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Abstract
Nanoparticles (NPs) exhibit unique physicochemical properties that enable them to overcome biological barriers and to be consid-
ered one of the best materials with anticancer properties. Most of the administered NPs that end up in the bloodstream interact with
the endothelial layer. The interaction of the NPs with the endothelium widens the existing gaps or induces new ones in the mono-
layer of vascular endothelial cells, thus increasing the access to the target sites in the organism. This type of interaction can lead to
NP-modulated endothelial leakiness (NanoEL). The most important factors determining NanoEL are the physicochemical proper-
ties of the NPs. NP-modulated endothelial leakiness can lead to the discovery of new therapeutic targets and strategies to improve
drug delivery through controlling and regulating NanoEL. Nevertheless, the NanoEL mechanism also carries some limitations that
result from an incomplete understanding of NP metabolism and toxicity, and the possibility of their participation in the unintended
bidirectional vascular permeability, which may contribute to the formation of cancer metastases. In this review we are focusing on
the effect of metal and polymeric NPs on mechanism and degree of induction of NanoEL, as well as on the benefits and risks of
using NPs that induce endothelial leakiness.
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Review
Introduction
The vascular barrier is a highly selective boundary between
blood and tissues. Its proper functioning is essential to main-
taining homeostasis of the whole organism. Formed from meso-
dermal endothelial cells, the inner lining of blood vessels
controls the two-way transport of molecules and ions circu-
lating in the blood and protects the inner tissue environment
from harmful and dangerous substances [1-4]. The endothelium

secretes vasodilation factors (e.g., nitric oxide and prostacyclin)
and vasoconstrictions factors (e.g., thromboxane, prostaglandin,
and endothelin-1), regulating vessel tension and, thus, blood
flow and pressure [4-8]. The endothelium also produces media-
tors involved in angiogenic processes (e.g., vascular endotheli-
al growth factor (VEGF) and fibroblast growth factor (FGF)),
fibrinolysis (e.g., tissue plasminogen activator (tPA) and plas-
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Figure 1: The main functions of endothelial cells.

minogen activator inhibitor (PAI)), and blood clotting pro-
cesses (e.g., tissue factor pathway inhibitor (TFPI)) [4,6-10]. In
addition, endothelial cells are involved in the immune response
of the body. Endothelial cells regulate leukocyte diapedesis and
produce inflammatory cytokines such as interleukin 6 (IL-6) or
tumor necrosis factor-α (TNF-α) (Figure 1). The factors
secreted by the endothelium also include angiokines, which
affect the parenchymal cells, thus conditioning the functioning
of entire organs. Endothelial cells play a key role in the mainte-
nance of the organism’s systemic homeostasis through the many
functions they serve. Moreover, these cells are characterized by
a unique structural and functional heterogeneity. Morphologi-
cally, endothelial cells are mostly flat, spindle-shaped cells in
arteries and arterioles, and they are more rounded in capillaries
and venules. Their shape is related to the speed of blood
flowing through the vessels, where the rapid current stimulates
cell elongation [9]. Furthermore, there are primary cilia on the
surface of endothelial cells, which act as mechanoreceptors.
Cilia pick up extracellular signals and regulate the function of
the vascular barrier [3]. The endothelium is also covered by a
negatively charged layer of glycocalyx, which has a protective
function and is involved in the transport of molecules across the
endothelium [11,12].

The degree of endothelial permeability depends on the physi-
ology of the organ. The continuous endothelium is character-
ized by the lowest permeability. Most organs possess a continu-

ous endothelium, which allows for diffusion of water and small
molecules. Transporters, pumps, transcytosis, and ligand–recep-
tor interactions are used to transport larger molecules. Fenes-
trated capillaries are more permeable than the continuous
endothelium and occur in endocrine organs such as the thyroid
gland and kidneys. The holes in the cell membrane (fenesters)
allow for the selective exchange of larger substances and mole-
cules, for example, hormones, as well as the mass transport of
water. Sinusoidal capillaries are characterized by the greatest
permeability, and they are found in the liver and spleen. Their
increased permeability is caused by the large gaps present be-
tween the endothelial cells and in the basement membrane.

The second crucial aspect determining vascular permeability are
the intercellular junctions, which condition paracellular trans-
port across the endothelium. There may be tight junctions be-
tween endothelial cells, mainly formed by occludin and claudin
proteins. This type of connection is most characteristic of the
central nervous system (CNS), where endothelial cells form the
tightest and the most selective blood–brain barrier (BBB) that
provides protection against the penetration of harmful sub-
stances and pathogens. Other types of connections include
adherens junctions, maintained primarily by transmembrane
VE-cadherin, and gap junctions, which are a cluster of trans-
membrane channels located throughout the vascular system.
The intercellular junctions between endothelial cells play an im-
portant role in maintaining the monolayer integrity, but they



Beilstein J. Nanotechnol. 2023, 14, 329–338.

331

also connect cells in a dynamic and communicative manner
[13,14]. Any change in their organization, which results in
dysregulated permeability, may lead to pathological conditions
such as a heart attack or metabolic or neurodegenerative
diseases [1,4,13,15]. Increased permeability of the endothelial
layer for particles whose transport is limited under normal
conditions is also a phenomenon that is especially character-
istic of mature tumors. As the tumor grows, its demand for
oxygen and nutrients increases, which causes intensive forma-
tion of an abnormal vascular framework (i.e., the angiogenesis
process), in which the vessels lose their typical organization and
become permeable to molecules of a certain size. This phe-
nomenon is known as the enhanced permeability and retention
(EPR) effect [13,14,16].

The tumor vasculature is characterized by a usually incomplete
endothelial lining, resulting in relatively large pores (0.1–3 μm
in diameter). Such large pores allow for a much higher vascular
permeability. Pericyte cells present on neoplastic vessels are
loosely associated with endothelial cells and are able to pene-
trate deep into the tumor, increasing transendothelial perme-
ability [14-16].

In addition to conditions related to the pathophysiology of
diseases, other causes of vascular endothelial dysfunction
include physiological processes (e.g., aging) or environmental
factors such as a high-fat diet. These conditions are accompa-
nied by an increased generation of reactive oxygen species
(ROS), which, combined with impaired efficiency of antioxi-
dant systems are one of the most common causes of cell
damage including endothelium damage [6,14]. An increased
ROS concentration closely correlates with the amount of pro-in-
flammatory cytokines, whose participation has been confirmed
to increase endothelial permeability. Histamine and bradykinin
are among the pro-inflammatory cytokines known to increase
endothelial permeability. Moreover, modulators that stimulate
endothelial permeability include thrombin, angiopoietins
(Ang1, Ang2), bacterial endotoxin (LPS), and VEGF (vascular
permeability factor). The main mechanism of action of the
above modulators is based primarily on the activation of mecha-
nisms controlling the phosphorylation of proteins of intercel-
lular junctions, which in turn opens the cell–cell junctions and
creates gaps between the cells [13,17]. The use of appropriate
vascular permeability stimulants can therefore be an effective
solution in the treatment of diseases whose therapeutic success
depends on the effective drug delivery to the target sites through
highly selective vascular barriers.

A relatively new method that overcomes the endothelial barrier
is the use of nanoparticles (NPs), especially different metal
nanoparticles, for example, Au or Ti nanoparticles [18-23]. NPs

exhibit unique physicochemical properties that enable them to
overcome biological barriers, such as negative surface charge
and sizes from 5 to 50 nm. Moreover, most of the administered
NPs eventually end up in the bloodstream, which facilitates
their interaction with the endothelial layer [18,24,25].
NP-modulated endothelial leakiness (NanoEL) could lead to the
discovery of new therapeutic targets and strategies to improve
drug delivery through controlling and regulating NanoEL. How-
ever, the NanoEL mechanism also carries some limitations that
result from an incomplete understanding of NP metabolism, NP
toxicity, or their possible participation in unintended bidirec-
tional vascular permeability, which may contribute to the for-
mation of cancer metastases. For this reason, NPs with differ-
ent physicochemical properties, which can cross the endothelial
barrier in a controlled manner with minimal side effects, are
being sought [23,26].

This review focuses on the effect of NPs (mostly metal NPs,
which are known to lead to endothelial leakiness) on the
NanoEL mechanism and the degree of NanoEL induction, as
well as on the benefits and risks of using such NPs. Since the
rise of nanotechnology and the use of nanoparticles as drugs,
researchers have faced new problems, such as nanotoxicity and
pathological consequences of their use. Therefore, knowledge
about mechanisms and consequences of endothelial leakiness
(NanoEL) caused by nanoparticles is crucial to develop effec-
tive and safe biocompatible nanoparticles in future.

NanoEL as a transport route of nanoparticles
through the endothelium
Main routes to transport NPs across the
endothelium
NPs reach the tissues and organs of the body, especially those
richly vascularized, through the blood. Thus, the vascular
endothelium is the most important permeability barrier for NPs,
which is of key importance for their medical applications
[5,14]. The ability of NPs to cross the endothelial monolayer
depends on both the physicochemical properties of the NPs and
the biology and physiology of the vessels themselves [20].
Understanding the mechanism of interactions between endothe-
lium and NPs and the resulting consequences are crucial aspects
for the development of effective therapeutic strategies.

There are two main routes to transport NPs across the endothe-
lium, namely the transcellular route and the paracellular route
(Figure 2). In the transcellular route, NPs enter endothelial cells
through endocytosis and are transported intracellularly
[24,27,28]. Recently, the existence of specific endothelial cells
involved in the transport of NPs has been reported [29].
Kingston et al. demonstrated the presence of specific vascular
endothelial cells in solid tumors that are responsible for the
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Figure 2: Two main routes to transport NPs across the endothelium, namely the transcellular route and the paracellular route. NanoEL: active trans-
port mechanism of NPs across the endothelium that is unrelated to the transcellular pathway.

transport of NPs by the transcellular route. They referred to
these cells as NP-transporting endothelial cells (N-TECs). Their
results suggest that only 21% of tumor vascular endothelial
cells, unequally distributed along the blood vessels, participate
in transcellular transport. They supported their observations
using PEGylated Au NPs of various sizes (15, 50, and 100 nm)
in various tumor models. In addition, they characterized the
morphology of blood vessels and demonstrated that the vessels
with NP-transporting cells were longer and had a greater
volume and surface area compared to vessels without N-TECs.
Moreover, N-TECs have a different gene expression profile.
They are characterized by increased expression of genes
involved in transport, such as the PLVAP gene, which mediates
microvascular permeability and is involved in the formation of
endothelial channels. The discovery of N-TECs creates new
therapeutic possibilities, which requires more in-depth know-
ledge of these cells, their morphology and physiology, and the
receptors involved in this transport mechanism [30]. Neverthe-
less, some limitations resulting from transcellular transport
should be considered, because it is an energetically costly, slow,
and receptor-dependent mechanism. Moreover, NPs can be
retained in the cell and pose cytotoxicity concerns and vulnera-
bility to lysosomal digestion [5,28,29].

The second mechanism, paracellular transport, is based on the
penetration of NPs through intercellular gaps. Paracellular
transport is an easier route of NP transport than the transcel-
lular route. Nevertheless, the size of the NPs is a key aspect
regarding the paracellular pathway [24,27,28]. The width of
the gaps between endothelial cells under normal conditions is
2–6 nm. Under pathological conditions, such as cancer, the
distance between endothelial cells significantly widens (up to

2000 nm). Most nanomedicine capitalizes on the size of these
gaps and relies on appropriately sized NPs to cross the gaps and
accumulate at specific sites [31]. In the case of anticancer nano-
medicine, an important aspect is the EPR effect, which is a phe-
nomenon characteristic of mature solid tumors. The vascular
permeability factors (e.g., VEGF) produced in higher concentra-
tions by cancer cells stimulate the formation of an abnormal
vascular structure, which can be used in the passive targeting of
nanodrugs. According to this concept, NPs enter the tumor mass
through gaps created as a result of increased angiogenesis
[26,27]. However, this view turned out to be incorrect, as the
effectiveness of the passive delivery of therapeutic agents to the
disease sites has been shown to be very low (<1%) [5] and only
achievable utilizing NPs less than 100 nm in diameter. In
contrast, active targeting strategies involve functionalizing the
NP surface with appropriate ligands specific for receptors over-
expressed by the cancer cells (e.g., folic acid and transferrin).
The combination of the paracellular gap size resulting from the
EPR effect and active targeting strategies may increase the
efficacy of the therapy. Nevertheless, the accumulation in other,
non-targeted organs indicates the existence of a method
of NP transport through the endothelium other than EPR
[26,28,29,32]. Sindhwani et al. identified an active mechanism
based on the transcellular pathway as the dominant mechanism
of NP transport through the endothelium. They supported their
observations by quantitatively measuring the uptake of 15, 50,
and 100 nm PEGylated Au NPs in various mouse tumor models
using ICP-MS. Similarly, in a Zombie mouse model, they
halted cellular activity using perfusion with a fixative, which
allowed researchers to separate the passive and active transport
mechanisms [31]. Nevertheless, research currently confirms the
existence of a completely different active transport mechanism
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Figure 3: Mechanism of NanoEL. Adherens junctions between endothelial cells are maintained by a complex set of proteins, including the three-com-
ponent complex of VE-cadherin, p120, and β-catenin. NPs disrupt homophilic VE-cad–VE-cad interactions between endothelial cells, triggering the
phosphorylation of intracellular tyrosine residues Y658 (by an unknown kinase pathway) and Y731 (by Src kinase). This causes the loss of stability of
the ternary complex of the adherens junctions and the recession of cells.

of NPs across the endothelium that is unrelated to the transcel-
lular pathway.

NanoEL is a mechanism completely independent of receptors
and tumor physiology [12,18,19,21,23]. This effect has been
observed for various types of NPs including Au [12,21,33,34],
Ag [23], Si [20], TiO2 [18,19,23], and SiO2 [23]. Additionally,
NanoEL is responsible for the interaction with adherens junc-
tion proteins (e.g., VE-cadherin). The width of the endothelial
gaps was ca. 22.5 nm [28]. Researchers observed that the inter-
action of the endothelium with NPs widens the existing gaps or
induces new ones in the monolayer of vascular endothelial cells,
thus increasing the access to the organism's target sites
[20,21,28]. Researchers reported that NPs can cross the highly
selective BBB, which may be important in the case of neurode-
generative diseases. The use of NPs to achieve controlled endo-
thelial leakiness, therefore, creates an opportunity to develop
effective therapeutic strategies in various pathological states of
the body [35]. However, the leakiness of vessels, up to tens of
micrometers wide, also creates an opening for proteins,
bacteria, viruses, or the cells themselves. The bidirectional in-
creased permeability of the endothelial layer in the case of
tumors may also contribute to faster intravasation and extrava-
sation of cancer cells, which has been confirmed in both in vitro
and in vivo studies. Peng et al. demonstrated that the exposure
of breast cancer cells to TiO2, SiO2, and Au NPs significantly
accelerates the intravasation and extravasation of tumor cells
due to NanoEL and promotes metastasis to new sites [23]. Im-
portantly, NPs can induce endothelial leakiness indirectly, acti-
vating the apoptotic pathway or inducing the production of

ROS. Moreover, the increased concentration of ROS in the cell
contributes to oxidative stress, which in turn also leads to in-
creased vascular permeability [36].

The direct mechanism of induced NanoEL is a relatively easier
transport route than the intracellular transport of NPs. However,
unlike the EPR effect, NanoEL is a mechanism independent of
tumor pathophysiology. Nevertheless, the effectiveness of
NanoEL closely depends on the physicochemical properties of
the NPs such as size, shape, density, and surface charge [12,19-
21].

Moreover, it is worth to mention that the biological effects of
NPs to endothelial cells also depend on the microenvironments.
The adhesion of proteins and/or nutrient molecules to NPs
could change the toxicity of NPs (NP protein corona), and the
physiological conditions, such as blood flow and physiological
stretch, will also play a role [37-39].

NanoEL mechanism
Adherens junctions between endothelial cells are maintained by
a complex set of proteins, wherein the three-component com-
plex of VE-cadherin, p120, and β-catenin, which interacts with
the actin cytoskeleton of cells, is of key importance [21,26]. A
key role of NanoEL induction is attributed to the extracellular
domain of VE-cadherin (VE-cad) located in the intercellular
gaps, which are ca. 22.5 nm in size. It is believed that due
to the small dimensions of NPs, they can cross these gaps,
disrupting the cell–cell junctions and leading to vessel leaki-
ness (Figure 3).
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NPs transported paracellularly encounter a size and a charge
barrier, which is related to the presence of a negative glyco-
calyx layer on endothelial cells. Therefore, small (below
100 nm), negatively charged NPs are considered the best
NanoEL inducers [5]. In this case, the “bouncing particle”
hypothesis proposed by Wang et al. is confirmed, according to
which negatively charged NPs target the intercellular gaps
through repulsive-sediment interactions with a negatively
charged glycocalyx [12]. Using 24 nm Au NPs with different
surface charges, Wang et al. supported their hypothesis in in
vitro and in silico studies [12]. Also, the concentration of NPs is
an important factor regarding controlled leakiness. Au NPs of
the smallest size and at the highest concentration significantly
promoted cell leakiness and actin reorganization. Increasing the
concentration of 18 nm Au NPs from 25 × 10−6 M to
100 × 10−6 M caused existing intercellular gaps to widen and
the formation of new gaps. Tay et al. demonstrated that NanoEL
induction depends on the density of NPs, where the effective
density of Si NPs ranged from 1.57 to 1.72 g/cm3 [20]. The
leakage rate increases with increasing nanoparticle density.
They also showed that a force of approximately 1.8 nN/μm
along the boundaries of VE-cad adherens junctions mediated by
cumulative gravity appeared to be the critical threshold force
required to disrupt endothelial cells. The leakiness of the
endothelium resulting from the action of NPs occurs relatively
quickly, usually within an hour after exposing the cells to NPs
[20,21,23].

In addition to understanding the key physicochemical proper-
ties of NPs, one must also understand the mechanism behind
NanoEL. The crucial molecular target of NPs was confirmed to
be VE-cad, a protein essential for maintaining the structural and
functional integrity of the endothelium [40]. As reported by
Setyawati et al., TiO2 NPs disrupt homophilic VE-cad–VE-cad
interactions between endothelial cells, triggering the phosphory-
lation of intracellular tyrosine residues Y658 (by an unknown
kinase pathway) and Y731 (by Src kinase) [19]. This causes a
loss of stability of the ternary complex of the adherens junc-
tions interacting with actin, which are responsible for the shape
of the cell. Once the actin remodeling pathway is activated and
triggers a change in the shape of the cells, micrometer-sized
gaps will form, which are permeable to larger substances and
whole cells. The NPs may then be internalized together with
VE-cadherin and degraded in lysosomes.

Lee et al. recorded similar observations after examining the
leakiness of human skin microvascular endothelial cells
(HMVECs) after exposure to citrate-stabilized Au NPs of
different sizes and concentrations. Using in vitro, ex vivo, and
in silico studies, they confirmed the interaction mechanism of
NPs with VE-cad was the phosphorylation of its tyrosine

residues stimulated by NPs and actin remodeling, which is
crucial for leakiness. It is noteworthy that the computer simula-
tion methods used by Lee et al. showed that Au NPs interact
with the extracellular EC1 domain of cadherin [21]. Similarly,
the dissociation of the cadherin pair cluster is more effective for
localized Au NPs than for NPs evenly distributed throughout
the endothelium. Localized Au NPs inhibited the rate of
rebinding between adjacent VE-cadherin pairs to a greater
extent compared to evenly distributed NPs because of the
increasing tensile force, which favored the spread of the
crack throughout the VE-cad domain. Lee et al. also suggested
that NanoEL is reversible and kinetic, and that a removal of
leakiness stimuli triggers the reconstruction of the cadherin
bond between adjacent cells. Therefore, NanoEL is a phe-
nomenon unheard of in a tumor-dependent EPR effect. The
extracellular NP mechanism of action for NPs including Ag,
Au, Si, TiO2, and SiO2 was also confirmed in other studies,
which indicated that it is the most likely method of NanoEL
induction.

Endothelial leakiness induced by nanomaterials is a direct
mechanism, independent of the receptor. Therefore, to confirm
the existence of a new method of controlled blood vessel leaki-
ness (i.e., NanoEL), other indirect effects of NPs must be ruled
out. NanoEL was shown to be independent of ROS produced in
the cell, oxidative stress, and the apoptotic pathway. The possi-
bility of NP interaction with cell membranes in order to elimi-
nate the participation of transcellular transport was also investi-
gated. In fact, TEM micrographs revealed a small number of
18 nm AuNPs undergoing endocytosis. However, subsequent
studies with a cocktail of endocytosis inhibitors confirmed the
extracellular mechanism of NanoEL [21].

There are many aspects to be considered regarding NanoEL,
primarily the physicochemical properties of the NPs. Neverthe-
less, the architecture of the adherens connections and the blood
vessels themselves is also a crucial issue. Studying three differ-
ent types of endothelial cells, Setyawati et al. confirmed a
vessel type-dependent NanoEL induction. They observed leaki-
ness induced by Au NPs in HMVECs and human mammary
microvascular endothelial cells (HMMECs) and insensitivity to
NanoEL induction in the case of human umbilical vein endothe-
lial cells (HUVECs), which form one of the most selective
permeability barriers [33] (Figure 4).

Studies on NanoEL are a valuable source of information with
respect to the potential future of biomedical applications.
Designing NPs with optimal physicochemical properties could
enable predicted and controlled leakiness, thus providing a new
therapeutic approach that could also be applied in noncancerous
applications [41].
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Figure 4: Au NanoEL required actin remodeling. (A) Blocking the RhoA kinase actin remodeling process with Y27632 (10 μM) significantly reduced
the gap formation induced by Au NPs (white arrowheads). Green and blue fluorescent signals represent the VE-cadherin and nucleus, respectively.
Scale bar: 50 μm. Figure 4 was reprinted with permission from [33], Copyright 2017 American Chemical Society.

Therapeutic and pathological consequences
of NanoEL
The development of nanotechnology creates a number of possi-
bilities in the synthesis of NPs with the desired physicochemi-
cal properties, which will determine their various applications.
NPs are characterized by a high surface-to-volume ratio, which
in turn leads to a large functional surface area. The possibility
of combining NPs with various ligands and biologically active
molecules, such as nucleic acids, fluorescence dyes, drugs,

tumor markers, and proteins, is determined by the stability, bio-
compatibility, and solubility of such conjugates, which in turn
opens up new perspectives in medical applications [16,42].
Nanotheranostic applications use NPs for diagnostic and thera-
peutic purposes for serious metabolic, cancer, and neurodegen-
erative diseases. The mechanism of delivery of these com-
pounds to their target sites is primarily based on their transport
through the vascular system of the organism. The endothelium
is the first and most important barrier to overcome.
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As previously discussed, the NanoEL mechanism mainly targets
adherens junctions between endothelial cells, which results in a
widening of the existing gaps or induces the formation of new
ones. The controlled leakiness of the endothelium can therefore
increase the access of the transported substances to the target
sites and thus increase the effectiveness of targeted therapies.
This is particularly important in the case of neurodegenerative
diseases, where the effectiveness of most therapies is limited by
the highly selective BBB. The width of the tightest connections
in the BBB is estimated to be ca. 0.8 nm. Sokolova et al. con-
firmed the ability of ultrasmall 2 nm Au NPs to penetrate the
BBB using a six-cell spheroid model. They reported the ease of
the NPs to enter the spheroid and suggested the existence of a
mechanism allowing NPs to cross the BBB [35].

The NanoEL mechanism may also play a key role in the treat-
ment of cancer. In fact, NPs can pass the endothelium due to the
EPR effect, but transport strictly depends on the stage of the
tumor. Hence, the use of the EPR effect may be justified only in
the case of mature tumors. Moreover, leaky vessels and hetero-
geneous blood flow limit its use for therapeutic purposes. By
contrast, NanoEL is a mechanism completely independent of
the tumor stage. Therefore, NanoEL can be used in the early
stages of cancer without requiring the EPR effect. Early diag-
nosis and treatment when the tumor has accumulated only a few
mutations is a key determinant in the effectiveness of the
therapy. Moreover, earlier diagnosis and treatment significantly
increase the chance of a cure. NanoEL can therefore be used as
a new cancer-fighting strategy or to support the EPR mecha-
nism [26,28,29,43].

Despite the vast possibilities that nanotherapy opens, the use of
NPs can lead to unforeseen and uncontrolled side effects. As a
result, there are only few nanotherapeutic agents approved for
clinical use. Nanomaterial-induced leakiness of blood vessels
within the tumor may facilitate the penetration of living cancer
cells into the bloodstream and to other organs, where they form
metastases. Metastases arising from the spread of cancer cells
are the main cause of relapse and increased cancer-related
mortality. Similarly, the use of NPs in a wide range of consum-
er products, which may accumulate in the body as a result of
routine periodic exposures, could accelerate the formation of
metastases in cancer patients. Increased vascular permeability
may also contribute to the spread of infections through blood-
borne infectious agents and organisms, leading to increased
inflammation and tissue swelling due to the extravasation of
plasma proteins and blood clotting proteins. There are also
reports regarding the toxic effects of NPs on cells. Duan et al.
observed that direct exposure of HUVECs to SiO2 NPs resulted
in oxidative damage induced by ROS, generated by the action
of NPs. After 24 h of NP exposure, an increase in cell necrosis

and apoptosis was observed. Significant DNA damage and cell
cycle arrest at the G2/M point also occurred after NP exposure
[44]. Furthermore, the metabolism and removal from the body
of NPs are not fully understood and could also pose a threat
[15,45].

Despite many limitations, the medical applications of NPs
create new perspectives in relation to conventionally used
methods. Therefore, nanocarriers with the highest therapeutic
effectiveness, regulated pharmacokinetics, known biodistribu-
tion, and minimal side effects are being sought. The mecha-
nism of NanoEL shows great potential for future biomedical ap-
plications, but a more thorough investigation is still required
[5].

Conclusion
Effective transport of NPs to the target sites of the organism
requires the knowledge and understanding of all the possible
ways NPs cross vascular barriers. NanoEL is a mechanism with
great nanotheranostic potential. The main advantages of
NanoEL are the extracellular nature associated with the interac-
tion with VE-cad located in the junctions of the endothelium
and the fact that this effect does not depend on the physiology
and microenvironment of the tumor. Therefore, NanoEL is a
new approach that can be used in anticancer therapies, espe-
cially in the transport of medicinal substances to immature and
hard-to-reach tumors. Nevertheless, issues regarding the unfore-
seen side effects of NPs are still under investigation. NanoEL
can lead to bi-directional vascular permeability facilitating the
intravasation and extravasation of cancer cells. Moreover, with
NPs already present in various consumer products, there is a
danger of an accelerated and amplified metastatic effect in
cancer patients and the accumulation of NPs in unintended
organs. Therefore, it is crucial to gain a full understanding of
NanoEL and to develop effective and safe inducers, which are
NPs that will facilitate access to the target sites and, at the same
time, reduce the possibility of side effects and pathology of
using them.

Funding
This study was supported by internal grant from Jan
Kochanowski University SUPB.RN.22.126.

ORCID® iDs
Karol Ciepluch - https://orcid.org/0000-0003-3180-7715

References
1. Díaz-Coránguez, M.; Ramos, C.; Antonetti, D. A. Vision Res. 2017,

139, 123–137. doi:10.1016/j.visres.2017.05.009
2. Hasan, S. S.; Fischer, A. Trends Cell Biol. 2021, 31, 37–49.

doi:10.1016/j.tcb.2020.10.003

https://orcid.org/0000-0003-3180-7715
https://doi.org/10.1016%2Fj.visres.2017.05.009
https://doi.org/10.1016%2Fj.tcb.2020.10.003


Beilstein J. Nanotechnol. 2023, 14, 329–338.

337

3. Ma, N.; Zhou, J. Front. Cell Dev. Biol. 2020, 8, 626.
doi:10.3389/fcell.2020.00626

4. Naito, H.; Iba, T.; Takakura, N. Int. Immunol. 2020, 32, 295–305.
doi:10.1093/intimm/dxaa008

5. Tang, Y.; Yu, Z.; Lu, X.; Fan, Q.; Huang, W. Adv. Sci. 2022, 2103148,
2103148. doi:10.1002/advs.202103148

6. Dymkowska, D. Postepy Biochem. 2016, 62, 116–126.
7. Pi, X.; Xie, L.; Patterson, C. Circ. Res. 2018, 123, 477–494.

doi:10.1161/circresaha.118.313237
8. McCarron, J. G.; Wilson, C.; Heathcote, H. R.; Zhang, X.; Buckley, C.;

Lee, M. D. Curr. Opin. Pharmacol. 2019, 45, 23–32.
doi:10.1016/j.coph.2019.03.008

9. Setyawati, M. I.; Tay, C. Y.; Docter, D.; Stauber, R. H.; Leong, D. T.
Chem. Soc. Rev. 2015, 44, 8174–8199. doi:10.1039/c5cs00499c

10. Tiruppathi, C.; Minshall, R. D.; Paria, B. C.; Vogel, S. M.; Malik, A. B.
Vasc. Pharmacol. 2002, 39, 173–185.
doi:10.1016/s1537-1891(03)00007-7

11. Gromnicova, R.; Kaya, M.; Romero, I. A.; Williams, P.; Satchell, S.;
Sharrack, B.; Male, D. PLoS One 2016, 11, e0161610.
doi:10.1371/journal.pone.0161610

12. Wang, J.; Zhang, L.; Peng, F.; Shi, X.; Leong, D. T. Chem. Mater.
2018, 30, 3759–3767. doi:10.1021/acs.chemmater.8b00840

13. Claesson-Welsh, L.; Dejana, E.; McDonald, D. M. Trends Mol. Med.
2021, 27, 314–331. doi:10.1016/j.molmed.2020.11.006

14. Tee, J. K.; Yip, L. X.; Tan, E. S.; Santitewagun, S.; Prasath, A.;
Ke, P. C.; Ho, H. K.; Leong, D. T. Chem. Soc. Rev. 2019, 48,
5381–5407. doi:10.1039/c9cs00309f

15. Bondarenko, O.; Mortimer, M.; Kahru, A.; Feliu, N.; Javed, I.;
Kakinen, A.; Lin, S.; Xia, T.; Song, Y.; Davis, T. P.; Lynch, I.;
Parak, W. J.; Leong, D. T.; Ke, P. C.; Chen, C.; Zhao, Y. Nano Today
2021, 39, 101184. doi:10.1016/j.nantod.2021.101184

16. Bai, X.; Wang, Y.; Song, Z.; Feng, Y.; Chen, Y.; Zhang, D.; Feng, L.
Int. J. Mol. Sci. 2020, 21, 2480. doi:10.3390/ijms21072480

17. Rahimi, N. Front. Immunol. 2017, 8, 1847.
doi:10.3389/fimmu.2017.01847

18. Tee, J. K.; Setyawati, M. I.; Peng, F.; Leong, D. T.; Ho, H. K.
Nanotoxicology 2019, 13, 682–700.
doi:10.1080/17435390.2019.1571646

19. Setyawati, M. I.; Tay, C. Y.; Chia, S. L.; Goh, S. L.; Fang, W.;
Neo, M. J.; Chong, H. C.; Tan, S. M.; Loo, S. C. J.; Ng, K. W.;
Xie, J. P.; Ong, C. N.; Tan, N. S.; Leong, D. T. Nat. Commun. 2013, 4,
1673. doi:10.1038/ncomms2655

20. Tay, C. Y.; Setyawati, M. I.; Leong, D. T. ACS Nano 2017, 11,
2764–2772. doi:10.1021/acsnano.6b07806

21. Lee, M.; Ni, N.; Tang, H.; Li, Y.; Wei, W.; Kakinen, A.; Wan, X.;
Davis, T. P.; Song, Y.; Leong, D. T.; Ding, F.; Ke, P. C. Adv. Sci. 2021,
8, 2102519. doi:10.1002/advs.202102519

22. Huang, Y.; Wang, S.; Zhang, J.; Wang, H.; Zou, Q.; Wu, L. Nanoscale
2021, 13, 12577–12586. doi:10.1039/d1nr03155d

23. Peng, F.; Setyawati, M. I.; Tee, J. K.; Ding, X.; Wang, J.; Nga, M. E.;
Ho, H. K.; Leong, D. T. Nat. Nanotechnol. 2019, 14, 279–286.
doi:10.1038/s41565-018-0356-z

24. Wen, T.; Yang, A.; Piao, L.; Hao, S.; Du, L.; Meng, J.; Liu, J.; Xu, H.
Int. J. Nanomed. 2019, 14, 4475–4489. doi:10.2147/ijn.s208225

25. Stater, E. P.; Sonay, A. Y.; Hart, C.; Grimm, J. Nat. Nanotechnol. 2021,
16, 1180–1194. doi:10.1038/s41565-021-01017-9

26. Huai, Y.; Hossen, M. N.; Wilhelm, S.; Bhattacharya, R.; Mukherjee, P.
Bioconjugate Chem. 2019, 30, 2247–2263.
doi:10.1021/acs.bioconjchem.9b00448

27. Moghimi, S. M.; Simberg, D. J. Nanopart. Res. 2018, 20, 169.
doi:10.1007/s11051-018-4273-8

28. Setyawati, M. I.; Tay, C. Y.; Leong, D. T. Nanomedicine (London, U. K.)
2014, 9, 1591–1594. doi:10.2217/nnm.14.104

29. Thakur, V.; Kutty, R. V. J. Exp. Clin. Cancer Res. 2019, 38, 430.
doi:10.1186/s13046-019-1443-1

30. Kingston, B. R.; Lin, Z. P.; Ouyang, B.; MacMillan, P.; Ngai, J.;
Syed, A. M.; Sindhwani, S.; Chan, W. C. W. ACS Nano 2021, 15,
14080–14094. doi:10.1021/acsnano.1c04510

31. Sindhwani, S.; Syed, A. M.; Ngai, J.; Kingston, B. R.; Maiorino, L.;
Rothschild, J.; MacMillan, P.; Zhang, Y.; Rajesh, N. U.; Hoang, T.;
Wu, J. L. Y.; Wilhelm, S.; Zilman, A.; Gadde, S.; Sulaiman, A.;
Ouyang, B.; Lin, Z.; Wang, L.; Egeblad, M.; Chan, W. C. W. Nat. Mater.
2020, 19, 566–575. doi:10.1038/s41563-019-0566-2

32. Skotland, T.; Sandvig, K. Nano Today 2021, 36, 101029.
doi:10.1016/j.nantod.2020.101029

33. Setyawati, M. I.; Tay, C. Y.; Bay, B. H.; Leong, D. T. ACS Nano 2017,
11, 5020–5030. doi:10.1021/acsnano.7b01744

34. Liu, Y.; Rogel, N.; Harada, K.; Jarett, L.; Maiorana, C. H.;
German, G. K.; Mahler, G. J.; Doiron, A. L. Nanotoxicology 2017, 11,
846–856. doi:10.1080/17435390.2017.1371349

35. Sokolova, V.; Mekky, G.; van der Meer, S. B.; Seeds, M. C.;
Atala, A. J.; Epple, M. Sci. Rep. 2020, 10, 18033.
doi:10.1038/s41598-020-75125-2

36. Boland, S.; Hussain, S.; Baeza-Squiban, A.
Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol. 2014, 6, 641–652.
doi:10.1002/wnan.1302

37. Yang, W.; Wang, L.; Mettenbrink, E. M.; DeAngelis, P. L.; Wilhelm, S.
Annu. Rev. Pharmacol. Toxicol. 2021, 61, 269–289.
doi:10.1146/annurev-pharmtox-032320-110338

38. Ahsan, S. M.; Rao, C. M.; Ahmad, M. F. Nanoparticle-Protein
Interaction: The Significance and Role of Protein Corona. In Cellular
and Molecular Toxicology of Nanoparticles; Saquib, Q.; Faisal, M.;
Al-Khedhairy, A. A.; Alatar, A. A., Eds.; Advances in Experimental
Medicine and Biology; Springer International Publishing: Cham,
Switzerland, 2018; pp 175–198. doi:10.1007/978-3-319-72041-8_11

39. Shannahan, J. H.; Podila, R.; Aldossari, A. A.; Emerson, H.;
Powell, B. A.; Ke, P. C.; Rao, A. M.; Brown, J. M. Toxicol. Sci. 2015,
143, 136–146. doi:10.1093/toxsci/kfu217

40. Giannotta, M.; Trani, M.; Dejana, E. Dev. Cell 2013, 26, 441–454.
doi:10.1016/j.devcel.2013.08.020

41. Sinclair, W. E.; Chang, H.-H.; Dan, A.; Kenis, P. J. A.; Murphy, C. J.;
Leckband, D. E. Sci. Rep. 2020, 10, 13320.
doi:10.1038/s41598-020-70148-1

42. Azharuddin, M.; Zhu, G. H.; Das, D.; Ozgur, E.; Uzun, L.;
Turner, A. P. F.; Patra, H. K. Chem. Commun. 2019, 55, 6964–6996.
doi:10.1039/c9cc01741k

43. Pandit, S.; Dutta, D.; Nie, S. Nat. Mater. 2020, 19, 478–480.
doi:10.1038/s41563-020-0672-1

44. Duan, J.; Yu, Y.; Li, Y.; Yu, Y.; Li, Y.; Zhou, X.; Huang, P.; Sun, Z.
PLoS One 2013, 8, e62087. doi:10.1371/journal.pone.0062087

45. Adewale, O. B.; Davids, H.; Cairncross, L.; Roux, S. Int. J. Toxicol.
2019, 38, 357–384. doi:10.1177/1091581819863130

https://doi.org/10.3389%2Ffcell.2020.00626
https://doi.org/10.1093%2Fintimm%2Fdxaa008
https://doi.org/10.1002%2Fadvs.202103148
https://doi.org/10.1161%2Fcircresaha.118.313237
https://doi.org/10.1016%2Fj.coph.2019.03.008
https://doi.org/10.1039%2Fc5cs00499c
https://doi.org/10.1016%2Fs1537-1891%2803%2900007-7
https://doi.org/10.1371%2Fjournal.pone.0161610
https://doi.org/10.1021%2Facs.chemmater.8b00840
https://doi.org/10.1016%2Fj.molmed.2020.11.006
https://doi.org/10.1039%2Fc9cs00309f
https://doi.org/10.1016%2Fj.nantod.2021.101184
https://doi.org/10.3390%2Fijms21072480
https://doi.org/10.3389%2Ffimmu.2017.01847
https://doi.org/10.1080%2F17435390.2019.1571646
https://doi.org/10.1038%2Fncomms2655
https://doi.org/10.1021%2Facsnano.6b07806
https://doi.org/10.1002%2Fadvs.202102519
https://doi.org/10.1039%2Fd1nr03155d
https://doi.org/10.1038%2Fs41565-018-0356-z
https://doi.org/10.2147%2Fijn.s208225
https://doi.org/10.1038%2Fs41565-021-01017-9
https://doi.org/10.1021%2Facs.bioconjchem.9b00448
https://doi.org/10.1007%2Fs11051-018-4273-8
https://doi.org/10.2217%2Fnnm.14.104
https://doi.org/10.1186%2Fs13046-019-1443-1
https://doi.org/10.1021%2Facsnano.1c04510
https://doi.org/10.1038%2Fs41563-019-0566-2
https://doi.org/10.1016%2Fj.nantod.2020.101029
https://doi.org/10.1021%2Facsnano.7b01744
https://doi.org/10.1080%2F17435390.2017.1371349
https://doi.org/10.1038%2Fs41598-020-75125-2
https://doi.org/10.1002%2Fwnan.1302
https://doi.org/10.1146%2Fannurev-pharmtox-032320-110338
https://doi.org/10.1007%2F978-3-319-72041-8_11
https://doi.org/10.1093%2Ftoxsci%2Fkfu217
https://doi.org/10.1016%2Fj.devcel.2013.08.020
https://doi.org/10.1038%2Fs41598-020-70148-1
https://doi.org/10.1039%2Fc9cc01741k
https://doi.org/10.1038%2Fs41563-020-0672-1
https://doi.org/10.1371%2Fjournal.pone.0062087
https://doi.org/10.1177%2F1091581819863130


Beilstein J. Nanotechnol. 2023, 14, 329–338.

338

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.28

https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.28

	Abstract
	Review
	Introduction
	NanoEL as a transport route of nanoparticles through the endothelium
	Main routes to transport NPs across the endothelium

	NanoEL mechanism
	Therapeutic and pathological consequences of NanoEL

	Conclusion
	Funding
	ORCID iDs
	References

