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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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1. Introduction

There are over 8 million cancer related deaths worldwide each year with a projected increase 

in annual new cases.[1] 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.[2] 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;[3,4] as 

agents for localizing heat or radiation to tumors and overcoming radiation resistance;[5–7] as 

clinically approved chemotherapeutic drugs, such as Doxil and Abraxane (R);[8] and in the 

development of safer and more effective immunotherapeutics.[9] 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.[10] 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.[11] 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.[13]

For systemically administered nanoparicles, the typical nanoparticle tumor delivery 

efficiency is ≈0.7% (median) of the injected nanoparticle dose.[14] 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.[15–18] 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] In 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.[29] 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 × 1012 to 1 × 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.[31] 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+ Th1 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.[32,33] 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.[38,39] 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.[11,41] 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.[42]

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,[45] 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).[25,46–53] 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.[54] 

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 VVO-mediated transport pathway. However, VVOs have been characterized by 

Dvorak et al. as membrane-bound, linked vesicles and vacuoles that create a channel 

for macromolecules to cross the endothelium.[55] VVOs are rarely observed in cultured 

endothelial cells under standard culture methods and may occur at greater frequency in vivo.
[56] Further work is needed to determine if the VVO-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).[59] 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 

value.[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.[62] 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.[63–65] 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.[69] However, the well noted low nanoparticle tumor 

accumulation has brought the impact of the EPR effect into question.[14] 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.[70] 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.[71]

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.[72,73] It was recently 

shown that gold nanoparticles can accomplish this, along with inhibiting angiogenesis, by 

disrupting the signaling between tumor cells and endothelial cells.[74,75]

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.[76] Later studies have shown that ultrasound 

waves can be used to release drugs from liposomes[77] 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.[79] 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 (TAMs) 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.[7] 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.

3.2. 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.[90] 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.[91] Specific proteins of note are the adaptor protein 

complex-2 (AP-2) complex, which serves as an intermediate between the cell membrane and 

clathrin,[92] the clathrin assembly lymphoid myeloid leukemia protein (CALM), which helps 

control vesicle size,[93] 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.[96] 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).[97–99] 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,[102,103] 

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.[106] Alongside their 

endocytic capabilities, they have several other functions, including reducing the tension 

a cell experiences under mechanical stress,[107] regulating intracellular signal transduction,
[108] and mediating neurovascular coupling.[109]

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.[110] Caveolin-2 has a role in signal regulation and is dependent 

upon caveolin-1.[111] 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.[113] 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.[54,114] 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] In 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 A1 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.[100,128] 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.[133] 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 αV integrins 

on the surface of tumor cells.[143,144] The previously mentioned VVOs 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.[95,118,119,145–147] Table 2 lists 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.

4.1. 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.[154] 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.[155] 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, albumin, 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,[95] 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 mRNA, 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]

4.2. 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.[181] 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.[61] 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[184] and Slater co-workers[185]

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] True 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,[190] 

as demonstrated by Lo and co-workers, who used IVM to visualize the uptake of 

mesoporous silica nanoparticles into hepatocytes.[191] 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[199] 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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Figure 1. 
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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Figure 2. 
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.

Sheth et al. Page 26

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 μm 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 VVOs are intracellular 

organelles composed of linked vesicles, fenestrae represent transcellular pores spanned by a 

fenestral diaphragm.
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Figure 4. 
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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Figure 5. 
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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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.
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