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Abstract: The clinical advancement of cancer nanomedicine is significantly hindered by its limited accumulation in tumors, a key
factor behind the frequent failure of nanodrugs in clinical trials. The effectiveness of these nanodrugs is closely tied to their route of
administration, whether oral, transdermal, intravenous, or intracerebral, as each path presents unique physiological barriers that impede
bioavailability and precise tumor targeting. Among the major causes of poor accumulation are rapid clearance by the mononuclear
phagocyte system, opsonization accompanied by protein corona formation, renal filtration, and the abnormal, heterogeneous nature of
tumor vasculature that restricts passive targeting via the enhanced permeability and retention (EPR) effect. In response, active targeting
(AT) strategies have been widely explored, including surface modification with ligands, antibodies, or aptamers designed to bind
specifically to overexpressed receptors on cancer cells or blood vessels. Despite these efforts, challenges such as the dense
extracellular matrix, elevated interstitial fluid pressure, and the notable inconsistency of the EPR effect between animal models and
human patients continue to limit therapeutic penetration. This review offers a systematic examination of nanodrug delivery pathways
and the reasons behind their inadequate accumulation, highlighting the potential of both active targeting and combined passive-active
strategies to enhance tumor-specific delivery. Overcoming these biological barriers through refined nano-design is crucial for
developing the next generation of nanomedicines with improved tumor accumulation and treatment outcomes.
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Introduction

Cancer continues to be a major global health challenge, responsible for approximately 10 million deaths each year and
imposing a significant burden on healthcare systems worldwide.' In response, nanomedicine has arisen as a promising
frontier in oncology, leveraging sophisticated drug delivery systems and insights into the tumor microenvironment to
create intelligent nanoparticles for targeted applications.”> However, the transition from laboratory success to clinical
impact has been limited, with only a handful of nanoformulations progressing to trials or achieving regulatory approval.®
Clinically, many approved nanomedicines demonstrate a greater capacity for reducing the severe side effects of
chemotherapy than for enhancing treatment efficacy or prolonging patient survival.® A central issue underlying this
translational shortfall is the inefficient accumulation of nanomedicines within tumors, a process dictated by the
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administration route and its accompanying biological barriers® Each delivery path presents a unique set of physiological
challenges that shape the nanoparticles’ journey, ultimately affecting their distribution throughout the body and their final
concentration at the tumor site.® The oral route, while preferred for its ease and patient adherence, must contend with the
harsh environment of the gastrointestinal tract—encompassing enzymatic breakdown, acidic conditions, and poor
epithelial permeability—all of which contribute to low bioavailability.” Transdermal delivery utilizes the skin’s extensive
surface to bypass first-pass metabolism but is constrained by the formidable stratum corneum, which blocks the
penetration of most nanoparticles unless assisted by permeation-enhancing technologies like microneedles.® Targeting
central nervous system tumors requires navigating the selective blood-brain barrier, whose tight junctions and efflux
pumps typically prevent nanocarriers from entering, even with the aid of receptor-specific strategies. Intravenous
injection, as the predominant systemic method, offers immediate bioavailability and wide distribution, yet it faces
hurdles such as swift clearance by immune organs, protein corona formation, and renal excretion, which all reduce the
fraction of dose reaching the tumor.” These delivery-specific complications highlight the importance of improving tumor
accumulation, a phenomenon historically linked to the Enhanced Permeability and Retention (EPR) effect.' First
described in 1986, the EPR effect has long supported passive targeting, relying on the leaky vasculature and poor
lymphatic drainage in tumors to allow nanoparticle deposition.'' However, its general applicability is now questioned, as
emerging research underscores the contribution of active, cell-driven processes to the transport and clearance of
nanoparticles in tumor tissue'>'* Crucially, the EPR effect is highly variable, differing between and within cancer
types. Vascular pore sizes can vary dramatically, leading to more accumulation in vascular tumors like sarcomas and far
less in stroma-rich cancers such as pancreatic ductal adenocarcinoma. This heterogeneity helps explain why positive
results in uniform animal models frequently fail to predict outcomes in human patients, where dense stroma and
individual pathological differences can undermine EPR-based delivery. This review systematically details the drivers
of nanomedicine accumulation, covering nanoparticle design, tumor microenvironment modulation, and active targeting.
We also analyze the two-way relationship between nanodrug accumulation and tumor changes. Synthesizing transport
mechanisms with efficacy and toxicity data, this work provides a blueprint for developing next-generation nanocarriers
with improved clinical potential.

Nanomedicine Delivery Routes

The efficacy of nanomedicine is critically dependent on its ability to reach the target site in sufficient quantities.
Nanoparticles must navigate a series of biological barriers that vary significantly depending on the administration
route. The choice of delivery path is therefore paramount, influencing nanoparticle biodistribution, accumulation at the
tumor site, and eventual therapeutic outcome. This section systematically reviews the primary administration routes for
nanocarriers, highlighting the unique biological barriers encountered and the corresponding nanoparticle design strategies
employed to overcome them.

Oral Administration

Oral administration is the most common and patient-preferred route of drug delivery, attributed to its convenience, pain
avoidance, high patient compliance, and reduced risks of cross-infection and needle stick injuries, which also helps
overcome the drawbacks of injections (eg, tissue injury, pain, adverse reactions, poor compliance).'> However, oral drug
bioavailability depends on the compound’s solubility and permeability,'® and oral delivery of peptides/proteins often
suffers from degradation by the gastrointestinal tract (GIT)’s acidic environment and enzymatic system—Ilowering
therapeutic value—prompting the exploration of strategies like site-specific delivery systems, peptide chemical mod-
ification (eg, lipophilic derivatives, peptidomimetics), bioadhesive systems, and co-administration of penetration enhan-
cers/protease inhibitors to enhance drug stability and absorption.”'” After oral administration, nanocarriers encounter the
GIT’s physicochemical environment: the human intestinal epithelium, featuring villi that expand the absorptive surface
area to 300400 m> and acting as a physical barrier to drug absorption, consists of absorptive enterocytes, mucus-
secreting goblet cells, endocrine cells, and immunocompetent cells, while biological fluids affect particle stability even
before intestinal cell contact.'® Nanotechnology offers unique advantages for oral drug delivery, enabling (i) delivery of
poorly water-soluble drugs, (ii) GIT site-specific targeting, (iii) transcytosis across the tight intestinal barrier, and (iv)
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Figure | Oral delivery of a pH-sensitive peptide drug. (A) Orally administered peptide drugs are particularly susceptible to proteolytic degradation in the stomach, thereby

leading to their low bioavailability. (B) Nanoparticulate carriers protect the encapsulated drug from enzymatic cleavage. Reproduced with permission from Ref.2®

intracellular/transcellular delivery of large macromolecules.'® Nanoparticle encapsulation, for instance, overcomes the GI
barrier, protects drugs from enzymatic degradation, and enables controlled/systemic release,”® and biodegradable poly-
meric nanoparticles represent another promising approach for oral delivery of protein/peptide drugs to improve efficacy
(Figure 1).>'%* The stability of polymeric nanocarriers in the GIT is strongly influenced by their composition:
nanoparticles made of insoluble polymers resist degradation and rapid drug release, whereas water-soluble polymers
forming polyelectrolyte nanoparticles are prone to destabilization by pH/ionic strength. Even with better kinetic stability
than surfactant micelles, polymeric micelles must maintain concentrations above the critical micelle concentration after
GIT dilution and be exposed to ionic strength below their flocculation point to avoid premature drug release.”* Other
strategies for oral delivery include transport carriers (eg, transferrin for insulin delivery) and prodrug approaches, with
polymeric micelles reported to cross the intestinal barrier post-oral administration for effective use.”> Examples of
advancements include Zhang et al’s development of pH-responsive starch nanoparticles-grafted-poly(L-glycolic acid)
(SNP-g-PGA)—using starch nanoparticles as the backbone and poly(L-glycolic acid) as the graft—as a carrier for oral
insulin delivery,”® and Tyr-Gly-Leu-Phe (YF4)-loaded lipid nanoparticles (YF4-LNPs)—a novel oral peptide delivery
system leveraging the advantages of polymer nanoparticles and liposomes— which showed superior performance:
in vitro, free YF4 had 80% burst release within 6 h while YF4-LNPs released <40% over 24 h, and in animal models,
YF4-LNPs reduced systolic blood pressure (SBP) by 43.5 mmHg ~2 h post-administration compared to a 15.6 mmHg
SBP decrease with free YF4 at 4 h.?’ Despite these progresses, considerable advancements in innovative materials and

technologies are still required to maximize drug absorption and stability in oral drug delivery.

Transdermal Drug Delivery (TDD)

Of the various administration routes for nanocarriers, transdermal drug delivery (TDD) presents a compelling non-invasive
strategy that leverages the skin’s extensive surface area (1.8-2.0 m?) to systemically administer therapeutics while bypassing
first-pass metabolism, thereby enabling efficient delivery with reduced dosage and toxicity. The primary obstacle is the
stratum corneum (10-20 pum), the skin’s outermost layer, which exhibits a formidable “brick-and-mortar” structure of
keratinocytes and lipids, effectively blocking the penetration of high molecular weight drugs (>500 Da).>’' To overcome
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this barrier, engineered nanocarriers (NCs) utilize three principal penetration pathways: the intercellular route (through the
lipid matrix), the transcellular route (through keratinocytes), and the transappendageal route (via hair follicles and sebaceous/
sweat glands).>'~** Although appendages cover a mere 0.1% of the skin surface, the follicular pathway is a significant
reservoir; studies demonstrate that nanoparticles (eg, 320 nm) can be stored in hair follicles for up to 10 days, exhibiting
time-dependent accumulation as visualized by CLSM.**** A diverse array of NCs has been developed for this purpose.
Liposomes, the pioneering closed colloidal systems composed of phospholipids and steroids, can encapsulate hydrophilic
drugs in their aqueous core and lipophilic drugs within their lipid bilayers; their clinical translation is exemplified by Doxil®,
the first FDA-approved PEGylated liposomal doxorubicin.** 7 To enhance skin permeation, second-generation lipid vesicles
were engineered. Transfersomes, incorporating surfactants (eg, sodium cholate) and ethanol, possess ultradeformability,
allowing them to squeeze through pores less than one-tenth their diameter (up to 500 nm).® Niosomes, assembled from non-
ionic surfactants, prolong drug residence in the stratum corneum and reduce systemic absorption, as demonstrated for
Minoxidil and ellagic acid.*® Ethosomes, characterized by a high ethanol content (~30%), effectively fluidize the stratum
corneum lipids, facilitating deep skin penetration for drugs like Tacrolimus and Testosteron.***' Furthermore, nanoemulsions
(100-1000 nm), which are transparent dispersions of oil and water stabilized by emulsifiers, also serve as effective carriers
for enhanced transdermal permeation.*> Consequently, the strategic design of nanocarriers provides a powerful means to
circumvent the skin’s barrier properties, making TDD a viable platform for effective drug administration.

Blood Brain Barrier Drug Delivery

The blood-brain barrier (BBB), one of the tightest endothelia in the central nervous system (CNS) coined by
Lewandowsky in 1900, consists of endothelial cells, astrocytes, pericytes, microglial cells and adjacent neurons and
covers a total surface area of approximately 20 m* via about 100 billion brain capillaries with endothelium spanning
around 650 km.* It acts as a bottleneck for CNS drug development as most neurotherapeutic compounds fail to reach the
market due to their inability to cross the BBB together with the blood-cerebrospinal fluid barrier that regulates molecular
entry into the brain.** The BBB’s high selectivity originates from cerebral endothelial cells including physical barriers
(adherens junctions and tight junctions providing >1500 Qcm? transelectrical resistance), immunological barriers
(microglia, perivascular macrophages, mast cells), transport barriers (para- and transcellular routes such as carrier-
mediated transport, receptor-mediated transcytosis, adsorptive mediated transcytosis, cell-mediated transport) and meta-
bolic barriers (intra- and extracellular enzymes against lipophilic substances).*>*® Several nanocarriers like liposomes
and solid lipid nanoparticles have enabled successful drug delivery across the BBB with hexapeptide dalargin (a leucine-
enkephalin analogue) being the first drug delivered to the brain via polysorbate 80-coated nanoparticles while dalargin
bound to nanoparticles without polysorbate 80 showed no analgesic effect.*” Most nanosized systems rely on adsorptive
mediated transcytosis and receptor-mediated transcytosis for neurotherapeutic delivery.*® Negatively charged cerebral
endothelial cells can interact with nanoparticles by introducing positive charges either through preparing nanoparticles
positively charged at physiological pH 7.4 or surface-functionalizing nanoparticles with positively charged molecules and
cell-penetrating peptides (eg, HIV-derived TAT-peptides) or cationic proteins (eg, albumin) are widely used for nano-
particle anchoring to facilitate drug passage across the BBB.*” The BBB expresses various receptors (eg, transferrin
receptor, insulin receptor, low density lipoprotein receptor) so ligands can decorate delivery systems such as lactoferrin-
covalently conjugated PEG-coated Fe;0, nanoparticles for receptor-mediated delivery.’® Carrier-mediated transcytosis
uses carriers for glucose, amino acids, purine bases, nucleosides and choline (which supply brain nutrients and deliver
drugs) like liposome-incorporated mannose derivatives that crossed the BBB via glucose transporters in mouse brains.”’
Approaches for BBB drug delivery include direct injection and implantation, chemical modifications (lipidization adding
lipid molecules to drug polar ends to enhance permeability, prodrug approach with enzyme-catalyzed conversion to
active drugs in the brain), temporary BBB opening via permeability enhancers (eg, bradykinin, histamine, serotonin,
tumor necrosis factor-a)) and nano-enabled platforms via intravenous or intranasal routes.>

Intravenous Delivery
Nanoparticles can be delivered to tumor sites via multiple routes, each offering distinct advantages. Intravenous injection,
as a method of systemic administration, is valued for its clinical convenience and ability to reach a wide range of tissues.
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Furthermore, nanocarriers delivered through this route typically demonstrate significantly greater tumor accumulation
compared to free, non-encapsulated drugs. The intravenous (IV) route for nanoparticle administration provides almost
instantaneous response wide-ranging control over drug input rate and complete bioavailability even at low doses while
overcoming first-pass metabolism and proteolytic enzyme degradation making it suitable for expensive peptide or protein
drugs though it carries risks like patient pain high cost need for experienced healthcare personnel and direct systemic
drug exposure.” The first IV nanoparticulate product Abraxane® a paclitaxel reformulation was FDA-approved in
2006.°*%> Nanomedicines address key cancer therapy challenges including drug side effects from accumulation cancer
recurrence and delayed disease stabilization as controlled-release nanocarriers can be IV—infused to target tumors
enhancing solid tumor treatment efficacy reducing drug toxicity and achieving prolonged remission with drug-polymer
conjugates and nanoemulsions mainly explored for prostate cancer targeting.’® Paclitaxel-LDE a cholesterol-rich
nanoemulsion showed lower toxicity higher anticancer activity in mice concentrated in solid tumors (binding to LDL
receptor-overexpressing cancer cells) and in human gynecological cancers had a longer half-life (14.51 + 3.23 h vs 6.62 +
2.05 h for paclitaxel-cremophor) and 3.5-fold higher targeting in tumor than normal tissues.>’ IV emulsions require oil
droplets <5 pm (the size of the smallest lung blood vessels) with mean sizes of 200400 nm hence called
nanoemulsions.”® Third-generation IV iron therapies (eg Cosmofer iron dextran) significantly improve efficacy without
old-generation toxicity and accelerated Cosmofer administration is effective safe time-saving and reduces nursing time
for chronic kidney disease (CKD) patients though long-term toxicity evaluation is needed for iron—oxyhydroxide core/

carbohydrate shell formulations.>

Obstacles to Effective Tumoral Nanoparticle Delivery

Effective tumoral nanoparticle delivery faces multiple critical obstacles rooted in nano-bio interactions and physiological
barriers. Upon entering physiological fluids (eg, blood plasma, mucus, ascites, interstitial fluids), nanoparticles undergo
dynamic nano-bio interface changes that drive the formation of a protein corona—a multilayered adsorbed layer of
endogenous proteins formed via electrostatic and hydrophobic interactions with nanoparticle cores.®®®' This corona
includes a rapidly formed inner “hard corona” of tightly bound proteins and an outer “soft corona” of loosely associated,
environment-exchangeable proteins, and contains opsonins (eg, immunoglobulins, fibrinogen, complement proteins) that
enhance nanoparticle uptake by circulating immune cells, even though dysopsonins (eg, albumin, clusterin, apolipopro-
teins) may mitigate such interactions, collectively impairing targeted delivery.®”®* A second major obstacle is the
extremely low accumulation of passively targeted nanoparticles in solid tumors: Wilhem et al conducted a literature
review and calculated that only approximately 0.7% of injected nanoparticles accumulate in solid tumors in mice,
a median value that, while not capturing the full spectrum of nanoparticle potential, highlights poor tumoral targeting
efficiency.® Physiologically, nanoparticles injected into systemic circulation must evade clearance mechanisms, including
the reticuloendothelial system (RES, also called the mononuclear phagocytic system) which mediates nanoparticle
phagocytosis in liver and splenic tissue 25, and rapid renal clearance of small (5-8 nm) nanoparticles.®> As summarized
by Hui et al, the obstacles further encompass five key steps: opsonization of nanoparticles by serum proteins, destruction
by the immune system, inefficient extravasation of nanoparticles from vasculature into tumors, limited infiltration of
nanoparticles into tumor tissue, and insufficient endocytosis of nanoparticles into individual tumor cells.®® These
obstacles can be categorized into three interconnected groups: barriers within the vasculature and first-pass organs
(protein corona formation, RES phagocytosis, renal clearance), barriers to extravasation from the vasculature to tumor
tissue, and barriers to nanoparticle internalization into tumor cells, all of which collectively hinder effective tumoral
nanoparticle delivery.

Mechanisms of Nanomedicine Accumulation in Tumors

Nanomedicines have emerged as a transformative approach in targeted cancer therapy, primarily due to their “passive-
active” dual targeting strategy that promotes selective drug accumulation at tumor sites.®” This targeted enrichment is
governed by the synergistic interaction of nanoparticle properties with the distinctive pathophysiology of the tumor
microenvironment.
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Physiochemical Properties of the Nanoparticles

Size-Dependent Accumulation

The size of nanoparticles is a fundamental parameter governing their biodistribution and tumor accumulation profiles. To
avoid rapid renal clearance (cutoff ~10 nm), nanocarriers are typically engineered with dimensions exceeding this
threshold.®®%° Conversely, their upper size limit is constrained by vascular endothelial pore sizes in different tumors,
generally capping at several hundred nanometers.” Furthermore, the reticuloendothelial system (RES) actively clears
nanoparticles, with hepatic and splenic macrophages demonstrating particularly high phagocytic activity. This RES-
mediated clearance exhibits a strong size dependence: Liu et al observed biphasic hepatic sequestration for liposomes
<50 nm or >300 nm, while those >400 nm were predominantly cleared by the spleen. In contrast, liposomes within the
90-200 nm range demonstrated optimal tumor targeting.”' This size-dependent behavior is corroborated by PEG-PLA
nanoparticles, where diameters of 111 nm and 141 nm enhanced tumor deposition, while 166 nm particles were
associated with accelerated hepatic clearance.”? A prolonged circulation half-life increases vascular exposure time, yet
it complexly modulates three critical processes: the efficiency of vascular extravasation, the depth of tissue penetration
post-extravasation, and the ultimate internalization by malignant cells.”> Recent investigations in 3D tumor spheroids
further elucidate these dynamics, demonstrating that smaller nanoparticles (~10 nm) achieve deeper intratumoral
penetration (up to ~85 um depth) via enhanced Brownian motion and passive diffusion, albeit with lower overall
accumulation, whereas larger counterparts (50—-65 nm) exhibit superior peripheral accumulation but are restricted to the
outer ~30—40 pm (approximately 2 cell layers) due to extracellular matrix (ECM) barriers (Figure 2).”* The definition of
a single, universally optimal nanoparticle size is complicated by the interplay of multiple material characteristics. While
the conventional EPR paradigm typically utilizes carriers between 10-200 nm, stimuli-responsive nanoplatforms can
undergo size transformation after extravasation, thereby improving both tumor deposition and interstitial diffusion.”
Consequently, the rational design of size-tunable nanocarriers emerges as a promising frontier to simultaneously optimize
circulation kinetics, vascular extravasation, and tissue penetration for superior therapeutic efficacy.

Surface Charge Effects

The surface charge of nanoparticles serves as a key determinant of their colloidal stability, aggregation behavior, blood
compatibility, and systemic clearance kinetics.”® Negatively charged surfaces promote colloidal stability through
electrostatic repulsion and are less prone to opsonization, as their anionic character generates repulsive forces against
the similarly charged vasculature and cellular membranes. This confers superior stealth properties, thereby minimizing
recognition by the mononuclear phagocyte system (MPS) and extending circulatory half-life.”” In contrast, cationic
nanoparticles readily adsorb anionic plasma proteins, leading to aggregation and subsequent rapid clearance by the
MPS.”® Strategic surface engineering is therefore critical for balancing circulation time with tumor engagement. To
achieve prolonged blood circulation, nanoparticles are often shielded with hydrophilic polymers like PEG or specific
polysaccharides, which enhance stability and reduce opsonin adsorption.”” Conversely, a positive surface charge
generally promotes stronger electrostatic interactions with anionic cell membranes and extracellular matrix components,
thereby enhancing tumor retention, tissue penetration, and cellular internalization. Thus, the rational modulation of
surface potential is a vital strategy for optimizing the pharmacokinetic profile and tumor-specific accumulation of

nanomedicines.®°

Shape

The geometry of nanoparticles plays a critical role in their hemodynamic behavior and subsequent tumor deposition. After
evading RES clearance, nanocarriers must marginate toward and adhere to the vascular endothelium in diseased tissues to
enable extravasation. Although spherical morphologies are most common, anisotropic structures such as rods, disks, and stars
are increasingly explored.®' Spherical particles typically follow laminar flow streams, facilitating wall positioning and tissue
migration.*” In contrast, rod-shaped nanoparticles induce hydrodynamic disturbances, promoting deviation from streamlines
and enhancing trans-endothelial migration.®® These non-spherical forms often provide superior biological performance. For
instance, cylindrical micelles exhibit improved cellular uptake and extended circulation, leading to greater tumor accumula-
tion. Pharmacokinetic studies in H22 tumor models showed that high-aspect-ratio micelles had an elimination half-life of
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Figure 2 The influence of nanoparticle size on spheroid permeation and cellular uptake. Figure panels (A-D) and (E-P) present typical confocal micrographs showing the
distribution of AuNS nanoparticles of varying sizes (10, 30, 50, and 65 nm) within two-dimensional monolayers and three-dimensional spheroids of A549 cells, respectively.
The two-dimensional cultures were treated with a nanoparticle concentration of approximately 8 x 10'® particles/mL for a duration of 3 hours. In contrast, the three-
dimensional spheroids were exposed to a lower concentration of about 8 x 10? NPs/mL over a longer period of 24 hours. In these visualizations, the photoluminescence
(PL) signal from the nanoparticles is pseudocolored in green. Cellular structures are highlighted in magenta, achieved by using CellMask™ Deep Red for staining plasma
membranes in 2D models and Phalloidin CruzFluor™ 647 for labeling the cytoskeletal network in the 3D spheroids. Reproduced with permission from Ref.”*

~24 hours, significantly longer than their shorter-rod (14 hours) and spherical (8 hours) counterparts. Corresponding
biodistribution data confirmed a 1.4-fold and 2.3-fold increase in tumor deposition for these elongated micelles over 24
hours.®* Furthermore, disk-shaped nanoparticles demonstrate the highest propensity for vascular wall contact and adhesion

1.85

under laminar flow, as evidenced by Decuzzi et al.”> Therefore, strategic manipulation of nanoparticle shape can markedly

improve intravascular margination, endothelial capture, and extravasation efficiency, collectively boosting tumoral delivery.

Tumor Microenvironment

Tumor Vasculature Anomalies

The rapid proliferation of cancer cells drives the formation of new blood vessels to meet escalating nutritional and
oxygen requirements. However, these nascent tumor vasculature networks are often structurally and morphologically
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1’86,87

abnorma exhibiting features such as tortuous paths, irregular contours, disorganized endothelial cells, pronounced

fenestrations, and an underdeveloped smooth muscle layer.88 These structural defects result in vascular hyperperme-
ability, which forms the basis of the EPR effect and facilitates the initial extravasation of nanoparticles into tumors.
Paradoxically, this same hyperpermeability, coupled with impaired lymphatic drainage, leads to the excessive leakage of
plasma components and their subsequent accumulation. This process significantly elevates interstitial fluid pressure (IFP)
and increases fluid viscosity within the tumor, creating a barrier that hinders the further penetration of nanoparticles into
the tumor parenchyma. Furthermore, blood flow within tumor vasculature is markedly heterogeneous compared to
healthy tissues, leaving substantial regions under-perfused.*® For nanoparticles to reach these poorly accessed areas,
they must navigate the challenging interstitial space, ultimately resulting in an uneven intratumoral distribution and

diminished therapeutic efficacy.

Dense ECM

The extracellular matrix (ECM) primarily consists of a cross-linked network comprising collagens, elastin fibers,
proteoglycans, glycosaminoglycans such as hyaluronic acid, and various glycoproteins including fibronectin and
laminins.®® This intricate scaffold provides structural support, regulates cellular behavior through biochemical and
biomechanical cues, and modulates tissue homeostasis. In tumor tissues, the ECM undergoes extensive remodeling
driven by dysregulated stromal cells, resulting in greater compactness and stiffness compared to normal tissues. This
pathological alteration, often termed desmoplasia, is primarily attributed to elevated deposition of fibrillar collagens (eg,
types I, I, and V) and upregulated expression of lysyl oxidase (LOX), a key enzyme involved in ECM maturation.”’
The abundant collagen in the tumor ECM establishes a substantial physical obstacle to nanoparticle translocation,
limiting their diffusion through the dense interstitial spaces. Concurrently, LOX catalyzes the covalent cross-linking of
collagen and elastin fibers, thereby further rigidifying the ECM, increasing its mechanical resistance, and exacerbating
hurdles for effective nanoparticle transport and deep tissue penetration. Such stiffness not only impedes passive diffusion
but also influences active cellular processes, potentially reducing nanoparticle uptake by tumor cells. These charge-based
bindings may lead to nanoparticle sequestration at the ECM interface, promoting aggregation or premature clearance, and

consequently diminishing intratumoral distribution and therapeutic efficacy.’® >

Current Methods for Enhancing the Accumulation of Nanomedicines in

Tumors

Current nano-drug delivery systems primarily utilize two distinct pathways for tumor accumulation: passive and active
targeting (Figure 3). Passive targeting relies on the EPR effect, which facilitates the passive extravasation and retention
of nanoscale agents within tumor tissues (representative agents summarized in Table 1). In contrast, active targeting
employs specific moieties—such as aptamers, ligands, or antibodies—anchored onto the nanocarrier surface to enable
precise recognition of and binding to tumor cells (as detailed in Table 2).

Passive Strategy Based on EPR

Passive targeting via the EPR effect exploits the leaky vasculature and impaired lymphatic drainage in tumors to enable
nanoparticle extravasation and retention. While this approach offers simplicity and broad applicability, its efficacy is
highly variable due to tumor heterogeneity, with limited translation from preclinical models to humans where EPR is
often less pronounced.'**

Particle Size Modulation

The dimensions of nanoparticles can be adaptively modulated by various tumor-specific stimuli, such as overexpressed
proteases, mild acidosis, or external photonic irradiation.”*> Capitalizing on the elevated levels of matrix metallopro-
teinases (MMPs) in tumors,”®*” Hu et al engineered an Angio-DOX-DGL-GNP system responsive to MMP-2. Enzyme-
triggered disassembly reduced the particle size from 185.7 nm to 55.6 nm, which significantly improved tumor
penetration and yielded a 74.1% antitumor rate in 4T1 models.”® Similarly, acid-labile bonds (eg, imine and hydrazone)
can be exploited for size transformation. Li et al developed PEG-b-PAEMA-PAMAMY/Pt nanoparticles that rapidly shrink
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Figure 3 Active versus Passive Targeting Mechanisms in Antitumor Nanotherapy. Passive targeting exploits the Enhanced Permeability and Retention (EPR) effect: Nanocarriers
circulate systemically, extravasate through hyperpermeable tumor vasculature, and accumulate within tumor tissue. Active targeting employs ligand-modified nanoplatforms that

bind overexpressed tumor cell receptors, facilitating site-specific drug release or receptor-mediated endocytosis. Reproduced with permission from Ref.”®

from 80 nm to 10 nm in the acidic tumor microenvironment. This system leverages the prolonged circulation of larger

particles for initial accumulation and the superior penetrability of smaller ones for deep tissue infiltration, thereby

enhancing treatment in poorly permeable BxPC-3 pancreatic tumors.” Moving beyond single-stimulus responses, multi-

stage systems have been designed for sequential activation. For instance, Nagel et al created MMP-7-responsive nanogels

(pPNG-DOX) that shrink from 100 nm to 50 nm upon enzyme exposure, with subsequent acid-enhanced drug release

Table | Passive Strategies

Specific Mechanisms Representative Cases and Effects Ref.
Strategies
Specific Strategies | Use tumor overexpressed I. MMP-2 reduces Angio-DOX-DGL-G [94-104]
proteases (eg, MMPs) or acidic nanoparticle size from 185.7 nm to 55.6 nm,
environment to change enhancing 4T | tumor penetration, anti-tumor
nanoparticle size rate 74.1%.
2. Acidic condition shrinks PEG-b-PAEMA-
PAMAM/Pt from 80 nm to 10 nm, improving
BxPC-3 tumor therapy.
EPR-Based Passive Surface Charge Nanocarriers keep neutral/ Positively charged lipid-polymer nanohybrids [105]
Strategies Reversal negative charge in blood, change charge from negative to positive in
reverse charge in tumor tumor (pH 6.5-6.8), double tumor
accumulation.
Tumor Regulate tumor vascular I. Gold nanoparticle - induced photothermal [106—-109]
Microenvironment | permeability and interstitial therapy increases prostate tumor nanoparticle
Regulation pressure accumulation by 1.5 - fold.
2. Radiotherapy, ultrasound, photodynamic
therapy enhance EPR effect by promoting
endothelial cell apoptosis or destroying
barriers.
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Table 2 Active Targeting of Nanoparticle Drug Delivery Systems

Targeting Type Mechanism of Action Ligand Tumor Accumulation Ref.
Utilize specific ligands to bind Saccharides | PK2: 3.3% in hepatoma; [110-112]
with receptors on tumor cell Galactose micelles: 2% liver accumulation.HA-
surfaces for targeted delivery modified PLGA micelles: 2.5% higher AUC, 31%

increased tumor Fe content (HA-Fe3O4 NPs).
Ligand-Mediated Active Antibodies PSMA-NPs: ~2x vs non-antibody; Trastuzumab-NPs: | [I13-116]
Targeting 16x tumor vs non-modified; HER2-liposomes:

12.2% ID/g (SKOV3) vs 5.7% ID/g (A549).
Cetuximab-ANANAS: Higher drug-antibody ratio
vs ADCs; Enhanced targeting/therapy

Proteins Tf-polymersomes: 3% glioma accumulation; iRGD- [117-119]
NPs: 22x tumor accumulation; RGDK-peptide
conjugates: 2.5% higher within 0.5 h.

Small Folic acid-micelles: 2% tumor accumulation; [120-122]
Molecules Aptamer-micelles: 1.5% higher in PSMA+ tumors;

AS141 |-aptamer conjugates: efficient cancer cell

uptake.
Cell-Mediated Tumor Harness inherent biological Neutrophil- | Pathogen-mimicking NPs delivered by neutrophils [123]
Targeting properties of cells Mediate showed 2x higher tumor accumulation than passive
Delivery targeting.

promoting tumor accumulation.'® In a parallel approach, Ruan et al developed gelatin-coated, contractile gold nano-
particles (G-AuNPs—DOX-PEG). These particles underwent MMP-2-induced size reduction from 186.5 nm to 59.3 nm
for improved penetration, followed by acid-triggered hydrolysis to release DOX, eliciting a potent therapeutic
response.'*’ Size-responsive strategies offer advantages in balancing circulation stability with deep tumor penetration,
reducing off-target effects and enhancing therapeutic indices. However, challenges include potential premature activation
in non-tumor acidic environments and manufacturing complexity, which may hinder scalability. Their potential lies in
combination with imaging modalities for real-time monitoring, making them promising for heterogeneous tumors where

uniform size optimization is insufficient.'*

Surface Charge

Charge-reversal nanocarriers are engineered to maintain neutral or negative charges in the bloodstream, thereby
extending their circulation time. Once they reach the tumor tissue, stimuli such as pH, enzymes, light, or
temperature trigger a reversal, which significantly enhances their ability to penetrate deep into the tumor and
promotes cellular internalization. Among strategies for modulating surface charge, pH-responsive systems represent
the predominant category for achieving charge reversal. The mechanism of charge conversion in these systems
generally operates via one of two pathways: the cleavage of specific chemical bonds or the protonation/deprotona-
tion of ionizable functional groups. A schematic of the charge-reversal mechanism is provided in Figure 4. For
instance, cationic lipid - polymer nanohybrids may be enveloped by the anionic PEI - DMMA through electrostatic
forces, this coating allows the nanoparticles to circulate longer in the bloodstream. TME exhibits an acidic pH,
a condition primarily driven by lactic acid generation from aerobic glycolysis and the release of protons during ATP
hydrolysis.'?® Consequently, while the physiological pH of blood is maintained at approximately 7.4, the interstitial
pH in solid tumors is typically measured between 6.5 and 6.8. Upon entering the tumor microenvironment, the
nanoparticles undergo a charge transition, reverting to a positive charge. This positive charge facilitates more
efficient cellular uptake Biodistribution experiments revealed that charge-reversal nanoparticles accumulated at
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Figure 4 Two approaches for realizing positive charge reversal in acid-responsive charge-reversal systems: breakage of pH-responsive bonds or protonation. Reproduced
with permission from Ref.'?’

tumor sites at approximately twice the level of non-charge-reversal nanoparticles. Notably, there was little difference

in their blood circulation profiles.'®

Shaping Tumor Microenvironment

Before systemically administered nanoparticles can reach cancer cells, they must navigate two principal obstacles: the
vascular endothelium and the dense tumor extracellular matrix (ECM). The aberrant tumor microenvironment (TME),
marked by leaky vasculature, impaired lymphatic drainage, and a pathologically compacted ECM, exacerbates these
delivery challenges. Therefore, strategies that modulate the TME—such as normalizing tumor vasculature or reprogram-
ming the ECM—hold promise for enhancing nanoparticle infiltration and amplifying the Enhanced Permeability and
Retention (EPR) effect. Supporting this approach, Ghandehari et al demonstrated that pre-conditioning tumors with gold
nanoparticle-mediated photothermal therapy boosted the subsequent accumulation of polymeric nanocarriers in prostate
tumors by approximately 1.5-fold.'’® Radiation therapy has been demonstrated to induce endothelial cell apoptosis,
which enhances tumor vascular permeability while reducing interstitial fluid pressure (IFP).'°” Similarly, the sonopora-
tion effect generated by high-intensity focused ultrasound can disrupt the integrity of the endothelial barrier, thereby
facilitating nanoparticle extravasation. Theek et al validated this by showing that ultrasound treatment enhanced the EPR
effect and consistently improved liposome accumulation in tumor models, regardless of their initial EPR status.'®® In
a related approach, the reactive oxygen species generated during photodynamic therapy also trigger vascular endothelial
apoptosis, resulting in increased vascular leakage and improved nanoparticle delivery.'® Microenvironment modulation
enhances EPR by transiently increasing vascular permeability, offering synergistic benefits with other therapies.
Advantages include applicability to low-EPR tumors, but limitations encompass off-target damage to healthy tissues
and dependency on external stimuli like ultrasound, which may require specialized equipment. This approach shows high
promise for clinical translation, especially in combination therapies where it can amplify nanoparticle efficacy in resistant
tumors.

Active Targeting of Nanomedicines: Ligand-Driven Recognition and Cellular

Internalization
Nanoparticles offer a promising approach to circumvent biological barriers within the tumor microenvironment (TME)
and improve the delivery of therapeutic agents to malignant tissues through passive or active targeting mechanisms
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(Figure 3). Passive accumulation relies on the enhanced permeability and retention (EPR) effect, whereby nanocarriers
extravasate through the disorganized, leaky vasculature characteristic of tumors, resulting in non-selective deposition
within the tumor interstitium. In contrast, active targeting involves functionalizing nanoparticle surfaces with specific
ligands or molecular recognition elements that bind to biomarkers overexpressed on cancer cells, enabling more precise
tissue- and cell-specific delivery (Figure 5). The selection of appropriate targeting ligands is guided by the differential
expression and internalization capacity of corresponding receptors at the target site. Ideally, these molecular targets
should be abundantly expressed on malignant cells while minimally present on healthy tissues to maximize specific
homing of nanocarriers. Furthermore, stimuli-responsive nanoplatforms have emerged as an advanced active targeting
strategy, as they maintain stability during circulation while triggering controlled drug release upon exposure to tumor-
specific physiological signals. Various receptor types are frequently overexpressed on malignant cell membranes,
providing a molecular basis for distinguishing them from normal counterparts. Advances in tumor proteomics and
bioinformatics have significantly accelerated the identification of such tumor-associated receptors.'”® By decorating
nanocarrier surfaces with corresponding targeting ligands, researchers can achieve selective binding to cancer cells.
Following ligand-receptor interaction, the nanoplatforms are typically internalized via receptor-mediated endocytosis,
facilitating efficient intracellular delivery of encapsulated therapeutics. Consequently, receptor-targeted drug delivery
approaches have garnered substantial research interest in recent years for their potential to enhance tumor-specific
accumulation. Table 2 provides a representative list of receptors overexpressed across different cancer types along with
their cognate ligands. The implementation of cell surface-specific targeting methodologies has significantly refined
oncological therapeutic strategies, with several prominent examples detailed in subsequent sections.

Saccharide-Mediated Targeting

Saccharide-directed targeting strategies have emerged as a powerful approach for receptor-specific tumor accumulation.
These utilize specific ligands, including N-Acetylgalactosamine (GalNAc) and hyaluronic acid (HA), to bind to receptors
that are abundantly expressed on malignant cells. A prominent example is the GalNAc-decorated PolyHPMA-
doxorubicin conjugate (PK2), which exhibited preferential uptake in hepatocellular carcinoma. Studies confirmed that
approximately 3.3% of the injected PK2 dose localized to tumor sites within one day post-IV administration, a marked
improvement over non-targeted polymers.''® In a similar approach, Paliwal et al engineered TPGS micelles functiona-
lized with galactose, observing a doubling of hepatic drug deposition relative to their plain counterparts.''' Regarding
HA-mediated strategies, research by Zhong et al indicated that HA-modified PLGA micelles possessed an area under the
curve (AUC) 2.5 times greater and demonstrated superior tumor fluorescence intensity compared to uncoated particles.
This was ascribed to synergistic effects involving CD44 receptor-driven cellular uptake and prolonged systemic
circulation. Corroborating this, Dai et al utilized HA-coated Fe;O4 nanoparticles and documented a 31% rise in intra-
tumoral iron levels versus uncoated controls, providing direct evidence that HA-CD44 binding facilitates improved tumor
retention and accumulation.''? Despite the marked potential of saccharide ligands to boost the specificity and efficiency
of drug delivery, their clinical translation necessitates a concerted effort to maximize targeting precision and minimize
off-target accumulation.

Antibody-Mediated Targeting

Through active targeting mechanisms, ligands conjugated to antibodies significantly improve the specificity and extent of
nanoparticle accumulation in tumors. For instance, HER2 antibody-functionalized poly(lactide-co-glycolide) (PLG) nano-
particles loaded with DM1 exhibited approximately sixfold greater tumoral deposition versus non-targeted IgG counterparts
at 4 h post-intravenous administration.'** The modification of nanoparticles with targeting ligands significantly enhances
their tumor-specific delivery. Trastuzumab-functionalized, rod-like bismuth-based nanoparticles achieved a 16-fold increase
in bismuth concentration at tumor sites relative to their non-targeted counterparts, concurrently reducing off-target deposition
in peritumoral and pulmonary tissues.''®> The critical importance of receptor specificity was further evidenced by HER2-
targeted liposomes, which accumulated at 12.2% ID/g in HER2-positive SKOV3 tumors, a level more than double the 5.7%
ID/g observed in HER2-negative A549 models.''* This targeting precision, pivotal for therapeutic efficacy, can be
engineered through specific surface modifications.”” Roncato et al developed an anticancer nanoplatform by integrating
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cetuximab, an anti-EGFR antibody, into avidin-nucleic-acid nanoassemblies (ANANAS).''® Their methodology centered on
a poly-avidin core that was surface-modified with biotinylated targeting ligands, which was then used to assess the efficacy of
antibody-drug conjugates (ADCs)—cornerstone agents in personalized oncology. The study demonstrated that the cetux-
imab-directed ANANAS system attained a superior drug-to-antibody ratio relative to traditional ADCs. This improvement is
attributed to the high-affinity avidin-biotin interaction, which substantially augments the drug-carrying capability of the
nanocarrier. These findings demonstrate that antibody-directed nanoengineering effectively circumvents the constraints of
passive targeting, thereby establishing a framework for designing more potent and tumor-selective nanomedicines.
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Protein- and Peptide-Directed Targeting

Active targeting strategies employing proteins and peptides enhance tumor accumulation via receptor-specific recognition
and subsequent cellular internalization. For instance, biodegradable polymersomes conjugated with transferrin (Tf)
exhibit a threefold increase in glioma accumulation relative to non-targeted counterparts, facilitated by Tf receptor-
mediated endocytosis—a process upregulated in malignant glioma cells—and Tf’s capacity to traverse the blood—brain
barrier.''” Similarly, polycaprolactone—polyvinylpyrrolidone (PCL-PVP) nanoparticles modified with the iRGD peptide
achieve at least a twofold enhancement in tumor accumulation through dual actions: integrin receptor engagement for
primary targeting and tumor-penetrating motifs that promote extravascular dissemination. Although iRGD modification
marginally shortens plasma half-life, it fosters deeper stromal infiltration by perturbing integrin-dependent cell
adhesion.''® In another example, micelles comprising SN-38 prodrug conjugated to the neuropilin-1-targeting peptide
(RGDK) display a 2.5-fold elevation in tumor accumulation (5% injected dose per gram tissue versus 2% injected dose
per gram tissue) at 0.5 hours post-injection compared with unmodified oligo(ethylene glycol) micelles. This accelerated
uptake stems from selective neuropilin-1 receptor affinity on tumor endothelial and neoplastic cells, culminating in swift
clathrin-mediated endocytosis.''” A class of fluorescent peptide nanoparticles (f-PNPs), self-assembled from cyclo
[-(d-Ala-L-Glu-D-Ala-L-Trp)2-] cyclopeptides, has recently been engineered and assessed for its potential in both
drug delivery and bioimaging. These f-PNPs have undergone comprehensive characterization of their nanoscale
architecture, photonic traits, therapeutic efficacy, and biocompatibility. To confer specific targeting toward endometrial
cancer (EC) cells, the nanoplatform was functionalized with RGD peptides, which recognize overexpressed avp3
integrins (Figure 6a). Subsequently, the chemotherapeutic agent epirubicin (EPI) was loaded into these RGD-
conjugated f-PNPs (RGD-f-PNPs) through n-n stacking and electrostatic interactions. As depicted in Figure 6b, the
resulting RGD-f-PNPs/EPI complexes preferentially accumulate in tumor tissue, leveraging both the enhanced perme-
ability and retention (EPR) effect and active targeting. Upon binding to avp3 integrins, the complexes are internalized by
EC cells, leading to intracellular EPI release and its eventual nuclear accumulation to induce cytotoxicity. The dual
targeting and enhanced uptake capabilities were confirmed in EC cell cultures, while targeted delivery and drug tracking
were validated in EC xenograft models. Collectively, in vitro and in vivo studies demonstrate that the RGD-f-PNPs/EPI
system significantly augments anticancer efficacy while minimizing systemic toxicity by localizing drug action.'*' The
peptide-ligand interaction boosts initial targeting and promotes subsequent drug release within the tumor microenviron-
ment, thereby synergistically improving both accumulation kinetics and the resulting therapeutic outcome.

Small Molecule- and Aptamer-Mediated Targeting

Active targeting strategies employing small molecules or aptamers enhance tumor-specific delivery by exploiting their
high affinity for receptors uniquely expressed on cancer cells. A prime example is folic acid-functionalized polymeric
micelles, which achieve a two-fold increase in tumor accumulation compared to non-targeted versions. This enhancement
stems from folate receptor-mediated endocytosis in tumors that overexpress this receptor. Supporting in vivo evidence
shows that the presence of folic acid ligands promotes specific binding and significantly prolongs the retention of drugs
like doxorubicin within tumor tissue.'?® Similarly, aptamer-guided systems demonstrate superior targeting. For instance,
micelles conjugated with the A10 aptamer accumulate 1.5-fold more in PSMA-positive tumors than their non-targeted
counterparts, as the aptamer facilitates receptor-mediated internalization and bypasses the inefficiency of passive
diffusion.'?! The AS1411 aptamer operates on a similar principle, enabling efficient cellular uptake of drug conjugates
by binding to nucleolin receptors on the cancer cell surface, thus ensuring highly specific intracellular drug delivery.'*?
Collectively, these approaches underscore the distinct strengths of both small molecules and aptamers: folic acid
capitalizes on inherent metabolic pathways, while aptamers provide programmable recognition with low immunogenic
risk. By honing in on unique molecular fingerprints of tumors, both strategies counter the problem of tumor heterogeneity
and mark a significant step toward precision nanomedicine. Small molecules and aptamers are advantageous for their
stability, low cost, and ease of conjugation, but aptamers may degrade enzymatically, and small molecules risk non-
specific uptake. Their potential is significant in combinatorial therapies, with aptamers particularly suited for RNA-based

diagnostics integration.'*
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Ligand-directed approaches collectively outperform passive targeting in specificity but require biomarker validation
to avoid inefficacy in low-expression tumors. Challenges like manufacturing scalability and ligand desorption persist, yet

their application potential is vast in precision oncology, especially when hybridized with passive elements.

Cell-Mediated Tumor Targeting Delivery Systems

In recent years, cell-based drug delivery systems have continued to attract substantial interest owing to their unique
biological attributes and intrinsic functionalities. A broad spectrum of cellular carriers—including red blood cells
(RBCs), T lymphocytes, stem cells, macrophages, neutrophils, natural killer (NK) cells, and adipocytes—has been
rigorously explored for drug delivery purposes.'** Tumor-specific delivery is achieved either through direct nanoparticle
loading into cells or via biomimetic engineering, such as membrane coatings that confer immune evasion and tropism.
Neutrophils, comprising the majority of circulating leukocytes, exemplify this strategy due to their upregulated integrin
and chemokine receptors (eg, CXCR?2), which drive rapid infiltration into inflammatory tumor niches. In a seminal 2017
study, Li et al employed subcutaneous nano-CpG adjuvants to immunomodulate neutrophils, priming them for enhanced

tumor homing; isolated neutrophils from treated mice exhibited significantly greater infiltration than controls, laying the
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foundation for neutrophil-mediated nanodrug transport.'** Extending this, Wang et al developed pathogen-mimetic
nanoparticles internalized by circulating neutrophils, enabling “hitchhiking” to inflamed tumors and subsequent payload
release; this yielded approximately twofold higher nanoparticle retention compared to passive EPR alone.'*® In a recent
innovative study, Wang et al established a “cell-hitchhiking” strategy for tumor targeting. They designed gold nanopar-
ticles that mimic bacteria, enabling their uptake by phagocytic immune cells. These cells then naturally migrated to tumor
tissues, guided by their intrinsic inflammatory tropism, thereby delivering the nanoparticles. The accumulation of these
cell-based carriers was further enhanced when combined with a preconditioning photothermal treatment, highlighting
a promising new direction for targeted therapy.'*> Contemporary innovations have refined these neutrophil-centric
systems for superior tumor penetration and therapeutic indices. For instance, neutrophil membrane-coated poly(lactic-
co-glycolic acid) nanoparticles exploit ICAM-1 mimicry to promote endothelial adhesion and endocytosis, achieving 2-
to 3-fold greater accumulation in breast cancer xenografts versus uncoated particles, coupled with augmented T-cell
infiltration and 40% survival prolongation.'* Similarly, neutrophils internalizing paclitaxel-loaded liposomes via
CXCR2 homing have traversed the blood-brain barrier in glioma models, delivering over 1162-fold higher drug levels
relative to free paclitaxel, with 80% enhanced accumulation and 50% extended median survival.'** Macrophage-based
“cellular backpacks” loaded with immunomodulatory nanoparticles similarly promote sustained intratumoral retention,"*’
while MSC-derived carriers exhibit innate tropism to cancer stem cell niches, enabling low-dose delivery with 8-fold
dose reductions in lung metastases.'*® These cell-mediated nanotherapeutics not only surmount physicochemical barriers
but also reprogram the tumor microenvironment to foster immunogenicity, underscoring their translational promise for
recalcitrant solid tumors despite challenges in scalability and biodistribution consistency.

Translational Challenges: Discrepancies Between Preclinical Animal
Models and Human Clinical Trials in Nanomedicine Tumor Accumulation

Strategies

Despite promising results in preclinical animal models, the translation of nanomedicine accumulation strategies to human
clinical trials has been fraught with challenges, often resulting in suboptimal efficacy. Passive and active targeting
approaches, particularly those relying on the EPR effect, demonstrate robust tumor accumulation in rodents, with
accumulation rates frequently exceeding 5—10% of the injected dose.'** However, in humans, these strategies typically
achieve only 0.5-1% dose accumulation, leading to therapeutic failures in numerous Phase II/III trials."*® This section
critically examines the underlying reasons for these discrepancies, drawing on tumor biology, physiological differences,
and methodological limitations to inform future design improvements.

Tumor Heterogeneity and EPR Variability

One primary reason for translational failure is the pronounced heterogeneity of human tumors compared to animal
models. In preclinical studies, xenograft or syngeneic mouse models often feature rapidly growing tumors with highly
permeable, immature vasculature, amplifying the EPR effect and facilitating passive accumulation. These models exhibit
uniform leaky vessels due to induced angiogenesis, enabling nanoparticles to extravasate efficiently. In contrast, human
tumors display significant inter- and intra-patient variability in EPR, influenced by tumor type, stage, location, and
microenvironmental factors such as fibrosis and necrosis.'*' For instance, pancreatic and desmoplastic tumors in humans
often have dense stroma and compressed vessels, reducing permeability and retention, whereas rodent models rarely
recapitulate this complexity.'** Clinical imaging studies confirm that only a subset of patients (eg, 20-30% in some

cohorts) exhibit detectable EPR, underscoring the need for patient stratification biomarkers absent in animal testing.'*

Physiological and Immunological Differences

Physiological scaling issues further exacerbate discrepancies. Animal models, particularly mice, have faster metabolic
rates, shorter circulation times, and smaller body sizes, which alter nanoparticle pharmacokinetics. Doses normalized by
body weight in rodents often overestimate human-equivalent exposure, leading to inflated efficacy signals.'** Moreover,
many preclinical tumors are subcutaneously implanted for ease of monitoring, differing from orthotopic human sites

16 https: International Journal of Nanomedicine 2026:21



Chen et al

where interstitial fluid pressure (IFP) is elevated, impeding nanoparticle penetration.'*> Immunological factors also play
a critical role. Immunodeficient mice (eg, nude or SCID strains) commonly used in xenograft studies lack robust immune
responses, allowing unhindered nanoparticle circulation and tumor homing. In humans, the mononuclear phagocyte
system (MPS) rapidly clears nanoparticles, reducing bioavailability.'*® Active targeting ligands, effective in immune-
compromised models, may trigger immunogenicity or opsonization in patients, further diminishing accumulation.

Methodological and Trial Design Limitations
Preclinical studies often employ homogeneous tumor cohorts with early-stage lesions, contrasting with heterogeneous,
advanced-stage human cancers in trials. This mismatch contributes to overestimation of benefits; for example, active
targeting via antibodies shows 2-5 fold enhancement in mice but marginal improvements in humans due to receptor
downregulation in late-stage tumors.'*’ Additionally, animal experiments rarely account for comorbidities or prior
treatments common in patients, which can alter vascular integrity and EPR. Cell-mediated strategies, while promising
in rodents for exploiting inflammation, face scalability issues in humans, including cell sourcing, viability, and regulatory
hurdles for autologous therapies. Clinical failures highlight the need for better models, such as patient-derived xenografts
(PDXs) or organoids, to bridge this gap.'*®

In summary, the success of nanomedicine strategies in animal models stems from simplified tumor biology and
exaggerated EPR, while human failures arise from biological complexity and inadequate translation. Future prospects lie
in personalized approaches, such as EPR imaging for patient selection and hybrid strategies combining microenviron-
ment modulation with active targeting. Addressing these challenges through advanced preclinical models and biomarker-

driven trials is essential for clinical success.'**!>°

Future Perspectives

Rational design of cancer nanomedicines for advancing clinical translation necessitates a synergistic optimization of
physicochemical properties, exploitation of biological transport mechanisms, and rigorous mitigation of nanotoxicity—
all of which collectively govern tumor drug delivery efficacy and clinical safety. For physicochemical tuning, nanopar-
ticle size should be optimized within the 12—-60 nm range to maximize the EPR effect for solid tumor targeting, while
mitigating size-dependent toxicity: ultrasmall nanoparticles (<10 nm) evade renal clearance but trigger reactive oxygen
species (ROS) bursts through mitochondrial respiratory chain disruption, leading to oxidative stress and cellular
apoptosis.'>' Conversely, larger particles (>400 nm) provoke splenic clearance and heightened phagocytic activation,
exacerbating systemic inflammation.'>® Furthermore, as evidenced in lip osomal formulations, sizes around 100 nm, akin
to Doxil/Caelyx, facilitate accumulation via leaky tumor vasculature but require careful assessment to avoid off-target
uptake in liver and spleen, potentially inducing complement activation and hypersensitivity.'>® Non-spherical nanopar-
ticles (eg, rods, discs) improve tumor margination and penetration via enhanced vascular interactions but elevate toxicity
risks, including amplified macrophage-mediated inflammation relative to spherical counterparts, driven by increased
cellular uptake and activation of NF-kB/MAPK pathways that promote pro-inflammatory cytokine release (eg, TNF-a,
IL-6).'>* Moreover, these shapes can induce genotoxicity by direct DNA interaction or ROS-mediated damage,
potentially causing chromosomal aberrations and epigenetic alterations.'>> Surface engineering necessitates careful trade-
offs in nanomedicine design. Neutral or PEGylated surfaces can reduce clearance by the mononuclear phagocyte system
(MPS) and limit opsonization.'>® However, repeated administration may induce anti-PEG antibodies, leading to accel-
erated blood clearance and potential hypersensitivity reactions.'>” In contrast, cationic surfaces promote transvascular
flux and cellular uptake but often cause plasma protein aggregation, oxidative stress through electrostatic membrane
disruptions, and immunotoxicity via complement activation and cytokine release.'>® Beyond physicochemical modifica-
tions, leveraging biological transport mechanisms offers promising delivery strategies. For instance, validating the role of
nanoparticle-transcytosing endothelial cells (N-TECs) in soft nanomedicine transport—and their prevalence in human
tumors—could enable targeted delivery using ligand-modified nanoparticles or through induced transcytosis via endothe-
lial gene transfection. Similarly, repolarizing tumor-associated macrophages (TAMs) or other immune cells toward anti-
tumor phenotypes may facilitate active nanoparticle transport into tumors.'>® Addressing the heterogeneity of nanopar-
ticle tumor targeting is critical for improving clinical efficacy. Biomarker-guided strategies are indispensable in this
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Figure 7 (A) Schematic overview of the experimental workflow for identifying tumor tissue biomarkers associated with nanocarrier accumulation. The tumor-targeting
efficiency of a prototypical polymer nanocarrier (PHPMA) was quantified via CT-FMT across three different mouse models. (B) Serial in vivo fluorescence reflectance imaging
(FRI) of DY750-labeled PHPMA accumulation in A431 tumor-bearing mice. (C and D) Corresponding longitudinal CT-FMT reconstructions. *p-value<0.05,**p-value<0.01.
Reproduced with permission from Ref.'®!

regard. Non-invasive imaging combined with companion nanodiagnostics or nanotheranostics allows real-time visualiza-
tion and quantification of targeting efficiency, aiding in patient stratification. Histopathological biomarkers—such as
blood vessel density or TAM presence in biopsies—can also predict nanoformulation accumulation.'®® For example,
Figure 7 outlines an experimental protocol for identifying tissue biomarkers correlated with nanomedicine accumulation.
It includes a schematic of tumor models and biomarker assessment (panel a), fluorescence reflectance imaging of DY 750-
labeled PHPMA showing variable accumulation across tumor types (panel b), longitudinal CT-FMT visualization in
organs (panel c), and quantification of the percentage of injected dose normalized to tumor volume over time (panel d),
revealing significant inter-tumor differences.'®" Throughout the design process, comprehensive nanotoxicity assessment
remains essential. An integrated design framework—balancing physicochemical customization, biological transport
mechanisms, biomarker-guided patient selection, and systematic nanotoxicity control—is vital to minimizing clinical
trial failures and realizing the full potential of cancer nanomedicines. Table 3 summarizes key candidates in Phase I-I11
trials, highlighting nanocarrier designs, targeting strategies, and preliminary clinical outcomes that reflect the crucial

balance between efficacy and safety required for regulatory approval.

Conclusion
The clinical translation of nanomedicine is fundamentally constrained by its inefficient accumulation in solid tumors,

a central challenge stemming from physiological barriers, a complex tumor microenvironment, and profound intertu-
moral EPR heterogeneity. This review has provided a mechanistic framework for understanding this issue, evaluating
both passive strategies for optimized biodistribution and active targeting for enhanced specificity. The bidirectional
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Table 3 Key Candidate Agents in Phase I-lll Clinical Trials

Name Clinical Indication Nano-Carrier Targeting Strategies Preliminary Clinical Outcomes Ref
Phase Design
BIND-014 [l Metastatic Polymeric PSMA ligand-mediated PSA response rate of 30%; median [162]
castration- nanoparticle targeting for prostate- radiographic progression-free survival
resistant encapsulating specific membrane of 9.9 months; manageable toxicities
prostate docetaxel antigen expression on including neutropenia and fatigue
cancer tumor cells
NBTXR3 1/ Locally Hafnium oxide Intratumoral injection Pathologic complete response rate [163]
advanced soft | metallic with radiotherapy doubled (16.1% vs 7.9%); favorable
tissue nanoparticles activation for localized safety profile with no increase in
sarcoma energy deposition in radiotherapy-related toxicities
tumors
NC-6004 Il Advanced Polymeric micelle | Enhanced permeability Median progression-free survival of [164]
bladder, nanoparticle for and retention (EPR) effect | 3.9-6.8 months; long-lasting antitumor
biliary tract, sustained cisplatin | for selective tumor activity; common adverse events
or lung release distribution limited to anemia and neutropenia with
cancer overall favorable safety
CRLXI10I Il Advanced Cyclodextrin- EPR effect for passive Maximum tolerated dose of 15 mg/m? | [165]
solid tumors based polymeric accumulation in tumor biweekly; median progression-free
nanoparticle vasculature survival of 3.7 months with stable
conjugated to disease as primary response;
camptothecin encouraging safety and
pharmacokinetic profile
MBP-426 | Advanced Transferrin- Transferrin receptor- Favorable safety in 39 patients; [166]
metastatic decorated mediated active targeting | recommended Phase Il dose of 226 mg/
tumors liposomal for overexpressed m? with no dose-limiting toxicities
nanoparticle receptors on cancer cells | observed
encapsulating
oxaliplatin
TargomiRs | Recurrent Bacterial-derived EGFR-targeted delivery Acceptable tolerability in dose- [167]
malignant minicell to epidermal growth escalation; evidence of safety and
pleural nanoparticles factor receptor-positive preliminary antitumor activity without
mesothelioma | loaded with miR- | tumor cells severe adverse events
16 mimic
897r-CPC634 | Solid tumors Core-crosslinked EPR effect optimized for Tumor accumulation observed in 46% [168]
polymeric metastasis targeting and of lesions via PET/CT; supports patient
nanoparticle radiolabeling for imaging stratification for enhanced efficacy and
entrapping reduced off-target effects
docetaxel

relationship between nanodrug accrual and TME modulation necessitates next-generation designs that harmonize
therapeutic impact with biosafety. Looking forward, the field must embrace a new paradigm centered on smart, multi-
stage nanocarriers and personalized approaches based on biomarker profiling. Overcoming the longstanding challenges
of EPR variability and delivery route limitations is the definitive path toward nanotherapeutics that fulfill their clinical

promise in oncology.

International Journal of Nanomedicine 2026:21

https: I 9



Chen et al

Abbreviations
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Reflectance Imaging; GalNAc, N-Acetylgalactosamine; GIT, Gastrointestinal Tract; HA, Hyaluronic Acid; HDAC,
Histone Deacetylase; HER2, Human Epidermal Growth Factor Receptor 2; ICAM-1, Intercellular Adhesion Molecule
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NF-kB, Nuclear Factor kappa B; NK cells, Natural Killer cells; NPs, Nanoparticles; N-TECs, Nanoparticle-
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Polyvinylpyrrolidone; RBCs, Red Blood Cells; RES, Reticuloendothelial System; RGDK, Neuropilin-1 receptor-
targeting peptide; RNS, Reactive Nitrogen Species; ROS, Reactive Oxygen Species; SCID, Severe Combined
Immunodeficiency; SINE, Short Interspersed Nuclear Element; STAT, Signal Transducer and Activator of
Transcription; SWCNTs/MWCNTs, Single-/Multi-Walled Carbon Nanotubes; TAMs, Tumor-Associated Macrophages;
TAT, Trans-Activator of Transcription, TDD, Transdermal Drug Delivery; Tf, Transferrin; TLR, Toll-Like Receptor;
TME, Tumor Microenvironment; TNF-0, Tumor Necrosis Factor-alpha; TPGS, Tocopheryl Polyethylene Glycol
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