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The field of nanomedicine has received much attention for its potential to allow for targeted
identification and treatment of tumors, while sparing healthy tissue. This promise has yet to be clinically
realized; instead nanomedicine has translated into clinical benefit via formulations that improve the
pharmacokinetics and toxicity profiles of toxic chemotherapeuticagents. In this perspective, we highlight
that several of the defining strategies for using nanoparticles intravenously to target solid tumors
have limited supporting data in animal studies. Namely, it does not appear that reducing macrophage
(and other cell type) uptake in vitro leads to better biodistribution in vivo, nor does increasing blood
circulation time nor active targeting. We suggest instead that the coming decade will primarily see
nanoparticles impact immunotherapy and local/pseudolocal cancer therapy.
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The field of nanomedicine, the use of nanomaterials to treat disease, has received much attention for its potential
to improve cancer imaging and therapy [1]. Ideally nanomedicines would allow for the targeted identification and
treatment of a tumor, while sparing healthy tissue. The promise of nanomedicine as a ‘magic bullet’ against can-
cer has yet to be realized in the clinic though it has led to an explosion of work in development of nanoparticle-
based medicines. Instead nanomedicine has translated into clinical benefit via formulations that improve the
pharmacokinetics and toxicity profiles of toxic chemotherapeutic agents [2.3]. In this perspective, we highlight
that several of the defining strategies for achieving ‘magic bullet’ distribution that have been attempted for the
past several decades have not generated strong data to support continuing these approaches. Namely, it does not
appear that reducing macrophage (and other cell type) uptake in vitro leads to better biodistribution 77 vivo,
nor does increasing blood circulation time nor active targeting. We suggest instead that the coming decade will
primarily see nanoparticles impact immunotherapy and local/pseudolocal cancer therapy.

Nanoparticles can be made of polymers, proteins, lipids or metals. Nonmetallic nanoparticles are the most
advanced therapeutically comprising 15 out of the 16 currently approved nanoparticle-based therapies in the
USA as 0f 2016 [5]. Despite their successful translation to the clinic, many of the basic questions on how these and
other nanoparticles behave in the body have not been answered. This is likely due in large part to the fact that
while polymeric nanoparticles are advanced clinically, they can be difficult to track 7z vive since they are organic
molecules that can be difficult to detect against the biological background and many of them are noncovalently
assembled making it difficult to ascertain if they are assembled or dissociated. Thus, for tracking, they are com-
monly modified with exogenous labels which may perturb the behavior of the particle and may also become
dissociated from the particle.

On the other hand, metallic nanoparticles, like gold nanoparticles or quantum dots, do not require an exog-
enous label; these particles generally remain intact following administration and are electron dense and easy to
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find in fixed cells using electron microscopy [6]. Additionally, it is possible to accurately quantify the levels of
gold nanoparticles using inductively coupled plasma mass spectrometry (7] due to the lack of background levels
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of gold in healthy or particle-free tissue; therefore, it is straightforward to determine the biodistribution of these
particles in mice after death. For these reasons, metallic nanoparticles can serve as model materials to study how
nanoparticles behave in complex and dynamic biological systems. The focus of this perspective will be on gold
nanoparticles for this reason. It is, of course, acknowledged that gold nanoparticles are an imperfect model sys-
tem for the other classes of nanoparticles but some general lessons can be learned.

Biodistribution: challenges in targeting tumor in preference to liver

The study of nanoparticles as drug delivery vehicles has generally been motivated by targeting tumors with
poorly formed and leaky vasculature. In 1986, Matsumura and Maeda described a phenomenon later termed the
enhanced permeability and retention effect (EPR effect) in tumors (s]. The EPR effect describes the increased
accumulation of particulates in the tumor due to a combination of fenestrations in the vasculature and poor lym-
phatic drainage from tumors. This EPR effect is considered the primary mechanism for the passive accumulation
of nanoparticles in tumors 77 vivo [9]. The fenestrations in the blood vessels act as a sieve leading to nanoparticles
being trapped in the perivascular space. Additionally, the impaired lymphatic drainage prevents the tumor from
efficiently clearing the nanoparticles allowing nanoparticles to accumulate at the tumor in greater quantities
than in healthy tissues. Many of the systems being developed today in the laboratory for tumor targeting rely
exclusively on this passive accumulation of nanoparticles in the tumor. While laboratory development of nano-
medicines depends on this EPR effect in rodents, the prevalence of this phenomenon in human tumors is unclear
with clinical evidence suggesting that the extent of EPR depends highly on the tumor type [10,11]. Moreover, this
passive accumulation also results in accumulation in the liver, due in part to the similar fenestrations in the blood
vessels that are a part of the normal physiology of the liver.

The liver functions to remove foreign material, including viruses, bacteria and nanoparticles from the blood-
stream, a role for which its physiology is well adapted [12]. Fenestrations in the endothelial cells allow for foreign
particulates to be trapped in a manner similar to the EPR effect. The physiology of the liver helps to explain why
nonspecific accumulation of nanoparticles within the liver is a major barrier to clinical translation of nanoma-
terials. Once trapped in the liver, nanoparticles have been reported to interact with hepatocytes, liver sinusoidal
endothelial cells, B cells and Kupffer cells 13] (Figure 1). Hepatocytes make up 60% of all the cells in the liver [14]
and are responsible for the metabolism of small molecule drugs and metabolites from the gut [15]. Endothe-
lial cells line the sinusoids. Fenestrations between the endothelial cells allow nutrients and blood to bathe the
hepatocytes. Kupffer cells, the liver’s resident macrophage population, are the primary phagocytic cells in the
liver [15-17). Kupffer cells make up 80-90% of the macrophages in the body [16]. Kupffer cells are known to
phagocytose foreign particulates and are thought to be the cell type responsible for most of the liver accumula-
tion [18-20]. As a direct consequence of their size, which can be advantageous for exploiting the EPR effect, there
is high accumulation of nanoparticles in the livers of tumor bearing animals. In a long-term study of injected
uncoated gold nanoparticles (3—7 nm), Singer ez a/. found that within 1 min of being injected 72% of the gold
nanoparticles were found in the liver [21]. Liver accumulation is a predominant problem for nanomedicines
administered intravenously.

Toward selective biodistribution

The field has extensively investigated and continues to investigate ways to control the biodistribution of nanopar-
ticles and shift the localization from primarily liver to predominantly tumor by increasing the rate of tumor
accumulation and decreasing the rate of liver accumulation. Overall, very modest progress has been made toward
this goal. Here we discuss several strategies that have been attempted and then the hypotheses underlying them
with an aim toward stimulating discussion of new hypotheses and approaches.

Toward selective biodistribution: active targeting

Active targeting is the use of a targeting ligand that binds preferentially to tumor cells to increase the rate of accu-
mulation of nanoparticles in a tumor. Antibodies [22,23], peptides [24.25] and small molecules [2¢] have all been used
to target nanoparticles to specific cells or tumors. /n vitro targeted nanoparticles show a greater association with
cells containing the target than the control nanoparticles [22]. However, experiments using gold nanoparticles in
vivo show conflicting evidence for the efficacy of tumor targeting. Some have seen the amount of nanoparticles
within the tumor increase when a targeting moiety is included, and others have seen no difference in the total
amount of nanoparticles localized within a tumor when a targeting moiety is included [27-29]. One potential rea-
son for the variability seen in targeting efficacy is the differences in model systems used. The most effective tar-
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Figure 1. Liver anatomy. The liver is comprised of hepatocytes, Kupffer cells and fenestrated endothelial cells. The
sinusoid is supplied with blood from the hepatic artery.
Reprinted with permission from Nature Reviews Immunology [4] © Macmillan Publishers Ltd (2006).

geting strategies, which show modest increases in tumor accumulation with the inclusion of a targeting moiety,
can be found in model systems using human targets in a mouse. Specifically the greatest increases in effect are
seen with the use of human antibodies that are not crossreactive with proteins in the mouse (Table 1). However,
when the targeting ligand is an antibody that binds to a target mouse protein no difference is seen between
targeted and nontargeted nanoparticles, likely due to the fact that despite the target being overexpressed in the
tumor the bulk of the target is found in healthy tissue since the tumor is so small relative to the rest of the animal
(Table 2). While the use of a human target in a mouse model may be effective, the results seen do not take into
account the expression of the target in other healthy tissues like would be seen in a clinical example. Performing
these experiments in a mouse model with a mouse target suggests that targeting will rarely increase bulk tumor
accumulation in humans though it may have effects in cellular localization.

Table 1. Human targets and targeting efficacy in mouse models of cancer.

Nanoparticle Target Tumor accumulation
Gold nanorod (HD =51, AR = 3) [30] EGFR 65 ppm* (24 h)
Gold nanorod (HD =51, AR = 3) uPAR 70 ppm* (24 h)
Gold nanorod (HD =51, AR = 3) Untargeted 45 ppm* (24 h)
Gold nanorod (HD =70, AR = 4.2) [31] EGFR 50% i.d. (24 h)
Gold nanorod (HD =70, AR = 4.2) Untargeted 10% i.d. (24 h)
Gold nanoparticles (5 nm) [32] EGFR 4.5 mg Au/g tissue*
Gold nanoparticles (5 nm) Untargeted 0.5 mg Au/g tissue*
Studies in the table are limited to gold nanoparticle studies that quantified tumor accumulation via inductively coupled plasma
methodologies and contained at least an untargeted control.

*Estimated from bar graphs in the publication.
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Table 2. Murine targets and targeting efficacy in mouse models of cancer.

Nanoparticle Target Tumor accumulation
Gold nanorod (HD =51, AR = 3) [30] oavp3 integrin 15 ppm* (24 h)
Gold nanorod (HD =51, AR = 3) Untargeted 45 ppm* (24 h)
Gold nanoparticle (155 nm) [27] GRPR 0.48% i.d. (4 h)
Gold nanoparticle (85 nm) Untargeted 0.5% i.d.* (4 h)
Gold nanoparticle (77.0 nm) [28] Transferrin receptor 2.5% i.d.* (24 h)
Gold nanoparticle (73.2 nm) Untargeted 2.5% i.d.* (24 h)
Gold nanoparticles (22 nm) [33] avp3 integrin 0.16% i.d. (72 h)
Gold nanoparticles (22 nm) Untargeted 0.16% i.d. (72 h)
Studies in the table are limited to gold nanoparticle studies that quantified tumor accumulation via inductively coupled plasma
methodologies and contained at least an untargeted control.

*Estimated from bar graphs in the publication.

Toward selective biodistribution: empirical passive targeting - nanoparticle size, shape & charge
Nanoparticles can be synthesized in a variety of shapes and sizes, and functionalized with different coatings
that affect the charge of the material. Numerous researchers have investigated if there are certain shapes, sizes or
charges that intrinsically result in selective tumor accumulation. Untangling the role of each property on biodis-
tribution can be difficult as many of these parameters are linked, for example, the particle coating in combina-
tion with the size and shape will dictate both final hydrodynamic size and charge, and few studies test all of the
permutations of all of these parameters. Indeed, in practice, most of this approach has consisted of empirically
measuring biodistribution of different nanoparticles and attempting to derive rules based on the results.

With respect to size, for similarly functionalized nanoparticles, the smaller the hydrodynamic diameter of the
nanoparticle the wider the distribution 7z vive, with particles seen in the thymus, kidney, heart, lung and brain
in addition to their presence in the liver and spleen [34]. As particle size increased the presence of nanoparticles
were detected predominantly in the liver and spleen [143435]. In tumor-bearing animals, several studies have
shown that as particle size increases, tumor accumulation increases. One reason for this difference is that small
nanoparticles can more easily diffuse in and out of the tumor while the larger particles are retained [36]. There
is an upper limit to the size of nanoparticles that will accumulate in tumors, though this limit is dependent on
the tumor model and the degree of fenestrations in the vasculature [36]. In general, increasing the particle size up
to 200 nm can increase tumor accumulation and retention, although the majority of nanoparticles injected still
accumulate in the liver and spleen [37].

For shape and charge, it is difficult to draw general conclusions as different papers using different animal mod-
els and different time scales observe different trends in accumulation results, though again overall the majority of
the nanoparticles injected intravenously accumulate in the liver and spleen [38,39). Indeed, there does not appear
to be any size, shape or charge that is inherently tumor tropic, though neutral and zwitterionic particles may last
longer in circulation than either negative or positively charged particles.

Toward selective biodistribution: rational passive targeting

Lacking a particular shape, size or charge that would convey tumor targeting, researchers have predominantly
turned to rationally modifying the surfaces of nanoparticles in attempts to get selective tumor accumulation.
Two hypotheses dominate current surface modification strategies for achieving tumor targeting:

¢ Proteins rapidly coat nanoparticles after intravenous injection and these proteins strongly influence liver
accumulation and biodistribution in general;

* A portion of nanoparticles in the bloodstream will diffuse into the tumor space every time particles flow past
the tumor [40,41]. Thus, reducing the rate of uptake by the liver to prolong blood circulation time will lead to
enhanced tumor accumulation.

Motivated by these hypotheses, researchers have investigated many surface coatings for nanoparticles, com-
monly seeking to limit protein opsonization and extend blood circulation time. Here we briefly discuss the
most common strategy, PEGylation, the emerging strategy of biomimicry and then comment on the underlying
hypotheses.
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Selective biodistribution: attempts based on PEGylation

PEGylation of nanoparticles can reduce the amount of macrophage uptake iz vitro and can extend the circulation
time of nanoparticles compared with uncoated nanoparticles i vivo [42,43]. The presence of PEG on a nanopar-
ticle can reduce particle aggregation, protein opsonization and cell uptake as well as increase blood half-life and
tumor accumulation.

PEG can reduce particle aggregation by physically blocking interactions between two nanoparticle sur-
faces [44]. By passivating the surface with a PEG layer, the nanoparticles are less likely to aggregate in high
salt conditions like the blood stream. By preventing aggregation, cell uptake is also reduced [4s]. In addition to
preventing interactions between gold surfaces, PEG also acts as a shield that prevents the direct interaction of
nanoparticles and proteins. By inhibiting the interactions of proteins and the gold nanoparticle surface there is a
decrease in opsonization. Increasing the density of PEG on the surface, either by increasing the amount of PEG
available or by backfilling with additional PEG, reduces the amount of proteins that adsorb to the surface of the
nanoparticle [46,47]. There is a correlation between decreasing protein adsorption onto the particle and decreasing
cell uptake in vitro [46).

Increasing the length of the PEG on the surface also leads to an increase in blood half-life [48]. It is hypoth-
esized that this increase in blood half-life is due to a reduction in protein adsorption, which triggers a delay of
phagocytosis. This delay in protein signaling allows the nanoparticle to evade the macrophages.

Eventually even densely PEGylated nanoparticles accumulate in the liver. It is unclear if this accumulation
is a property of the initial nanoparticle formulation or due to alterations over time in the surface coating of the
nanoparticles. It has been reported that physiological levels of cysteine and cystine can disrupt the PEGylation
of a nanoparticle [49]. This disruption could trigger aggregation between particles remaining in the bloodstream
or it could trigger opsonization on the particles over time. Similarly, it has also been reported that proteins are
capable of binding to gold nanoparticles despite the presence of a PEG layer [s0]. While the intact PEG layer may
be able to prevent interactions between proteins and the nanoparticle surface, extended exposure to the plasma
may disrupt the integrity of the PEG allowing for opsonization to occur. This could explain why there is a delay
in the accumulation of PEGylated particles in the liver. It is also possible that uptake of PEGylated particles is
not primarily driven by protein opsonization. Overall, while PEGylation may be useful at reducing macrophage
uptake in the short term, it is not capable of avoiding the phagocytic cells for a long period of time.

Selective biodistribution: attempts based on biomimicry

A relatively new approach to extending circulation time is to use biological signals to shield the nanoparticles
from macrophages. Particles containing a minimal self-peptide, based on the sequence of CD-47, successfully
avoided uptake of macrophages 77 vitro; however, imaging experiments iz vivo suggested that by 90 min whether
the particles contained the self-peptide or a scrambled peptide the outcome was similar, the majority of the par-
ticles were still found in the liver s1]. Whole body imaging showed negligible differences between the self-peptide
and control groups at 90 min, and ex vivo imaging of tumors showed less than 10% of the injected dose of the
self-peptide particles were located in the tumor [51]. In this initial report on this interesting strategy, the final
biodistribution was not too different from that observed for PEGylated particles. This strategy highlights the
disconnect between 7 vitro cell uptake studies and 77 vivo biodistribution result and is evidence of the need to
look beyond macrophage avoidance to improve biodistribution.

Other groups have used the membranes from erythrocytes or from leukocytes in order to coat their nanopar-
ticles. Erythrocytes have much longer halflives in the body than nanoparticles; in humans erythrocytes can last
for over 100 days before they are recycled (40 days in mice) [52.53]. It was thought that by using the membranes of
erythrocytes it would be possible to translate this long i vivo lifespan to nanoparticles. Extruding erythrocytes in
the presence of nanoparticles created camouflaged nanoparticles which were detected in the blood of mice up to
72 h, longer than their PEGylated counterparts [s4]. While the circulation time has been improved over PEGylated
particles, these materials still are primarily found in the liver and the spleen after only 24 h and the quantity in
those organs continues to increase over time [54]. In addition to using erythrocytes, leukocytes have been extruded
to generate camouflaged nanoparticles. Again, the goal is to take advantage of signals in the cell membrane that
prevent phagocytosis of healthy cells. When coated with J774 murine macrophage cell membranes, the nanoparticle
was not phagocytosed by those cells in vitro ss). In vivo, these particles did show a delay in liver uptake but only of
40 min [ss]. Despite containing biological markers that may delay phagocytosis 7 vitro and delay liver accumulation
in vivo, these nanoparticles have a similar final biodistribution pattern as PEGylated particles, though on a different
time scale suggesting that it may be possible to delay the accumulation in the liver but not prevent it.
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Toward selective biodistribution: commentary on underlying hypotheses

Role of protein opsonization in biodistribution

The general understanding in the field is that upon injection into the bloodstream uncoated nanoparticles will
undergo rapid opsonization by serum proteins [s6]. This opsonization can trigger phagocytosis by Kupffer cells,
the liver’s resident macrophage population and other macrophages in the body which will traffic the particles to
the liver [42). Delaying or preventing opsonization through chemical modifications of the nanoparticle surface
has been a common strategy to avoid phagocytosis by macrophages. However, recent reports have also suggested
that protein opsonization, with the appropriate proteins, is required to delay phagocytosis [57.58]. The conflicting
evidence on the role of the protein corona in cell uptake has made it apparent that if the protein corona plays a
large role in controlling biodistribution it is due to a number of factors. In some cases, the orientation/conforma-
tion of the protein corona has been shown to dictate cell uptake 772 vitro (59 and in others, proteins present in very
small amounts in the corona have been implicated as the drivers of behavior [57.58.60]. Further work is essential to
clarify the role of the protein corona. If proteins that are very minor components of the corona are indeed driv-
ing behavior, it may be very challenging to rationally design coatings to bind these proteins in the proper ratio.

Impact of longer blood circulation

It is routinely written that increasing the blood circulation time of nanoparticles will lead to greater tumor
accumulation, but there is actually very limited evidence that this is true. There are reports of spherical gold
nanoparticles with blood circulation half-lives of >50 h [48] and nanoworms with circulation times >1 week [61];
however, in these cases the animal either was healthy or the tumor accumulation was not measured. These are
extreme examples of long circulating nanoparticles; many nanoparticles have blood half-lives <1 h. Several stud-
ies have noted that increasing the circulation time increases the amount of nanoparticles that accumulate in the
tumor via the EPR effect [41.4851]. There is, however, no mathematically described relationship between tumor
accumulation and blood circulation time. Within an individual paper’s particle system, there may be a trend
between longer circulation time and greater tumor accumulation; however, this trend is difficult to apply more
broadly as there is no consistency between particle size, shape, surface coating, and dose nor between the tumor
type, mouse strain and immune status of the mice (Table 3). Additionally, a study with 2 nm functionalized
gold nanoparticles with variable surface charge did not show a relationship between tumor accumulation and
blood half-life. Negatively charged 2 nm gold nanoparticles with an 18-min half-life had a tumor accumulation
of 15 pg Au/g tumor while neutral particles with a 5-h halflife had a tumor accumulation of only 5 ug Au/g
tumor. This difference may be due in part to the differences in charge for each material. A study with spherical
gold nanoparticles of different sizes showed an increase in tumor accumulation up to 26% injected dose-hour
per gram of tumor as blood half-life increased to 16.5 h [48]. A third study failed to achieve >1% injected dose
at the tumor regardless of the length of blood circulation time, though it did increase slightly from 0.3% with
a 34 s half-life with BSA passivated silica-coated gold nanorods to 0.8% with an 18.6-min halflife with PEG
passivated silica-coated gold nanorods [62]. In short, there is no predictive relationship currently between blood
half-lives and tumor accumulation for different nanoparticles. The length of blood circulation time depends on a
mixture of particle size, shape, charge, coating and dose, but the analysis of the results of several studies suggests
that increasing the circulation time of a nanoparticle system does not necessarily increase tumor accumulation.

Concluding thoughts on biodistribution

Overall, despite careful control of the physical and chemical properties of nanoparticles and careful control over
their surface coating, nanoparticles rarely have higher than 10% injected dose in the tumor with many reports of
<5% injected dose [64]. This accumulation at the tumor is likely to overestimate the actual amount of nanopar-
ticle that interacts with a cancer cell. In the tumor environment, nanoparticles could accumulate adjacent to the
blood vessel or be phagocytosed by macrophages associated with the tumor [43,63].

While 10% of the injected dose at the tumor may be higher than free drug, the majority of nanoparticles
injected, regardless of coating, accumulate in the liver. Using current strategies, it may be possible to delay liver
accumulation, but the final biodistribution of nanoparticles is predominantly liver accumulation. In general, liver
clearance is highly efficient for many materials in the body and escaping this clearance is restricted to a small
minority of materials (e.g., red blood cells) through a tightly regulated process. It is unlikely that this problem
will be solved by empirical testing of materials. We believe that if this clearance is to be overcome the field will
have to turn to detailed studies of how different materials are entrapped in the liver.
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Table 3. Blood half life and tumor accumulation.

Nanoparticle Surface coating Blood half life Tumor accumulation

2 nm Gold nanoparticles [38] TEG-Hydroxyl 5h 25 pg' Au/g tumor

2 nm Gold nanoparticles TEG-Amine 24 h 5 ug' Au/g tumor

2 nm Gold nanoparticles TEG-Carboxyl 18 m 15 ug" Au/g tumor

22 nm Gold nanoparticles [48] PEG,,,,-SH 25h 0.3% injected dose-h/g
40 nm Gold nanoparticles PEG,,,,-SH 4 h 15.8% injected dose-h/g
99 nm Gold nanoparticles PEG,; 50o-SH 7.2h 17.9% injected dose-h/g
82 nm Gold nanoparticles PEG, 40o-SH 1.6 h 20.4% injected dose-h/g
61 nm Gold nanoparticles PEG,,,,-SH 16.5 h 26.5% injected dose-h/g
Gold nanorods (hd = 42) [62] SiO,-PEG 18.6 m 0.83% injected dose
Gold nanorods (hd = 44) SiO,-BSA 33m 0.45% injected dose
Gold nanorods (hd = 22) BSA 34s 0.3% injected dose
Gold nanorods (13nm x 47nm) [63] PEG 17 h 7% injected dose/g
Studies in the table are limited to gold nanoparticle studies that used inductively coupled plasma methodologies to quantify both blood
circulation and tumor accumulation.

fEstimated from bar graphs in the publication.

PEG: Polyethylene glycol, TEG: Tetraethylene glycol.

Nanoparticle clearance

For all therapeutics, a key criterion is clearance and this is even more important for nanoparticles given their cur-
rent predominant off-target accumulation in the liver and spleen. It should be noted that clearance is definitely
more varied than accumulation between different classes of nanoparticles, that is, soft (polymers, proteins, lipids)
versus hard (metallic) nanoparticles. In particular, many soft nanoparticles are inherently biodegradable and have
very different clearance profiles than metallic nanoparticles [66]. For this perspective, we have chosen to remain
focused on gold nanoparticles for consistency with the biodistribution section. The kidneys and the liver are the
two main routes of elimination for injected nanomaterials and are discussed separately here.

Metallic nanoparticle clearance: kidneys

In the kidneys, the glomerulus filters the blood and blood particulates (including nanoparticles) through three
membranous layers. Even though each layer has slits >30 nm wide, the overlapping of the slits results in a pore
size of approximately 5 nm, allowing particulates smaller than this size to pass through the kidney [¢7]. In addi-
tion to the size selectivity, the glomerulus also is charge selective, permitting the passage of positively charged
particles and proteins through the pores [68]. The charge selectivity in the glomerulus is one method by which the
kidney selectively maintains some proteins in the bloodstream while clearing others in the urine. Studies on the
actual size cutoff of renal clearance vary in their results. In one report, 3-nm gold nanoparticles were found in
the urine of mice, while 5-nm gold particles were found primarily in the liver [69]. However, there have also been
reports of 5.5 nm metallic nanoparticles, undergoing renal clearance iz vivo, while sizes >6 nm were primarily
taken up into the liver [70]. Other reports show urine accumulation of aluminum oxide nanoparticles of 10 nm [71]
and even bundled carbon nanotubes >100 nm in length and >10 nm in width have been found in the urine (72].
This suggests that the renal clearance of the nanoparticles is likely more complicated than a simple size or charge
cut off and may depend at least in part on the material, shape, size and coating of the nanoparticles. Since renal
clearance involves the filtering and removing of nanomaterials from the blood, renal clearance occurs rapidly
in vivo; for small particles, approximately 80% of the injected dose of 4.6-nm nanoparticles were cleared via the
urine after 4 h [70]. While renal clearance is desirable since it would prevent accumulation of the nanoparticles in
healthy organs, particles that clear rapidly via the kidneys do not typically accumulate in the tumor at high levels.

Nanoparticle clearance: liver

Like renal clearance, hepatic clearance involves filtering of the blood. As blood passes through the hepatic tis-
sue via the portal vein, small molecule drugs, viruses, bacteria or nanoparticles of all sizes can be taken up by
hepatocytes, sinusoidal endothelial cells and Kupffer cells in the liver [15,16]. Hepatocytes typically metabolize
small molecule drugs and release the metabolized products either back into the bloodstream or into the bile [73].
Hepatocytes can endocytose nanoparticles, though at a much lower rate than macrophages. Once processed by

future science group © 2017 Future Science Ltd

769



Perspective

Van Haute & Berlin

hepatocytes, these nanoparticles are cleared through bile and into the feces [14,74]. However, hepatocyte uptake
is only seen when large doses of nanoparticles have been given [75] or when macrophages have been chemically
depleted [16]. Kupffer cells phagocytose bacteria, viruses and nanoparticles to remove them from the blood-
stream [20,76]. Particles that undergo hepatic clearance are found in fecal matter; however, the conversion from
liver accumulation to fecal matter is a slow process; a study by Sadauskas e# /. found that 91% of the uncoated
40-nm gold nanoparticles that had accumulated in the liver on the first day after injection were still present
in the liver 6 months later [77]. A more recent study in 2015 demonstrated that there was a 20% injected dose
reduction in gold levels in the liver between day 1 and day 3 for 7-nm gold nanoclusters with a negative surface
charge [62]. The turnover time of nanoparticles in the liver may be size dependent but is generally considered to
be slow possibly due to the nanoparticles escaping from the Kupffer cells over time either through cell death or
exocytosis. Studies have shown that Kupffer cells, the macrophages in the liver responsible for the phagocytosis
of large nanoparticles, are completely replaced after 21 days [2076]. As Kupffer cells die, the cells are consumed
by new Kupffer cells; some particles may escape at that time and could accumulate in the bile. The turnover of
Kupffer cells could explain the slow time scale of the hepatic clearance seen 77 vivo. Overall, the progression of
nanoparticles through the liver has been little studied and it is unclear how it depends on nanoparticle character-
istics such as size, charge, shape and more.

The clearance of nanoparticles from the body requires a delicate balance in timing. Nanoparticles that are cleared
too quickly will not accumulate at the tumor site and will be excreted along with its cargo in the urine. On the other
hand, nanoparticles that persist in the body could cause drug- or nanoparticle-related toxicity in organs such as the
liver or kidneys — the organs responsible for filtering the blood to remove drugs and nanomaterials.

Conclusion

Nanoparticles have attracted a great deal of attention for targeted drug delivery to tumors. The vast majority of
work has focused on intravenous administration to target solid tumors. While some success and clinical impact
has been achieved, the overall efficiency of tumor delivery for the field has not markedly increased in recent years.
By reviewing the biodistribution of gold nanoparticles, we have highlighted that there is contradictory data to
support several strategies (EPR-based targeting, reducing macrophage [and other cell type] uptake, increasing
blood circulation time, active targeting) that are widely touted. It is also briefly emphasized that while nanopar-
ticles are predominantly cleared by the liver, much remains to be learned about this process.

Future perspective

The field of nanomedicine is continuing to grow and expand toward more clinical applications; however, there
are important gaps in knowledge to overcome so that we can design materials that achieve improved tumor
accumulation and whole body clearance. This goal has been particularly challenging to achieve for intravenously
administered nanoparticles targeting solid tumors. One appealing strategy for more rapid clinical impact is
to avoid this problem by using nanoparticles to improve local and pseudolocal (such as within the bladder or
intraperitoneal cavity) drug delivery. This approach is expected to see increasing attention in the coming years,
particularly in the setting of immunotherapy since nanoparticles are inherently predominantly taken up by
macrophages.

Developing more effective solutions for the holy grail of selective solid tumor targeting following intravenous
administration will require more systematic studies from the field. It is known that physiochemical character-
istics of nanoparticles including size, shape, surface charge and surface coating as well as the parameters of the
study such as animal species and strain, immune status, injected dose, disease status and studying timing can
all influence the outcome of a biodistribution study. In order to more fully understand the interplay between
all of these parameters we need to improve reporting of our biodistribution studies as well as include more time
course studies to determine blood circulation time and monitor the kinetics of tumor accumulation. In order to
compare across studies, discussions of nanoparticle dose should be included as the dose is likely to impact how
long nanoparticles can circulate and how quickly nanoparticles accumulate in immune cells. Additionally it will
be important to include appropriate control particles in order to determine if newer particles are able to improve
upon PEGylated particles. Including a common control could also help to analyze the data that comes from dif-
ferent labs each working with different animals and disease models. More detailed studies on the mechanisms
of accumulation in the liver and spleen are also needed. These studies are generally expensive, laborious and do
not attract as much attention as therapeutic efficacy studies, but, as a field, we must understand the principles
behind accumulation more deeply to develop new strategies for tumor targeting and liver/spleen avoidance [13].
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The same is true for the other side of the equation. It may be that avoiding liver/spleen accumulation is
essentially impossible for nanoparticles but that nanoparticles can be designed that clear more rapidly from
these organs than from tumors. In the idealized version of this strategy, clearance from healthy tissue would be
fast enough that the goal of selective drug action at the tumor would be achieved by clearance of the drug from
healthy tissue before it could induce off-target toxicity. In recent years, a concerted effort has been made in this
direction by studying degradable assemblies or aggregates of nanoparticles and monitoring their biodistribu-
tion (78] as well as clearance over time [69]. A primary goal of these studies is to understand, following liver accu-
mulation, what subunit size nanoparticles need to be broken down into for clearance. Degradable assemblies or
aggregates of nanoparticles are necessary to study this effect because, as discussed above, very small nanoparticles
are primarily excreted through the kidneys and have low liver accumulation while larger nanoparticles accumu-
late in the liver but have minimal clearance. Thus, to understand what size particle could be processed out of
liver cells and cleared it is necessary to assemble a larger construct that will accumulate in the liver cells but then
break down into small subunits for clearance from those cells. These early studies have suggested that the subunit
size needed for enhanced clearance is quite small (<3 nm) and clearance has remained quite slow for all systems
following liver accumulation. Additional studies are required in order to optimize the degradation and clearance
of these complex structures and better understand how nanoparticles are processed following liver accumulation.
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Executive summary

» Design of nanoparticles for targeting tumors has primarily been based on exploiting the enhanced
permeability and retention effect.

* The enhanced permeability and retention effect in human tumors is much more limited than in mouse models
and, at best, is highly heterogeneous.

* Designing particles for accumulation based on leaky vasculature has led to materials that predominantly
accumulate in the liver.

* Three major strategies for improving biodistribution (reducing macrophage [and other cell type] uptake,
increasing blood circulation time, active targeting) have not resulted in significant and general improvements
in tumor accumulation.

* Intavenous administration of nanoparticles for tumor targeting remains a challenging problem.

* Clearance is markedly different for different types of nanoparticles. Generally for hard/metallic nanoparticles,
renal clearance only occurs for very small particles, but there are exceptions. Most nanoparticles clear through
the liver.

* The precise mechanism of liver clearance is understudied.
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