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Abstract

Nanoparticle transport across tumor blood vessels is a key step in nanoparticle delivery to solid
tumors. However, the specific pathways and mechanisms of this nanoparticle delivery process are
not fully understood. Here, the biological and physical characteristics of the tumor vasculature
and the tumor microenvironment are explored and how these features affect nanoparticle
transport across tumor blood vessels is discussed. The biological and physical methods to deliver
nanoparticles into tumors are reviewed and paracellular and transcellular nanoparticle transport
pathways are explored. Understanding the underlying pathways and mechanisms of nanoparticle
tumor delivery will inform the engineering of safer and more effective nanomedicines for clinical
translation.
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Introduction

There are over 8 million cancer related deaths worldwide each year with a projected increase
in annual new cases.[] As a result, there is a need for safe and effective treatments. The

four cancer treatment strategies that are commonly used in the clinic are: i) cytoreductive
surgery; ii) radiation therapy; iii) chemotherapy; and iv) immunotherapy.[2l Nanomedicine
can be applied to each of these four treatment regimens at the preclinical and clinical

stages. For example, nanoparticles have been applied in imaging guided surgery;[34] as
agents for localizing heat or radiation to tumors and overcoming radiation resistance;>~"1 as
clinically approved chemotherapeutic drugs, such as Doxil and Abraxane (R);[8] and in the
development of safer and more effective immunotherapeutics.[] However, to elicit clinical
benefits, all of these strategies have a common need for efficient nanoparticle tumor delivery.

The most direct way to deliver nanoparticles into a solid tumor is by intratumoral
injection.[0] While this approach may result in a high number of nanoparticles localized
within the tumor, its usefulness and practicality are limited. For example, nanoparticles
tend to distribute inhomogeneously throughout the tumor microenvironment upon local
administration due to the relatively dense extracellular matrix that limits nanoparticle
diffusion.[*1] In addition, it may not be feasible to treat metastatic tumors with many
neoplastic lesions throughout the body via local injections, meaning that systemic
administration is required.[12]

Systemically administered nanoparticles have shown promise at both preclinical and clinical
stages for diagnosis and treatment of cancer, however, there are several delivery barriers
that nanoparticles need to overcome en route to solid tumors. Each delivery barrier is

tied to the distinct phase of the nanoparticle’s journey to reach its destination, outlined

in the so-called CAPIR cascade. This five-step cascade describes nanoparticles during: i)
circulation throughout the blood stream; ii) accumulation in the tumor microenvironment;
iii) penetration and distribution through tumor tissues; iv) internalization into tumor cells;
and v) release of nanoparticle payloads.[3]

For systemically administered nanoparicles, the typical nanoparticle tumor delivery
efficiency is ~0.7% (median) of the injected nanoparticle dose.[4] As outlined in Figure
1, there are several reasons for this low nanoparticle delivery efficiency. Upon injection
into the blood stream, nanoparticles are subject to proteins adsorbing onto their surfaces,
forming what is known as a protein corona. The protein corona changes the nanoparticle
physiochemical properties from a synthetic identity to a biological identity, which may
affect nanoparticle pharmacokinetics, biodistribution, and toxicity.[1-181 Among these
adsorbed proteins are opsonins, which may trigger phagocytosis in macrophages and other
cells to swiftly remove circulating nanoparticles from the bloodstream.[19:20] Nanoparticle
accumulation in off-target organs greatly reduces the number of nanoparticles in circulation.
[21] As a result, there has been much research focused on increasing the nanoparticle
blood circulation time by reducing nanoparticle interactions with serum proteins and
immune cells. A common method to achieve this goal is coating nanoparticle surfaces
with antifouling polymers, such as poly(ethylene glycol) (PEG).[22] Recently, nanoparticle
surface modification with cellular membranes, such as membranes from red blood cells,
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has emerged as an alternative method to camouflage nanoparticles and to increase blood
circulation times.[23] In addition, Chan and co-workers have shown that there is a
nanoparticle dose threshold for nanoparticle clearance from circulation. By administering
nanoparticle doses above the threshold (>1 trillion nanoparticles in mice), the nanoparticle
uptake rates of liver phagocytes, such as Kupffer cells, can be overwhelmed to reduce

liver clearance. This strategy has been reported to result in nanoparticle tumor delivery
efficiencies of up to 12% of the injected dose, with nanoparticles being found within 93% of
tumor cells.[24]

The next barrier for nanoparticles is the tumor endothelium, and the transport from

the tumor blood vessel lumen across the endothelium into the tumor microenvironment.
[11.25] The longstanding paradigm of the enhanced permeability and retention (EPR) effect
suggests that nanoparticles passively leak out from tumor vasculature between gaps in
endothelial cells, coupled with poor lymphatic drainage of the tumor tissue.[26] Nanoparticle
transport through leaky vasculature may occur through convection and diffusion, and may be
limited by the increased interstitial fluid pressure observed in solid tumors.[27:28] |n contrast
to passive nanoparticle transport across tumor blood vessels as suggested by the EPR

effect, transcytosis has been proposed as an active nanoparticle transport pathway since as
early as the 1990s.[2%1 However, the contribution of nanoparticle transcytosis to the overall
tumor accumulation had not been quantified. Recently, Chan and co-workers reported that
only 3-25% of gold nanoparticles reach solid tumors by passive transport, depending on
nanoparticle size, indicating that up to 75-97% of nanoparticles undergo active transcytosis
transport. Interestingly, these studies were done with gold nanoparticle doses higher than
the dose threshold for improved tumor delivery of ~1 trillion nanoparticles in mice. The
nanoparticle doses ranged from 2 x 1012 to 1 x 1014 nanoparticles, depending on size.[24:30]
Nanoparticle transport mechanisms across tumor endothelium may be affected by changes
in nanoparticle dose. More research is needed to determine how nanoparticle dose may alter
extravasation mechanisms, pathways, and nanoparticle tumor delivery efficiency.

In this review, we discuss the specific properties of the tumor microenvironment and
vasculature that need be considered for effective nanoparticle transport and tumor delivery.
We review the common endocytic pathways that nanoparticles may undergo for transcellular
transport across tumor endothelial cells, and how these endocytic pathways may be exploited
by specific nanoparticle designs for delivering nanomedicines to solid tumors.

2. The Tumor Microenvironment and Vasculature

2.1. The Tumor Microenvironment

Solid tumors are generally composed of malignant parenchyma, and the surrounding benign
tumor stroma.[14] Although the isolated stroma cannot form tumors when planted into

host animals, it is essential in supporting tumor growth and architecture of the tumor
microenvironment.[32] The tumor stroma is composed of diverse cell types, including caner-
associated fibroblasts and immune cells. Cancer-associated fibroblasts produce and remodel
the extracellular matrix (ECM), and at the same time secret growth factors that induce
angiogenesis or suppress immune cells with the goal to support tumor growth.
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Many types of immune cells are found in solid tumors and execute various functions.
Briefly, CD8+ cytotoxic T Cells, CD4+ Th1l helper T cells, NK cells, M1 macrophages, and
dendritic cells are generally considered as tumor inhibiting, while regulatory T cells (Treg),
CD4+ Th2 helper T cells and M2 macrophages are immune suppressing, thus promoting
angiogenesis, tumor growth, and metastasis.[32:331 Tumor and stromal cells are embedded in
the ECM composed of collagen, fibronectin, fibrin, hyaluronan, and proteoglycans, which
provide the mechanical support of the tumor microenvironment. At the same time, plenty
of functional cytokines and growth factors, such as vascular endothelial growth factor
(VEGF), disperse throughout the tumor forming the noncellular stroma together with the
ECM. In addition, solid tumors are characterized by abnormal vasculature, low pH, hypoxia,
high interstitial pressure, and crosstalk between individual tumor cell types.[11:34] All these
components interplay in forming a complex tumor microenvironment and affect tumor
development as well as treatment responses (Figure 2).

Besides the complex composition of solid tumors, the phenotype and ratio of both tumor and
stroma cells are highly heterogeneous between different patients, different loci within the
same patient, and even different sites within the same tumor.[35.36] The tumor development
is dynamic and at different development stages, the microenvironment shows variable
characteristics.[37] For example, cell plasticity, i.e., the ability of tumor cells to transform
and switch their phenotype, is a considerable challenge in the development of cell targeted
therapies.[38:3%] Characteristics of the tumor microenvironment, as well as its interactions
with nanoparticles, have been reviewed in greater detail by Mukherjee and co-workers.[11]

2.2. Angiogenesis and Tumor Vasculature

Angiogenesis and neoangiogenesis are VEGF-dependent processes of forming new blood
vessels from preexisting vessels to supply nutrients and oxygen to tumors for development
and growth.[40] In some tumors, tissue growth is so fast that tumor cells are located relatively
far away from blood vessels, which induces hypoxia, i.e., oxygen deprivation. Hypoxic cells
then overexpress VEGF, leading to neoangiogenesis by recruitment of bone marrow derived
endothelial progenitor cells to the tumor vascular bed, where these cells mature and release
other proangiogenic growth factors.[12:41] The newly formed tumor blood vessels are known
to lack some of the structural integrity that is seen in healthy blood vessels. For example,
tumor blood vessels may exhibit gaps between endothelial cells, and smooth muscle cells,
pericytes, and basement membrane may be missing or exhibit discontinuity as a result of an
abnormal expression of certain growth factors, such as angiopoietin-1.142]

Dvorak and co-workers described six distinct types of tumor blood vessels: i) mother vessels
(MVs); ii) glomeruloid microvascular proliferations (GMPs); iii) capillaries; iv) vascular
malformations (VMs); v) feeding arteries (FAS); and vi) draining veins (DVs) (Figure 2).
[43] Mother vessels are the first angiogenic blood vessels to form from existing venules

and capillaries after the degradation of basement membrane, which provides structural
support, and the detachment of pericytes, which help control blood flow.[44] This process
allows for blood vessel expansion through the intravascular hydrostatic pressure, given that
the two aforementioned vessel features that prevent vessel growth are removed, resulting

in a thinned and highly permeable endothelium. When MVs collapse, GMPs are formed
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that accumulate pericytes and macrophages, while also making new basement membrane.
Alternatively, MVs can accumulate smooth muscle cells and perivascular collagen to
become VMs, which effectively reduces their permeability. Through arteriovenogenesis, FAS
and DVs are formed from existing healthy veins and arteries, to supply and drain blood to
and from the other types of tumor blood vessels.[31]

These differences in blood vessel structure are important to note for nanomedicine delivery
purposes, as nanoparticles may likely interact with each type of tumor blood vessel
differently, which could result in varying nanoparticle delivery efficiencies throughout a
single solid tumor. Such differences could be potentially exploited, however, by designing
nanoparticles that specifically target features that are present in some types of tumor
vessels but not others, such as pericytes,[4°] for better nanoparticle tumor accumulation
and distribution.

The intercellular gaps between endothelial cells in tumor blood vessels form the basis

for nanoparticle extravasation according to the EPR effect. The EPR effect suggests

that nanoparticles extravasate passively from tumor blood vessels into the tumor
microenvironment by convection and diffusion through the leaky vasculature. In addition,
it is suggested that the impaired lymphatic system within solid tumors reduces nanoparticle
clearance.[26] The EPR effect has been a longstanding paradigm in cancer nanomedicine,
and has been exploited as the main tumor delivery mechanism for different types

of nanoparticles, including inorganic (such as noble metal, oxide, upconversion, and
carbon-based nanoparticles) and organic nanoparticles (such as liposomes or lipid-based
nanoparticles, polymeric nanoparticles and dendrimers).[2546-53] However, it is not the only
pathway for nanoparticles to cross tumor blood vessels, as depicted in Figure 3. In general,
we can differentiate two main nanoparticle transport pathways: i) paracellular transport

by diffusion through intercellular gaps; and ii) transcellular nanoparticle transport through
tumor endothelial cells.

Transcellular nanoparticle transport is enabled by endocytic vesicles in tumor endothelial
cells that deliver nanoparticles from the apical side of the cell to the basal side.[>4]

While endocytosis is the primary mechanism and pathway for transcellular transport, there
are a few alternatives. One of these alternative transcellular pathways may be mediated

by vesiculo-vacuolar organelles (VVOs) inside tumor endothelial cells. Little is known
about this VVVO-mediated transport pathway. However, VVVOs have been characterized by
Dvorak et al. as membrane-bound, linked vesicles and vacuoles that create a channel

for macromolecules to cross the endothelium.[5%] \VVOs are rarely observed in cultured
endothelial cells under standard culture methods and may occur at greater frequency in vivo.
[56] Fyrther work is needed to determine if the VVVO-mediated pathway is a viable transport
route for nanoparticles and nanomedicines. Another potential nanoparticle transport pathway
is through fenestrae, i.e., transcellular pores that are typically found in liver sinusoidal and
glomerular endothelial cells,[57:58] which have also been observed and documented in tumor
vessels, for example in MVs and capillaries (Figure 3).15%1 To probe and understand the
nanoparticle transport mechanisms across tumor vasculature, the use of 3D microfluidic

models that more truthfully recapitulate the tumor microenvironment in vitro may be of
valug.[60.61]
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3. The Entry of Nanoparticles into the Tumor Microenvironment

3.1. Overview of Existing Paradigms

The field of cancer nanomedicine has gone through many advancements over the past
decades, as summarized chronologically in Figure 4.182] The introduction of liposomes
and their later conjugation with antibodies for specific, active targeting, known as
immunoliposomes, serve as major milestones in the origin of the field.[63-6%] In the 1970s
and 1980s, methods for improving nanoparticle tumor delivery were already underway, as
noted by the discovery that locally heating a tumor can cause an increase in nanoparticle
extravasation until blood vessel destruction occurs.[66:67] Reports of receptor-mediated
endocytic nanoparticle uptake into tumor cells opened the door to the possibility of
controlling cell specific nanoparticle delivery.[68]

The longstanding delivery paradigm in cancer nanomedicine, the EPR effect, was introduced
in 1986 to explain that nanoparticles accumulate in tumors as a result of vascular

leakiness and poor lymphatic drainage.[6%] However, the well noted low nanoparticle tumor
accumulation has brought the impact of the EPR effect into question.[*4] Consequently, a
variety of work has been done to find ways that improve nanoparticle tumor delivery and to
understand the mechanisms behind it.

One of the earlier methods was erythrocyte hitchhiking, which involved removing
erythrocytes from a patient, loading them with drugs, and re-administering them back into
the patient.[’% This process has since evolved to have the removed erythrocytes conjugated
to drug carrying nanoparticles, so that they would accumulate in the nearest downstream
organ from the injection site.[7!]

The concept of vascular normalization was then proposed as an extension of typical
antiangiogenic treatments. These combined treatments aim to make the tumor vasculature
more functionally similar to normal vasculature, resulting in a less constricted delivery of
therapeutics to tumors. Antiangiogenic treatments are then applied to constrict the tumor
vasculature to starve the tumor of nutrients needed for its survival.l’2.73] It was recently
shown that gold nanoparticles can accomplish this, along with inhibiting angiogenesis, by
disrupting the signaling between tumor cells and endothelial cells.[7475]

The use of ultrasound has been explored, as the tensile pressure of ultrasonic waves on
tumors can cause blood vessel perforation and microconvection in the tumor interstitium,
leading to higher nanoparticle extravasation.[”6] Later studies have shown that ultrasound
waves can be used to release drugs from liposomest”’l and mircobubbles, with the ability to
convert the latter into nanobubbles.[78]

Several years later, leukocyte hitchhiking was discussed, and it was shown that antigen-
specific T cells can be removed from the body and loaded ex vivo with nanoparticles,
which will then target tumors upon re-administration into the body.[”®! In addition, it was
shown that intravenously administered nanoparticles can be phagocytosed by monocytes,
allowing for photothermal therapy to be applied. These cells will then travel to the tumor
microenvironment and differentiate into tumor-associated macrophages (TAMSs) to migrate
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into the hypoxic tumor core, where near-IR irradiation can destroy the TAMs by heating the
nanoparticles to destroy the surrounding tissue.[”] Recently, it was shown that photothermal
therapy can be combined with vascular disruption agents that cause gold nanoparticles to
aggregate at targeted locations, for an improved photothermal ablation of tumor cells.[80]

The methods and strategies described here are summarized in Table 1, along with current
advances in their applications. Other methods, such as electroporation and the use of
magnetic fields, are summarized in greater detail in a recently published review article by
Mitragotri and co-workers.[81]

Significant work has further been done to describe the extravasation of nanoparticles

from tumor vasculature based on the biological properties of endothelial cells. Leong and
co-workers suggested that certain nanoparticles, such as titanium and gold nanoparticles,
can induce the widening of gaps between endothelial cells by disrupting interactions
between pairs of vascular endothelial cadherin, allowing for nanoparticles to leak out of

the vasculature, in a process they named NanoEL.[82:83] A different paracellular pathway
mechanism called vascular bursts was proposed by Kataoka and co-workers, who suggested
that dynamic vents open and close at endothelial cell junctions, causing fluid to flow
outward into the tumor interstitium and carrying nanoparticles with it.[84]

In a recent paper by Chan and co-workers, the contribution of paracellular nanoparticle
transport across tumor blood vessels was quantified using a so-called Zombie model,

a fixed tumor-bearing mouse model with blood artificially circulating with a peristaltic
pump. Given that fixed cells cannot perform active transport, the only nanoparticles that
could accumulate in a solid tumor were those that passively leaked from intercellular
gaps. The passive paracellular transport pathway was found to only contribute to 3-25%
of the total nanoparticle tumor accumulation seen in living control tumor-bearing mice.
[30] Combined with transmission electron micrographs of nanoparticles inside intracellular
vesicles within tumor endothelial cells, this study suggests that nanoparticles primarily
take active transcellular routes to transport from tumor blood vessels into the tumor
microenvironment.

Endocytosis Mechanisms of Tumor Endothelial Cells

For nanoparticles to transcytose across the tumor endothelium, they first need to endocytose
into tumor endothelial cells. There are many different pathways that have been defined

for endocytosis, but not all of them may be useful for transcytosis. The most common

of these pathways are clathrin-mediated endocytosis, caveolae-mediated endocytosis, and
macropinocytosis (Figure 5). While caveolae-mediated endocytosis is the pathway that is
most associated with transcytosis across endothelial barriers, clathrin-mediated endocytosis
is well-noted as a transcytotic mechanism for crossing the blood-brain barrier. It has

further been suggested that both clathrin-mediated and macropinocytosis contribute to blood
vessel permeability.[85-87] Several groups have reported the endocytic cell uptake of various
nanoparticles, with suggestions that nanoparticles take multiple different uptake routes.[88.89]
Understanding the mechanisms behind these endocytosis pathways will allow for targeting
of specific transport routes to deliver nanomedicines more efficiently into tumors.
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3.2.1. Clathrin-Mediated Endocytosis—Clathrin-mediated endocytosis is a receptor
specific form of endocytosis that uses vesicles coated with the triskelion protein, clathrin,

to internalize materials that bind to its surface receptors.[%%] Clathrin does not directly bind
to the cell membrane or its specific receptors, and as such, requires several other proteins
for binding and vesicle formation.[?] Specific proteins of note are the adaptor protein
complex-2 (AP-2) complex, which serves as an intermediate between the cell membrane and
clathrin,[®2] the clathrin assembly lymphoid myeloid leukemia protein (CALM), which helps
control vesicle size,[9%] and dynamin, which regulates the maturation of clathrin coated pits
and also catalyzes the snipping of the vesicle from the membrane.[94] The vesicles formed

in this process are typically sized at around 80-100 nm. However, it has been shown that
nanoparticles (522 nm in size) conjugated with transferrin, a clathrin-mediated endocytosis
tracer, have been uptaken by clathrin coated vesicles in HeLa cells, indicating that there is a
potential variability in the vesicle size.[93.95]

Following the snipping of the vesicles, the clathrin coat is disassembled, allowing the
removed proteins to be reused for other clathrin-mediated endocytosis events.[%] At this
stage, the vesicles are sorted based on their ligand and receptor contents to early endosomes
for trafficking to either late endosomes and are transported to lysosomes for degradation
(seen with the epidermal growth factor), or are recycled back to the membrane with the
contents exocytosed (seen with the transferrin).[97-991 The recycling endosome has been
shown to traffic to either the apical surface or the basal/basolateral surfaces in other cell
types such as blood-brain barrier endothelial cells and epithelial cells, which could be
useful as a transcytotic pathway for nanoparticle tumor delivery.[100.101] Clathrin-mediated
endocytosis has been of particular interest for blood—brain barrier permeability,[192.103]
though it may still be relevant for nanoparticle extravasation in tumor vasculature. This
concept is evidenced by Bendas and co-workers, who used liposomes conjugated with
antibodies against vascular cell adhesion molecule 1 (VCAM-1), which is expressed on
activated tumor endothelial cells, to access a clathrin-mediated uptake pathway in a mouse
xenograft tumor model (Colo677—human lung cancer).[104] Further research is needed to
determine if a basal recycling endosome pathway can be exploited for the transcytotic
delivery of nanomedicine across tumor blood vessels.

3.2.2. Caveolae-Mediated Endocytosis—Caveolae-mediated endocytosis is another
form of receptor specific endocytosis that is based on caveolae, membrane invaginations
that are furnished with cholesterol and sphingolipids.[105] Caveolae are not ubiquitous; most
cell types contain caveolae; however, they are more prevalent in endothelial cells, epithelial
cells, smooth and striated muscle cells, adipocytes, and fibroblasts.[19€] Alongside their
endocytic capabilities, they have several other functions, including reducing the tension

a cell experiences under mechanical stress,[197] regulating intracellular signal transduction,
[108] and mediating neurovascular coupling.[199]

The caveolin family of proteins serves major roles in the functions of caveolae. Caveolin-1 is
a cholesterol-binding structural protein that surrounds the invaginations and is necessary for
the formation of caveolae.[11%] Caveolin-2 has a role in signal regulation and is dependent
upon caveolin-1.[1111 Caveolin-3 is similar to caveolin-1, however, it is mostly found in
muscle cells.[112] The more recently discovered cavin family of proteins also serve essential
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structural roles for the formation of caveolae.[*13] Dynamin has also been shown to be
involved in the scission of the endocytic vesicle of caveolae from the plasma membrane,
as it does in clathrin-mediated endocytosis, forming vesicles that are typically 50-100

nm wide.[54114] While caveolin coats do not disassemble before fusing with endosomes
unlike clathrin, their vesicles share a similarity in having multiple destinations based on
their cargo.[99:115] These endosomes can be trafficked to lysosomes for degradation or
trafficked to the Golgi bodies and endoplasmic reticulum for transcytotic purposes.[116:117]
This characteristic makes caveolar endocytosis particularly attractive for the delivery of
nanoparticles across tumor vasculature.

Malik and co-workers have demonstrated the targeting of caveolae-mediated endocytosis

in bovine lung microvessel endothelial cells using polymer nanoparticles coated with
fluorescently tagged albumin, a caveolae-mediated endocytosis tracer.[118] Similarly,
Astilean and co-workers have shown the specific targeting of caveolae-mediated endocytosis
in NIH:OVCAR-3 cells (human ovarian cancer) using nanoparticles made of albumin,
conjugated with folic acid for folate receptor alpha targeting, as this marker is overexpressed
on these cells.[119.120] |n vivo targeting of caveolae has been demonstrated by Schnitzer and
co-workers, who used gold nanoparticles conjugated with aminopeptidase P antibodies to
target caveolae in the lung endothelium of rats,[121] or gold nanoparticles conjugated with
annexin Al antibodies to target caveolae in the tumorous lung endothelium of rats.[122]
These experiments have shown that nanoparticles can be modified in specific ways to target
and to exploit transcytosis in tumor endothelial cells using different transport mechanisms,
including caveolae-mediated transport.

3.2.3. Macropinocytosis—Macropinocytosis is a nonspecific form of fluid phase
endocytosis that involves membrane extensions for relatively large-volume engulfment.[123]
This process is triggered and controlled by growth factor signaling, which causes the
remodeling of actin in the cytoskeleton to create membrane ruffles that then close back in
toward the rest of the membrane.[124.125] The resulting vesicles, known as macropinosomes,
vary greatly in size, typically ranging from 500 to 2500 nm, though sizes as low as 200 nm
and as high as 5000 nm are also possible.[126.127]

Similar to clathrin coated vesicles, macropinosomes can either mature from early endosomes
to late endosomes before trafficking to lysosomes for degradation or can recycle their
contents back to the apical or basal/basolateral membrane.[190.128] The visualization of
macropinosomes is somewhat less direct than the previously discussed vesicles; while
clathrin-coated vesicles and caveolae can be visualized optically with fluorescently tagged
antibodies against clathrin heavy/light chain and caveolin-1, macropinosomes have no

such marker.[123] Consequently, alternative methods had to be employed, with the most
commonly used of them being visualizing the uptake of fluorescently tagged dextran,[129]
an established macropinocytosis tracer, or by visualizing the rearrangement of fluorescently
tagged f-actin.[130] Receptor tyrosine kinase activation and the oncogene RAS have been
established as macropinocytosis triggers, with the process usually being positively regulated
by environmental factors, such as nutrient availability through the amino acid activated
mammalian target of rapamycin complex 1 (mTORC1).[131.132] Macropinocytosis has been
suggested to be highly upregulated in cancers occurring from RAS mutations and serves the
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cancer cells’” primary method for their increased nutrient collection needs.[*33] The increased
level of uptaken proteins results in a higher availability of amino acids following lysosomal
degradation, leading to higher mTORC1 activity.[134]

3.2.4. Other Endocytic or Transcellular Pathways—The described endocytic
pathways are major cell uptake routes, but they are not the only endocytic or transcytotic
pathways that occur in endothelial cells. One of these endocytic pathways is phagocytosis,
which is typically associated with immune cells, such as macrophages, neutrophils, and
dendritic cells, with an endosome formation and intracellular fate that is relatively similar to
that of macropinocytosis.[135] While phagocytosis is not a niche for endothelial cells, they
are still capable of performing it.[136.137]

Certain clathrin and caveolae independent pathways that are also independent of dynamin
and lack a defined protein coat for encapsulating endocytic cargo.[138] One of these
pathways is termed the clathrin independent carriers and glycophosphatidylinositol enriched
endocytic compartments (CLIC/GEEC) pathway, which is used for the endocytosis of many
glycosylphosphatidylinositol anchored proteins, and certain toxins and viruses. CLIC/GEEC
endosomes are formed through the activation of the ADP-ribosylation factor 1 (ARF1),
where CLICs are formed at the front of migratory cells, and the GEECs that are formed
from this fuse with early endosomes.[139.140] A similar pathway is dependent on the
ADP-ribosylation factor 6 (ARF6), known as the ARF6-associated pathway. Here, ARF6

is activated and inactivated to control membrane trafficking and recycling. It is currently
unknown whether the ARF6-associated pathway and the CLIC/GEEC pathway are truly
distinct pathways.[138]

Another endocytic pathway that is potentially prevalent in endothelial cells is lipid

raft mediated endocytosis. This pathway is based on cholesterol and sphingolipid rich
microdomains on the cell membrane. However, the existence of lipids rafts is a matter of
debate in the literature given that they have not been visualized yet in vivo.[141.142]

One pathway that is particularly important for cancer nanomedicine delivery is known

as the C-end Rule (CendR) pathway, a neuropilin-1-mediated uptake that is similar to
macropinocytosis, and is specific to peptides with a C-terminal arginine or lysine, and is the
method that the tumor penetrating peptide, iRGD, takes after it is cleaved by aV integrins
on the surface of tumor cells.[143.144] The previously mentioned \VVVOs and fenestrae are
also possible routes, though more work will be needed to determine their feasibilities for
nanomedicine delivery purposes.

4. Tools and Techniques to Investigate Nanoparticle Transport Pathways

across Tumor Endothelial Cells

The specific targeting of endocytic pathways would be the first step in designing
nanoparticles that efficiently and selectively transcytose through tumor blood vessel
endothelial cells. A common method of accomplishing this is through the modification

of the nanoparticle surfaces with molecular ligands that are specific to endocytic receptors,
along with necessary intermediates, as mentioned with the transferrin, albumin, and folic
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acid conjugations.[95118,119,145-147] Tap|e 2 |ists several common nanoparticle surface
ligands, the receptors that these ligands target, and the pathways these ligands are
internalized by cells.

Thorough understanding of how the different pathways function and contribute to
nanoparticle cellular uptake is necessary for exploiting them for efficient nanomedicine
delivery. Methods for isolating a pathway’s contribution to the total uptake via pathway
inhibition, pathway visualization methods, and models for more accurate uptake studies are
discussed in this section.

Inhibiting Endocytic Pathways

Many methods have been employed for studying the pathways that nanoparticles take, both
with and without active targeting. The use of small molecule inhibitors has been a popular
method for blocking an endocytic pathway and observing changes in cellular uptake,
through methods such as fluorescence microscopy,[148] flow cytometry,[149] inductively
coupled plasma mass spectrometry,[150-152] and radioactive decay measurements.[153] A
common control for these studies is cooling the cells being studied to 4 °C, as this
nonspecifically inhibits all endocytosis.[*54] Table 3 lists several endocytosis inhibitors that
have been studied, the pathways they inhibit, their mechanism of action, and their reported
efficiency. However, direct comparisons of the inhibitors listed here are difficult because of
the differences in cell types, nanoparticles, and inhibitor concentrations used, leading to the
need for further studies that directly test the efficiencies of many different inhibitors on the
uptake of multiple tracers for each pathway.

It is worth noting that there are certain considerations that must be taken into account for
the use of these small molecule inhibitors. First, these cell treatments are not typically
100% specific or efficient in blocking a particular cell uptake pathway, meaning that it
must be determined if the remaining uptake can be attributed to either remnants of the
pathway being blocked, or to regular uptake from other pathways. Second, close attention
must be paid to the mechanism of action of the inhibitors in question, as it is possible that
they can affect the uptake of pathways other than the one that is intended; for example,
Fumonisin B1 inhibits caveolae-mediated endocytosis by blocking sphingolipid formation
through the inhibition of the acylation of sphingosine and dihydrosphingosine.[!55] However,
it has also been suggested that sphingolipid synthesis could be necessary for clathrin-
mediated endocytosis as well.[156] Similarly, a widely used stimulant for macropinocytosis,
phorbol-12-myristate-13-acetate (PMA), has been shown to inhibit caveolae-mediated
endocytosis.[149.157] There also exists a possibility that the blocking of one pathway
increases the uptake in other pathways from what typically occurs, producing results that
do not accurately reflect normal physiologic conditions. Third, the specificity of the tracer
must be considered, given that there is the possibility for certain tracers to take other
pathways as well; for example, aloumin, a known tracer for caveolae-mediated endocytosis,
has been shown to be uptaken through clathrin-mediated endocytosis when attached to the
FC neonatal receptor [158] rather than the typical gp60.[159]

Finally, the size of the nanoparticles being used may be considered, given that there are
finite sizes of the endocytic vesicles being studied. Figure 6 demonstrates the typical size
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ranges of these vesicles, as well as those of their most common tracers and commonly used
nanoparticle sizes. While it has been shown that these vesicles can be dynamic and holding
larger nanoparticles than what their typical sizes suggest,[%%! it is likely that this will need
to be determined on a case-by-case basis, taking into account factors such as nanoparticle
material, surface charge, shape, and which specific ligands and receptor combos are being
used. All of these different considerations imply that further experiments and analysis past
just changing uptake with the inhibitor treatment would be required to determine a single
pathway’s contribution to the uptake of the tracer or nanoparticle being studied.

An alternative method of studying uptake pathways that has been explored is the genetic
alteration of cells to knock down or knock out the expression of relevant proteins. This can
be accomplished through the use of small interfering RNA (siRNA) duplexes that cleave

its complementary mRNA that codes for target proteins, resulting in the degradation of

that mMRNA, transiently silencing the expression of the protein in question.[160.161] The
inhibition of endocytic pathways has been demonstrated both in vitro and in vivo for various
cell types, by targeting proteins such as caveolin-1, clathrin heavy chain, and PAK-1 (a
macropinocytosis signaling protein).[162-166] For in vivo systems, the knockdown can be
either localized or global.[167.168] While this method is more specific, siRNA is known to be
unstable in blood, immunogenic, and cannot easily cross cell membranes.[169] Therefore, for
SiRNA treatments to be efficient, they need a carrier, with a liposome formulation known as
Lipofectamine being a common choice.[170 Alternatively, a permanent, heritable method of
gene knockout is achieved through the use of the CRISPR—Cas systems.[171]

Methods for Studying Endocytic Pathways

Optical microscopy, such as confocal laser scanning microscopy, has been applied for
visualizing cell uptake pathways, either by fluorescently tagging associated proteins, tracers,
or the nanoparticles themselves. This method is somewhat effective, though there is a
considerable limitation in its effectiveness, stemming from the physical limitations of optical
microscopy—the diffraction limit of light is roughly 200 nm.[172] While this is sufficient for
visualizing whole cells, it is difficult to accurately see certain subcellular structures. Electron
microscopy methods have been employed for imaging at sub-nanometer resolution.[173]
However, transmission electron microscopy comes at the cost of requiring thin tissue slices
for imaging, typically 50—100 nm thick, resulting in a loss of 3D information,[174] which can
make differentiating between various types of vesicles and channels difficult or requiring
laborious imaging and image processing of multiple sections.

Efforts have been made to surpass the optical diffraction limit without the limitations
presented by electron microscopy, and several super resolution microscopy methods have
resulted. One such method is near field scanning optical microscopy (NSOM), which
surpasses the optical diffraction limit by using a probe that is positioned close to the sample
at a distance that is shorter than the excitation wavelength being imaged. However, this
method also requires expensive and specialized equipment.[175] Other methods, such as
stochastic optical reconstruction microscopy (STORM) and stimulated emission depletion
(STED) achieve super resolution by assigning fluorescent and nonfluorescent states to
fluorophores, either randomly to create a reconstructed data map, or in a targeted manner
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that does not require post processing, at the cost of elevated photobleaching concerns.
[176] An alternative method called expansion microscopy has been developed that involves
anchoring the proteins found in a cell or tissue sample to a superabsorbent hydrogel and
allowing it to expand in water, mechanically stretching the sample so that objects smaller
than the diffraction limit would be made larger, and therefore, resolvable.[177.178]

Given that blood vessels in living organisms are not static, physical stresses on endothelial
cells and nanoparticles must also be taken into account for more informative in vitro

studies. One of these stresses that has been studied is shear stress, which is caused by the
movement of a fluid across constraining walls (blood through blood vessels, in this case)—it
has been found that this can cause cytoskeletal rearrangement in endothelial cells.[179.180]
Microfluidic models have been employed to simulate the physiological shear conditions

in blood vessels. This was demonstrated in a 2D flow model by Volkov and co-workers,

who showed that shear stress is critical for the uptake of cadmium telluride quantum dots
and silicon dioxide nanoparticles in human umbilical vein endothelial cells.l'81] Lipke and
co-workers developed 3D microfluidic chips that model tumor microvascular networks,
which are now commercially available prefabricated through the company SynVivo, to test
the efficacy of anticancer drugs in metastatic and non-metastatic breast cancer cells.[60]
Recently, Chan and co-workers have demonstrated a 3D microfluidic model of entire blood
vessel networks that can be coated with endothelial cells for a much closer representation of
in vivo conditions in an in vitro system, designed by casting dissolvable 3D printed models
of vessel network derived from 3D fluorescent imaging in polydimethylsiloxane.[®1] Laser
ablation has also been explored as a method for generating highly accurate and precise
vascular networks within hydrogels through the degradation of the hydrogel with a pulsed
laser on an image-guided control system, so that cells can then be seeded in the newly
formed channels.[182.183] These strategies for engineering vasculature for in vitro studies and
implantations, along with several others, are discussed in detail in recently published reviews
by Vunjak-Novakoiv and co-workers[84] and Slater co-workers!18°]

The uptake of nanoparticles in vivo is, more difficult to visualize and study. It is possible
that transcytosis rates in tumor blood vessels decrease with age, and that vessels without
pericytes have lower transcytosis rates than those with pericytes, given that it has recently
been shown that transcytosis through the blood brain barrier is impaired with age, coupled
with a loss of pericytes,[186] so this might be considered for in vivo nanoparticle uptake
studies. Ex vivo imaging and other quantification methods have been particularly useful for
the analysis of nanoparticle accumulation in tumors and organs, i.e., resecting the mass of
interest and then imaging and/or quantifying nanoparticle uptake with standard techniques.
[187-189] Trye in vivo imaging to visualize nanoparticle transport is possible through a
variety of methods. Intravital microscopy (IVM) is a common method of accomplishing
this goal using principles of confocal laser scanning and multiphoton microscopy,[19]

as demonstrated by Lo and co-workers, who used IVM to visualize the uptake of
mesoporous silica nanoparticles into hepatocytes.[1911 This can be further improved with
tissue clearing methods such as clear lipid-exchanged acrylamide-hybridized rigid imaging/
immunostaining/in situ-hybridization-compatible tissue hydrogel or clear, unobstructed
brain imaging cocktails and computational analysis protocols that minimize the effects of
light scattering from tissue samples,[192] shown by Chan and co-workers to be effective for
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imaging of gold nanoparticles and liposomes in whole intact organs and tissues.[193-196]
Another tissue clearing method, called vDISCO, works on whole intact mice.[197] Light
sheet fluorescence microscopy can then be used for fast, high resolution, optically sectioned
imaging, followed by computational 3D reconstruction.[198] These concepts are covered in
great detail in a recently published review by Weissleder and co-workers[%9] Tissue clearing
and light sheet microscopy have been combined with machine learning algorithms to create
a framework for quantifying and analyzing brain vasculature, called the vessel segmentation
and analysis pipeline (VesSAP), for automatic, unbiased, and scalable vasculature analysis.
[200] The use of optical and electron microscopy methods could provide answers to the
questions that surround the complex mechanisms behind nanoparticle accumulation in solid
tumors.

5. Conclusions

Efficient nanoparticle delivery to tumors requires fundamental understanding of the active
and passive transport pathways and mechanisms that nanoparticles use to cross the tumor
endothelium.[36] Further knowledge of the different types of tumor blood vessels and

how these different vessel types affect nanoparticle transport will be instrumental. The
design of tumor targeted nanoparticles that can undergo selective transcellular transport
across tumor endothelial cells represents a new frontier in cancer nanomedicine research.
Future studies will focus on spatiotemporal characterization of nanoparticle interactions
with different tumor blood vessel types and the relationships between nanoparticle
physicochemical properties and specific endocytosis and transcytosis pathways in tumor
endothelial cells. In addition to ultrastructural imaging approaches, there is a need to
characterize nanoparticle physiochemical properties, including changes in the nanoparticle
protein corona composition, before and after transport across tumor blood vessels.[201] Such
research in combination with genetically engineered and gene knockout animal models may
identify pathways, mechanisms, and specific biomolecules involved in trans-endothelial
transport and nanoparticle tumor delivery. The successful design of nanoparticles that
selectively transport therapeutic and imaging payloads across tumor blood vessels will
enable a new generation of safer and more effective cancer nanomedicines for clinical
translation.
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Figurel.
Systemic barriers to nanoparticle tumor delivery. A) After intravenous administration of

nanoparticles, various serum proteins adsorb onto the nanoparticle surface and form a
protein corona; among these proteins are opsonins, that trigger nanoparticle phagocytosis by
immune cells such as circulating or tissue resident macrophages. B) Off target accumulation
of nanoparticles in various organs results in fewer nanoparticles reaching the tumor
microenvironment. Typically, the liver, spleen, and lungs sequester a large portion of
administered nanoparticles. This accumulation is largely dependent on nanoparticle size

and surface chemistry. Due to the filtration limit of kidneys being roughly 6 nm, larger
nanoparticles do not greatly accumulate in kidneys, however, the kidneys have a much larger
role in the accumulation and elimination of sub-6-nm nanoparticles.
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Figure2.
Tumor architecture. A) A solid tumor is composed of malignant parenchyma and benign

tumor stroma that supports tumor growth and structure. There are diverse types of

stromal cells including cancer-associated fibroblasts, immune cells, and other cells forming
the cellular part of tumor stroma. The noncellular parts of the tumor stroma including
extracellular matrix and cytokines surround and interact with the embedded cells. An
abnormal vascular network is always observed in a solid tumor, which is essential for tumor
supply. In addition, low pH, hypoxia, and high interstitial pressure are charateristics of solid
tumors. All these tumor components interplay to form a complex microenvironment and
drive the tumor development. B) The tumor vasculature is highly abnormal and at least six
types of blood vessels with different characteristics have been distinguished.
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Figure 3.
Nanoparticles can extravasate from tumor vascular lumen into the tumor microenvironment

by both paracellular 1) and 2-4) transcellular pathways. For the paracellular pathway,
nanoparticles transport passively through gaps in the endothelium, i.e., between adjacent
endothelial cells. These intercellular gaps (up to 2 um in size) result from the abnormal
vessel structures caused by rapid tumor angiogenesis and are fundamental for the enhanced
permeability and retention (EPR) effect. For transcellular pathways, nanoparticles get
transported actively into the tumor microenvironment via intracellular vesicles or through
transcellular pores. 2) When transported by intracellular vesicles, nanoparticles first enter
the cell and locate in vesicles through endocytosis, then get transported across the
cytoplasm, and finally exit the cell through exocytosis. 3) VVO and 4) fenestrae are

both trans-endothelial pathways for nanoparticle transport. While VVVOs are intracellular
organelles composed of linked vesicles, fenestrae represent transcellular pores spanned by a
fenestral diaphragm.
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Figure 4.

| Transcytosis |

Timeline of different suggested nanoparticle-tumor accumulation pathways and methods.
Since the first suggestion of nanotechnology, there have been many different pathways and
methods suggested to explain and improve the extravasation of nanoparticles in to the TME.
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Figure5.
Common endocytic pathway mechanisms in endothelial cells. The specific pathways

that nanoparticles take to enter endothelial cells vary, with the receptors that trigger
the pathways as well as the nanoparticles’ destination varying with the pathways

themselves. Cell membrane invaginations are a typical occurrence for the receptor-mediated
endocytic pathways of caveolae-mediated endocytosis and clathrin-mediated endocytosis,

however, caveolar vesicles are typically trafficked to the endoplasmic reticulum before
being exocytosed, while clathrin coated vesicles are typically trafficked to lysosomes
for degradation. The growth factor triggered macropinocytosis involves a heavy actin
remodeling to nonspecifically engulf fluid in the area, packaging any contents in to a
macropinosomes, which are also typically trafficked to lysosomes for degradation.
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Frequency

15 60 80 100 200 5000
Size (nm)
Vesicle Sizes
: 5 . Max. NP Size
Vesicle Vesicle Size (nm) Reported (nm) Ref.

Caveolae 50 -100 250 nm folate coated poly- [54,120]
caprolactane NPs in
ARPE-19 cells

Clathrin Coated 80 - 100 522 nm transferrin coated [93,99]

Vesicles polystyrene NPs in HeLa
cells

Macropinosomes 200 - 5000 N/A [126]

Figure 6.

Typical sizes of vesicles formed during endocytosis. The reported size ranges of vesicles
formed by the three most common endocytosis pathways are shown, along with typical
tracers used in endocytosis studies, albumin for caveolae-mediated pathway, transferrin for
clathrin-mediated pathway, and 70 kDa dextran for macropinocytosis. Further studies are
needed to compare the sizes of each of these vesicles directly for the same cell type and
with the same tracers. While intracellular vesicles exhibit reported size limitations, there are
reported cases of caveolae expanding to carry 100 nm nanoparticles. Since all of the tracers
are well below the typical sizes of endocytosis vesicles, meaning that each vesicle type can
physically accommodate each tracer type, there is a factor of specificity for endocytosis
uptake of nanoparticles (and tracers) that is beyond physical size.

Adv Funct Mater. Author manuscript; available in PMC 2023 May 16.



Page 31

Sheth et al.

‘Bunabire) Jowny 03 parjdde aq pinod yoym
‘$31A004U3A13 Y1IM BAOQR PASSNISIP Se JauueLl Jejiwis e Ul Sajd1edoueu 0Juo paieod aq Ued salAd03na| 4O Sauelquuawl ay L
'sanss1y Buipunolins Aoisep 0 sajoiedoueu syl dn 1esy pue SNV 8yl A011sap Aew YdIym ‘Iowiny ay) pJemol paloalip aq
UBJ UOIBIPELI Y]-JeaN 8109 Jowny a1x0dAy sy} ojul ajesBiw 03 (SNV.L) Sabeydoioew pareldosse-10wng Ojul SleluaIayip pue
JUBWUOJIAUBO0IIIW JOWN] 3y} 0} [aAeI} YdIym ‘sarkoouow Ag pasolhoobeyd ag ued sajoruedouru palslsiuiwpe A|SnouaAelu]

"SI0109A [RJIA B} Jajsuel} paleipawl Burjiyyony
[90z'62'L] pue siowny 1a6.1e) |[1M ‘paJslSIuILIPEa) IUO TRyl ‘SI0198A [eJIA UIIM PAPRO| PUB PBAOWAI 80 U S[|8d | di19ads-usbnuy 1199/[e2160]019 5002 91A00yNa7
S10948p duBIqUIBW J3Y}0 Jo saiod Juaisuel} J0 uorewoy ayl ybnoiyy
Ajqissod ‘uonreuosur uodn sawosodi| WoJj U1dIgnIoxop se yans sBnip o aseajal ay} asned 0} pash Uaag 0S| Sey punosesd|n
‘uolyesenelIxa Jaybiy Ul s)nsal Jey} UOIIISAUOI0IIW S [[9M SB ‘UOITeHARD
[22'9/] BIA UOIeJOHIad [8SSaA POO|g 3SNED 03 UMOUS Uaaq Sey SIowny Je pajoalip SaAeM d1UoSe}|N Woly ainssaid a|Isus) ay L [ea1sAyd 666T punosesn
'sbnip
91X0}01A JBAI|8p puE ainyenaseA Jown} Buizijewlou Ajsnoauelnwis J0 poylaw e se palojdxa Buiaq ase sBnip Jsouednue yum

papeo| ssjo1edoueu djusbolbuenuy “Jowny ays 0} Ajddns poojq ay3 4o Buinna aiogaq siowny 03 sannadessyl Jo A1sAljap
PaloLIISUOd SS3| B 10} ‘S|9SSaA Poo|q anjewill dn axew 1eyl 199 [e1jaLI0puUs SAISS0Xa BulAowWal Ag 81nJe|nNISeA [euWIou 0} uonezijewou
[soz'es'zL] Jejlwis AjJeuoriouny aiow 84nJyejndseA Jowny axew 0} Wie Yaiym sjuswieas} djusbolbuenue [ea1dAy Jo uoisusixa ue si SiyL leaifojorg 966T JeInaseA

"uoire|naA1d panoiduil 1oy sutalold aoepns passaldxa
Ajea1dAy ayy Buturejuod sa1A204upAle WOy SaueIqUBW 19BIUI YHM S3|d1edouru Buiieod uo auop uaaq os|e Sey Yo
“a)Is uondalul 8yl wouy ueblo weansumop
1S8.J83U 83U} Je 9ZI[ed0] 0} paJaIsIuIWpeal pue sajonJedoueu BuiAired Bnup yum parebnluod Buiaq se1Ad0iuyiAia panowal 0y pajelpawl Bupjiyyony
[t2'02'e2] paJaisiulpeal pue sbnip yum papeo| pue jusied syl Woiy panowal Buiag s81A004y1A1a8 Wo.y PaAjoAs sey ssaoold siy ] 1199/1e2160]019 /86T a1/004y1hig
'S109448 953y} anoidwi 03 paIpnIs

Buraq are sajonuedoueu onaubewered pue aAINISUSSOI0U 'SINJJ0 UOIINIISAP [3SSAA [1IUN S3|91edoURU JO UOITeSeARIIXS
[¥02'29'99] a1 asealoul Ajpueayiubis 01 umoys usaq sey ainjesadwa) abesane syl anoge saaifisp [esanss siowny o Bulreay [0 leaisAyd 6.6T JusWIRal) JeaH
‘sa|dwiexa pasn A|apIm ale ‘saAlleALIap sH pue ‘aoy! ‘apidad Burieisuad Jowny sy 's||a9 Jadued uo sio}dadas sawosodi]
[e0z'202'59'v9]  Areyuawajdwod Jo Hunabiey 1o} adepNns aforedoURU 3Y} 0} SAINJBJOW JAY10 JO SAIPOIIUE J1419ads JO JUaLIYIBIIe BU) SBA|OAU] |eaifojorg 66T Bunabuey annoy

peqliossp

S90UB B J9Y uondiioseq uoreoIyIsse|D S11) oA poyB N

'3IN1eINISeA Jown) SSoJde swisiueydaw Alaalap ajontedoueu Jo ssjdwex3

‘TalqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2023 May 16.

Adv Funct Mater. Author manuscript



Page 32

Sheth et al.

30IW Ul Sewoulosed Arewwew

$10108} Ymolh
10 sadAy Jay1o Auew 01 spuiq os|e Y493 'saul|
1199 Jowin} Auew ul passaldxalano si ing ‘Apoq

(4493) Jordaoal Joyory

[ezz'eza] 9-1IN3 Bunsbiey 4oy sSdNNY 01 parebnfuo)- a1 u1 sadAy |[89 Juslaip Auew sso.de Juasald s1s01Aoouidoideiy 1019%} YImolb fewspidg ymolb fewsprdg
Japow asnhow Yelbouax //9 0]0D uewny ‘apnu
TAD ® Ul 3INe|NISeA JoWn} pue s]|3d £'pu3q uonewweul Buunp pue siowny Ul S99 (T-INVDA) 8Jndsjow
[voT] Buniabuey 1oy sswosodij-93d 03 payebnluo)- [e1]3YI0pua PajeAl}de uo passaldxa s T-INVIA ulyre|D T-WVIA-IUY uoISaype ][99 JejnaseA
321W Ul SIOWN} \/Z0INaN
DS Bunsble) 1oy sSdNNY 01 parebnfuo)-
$3142041SE pUE S]|39 [eI]aYI0pUS Ale) S]199 [e1]8YI0pUS JalLIeq urelq poojq ul
[tzz-812] ureiq Bunabiey 104 SN VYO 1d 01 parebnluo)d- Se ||aM Se ‘s|]ad Jown) p1]os ul passaidxa AlybiH uuyre|D uLiaysuel ] J01dadal uLliaysuel ]
301W U1 UoIeNSIUIWpe
[eJo Jaye wnijayida [eunsaiul ayi Buissold 921W puUe SUBWINY UI S|[39 [eI]3YIopud
[£12'912'85T] 10} SdN TVIN-93d-V1d 0} parebnluo)d- pue [e1ayds 0) o14109ds S1 10)d8031 D [eFeUosN ulye|D uiwngre ‘04 96| 10)da0a1 O [ereuosN
'spueBi] ualaylp Auew 03 spulq pue
‘slowny JaAl] ul passaidxaiano ‘|99 [erjayida uLIBj0Ie|
301w U1 siowny zodaH pue sabeydo.oew se yans s|[32 [e1jayiopus ised ulyred pue s7@1 Buipnjoul
[sTz-¢c12] Bunabuey 1oy sdN pidi] g-uisjoidodijodyy- S|199 0 sadA) Auew uo paredo| ale sioldadal 107 pue aejoaned spuebi] Jo A1aLien Ajwey 101dagal 1Q
‘spuebi| apueydaesAjododi)
JuaJaylp Auew 03 spulqg pue ‘s|ja9 [eljaynda pue s palejA1aoe (%
891w u1 sabeydosoew Bunabie) pue sabeydoloew se yans s||a9 |erjayiopus ised uuyed Buipnjoui spuebi| -4S) V Sse|d J01dadal
[zT2z-ot2] 10J sa[j891w 0} parebnfuod y0z@D-Nuy- S]199 J0 sedAl Auew uo pajedo| st y0zad pue sejoane) Jo Aisen v J1abusneas—y0zao
spuebi| Juaiayip Auew 03 spuiq pue ‘syajared uipuodsoquioayy
291w 9/719/6D ui sabeydoioew Bunabiey Joy pue sabeydoioew se yoans ‘sjad |eIjayiopus pue s7@ Buipnjoul (g-4s) g ssejo Joidadal
[60z'01T] SdN pidi| 03 pajebnfuoa surjoyajApireydsoyd- 1sed s]189 Jo sadA) Auew uo payedo| St 9€aD ae|0aARD spuebi| Jo A1aLien v Jabuaneas—oead
301W apNu ‘O1WAYe JO WnIjBylopud SIAI| pue ‘sAaupiy (ddv)
[teT] Buny ayy Bunabirey 10y sqNNY 03 parebnluo)- ‘sBun| 40 WNIYI0pUS 8y} Ul passaidxa sI ddv ae|0aARD) ddvw d asepndadoulwy
51199 E4YIAO:HIN $1189 Aupreay Ut uoissaidxa papuul sey (vya)
[6TT] Bunabiey 10} SN ulwngye o3 parebnfuo)d- ‘sajoueubijew |erjaynds Ul passaIdxalano si vy 9e|0aARD p1oe 91104 eydje 10)dadai ayejo4
301W Ul slown} OIN/8N
Bunabiuey 10y SIN apIxo uoil 0} parebnluo)-
SO3aNNTG win1|aylopua snonuiuod
[80z'20z'65T'8TT] Bunabies 1oy sdN JawAjod o} parehinfuod- 3} $S0408 UIWNg[e 10} A14193ds I 09dD ae|oaned ulwng|y 09d9
sanssi} Ayjeay
S|199 BWOUIdIBI0USP. AlRWeWw W0} 3e]0aARD Ul Juafenald Jou SI T UIXauuy
29/ €T Yum pajoaful siel ul wnijayiopus ‘901W pue ‘sjel ‘suewiny Ul WNIjay1opus Jowny o
[zz1] Jown) Bupabiel 1oy sSdNNY 03 paredinfuod- 98]09ARI UO TV UIX3UUY 03 914193ds SI Tyuuyw 9e]0aAR) TVuuyw TV UIxauuy
b se
S90UR B JoY sa|dwexa a[o131 redoueN Aipiy0ads Aemyred a|nosjow Buipb re| 10105991 308)1NG

‘uigyoadodig

‘(p1oe 21109A16-02-0n98))Aj0d ‘Y914 ‘p1oe anaejAjod ‘v1d ‘(109416 susjAyis)Ajod ‘934 ‘ajonsedouru ‘gN epiwisfew v IN
Aisuap-mo| ‘1@ ‘ejonJedoueu plob ‘4NN :SUOIRIASIGAY "OAIA Ul pue ol ul sAemyred annAdopus d1j19ads Bunabie) Joy si01dadal adelIng

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Funct Mater. Author manuscript; available in PMC 2023 May 16.



Page 33

Sheth et al.

T-unjidoanau 01 spuIg Usy) pue ¥/MOAHD

301W Ul 01 Ul panes|d St d9y! ‘sulibaiul AD 0}
sIo0Wn} /718 pue ‘z-eDed VIN ‘TOdd '€-0d  Bulpuiq Jayy wnijayiopua dluabolfiue se |jam se
[vzz'vrT'erT] ‘TAYzz Bunabiey 1oy sajjaa1w 03 parebnluo)- wiN1[3y10pua Jowiny uo suubiaiul Ap 03 014199ds (Ypua)) ajns pus-o asyt sulbau| AP
b se
S90UR B JoY sa|dwexa a[o13 redoueN Aipiy0ads Aemyred a|nosjow Buipb re| 10105991 508)1NG

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Adv Funct Mater. Author manuscript; available in PMC 2023 May 16.



Page 34

Sheth et al.

139 Alouquyur S[199 €-0809N
ay1 Bunwiy ‘sAemyred axeidn Ul S3]1821W paseq uesoteday 40 uonIqIyul %SGz-
aAITeUI][e asN 0] ULLIajsuRl) JO $|199 6YSY aueiquiaw ewse|d
aoussa.d ayp ut auizewoidiojyd U1 S8][a91w paseq uesoteday Jo UoAIyul 9%0z- 3} WOy S3IDISAA Jejnjjadeliul ojul sIso}fa0pua auize
[yve'eat'arT'ss] 03 3depe Apjdinb Aew sjjad SIse|qoaqly Jed Ul uLlIsjsuRl) Jo uoniqiyul 9608- ¢-dV pue uLyed sejedofsuel L pajelpsw-uLiyie|o -woJdioyd
30BJINS3l 0 SB|0ISAA
S1192 979 40 ‘€-08D9DIN ‘6¥SV Ul S3][801W Bunsixa Buisned os|e ajiym ‘pawioy
sadAy (80 urenao paseq ueso.eday 4o uoniqIyul Jueayubis oN- Buiaq Wouy s3|o1saA [ewiwa|-ewsed
U1 sIs01Ao0pus Juspuadapul S|199 [e1jaypida Bunuanaid ‘|92 ay3 Ul ayeuopiyoese SI1S01A00pUd
[evz-Tvz'261°88] 9B|09ARD BU) ale|nwins AeN AKsupry Asxjuows ut pIoe 3110} [ e140 UOIHAIYUL %605~ JO Junowe ay) sasealou| pajeIpaw-ae|0sAe) ul9e-yawopu|
auisobuiydsoipAy
SIS01A00pUa pue auisobulyds jo uonejA1aoe
pajeIpaw-uLIyie|d Ui ajos e Aeyd S[199 ayp Bunigiyur Agq uonew.oy sIs0)Ad0pus (t1g4d)
[ove'eez'vez'ssT] A1 spidijoBuryds pue sjoials  TH-OHD Ul 18D2e1-AdIAOE JO UoIIGIYul %08-09- pidijoB-uiydsoak|6 sxooig palelpaL-oe|0ane] g uisiuowng
11 ulweuAp Jo uonejAioydsoyd S[199 £-08D9IN 10 6SY Ul S3][901W
aseuny| auIsoJAy uo Juapuadap paseq ueso.eday Jo uoniqiyul Juedyiubis oN-
ale 1eyy sAemyied s1so1Ao0pua S|199
Juapuadapul ae|0aAed pue 9Tg Ul $9]|921W paseq uesoteday Jo UORIGIYU 9%4GT- 1
ULIYTe[d pUE SIS01A0pUD sisejqoiqy UIWRUAP JO JUBWIINIIAI 8Y} SHAIYUl sIso1fa0pua
[8ee'L€2'qe2'sST YT 88] parelpawl-uliyre|d syuqiyuj Jel ul 1893e7-Ad1a04g 4o uoliqiyul %08- 0s[e pue ‘10}qIyul aseuly| duISoIAL pajeIpaw-sej0sne] ulslsiued
$]199 [eljayI0pUS Urelq el
sisoika0pud Ul sSdN YOdHd-93d 40 uomigiyut juediiubis oN-
paleIpaw-uLIye|d ui ajoJ e Aejd sisejqolquy aueqwaw ewse|d sIso1Ao0pua
[ogz—¢ez'e9t'srT] K211 spidijoBuiyds pue sjoia)s Jel ul 18D3e7-Ad1AQ04g 40 uoliqiyul %08- 8y} WoJj |0181s8]0Yd Sanowsy pajelpaw-sej0aned uneisAN
S|189
2-00e) Ul sjop wnjuenb suz/asp) Buirejnsdesus
sis01ko0pud SdN V1d-93d-VOM Ul uoniqiyut 960t~
paleIpaw-uLIye|d ul 8joJ e Aejd $D4Y pue ‘'sO3vd ‘SOIAINTG aueiqwaw ewse|d sIso1fa0pua
[rez'ccz'esT'68] A1) spidijobuiyds pue sjolals ul saxajdwod pjob-uiwngye 40 UonIgqIyul 9%0/- 3} WoJy [0131S810YD SeAOWY pajeIpaLl-ae|0aARD)
SIEx)
£-S0D Ul s3wosodi| d1UOIIED JO UOIHGIYUI 908> (WaN)
saul| 199 [etjaynda snoten sO3vd pue sOIAINTG 10108} AIISUSS sIso1Ao0pua aplwiafew
[zez-822] u1 sisofoouldoioew saye|NWNG ul xa|dwod pjoh urwinge 40 uoIgIYul %G/ - -INTN 8sed 1V 8yl Buneanaeu) pajeIpaLL-aR|0aARD) Ry
SO3ANH Ul
sdN auaifisAjod Wwu 00z pue 00T JO UOMdIyul 9%9€-
SOIANH S1S0)A20pus
ut sdN aualisAjod wu oy pue O JO uongIyu! %08- poYeIPAW-ULIYIE|D (aogw)

SOIANH Ul ULLIBJSULI) JO UORIIYUI %95~ auelquiaw ewse|d pue s1s0}Ao0pud ULIIXapo|aKd

[122-sz2] sAemypred ajdinjnw sy SOIANH Ul apIWeIad|Asoioe| Jo u 14Ul 9%EG- 3] WOoJj [0481S3]0Y2 SaAoWayY pajeIpaLL-aR|0aARD) d-1ApsN
Juebe
S90UR RJPY Suo e BPSU0D SSOUBA 19940 uogIyulaxeldn wsiueydswW uonigiyu | palqIyul Aemyred Ajongiyu|

‘uunnbbe wiab yeaym ‘YO SepiweiadjAsoioe] ‘4aDae (ped 1e) rewApipids 18l ‘sO4Y (S|I990
[e1]13Y10puB d11I0e BUIAOQ ‘DT\g ‘S|189 [eIIBYI0pUS [8SS8A0IDIW Bun| auIAog ‘SOIAINTEG ‘SI199 [eI[dYIopus UIaA [edljiquin uewny ‘sQ3ANH ‘8jonJedoueu
p1ob ‘dNNV ‘3jo1uedouru ‘dN ‘S||99 AJeAO JalsWiey asauly) ‘OHD :SUOIRIABIGAY "SSBUBAINIaYS 418U pue S1011q1yul SIS01A00puUs 3|Ndsjow |[ewsS

‘€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Adv Funct Mater. Author manuscript; available in PMC 2023 May 16.



Page 35

Sheth et al.

[292-092'68]

[652'672]

[ssz' 252881

[osz'671]

[ssz'vse'6rT'set]

[esz'esz'6rT'eeT]

[tsz-6vZ'6vT]

s1so1Ao0pus JqIyul
Alreuonippe 03 paisahbns pue
SIS0)AsUe.] 2IGIYul 01 UMOYS

skemyred
a|dijnw 198 Je 0} UMOYS

sAemyyred
a|dijnw 198y4e 0} UMOYS

pooisiapun
ANy 194 10U S J0NqIYUI SIY} 10}
UOINgIYUT JO WISIUBYI3W By |

SIS01A00pU
parelpaw-utyre|d osje Ajqissod
pue ‘siso1Aoobeyd suqiyu|

$9s5920.d
juapuadap uoneziswAjod unoe
Jayro pue sisojhoobeyd suqiyug

59ss9004d
juapuadap uoneziswAjod unoe
J1ayio pue sisojAdobeyd siqiyul

S[199
2-00eD Ul sjop wniuenb suz/asp) bBuirejnsdesus
SdN Y 1d-93d-VOM Ul UoqIYul %0p-
sabeydoioew T-dHL Ul uiseun| Jo UoRIqIYul %9°'66-

$|189 211IPUBP PIALISP
a1Ao0U0W U1 MOJ|3A J8419N] JO UOIIGIYUI 06>~

S|189
974 Ul S8|[921w paseq uesoteday Jo uomaiyul 9%TT-
SI199 €-0809OIN
U1 S8][901W paseq uesoteday Jo UOIIQIYUI 9%4GT-
S190 679V
U1 S8][321W paseq uesoJeday JO UOINGIYUl 9%GT-
slaiswey uap|ob uelIAs Jo sabeydoloew ul spiojjod
ploB pasantjap Ajjeayoeliesul o UOIIQIYUI 9%/€-

S]199 Asupny
aulued Aqueq ulpen Ul SdNNY 0 UoRIgIyul 90S-
sabeydoioew
L'792 MY Ul uenxsp-J 114 J0 uonigiyu 956~

SII8d T'VYYLLL Ul SN 194d 40 uoniqiyul 9509-
sabeydoioew panLIBp-MmoLIBW 8UOq
SULINW U1 UBJIX3P U199S310N[4 40 UORIGIYUI 9506>-

S1132 B8 Ul SdN
aualAisAjod pabreyd AjaAnisod Jo uolgIyul 9409-
S1180 gL Ul UeIXap-HIALL JO uoniqiyul %06-

s|199 Jerjaynda jeanounfuod
uages ut sdN vOT1d 05-06 0 UomIgIyul %05-
$]192 911LIPUSP PAALISP
a1 oouow Uy UeAIXap-0 1[4 JO uonigiyul 09>-

s|189
/-S0D) U1 saWwosodi| 21U01ed JO UORIGIYUI 908>+

Buryoiyen 16109
-43 1uanaid 03 S3]I1SBA UO S1R0D
TdOD $0 UOITeWIO} 83U} SHAIYU]

Aanoe (93d)
Bljap D aseuny uialoid s)qiyul

UOITeWIO} 3]NQNI0JIW 90| 0}
uonezuawAjod uringny Bunuanaid
Aq Anow |je9 seseasseq

Buieubis xopai
suquyul Ajlenusiod pue ‘ssueiquuawu
ewse|d Jo Buiyni ayl suqiyu|

Bunyni suelguiaw siusraid yoym
‘(e1d) aseury-g apnisoutoydsoyd
3y} Jo ANAIIoR 8yl syd0lg

uonezuswAjod unoe
1dnusip 01 aBueyoxs ,H/,eN sHgIyu|

salis Buipuig ay3 Je spungns jo
UOIBID0SSESIP PUB UOIJRID0SSE aU}
Bunuanaid ‘syusweliy unoe o3 spuig

RETRIEET

paleod ULIYe|d 4O UoKew oy ay}

Bunuanaid ‘syd pareod ulyie|d €
8dA1 01 sud pareod uuyed g

(INGIITENETRIEETN

SI1S01A00pUd
aseyd pinyy pue
si1so1foouidode i

SI1S01A00pUd
abeydoioew pue
s1so1foourdosoey

si1so1foouidodei

si1so1foouidodei

sI1s01A00uldoiden

s1so1foourdosoey

SI1S01A00pUd

V uip|sjaig

uLBMoy

8UIDIYDI0D

aulweldiwy

uluuewlionn

(vd13)
aplojIwe
(1Adoud-osI

N-APIN)-S

a
uIse|-eya01AD

[sve'oce] Buireubis 491 seoueyu3 S1189 NTTTAIN Ul TF4D 1 J0 UoRIqIYUI %G8~ 8dA1 J0 uonIsuen 8y} sluBABId pajeIpaw-ulyle| auinboiolyd
SIS0)Ad0pus
Buieubis S]192 ©18H Ul speaq aualiAisAjod 09JeIpaL-aR|03ARD
491 8oueyUS 0} UMOYS palIpoW-a]e|AX0QJed JO UORIgIYUL 909>~ ulweuAp pue s1soAoopua

[8vz—ovz'v1T] sAemyred ajdnnw s18y v S|189 B18H Ul ULLIJSURIY JO UOIIQIYUI 046G/ >- 10 AlIAIOR 3sed 1 © 8yl sHaIyu| pareIpaw-uLye|D aloseuhqg
S|189

sAemuyred juapuadapul 677GV Ul Sajo1tedoueu UesolIYd JO UonIgqIyul %05- auelquisw ewseld S1S0)A20pus uons|dap

[avz'1e2'8rT] unyle|d Jo uonigiyul y61S S1Se]q0.q1 Jed Ul ULLIBSUEI} JO UOINGIYul 9408~ 3y} UO S21318| ULIYTR[D S8Je190ssIq paleIpaw-uLIyIe|D wnisselod
S|189

9Td Ul S9]|391W paseq uesoleday Jo UORIGIYUI %02-
Juabe
S90UB BJBY Suo e ,BPKU0D SSAUBAI10940 UoIgIyulaxeldn wsiueydsW uonigiyu | palqIyul Aemyred AJongiyu|

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2023 May 16.

Adv Funct Mater. Author manuscript



Page 36

Sheth et al.

S|190 [e1]sLopusd
leuale 03 pasedwod oAiquis ysiyelgaz 4o s|jad
le1jayiopua JejnusA ui sswosodi] DdOd J0 uoniqiyul

%G/ ® pue sawosodi] 54Od 40 UonIgIyu! %99- ¢-uljigels pue T-uljiqeis e
101da9a4 asouuew ay) 0} $OING Ul ulwngle yons ‘s||99 [e1]ay1opus o si01dadal  SISO1Ad0pUS paleIpaw
[99z-¢€9z] puig os[e [J1M a1ey|ns uenxaq WINJas aUIAOQPaIe]AUIIONS JO UORIGIYUI Y%~ JaBuaneas 01 spuig Ajaannadwo) -101da0a1 Jabuaneas aJe)Ins uenxaQg
Juebe
SR BjRY suolre.spsuod SSOUBAII094Je Lo 1HIqIyul dxeidn Wwsiueydsw uoniqiyu| paugIyul Aemyred Kionqiyu|

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Adv Funct Mater. Author manuscript; available in PMC 2023 May 16.



	Abstract
	Introduction
	The Tumor Microenvironment and Vasculature
	The Tumor Microenvironment
	Angiogenesis and Tumor Vasculature

	The Entry of Nanoparticles into the Tumor Microenvironment
	Overview of Existing Paradigms
	Endocytosis Mechanisms of Tumor Endothelial Cells
	Clathrin-Mediated Endocytosis
	Caveolae-Mediated Endocytosis
	Macropinocytosis
	Other Endocytic or Transcellular Pathways


	Tools and Techniques to Investigate Nanoparticle Transport Pathways across Tumor Endothelial Cells
	Inhibiting Endocytic Pathways
	Methods for Studying Endocytic Pathways

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.

