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1. Introduction
Nanoparticulate carriers (NP) offer a suitable means for delivering diagnostic, imaging or
therapeutic agents, including small and large molecules, gene vectors, biosensor, and
nanotubes [1-3]. NP pose several advantages: (a) improve the solubility of hydrophobic
compounds, (b) protect a molecule from undesirable interactions with biological milieu
components and improve its stability, (c) provide controlled release of the contents, and (d)
favorably alter the pharmacokinetics and biodistribution. Several nanomedicines are used
clinically in the treatment of cancer, e.g., Doxil® [4], Abraxane® [5].

The utility of NP depends on their ability to reach their sites of action. Potential target sites
include tumor vasculature (e.g., anti-angiogenics), tumor interstitium (e.g., diagnostics or
therapeutics targeting extracellular proteins), cell membrane (e.g., antibodies), and
intracellular compartments such as the cytosol (e.g., RNAi, drugs targeting cytosolic
proteins) [6,7], nucleus (e.g., DNA gene vectors, DNA-active drugs) [8,9], and other
intracellular compartments including mitochondria, Golgi apparatus and endoplasmic
reticulum (ER) [10-12]. Delivery of NP from the injection site to various target sites within
a solid tumor involves multiple kinetic steps, i.e., transport via blood to tumors,
extravasation from tumor vasculature, interstitial transport, binding to cell membrane,
internalization and intracellular trafficking (Fig. 1). This report provides an overview of the
processes with respect to whole tumor (organ level), tumor interstitium (sub-organ level),
and cellular/intracellular compartments (subcellular level). The discussion is focused on the
physiological and biological barriers to NP delivery, followed by the experimental
approaches and NP designs to break down such barriers.

2. Delivery of NP to solid tumors (organ level)
After systemic administration (e.g., intravenous injection), NP are distributed to different
organs via blood circulation, and at the same time undergo elimination (e.g., metabolism by
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the liver, excretion by the kidney). NP are also removed by cells (e.g., macrophages,
Kupffer cells) in the reticuloendothelial system (RES) [13,14]. As described below, the
delivery of NP to a solid tumor is determined by physiological factors including tumor blood
vasculature, lymphatic drainage and tumor interstitial fluid pressure (IFP) and the
physicochemical properties of NP such as surface characteristics (charge and hydrophilicity)
and particle size. Please refer to our earlier reviews on similar subjects for additional
references [15-17].

2.1. Distribution and retention of NP in tumors after systemic delivery
Perfusion and drainage of tissues involve blood and lymphatic vessels. In a solid tumor, NP
leave the intravascular space within a vessel to enter the interstitium (i.e., extravasation).
Transport across vessel walls is by diffusion, convection through capillary pores, and, to a
minor extent, transcytosis. Diffusion is driven by concentration gradients. Transvascular
fluid transport is driven by pressure gradients across intravascular and interstitial space.
Leakiness in tumor vessels promotes NP extravasation, but also elevates IFP and reduces
transvascular fluid transport. Capillary pore size poses the upper size limit for the
extravasated NP.

2.1.1. Tumor blood flow and blood vasculature—Blood flow within a tissue is
determined by the arteriole-venule (A-V) pressure difference and flow resistance. Blood
vessels in the tumor interior are mainly veins/venules, with a few arteries/arterioles in tumor
periphery. Hence, the A-V pressure difference is negligible in the central region but is
greater in the periphery. This partly explains the lower blood flow in the center and the
higher blood flow in the periphery of a tumor.

Blood vessel distribution within a tumor depends on the tumor size and the locations within
a tumor. Small tumors (<2 mm) are perfused by vasculature originating from surrounding
host tissues, whereas further growth are usually accompanied by newly formed microvessels
[16]. Vascularization is inversely related to tumor size. Larger tumors show a higher ratio of
avascular/seminecrotic-to-perfused regions and greater distances between capillaries, e.g.,
the intercapillary distance is ~50 μm in vascularized regions of a rat mammary
adenocarcinoma tumor and ~300 μm in the larger tumors in human patients [18]. Within a
tumor, vascularization status and distribution of blood vessels vary depending on the
location and tumor size. A solid tumor comprises three regions: (a) avascular necrotic region
with no vasculature, (b) seminecrotic region containing capillaries, pre-and post-capillaries,
and (c) stably perfused region containing many venous vessels and few (2 to 5) arteriolar
vessels. Larger tumors usually show higher avascular-to-well-perfused area ratio and greater
distance between capillaries, with blood vessel density decreasing from tumor periphery to
the center. These intra-tumoral vasculature heterogeneities contribute to uneven drug
distribution within solid tumors and partly explain the lower average weight-adjusted drug
concentration in larger tumors.

Tumor blood vessels are generally leaky due to the discontinuity of the endothelium (Fig. 2).
In transplanted rodent tumors, the pore size of tumor microvessels varies from 100 to 780
nm in diameter depending on the anatomic location (e.g., smaller in cranial tumors
compared to subcutaneous tumors) and the tumor growth (e.g., smaller in regressing tumors)
[19]. Elevated levels of vasoactive and growth factors (bradykinin, nitric oxide, vascular
endothelial growth factor, basic fibroblast growth factor) in tumors result in enhanced
vascular permeability and dilatation [20]. Due to vessel leakiness, the major pathway of NP
transport across tumor microvascular wall is by extravasation via diffusion and/or
convection through the discontinuous endothelial junctions, whereas transcytosis plays a
relatively minor role. Extravasation of molecules is associated with fluid movement across
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vasculature wall, which in turn depends on the hydrostatic pressure gradient between
intravascular space (i.e., microvascular pressure or MVP) and interstitial space (i.e.,
interstitial fluid pressure or IFP) and the osmotic pressure gradient (due to differences in
protein levels).

2.1.2. Lack of lymphatics—Lymphatic vessels are widely distributed throughout the
body, and are more permeable to fluid and solutes compared to blood capillaries. The major
function of the lymphatic system is to return the interstitial fluid to the blood circulation. In
most normal and inflammatory tissues, macromolecules are cleared via the lymphatic
system and large particles such as tumor cells detached from a primary tumor can enter the
lymph by passing between the endothelial cells of the lymphatic capillaries. Solid tumors
lack functional lymphatic drainage which reduces NP clearance from tumor interstitium.

2.1.3. Barriers to convective transvascular transport—Presence of blood and
solutes in tumor interstitium, together with the absence of lymphatic drainage results in high
IFP, which reduces the hydrostatic pressure gradient and thereby the convective
transvascular transport. Usually IFP is uniformly high in the center with a sharp decline in
the periphery of a tumor [21]. Changes in IFP parallel changes in MVP [22]. Jain, Baxter
and collaborators have demonstrated elevated IFP as an important barrier to extravasation
[23,24] (see also 3.1).

2.2. Tumor vs. normal tissues
There are several major differences between the blood and lymph vasculatures in tumor and
normal tissues. First, tumor blood vessels are generally more heterogeneous in distribution,
density, length and diameter, and are larger in size and more permeable. For example,
relative to normal subcutaneous tissues, blood vasculature in the periphery of subcutaneous
rat hepatoma tumors shows larger volume fraction (50 vs. 20%), a larger surface area and a
longer length per unit volume (70 vs. 20 mm2/mm3 and 160 vs. 36 cm/mm3), whereas the
tumor center shows lower values. Similarly, the vascularized regions of rat colon tumors
showed larger capillaries (5–20 vs. 5–8 μm diameter) and larger venules (15–70 vs. 12–50
μm) relative to normal colonic tissues [16].

Second, resistance to blood flow in a vessel is determined by viscosity of blood and vessel
geometry (length and diameter). Compared to normal tissues, tumors show greater blood
viscosity due to the presence of tumor cells and large molecules (e.g., proteins and
collagen), larger and longer vessels, similar arterial pressure but a lower venous pressure,
with the net result of a greater flow resistance and lower average blood flow in tumors [25].
On the whole, the average blood flow in tumors is lower than in normal tissues.

Third, in most normal tissues, the typical distance in the tight junctions between endothelial
cells in microvessels is less than 2 nm and the typical pore size in post-capillary venules is
less than 6 nm, with the exception of kidney and the two RES organs (liver and spleen). The
latter two groups have larger pore sizes, 50-150 nm. In contrast, tumor vessels are more
leaky with pore sizes exceeding 100 nm (see above).

Fourth, the lack of functional lymphatic drainage in tumors poses two opposing effects on
NP delivery and transport; it reduces NP clearance from tumor interstitium but also
increases IFP and thereby limits the fluid flow and retards convection-mediated
transvascular and interstitial transport.

The net effect of the unique features of tumor vasculature is the preferential extravasation
and retention of NP relative to normal tissues [19]; these properties are being used for
passive tumor targeting (see 2.3.1).

Li et al. Page 3

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.3. Experimental approaches and NP formulation designs
The following sections dicuss the experimental approaches for improving the delivery and
targeting of NP to solid tumors. Readers are referred to an excellent review on liposome
modifications for these purposes [26].

2.3.1. Passive targeting via EPR effect; Effect of particle size—The defective
lymphatic drainage in solid tumors decreases the clearance of high molecular weight
compounds from tumor interstitium. This, together with leaky tumor blood vessels that
allow large molecules to extravasate, result in accumulation and retention of these
compounds in solid tumors, a phenomenon recognized as the enhanced permeability and
retention (EPR) effect [27,28]. In general, retention plays a larger role in EPR relative to
extravasation. EPR is predominant for compounds with molecular weights larger than 40
KD but negligible for smaller molecules that readily redistribute to blood circulation via
diffusion and/or convection. EPR is affected by the tumor size with a greater EPR in smaller
tumors, probably because of the greater vessel density allowing for more extravasation as
compared to larger tumors containing larger avascular regions. The vessel pore size in a
majority of experimental tumors ranges from 380 nm to 780 nm. After extravasation, the
smaller (100-200 nm) particles are transported to a greater distance and are more dispersed
in the interstitium relative to larger (380-780 nm) particles that are more localized in peri-
vascular space [29]. Therefore, limiting the size of NP to less than 200 nm can promote
extravasation as well as interstitial transport.

2.3.2. Surface modifications of NP to confer stealth property—NP are recognized
as foreign particles by cells in the RES, which causes NP entrapment in RES and
consequently the rapid clearance of NP from blood circulation. Surface modification has
been used to minimize RES entrapment and to increase the blood circulation time. NP
surface modification agents include ganglioside GM1 [30], Tween 80 [31], peptide library-
PE [32], poly-N-vinylpyrrolidones [33], L-amino-acid-based biodegradable polymer–lipid
conjugates [34], polyvinyl alcohol [35], and polyethylene glycol (PEG). The latter is the
agent of choice and the most widely used. Pegylation of NP, by increasing the
hydrophilicity, forming an 3-D repulsing structure and creating an impermeable layer over
NP surface, hinders NP recognition and absorption by opsonin [36,37]. These effects
subsequently decrease the overall immune response and inhibit RES uptake. The degree of
pegylation affects the stealth properties of NP. For example, at least 0.5 mol% of PEG2000
is required to confer stealth properties to liposomes, whereas higher than 15 mol% of
PEG2000 destroys the phospholipid bilayer [38,39]. On the other hand, pegylation decreases
the transport of NP in tumor interstitium (due to increased particle size) and decreases the
cellular internalization (due to increased surface hydrophilicity and decreased binding to cell
surface) [40,41]. These limitations can be overcome by using detachable PEG or by
conjugating the hydroxyl end of PEG with cell surface targeting ligands [42,43] (see 4.3).

2.3.3. Targeting the acidic microenvironment in tumor matrix—Solid tumors, in
part due to the high glycolysis, usually shows acidic pH [44]. The pH value in tumor matrix
is affected by tumor histology, tumor volume and the location within a tumor, and can be as
low as 5.7 [45,46]. pH gradient affects the ionization and intratumoral distribution and
cellular uptake of ionizable drugs in a tumor [47]. NP comprising pH-sensitive polymers
(e.g., poly(L-histidine) and poly-sulfonamide), which are negatively charged and stable at
pH 7.4 but become neutralized and leaky at acidic pH, are used to target the tumor
extracellular matrix or to promote the release of their contents in intracellular organelles
such as the acidic endosomes [48] (see also 4.3).
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2.3.4. Targeting tumor vasculature by electrostatic interaction—The luminal
endothelial membrane in vessels is negatively charged and therefore can be targeted by
cationic NP through electrostatic interactions [49-51]. This approach leads to more rapid and
more extensive NP extravasation and retention in tumors relative to passive targeting via the
EPR effect [52]. For example, doxorubicin-loaded cationic liposomes and cationic lipid-
DNA complexes show greater tumor targeting compared to neutral liposomes, sterically
stabilized neutral liposomes, and anionic pegylated liposomes of similar sizes [52-54]. The
density of positive charge on NP affects mainly the partitioning between the interstitial and
vascular compartments in a solid tumor and not the total uptake [55]. Cationic liposomes are
also preferentially taken up by angiogenic tumor endothelium, due to binding through
electrostatic interactions and subsequent internalization via clathrin-coated vesicles; this
results in 15- to 33-fold greater uptake relative to endothelial cells in normal tissues [54].
However, because the negative charge on luminal endothelial membrane is also found in
normal tissues, this mode of targeting is quantitative rather than qualitative. Greater tumor
selectivity is achieved by conjugating NP with tumor endothelium specific ligands; e.g.,
pegylated liposomes conjugated with cyclic RGD peptides that recognize αvβ3 integrin
receptors that are over-expressed in proliferating tumor vasculature endothelium relative to
normal endothelium [56,57].

3. Interstitial transport (sub-organ level)
In general, after entering a tumor via blood circulation, a molecule is transported across the
interstitial space to reach individual tumor cells. The transport processes for small molecules
released from NP is by diffusion and convection, whereas the transport for NP, due to its
large size and small diffusivity, generally relies more on convection (except when the size of
NP is smaller than the pore size in the interstitium). Barriers to NP transport in tumor
interstitium and the experimental approaches to overcome such barriers are as follows.

3.1. Barriers to convective transvascular and interstitial transport
The high IFP in a solid tumor together with the lack of a functional lymphatic system
reduces the fluid flow and convection-mediated transport. In addition, the higher IFP
relative to the surrounding normal tissues results in a net convective flow outward from the
tumor core and thereby reduces the interstitial transport to cells in the interior portions
[58,59] (Fig. 2). Agents that have been used to lower tumor IFP include imatinib mesylate
[60], bevacizumab [61], tumor necrosis factor-alpha (TNF-α) [62,63], Fc:TβRII [64],
hyaluronidase [65], dexamethasone [66], cereport [67], prostaglandin E1-methyl ester
(PGE1) [68], taxanes (paclitaxel and docetaxel) [69], thalidomide [70], nicotinamide [71]
and pentoxifylline [72]. Table 1 summarizes their potential IFP-lowering mechanisms and
their effects on mean arterial blood pressure, tumor blood flow and MVP. Their effects on
IFP are often tumor type- and dose-dependent. The limitations of these agents include
toxicity to normal tissue or lack of tumor selectivity.

Fick’s First Law indicates negligible diffusive transport in a gel for solutes with sizes
exceeding or near the pore size. Accordingly, the diffusive transport of NP is negligible in a
tumor with high cell density or, conversely, a low fraction of interstitial space. Our
laboratory used an in vitro system devoid of blood flow (and therefore no IFP and no
convective transport) to study the barriers to diffusional transport of albumin-bound drugs
(~7 nm in diameter); this system comprises 3-dimensional histocultures of 1 mm3 tumors
fragments. By comparing the kinetics of uptake and efflux and the spatial distribution in
histocultures with different compositions and architectures, we identified tumor cell density
as the key barrier to diffusive transport in tumor interstitium [15,73]. We further showed that
treatments with commonly used drugs (paclitaxel, doxorubicin), by inducing apoptosis and
thereby reducing tumor cell density and increasing the fraction of interstitial space (referred
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to as tumor-priming, Fig. 3), enhance the diffusive transport in vitro. Similar tumor-priming
effects were observed in tumor-bearing animals; apoptosis-inducing treatments produce a
transient reduction of tumor cell density and a transient increase in interstitial space. These
changes in turn increase the diameter of patent vessels, leading to greater transvascular flow
and interstitial transport (diffusive and convective) [74,75]. The optimal time window for
these effects is 24 to 96 hr after an intravenous paclitaxel injection. As discussed below,
these changes are sufficient to improve the efficacy of nanomedicines in animals [76]. Our
findings have since been verified by Jain et al.; their latest publication shows that the void
space produced by cancer cell apoptosis enhances the dispersion and efficacy of oncolytic
herpes simplex virus [77].

It is noteworthy that the effects of paclitaxel tumor-priming on vasculature, blood flow, and
delivery and interstitial transport of NP, due to the higher susceptibility of tumor cells to
apoptosis, are tumor-specific and not observed in noncancerous tissues including liver,
kidney, heart and the organs enriched in reticuloendothelial system (spleen, liver) (Fig. 3).
For example, paclitaxel tumor priming enhances the delivery of Doxil® (doxorubicin in
pegylated liposomes, 85 nm diameter) selectively to tumors without affecting the normal
tissues, resulting in greater tumor regression and prolonged survival without enhancing the
host toxicity [76]. The tumor selectivity of tumor-priming and the fact that paclitaxel or
other apoptosis-inducing chemotherapy are standards of care for cancer patients offer a
unique opportunity to improve NP transport in tumor interstitium without the risk of
additional toxicity.

3.2. Extracellular matrix
Extracellular matrix (ECM) comprises fibrous proteins (e.g., collagen, elastin) and
polysaccharides (e.g., hyaluronan, glycosaminoglycan (GAG)) [78,79]. These proteins are a
source of physical resistance to diffusional transport and are associated with lower hydraulic
conductivity and lower convective flow in the interstitium. Collagen appears to contribute
more to transport resistance compared to GAG or hyaluronan, e.g., diffusion coefficient of
IgG is inversely related to the collagen content in a tumor. Enzymes that degrade tumor
ECM materials, such as collagenase and hyaluronidase, promote intra-tumoral dispersion of
small molecules, macromolecules (e.g., monoclonal antibody) and NP (e.g., liposomes)
[80,81]; with a greater effect for collagenase [82]. Comparison between collagenase and
hyaluronidase on the delivery of molecules with different sizes shows that collagenase is
more effective in improving macromolecules delivery, whereas hyaluronidase was more
efficient to enhance the delivery of smaller molecules such as doxorubicin [83].

3.3. Binding barrier
Binding of NP to extracellular matrix proteins and cell membrane (e.g., receptors) reduces
the free drug/NP concentration available for interstitial transport. The binding barrier is
more significant for active-targeting NP due to the high specificity and affinity between the
targeting ligands and receptors [84]. In 3-dimensional cell spheroids, drugs that do not bind
to cellular macromolecules or cannot cross cell membranes (e.g., 5-fluorouracil, cisplatin,
inulin, thymidine-5’-triphosphate, sucrose, and nonspecific antibody) are evenly dispersed in
3-D thyroid tumor cell spheroids within 15 min. In contrast, drugs that bind to cellular
macromolecules (e.g., doxorubicin, paclitaxel, daunomycin, actinomycin D, methotrexate,
specific antibody binding to cell surface proteins) remain localized in the periphery of
spheroids and 3-D tumor histocultures (e.g., penetration of ~10 cell layer after 24 hr) [16].
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4. NP cellular and subcellular compartments targeting
The majority of research in this area is focused on targeting the membrane proteins enriched
in tumor cells. More recent efforts have focused on targeting NP delivery to the cytosol and
nucleus. Transport of NP in a cell, e.g., from the cell membrane to the nucleus, involves
several processes: (a) attachment of NP to cell membrane through binding to non-specific or
specific binding sites, (b) internalization of NP through endocytosis, (c) entrapment of NP in
endosomes (eventually fuse with lysosomes), caveosomes or macropinosomes, (d) release of
NP from these structures, (e) NP transport in cytosol and uptake by other intracellular
cytoplasmic organelles, and (f) transport of NP into the nucleus.

4.1. Targeting the cell membrane
NP binding to cell membrane is a popular approach for designing active-targeting NP. NP
bind to cell membrane through non-specific or specific binding (Fig. 4). While such binding
in general facilitates the subsequent internalization of NP, there are situations where binding
do not lead to internalization. For example, insulin-coated magnetic nanoparticles bind to
specific surface receptors without the ensuing endocytosis [85].

For nonspecific binding, the components on cell surface are protease-sensitive and the
process requires calcium ions for optimal binding [86]. Interactions between a particle and a
cell, e.g., due to long-range van der Waals forces arising from fluctuations in the electric
dipole moments of molecules, or the depletion and bridging forces due to the density
gradients of macromolecules surrounding a cell that give rise to osmotic pressure to induce
cell aggregation, can either enhance or reduce the binding [87,88]. Interactions that reduce
NP binding include short-range Born repulsive forces due to molecular interactions resulting
from overlapping electron clouds, steric repulsive forces induced by the cell membrane
surface glycocalyx, electrostatic double layer forces resulting from counterions attracted by
cell membrane surface potential, and entropic protrusion and undulation forces arising from
molecular fluctuations of hydrocarbon chains [87,89]. Interactions that favor binding include
hydrophobic forces, loss of hydrogen bonding, aggregation of non-polar molecules, or
hydration [90]. Positive NP surface charge also promotes binding. For example, cationic
liposomes usually shows higher extent of cellular uptake compared to neutral liposome and
anionic liposome [91]. On the contrary, pegylation, in part by decreasing the positive surface
charge, inhibits NP binding to cell surface [92].

Specific binding of NP to cell membrane is achieved by attaching ligands (e.g., antibodies,
peptides, proteins, small molecules and carbohydrates) that bind to membrane receptors or
antigens [93]. Considerable efforts have been expended on this approach; the most popular
ligands are monoclonal antibodies or Fab fragments specific to tumor cell antigens [94-96],
peptide [97], folate [98], and transferrin [99,100]. Most of these ligands are internalized by
the clathrin-mediated endocytosis and are therefore subjected to the same considerations and
limitations (see below). The main considerations for designing active-targeting NP are the
density of ligands on particle surface, cell selectivity, stability, and ability to bypass the P-
glycoprotein mediated multi-drug resistance mechanism [101-103]. The latter includes
liposomes that use folate receptor- and transferrin receptor-mediated endocytosis [104,105].
Conjugations of ligands to liposomal surface typically involve chemical reactions to yield
amide, disulfide and thioether bonds [106,107].

4.2. Internalization/endocytosis
Readers are referred to an excellent recent review on the mechanisms of endocytosis [108].
For NP that cannot directly cross the plasma membrane, their uptake into cells is mediated
by phagocytic and pinocytic endocytosis [109]. Phagocytosis occurs in specialized cells
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(e.g., cells in RES) whereas pinocytosis is used by all cells. The three types of pinocytosis
can be characterized as fluid-phase, absorptive, and receptor-mediated endocytosis [110].
Fluid phase endocytosis is a low-efficiency and nonspecific process, is primarily driven by
the extracellular concentration, and is less prominent compared to absorptive and receptor-
mediated endocytosis. For the latter two, NP are concentrated on the cell surface through
non-specific or specific binding followed by internalization.

A major mechanism of NP internalization is the clathrin-mediated endocytosis. This process
involves recruiting NP-binding cell surface receptors and forming clathrin-coated pits that
engulf NP (Fig. 4). The coated vesicle buds into cell and after shedding the coat, the vesicle
fuses with endosomes that move from the plasma membrane to lysosomes (Fig. 1). The
membrane proton pump V-ATPase in endosomes causes influx of protons, resulting in a
continuous drop in pH as endosomes mature from early endosomes (pH 6.2-6.3) to late
endosomes (pH 5.0-5.5). Late endosomes fuse with lysosomes (pH 4.8-5.4) that contain
degradative enzymes [111,112]. The content of early endosomes can be recycled via tubules
to the cell surface or released into the cytosol. NP unable to escape from endosomes are
subjected to degradation in the enzyme-rich lysosomes.

Other less prominent endocytosis mechanisms include (a) caveolae-mediated endocytosis
that involves caveolin1-positive structures (which include large neutral pH intracellular
structures, small vesicles and tubules) with the endocytosed NP located in caveosomes, and
(b) clathrin- and caveolae-independent endocytosis that is dependent on cholesterol [108].
Macropinocytosis, also cholesterol-dependent, is involved in the fluid-phase endocytosis of
macromolecules in tumor cells with active membrane or cytoskeletal (e.g., actin) activity;
the endocytosed NP are located in macropinosomes [113] (Fig. 5).

Cell penetrating peptides (CPP) are used to promote NP endocytosis. CPP can cross the cell
membrane and is able to induce fusion between lipids membranes and leakage of liposome-
entrapped compounds when exposed to low pH. CPP are mainly oligocationic in nature and
are derived from viral, insect or mammalian proteins with membrane translocation
properties, e.g., transactivator of transcription (TAT) family, penetratin, and chimeric
peptide transportan, with TAT being the most popular [114-117]. CPP-mediated delivery
involves multiple mechanisms. For TAT-modified liposomes, TAT binds to negatively-
charged GAG on the cell surface through ionic interactions. TAT can also interact with cell
membrane lipid rafts in a receptor-independent manner, stimulating a rapid internalization
by macropinocytosis, followed by a pH drop and destabilization of the macropinosome
vesicle lipid bilayer [118-120]. The strong adsorption of the CPP derived from the flock
house virus coat protein on the cell membrane via GAG induces macropinocytosis [121].
CPP-modified liposomes can also be internalized via clathrin-coated pits or caveolin-
dependent endocytosis [122-124]. The extent and mechanism of CPP-mediated
internalization is determined by multiple factors, including CPP concentration, types of
cells, and cell-specific membrane components [125]. For example, endocytosis of
octaarginine (R8)-modified liposomes is density-dependent. Liposomes carrying R8 at a
high density are internalized by macropinocytosis and then efficiently escape from
macropinosomes to cytosol. In contrast, liposomes carrying R8 at a low density are taken up
via clathrin-mediated endocytosis and subsequently degraded in endosomes/lysosomes
[126,127]. It is noteworthy that enhanced internalization of liposomes by CPP does not
necessary lead to greater efficacy. It has been reported that TAT peptide (TATp)–liposomes,
after internalization, remained intact inside the cytoplasm for 1 hr, migrated to the
perinuclear zone at 2 hr, and disintegrated after 9 hr [128]. However, it is unclear whether
the internalized liposomes were present in macropinosomes, lysosomes or cytosol [129]. In
addition, although it has been shown that adding TAT to doxorubicin-loaded liposome
promoted drug internalization, TAT did not improve its antitumor activity [130]. Taken
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together, the available experimental evidence suggests that the internalized drug/TAT-linked
NP remains entrapped in endo/lysosomal compartments and dose not reach the intended
targets.

Non-endocytic pathways for liposomal NP internalization are mainly through fusing the
lipid bilayer with the plasma membrane or through transfer of lipids between liposomes and
membrane, resulting in concomitant release of liposome contents into the cytosol [131].
These non-endocytic processes are less prominent compared to endocytosis.

4.3. Escape/release from endosomes to cytosol
Successful endosomal escape enables NP to target the cytosol, which is the site of actions
for multiple chemotherapeutic drugs and RNAi. Because NP generally cannot directly cross
the endosomal membrane, strategies are to use agents to induce fusion between NP and
endosomal membrane, in order to disrupt the membrane and promote the NP release from
endosomes to cytosol. These processes also promote a microtubule-driven pathway that
enables NP to escape from the early endosomes to enter the trans-Golgi network, Golgi
apparatus, endoplasmic reticulum (ER), and cytosol, and thereby bypass the lysosomes
[132] (Fig. 6).

Agents used to promote NP escape/release from endosomes include pH-sensitive peptides,
pH-buffering polymers, and fusogenic lipids. An example of pH-sensitive peptides is the
peptide GALA, a 30 amino acid synthetic peptide with a glutamic acid-alanine-leucine-
alanine repeat, which has an amphiphilic structure [133]. A decrease in endosomal pH from
6 to 5 leads to a decrease in negative charges of glutamic acids side-chain of GALA and
causes a change of the structure from a random coil to an amphipathic α-helix, and thereby
promotes GALA binding to endosomal membranes and results in membrane disruption
[134,135]. The topology of GALA is critical to its function; successful endosomal escape is
accomplished only when GALA is exposed on the surface of liposomes [136,137].
Virosomes, comprising liposomes modified with fusogenic viral envelope protein that serves
as a CPP, induce pH-dependent destabilization of endosomal membranes [138-140].
diINF-7 is another pH-dependent fusogenic peptide that has been used to promote the
release of diphtheria toxin A chain encapsulated in immunoliposomes [141]. Polymers with
buffering capability at pH 5-6, such as poly(L-histidine) and polyethylenimine, induce the
proton sponge effect. The unsaturated amino groups in the polymers absorb and sequester
protons in the acidic endosomes, which cause the influx of chloride ions and water
molecules, promote osmotic swelling of the endosomes and disrupt the endosome membrane
[142]. An example of fusogenic lipids is dioleoylphosphatidylethanolamine (DOPE)
[143,144].

Pegylation may inhibit lipid mixing/fusion between liposomes and endosomal membrane
and thereby hinder the drug release from endosome to the cytosol [145]. A strategy to
overcome this is to use a cleavable PEG-lipid. Most cleavable PEG-lipids are designed to
take advantage on unique intracellular microenvironment, such as low pH, targeting a
specific enzyme in endosomes, or targeting the reductive conditions in the cytosol
[146-148]. An example is the combined use of the CPP octaarginine, cleavable PEG-lipids,
and the pH-sensitive fusogenic GALA peptide to make liposomes for delivering siRNA to
the cytosol [149,150].

4.4. Delivery to nucleus
Delivery of therapeutics targeting nuclear materials, e.g., DNA-directed therapeutics,
requires transport into the nucleus. The nuclear envelope has a double membrane structure
and is punctuated by nuclear pore complexes (NPC). Drugs or NP can enter the nucleus via
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passive, active and endosome-mediated transport. Passive cytosol-nucleus transport uses the
aqueous channel of NPC, e.g., small molecules or small NP of up to 9 nm diameter (<50
kDa) [151,152]. Larger molecules, e.g., DNA, enter the nucleus during mitosis when the
nuclear membrane breaks down. However, the viscous nature of the cytoplasm makes it very
unlikely to attain nuclear localization by diffusion alone [153].

Active, energy-dependent nuclear transport requires the presence of specific targeting
sequences, e.g., nuclear localization signal (NLS), that mediate the interaction of candidate
molecules or NP with transport proteins such as importins [154,155]. Nuclear delivery of
plasmid DNA is achieved by conjugation with NLS, e.g., derived from SV40 antigen. In
cultured cells, binding of NLS-liposomes to the nucleus increases in a NLS density-
dependent manner. Interestingly, this process appears to be enhanced by pegylation, such
that the efficiency of NLS-PEG-liposomes binding with the nucleus is greater than the
binding of unpegylated liposomes even at low NLS density [156]. Combination of NLS and
pH sensitive fusogenic lipid enables the transfer of plasmid DNA into the nucleus in an
energy-dependent manner [157].

A third type of nuclear transport mechanisms involves the endosome trafficking in cells, and
can occur in several ways. Endosomes carry the NP away from the plasma membrane to
perinuclear locations. This action shields NP from early release into the cytosol and the
subsequent degradation by cytoplasmic nucleases [158]. Trafficking of endosomes to
perinuclear locations bring the drug/NP in close proximity to NPC and thereby enhances the
nuclear entry of the released cargo. Fusing of drug/NP-loaded endosomes directly with the
nuclear membrane enables direct entry into the nucleus. For this mechanism, the
cytoskeleton, usually microtubules, is involved in the transport and the perinuclear
localization of NP.

4.5. Other subcellular organelles
Several recent studies explore targeted delivery to the mitochondrion due to its importance
in apoptosis, e.g., release of cytochrome C from mitochondrion to cytosol activates caspase-
dependent apoptosis [159]. Liposomes comprising egg phosphatidyl choline, cholesterol and
a fusogenic lipid, and modified with a CPP (i.e., octaarginine) show mitochondria-targeting,
apparently via a membrane fusion mechanism [160].

Golgi apparatus and ER are the key organelles of the secretory pathway. Proteins are
synthesized in the ER and transported to the Golgi apparatus, utilizing specific transporters
associated with antigen processing [12]. Golgi and ER are also involved in the lysosomal
bypass of NP, i.e., NP may travel from endosomes to the trans-Golgi network, Golgi
apparatus, ER, and finally cytosol (Fig. 6). Liposomes comprising fusogenic lipids use a
lysosome-bypass route to reach the ER [132].

5. Conclusions and Perspectives
Nanotechnology has become an important tool in translational cancer research. As NP is
versatile, can be made of different types of materials, and can have different sizes, surface
charges and surface modifications, there is the potential to tailor the design of NP for its
intended function. On the other hand, studies in the last 20+ years have identified the
multiple barriers to NP delivery and transport in solid tumors and have shown that many of
the processes and determinants of NP transfer from the administration site to the target sites
are nonlinear, interdependent, and changes with time.

With respect to NP properties, some are beneficial for one transport process but detrimental
to others (e.g., a larger NP size promotes the EPR effect but reduces its interstitial transport).
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For example, NP are frequently surface-modified with targeting ligands, but binding of
ligands to cell surface receptors limits NP transport. Similar complexities exist with respect
to intended targets in a solid tumor. Tumor properties, biological in nature, are dynamic and
altered by a variety of variables, and can produce diverse and at times unexpected effects on
NP disposition. Such diverse and dynamic tumor properties create uncertainties on the fate
of NP at target sites and hence questions on the NP design. For example, tumor size and
structure affect the vascularization status and alter the NP delivery to tumor cells, low
interstitial pressure in necrotic regions (e.g., caused by radiation) alters the convective flow,
and high levels of intercellular junction proteins reduce transport.

Important considerations for a pharmaceutical or translational scientist in developing NP
cancer therapeutics and diagnostics include the following. What are the NP-protein/cell
binding characteristics that would yield an optimal balance between tumor selectivity and
tumor penetration? Pegylation increases circulation times but also decreases the endocytosis
of NP, and some newer NP are designed to shed the pegylation over time. What are the
range of % pegylation and the rate of “de-pegylation” to enable optimal tumor targeting?
When is the increase in EPR of a larger NP offset by its reduced transport rate? Is a pH-
sensitive NP, designed to promote the endosomal escape, likely to do better or worse in
human tumors that are typically larger and have a more acidic environment relative to
mouse tumor models used for activity evaluation? Do chemotherapy-induced changes in
vasculature and vessel pore size favor extravasation of larger NP? What will happen if NP is
co-administered with chemotherapy, radiation, or anti-angiogenic? How will intra-tumoral
heterogeneity (e.g., vascularization) affect the delivery of NP? Is one type of NP more
effective than another, in tumors with specific properties (e.g., more vs. less vascularized,
small vs. large size, expression of MDR1 efflux protein)? Should one design NP in
anticipation of intratumoral heterogeneity in the transport mechanisms (diffusion vs.
convection) in different parts of a tumor? What are the short- and long-term effects of
antiangiogenic therapy? What are the magnitudes of errors if the NP design/selection do not
take into account the diverse/dynamic tumor properties?

Due to a lack of predictive models to indicate how changes in NP and tumor properties will
affect the NP disposition at target sites, the development and evaluation of NP is mostly
experience-based (e.g., trial-and-error). While this approach is feasible and has yielded
useful NP products such as Abraxane® (albumin-coated paclitaxel nano crystals) and Doxil®

(pegylated liposomal doxorubicin), we propose that predictive models that enable an
investigator to forecast the fate of NP at target sites and NP-cell-protein interactions, under
diverse conditions, may accelerate the design and development of NP cancer therapeutics
and diagnostics.
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Abbreviations

CPP cell penetrating peptides

ECM extracellular matrix

EPR enhanced permeability and retention

ER endoplasmic reticulum

GAG glycosaminoglycan

GALA a 30 amino acid synthetic peptide with a glutamic acid-alanine-leucine-alanine
repeat

IFP interstitial fluid pressure

MVP microvascular pressure

NLS nuclear localization signal

NP nanoparticulate carriers

NPC nuclear pore complexes

PEG polyethylene glycol

Pgp P-glycoprotein

RES reticuloendothelial system

RNAi RNA interference

siRNA small interfering RNA
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Fig.1.
Processes for nanoparticulate carriers (NP) transport from injection site to target sites. (1)
Transport and distribution to tumors and other organs via systemic circulation, including
elimination by cells of reticuloendothelial system (RES). (2) Extravasation from tumor
vasculature. (3) Interstitial transport to reach individual tumor cells. (4) Endocytosis and
intracellular trafficking to sub-cellular organelles (early and late endosomes, lysosomes,
Golgi complex, endoplasmic reticulum, cytosol, mitochondria, nucleus).
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Fig.2.
Determinants of interstitial transport of nanoparticulate carriers (NP) in tumors. (1) Absence
of lymphatics reduces the clearance of interstitial fluid and soluble proteins, resulting in high
interstitial fluid pressure (IFP), thus reducing the pressure gradient between microvascular
pressure (MVP) and IFP and the associated convective transport. (2) Physical barriers due to
presence of extracellular matrix proteins (Pr) or high cell density reduce diffusive and
convective transport. (3) NP binding to proteins and cell membrane reduces the free
concentration available for transport.
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Fig.3.
Effects of tumor priming on tumor perfusion and dispersion of nanoparticles (NP) in tumor
matrix. (A) Effect of tumor priming on tumor perfusion. (B) Effect of tumor priming on NP
dispersion in tumor matrix. NP (red fluorescence), perfused vessels (green fluorescence,
perfusion marker 3,3-diheptyloxacarbocyanine iodide), NP merged with perfused vessels
(yellow). Arrows indicate NP locations. Note the co-localization of NP with perfused
vessels in the control group and the greater dispersion of NP away from vessels in the tumor
priming group. Bar, 100 μm. (Reproduced from Ref [76])
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Fig.4.
Clathrin-mediated uptake of nanoparticles (NP) into cells. Passive-targeting NP are absorbed
to cell membrane components via nonspecific binding, and active-targeting NP via specific
binding to membrane receptors or antigens. The primary internalization of bound NP is the
clathrin-mediated endocytosis. The recruited NP-binding cell surface components/receptors
form clathrin-coated pits to wrap NP and internalization occurs upon complete wrapping.
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Fig.5.
Processes for endocytosis, intracellular vesicular formation and degradation. Caveolae-
mediated endocytosis may avoid lysosomal degradation. Macropinocytosis is used as an
example of clathrin- and caveolae-independent endocytosis.
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Fig.6.
Intracellular trafficking of nanoparticles (NP). NP can undergo several processes: (A)
Transport from early endosome to late endosome and then to lysosomes, and undergoes
degradation in lysosomes. (B) Released from early/late endosomes into the cytosol. (C)
Transport from early/late endosome to Golgi complex and endoplasmic reticulum, followed
by release to the cytosol. After reaching cytosol, NP may enter mitochondria (D) or nucleus
(E).
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Table 1

Agents affecting IFP and tumor blood flow and pressures.

Agents [Ref] Possible mechanisms of lowering IFP MABP Blood flow MVP

Imatinib mesylate[60] Platelet-derived growtd factor antagonist (anti-PDGF),
decreases contraction and interaction of stromal fibroblasts
witd extracellular matrix

Unknown Unknown Decrease

Bevacizumab [61] Vascular endothelial growth factor antagonist (anti-VEGF) Unknown Increase Decrease

TNF-α [62,63] Tumor necrosis factor-alpha, destruct tumor vessel and
improve vascular permeability and thus increase the pressure
gradient across the vessel

Decrease Unknown Decrease

Fc:TβRII [64] TGFβ antagonist, inhibits intra-tumoral macrophage
activation to lower IFP, normalizes tumor blood vessels

Unknown No change No change

Hyaluronidase [65] Degrades hyaluronan to reduce the physical resistance of
extracellular matrix

Unknown Unknown Decrease

Dexamethasone [66] Reduces vascular hydraulic conductivity Unknown Unknown Decrease

Cereport [67] Bradykinin agonist, increases vascular surface area and pore
size

Decrease Increase Decrease

Prostaglandin E1-methyl
ester [68]

Inhibits stromal fibroblast contraction Unknown Unknown Decrease

Taxanes (paclitaxel and
docetaxel) [69]

Induces apoptosis and reduces tumor cell density, decompress
blood vessels and increases the vascular surface area

Unknown Increase Decrease

Thalidomide [70] Angiogenesis inhibitor, produces transient vascular
normalization initially

Unknown Increase Decrease

Nicotinamide [71] Reduces the heterogeneity of micro-regional perfusion Decrease Increase in some
but not all tumors

Decrease

Pentoxifylline [72] Alter erythrocyte deformability and thus decrease viscous
blood resistance and/or geometric resistance

No change Increase Decrease

IFP, interstitial fluid pressure. MABP, mean arterial blood pressure. MVP, microvascular pressure.
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