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A B S T R A C T

Cancer nanotherapeutics has become one of the most advanced areas for basic and clinical research, yet a 
mechanistic consensus on how systemically administered nanoparticles (NPs) access tumors remains lacking. The 
enhanced permeability and retention (EPR) effect has long served as the classical paradigm to explain passive 
tumor accumulation, but its efficacy and clinical relevance have been increasingly questioned, especially in 
stroma-rich tumors. Emerging evidence, supported by high-resolution imaging technologies such as transmission 
electron microscopy (TEM) and intravital microscopy, reveals that transcytosis-represented non-EPR pathways 
play a dominant role in stroma-rich solid tumors. Understanding the mechanisms of these alternative entry 
routes is critical for the rational design of nanocarriers and their successful clinical translation. In this review, we 
outline the major pathways and characteristics of nanocarrier tumor access, summarize analytical and imaging 
strategies for probing nano/bio interactions in nanoparticle tumor entry, and highlight computational chemistry 
tools for high-throughput prediction of tumor access mechanisms. We further discuss future opportunities for 
integrating analytical and computational approaches to rationally design nanocarriers and guide personalized 
nanomedicine.

1. Introduction

The concept of enhanced permeability and retention (EPR) effect 
relies on the unique anatomical and pathophysiological characteristics 
in solid tumors, which are sharply distinct from normal tissues. A classic 
and popular interpretation is to use the enlarged gaps between endo-
thelial cells in tumor blood vessels, facilitating the access of intrave-
nously (IV) injected macromolecular drugs and nanosized formulations 
at the tumor sites. Regarding EPR, the molecular mechanisms, unique 
anatomy of tumor vessels (frequently obtained from experimental ani-
mal models), EPR augment strategies, and preclinical and clinical find-
ings have been intensively reviewed elsewhere [1–3]. Until now, some 
independent studies together with multiple patient data partially sug-
gested the validity of the EPR effect in the context of solid tumors [4]. 
For example, FDA-approved 30-nm magnetic nanoparticles (NPs) could 

predict the tumor accumulation and anti-tumor efficacy of therapeutic 
nanoparticles by magnetic resonance imaging technology (MRI) [5]. 
Another study investigated the dynamics of the EPR effect during 
nanomedicine treatment of solid tumors using fluorophore-labeled, 
paclitaxel-loaded polymeric micelles with computed 
tomography-fluorescence molecular tomography imaging. The study 
showed that interindividual heterogeneity in EPR-based tumor accu-
mulation significantly increased during treatment and that the extent of 
nanomedicine tumor accumulation predicted therapy outcome [6].

On the other hand, there are different opinions on EPR effect. One 
key issue is that the invalidity of evaluating and interpreting the EPR 
effect using preclinical tumor models that poorly reflect the complexity 
of solid tumors in patients [7]. The most common example is the use of 
immunocompromised animals bearing subcutaneous xenografts, which 
is generally acceptable to regulatory authorities, but often overlooks the 
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complicated tumor microenvironment where nano/bio interactions 
occur. Using an imageable nanoprobe and transmission electron mi-
croscopy (TEM), we demonstrated a transcytosis-mediated mechanism 
of nanoparticle tumor homing [8]. In this process, IV-injected nano-
carriers transport across the tumor vascular barrier without requiring 
endothelial leakiness in a KPC-derived orthotopic pancreatic ductal 
adenocarcinoma (PDAC) model. Similar results were obtained in 
patient-derived PDAC xenografts. We further proposed that pharmaco-
logical, nutritional, and biochemical approaches could strengthen 
transcytosis for nanodrug delivery in stroma-rich solid tumors, a phe-
nomenon we termed the “Enhanced Transcytosis and Retention” (ETR) 
effect [9]. A 10-year meta-analysis of nanodrug delivery reported that 
only 0.7 % (median) of the IV-injected nanoparticle dose accumulates in 
solid tumors [10]. Subsequent work showed that transcytosis is the 
dominant pathway in triple-negative breast cancer (TNBC), with over 
90 % of nanoparticles entering tumors via transcytosis rather than 
through the classical EPR effect [11,12]. These findings are consistent 
with our earlier observations that, at least in some stroma-rich cancers, 
extravasation through abnormal endothelial fenestrations is not always 
predominant, and trans-endothelial transport can instead play a major 
role in nanocarrier access to tumors [13].

Although a definitive framework for fully characterizing and un-
derstanding the emerging ETR is still lacking, there is a growing need for 
fundamental biological infrastructure and analytical strategies to 
elucidate this complex nano/bio interaction. The first requirement is the 
development of high-resolution and in-situ observation tools to assist 
trafficking and mechanistic analyses of carrier homing mechanisms. The 
second requirement is to dissect the mechanistic contribution of intrinsic 
and acquired properties of nanocarriers, together with sensor machinery 
(i.e., endothelial cells) at the tumor site. The third requirement is the 
computational processing and modeling of experimental data, which 
could involve multi-omics, real-time imaging and high-throughput data, 
to elucidate the material properties that are most likely to lead to 
overcoming tumor vasculature barriers. The following parts of this re-
view will focus on these aspects, followed by personal perspective on 
target ETR as a new means to fulfill efficient drug delivery in stroma-rich 
cancers with poor EPR outcome.

2. Ex vivo strategies for mechanistic insights into nanoparticle 
tumor access

To quantify and visualize the distinct transvascular transport 
mechanisms of nanoparticles, a combination of quantitative, high- 
resolution imaging and analytical techniques is necessary. Among 
these methods, the “zombie” model was developed to quantify the 
weight of passive versus active (trans-endothelial) nanoparticle extrav-
asation. In this model, tumor-bearing animals are perfused and fixed, 
which halts active cellular processes but preserves vascular fenestrated 
architecture. When NPs circulate through the preserved vasculature, 
only passive routes remain operational [12]. While the “zombie” model 
is currently one of the most effective systems for quantifying the pro-
portion of passive transvascular transport of nanoparticles, it still has 
inherent limitations and cannot fully replicate passive transport under 
physiological conditions. In living tumors, passive nanoparticle leakage 
is a biomechanically coupled process governed by pressure gradients, 
blood flow, endothelial junctional dynamics, intratumoral distribution, 
and plasma interactions [14–16], all of which are absent or markedly 
altered following vascular fixation. Therefore, there is an urgent need to 
establish more accurate and integrative methodologies to quantitatively 
distinguish and assess the contributions of active and passive trans-
vascular nanoparticle transport across the vascular endothelium.

TEM provides ultrahigh spatial resolution, enabling the direct visu-
alization of nanoparticles with high electron density, such as gold 
nanoparticles (AuNPs) or gold-core labeled nanoparticles, interacting 
with tumor vasculature. These particles generate a strong contrast under 
TEM due to their high electron density, allowing for the precise 

identification of their localization during endothelial uptake, intracel-
lular trafficking, and transcytosis-mediated extravasation without 
deliberate staining. Furthermore, three-dimensional computer-gener-
ated reconstruction is used to analyze consecutive serial TEM sections of 
biological tissues [17]. This helps gather information about the spatial 
interactions between nanoparticles and tumor vessels.

Studies have demonstrated the functions of TEM in elucidating active 
transport mechanisms for nanoparticle tumor access. As a case in point, 
TEM was utilized to visualize iRGD-induced transcytosis of therapeutic 
nanoparticles in a KPC pancreatic tumor model. The authors synthesized 
lipid bilayer-coated mesoporous silica nanoparticle (MSNP) incorpo-
rating a gold core, thereby enabling simultaneous drug loading and 
visualization in tumors [8] (Fig. 1a). The imaging of the nanoparticles 
clearly revealed distinct behaviors within the vasculature, including 
particles retained in the lumen, particles undergoing transcytosis 
through endothelial cells, and particles extravasating into the tumor 
tissue (Fig. 1b and c). In a subsequent study, TEM was employed to 
systematically analyze vascular ultrastructure and nanoparticle locali-
zation (Fig. 1d and e). Here, the researchers employed TEM combined 
with spatial statistical analysis to investigate the trans-endothelial 
transport mechanisms of gold nanoparticles (AuNPs) in tumors [12]. 
Specifically, they quantified nanoparticles located on the luminal side of 
endothelial cells, within intracellular vesicles, and inside the endothelial 
cytoplasm (Fig. 1f). By correlating the location of extravasated nano-
particles with vascular ultrastructure, a strong association was found 
with tight junctions and intracellular vesicles. Conversely, no significant 
correlation was identified between nanoparticle extravasation and 
endothelial gaps (Fig. 1g). The integration of high-resolution TEM im-
aging with rigorous statistical correlation analysis provides robust 
morphological and spatial evidence supporting transcytosis as the pre-
dominant pathway of nanoparticle extravasation in tumors. These ex-
amples underscore the power of combining ultrastructural visualization 
with quantitative analysis to move beyond qualitative observations and 
test mechanistic hypotheses at nanoscale resolution.

To complement these ultrastructural insights, mass cytometry by 
time-of-flight enables label-free, single-cell quantification of nano-
particles for ex vivo tumor imaging [18]. Laser ablation-inductively 
coupled plasma mass spectrometry (LA-ICP-MS) is a highly sophisti-
cated analytical technique that enables precise and quantitative 
elemental analysis of nanoparticle distribution within tumors [19] and 
major organs [20]. Concurrently, synchrotron radiation-based X-ray 
fluorescence (SR-XRF) [21] and X-ray absorption spectroscopy (XAS) 
enable label-free, spatially resolved mapping of nanoparticle elements in 
tissue sections, thereby unveiling their heterogeneous distribution and 
potential physicochemical transformations. Furthermore, in-situ imag-
ing of tumor tissues, combined with immunofluorescence (IF) staining, 
facilitates co-localization analysis of nanoparticles with specific cellular 
populations [22] (such as endothelial cells, stromal fibroblasts, or 
tumor-associated macrophages). These approaches enable mechanistic 
analysis of nanoparticle-microenvironment interactions and enable the 
distinguish between passive leakage and active transport pathways.

Collectively, these ex vivo imaging methodologies include a 
“zombie” model for quantifying the weight of passive versus active 
nanoparticle extravasation, TEM for high-resolution structural visuali-
zation, LA-ICP-MS for in-situ quantification, synchrotron-based imaging 
for spatial and elemental mapping, and in-situ IF for cellular-level 
localization. These methods enable a multi-scale, mechanism-focused 
evaluation of nanoparticle delivery. This integrative analytical frame-
work is essential for optimizing nanocarrier design and improving de-
livery efficiency in solid tumors characterized by complex vasculature 
and heterogeneous microenvironments. While these ex vivo methods 
provide quantified information, ultrahigh resolution, and in situ distri-
bution of nanoparticles during transport across tumor vasculature. They 
also have notable limitations. These approaches typically offer static 
end-point snapshots that cannot capture real-time nanoparticle traf-
ficking or clearance. Spatially resolved methods, such as LA-ICP-MS and 
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SR-XRF, provide elemental localization. but they lack molecular speci-
ficity and make it difficult to distinguish intact nanocarriers from 
degraded or transformed species. Moreover, high-resolution mapping is 
low-throughput and is usually restricted to selected regions of interest, 
which may introduce sampling bias in structurally and cellularly het-
erogeneous tumors.

3. Real-Time In Vivo Imaging of Nanoparticle Transport in 
Tumors

In order to obtain real-time insights into how nanoparticles traverse 
the vasculature and accumulate within the tumor tissue, advanced in 
vivo imaging technologies such as near-infrared II (NIR-II) [23–26] 
fluorescence imaging and intravital microscopy [27] have become 
indispensable tools in preclinical nanomedicine research. Such tech-
nologies enable dynamic, high-resolution visualization of nanoparticle 
behavior within living subjects, thereby providing mechanistic infor-
mation that static ex vivo analyses cannot offer.

NIR-II imaging (wavelength range ~1000–1700 nm) offers several 
advantages, including deep tissue penetration, reduced photon scat-
tering, and low tissue autofluorescence [25,28]. These characteristics 
allow non-invasive, whole-body imaging with a high signal-to-noise 
ratio. This method is particularly useful for tracking the spatiotem-
poral distribution of nanoparticles in tumors, assessing their accumu-
lation kinetics, and evaluating the extent of vascular extravasation in 
real time. When integrated with vascular labeling or dual-channel 
probes, NIR-II imaging can also reveal vascular permeability and 
nanoparticle retention patterns, offering a macroscopic view of delivery 
efficiency. Some studies have utilized the NIR-II fluorescent dye CH1055 
for bioimaging applications [26,29,30]. Photoluminescence excitation 
(PLE) mapping (Fig. 2a) revealed a strong excitation peak centered 
around 750 nm and a prominent emission peak at approximately 1055 
nm, with a broad emission tail extending into the NIR-IIa region. This 
fluorophore exhibited superior performance in visualizing the lymphatic 
system and sentinel lymphatic vessels near tumors in mice when 
compared to the clinically approved near-infrared-I (NIR-I) dye indoc-
yanine green (ICG) (Fig. 2b). In a murine brain tumor model, PEGylated 
CH1055 exhibited high tumor uptake, with detectable fluorescence 
signals at depths of up to ~4 mm [29]. The elevated 
tumor-to-background signal ratio provides a robust foundation for 
investigating nanoparticle transcytosis and accumulation within tumors 
(Fig. 2c and d).

Intravital microscopy, particularly using single-photon or multi-
photon confocal platforms, allows for subcellular-resolution imaging of 
nanoparticle transport across endothelial barriers in live animals. It 
enables direct observation of nanoparticle-endothelial interactions, 
intercellular trafficking, and eventual transcytosis or paracellular pas-
sage into the tumor interstitium. In combination with fluorescent la-
beling of blood vessels and intratumoral cell subpopulations, intravital 
imaging provides a robust platform for the dissection of transport dy-
namics in physiologically relevant microenvironments. In a particular 
study, the authors effectively utilized intravital microscopy to visualize 
the eruption process of DiD-labeled nanoparticles (DiD@NPs) from the 
tumor vasculature in 4T1 tumors of BALB/c mice following intravenous 
injection [31] (Fig. 2e). This technique enabled high-resolution and 

dynamic imaging, allowing detailed investigation of the interactions and 
spatial relationships among nanoparticles, vascular endothelial cells, 
perivascular stroma, and neutrophils. Employing this methodology, the 
researchers were able to clearly reveal how nanoparticles egress from 
tumor blood vessels at the microscopic level [27,31] (Fig. 2f and g).

These in vivo imaging methods provide real-time and dynamic in-
formation on how nanocarriers traverse the tumor vasculature, offering 
critical insights into the transport behavior of nanoparticles under 
physiological and pathological conditions. NIR-II and intravital imaging 
complement ex vivo techniques such as TEM, LA-ICP-MS, and immu-
nohistochemistry. Collectively, these methods facilitate a comprehen-
sive, multi-scale understanding of how nanoparticles interact with the 
tumor vasculature and other components of the tumor 
microenvironment.

Despite these advantages, several important limitations remain. In 
vivo imaging methods are limited by tissue penetration depth, optical 
scattering, and small fields of view, which can restrict their applicability 
to superficial tumors or surgically exposed imaging windows. In addi-
tion, fluorescence or elemental signal intensity usually does not allow 
precise nanoparticles quantification. Although the combined use of in 
vivo and ex vivo approaches can link early vascular transport events to 
subsequent extravasation, interstitial redistribution and cellular uptake, 
these connections still partly rely on inference rather than continuous 
tracking of the same nanoparticle population across spatial and tem-
poral scales. At present, a systematic and integrated multi-scale frame-
work for elucidating nanoparticle tumor access mechanisms is still 
lacking.

4. Multi-omics dissection of tumor vascular recognition and 
transport mechanisms for nanoparticles

Subsequent to systemic administration, nanoparticles (NPs) are 
rapidly exposed to a complex milieu of serum proteins, leading to the 
spontaneous formation of a “protein corona” on their surface. This dy-
namic layer of adsorbed proteins effectively endows NPs with a new 
biological identity, which can profoundly alter their interactions with 
biological systems. Extensive research on protein coronas in biomedical 
contexts has established the foundation for exploring analogous pro-
cesses. The underlying principles of surface interaction chemistry, pro-
tein competition, and displacement (e.g., the Vroman effect), are driven 
by interfacial energetics and protein adsorption kinetics and thermo-
dynamics. Consequently, these principles remain applicable across sys-
tems. Protein binding to engineered nanomaterials occurs via diverse 
noncovalent interactions [32] (Fig. 3a). Beyond the intrinsic physico-
chemical properties of nanoparticles, the composition of the protein 
corona plays a pivotal role in determining NP biodistribution, circula-
tion time, recognition by immune cells, mechanism of tumor access, 
cellular uptake, intracellular trafficking, and eventual fate within target 
tissues [33].

A comprehensive understanding of the protein corona composition is 
imperative for elucidating how NPs are recognized by specific cell types 
and how they traverse biological barriers such as the tumor endothe-
lium. Proteomic profiling of the corona allows identification of key 
interacting proteins and their corresponding cellular receptors, thereby 
offering insights into the mechanisms of receptor-mediated endocytosis 

Fig. 1. TEM analysis reveals mechanistic insights into nanoparticle transport and accumulation in tumors. a, Schematic illustration of the silicasome components, 
accompanied by cryo-EM images showing bare particles and silicasomes, with or without the incorporation of ~10 nm Au cores for enhanced TEM visualization. 
Scale bars, 50 nm b, TEM visualization of silicasome transcytosis in tumor-bearing mice administered 50 mg/kg Au-silicasome and sacrificed 24 h post-injection. The 
electron micrograph shows NPs present in the lumen of a tumor blood vessel, within endothelial transport vesicles, and in the tumor interstitium. c, TEM image 
showing silicasomes distributed in a perinuclear region within a cancer cell. N, nucleus; M, mitochondrion. a-c are reprinted from Ref. [8]. Copyright © 2025 
American Society for Clinical Investigation. d, The corresponding TEM images show features along the tumor blood vessel. Scale bars, 500 nm. e, Nanoparticles were 
observed within endothelial cell vesicles, confirming their uptake and subsequent extravasation via a trans-endothelial pathway. f, The TEM image of the blood vessel 
is divided into bins, and extravasated nanoparticles as well as selected vascular features are quantified within each bin. Scale bar, 5 μm g, Analysis of all extravasated 
NPs in relation to vessel features, and NPs located within the vascular lumen and endothelial cells. d-g are reprinted from Ref. [12]. Copyright © 2023, The Author(s), 
under exclusive licence to Springer Nature Limited.
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Fig. 2. Real-Time In Vivo Imaging of Nanoparticle Transport in Tumors. a, Photoluminescence excitation mapping of CH1055-PEG. b, Graphic showing the position 
of a U87MG orthotopic glioblastoma brain tumor beneath the scalp and skull. c, MRI images of a representative nude mouse in the sagittal and coronal planes 
showing the implanted U87MG brain tumors immediately before NIR-II fluorescence imaging at a depth of ~4 mm (n = 5 mice). Red arrows indicate the brain tumor. 
d, High-magnification NIR-II fluorescence imaging showing tumor fluorescence visible through the scalp and skull 6 h after intravenous injection. a-d are reprinted 
from Ref. [26]. Copyright © 2015, Springer Nature Limited. e, Intravital microscopy (IVM) images depicting nanoparticle extravasation in 4T1 tumors. Gray lines 
outline the tumor vasculature, while bubble centers mark sites of NP release. Bubble size represents the extent of the release area, and color intensity reflects the 
release magnitude. f, 3D reconstructions and IVM images of tumor vessels showing the spatial distribution of nanoparticle pools in 4T1 (left panel) and MC38 (right 
panel) tumor-bearing mice. e-f are reprinted from Ref. [31]. Copyright © 2025, The Author(s), under exclusive licence to Springer Nature Limited. g, IVM images showing 
that transmigrating neutrophils trigger nanoparticle pool eruption, with the onset of eruption defined as 0 min. Reprinted from Ref. [27]. Copyright © 2023, The 
Author(s), under exclusive licence to Springer Nature Limited. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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and transcytosis. This, in turn, facilitates the mapping of downstream 
signaling pathways involved in NP internalization and transport across 
the endothelium, particularly in the context of targeted drug delivery to 
tumors.

In the context of in vitro studies, the protein corona is generally 
prepared by incubating NPs with plasma or serum under physiological 
conditions. This is followed by a series of centrifugation and washing 

steps to isolate the tightly bound (hard) corona proteins. Mass spec-
trometry provides an unbiased, high-throughput means of profiling 
complex protein mixtures with high sensitivity and specificity [33] 
(Fig. 3b). In addition to in vitro studies, researchers have developed a 
“fishing” strategy to enable in situ and dynamic characterization of 
protein corona on nanoparticles. This method facilitates the expeditious 
and centrifugation-free isolation of both hard and soft corona 

Fig. 3. Overview of strategies for investigating the transcytosis mechanisms at the NP-endothelial cell interface. a, Physicochemical interactions driving eco-corona 
formation on engineered NPs. Reprinted from Ref. [32]. Copyright © 2021, Springer Nature Limited. b, Schematic of proteomic analysis of NP protein coronas, 
providing a unique approach for identifying novel biomolecular patterns associated with NP delivery. Reprinted from Ref. [33]. Copyright © 2023, Springer Nature 
Limited. c, Schematic of the BLI-based fishing strategy, illustrating protein corona formation on NP, in situ corona isolation, and proteomic identification of protein 
composition and abundance. Reprinted from Ref. [34]. Copyright © 2022, The Author(s). d, Schematic illustrating the key challenges posed by the nanoparticle 
protein corona and the proposed strategies to overcome them. Reprinted from Ref. [33]. Copyright © 2023, Springer Nature Limited. e, Volcano plot of differentially 
expressed genes in NP-positive versus NP-negative tumor endothelial cells, with a heatmap of the top 30 upregulated genes and GO analysis showing the five most 
enriched biological processes. Reprinted from Ref. [10]. Copyright © 2021, American Chemical Society.
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components by leveraging their differential binding affinities. To 
monitor the real-time formation and evolution of the protein corona, 
chiral Cu2S nanoparticles (L- and D-NPs) were immobilized onto 
IgG-functionalized, amine-reactive AR2G biosensors. This platform en-
ables continuous monitoring of nanoparticle-protein interactions under 
physiologically relevant conditions, providing spatiotemporal resolu-
tion of the outer (soft) and inner (hard) corona layers [34] (Fig. 3c).

After the identification of key corona proteins, their corresponding 
membrane receptors and biological pathways can be predicted or vali-
dated experimentally. This mechanistic knowledge opens new oppor-
tunities for rational NP design. For instance, the pre-coating of NPs with 
specific proteins identified from the natural corona may promote pref-
erential interactions with endothelial receptors, enhancing transcytosis 
and tumor penetration [35]. Such biomimetic strategies offer a versatile 
and efficient route to improving the therapeutic performance of nano-
carrier systems by optimizing their biological interactions prior to sys-
temic administration. In order to enhance the biological performance of 
NPs, some protein-based strategies have been developed. The 
pre-coating strategy involves modifying NP surfaces with peptides or 
proteins that recruit specific plasma components during corona forma-
tion, thereby promoting targeted delivery. However, the efficacy of 
certain approaches depends on the appropriate orientation and exposure 
of functional motifs, which are challenging to control through sponta-
neous adsorption. The second strategy involves a comparison of physical 
pre-adsorption with chemical conjugation of targeting ligands [36,37]. 
Studies show that pre-adsorbed antibodies exhibit higher targeting ef-
ficiency in biological fluids [37,38], attributable to enhanced preser-
vation of recognition domain orientation. The third approach involves 
the direct attachment of targeting ligands to the equilibrated protein 
corona, thereby preserving targeting functionality even in serum-rich 
environments [39]. This efficacy has been demonstrated by 
transferrin-conjugated gold or silica NPs, which have shown superior 
performance in serum compared to unconjugated NPs [33]. Collectively, 
these strategies underscore the critical role of protein orientation, 
corona stability, and surface accessibility in achieving efficient and 
specific nanoparticle targeting (Fig. 3d).

In addition to advancements focused on NP design and engineering, 
high-throughput sequencing of vascular endothelial cells offers a 
powerful means to identify endothelial factors that actively regulate NP 
delivery. In a representative study, tumor endothelial cells were isolated 
by flow cytometric sorting into NP-positive and NP-negative 
CD45−CD31+ populations, enabling a direct comparison of cells with 
distinct NP uptake profiles. Subsequent transcriptomic analysis revealed 
the key molecular regulators and signaling pathways implicated in NP 
transcytosis [10] (Fig. 3e). This approach provides mechanistic insight 
into the regulation of active transport of NP across the tumor vasculature 
by endothelial cells. Consequently, this information can inform strate-
gies to enhance NP penetration and therapeutic efficacy.

This approach provides high sensitivity and resolution for detecting 
molecular factors directly involved in NP uptake and transcytosis. The 
resulting mechanistic insights guide targeted functional validation and 
rational therapeutic design, thereby accelerating the optimization of 
nanocarriers for improved delivery efficiency. Importantly, this strategy 
demonstrates broad applicability across a range of tumor models and 
nanoparticle platforms, thereby supporting the development of 
personalized and effective drug-delivery regimens.

5. Computational chemistry for Nanocarrier Tumor Access 
Mechanisms analysis

It is well established that upon entering the body, nanoparticles ac-
quire a “biological identity” through adsorption of specific proteins on 
their surface [40]. The pre-coating of nanoparticles with selected pro-
teins or peptides has emerged as an effective strategy for targeted drug 
delivery. However, conventional experimental screening for optimal 
protein modifiers is often time-consuming and costly due to its low 

throughput. Molecular docking offers an efficient alternative by accu-
rately modeling nanoparticle-biomacromolecule interactions at the 
atomic level, enabling rapid identification of proteins with specific 
binding affinity to nanoparticles [41]. Following the construction of the 
initial structure and the selection of a suitable force field, the dynamic 
process of the nano-bio interface interaction can be simulated and 
reproduced for detailed investigation based on the corresponding 
theoretical principle.

The molecular docking methods generally result in the simplification 
of research systems to a certain extent [42]. The classification system is 
based on the degree of simplification involved in molecular structural 
plasticity, and it can be roughly divided into three categories: rigid 
docking, semi-flexible docking and flexible docking. During the rigid 
docking process, the conformation of the research system remains con-
stant. In summary, the ligand and the receptor both maintain their 
original conformation. This approach is particularly well-suited for the 
study of the interactions between biomacromolecules, such as proteins 
and nucleic acids, due to its ability to facilitate the observation of in-
teractions between these macromolecules. Semi-flexible docking allows 
the ligand’s conformation to vary within a specific range, while the re-
ceptor maintains a rigid configuration as its default state. This method is 
suitable for rapid screening of interactions between large and small 
molecules, including proteins and small molecules. In the course of 
examining the interactions and binding sites between the NPs and pro-
teins, it is usually possible to simplify the surface chemistry of NPs into 
small molecular ligands for docking with proteins.

In our previous study, computational simulations were conducted to 
elucidate the mechanism by which the A2 (Annexin A2) protein facili-
tates nanoparticle accumulation in tumors. Molecular dynamics (MD) 
simulations revealed the interactions between A2 and lipid-based 
nanoparticles, as well as between A2 and endothelial α5β1 integrin 
[35] (Fig. 4a). These analyses identified the structural regions of A2 
responsible for the enhanced tumor enrichment of nanoparticles. 
Furthermore, the specific interaction modes and binding sites were 
characterized (Fig. 4b), providing mechanistic insights and a structural 
basis for further rational design and optimization of A2 variants for 
improved translational potential.

A multitude of docking programs is currently available [43], 
including AutoDock [44], Surflex-dock, Rosetta, Glide, and Gold, among 
others. This methodology has been successfully employed to investigate 
the interaction mechanism between functionalized fullerene (C60 NP) 
and acetylcholinesterase (AChE) (Fig. 4c). In this case, computational 
methods have been proven to be reliable tools for revealing the struc-
tural basis for their interaction with potential target proteins [8]. It was 
determined that the surface chemistry of the C60 NP influences its 
binding mode with AChE. Furthermore, the similar method was also 
employed to investigate the inhibition mechanism of surface-modified 
gold nanoparticles (f-GNP) on AChE activity [45]. The surface chemis-
try of f-GNP has been demonstrated to effectively regulate their bio-
logical behaviors, thereby providing useful information for the rational 
design of safe and effective nanocarriers. Molecular docking can be used 
to screen the interaction modes and predict the binding sites between NP 
and biomacromolecules. The advantages of this method include its high 
speed, low cost, and high throughput. However, it should be noted that 
this approach is limited in its capacity to facilitate real-time dynamic 
interactions, which may constrain the system’s predictive accuracy.

During the delivery and subsequent functionalization of NPs within 
the organism, they also frequently interact with cells [46]. The resulting 
nano-bio interfaces between the NPs and cell membrane play an 
important role in dominating the physiological effects of NPs (Fig. 4d). 
Consequently, it is imperative to investigate the influence of NP prop-
erties on the nano-tumor interface interactions with the cell membrane 
to elucidate the mechanism of tumor access. One such effort is based on 
MD, a more advanced computational method compared with molecular 
docking [47] (Fig. 4e). The reaction behaviors of individual NPs were 
investigated under specific conditions using MD, e.g., interactions with 
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or passing through membranes, as well as the effects of size, density, 
position, distribution, length, and type of surface ligands on the bio-
logical properties of the NPs. In comparison with experimental and other 
theoretical analyses, the advantage of MD simulations is that they can 
precisely simulate molecular structures, which can reveal the underlying 
mechanisms of nano-bio interface interactions for feasible modulation. 
MD simulation is a suitable approach for studying nano-bio interface 
interactions, as it has been demonstrated to reveal the dynamic endo-
cytosis process between NPs and cell membranes.

A variety of molecular dynamics methods have been developed, 
including all-atom MD (AAMD), coarse-grained MD (CGMD), and 
dissipative particle dynamics (DPD). AAMD represents every atom in the 
system, providing high accuracy and detailed molecular interactions, 
but its high computational cost limits applications to relatively small 

systems and short time scales [48,49]. CGMD improves efficiency by 
grouping several atoms into a single interaction site, allowing simula-
tions of larger systems and longer time scales [50,51]. Among CG 
models, the Martini force field is widely used, typically applying a 
four-to-one mapping in which four heavy atoms (plus hydrogens) are 
represented by one bead. It defines only a few bead types (polar, 
non-polar, apolar, charged, and halogen), with parameters derived from 
combined top-down and bottom-up strategies. DPD is another popular 
CG technique, originally developed for complex fluids and later 
extended to polymers, surfactants, lipids, and other soft-matter systems 
[52]. In DPD, multiple atoms are mapped into hydrophilic or hydro-
phobic beads, and interaction parameters are tuned so that macroscopic 
properties (e.g., density, diffusion) match atomistic models. For 
example, Patterson et al. used DPD to study the adsorption of model 

Fig. 4. Computational Chemistry Analysis of Nanocarrier Tumor Access Mechanisms. a, Atomistic simulations revealed the interactions between the lipid surface, A2 
protein, and α5β1 integrin. b, Types of interactions and key amino acid residues involved in the binding between the lipid surface and A2, as well as between A2 and 
α5β1 integrin. a-b are reprinted from Ref. [35]. Copyright © 2025, The Author(s). c, Predicted binding of f-GNP-31 in the active-site gorge of apo rhAChE, showing the 
allyl substituent near the catalytic triad and the benzene linker interacting with aromatic residues at the gorge entrance. Reprinted from Ref. [45]. Copyright © 2014, 
Tsinghua University Press and Springer-Verlag Berlin Heidelberg. d, Different physicochemical characteristics of nanoparticles play a pivotal role in modulating the 
nano-bio interface. Reprinted from Ref. [46]. Copyright © 2019, The Author(s). e, MD simulation analysis of nanoparticle-membrane interactions under different 
conditions. Reprinted from Ref. [47]. Copyright © 2021, The Author(s).
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proteins with different shapes and sizes on hydrophobic surfaces [53].
To investigate the nano-tumor interface interactions, both the setup 

of the initial model and the selection of the simulation method are sig-
nificant. Considering the apparent size difference between the NP and 
cell at the contact interface, the structure of the NP is usually repre-
sented according to different situations, similarly, the cell is usually 
simplified as a planar cell membrane [54]. Given that the cell membrane 
is mainly composed of various lipids and transmembrane proteins, the 
current models can be divided into three types: models with a single 
lipid component, with mixed lipid components, and with a single lipid 
component combined with a transmembrane protein. The ideal models 
for NP and the membrane are AAMD models, wherein the NP and 
membrane can be constructed based on their atomic composition, and 
the bonding information between the total atoms can be objectively 
reflected according to their structure. The AA method enables studies 
with atomic precision, however, it is only suitable for NPs and cell 
membranes with simple structures or the short-time simulation due to its 
expensive calculation costs and low computational efficiencies. There-
fore, CG models have been developed to replace all-atom models in 
certain scenarios. In CG models, molecules are not represented by in-
dividual atoms but by groups of similar or neighboring atoms. By 
significantly decreasing the degree of freedom of the system, a longer 
simulation period can be operated so that the system reaches an equil-
ibration state faster. However, this comes at the expense of molecular 
detail. A remedy is that the research system can reach a preliminary 
equilibration through experiencing a CG model, following by backward 
to an AA model, and finally performing a short time AA model simula-
tion. This multiscale strategy ultimately enables the underlying mech-
anisms between the NP and the membrane to be elucidated at atomic 
precision using the later AA model trajectory.

By integrating multi-omics approaches (proteomics, transcriptomics, 
and metabolomics) with computational modeling, the cellular and mo-
lecular mechanisms underlying nanoparticle transport across tumor 
vasculature can be systematically elucidated. Existing findings have 
highlighted the critical roles of both extracellular nano-bio interface 
dynamics and intratumoral endothelial heterogeneity in shaping NP 
delivery efficiency [11,35]. Looking forward, the incorporation of arti-
ficial intelligence with high-throughput computational simulations 
holds great promise for accelerating the rational design of biomimetic 
nanocarriers with improved targeting precision. Such advancements are 
expected to facilitate the development of personalized nanomedicine 
platforms with enhanced therapeutic efficacy and safety, particularly 
within the complex and heterogeneous tumor microenvironment.

6. Discussion

The combination of quantified strategies, advanced high-resolution 
imaging methods, and multi-omics profiling enables a comprehensive 
elucidation of NPs’ interactions within the biological milieu. This serves 
as a critical foundation for the rational design of next-generation drug 
delivery systems. This is particularly salient in stroma-rich tumors, 
where dense extracellular matrices and abnormal vasculature pose 
formidable barriers to NP penetration. Rather than functioning solely as 
passive conduits, tumor blood vessels act as dynamic biological in-
terfaces that mediate active NP transport. Existing nanocarrier design 
strategies, such as pre-coating NPs with selected proteins identified from 
the natural protein corona, offer a promising way to enhance receptor- 
mediated NP transcytosis on tumor vasculature. By targeting receptors 
enriched on endothelial cells capable of mediating NP transcytosis, these 
strategies can facilitate selective endothelial engagement and improve 
intratumoral delivery efficiency. The incorporation of such mechanisms 
into nanocarrier design may prove particularly advantageous in poorly 
permeable tumors where classical EPR-based accumulation is limited.

To better recapitulate the complexity of human cancers, expanding 
research beyond subcutaneous models to orthotopic, metastatic, and 
genetically engineered mouse models (GEMMs) is essential. These 

advanced models preserve the microanatomical and molecular hetero-
geneity of the tumor, providing a more physiologically relevant context 
for evaluating NP biodistribution and delivery efficiency. Importantly, 
such models support the emerging paradigm that passive EPR effects 
alone are insufficient to explain NP accumulation. Conversely, active 
trans-endothelial transport plays a significant role in nanoparticle 
homing, broadening the applicability of nanocarriers to other diseases 
characterized by vascular remodeling or inflammation.

Taken together, this review supports a paradigm shift toward the 
rational engineering of nanocarriers based on biological transport 
principles and tumor-specific endothelial features. Coupled with artifi-
cial intelligence and high-throughput simulation platforms, such inte-
grative strategies are poised to accelerate the development of precision 
nanomedicine. These advances hold the potential to improve thera-
peutic outcomes in patients with stroma-rich tumors and other clinically 
challenging malignancies, ultimately pushing the boundaries of current 
nanotherapeutic paradigms.
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