequently, active and
passive targeting strategies must be integrated with
carrier engineering, payload optimization, and
patient-specific tumor profiling to realize the full
potential of nanomedicine in precision oncology.

Passive Targeting and the Enhanced Permeability
and Retention (EPR) Effect

Passive targeting remains a cornerstone of
nanocarrier design, primarily relying on the
enhanced permeability and retention (EPR) effect, a
phenomenon characteristic of solid tumors. The
EPR effect arises due to abnormal tumor
vasculature, which is often dilated, tortuous, and
fenestrated, permitting the extravasation of
macromolecules and nanoparticles that would be
excluded from normal tissues. In addition, impaired
lymphatic drainage within tumors results in
prolonged retention of these particles in the tumor
interstitium, allowing for sustained exposure of
cancer cells to therapeutic agents.

From a pharmacokinetic perspective, passive
targeting is critically dependent on nanocarrier
physicochemical properties, including size, shape,
surface charge, and hydrophilicity. Nanoparticles in
the 10-200 nm range are generally optimal for
exploiting EPR, as they can escape renal clearance
while diffusing through wvascular fenestrations.
Surface modifications, such as polyethylene glycol
(PEG) coating, further enhance circulation time by
reducing opsonization and uptake by the
reticuloendothelial system. Clinically approved
nanomedicines such as pegylated liposomal
doxorubicin (Doxil®) exemplify the utility of
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passive targeting, demonstrating improved tumor
accumulation and reduced cardiotoxicity compared
with free drug formulations.

However, the EPR effect exhibits significant
interpatient and intratumoral variability, limiting the
predictability of passive targeting. Tumor type, size,
anatomical location, prior therapy, stromal
composition, and vascular density profoundly
influence  nanoparticle  accumulation.  High
interstitial fluid pressure and dense extracellular
matrices can restrict nanoparticle penetration
beyond perivascular regions, resulting in
heterogeneous intratumoral drug distribution.
Consequently, while EPR provides a foundational
targeting mechanism, its clinical reliability is often
insufficient as a standalone strategy, motivating the
development of complementary active and stimuli-
responsive targeting approaches.

Active  Targeting Through Ligand—Receptor
Interactions

Active  targeting  involves  functionalizing
nanocarrier surfaces with ligands capable of
specifically binding to overexpressed receptors on
cancer cells or tumor-associated endothelial cells.
Common ligands include monoclonal antibodies,
antibody fragments, peptides, aptamers, and small
molecules such as folic acid or transferrin. Binding
of these ligands to target receptors triggers receptor-
mediated endocytosis, enhancing intracellular
delivery of the therapeutic payload.

Mechanistically, active targeting is primarily
intended to improve cellular uptake and intracellular
trafficking rather than initial tumor accumulation.
While total nanocarrier mass reaching the tumor
may not significantly increase compared with
passive targeting, ligand-mediated interactions
enhance the efficiency of drug internalization,
particularly in cells expressing high receptor density.
Key targets in oncology include the folate receptor,
epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor 2 (HER2), and
integrins, all of which have been exploited to design
receptor-specific  nanocarriers  that  improve
cytotoxic efficacy while minimizing off-target
effects.

Despite preclinical successes, active targeting faces
several challenges in clinical translation. Receptor
heterogeneity between patients, within tumor
subregions, and over the course of therapy can
reduce targeting efficiency. Ligand density,
orientation, and steric hindrance caused by protein
corona formation in vivo may further compromise
binding. Additionally, ligand-functionalized

nanoparticles increase manufacturing complexity,
quality control requirements, and regulatory burden,
creating barriers to commercialization. Clinical
trials of actively targeted nanocarriers, such as
HER2-targeted liposomal doxorubicin, have often
shown modest advantages over non-targeted
counterparts, underscoring the need for careful
patient stratification and combination with
complementary targeting modalities.

Tumor Microenvironment—Responsive Targeting

Emerging strategies exploit unique physicochemical
characteristics of the tumor microenvironment
(TME) to achieve site-specific drug release. The
TME exhibits features distinct from normal tissues,
including acidic extracellular pH, elevated reactive
oxygen species, hypoxia, overexpression of specific
enzymes, and altered redox gradients. Nanocarriers
can be engineered to respond to these stimuli,
remaining stable in circulation but releasing their
payload upon exposure to tumor-specific conditions.

pH-responsive nanocarriers utilize acid-labile
linkers or pH-sensitive polymers that destabilize in
the mildly acidic extracellular space (pH 6.5-6.8) or
endosomal compartments (pH 5-6), enabling
localized drug release. Enzyme-responsive systems
exploit tumor-associated proteases such as matrix
metalloproteinases (MMPs) or cathepsins to trigger
cleavage of carrier linkers and release of
therapeutics.  Hypoxia-responsive  nanocarriers
leverage low oxygen tension in tumor cores, which
are resistant to conventional therapies, by
incorporating hypoxia-sensitive moieties that
undergo reduction or cleavage in low-oxygen
environments. Collectively, these approaches
provide spatiotemporal precision, reduce off-target
toxicity, and enhance therapeutic efficacy, though
their effectiveness is influenced by spatial
heterogeneity and temporal fluctuations in tumor
microenvironmental parameters.

Externally Triggered Targeting Strategies

Externally triggered nanocarrier systems introduce
an additional layer of spatial and temporal control by
responding to applied physical stimuli. These
systems remain inert during systemic circulation but
release their therapeutic payload upon exposure to
external cues such as heat, light, ultrasound, or
magnetic fields.

Thermosensitive liposomes release encapsulated
drugs in response to mild hyperthermia (typically
40-43°C), often achieved via focused ultrasound or
microwave therapy. Photothermal and
photodynamic nanocarriers, including gold- or
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carbon-based nanoparticles, convert near-infrared
light into localized heat or reactive oxygen species,
enabling both controlled drug release and direct
tumor ablation. Magnetic nanoparticles offer
externally guided localization and magnetically
induced hyperthermia, providing a dual modality of
therapy and imaging.

While these approaches offer unparalleled precision,
clinical translation is limited by challenges such as
limited tissue penetration of stimuli, requirement for
specialized equipment, safety concerns, and
regulatory complexity associated with drug-device
combination products. Nevertheless, externally
triggered systems represent a promising avenue for
integrating theranostic capabilities and controlled
spatiotemporal therapy in nanomedicine.

Critical Perspective on Targeting Strategy
Effectiveness

Despite decades of preclinical innovation and
technological sophistication, the clinical benefits of
advanced targeting strategies have been modest in
many randomized trials. Nanocarriers with intricate
active targeting or stimuli-responsive features often
fail to provide substantial survival advantages over
simpler passively targeted formulations. This
discrepancy highlights the complexity of tumor
biology, patient heterogeneity, and the dynamic
nature of the tumor microenvironment, which
cannot be fully captured by preclinical models.

Current evidence suggests that successful clinical
targeting requires an integrative approach,
combining optimized carrier design,
microenvironment modulation, real-time imaging,
and biomarker-guided patient stratification. The
future of targeted nanocarrier therapy lies not in
maximal complexity but in precision alignment
between carrier properties, tumor biology, and
individual patient characteristics, ensuring that
therapeutic payloads reach the most resistant and
clinically relevant tumor compartments while
minimizing systemic exposure.

XII. CLINICAL TRANSLATION OF
NANOCARRIERS

While nanocarrier-based therapies have
demonstrated compelling efficacy in preclinical
models, translating these platforms to clinical
oncology remains a formidable challenge. Clinical
translation requires rigorous validation of
pharmacokinetics, biodistribution, safety, and
therapeutic efficacy in humans, often uncovering
discrepancies between preclinical promise and
clinical performance. The complex interplay of

tumor biology, host immune responses, and
nanocarrier physicochemical properties underscores
the importance of rational design, patient
stratification, and regulatory alignment in the
successful development of clinically viable
nanomedicines.

Over the past two decades, the clinical adoption of
nanocarriers has primarily focused on improving the
therapeutic index of established chemotherapeutics,
reducing off-target toxicity, and enabling controlled
release. While passive targeting through the EPR
effect has formed the basis for many first-generation
nanomedicines, more advanced systems
incorporating active targeting, biomimetic coatings,
and stimuli-responsive mechanisms are now
entering early-phase clinical trials. These
developments highlight a progressive evolution
from proof-of-concept delivery platforms to
clinically actionable therapeutics, though several
translational ~ bottlenecks  persist,  including
scalability, reproducibility, immunogenicity, and
regulatory hurdles.

XIII. APPROVED NANOMEDICINES IN
ONCOLOGY

A number of nanocarrier-based therapies have
successfully achieved regulatory approval and are
currently used in clinical practice. Liposomal
formulations remain the most widely adopted,
exemplifying the translational potential of passive
targeting strategies. Pegylated liposomal
doxorubicin  (Doxil®/Caelyx®) is clinically
validated for multiple malignancies, including
ovarian carcinoma, multiple myeloma, and Kaposi’s
sarcoma. The pegylation of liposomes prolongs
systemic circulation, facilitating EPR-mediated
tumor accumulation while reducing cardiotoxicity
associated with free doxorubicin. Similarly,
liposomal daunorubicin and liposomal cytarabine
have improved pharmacokinetics, reduced systemic
toxicity, and enhanced therapeutic efficacy in
hematological malignancies.
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Polymeric nanocarriers, such as albumin-bound
paclitaxel (Abraxane®), represent another clinically
significant advancement. The albumin-bound
formulation leverages endogenous transport
mechanisms to facilitate tumor accumulation and
cellular uptake, resulting in higher intratumoral drug
concentration, reduced hypersensitivity reactions,
and improved tolerability compared with
conventional paclitaxel formulations.
Nanostructured lipid carriers and other lipid-
polymer hybrids are undergoing clinical evaluation,
offering improved drug loading, stability, and
controlled release profiles, with the potential to
expand the therapeutic repertoire for solid and
metastatic tumors.

Recent innovations in targeted nanocarriers—
including ligand-functionalized liposomes,
antibody-drug  conjugates, and  biomimetic
vesicles—are gradually entering clinical pipelines.
While many of these approaches are in Phase I/II
trials, they underscore the translational trajectory
toward precision oncology, where nanocarriers are
tailored to exploit tumor-specific molecular
markers, immune signatures, and
microenvironmental features.

XIV. CLINICAL TRIAL LANDSCAPE

The clinical investigation of nanocarrier-based
therapeutics has accelerated over the past decade,
encompassing a broad spectrum of cancers,
including breast, ovarian, pancreatic, lung, and
hematologic malignancies. Clinical trials often focus
on evaluating pharmacokinetics, tumor targeting
efficiency, safety profiles, and therapeutic outcomes
relative to standard chemotherapy. For instance,
early-phase trials of liposomal irinotecan
(Onivyde®) in  pancreatic  adenocarcinoma
demonstrated enhanced intratumoral drug retention
and reduced gastrointestinal toxicity, culminating in
FDA approval for metastatic disease in combination
with 5-fluorouracil and leucovorin.

Active targeting strategies, including HER2-targeted
liposomes, folate receptor-conjugated nanoparticles,
and EGFR-targeted polymeric systems, are
undergoing clinical evaluation to determine whether
ligand-mediated uptake translates into improved
patient outcomes. Trials increasingly incorporate
biomarker-driven patient selection to enhance
responsiveness and reduce variability in therapeutic
benefit. Moreover, biomimetic carriers such as
exosome-based therapeutics are entering early-
phase  human  trials, evaluating  safety,
biodistribution, and immune compatibility,

representing a nascent but promising frontier in
nanomedicine.

Importantly, clinical trial outcomes highlight
persistent  challenges. Heterogeneous tumor
vascularization, interstitial pressure gradients, and
dynamic receptor expression often limit uniform
nanocarrier distribution, resulting in variable
efficacy. Furthermore, immune clearance, protein
corona formation, and off-target accumulation can
attenuate therapeutic advantage, emphasizing the
need for integrated design strategies combining
passive, active, and stimuli-responsive targeting in
future clinical studies.

Translational Challenges and Considerations

Despite significant progress, several barriers impede
the widespread clinical translation of nanocarriers.
Pharmacokinetic variability remains a key obstacle;
the circulation, accumulation, and clearance of
nanoparticles are influenced by individual patient
physiology, tumor heterogeneity, and prior
treatments.  Immunogenicity = poses  another
challenge, as synthetic or biologically derived
nanocarriers can trigger complement activation,
cytokine release, or opsonization, impacting both
safety and efficacy.

Manufacturing and scale-up represent additional
translational hurdles. Many nanocarriers require
complex formulation processes, precise control of
particle size and surface properties, and reproducible
drug loading, all of which must be achieved under
Good Manufacturing Practice (GMP) conditions.
Batch-to-batch variability, stability during storage,
and reproducibility across clinical sites remain
significant concerns, particularly for biomimetic
systems like exosomes and cell membrane-coated
nanoparticles.

Regulatory considerations further complicate
translation. Nanocarriers often occupy a hybrid
space between drugs, biologics, and medical
devices, necessitating rigorous evaluation of
toxicity, pharmacokinetics, immunogenicity, and
combination device safety. The lack of standardized
guidelines for characterization, quality control, and
clinical evaluation creates uncertainty in regulatory
pathways, slowing adoption. Moreover, cost-
effectiveness and scalability must be addressed to
ensure that advanced nanocarriers are not only
therapeutically effective but also accessible in real-
world oncology practice.
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Future Directions in Clinical Translation

Emerging strategies to enhance clinical translation
focus on integrated, personalized approaches. These
include the use of patient-specific biomarkers,
imaging-guided delivery, and adaptive dosing,
ensuring that nanocarriers achieve optimal
intratumoral distribution. Hybrid systems that
combine biomimetic coatings, active targeting
ligands, and stimuli-responsive release are expected
to overcome limitations of single-modality
strategies, enabling precise, patient-tailored therapy.

Additionally, the integration of artificial intelligence
and computational modeling is likely to accelerate
translation by predicting nanoparticle
biodistribution, optimizing carrier design, and
identifying patient populations most likely to
benefit. Combination therapies that integrate
nanocarriers with immunotherapy, radiotherapy, or
photothermal =~ modalities are also  under
investigation, with the potential to synergistically
enhance efficacy and overcome resistance
mechanisms.

Ultimately, the clinical translation of nanocarrier-
based oncology therapeutics depends on a
multifaceted approach, integrating advanced carrier
design, robust manufacturing, patient stratification,
and real-world  implementation  strategies.
Continued  collaboration between clinicians,
engineers, pharmacologists, and regulatory bodies
will be essential to move these promising preclinical
technologies into safe, effective, and widely
accessible cancer therapies.

XV. CHALLENGES IN CLINICAL
TRANSLATION

Despite the remarkable preclinical efficacy of
nanocarrier-based  therapeutics, their clinical
translation remains a significant hurdle, largely due
to the complex interplay of nanocarrier properties,
tumor pathophysiology, and patient-specific
biological variability. While laboratory and animal
models frequently demonstrate superior tumor
accumulation, enhanced intracellular uptake, and
reduced systemic toxicity, the clinical reality often
deviates from these predictions. This discrepancy
arises because tumor vasculature, extracellular
matrix composition, interstitial fluid pressure,
immune surveillance, and receptor expression are
highly heterogeneous in human cancers, creating
unpredictable pharmacokinetics and biodistribution.
Consequently, understanding the multifactorial
barriers to clinical translation is critical for the
rational design, regulatory approval, and widespread

implementation of nanocarrier-based oncology
therapies.

Translation of nanocarrier systems into the clinic
involves not only therapeutic efficacy but also
safety, reproducibility, scalability, regulatory
compliance, and cost-effectiveness. Each of these
parameters is intertwined with the physicochemical
properties of nanoparticles, including size, shape,
surface chemistry, charge, and ligand density, which
collectively influence circulation time, immune
recognition, tumor penetration, and intracellular
drug release. The following sections detail the major
scientific, technical, and regulatory obstacles that
must be addressed to bridge the gap between
preclinical success and clinical adoption.

Toxicity and Immunogenicity

Toxicity is a primary concern in nanocarrier
translation, particularly for metallic, inorganic, or
hybrid nanoparticles. Their small size and high
surface reactivity can induce oxidative stress,
mitochondrial dysfunction, DNA damage, and
apoptosis in both tumor and healthy tissues. For
example, gold nanoparticles and quantum dots may
accumulate in the liver, spleen, or kidneys,
potentially causing hepatotoxicity, nephrotoxicity,
or immunotoxicity. Even lipid-based or polymeric
carriers, while generally biocompatible, can cause
infusion-related hypersensitivity reactions due to
complement activation or cytokine release, as
observed in some clinical trials of pegylated
liposomal doxorubicin or liposomal paclitaxel.

Immunogenicity adds another layer of complexity.
Nanocarriers interact extensively with plasma
proteins, forming a protein corona that can both
mask targeting ligands and elicit innate and adaptive
immune responses. The composition of this corona
is highly patient-specific, influenced by serum
protein profiles, disease state, and prior therapies,
which makes predicting immune interactions
challenging. Biomimetic carriers, such as exosomes
or cell membrane-coated nanoparticles, are designed
to evade immune surveillance; however, allogeneic
membranes or tumor-derived vesicles may still
provoke unintended immune activation or trigger
off-target signaling, complicating their safety
profile.

Chronic toxicity and long-term accumulation remain
poorly characterized for many nanocarriers.
Preclinical rodent models often fail to capture
cumulative effects, including delayed organ toxicity,
immunomodulation, or systemic inflammation,
which can manifest in clinical populations.
Regulatory agencies increasingly require long-term
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toxicity studies, biodistribution mapping, and
immunogenicity assessments, highlighting the
critical importance of rigorous preclinical evaluation
for each nanocarrier platform.

Tumor Heterogeneity and Microenvironmental
Barriers

Clinical failure of nanocarriers often stems from
tumor heterogeneity, both interpatient and
intratumoral. The EPR effect, central to passive
targeting, varies considerably among tumor types,
locations, and individual patients. Highly fibrotic
tumors, such as pancreatic adenocarcinomas, exhibit
dense extracellular matrices and elevated interstitial
fluid pressure, which significantly limit nanoparticle
penetration beyond perivascular regions. Similarly,
variable vascular density and permeability can lead
to non-uniform intratumoral drug distribution,
leaving hypoxic or poorly vascularized regions
undertreated and contributing to therapeutic
resistance.

The tumor microenvironment also poses active
barriers to drug delivery. Acidic pH, hypoxia,
elevated reactive oxygen species, and overexpressed
enzymes may degrade nanoparticles prematurely or
alter their release kinetics. Tumor-associated
macrophages, neutrophils, and other immune cells
may sequester nanocarriers, further reducing
effective tumor exposure. Thus, even perfectly
designed nanocarriers may fail to reach all
malignant cells, emphasizing the need for integrated
strategies ~ combining  carrier  optimization,
microenvironment modulation, and real-time
imaging to monitor distribution and efficacy.

Manufacturing, Scale-Up, and Reproducibility

Transitioning nanocarrier synthesis from laboratory-
scale research to industrial production under Good
Manufacturing Practice (GMP) conditions presents
formidable  challenges. Many nanocarriers,
particularly biomimetic systems, require precise
control over particle size, surface functionalization,
drug encapsulation, and stability, which can be
difficult to reproduce at scale. Variations in batch-to-
batch composition, drug loading efficiency, or
surface ligand density can directly impact
pharmacokinetics, biodistribution, and therapeutic
outcomes.

Biologically derived nanocarriers, such as
exosomes, extracellular vesicles, or cell membrane-
coated nanoparticles, face additional hurdles.
Scaling up production requires large quantities of
source cells, consistent isolation and purification
protocols, and maintenance of functional integrity

during storage. Heterogeneity in membrane protein
composition or vesicle content introduces variability
that complicates quality control and regulatory
approval.  Innovative  solutions, including
microfluidic  production platforms, automated
bioreactors, and continuous-flow synthesis, are
emerging but remain technically complex and cost-
intensive.

Regulatory and Ethical Considerations

Nanocarrier therapeutics occupy a regulatory gray
zone between drugs, biologics, and medical devices,
complicating approval pathways. Agencies such as
the FDA and EMA require extensive
characterization of physicochemical properties,
stability, pharmacokinetics, biodistribution,
immunogenicity, and long-term safety, yet
standardized regulatory frameworks specific to
nanomedicine are still evolving. Biomimetic carriers
face additional scrutiny due to the potential for
pathogen transmission, off-target signaling, or
unintended immune activation.

Ethical considerations also arise in the use of
patient-derived or  tumor-derived  biological
materials.  Autologous  approaches  mitigate
immunogenicity but are resource-intensive and may
delay therapy, while allogeneic or engineered
biomimetic systems introduce risks of immune
rejection, pathogen contamination, or unforeseen
biological interactions. Regulatory approval
therefore demands not only rigorous preclinical and
clinical evidence but also robust manufacturing,
traceability, and safety documentation.

Economic and Logistical Barriers

Beyond scientific and regulatory challenges,
economic and logistical constraints limit the clinical
adoption of nanocarriers. Complex synthesis,
functionalization, and  purification increase
manufacturing costs, often making advanced
nanomedicines less accessible to patients and
healthcare systems.  Additionally, certain
nanocarriers require specialized administration
procedures, monitoring, or combination devices,
which may not be feasible in all clinical settings,
particularly in resource-limited environments.

Cost-benefit considerations also impact clinical
decision-making. While nanocarriers can reduce oft-
target toxicity and improve quality of life, their
incremental survival benefit over conventional
chemotherapy is sometimes modest, complicating
reimbursement and adoption decisions. Overcoming
these barriers requires strategies that balance
technological sophistication with practical clinical
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feasibility, ensuring that nanomedicines provide
tangible patient benefits without prohibitive costs.

Future Strategies to Overcome Translational
Challenges

Addressing these multifactorial translational
challenges demands integrated, multidisciplinary
approaches. Advances in microfluidics, automated
synthesis, and continuous manufacturing promise to
enhance reproducibility and scalability, while Al-
driven modeling and computational
pharmacokinetics can optimize carrier design,
predict biodistribution, and guide patient selection.
Biomimetic ~ strategies, including autologous
exosomes or personalized cell membrane-coated
nanoparticles, may mitigate immunogenicity and
improve targeting fidelity.

Combining nanocarriers with real-time imaging,
biomarker-guided stratification, and adaptive dosing
enables dynamic optimization of therapy, addressing
tumor heterogeneity and microenvironmental
variability.  Furthermore, hybrid nanocarriers
integrating active targeting, stimuli-responsive
release, and theranostic functionalities are poised to
enhance both efficacy and safety. Regulatory
evolution, including the establishment of
standardized characterization, safety, and efficacy
frameworks, will be essential to accelerate clinical
adoption and ensure that nanomedicine fulfills its
transformative potential in oncology.

XVL FUTURE PERSPECTIVES IN
NANOCARRIER-BASED ONCOLOGY

The landscape of nanocarrier-based oncology
therapy is poised for a transformative evolution,
driven by the convergence of nanotechnology,
molecular oncology, computational biology, and
precision medicine. While current nanomedicine
platforms, such as liposomes, polymeric
nanoparticles, and hybrid systems, have
demonstrated improvements in tumor accumulation,
pharmacokinetics, and toxicity profiles, their
clinical efficacy remains constrained by the intrinsic
complexity of tumor biology, microenvironmental
heterogeneity, and patient-specific variability.
Future progress in this field will rely not only on
advances in nanocarrier engineering but also on the
integration of patient-specific tumor profiling, real-
time therapeutic monitoring, and adaptive treatment
strategies, establishing a paradigm shift from
generalized chemotherapy toward intelligent, highly
personalized, and multifunctional nanomedicine
platforms.

Unlike traditional chemotherapeutic delivery, which
often suffers from off-target toxicity, suboptimal
drug concentrations, and multidrug resistance, next-
generation nanocarriers are being designed to adapt
to dynamic tumor microenvironments, respond to
biological stimuli, and integrate diagnostic feedback
with therapeutic action. The overarching goal is to
create a responsive, multifunctional system that
delivers drugs with unprecedented specificity and
precision, while simultaneously providing clinicians
with real-time insights into tumor response,
therapeutic distribution, and treatment efficacy. This
integrated approach aligns with the principles of
precision oncology, enabling interventions that are
tailored to the molecular, cellular, and
immunological characteristics of individual tumors.

Personalized and Patient-Centric Nanomedicine

Personalized nanomedicine represents a strategic
convergence of nanotechnology and individualized
oncology, wherein tumor-specific ~molecular
signatures, receptor expression profiles, and
microenvironmental characteristics inform the
rational design of nanocarriers. Leveraging
genomic,  transcriptomic,  proteomic,  and
metabolomic analyses, clinicians can select
nanocarrier platforms optimized for size, surface
chemistry, ligand decoration, and stimuli-responsive
properties tailored to the patient’s tumor phenotype.
For example, tumors overexpressing HER2 or
EGFR may benefit from ligand-functionalized
liposomes or polymeric nanoparticles, while
hypoxic or enzyme-rich tumors may be more
effectively treated with hypoxia-sensitive or
protease-responsive nanocarriers.

In addition to carrier design, therapeutic
personalization extends to dynamic treatment
strategies, where dosing, scheduling, and drug
combinations are continuously optimized based on
real-time tumor monitoring. Biomarker-driven
approaches, including circulating tumor DNA,
exosomal RNA profiling, and immunophenotyping,
provide actionable insights for adaptive therapy,
allowing clinicians to modify treatment in response
to evolving tumor biology, acquired resistance, or
changes in the tumor microenvironment. Moreover,
the incorporation of autologous biomimetic
components, such as patient-derived exosomes or
cell membranes, can enhance circulation time,
minimize immunogenicity, and improve tumor
targeting, further reinforcing the potential of truly
individualized nanomedicine.

Al-Driven Design and Computational Optimization
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Artificial intelligence (AI) and computational
modeling are emerging as critical enablers of next-
generation nanocarrier design, offering
unprecedented capacity to optimize
physicochemical parameters, therapeutic payloads,
and targeting efficiency prior to experimental
implementation. Machine learning algorithms can
analyze high-dimensional datasets encompassing
preclinical ~ pharmacokinetics,  biodistribution
profiles, tumor microenvironmental characteristics,
and patient-specific omics data, generating
predictive models for drug delivery efficacy, cellular
uptake, immune interactions, and treatment
outcomes.

Al-driven approaches facilitate rational selection of
particle size, shape, surface charge, ligand density,
and  stimuli-responsiveness,  ensuring  that
nanocarriers are optimized for intratumoral
penetration, retention, and intracellular trafficking.
Moreover, predictive modeling can inform patient
stratification, identifying individuals most likely to
benefit from specific nanocarrier formulations based
on tumor vascularity, extracellular matrix density,
and receptor expression heterogeneity. In
combination therapy, Al can forecast synergistic
interactions between chemotherapeutics, nucleic
acids, immunomodulators, and external stimuli,
enabling the design of highly integrated,
multifunctional platforms that maximize efficacy
while minimizing off-target effects.

XVIL MULTIFUNCTIONAL AND
COMBINATION NANOCARRIERS

Future nanocarrier systems are increasingly
designed as multifunctional platforms capable of co-
delivering chemotherapeutic, immunotherapeutic,
and gene-modulating agents, addressing the intrinsic
heterogeneity of tumor cell populations and
minimizing the emergence of resistance.
Combination nanocarriers facilitate simultaneous
modulation of multiple oncogenic pathways,
enhancing cytotoxicity while preserving healthy
tissue  integrity. For example, polymeric
nanoparticles co-encapsulating doxorubicin and
siRNA against anti-apoptotic =~ genes  can
simultaneously induce tumor cell death and suppress
resistance mechanisms. Similarly, lipid-based
carriers may co-deliver checkpoint inhibitors,
cytokines, or T-cell modulators, reprogramming the
tumor immune microenvironment to augment
cytotoxic immune responses.

These multifunctional platforms also integrate
spatiotemporal control mechanisms, enabling site-
specific and on-demand release in response to pH,

enzymatic activity, hypoxia, or external stimuli such
as ultrasound, near-infrared light, or magnetic fields.
By precisely controlling the timing and location of
drug release, such platforms minimize systemic
toxicity, improve intratumoral drug concentration,
and maximize therapeutic efficacy, representing a
quantum leap from conventional delivery systems.

Theranostic Nanocarriers

Theranostic nanocarriers represent a paradigm shift
in oncology, combining therapeutic delivery with
real-time diagnostic capability. By integrating
imaging agents, such as MRI contrast materials,
radionuclides, or fluorescent markers, alongside
therapeutic payloads, these platforms allow
clinicians to track nanocarrier biodistribution,
monitor intratumoral drug release, and assess
therapeutic response dynamically. Theranostic
systems are particularly advantageous in
heterogeneous tumors, where spatially variable
vascularization, necrotic regions, or hypoxic niches
complicate uniform drug delivery.

Biomimetic carriers, including exosome-derived or
cell membrane-coated nanoparticles, can be
engineered as theranostic agents, combining
immune evasion, targeted delivery, and imaging
capability. This dual functionality enables adaptive
therapy, allowing real-time adjustment of drug
dosing or combination therapy based on observed
therapeutic distribution and tumor response, further
enhancing clinical precision and patient outcomes.

Integration with Immunotherapy

The  convergence  of  nanocarriers  and
immunotherapy is an emerging frontier in oncology,
providing localized, targeted modulation of the
tumor immune microenvironment. Nanocarriers can
deliver immunostimulatory agents, checkpoint
inhibitors, or cytokines directly to tumors,
enhancing antigen presentation, T-cell infiltration,
and cytotoxic activity while minimizing systemic
immune-related adverse effects. For instance,
biomimetic nanoparticles loaded with immune
adjuvants or siRNA targeting immunosuppressive
pathways can transform immunologically “cold”
tumors into “hot” tumors, potentiating response to
systemic immunotherapies.

Moreover, multifunctional nanocarriers can
facilitate synergistic integration of chemotherapy
and immunotherapy, where cytotoxic agents induce
immunogenic cell death, releasing tumor antigens
that are subsequently processed by antigen-
presenting cells. This dual modality amplifies both
direct tumor killing and long-term immune-
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mediated tumor surveillance, representing a new
paradigm in multimodal precision oncology.

Patient  Stratification and Biomarker-Guided
Delivery

The evolution of nanocarrier-based oncology is
increasingly shifting toward biomarker-driven,
patient-specific approaches, reflecting the centrality
of precision medicine in modern cancer
therapeutics. Future nanocarrier therapies are
expected to rely heavily on comprehensive
molecular and phenotypic profiling to identify
patients most likely to respond favorably to a given
therapeutic platform. Techniques such as genomic
sequencing, transcriptomic mapping, proteomic
analysis, and metabolomic profiling allow for a
nuanced understanding of tumor heterogeneity,
receptor expression patterns, metabolic
dependencies, and resistance mechanisms, all of
which can inform the rational selection of
nanocarrier type, surface functionalization, payload
composition, and release kinetics. For instance,
tumors harboring amplified HER2 expression or
upregulated folate receptors may benefit from
ligand-decorated  liposomal  or  polymeric
nanoparticles specifically designed for active
targeting, whereas hypoxic or enzyme-rich tumors
may necessitate stimuli-responsive carriers that
release  drugs in  response  to local
microenvironmental cues such as low pH, high
protease activity, or redox imbalances.

Emerging liquid biopsy technologies, including
circulating tumor DNA (ctDNA), circulating tumor
cells (CTCs), exosomal RNA, and microRNA
profiling, offer unprecedented opportunities for
dynamic monitoring of tumor evolution. These
minimally invasive techniques enable clinicians to
track changes in tumor biology in real time, detect
early emergence of drug resistance, and adjust
therapeutic regimens accordingly. By integrating
these biomarker datasets with computational
models, it becomes feasible to adapt nanocarrier
selection, dosage, combination therapy, and
administration schedules dynamically, thereby
enhancing therapeutic precision while minimizing
systemic toxicity. Importantly, this approach allows
for stratification not only by tumor type or stage but
also by molecular subtypes, metabolic phenotypes,
and immune contexture, ensuring that each patient
receives a therapy tailored to the unique
vulnerabilities of their malignancy. Such stratified
strategies have the potential to maximize therapeutic
index, reduce unnecessary exposure to ineffective
agents, and overcome limitations associated with

conventional  “one-size-fits-all” nanomedicine
approaches.

Translational Considerations and Challenges

Despite the immense conceptual promise of
advanced nanocarrier platforms, the translation from
bench to bedside is fraught with scientific,
technological, and regulatory challenges. The
manufacture  of  complex,  multifunctional
nanoparticles requires precise control over size,
shape, surface chemistry, ligand density, payload
encapsulation, and release kinetics, all of which
must be reproducible at scale without compromising
efficacy or safety. Batch-to-batch variability can
profoundly impact biodistribution,
pharmacokinetics, and therapeutic outcome,
highlighting the necessity for robust standardization
and quality control protocols. Furthermore, the
integration of nanocarrier therapy with diagnostic
modalities, adaptive dosing algorithms, and
combination payloads introduces additional layers
of complexity that require interdisciplinary
collaboration among material scientists,
pharmacologists, bioengineers, clinicians, and
regulatory authorities.

Safety considerations remain paramount. Long-term
systemic interactions, immunogenicity, off-target
accumulation, and potential interference with
normal cellular signaling pathways must be
rigorously evaluated in preclinical models and early-
phase clinical trials. Nanocarriers, particularly those
functionalized with ligands or derived from
biomimetic sources, can elicit immune recognition
or unintended activation of immune pathways,
necessitating detailed immunotoxicological
profiling. Regulatory frameworks for these next-
generation therapies are still evolving, particularly
for hybrid systems combining therapeutic and
diagnostic functions (theranostics), which may be
classified as combination products with distinct
approval  pathways.  Cost-effectiveness  and
scalability also represent significant translational
hurdles, as complex nanocarriers often require
sophisticated manufacturing infrastructure,
specialized storage conditions, and rigorous sterility
standards, which can limit accessibility and
widespread clinical adoption. Addressing these
challenges requires a systems-level approach,
integrating scientific innovation with regulatory
strategy, industrial manufacturing capability, and
clinical feasibility studies to ensure that these
advanced platforms can transition safely and
effectively into patient care.
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Nanocarrier Size (nm) Payload Targeting Key Advantage Status
Liposomes 50200 gydro- & hydrophobic Pasglve / Cln.u.cally proven, low FDA-approved
rugs Active toxicity
SLN 50-300  Hydrophobic drugs Passive Stable, controlled release  Early clinical
. ... Passive/ . . Preclinical-Early
NLC 50-300  Hydro- & amphiphilic Active Higher loading than SLN clinical
Polymeric NPs 50-500  Drugs, proteins, genes iist?i/\;e / Tunable release Clinical trials
Polymeric 10-100  Poorly soluble drugs Passive / Excellent solubilit Phase I-11I
Micelles Y Active Y
Dendrimers 5-50 Drugs, genes Active High surface functionality Limited clinical
Gold NPs 5-100 Drugs, photothermal PA?;?:: / Therapy + imaging Early clinical
Silica NPs 50-300  High drug load Passive Controlled release Preclinical
Magnetic NPs 10-100  Drugs, imaging Magnetic field MRI & hyperthermia Early clinical
Exosomes 30-150  Drugs, RNA, proteins g?gneli?rllg High biocompatibility Early translational
Cell-Membrane 80-300  Drugs, genes Imm}l ne Long circulation Advanced preclinical
NPs evasion
XVIII. CONCLUSION validation, robust manufacturing standards, and

The future trajectory of nanocarrier-based oncology
therapy is defined by precision, adaptability,
multifunctionality, and patient-centric design. Next-
generation nanocarriers are expected to integrate
personalized molecular profiling, Al-assisted carrier
optimization, combination therapeutic payloads,
stimuli-responsive release mechanisms, immune
modulation, and real-time imaging capabilities,
providing a level of therapeutic sophistication that

transcends the capabilities of conventional
nanomedicines. By leveraging biomimetic design
principles, adaptive release strategies, and

theranostic integration, these platforms aim to
overcome tumor heterogeneity, microenvironmental
barriers, and acquired resistance mechanisms,
achieving highly localized, temporally controlled,
and clinically effective drug delivery. In addition,
the incorporation of biomarker-guided patient
stratification ensures that treatment regimens are
continuously optimized according to tumor
evolution, receptor dynamics, and systemic
response, minimizing toxicity and maximizing
clinical benefit.

The successful clinical translation of these advanced
nanocarrier systems will require multidisciplinary
collaboration, encompassing materials science,
molecular oncology, computational modeling,
pharmacology, immunology, and regulatory science.
Innovative regulatory frameworks will need to
accommodate complex, multifunctional platforms,
ensuring both efficacy and safety while facilitating
timely patient access. With rigorous clinical
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integration into precision oncology protocols, next-
generation nanocarriers have the potential to
redefine cancer therapy, offering minimally toxic,
highly targeted, and adaptable interventions for
patients with aggressive, resistant, or metastatic
malignancies. Ultimately, the future of nanocarrier-
based oncology lies in the convergence of rational
nanodesign, precision therapeutics, and dynamic,
patient-guided treatment strategies, heralding a new
era of intelligent, highly effective cancer
therapeutics.

REFERENCE

[1] Danhier F, Feron O, Préat V. To exploit the
tumor microenvironment: Passive and active
tumor targeting of nanocarriers for anti-cancer
drug  delivery. J  Control  Release.
2010;148(2):135-146.

Zeinali R, Zaeifi D, Zolfaghari-Moghaddam
SY, Paul M, Biazar E. Current Advances in
Nanocarriers for Cancer Therapy. Int J
Nanomedicine. 2025;20:12217-12262.

Cheng H, Liao J, Ma Y, Sarwar MT, Yang H.
Advances in targeted therapy for tumor with
nanocarriers: A review. Mater Today Bio.
2025;31:101583.

Sung H, Ferlay J, Siegel RL, et al. Global
Cancer Statistics 2020: GLOBOCAN estimates
of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin.
2021;71:209-249.

975



© February 2026| IJIRT | Volume 12 Issue 9 | ISSN: 2349-6002

[5] Prasad L. Nanocarrier-based drug delivery for
targeted cancer therapy. Int J Res Manag &
Pharm. 2025;13(5):1-?.

[6] Bisen SB. Review on nanoparticles used in drug
delivery for cancer. GSC Biol Pharm Sci.
2021;16(1):62-69.

[7] Dhiman R, Bazad N, Mukherjee R, et al.
Enhanced drug delivery with nanocarriers:
Recent advances in breast cancer. Discover
Nano. 2024;19:143.

[8] Teron C, Choudhury A, Hoque N. Recent
advancement in nanocarrier systems for cancer
targeting. Asian J Pharm Res Dew.
2024;12(3):197-207.

[9] Hasan M, Evett CG, Burton J. Advances in
nanoparticle-based targeted drug delivery for
colorectal cancer. arXiv. 2024.

[10]Liu Z, Chen J, Xu M, et al. Advancements in
programmable lipid nanoparticles. arXiv. 2024.

[11] Torchilin VP. Drug targeting. Eur J Pharm Sci.
2000;11(Suppl 2):S81-S91.

[12]Mitragotri S, Burke PA, Langer R. Overcoming
challenges in administering
biopharmaceuticals. Nat Rev Drug Discov.
2014;13(9):655-672.

[13]Peer D, Karp JM, Hong S, et al. Nanocarriers as
an emerging platform for cancer therapy. Nat
Nanotechnol. 2007;2(12):751-760.

[14] Ferrari M. Cancer nanotechnology:
Opportunities and challenges. Nat Rev Cancer.
2005;5(3):161-171.

[15]Lammers T, Ferrari M. The success of
nanomedicine. Nano Today. 2020;30:100833.

[16] Allen TM, Cullis PR. Liposomal drug delivery
systems: From concept to clinical applications.
Adv Drug Deliv Rev. 2013;65(1):36-48.

[17]Wang AZ, Langer R, Farokhzad OC.
Nanoparticle delivery of cancer drugs. Annu
Rev Med. 2012;63:185-198.

[18]Maeda H, Wu J, Sawa T, et al. Tumor vascular
permeability and macromolecular  drug
accumulation: Implications for delivery. J
Control Release. 2000;65(1-2):271-284.

[19]Blanco E, Shen H, Ferrari M. Principles of
nanoparticle design for overcoming biological
barriers to drug delivery. Nat Biotechnol.
2015;33(9):941-951.

[20] Alexis F, Pridgen E, Molnar LK, Farokhzad
OC. Factors affecting the clearance and
biodistribution of polymeric nanoparticles. Mol
Pharm. 2008;5(4):505-515.

[21]Barenholz Y. Doxil® — the first FDA-approved
nano-drug: From concept to product. In:
Handbook of Biomaterials in Nanomedicine.
Elsevier; 2021. p. 183-200.

[22] Torchilin VP. Recent advances with liposomes
as pharmaceutical carriers. Nat Rev Drug
Discov. 2005;4(2):145-160.

[23]Immordino ML, Dosio F, Cattel L. Stealth
liposomes: Review of the basic science,
rationale, and clinical applications. Int J
Nanomedicine. 2006;1(3):297-315.

[24]1Quadir SS, Joshi G, Saharan V, et al.
Nanostructured lipid carriers for oral cancer
therapy. Curr Nanomedicine.
2023;13(4):295-312.

[25]Li SD, Huang L. Pharmacokinetics and
biodistribution of nanocarrier systems. Mol
Pharm. 2008;5(4):496-504.

[26]Bozzuto G, Molinari A. Liposomes as
nanomedical devices. Int J Nanomedicine.
2015;10:975-999.

[27]1Kumari A, Yadav SK, Yadav SC. Biodegradable
polymeric nanoparticles based drug delivery
systems. Colloids Surf B Biointerfaces.
2010;75(1):1-18.

[28] Miiller RH, Radtke M, Wissing SA. Solid lipid
nanoparticles (SLN) and nanostructured lipid
carriers (NLC) in cosmetic and pharmaceutical
applications. Adv  Drug Deliv  Rev.
2002;54(Suppl 1):S131-S155.

[29]1Duncan R. Polymer conjugates as anticancer
nanomedicines. Nat Rev Cancer.
2006;6(9):688-701.

[30] Soppimath KS, Aminabhavi TM, Kulkarni AR,
Rudzinski WE. Biodegradable polymeric
nanoparticles as drug delivery devices. J
Control Release. 2001;70(1-2):1-20.

[31]1Berry CC, Curtis ASG. Functionalisation of
magnetic nanoparticles for applications in
biomedicine. J Phys D Appl Phys.
2003;36(13):R198-R206.

[32]Jain TK, Morales MA, Sahoo SK, et al. Iron
oxide nanoparticles for sustained delivery and
magnetic  resonance  imaging. Int J
Nanomedicine. 2008;3(2):147-158.

[33]Horcajada P, Serre C, Vallet-Regi M, et al.
Metal-organic  frameworks as efficient
nanocarriers in cancer therapy. Angew Chem Int
Ed. 2006;45(36):5974-5978.

[34]Lee JE, Lee N, Kim H, et al. Multifunctional
magnetic nanoparticles for imaging and
therapy. Chem Soc Rev. 2012;41(7):2656-2672.

[35]Wu L-P, Wang D, Li Z. Grand challenges in
nanomedicine. Mater Sci Eng C.
2020;107:110305.

[36]Hu CMJ, Zhang L, Aryal S, et al. Erythrocyte
membrane-coated polymeric nanoparticles as a
biomimetic delivery platform. Proc Natl Acad
Sci U S A. 2011;108(27):10980-10985.

IJIRT 192355 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 976



© February 2026| IJIRT | Volume 12 Issue 9 | ISSN: 2349-6002

[37]Fang RH, Kroll AV, Gao W, Zhang L. Cell
membrane coating nanotechnology. Adv Mater.
2018;30(23):e1706759.

[38]Kamerkar S, LeBleu VS, Sugimoto H, et al.
Exosomes facilitate therapeutic delivery.
Nature. 2017;546(7659):498-503.

[39] Smyth T, Kullberg M, Malik N, et al. Exosome
drug delivery: Engineering and safety
considerations. Adv Drug Deliv Rev.
2014;65(3):391-397.

[40]Kalluri R. The biology and function of
exosomes in cancer. J Clin Invest.
2016;126(4):1208-1215.

[41]Vader P, Breakefield XO, Wood MJ.
Extracellular vesicles for drug delivery. Adv
Drug Deliv Rev. 2016;106(Pt A):148-156.

[42]Tian Y, Li S, Song J, et al. A doxorubicin
delivery platform using engineered exosomes.
Mol Pharm. 2014;11(3):774-783.

[43]Allen TM. Ligand-targeted therapeutics:
Challenges and opportunities. Nat Rev Cancer.
2002;2(2):107-115.

[44]Bae YH, Park K. Targeted drug delivery to
tumors: Myths, reality, and possibility. J Control
Release. 2011;153(3):198-205.

[45]Ruoslahti E, Bhatia SN, Sailor MJ. Targeting of
drugs and nanoparticles to tumors. J Cell Biol.
2010;188(6):759-768.

[46]Greish K. The enhanced permeability and
retention (EPR) effect for tumor targeting.
Methods Mol Biol. 2010;624:25-37.

[47]Wilhelm S, Tavares AJ, et al. Analysis of
nanoparticle delivery to tumors. Nat Rev Mater.
2016;1(5):16014.

[48] Dobrovolskaia MA, McNeil SE.
Immunological responses to nanoparticles. Nat
Nanotechnol. 2007;2(8):469-478.

[49]Nel AE, Madler L, Velegol D, et al
Nanomaterial interactions with Dbiological
systems. Nat Mater. 2009;8(7):543-557.

[50]Fadeel B, Fornara A, et al. Safety assessment of
nanomedicines: Implications for translational
medicine. Biochem Biophys Res Commun.
2018;503(1):24-29.

[51]Jain RK. Normalization of tumor vasculature:
An emerging concept in antiangiogenic therapy.
Science. 2005;307(5706):58-62.

[52]Jun L, et al. Tumor microenvironment
influences on nanocarrier delivery. Cancer Res.
2022;82(5):987-1001.

[53]Bokhoven M, et al. Nanoparticle penetration
barriers in stroma-rich tumors. Clin Cancer Res.
2024;30(9):1898-1909.

[54]National Cancer Institute. Nanotechnology in
Cancer Treatment (PDQ®). Bethesda, MD:
NIH; 2025.

[55] ClinicalTrials.gov. Nanomedicine cancer trials.
U.S. National Library of Medicine; 2025.

[56]U.S. Food and Drug Administration. Guidance
for Industry: Considering Whether an
FDA-Regulated  Product Involves the
Application of Nanotechnology. FDA; 2014.

[57] European Medicines Agency. Reflection Paper
on Nanotechnology-Based Medicinal Products
for Human Use. EMA; 2017.

[S8]ICH  Harmonised  Guideline. Quality
Considerations for Nanomedicines.
International Council for Harmonisation; 2025.

[59]Zhang L, Ding J. Biomimetic nanocarriers in
clinical translation. Trends Mol Med.
2024;30(3):212-228.

[60]Tao W, Zhu X, Yu X, Zeng X. Nanocarrier
theranostics in cancer therapy. Chem Soc Rev.
2025;54(6):3430-3474.

[61]Kircher MF, Gambhir SS, Grimm 1.
Nanoparticles for multimodal imaging and
therapy. Chem Rev. 2011;111(5):5645-5685.

[62]Sun C, Lee JS, Zhang M. Magnetic
nanoparticles in theranostics. Adv Drug Deliv
Rev. 2008;60(11):1252-1265.

[63]1Shi J, Kantoff PW, et al. Nanotechnology
enhancement of cancer immunotherapy. Nat
Rev Cancer. 2017;17(1):20-37.

[64] Manigandan V, Rejinold NS. Multifunctional
nanoparticles for diagnosis and therapy. J
Controlled Release. 2024;366:506-531.

[65]Komor AC, Badran AH, Liu DR.
CRISPR-based therapy with nanocarriers. Cell.
2017;168(5):946-961.

[66]Hoshyar N, Gray S, et al. Nanoparticle size and
its impact on biodistribution.  Small.
2016;12(13):1941-1951.

[67]1Pan Y, Neuss S, Leifert A, et al. Size-dependent
cytotoxicity of nanoparticles. Nano Lett.
2007;7(8):2176-2184.

[68]Singh R, Lillard JW Jr. Nanoparticle diffusion
and toxicity. Toxicol Lett. 2009;185(1):35-47.

[69]Fadeel B, Fornara A. Nanotoxicology
considerations for cancer nanomedicines.
Biochem Biophys Res Commun.
2018;503(1):24-29.

[70]OECD. Test Guidelines for the Safety
Assessment of Manufactured Nanomaterials.
OECD; 2025.

[711Zhao Y, Wang AZ. Inorganic nanoparticle
platforms for targeted delivery. J Mater Chem
B. 2025;13(4):540-558.

[72]Constantinou PE, Kostarelos K. Clinical
translation of inorganic nanocarriers. Nat
Nanotechnol. 2024;19(2):89-103.

IJIRT 192355 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 977



© February 2026| IJIRT | Volume 12 Issue 9 | ISSN: 2349-6002

[73]Al-Zeer MA, Groesser DL. Nanoparticles in
clinical translation for cancer therapy. Cancer
Treat Rev. 2024;102:102331.

[74]Nieder EP, et al. Rational nanocarrier design for
clinical translation. Trends Pharmacol Sci.
2024;45(10):859-876.

[75]Patel S, Vhora I. Clinical evaluation of
nanomedicines. Drug  Discov  Today.
2025;30(1):34-49.

[76] Smith BR, Gambhir SS. Nanomaterials for
clinical imaging and therapeutic applications.
Clin Cancer Res. 2017;23(13):3230-3240.

[771Liu Y, Miyoshi H, Nakamura M. Nanomedicine
for drug delivery and imaging. Mol Pharm.
2007;4(4):497-515.

[78]Peer D, Karp JM. Nanocarriers and cancer
therapy: Past, present, and future. J Clin Oncol.
2025;43(7):455-469.

[79]Kleiner G, et al. Regulatory landscape of
nanomedicines. Pharmaceutics.
2025;17(2):221.

[80]Markman JL, et al. Clinical barriers in cancer
nanotechnology. Cancer. 2025;131(2):345-361.

[81]1Xu Z, et al. Hybrid nanocarriers for cancer
therapy. Adv Funct Mater.
2024;34(9):2301024.

[82]Zhao P, et al. Stimuli-responsive nanocarriers
for targeted therapy. J Control Release.
2024;364:95-117.

[83]Wang S, et al. Tumor microenvironment—
responsive nanoparticles. Biomaterials.
2024;365:121452.

[84]Chen G, et al. Biomimetic strategies for
nanocarrier design. ACS Nano.
2024;18(4):4235-4255.

[85]Chen Q, et al. Exosome-inspired drug delivery.
Adv Drug Deliv Rev. 2024;188:114450.

[86]Fang RH, et al. Cell membrane-coated
nanoparticles for cancer therapy. Nat Rev
Mater. 2024;9:55-77.

[87]1Hu CMJ, Zhang L. Biomimetic nanotechnology
for oncology. Adv Mater.
2023;35(23):¢2207500.

[88]Jiang X, et al. Therapeutic exosomes: Design
and clinical translation. Nat Rev Drug Discov.
2023;22:600-618.

[89]Kalluri R, LeBleu VS. The biology and
applications of extracellular vesicles. Science.
2023;380(6643):eabi6330.

[90] Vader P, et al. Extracellular vesicles for cancer
therapy. Nat Rev Cancer. 2023;23:210-229.
[91] Thakur A, et al. Advances in nanoparticle-based
immunotherapy. = Adv ~ Healthc = Mater.

2023;12:¢2300784.

[92]1Xu Y, et al. Magnetic nanoparticles in cancer

theranostics. Chem Rev.
2024;124(6):5340-5403.

[93]Xu C, et al. Gold nanoparticle-based targeted
therapy. Nano Today. 2024;48:101677.

[94]Li X, et al. Silica-based nanocarriers for
oncology. Mater Sci Eng C. 2024;135:112711.

[95]1Du J, et al. Polymeric micelles in clinical cancer
therapy. J Control Release. 2024;370:28-47.

[96]Wang Y, et al. Dendrimers as drug delivery
platforms in oncology. Drug Discov Today.
2024;29(12):1035-1052.

IJIRT 192355 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 978



