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A B S T R A C T

Immature and hyperpermeable vessels and active transport through endothelial cells, combined with impaired 
lymphatic clearance and uptake by tumor-associated macrophages, contribute to the accumulation of anticancer 
drugs in tumors. These so-called “Enhanced Permeability and Retention” (EPR) and “Active Transport and 
Retention” (ATR) effects are pronounced for nanomedicines. However, while little is known about ATR, EPR is 
heterogeneous within tumors and patients, limiting the therapeutic efficacy of EPR-based drug delivery systems 
(DDS). This review discusses strategies to refine and complement EPR-based drug delivery. One possibility is to 
better stratify patients for therapy using histological and omics biomarkers as well as via companion diagnostics 
and theranostics. Active targeting of DDS could be used to improve retention and internalization by tumor cells. 
In addition, active targeting of endothelial cells is increasingly being discussed to promote drug accumulation in 
tumors by transcytosis. Other strategies include pharmacological or (image-guided) physical priming of the 
tumor microenvironment. Pharmacological priming has been successfully demonstrated with angiogenic factors 
to increase vascular maturity, erythropoietin to increase perfusion, and corticosteroids to remodel vessels and the 
associated extracellular matrix (ECM). Physical priming has been carried out using heat, radiation and ultra
sound. The latter is often used in combination with microbubbles that oscillate or burst upon stimulation, me
chanically untightening the vessel walls and adjacent ECM. Clinically, this strategy is being evaluated in 
particular for brain tumors. Thus, EPR-dependent drugs may greatly benefit from patient pre-selection strategies 
and complementary interventions targeting biological barriers between the injection site and the target.

1. Introduction

Passive drug targeting relies on the Enhanced Permeability and 
Retention (EPR) effect, which enables nanomedicines to passively 
accumulate in solid tumors due to hyperpermeable vasculature and poor 
lymphatic drainage [1]. Furthermore, nanomedicines’ retention is 
dictated by interactions with the tumor microenvironment, i.e., 
tumor-associated macrophages that act as a slow-release reservoir. 
However, EPR-based drug delivery is highly heterogeneous, varying 
across tumor types, subregions, and even during nanomedicine therapy 
[2]. Only a small percentage (0.7 %) of nanocarriers effectively accu
mulate in tumors with high-EPR, and even in these cases, intratumoral 
physical barriers can further limit vascular extravasation and homoge
neous drug penetration throughout the tumor tissue. For these reasons, 
only a few nanocarriers (e.g., Abraxane, Vyxeos) have demonstrated a 

higher therapeutic response compared to free drugs. To overcome these 
challenges, different strategies have been proposed, including π− π 
stacking stabilization of polymeric micelles to improve drug retention, 
softer nanoparticles to extend circulation time, and biodegradable 
nanocarriers initially exploiting the EPR effect for tumor accumulation 
and later shrinking via MMP-mediated degradation to enhance tumor 
microenvironment penetration [3–5].

To synergistically complement the EPR effect, active targeting relies 
on incorporating targeting moieties into nanocarrier formulations. 
However, Kunjachan et al. demonstrated that the accumulation of EPR- 
based drug delivery systems (DSS) in leaky tumors does often not 
improve by active targeting. In fact, it can even decrease due to a shorter 
blood half-life of the DDS, as the conjugation with peptides leads to 
faster clearance by the liver, kidneys, and spleen [6]. Developing 
nanocarriers within the antibody size range (12–15 nm) can leverage 

* Corresponding author. Institute for Experimental Molecular Imaging, RWTH Aachen University, Forckenbeckstrasse 55, 52074, Aachen, Germany.
E-mail address: fkiessling@ukaachen.de (F. Kiessling). 

1 Both authors contributed equally.
2 Website: http://exmi.rwth-aachen.de/.

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

https://doi.org/10.1016/j.bbrc.2025.152346
Received 10 April 2025; Received in revised form 8 July 2025; Accepted 13 July 2025  

Biochemical and Biophysical Research Communications 778 (2025) 152346 

Available online 14 July 2025 
0006-291X/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-0327-6267
https://orcid.org/0000-0003-0327-6267
https://orcid.org/0000-0002-7341-0399
https://orcid.org/0000-0002-7341-0399
mailto:fkiessling@ukaachen.de
http://exmi.rwth-aachen.de/
www.sciencedirect.com/science/journal/0006291X
https://www.elsevier.com/locate/ybbrc
https://doi.org/10.1016/j.bbrc.2025.152346
https://doi.org/10.1016/j.bbrc.2025.152346
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2025.152346&domain=pdf
http://creativecommons.org/licenses/by/4.0/


both passive and active targeting. Here, once sufficient tumor accumu
lation is achieved by EPR, the enhanced cellular internalization by 
active targeting can lead to prolonged therapy effects, as shown for 
Riboflavin-receptor targeted nanocarriers (13 nm) [7,8].

In recent years, the Active Transport and Retention (ATR) mecha
nism, affecting nanomedicine accumulation, retention, and excretion in 
tumors, questions the importance of the EPR effect [9]. Chan et al. 
demonstrated that nanocarriers primarily enter tumors through active 
transport processes, including receptor-mediated transcytosis. Addi
tionally, a specific subset of tumor endothelial cells (<21 %), known as 
nanoparticle-transporting endothelial cells (N-TECs), plays a key role in 
this process by overexpressing genes involved in the formation of cav
eolae and transendothelial channels (Fig. 1) [10,11].

Considering all the above, the EPR effect remains a cornerstone of 
tumor-targeted drug delivery. While emerging strategies increasingly 
combine passive EPR-based accumulation with active targeting, tumor 
microenvironment modulation, active transport process, and personal
ized approaches, the EPR effect continues to provide the essential 
foundation for effective nanomedicine design.

The following sections explain how patient stratification to therapies 
can be performed related to these mechanisms and complemented by 
actively shaping the properties of the biological barriers.

2. Stratification of patients to therapy

Considering the heterogeneity in cancer, personalized medicine aims 
to identify the right treatment for a patient’s tumor based on e.g. 
expression or mutation of receptors. Prominent examples are estrogen-, 
progesterone, or HER2-receptors in breast cancers or mutated tyrosine 
kinases. These target-focused approaches have been beneficial in the 
clinical approval of therapeutics and in identifying likely-responding 
patients [12,13]. With respect to antibody therapies, imaging re
ceptors on histological slices can be inferior to imaging antibody accu
mulation, as the latter takes into account the pharmacokinetic 
perspective. This was demonstrated when comparing the accumulation 
of radiolabeled PD-L1 antibodies with PD-L1 stainings or RNAseq-data 
for predicting therapeutic responses [14]. The heterogeneous tumor 
microenvironment can present obstacles to successful drug delivery, 
ranging from low perfusion to an excessive extracellular matrix hin
dering tissue penetration and homogeneous distribution of drugs and 
DDS. However, for passively targeted nanomedicines, there is no clini
cally applied biomarker available, which can differentiate between low 
or high accumulating tumors [15]. In this regard, histological and omics 
biomarkers as well as theranostic approaches are more and more 
explored that allow the direct tracking of the tumor accumulation of 
DDS and an assessment of therapeutic efficacy (see Fig. 2).

2.1. Histological and omics biomarkers

The clinical translation of nanomedicines would benefit from prag
matic protocols that can predict tumor accumulation. This enables the 
identification and inclusion of patients that are highly likely to respond, 
also benefiting the clinical translation of nanomedicines [15]. The het
erogeneous microenvironment of tumors between and within the same 
patient requires specific biomarkers, e.g. histological stainings, 
omics-based approaches or contrast agent-based imaging, to evaluate 
molecular targets in or drug delivery processes into tumors. With respect 
to histological biomarkers, our group recently validated the suitability 
of blood vessels and macrophages to identify low accumulating tumors, 
both in 16 preclinical tumor models as well as in patient samples [16]. 
Both biomarkers reflect key requirements of the EPR effect, which are 
blood vessels for the delivery into tumors and macrophages for the 
retention and distribution of nanomedicines in tumors. For this purpose, 
single DAB stainings might be a pragmatic solution for the imple
mentation in clinical trials and in clinical therapy decision making. 
However, the approach has still to be tested with respect to therapeutic 
efficacy. In the future, deep learning-based analysis of histological sec
tions may also enable the prediction of nanomedicine accumulation in 
tumors. This could be inspired by e.g. the work of Kather et al., who used 
a neural network-based analysis of H&E tumor stainings to predict mi
crosatellite instability [17].

Machine and deep learning approaches are also applied on non- 
invasive imaging data, called radiomics. Here, Tang et al. were able to 
discriminate low and high accumulating tumor models employing a 
radiomics model trained on CT, shear wave elastography (SWE), B-mode 
and contrast-enhanced ultrasound [18]. Tumor stiffness, assessed by 
SWE, was found to be highly important for tumor accumulation of gold 
nanoparticles, further supported by collagen I stainings. Although the 
clinical translation of such a multimodal imaging approach will be 
challenging, it underlines the high potential of biomarker-based patient 
stratification.

2.2. Theranostics

In certain situations, imaging may be needed for cancer nano
medicine patient stratification. Considering that the tumor accumula
tion of drugs and DSS changes over time and during treatment, 
longitudinal imaging with theranostic nanomedicines would be valu
able, both for improved understanding of drug delivery processes and 
for patient selection. In this context, using paclitaxel- and fluorophore- 
labeled pi electron-stabilized polymeric micelles, we showed that one 
imaging session, at the early stages of 4T1 murine triple-negative breast 
cancer tumor growth, is insufficient to properly predict long-term 

Fig. 1. Nanomedicine tumor delivery mechanisms. Left: Nanocarriers rely on the EPR effect, thus leaky tumor vasculature and poor lymphatic drainage, to 
accumulate in tumors, leading to low and highly heterogeneous delivery efficiency. Center: Active targeting with e.g., antibodies and peptides, improves cellular 
selectivity and internalization. Right: The ATR principle implies that designing nanomedicines for active transcytosis and tuning interactions with immune and 
stromal components could significantly improve tumor delivery (Created with BioRender.com).
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treatment responses [2]. Conversely, when imaging mice three times in 
three consecutive weeks, there was a clear trend that continuously 
increasing tumor accumulation correlates with better therapy results 
while stagnating or decreasing EPR was related negatively.

In humans, not many theranostic nanomedicine studies are avail
able. Pioneering early studies were performed by Koukourakis et al. and 
Harrington et al., who visualized and quantified the accumulation of 
99mTc-labeled Doxil and 111In-labeled pegylated liposomes in patients 
with different types of tumors [19,20]. They found that the vast majority 
of tumors do accumulate liposomes (88 % in case of Harrington et al.), 
which disproves certain claims in the literature stating that nano
medicines only accumulate in mice and rats, and that the EPR effect fails 
in the clinic [21]. They also observed very high heterogeneity in tumor 
targeting, with the percentages of the injected dose accumulating per 
kilogram normalized tumor weight ranging from 2.7 % to 53 % [19], 
illustrating why patient stratification is critical to predict treatment 
success.

To address this heterogeneity in tumor-targeted drug delivery, 
particularly in case of metastatic disease, imaging with companion 
diagnostic and theranostic nanomedicines may outperform histological 
biomarkers. Theranostic nanoformulations, like 89Zr-labeled core- 
crosslinked polymeric micelles co-loaded with docetaxel, can provide 
highly accurate and real-time information on tumor targeting. With such 
formulations, we were able to show that approx. 50 % of metastases in 
humans can be targeted, and we could even non-invasively quantify 
drug levels in malignant lesions on the basis of PET imaging [22]. 
Companion diagnostics, like MRI-traceable iron oxide nanoparticles, 
provide comparatively less accurate information, as they have different 
pharmacokinetic properties than liposomes or micelles. Nonetheless, 
they may be easier to translate, as they are already available in the clinic 
as iron supplementation drugs, and thus can be repurposed for imaging 
applications. Moreover, it has been shown that patients with high (i.e. 
above median) levels of tumor uptake in MRI at 24 h after i.v. admin
istration of iron oxide nanoparticles respond clearly better to liposomal 
irinotecan treatment then do patients with below-median levels [23], 
exemplifying the potential of this straightforward imaging approach for 
patient stratification.

3. Priming the tumor microenvironment

The tumor microenvironment comprises vessels and the ECM with 
(myo)fibroblasts and immune cells. It generates biological barriers for 
drug delivery to tumor cells and compartmentalize the tumor tissue. 
Even if drugs pass the hyper permeable vessels walls, they often do not 
reach tumor cells because they are retained by the dense ECM or 

internalized by macrophages. The latter, however, can also be beneficial 
as macrophages improve retention of therapeutics and can act as a slow- 
release system. Thus, priming the microenvironment as part of the 
therapeutic concept can have significant impact on delivered drug 
amounts and delivery kinetics (see Fig. 3).

3.1. Pharmacological priming

Different concepts have been evaluated to enhance drug delivery to 
tumors by pharmacological intervention. A pioneer in this field was 
Rakesh Jain who postulated that by adding low doses of antiangiogenic 
drugs, such as anti-VEGF or VEGFR2 antibodies, vascular normalization 
is induced in tumors leading to a more efficient, homogeneous, and 
physiological perfusion that altogether promotes drug delivery [24]. 
Related to this, Wong et al. applied low doses of Cilengitide (an RGD 
based αvβ3-integrin inhibitor) to enhance tumor vascularity and thus, 
response to Gemcitabine [25]. A significant decrease in tumor growth 
and spread was observed in tumor bearing mice. In another study, mice 
with two different experimental lung cancers were treated with eryth
ropoietin and subsequently with carboplatin [26]. By stimulating 
angiogenesis enhanced intratumoral carboplatin levels were observed 
that lead to enhanced tumor responses. Furthermore, more recently, it 
was shown that vascular normalization improved liposomal doxor
ubicine delivery when inhibiting the CC motif chemokine ligand 2 
(CCL2) [27]. However, while increasing or normalizing tumor vascu
larization can enhance drug delivery by improving perfusion and 
intratumoral drug accumulation, this strategy must be carefully 
fine-tuned. A more functional vasculature may also supply the tumor 
with additional oxygen and nutrients, potentially promoting its growth. 
Conversely, inducing hypoxic conditions might transiently suppress 
tumor proliferation but can also drive tumor aggressiveness and 
metastasis due to enhanced migratory potential [28].

Beyond the vascular wall, extracellular matrix, predominantly pro
duced by (myo)fibroblasts and stimulated by inflammation forms, the 
next barrier for drugs to be delivered to tumor cells. This barrier is 
continuously remodeled and can be modulated via approaching fibro
blasts and reducing inflammation with corticosteroids. In this regard, 
Ojha et al. demonstrated a significant reduction in collagen content and 
ECM density after treating murine tumors with dexamethasone con
taining liposomes leading to better tumor responses to Doxil [29]. 
Among other cancer types, tumor stroma remodeling is particularly 
relevant for pancreatic cancer, which is characterized by a dense des
moplastic stroma that severely limits drug penetration. A notable 
example, reported by Vennin et al., involves the use of the Rho kinase 
inhibitor Fasudil. Their study revealed that priming with Fasudil 

Fig. 2. Biomarkers for cancer nanomedicine. Imaging, tissue and liquid biomarkers need to be established to assist in patient stratification, which is critical to 
promote cancer nanomedicine clinical translation and performance. Imaging biomarkers provide real-time, spatially resolved information (high specificity but high 
costs), while liquid and tissue biomarkers reflect systemic and static changes (low specificity but simpler). An appropriate balance between specificity and simplicity 
is needed to move biomarkers forward towards clinical practice (Created with BioRender.com).
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enhanced the response to gemcitabine/Abraxane in both primary and 
metastatic sites of stroma-rich pancreatic cancer [30]. There are multi
ple further promising strategies to prime the tumor vasculature and 
stroma like the use of Prostaglandin E1, heparanase inhibitors, colla
genase. hyaloronidase, anti-TGF-β antibodies, angiotensin inhibitors 
(AT1 receptor antagonists), hedgehog signaling inhibitors, and 
anti-fibroblast activation protein (FAP) inhibiting radiopharmaceutics 
and vaccines which were summarized by Khawar et al. [31]. However, 
as most studies were performed in murine tumor models with limited 
clinical significance, intense clinical research is still required to eluci
date the true added value of these priming concepts for cancer patients.

3.2. Physical priming

Physical priming involves external stimuli applied locally to tumors 
to temporarily increase permeability of the tumor tissue. These stimuli 
include heat, radiation, or ultrasound.

Hyperthermia involves tissue heating to 40–42 ◦C, which dilates 
blood vessels and increases permeability. Heating can be induced either 
by immersing tumors in warm water, by applying low-intensity ultra
sound, or by magnetic hyperthermia, where magnetic nanoparticles 
accumulated in the tumor are heated by an alternating magnetic field. 
Combining hyperthermia with chemotherapy-loaded thermosensitive 
liposomes reduces unwanted side effects of chemotherapy and allows 
rapid drug release in the tumor during hyperthermia. As an example, 
Lokerse et al. showed a better treatment response of a xenothropic breast 
cancer model in mice after applying hyperthermia and thermosensitive 
doxorubicin-loaded liposomes. However, they also point out that 
treatment efficacy depends on the tumor type, with slow-growing, well- 
differentiated and poorly vascularized tumors showing a weaker treat
ment effect [32].

An increase in permeability can also be achieved by inducing 
endothelial cell apoptosis, e.g. by radiotherapy. Lammers et al. 
compared hyperthermia and radiotherapy in prostate tumors in rats. 
They showed a higher concentration of HPMA copolymer-based DSS 
after radiotherapy and hypothesized that the increased accumulation of 
DSS resulted from endothelial cell apoptosis and additional effects such 
as increased VEGF and FGF production, lower interstitial fluid pressure 
and lower tumor cell density. In contrast, hyperthermia did not improve 
DSS uptake in the same tumor model, most likely due to the already 
highly leaky vasculature in this specific model [33].

Another approach to increase tissue permeability is to use ultrasound 
in combination with microbubbles. Microbubbles (MB) are gas-filled 
vesicles stabilized by a shell of lipids, proteins or polymers, originally 

developed for ultrasound contrast enhancement. As well, MBs can also 
be engineered to carry therapeutic molecules or nanoparticles, enabling 
drug delivery and theranostic applications [34]. MBs oscillate during 
ultrasound exposure and the resulting physical forces cause a temporary 
opening of endothelial layers. Dimcevski et al. showed that patients with 
inoperable pancreatic cancer tolerated more treatment cycles of gem
citabine and some even showed a reduction in tumor size after sono
permeation with clinically approved lipid-shelled MB [35]. Conversely, 
microbubble-assisted ultrasound did not improve therapy response of 
neoadjuvant chemotherapy in breast tumors [36]. Reasons for the 
contradictory results might be different tumor types or applied ultra
sound protocol.

To investigate why these heterogeneous effects occur, theranostic 
approaches can be applied. Here, Hynynen et al. proofed the temporary 
opening of the blood-brain barrier in rabbits after sonopermeation with 
protein-based MB by detecting the extravasation of gadolinium-based 
contrast agents by MRI [37]. Lammers et al. used a different thera
nostic approach, where ultrasmall superparamagnetic iron oxide nano
particles were incorporated into the shell of polymer MB. During MB 
destruction, USPIO are released, cross the permeabilized blood-brain 
barrier and can be detected by MRI [38]. Furthermore, the ability to 
control the spatial tissue permeabilization was shown by Chen et al. in 
mice with subcutaneous breast tumors. The co-formulation of 
mCherry-mRNA-loaded lipoplexes and MB mainly transfected endo
thelial and perivascular cells with very low off-site transfection, whereas 
the co-administration of both components showed transfection of cells 
further away from tumor vessels and had a higher transfection efficiency 
[39].

4. Conclusion

Different approaches to enhance drug delivery to tumors are pre
sented. While the EPR effect is and will remain an important determi
nant, new mechanisms such as ATR are increasingly coming into focus 
and can be considered complementary for developing drugs and thera
peutic approaches. Furthermore, drug accumulation can be improved by 
targeting the related biological barriers in tumors, either pharmaco
logically in combination therapies or physically, the latter offering 
important opportunities for image-guided interventions.
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