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Abstract

Nanotherapeutics have improved the quality of life of cancer patients, primarily by reducing the 

adverse effects of chemotherapeutic agents, but improvements in overall survival are modest. This 

is in large part due to the fact that the Enhanced Permeability and Retention effect, which is the 

basis for the use of nanoparticles in cancer, can be also a barrier to the delivery of nanomedicines. 

A careful design of nanoparticle formulations can overcome barriers posed by the tumor 

microenvironment and result in better treatments. In this review, we first discuss strengths and 

limitations of clinically-approved nanoparticles. Then, we evaluate design parameters that can be 

modulated to optimize intratumoral delivery. The benefits of active tumor targeting and drug 

release rate on intratumoral delivery and treatment efficacy are also discussed. Finally, we suggest 

specific design strategies that should optimize delivery to most solid tumors and discuss under 

what conditions active targeting would be beneficial.
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Barriers posed by the abnormal tumor micro-environment hinder delivery of nanoparticles to solid 

tumors, causing heterogeneous drug distribution and reducing the efficacy of the treatment. 

Careful design of the physicochemical properties of nanoparticles as well as their binding affinity 

to cancer cells and the controlled release of the drug can improve delivery and treatment 

outcomes. In this review, design considerations are provided for nano-therapeutics in oncology. 

Image shows heterogeneous intratumoral distribution of liposomes (bright red color) 90 nm in 

diameter (with permission from Yuan, F. et al. Cancer Res. 54, 3352–3356, 1994)
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Introduction

The selective accumulation of nanoparticles in tumors is attributed to the hyper-permeability 

of the tumor blood vessels that enables nano-scale molecules and particles to preferentially 

enter the tumor interstitial space and the dysfunction of intratumoral lymphatics that allow 

particles to stay in the tumor for a longer time1–3. This Enhanced Permeability and 

Retention (EPR) concept was first introduced in 1986 by two independent studies by Jain4 

and Maeda5. Both studies stressed the potential benefit of the use of nanotherapeutics in 

cancer. In subsequent years, the fact that EPR can also pose a barrier to the effective 

delivery of large therapeutic agents was also highlighted 1,6–8. Indeed, hyper-permeable 

tumor blood vessels can cause excessive fluid loss from the vascular to the interstitial space 

of the tumor, which reduces tumor perfusion and thus, can hinder the systemic delivery of 

nanoparticles 9–11. Furthermore, the hyper-permeability of the tumor vessels often results in 

uniformly elevated interstitial fluid pressure, which becomes comparable to the 

microvascular pressure and eliminates pressure differences across the tumor vessel wall and 

in the tumor interior 12–14. As a result, transvascular and interstitial flows diminish and thus, 

diffusion becomes the main mechanism of nanoparticle transport. Since diffusion decreases 

with the size of the drug, extravasation of large particles as well as intratumoral distribution 

is hindered 4,15–18. Despite these limitations in the use of nanoparticles to treat cancer, the 

first nanotherapeutic – Doxil - was approved for clinical use in 199519 and since then more 

cancer nanomedicines have entered the market, 20–24 which highlights the potential impact 

that nanomedicine can have on cancer therapy.
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Cancer nanomedicines in clinical use and in trials

Currently, clinically approved cancer nanomedicines make use of the EPR effect, i.e., 

passive accumulation into the tumor, and include (Figure 1): Doxil (or Caelyx) - an ~100 nm 

pegylated liposomal doxorubicin particle - approved for the treatment of HIV-related 

Kaposi’s sarcoma, metastatic ovarian cancer and metastatic breast cancer; DaunoXome - a 

50 nm liposomal daunorubicin particle - approved for HIV-related Kaposi’s sarcoma; 

Myocet - an 150–180 nm non-pegylated liposomal doxorubicin particle approved in Europe 

and Canada for metastatic breast cancers; Abraxane - a 10nm albumin-bound paclitaxel 

particle (following disintegration in plasma) - approved for metastatic breast cancer and 

recently for pancreatic ductal adenocarcinoma; Lipusu - a liposomal paclitaxel particle- 

approved in China for various cancers including breast cancers and non-small-cell lung 

cancer; Genexol-PM - a 20–50 nm Cremophor-free, polymeric micelle-formulated paclitaxel 

- approved in South Korea for metastatic breast cancer; MM-398 - an ~ 100 nm liposomal 

formulation of irinotecan - approved recently for the treatment of pancreatic ductal 

adenocarcinoma; and finally, PICN - a 100–110 nm formulation of paclitaxel stabilized with 

polymer and lipids - approved in India for metastatic breast cancer and currently in clinical 

trials in the US (Table 1).

As shown in Table 1, the major advantage of the clinically approved nanoparticle 

formulations compared to conventional chemotherapy is that they are associated with 

significantly less adverse effects, and in most cases toxicities are different from those of the 

active drug. In some cases, these nanoparticles were developed to reduce specific severe 

adverse effects of chemotherapy. For instance, doxorubicin is known to cause cardiotoxicity 

in breast cancer patients. Encapsulation of the drug in a liposomal formulation, such as in 

Doxil or Myocet, decreased the amount of the drug that was delivered to the heart and thus, 

ameliorated cardiotoxicity significantly 27. In another case, taxanes, namely paclitaxel and 

docetaxel, are administered with synthetic solvents to enhance solubility. Specifically, 

paclitaxel contains castor oil (Cremophor EL) and docetaxel contains polysorbate 80. These 

solvents directly contribute to severe toxicities including hypersensitivity reactions and 

peripheral neuropathy. Abraxane and PICN have the ability to cause limited hypersensitivity 

reactions 30,36. Apart from reducing severe adverse effects, encapsulation of chemotherapy 

into nanocarriers can improve the pharmacokinetics of the therapeutic agent and particularly 

the blood circulation time. In general, the longer the drug stays in the circulation, the better 

are the chances to extravasate into the tumor through the EPR effect, but at the same time it 

should not extravasate to normal tissues. Remarkably high circulation times are achieved 

with Doxil, due to the pegylation of its outer surface that prevents interactions with serum 

proteins 23.

Nanoparticle formulations currently in clinical trials are shown in Table 2. The advances in 

nanotechnology have introduced a large variety of nanoparticle formulations, which 

includes: polymers (e.g. micelles), dendrimers, liposomes, quantum dots, gold and silica 

particles as well as magnetic and carbon-based formulations 23,37. Tables 1 and 2, 

respectively, list the liposomes and polymer particles that have, thus far, been approved and 

are in clinical trials 38. Furthermore, MCC-465, SGT-53, BIND-014 and CALAA-01 

contain targeting ligands for preferential binding to cancer cells. Specifically, MCC-465 is 
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tagged with the F(ab′)2 fragment of human monoclonal antibody GAH, which preferentially 

binds to neoplastic stomach tissues 39; SGT-53 utilizes an anti-trasferrin single-chain 

antibody fragment (scFv) that targets to cancer cells through the transferrin glycoprotein 

receptor, which is highly expressed in many cancer cells 40; BIND-014 contains the ACUPA 

moiety, a targeting ligand that mediates molecular interactions between nanoparticles and 

prostate specific membrane antigens (PSMA) expressed on prostate cancer cells and in non-

prostate solid tumor neovasculature 41 and CALAA-01 contains human transferrin as a 

targeting ligand for binding to transferrin receptors, which as mentioned earlier is 

upregulated on cancer cells 42,43. Nanoparticle targeting to cancer cells can be beneficial for 

the delivery and treatment efficacy of the drug, but as we discuss later in this review, in 

certain circumstances it might inhibit uniform distribution of the drug in the tumor. The size 

of the nanoparticles presented in Table 2 is in the range of 20 – 150 nm, similar to the size of 

the clinically approved particles. Binding affinity and particle size are important parameters 

for the delivery of nanoparticles as well as particle surface charge, shape and drug release 

rate. In the following sections, we discuss how these parameters affect delivery to and 

within the tumor and propose design strategies for improving treatment.

Design considerations

Delivery of blood-borne therapeutic agents to solid tumors is determined by the circulation 

time of the particles within the vascular network, the ability of the particles to cross the 

tumor vessel wall into the tumor interstitial space, the interstitial transport of the particles 

within the tumor and finally, their ability to bind to cancer cells, release the drug that can get 

internalized by cancer cells 3,8.

Vascular transport

Systemically administered nanoparticles - provided they are not toxic - should be able to 

circulate in the blood for a long time to have higher chances to reach the tumor vasculature 

and extravasate into the tumor tissue. At the same time, these nanoparticles should not cross 

the vessel wall of normal tissues and cause adverse effects. The pore cut off size of the 

normal vessel wall is in the range of 6–12 nm 46, which suggests that nanopartices should be 

larger than this size range. Additionally, clearance from the blood circulation is performed 

by filtration in the kidneys or by the reticuloendothelium system in the liver and the spleen. 

Renal clearance is very rapid for particles with hydrodynamic diameter smaller than 5–6 nm, 

while clearance by the liver and the spleen is rapid for large particles, above 200 nm in 

diameter 47–50. For nanoparticles within the range of 6 to 200 nm, studies have shown that 

blood half-life decreases as the particle diameter increases, provided the surface chemistry 

remains the same 51,52.

As far as the particle shape is concerned, filamentous micelles have circulation times about 

ten times longer than their spherical counterparts, while nanotubes with diameters less than 

2nm have rapid clearance from the kidneys, which reduces drastically their circulation 

times 53,54. However, nanorods 15 nm in diameter and with an aspect ratio of approximately 

4, have shown similar circulation times to spherical particles of equal hydrodynamic radius 

(35 nm), suggesting that elongated particles with diameters above 10 nm cannot be cleared 

easily from the vascular network 55. Finally, surface chemistry and charge density play a 
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crucial role for the vascular transport of nanoparticles. The higher the charge of the particles 

(anionic or cationic), the greater their clearance from the reticuloendothelial system 50. 

Furthermore, cationic particles induce opsonization, i.e., binding of plasma proteins to their 

surface that signals immune cells 56. Hence, it would be preferable for the nanoparticle 

formulations to have a near neutral charge.

A common practice of surface functionalization is the passivation of the particle by adding a 

neutral layer of polyethylane glycol (PEG) to its surface (PEGylation) 57,58. PEGylation 

prevents opsonization and phagocytosis by the cells of the reticuloendothelium system (e.g. 

Kupfer cells, phagocytes, etc.) creating “stealth” nanoparticles and allowing long circulation 

times. The molecular weight and PEG density of the coating are determinant factors for the 

efficiency of PEGylation. PEG molecular weight ranging from 2000 to 5000 g/mol was 

found to cause maximal reduction in protein adsorption when it was applied to relatively 

large polymeric particles with a size range of 160–270 nm 59. The ideal density of PEG is 

highly dependent on the material the nanoparticle is made of 60,61. Except for PEG, other 

hydrophilic and neutral polymers have been also used to prolong blood circulation times, 

including zwitterionic and carbohydrate coatings 62,63.

In conclusion, PEGylated nanoparticles with a hydrodynamic diameter above 12 nm but less 

than 200 nm can in general ensure sufficient circulation times and seem to selectively reach 

tumors.

Transvascular transport

The transport of nanoparticles across the tumor vessel wall and into the interstitial space of 

the tumor is the transport step that the EPR effect is associated with. The primary design 

condition is that particles should be able to pass through the pores of the leaky tumor vessels 

but not the pores of the normal vessels. As mentioned above, in normal tissues the pore cut 

off size of the vessel wall ranges from 6 to 12 nm 46. This is the largest size of proteins, 

molecules and particles in the blood that can cross the vessels wall and thus, in order for 

nanoparticles to selectively accumulate in the tumor tissue they should have a size larger 

than that. Transvascular transport depends on the difference between the microvascular and 

interstitial fluid pressure as well as the interactions between the particle and the vessel 

wall 1,17. The interstitial fluid pressure is in large part controlled by the permeability of the 

vessels and by lymphatic dysfunction. Some tumors have large intercellular openings in the 

endothelial lining 64. In this case, excessive fluid flows from the vascular to the interstitial 

space and insufficient drainage due to the dysfunctional lymphatic system causes the 

accumulation of the fluid in the tumor and the elevation of the interstitial fluid pressure. As a 

result, the interstitial fluid pressure can be as high as the microvascular pressure, which 

eliminates pressure differences and the only mechanism of transport is diffusion - a 

mechanism that is inversely related to the size of the particles (Figure 2A) 1,13,14,65–67.

The interactions between the particle and the openings of the tumor vessel wall can be of 

three types: steric due to collisions of the particle with the wall, hydrodynamic due to 

hydrodynamic forces induced by the motion of the particle within the fluid medium, and 

electrostatic due to electrostatic repulsion or attraction between charged particles and the 

negatively charged glycocalyx on the surface of the vessel wall 17,68,69. All these types of 
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interactions are controlled by the relative size of the particle to the openings of the wall 69. 

The smaller this ratio, the less important the effect of the interactions becomes, and the 

transport is not hindered. Whereas as the particle size approaches the size of the openings, 

the interactions become more important, the transport is hindered and finally the particle 

will not be able to pass through the wall. Our calculations 17 suggest that neutral particles 

with a diameter larger than 60% of the openings of the vessel wall will be excluded due to 

steric interactions.

From the above analysis we conclude that for very permeable tumors (e.g., openings larger 

than 200 nm) the transport of particles of all sizes will be hindered due to the elevated 

interstitial fluid pressure. For less permeable tumors, there will be a pressure difference 

across the vessel wall, which will enhance the penetration of the particles but as the size of 

the openings becomes smaller even though the pressure difference increases, large particles 

might be excluded due to interactions with the vessel wall. Therefore, there is a size-

dependent delivery of nanoparticles from the tumor vasculature into the interior of the 

tumor, which will benefit only small particles with sizes usually less than 60 nm (Figure 

2B) 16–18,70. Therefore the transport of particles larger than 60 nm, such as Doxil, will be 

always limited, while the transport of smaller particles can be optimized for low or 

moderately permeable tumors. Note that even though MM-398 is of the same size as Doxil, 

it has been clinically approved for the treatment of pancreatic ductal adenocarcinomas, 

which are considered to be poorly permeable 10,71. The potency and release rate of the drug 

as well as the number of drug molecules a nanoparticle can carry (i.e., load capacity) are 

equally important design parameters that determine the uniform distribution of the drug into 

the tumor and thus, the efficacy of the nanoparticle formulation. Other nanoparticles whose 

efficacy depends on controlled drug release include IMMU-130, an anti-CEA-SN38 

conjugate, which does not internalize into cancer cells but releases SN-38 that attacks cancer 

cells 72 and antibody drug conjugates that target cancer cells or tumor stromal components 

(collagen, fibrin) and then release the therapeutic load in a controlled fashion 73.

Electrostatic interactions depend not only on the relative size of the particles versus the 

pores but also on the distance around the particle that these interactions become important 

(i.e., the Debye length). For physiological conditions (ionic strength 0.15 M) the Debye 

length is 1–2 nm and thus, only when the particles come very close to the wall, they will 

interact. As a result, electrostatic repulsions of anionic particles with the negatively charged 

vessel wall are usually not very important and thus, transvascular transport is not affected 

considerably. Electrostatic attraction of cationic particles to the vessel wall might, however, 

increase transvascular transport because the particles from the blood vessels come closer to 

the vessel wall and have a higher propensity to extravasate (Figure 2C). Notice, that because 

these particles travel with the velocity of the fluid, some of them might not bind to the vessel 

wall and go through the wall openings into the tumor interstitial space. Indeed, experimental 

and theoretical studies have shown that cationic nanoparticles have superior transvascular 

flux compared to their anionic or neutral counterparts 69,74–78. Furthermore, studies using 

zwitterionic quantum dot particles have shown that the spatial configuration of the surface 

charge plays also a role in the amount of the particles that crosses the vessel wall 79. 

Specifically, when surface modification includes both anionic and cationic molecules (e.g., 
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carboxylate and sulfonate groups), transport is enhanced when the cationic group is exposed 

to the tumor vessel wall.

As far as the effect of particle shape is concerned, transvascular flux of elongated particles, 

such as nanorods, is superior compared to spherical particles of equal hydrodynamic 

diameter (Figure 2D,E) 55,80. This could be explained by the fact that non-spherical particles 

traveling in the blood stream interact more actively with the vessel wall as they exhibit 

tumbling and rolling motions 81. Therefore, elongated nanoparticles have a higher 

probability to be in the proximity of the vessel wall and cross it. In addition, even though it 

has not been elucidated yet, we speculate that steric and hydrodynamic interactions are 

lower for elongated particles. These interactions might become more complex for hollow 

particles such as carbon nanotubes, which is expected to hinder transvascular transport 82.

In conclusion, spherical nanoparticles with diameters in the range of 12 – 60 nm, elongated 

particles with similar hydrodynamic diameters and cationic particles are likely to have 

superior extravasation into the tumor tissue.

Interstitial transport

Similar to trasvascular transport, interstitial transport is controlled by the gradients of the 

interstitial fluid pressure within the tumor as well as by steric, hydrodynamic and 

electrostatic interactions between the particles and the openings (pores) of the interstitial 

space (Figure 3A) 83–85. Interstitial fluid pressure is uniformly elevated in the interior of the 

tumor eliminating any pressure difference and rendering diffusion the main mechanism of 

transport. Furthermore, in the periphery of the tumor, the fluid pressure drops rapidly to 

normal values creating a steep pressure gradient, which can push nanoparticles concentrated 

in the periphery of the tumor into the surrounding tissues 66,86,87.

Diffusion is inversely proportional to particle size and it depends on the interactions of the 

particles with the extracellular fibers (Figure 3B). When the particle size is much smaller 

than the size of the interstitial pores (e.g., for low fraction of fibers or for small size drugs 

such as chemotherapeutic agents) steric and hydrodynamic interactions are not 

important 85,88. However, the desmoplastic response observed in many tumors over-

produces extracellular fibers and the pores can be on the order of 100 nm or smaller. As a 

result, particles or macromolecules with a hydrodynamic diameter larger than 50 nm might 

not be able to effectively and uniformly diffuse in the tumor interstitial space 83,89–91. 

Therefore, even if nanoparticles are able to cross the hyper-permeable tumor vessels, they 

might not be able to penetrate deep into the tumor interior, and thus, concentrate in the 

perivascular regions 51,92 or end up to the surrounding normal tissue if the particles are 

concentrated at the tumor periphery, as discussed in the previous paragraph. In these cases, 

the efficacy of the nanoparticles depends largely on the drug release rate, which also 

determines the distribution of the drug into the tumor. In contrast, the diffusivity of particles 

smaller than 5 nm is minimally hindered 83 and thus, these nanoparticles should be able to 

effectively diffuse into the tumor tissue. Therefore, nanoparticles with a diameter in the 

range of 5 to 50 nm would, in general, distribute more homogeneously within the 

tumor 51,52.
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Electrostatic interactions also play a crucial role in the intratumoral distribution of 

nanoparticles. Collagen fibers have a slightly positive charge, while hyaluronic acid has a 

high negative charge. Therefore, both cationic and anionic particles will develop 

electrostatic repulsion and attraction with charged fibers 84,93. The magnitude of these forces 

is governed by the Debye length. As mentioned earlier, for physiological conditions this 

length is 1–2 nm, and thus, particles have to come very close to the fibers to sense any 

electrostatic forces. In the case of oppositely charged fibers, when a particle approaches the 

fibers within a distance of a few Debye lengths, it is likely to stick to the fibers and form 

aggregates93. Electrostatic repulsions even though hinder the diffusivity of the particle 

cannot drastically affect the diffusion (Figure 3C) 84. Therefore, neutral particles can more 

homogeneously distribute in the tumor compared to their cationic or anionic counterparts.

As with the transport through the openings of the tumor vessel wall, non-spherical particles 

and macromolecules can more effectively diffuse into the extracellular space of the tumor 

compared to spherical particles of equal hydrodynamic diameter (Figure 3D) 55. Elongated 

particles should exhibit lower steric and hydrodynamic interactions with the fibers and 

diffuse faster in the direction of their long axis. A distinction should be made, however, 

between rigid and flexible nano-sized rods, as the latter would have a different diffusion 

mechanism and exhibit greater diffusivities than rigid rods or spheres of similar 

hydrodynamic size 94.

In conclusion, spherical particles with a diameter of 5 – 50 nm, elongated particles with 

similar hydrodynamic diameters and neutral particles are ideal to optimize nanoparticle 

penetration in the tumor interstitial space. Obviously, there is a better penetration for smaller 

particles, but very small particles might be cleared rapidly from the tumor tissue due to 

limited retention. As discussed earlier for transvascular transport, the efficacy of particles 

larger than 50 nm will depend on the release kinetics of drugs from these particles.

Intracellular transport

Efficient and homogeneous distribution of nanomedicines in solid tumors is directly related 

to better treatment outcome 17. Some nano-scale drugs might, however, require intracellular 

delivery, while others could release the anti-cancer agents once they are in the tumor 

microenvironment. In the former case, the efficacy of nanotherapy might be further 

improved by accounting for the effects of size, surface charge and shape on cellular 

internalization. For spherical particles, it has been shown that particle size might determine 

the mechanism of internalization and the amount of nanoparticle uptake 95. Indeed, 

researchers have found both experimentally and with the use of mathematical modeling that 

internalization is maximized for a range of particle sizes 96–98. For gold and silver 

nanoparticles in the size range of 2–100 nm, particles of sizes 40–50nm were able to more 

effectively bind and induce receptor-mediated endocytic processes 99. Additionally, it has 

been shown that nanoparticles with a size larger than 50 nm are more likely to be excluded 

from the cell nucleus 100.

As far as particle surface charge is concerned, cationic particles seem superior compared to 

neutral or anionic particles, even though the results are still not conclusive 101,102. The 

cellular membrane is covered with negatively charged sulfated proteoglycans, which attract 
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cationic particles 103. As a result, in vitro experiments have shown that cationic 

nanoparticles outperform their anionic counterparts 101,102. Surface charge might also 

determine the uptake mechanism 104.

Finally as for the particle shape, it has been shown that for particles less than 100 nm in size, 

spherical nanoparticles are internalized more effectively than rod shaped, elongated 

particles 98. For larger sizes, however, internalization is faster and more efficient for 

elongated particles (high aspect ratio) 105. Additionally, the local geometry of the particle at 

the contact point with the cell determines whether it will be internalized or not 106. 

Specifically, internalization is more effective when rod-like particles align perpendicular to 

the cellular membrane as opposed to parallel alignment, carrying a positive charge. It should 

be noted, however, that many of the particles used in these studies were in the micro-meter 

size range, much larger than the formulations used in nanomedicine and most of the findings 

are based on in vitro experiments, which might be different from the in vivo situation. Thus, 

the relevance of shape in cellular internalization of nanoparticles in vivo remains to be 

shown.

In conclusion, further studies are required to better understand the effect of particle’s 

physical properties on cellular uptake. Moreover, nanoparticles that release their therapeutic 

load once they enter the tumor microenvironment do not need to be internalized.

Multifunctional and stimuli-responsive drug delivery systems

Nanoparticle delivery systems apart from acting as drug-carriers might have other functions 

as well 107. Such functions often involve the controlled release of the therapeutic agent from 

the nanoparticle, employment of targeting agents (e.g., antibodies, peptides) for specific 

binding of the particles to cancer cells or other target in the tumor microenvironment or an 

imaging agent for diagnostic purposes 108–114. Furthermore to trigger drug release, 

nanoparticles might be responsive to a stimulus in the tumor microenvironment (e.g. pH, 

temperature, redox, enzyme activity) or a stimulus applied externally to the tumor (e.g. heat, 

light, magnetic field, ultrasound) 112,115–119. These multifunctional nanoparticle systems are 

promising because they can perform several therapeutic and diagnostic tasks simultaneously 

and trigger local release in the tumor tissue. Careful design of their properties is, however, 

required so that delivery is optimal. In addition, increased sophistication is likely to result in 

an increase in the size of the particle, which will hinder its transport across the tumor vessel 

wall and its penetration into the tumor interstitial space. From the nanoparticle formulations 

currently in clinical trials (Table 2), MCC-436, SGT-53, BIND-014 and CALAA-01 aim to 

selectively target cancer cells with targeting agents, while Thermodox is a heat activated 

liposome containing doxorubicin. Targeting elements can also be specific peptides that 

interact with the tumor vasculature and tissue to enhance nanoparticle penetration. Tumor-

penetrating peptides used to enhance nanoparticle delivery include iRGD, NGR, LyP-1, and 

F3120. Nanoparticle formulations successfully tested with penetration peptides include 

doxorubicin liposomes, Abraxane, micelles, iron oxide particles, quantum dots and 

hydrogels 121–126.
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Targeted nanomedicines: the interplay among interstitial diffusion, drug 

release rate and binding affinity

For the case of targeted nanoparticles, additional design considerations are necessary. Once 

the nanoparticle enters the tumor interstitial space, a competition of three mechanisms 

determines its efficacy: i) the penetration of the nanoparticle into the tumor, described 

primarily by its interstitial diffusivity, D ii) the rate of release of the anti-cancer drug, 

described by the release rate constant, Krel, and iii) the binding affinity of the nanoparticle or 

the released drug to cancer cells, described by the binding rate constant Kon (Figure 4A,B). 

A very rapid release of the drug before the nanoparticles have penetrated deep into the tumor 

might cause heterogeneous drug distribution, while a very slow release might result in most 

of the nanoparticles to have already cleared from the tumor. Furthermore, a very high 

binding affinity of the nanoparticles will result in accumulation near the blood vessels, from 

which nanoparticles have extravasated. Finally, it is also possible for the released drug to 

bind rapidly to cells, which causes nonuniform and incomplete intratumoral distribution 127. 

The delivery barrier due to high binding affinity of the drug or the nanoparticle is also 

known as the “binding-site barrier”, which poses limitations for cancer cell targeted 

nanoparticles 128–130. By including effects of nanoparticle transport and binding and the 

release of the drug, we estimated that the penetration of nanoparticles from tumor blood 

vessels would decrease with the distance from the vessel wall, x, exponentially 

approximately as Ae−x/Li, with a characteristic length scale, Li, given by 131

Ki is the release or binding rate constant, D the diffusion coefficient and v is the interstitial 

fluid velocity of the interstitial space. In the interior of solid tumors, the uniformly elevated 

fluid pressure often eliminates interstitial flow and thus, the characteristic lengths become Li 

= (D/Ki). This equation highlights the competition between interstitial diffusion and binding 

and/or drug release rate. The distance to which the nanoparticle penetrates from the vessel 

wall can be estimated by the characteristic lengths with longer lengths generally providing 

more uniform drug distribution, but potentially at the cost of lower concentrations of the 

drug. Based on these considerations, we conclude that deep penetration into the tumor 

requires either a high diffusion coefficient (i.e., small size particle) or a low drug release rate 

and binding affinity of the nanoparticle or the drug.

These results reconcile the contradictory experimental data regarding the effect of 

nanoparticle targeting to cancer cells on their therapeutic outcome24,132,133. Specifically, 

some preclinical and clinical studies have shown that antibody-conjugates and nanoparticles 

equipped with targeting moieties to recognize and bind to cancer cells increased 

intratumoral penetration and efficacy 41,43,45,122,123,134. In contrast, other studies suggest 

that nanoparticle binding increases intracellular drug accumulation but not the intratumoral 

distribution and the efficacy of the drug 133,135,136.
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Apart from the drug release rate and affinity, the loading capacity of a nanoparticle is 

another parameter that should be taken into account. Obviously, the higher the efficiency of 

a nanoparticle to encapsulate cytotoxic agents the better its efficacy is expected to be. 

Except for the type of the drug, design parameters that affect loading capacity are the size of 

the particle, the material that it is made of and the mechanism of entrapment (i.e., physical 

entrapment, coordinate bonding, chemical conjucation, etc.). Larger nanoparticles of the 

same material have been found to have a higher drug content and efficiency 137, without this 

being a general rule 138. For instance, in the case of polymeric micelles, Genexol-PM has a 

size of 20–50 nm, and loading capacity of 16.7%, NK105 has a size of 85 nm and exhibits 

drug loading of 23%, and NC-6004 has a size of 20 nm, and loading capacity of 39%. 

Genexol-PM and NK105 particles carry paclitaxel, which is physically entrapped into both 

micelles, while NK-6004 particles carry a different drug (cisplatin) via coordinate 

bonding 139. Drug release rates depend on drug loading, particle degradation and diffusivity 

of the drug molecules through the particle. For stimuli-responsive nanoparticles release rates 

will also depend on the intensity and efficiency of the stimulus. In any case, the ideal 

condition is for the nanoparticle to allow release of the drug only when it enters into the 

tumor tissue 61.

Design strategies to optimize delivery

A summary of the design guidelines described in the previous sections is presented in Table 

3. Along with this information, which deals with the delivery aspect, we need also to take 

into account the drug loading and release rate of the nanoparticle as well as its, targeting 

capability (Figure 4). As this review focuses on the optimal delivery of nanoparticles, we 

propose three different design strategies.

Small size nanoparticles

Nanoparticles with neutral charge and a size range of 12–50 nm would be ideal as far as 

transport is concerned. Such particles should have long circulation times and effective 

transvascular and interstitial transport. Therefore, they will distribute homogeneously and in 

larger amounts in the tumor interstitial space, which will also increase their intracellular 

delivery. From formulations currently in clinical use, micellar polymeric particles (i.e., 

NC-6004, NC-4016, NC-6300, and Genexol PM) as well as Abraxane and CRLX101 reside 

within this range. Liposomal formulations usually have a larger size in the range of 100 nm 

(e.g. Doxil, MM-398, TIL, VIL, Thermodox). Furthermore, increased sophistication to 

incorporate targeting ligands and/or controlled-release of the therapeutic load would 

increase the size of the particles. For instance, MCC-465 and SGT-53 are targeted liposomes 

with sizes > 100 nm, while BIND-014 and CALAA-01 are polymeric nanoparticles with 

sizes of 100 and 75 nm, respectively. Whether increased sophistication of nanomedicines 

overcomes delivery barriers posed by their large size will depend not only on the 

nanoparticle properties and drug-release kinetics but also on the tumor type.

Elongated nanoparticle formulations

Elongated nanoparticles with neutral charge appear to have an advantage over spherical 

nanoparticles particularly due to their improved transport through the pores of the tumor 
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vessel wall and interstitial space 55. In addition, elongated particles can have comparable 

blood circulation times with their spherical counterparts. Therefore, from the transport point 

of view there is a strong argument for the use of non-spherical particles such as nanorods or 

discoidal particles. Another parameter not mentioned thus far in our analysis is the rigidity 

of these particles. There is evidence that flexible particles of low elastic properties might 

have longer circulation times 54,140,141. They are also expected to diffuse faster than rigid 

particles across the vessel wall and in the interstitial space due to their flexibility, and they 

will have weaker steric interactions with the structural components of the pores 94. In 

addition, the advantageous transport properties of elongated particles would allow the use of 

larger formulations, which would increase their loading capacity. Finally, as far as the 

surface properties are concerned, it is a well-established strategy for the nanoparticles to be 

PEGylated in order to avoid reticuloendothelial clearance. As a result, particles usually have 

a neutral or near neutral charge, which can be also beneficial for interstitial transport into the 

tumor tissue.

Multistage nanoparticle delivery systems

Fukumura et al 142 proposed a multistage system consisting of the primary particle that is 

loaded with smaller secondary particles, which in turn contain the therapeutic agent (Figure 

4). From Table 3, we conclude that nano-carriers when injected into the blood have to be 

relatively large in order to ensure long circulation times, carry a large amount of secondary 

particles and therapeutic agents and avoid delivery to normal tissues. Additionally, the nano-

carriers should be able to effectively cross the wall of tumor vessels. Therefore as far as 

transport is concerned, a particle size spanning from 12 to 60 nm would be ideal. However, 

if we account for their load capacity, particles as large as 100 nm might be also considered, 

particularly for hyper-permeable tumors. Once it enters the tumor interstitial space, the 

nano-carrier has to have efficient and homogeneous penetration into the tissue. This can be 

achieved by designing the delivery system such that the secondary particles are 5–10 nm in 

diameter. Finally, therapeutic agents carried by the secondary particles should be released to 

reach the cancer cells. Adding one more stage to the conventional nanoparticles might 

improve the distribution of the drug into the tumor and enhance the efficacy of the 

treatment. With the use of mathematical modeling, we found the benefit of multistage 

systems to be more pronounced for high binding affinities between drug molecules and 

tumor components 131; however, this prediction needs to be tested experimentally.

Release of secondary particles inside the tumor can be achieved by making the particles 

responsive to the properties of the microenvironment. pH-responsive nanoparticles aim at 

utilizing the acidic microenvironment of many tumors. However, the decrease in pH is 

relatively small and occurs in a distance of several hundreds of micro-meters from the blood 

vessels 143. Therefore, the particles need to be small enough to be able to diffuse into the 

acidic regions. Another approach that seems to be promising is the multistage particles 

whose size decreases in response to activated enzymes (MMPs) that are abundant in the 

microenvironment of many tumors or by hydrolysis 142,144. An advantage of enzyme 

responsive systems is that MMPs (e.g., MMP-2 and MMP-9) are involved in tumor 

angiogenesis and cancer cell invasion and metastasis. Degradation of interstitial collagen by 

MMPs creates spaces for new vessels and movement of cells. Levels of MMP-2 and MMP-9 
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are high in perivascular regions and at the tumor margin where high vascular densities are 

observed and these are also the regions where nanoparticles are most likely to extravasate. 

MMPs are present in lower amounts in the blood plasma and in normal tissues, however, 

and thus, the kinetics of nanoparticle degradation must be carefully adjusted so that the 

system is responsive only in the tumor microenvironment.

Closing remarks

In our analysis we focused on the effect of the physical properties of nanoparticles and we 

considered for passive delivery through the EPR effect. Stimuli responsive nanoparticles 

exist that respond to an internal stimulus of the tumor microenvironment such as pH, 

temperature, enzyme activity, Redox or an external source and particularly to a magnetic 

field, ultrasound, heat or light. The stimulus is used either to increase the concentration of 

the nanoparticles in the tumor site or to locally activate the particles in order to release the 

drug 115,116. Furthermore, nanoparticles targeting cancer cells and use of tumor penetration 

peptides are other strategies that have the potential to increase specificity and efficacy of 

drug delivery systems.

Delivery of nanomedicines to solid tumors depends both on the tumor microenvironment 

and the properties of the nanoparticle formulations. Our analysis was focused on the 

nanoparticle side and provided general guidelines for optimal design. These design 

guidelines can be further specified if one accounts for the particular characteristics of tumor 

types, such as the permeability of the tumor vessels and the degree of tumor perfusion, as 

well as the density and composition of the tumor extracellular matrix 1,3,8. Tumor blood 

vessels can be divided into hyper-permeable (e.g. some breast carcinomas) or moderately 

permeable (e.g. pancreatic neuroendocrine tumors), well perfused with functional blood 

vessels (e.g. glioblastomas or liver cancers) or hypo-perfused with abundant dysfunctional 

vessels (e.g., pancreatic, breast, colon adenocarcinomas and sarcomas). Also, there are 

highly desmoplastic tumors, rich in collagen and hyaluronic acid (e.g. fibrosarcomas, soft 

tissue sarcomas, pancreatic cancers) and others that have a moderate desmoplastic reaction 

(e.g., liver cancers). These parameters of the tumor microenvironment affect the design of 

nanoparticles and can explain why nano-therapy might have different response among tumor 

types. Treatments to modify the tumor microenvironment in order to make the tumor more 

accessible to nanomedicines are emerging and need to be exploited for improved 

outcomes 3,17,90,145–149.
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Figure 1. 
Chronology of first clinical approvals of nanomedicines after the introduction of the EPR 

effect. Myocet is approved only in Europe and Canada, Lipusu in China, Genexol-PM in 

South Korea and PICN in India. The size of nanoparticles given in parenthesis is 

approximate. *Abraxane becomes ~10 nm in size from ~130 nm following disintegration in 

the blood 17. The size of Lipusu is not available.
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Figure 2. 
Effect of particle physicochemical properties on transvascular transport. A.) Interstitial fluid 

pressure, Pi, in solid tumors is elevated and is approximately equal to microvascular 

pressure, Pv, which eliminates transvascular pressure gradients and renders diffusion the 

dominant mechanism of transport. Spherical particles move with the flow, while elongated 

particles rotate as they move and interact with the vessel wall. Cationic particles are 

concentrated near the vessel wall owing to electrostatic attractions. B.) Transvascular 

transport of nanoparticles is size-dependent, with small nanoparticles, less than 60 nm in 

diameter, able to effectively extravasate (adapted with permission from 52). C.) Cationic 

nanoparticles have superior transvascular flux in solid tumors, with q [Coulomb/m2] being 

the surface charge density (simulation results obtained with permission from 69) and D. and 

E.) Rods can more effectively extravasate into the tumor compared with spherical particles 

of the same hydrodynamic diameter. Asterisk denotes a statistically significant difference 

(obtained with permission from 55).
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Figure 3. 
Effect of particle physicochemical properties on interstitial transport. A.) Interstitial fluid 

pressure is often uniformly elevated rendering diffusion the main mechanism of interstitial 

transport within the pores of the collagen network in the tumor interstitial space (adapted 

with permission from 85). B.) Size-dependent interstitial diffusivity as a function of the 

hydrodynamic radius for diffusion in PBS, the dorsal skin and the brain (with permission 

from 83). C.) Simulation results for the effect of electrostatic repulsion on interstitial 

diffusivity. Normalized diffusion is the ratio of the diffusion coefficient in the tissue over the 

diffusion coefficient in water and λ is the ratio of particle radius divided by the fiber radius 

(with permission from 69). D.) Effect of particle shape on the interstitial transport of 

nanoparticles. Intratumor distribution refers to the area of tumor sections occupied by the 

particles and the distribution of the spherical and rod-like particles in a tumor section 

(Bottom). Asterisk denotes a statistically significant difference (with permission from 55).
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Figure 4. 
Effect of binding affinity and drug release rate on the efficacy of two-stage and multistage 

drug delivery systems. A.) Conventional, two-stage delivery systems are composed of the 

nano-carrier and the drug. The drug is released by the nano-carrier in a controlled fashion. 

B.) Optimization contour plot of the fraction of killed cells as a function of the binding 

affinity of the drug and the drug release rate. C.) Multi-stage drug delivery systems consist 

of an extra step in the delivery of nanomedicines to solid tumors including a primary 

nanoparticle, a secondary nanoparticle and the drug. D.) Optimization contour plot for a 

multi-stage delivery system (Adapted with permission from 131).
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Table 1

Nanoparticle formulations clinically approved for treatment of solid tumors. Indications, survival benefit and 

reduction in adverse effects (adapted and updated from Ref1).

Drug Indication Survival benefit
Benefit on adverse 
effects

Doxil/Caelyx (Pegylated liposomal 
doxorubicin)

HIV-related Kaposi’s sarcoma No statistically significant 
increase in overall survival (23 
weeks) versus doxorubicin, 
bleomycin and vincristine 
treatment (22.3 weeks) for 
HIV-related Kaposi’s 
sarcoma. 25

Statistically significant 
decrease in nausea/
vomiting, alopecia and 
peripheral neuropathy. 25

Metastatic ovarian cancer Statistically significant 
increase in overall survival 
(108 weeks, P = 0.008) versus 
topotecan treatment (71.1 
weeks) for platinum-sensitive 
patients with ovarian cancer. 26

Statistically significant 
decrease in neutropenia, 
anemia, 
thrompocytopenia, 
leukopenia and 
alopecia. 26

Metastatic breast cancer No statistically significant 
change in overall survival (84 
weeks) versus conventional 
doxorubicin (88 weeks) for 
first-line breast cancer 
patients.27

Statistically significant 
decrease in 
cardiotoxicity, alopecia, 
nausea/vomiting, and 
neutropenia. 27

DaunoXome (liposomal daunorubicin) HIV-related Kaposi’s sarcoma No statistically significant 
change in overall survival (52.7 
weeks) versus doxorubicin, 
bleomycin and vincristine 
treatment (48.9 weeks). 28

Statistically significant 
decrease in alopecia and 
neuropathy. 28

Myocet (liposomal doxorubicin) Metastatic breast cancer No statistically significant 
change in overall survival of 
Myocet and cyclophosphamide 
(49 months) versus 
doxorubicin and 
cyclophosphamide (48 
months). 29

Statistically significant 
decrease in 
cardiotoxicity and grade 
4 neutropenia. 29

Abraxane (albumin-bound paclitaxel) Metastatic breast cancer Statistically significant 
increase in overall survival 
(56.4 weeks, P = 0.024) versus 
polyethylated castor oil-based 
paclitaxel treatment (46.7 
weeks) for second-line 
patients. 30

Statistically significant 
decrease in neutropenia. 
No hypersensitivity 
reactions. 30

Pancreatic ductal adenocarcinoma Statistically significant 
increase in overall survival (8.5 
months, P <0.001) of Abraxane 
plus gemcitabine versus 
gemcitabine alone (6.7 
months). 31

Proportion of patients 
with serious adverse 
events was similar in the 
two treatment groups. 31

Lipusu (liposomal paclitaxel) Breast and non- small-cell lung 
cancer

No statistically significant 
difference in efficacy vs 
conventional paclitaxel. 32,33

Reduced 
hypersensitivity 
reactions. 32,33

Genexol-PM (micelle of paclitaxel) Metastatic breast cancer Overall response rate 58.5% in 
a Phase II trial. 34

Reduced 
hypersensitivity 
reactions. 34
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Drug Indication Survival benefit
Benefit on adverse 
effects

MM-398 (Liposomal formulation of 
irinotecan)

Pancreatic ductal adenocarcinoma Statistically significant 
increase in overall survival (6.1 
months, P<0.001)) with 
MM-398 plus 5-fluorouracil 
and leucovorin (5-FU/LV) 
versus 5-FU/LV (4.2 
months). 35

Most frequent adverse 
effects compared to 5-
FU/LV include 
neutropenia, fatigue, 
diarrhea and 
vomiting. 35

PICN (Paclitaxel injection concentrate 
for nanodispersion)

Metastatic breast cancer Not statistically significant 
difference in objective 
response rate compared to 
Abraxane. 36

No hypersensitivity 
reactions. 36
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Table 2

Examples of nanoparticle formulations currently in clinical trials.

Formulation Description Size (nm) In clinical trials for

Lipusu Liposomal formulation of 
paclitaxel

Not available Metastatic breast cancer (Phase IV, NCT02142790), advanced solid 
tumors (Phase IV, NCT01994031).

MCC-465 Targeted liposomal formulation of 
doxorubicin

143 Metastatic stomach cancer (Phase I/II in Japan).

SGT-53 Targeted liposomal formulation of 
p53 gene

115 Solid tumors (Phase I, NCT00470613), metastatic pancreatic cancer 
(Phase II, NCT02340117), refractory or recurrent solid tumors (Phase 
I, NCT02354547), recurrent glioblastoma (Phase II, NCT02354547).

PICN Paclitaxel injection concentrate 
for nanodispersion

100 Metastatic or recurrent breast cancer (phase I, NCT02136927), solid 
tumors in advanced stages (Phase I, NCT01305512, NCT01304303).

MM-398 Liposomal formulation of 
irinotecan

100 Gastric or gastro-esophageal junction adenocarcinoma (Phase II 44), 
pediatric solid tumors (Phase I, NCT02013336), various breast 
cancers (Phase I, NCT01770353), high grade gliomas (Phase I, 
NCT02022644).

TIL Liposomal formulation of 
topotecan

100 Small cell lung cancer, ovarian cancer, other advanced tumors (Phase 
I, NCT00765973).

VIL Liposomal formulation of 
vinorelbine

100 Advanced solid tumors (Phase I, NCT00364676).

Thermodox Heat-activated liposomal 
formulation of doxorubicin

100 Liver cancer (Phase III, NCT00617981, NCT02112656, Phase I, 
NCT02181075), breast cancer (Phase I/II, NCT00826085).

LiPlaCis Liposomal formulation of 
cisplatin

Not available Advanced or refractory solid tumors (Phase I, NCT01861496).

BIND-014 Targeted polymeric nanoparticle 
containing docetaxel

100 Prostate cancer (Phase II, NCT01812746, 41) and non-small cell lung 
cancer (Phase II, NCT01792479).

NK105 Micellar polymeric nanoparticle 
incorporating paclitaxel

85 Metastatic or recurrent breast cancer (Phase III, NCT01644890).

TKM- 080301 Liposomal formulation of PLK1 
siRNA

80 Neuroendocrine tumors, Adrenocortical carcinoma (Phase I/II, 
NCT01262235).

Atu027 Liposomal formulation of PKN3 
siRNA

Not Available Advanced or metastatic pancreatic cancer (Phase I/II, 
NCT01808638).

CALAA-01 Targeted polymeric nanoparticle 
containing gene silencing RNA

75 Various cancers (Phase I 45).

NC-6300 Micellar polymeric nanoparticle 
incorporating epirubicin

40–80 Various cancers (Phase I, in Japan)

NC-4016 Micellar polymeric nanoparticle 
incorporating oxaliplatin

40 Advanced solid tumors or lymphomas (Phase I, NCT01999491).

CRLX101 Cyclodextrin-containing polymer 
conjugated to camptothecin

30–40 Recurrent non-small cell lung cancer (Phase II, NCT01803269), 
metastatic renal cell carcinoma (Phase II, NCT02187302), ovarian/
tubal/peritoneal cancer (Phase II, NCT01652079, Phase I, 
NCT02389985), rectal cancer (Phase I/II, NCT02010567).

Genexol-PM Micellar polymeric nanoparticle 
incorporating paclitaxel

20–50 Metastatic breast cancer (Phase II, NCT01784120), head and neck 
cancer (Phase II, NCT01689194).

NC-6004 Micellar polymeric nanoparticle 
incorporating cispatlin

20 Locally advanced or metastatic pancreatic cancer (Phase III, 
NCT02043288) and non-small cell lung cancer (Phase I/II, 
NCT02240238).

Nanomedicine. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stylianopoulos and Jain Page 29

T
ab

le
 3

D
es

ig
n 

co
ns

id
er

at
io

ns
 f

or
 o

pt
im

al
 tr

an
sp

or
t o

f 
na

no
m

ed
ic

in
es

 w
ith

in
 s

ol
id

 tu
m

or
s.

P
ar

ti
cl

e 
pr

op
er

ty
V

as
cu

la
r 

tr
an

sp
or

t
T

ra
ns

va
sc

ul
ar

 t
ra

ns
po

rt
In

te
rs

ti
ti

al
 t

ra
ns

po
rt

C
el

lu
la

r 
up

ta
ke

O
pt

im
al

 o
ve

ra
ll 

co
nd

it
io

n

Si
ze

>
 1

2 
nm

 a
nd

 <
 2

00
 n

m
>

 1
2 

nm
<

 6
0 

nm
>

 5
 n

m
<

 5
0 

nm
~ 

50
 n

m
12

–5
0 

nm

Su
rf

ac
e 

ch
ar

ge
N

eu
tr

al
C

at
io

ni
c

N
eu

tr
al

C
at

io
ni

c
N

eu
tr

al
/s

lig
ht

ly
 p

os
iti

ve

Sh
ap

e
A

ny
 s

ha
pe

E
lo

ng
at

ed
 (

hi
gh

 a
sp

ec
t r

at
io

)
E

lo
ng

at
ed

 (
hi

gh
 a

sp
ec

t r
at

io
)

N
ot

 c
on

cl
us

iv
e

E
lo

ng
at

ed

Nanomedicine. Author manuscript; available in PMC 2016 November 01.


