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Summary

Recent advances in nanoparticle technology have enabled the fabrication of nanoparticle classes
with unique size, shape, and materials, which in turn has facilitated major advancements in the
field of nanomedicine. More specifically, in the last decade, nanoscientists have recognized that
nanomedicine exhibits a highly engineerable nature that makes it a mainstream scientific
discipline, which is governed by its own distinctive principles in terms of interactions with cells
and intravascular, transvascular and interstitial transport. This review focuses on recent
developments and understanding of the relation between the shape of a nanoparticle and its
navigation through different biological processes. Importantly, we seek to illustrate that the shape
of a nanoparticle can govern its in vivo journey and destination dictating its biodistribution,
intravascular and transvascular transport, and ultimately targeting of difficult-to-reach cancer sites.
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Introduction

Due to the unique material properties that appear at the nanoscale, nanomedicine provides
many benefits and new opportunities to tackle the complexity of cancer. The first success
story of nanomedicine was the clinical approval of liposomal doxorubicin for clinical use
[1], which marked the launch of the entire field. This early success was based on a unique
feature that appears at the nanoscale. While conventional small molecular agents are
distributed within cancer and healthy tissues in a non-specific manner, nanoparticles exploit
the leaky vasculature of solid tumors to enhance the intratumoral drug delivery due to the
so-called “Enhanced Permeability and Retention” (EPR) effect, which results in improved
drug safety profiles and reduced off-target delivery [1-5]. Furthermore, nanomedicine’s
multifunctional abilities to seek, search, and destroy has been exploited to develop various
therapeutic, imaging, and theranostic agents, which are under preclinical and clinical
evaluation [6]. In addition to the control over the size of nanoparticles, the engineerable
nature of nanoparticles has led to nanostructures with various shapes [7, 8] and new
properties [9, 10]. In this 50 year lifetime, nanomedicine has grown from an “exotic”
research area to a mainstream scientific field. In this context, nano-engineers and nano-
scientists have started to recognize that nanomedicine is governed by its own distinctive
principles in terms of intravascular, transvascular and interstitial transport [11, 12], which
dictate rules of designing a nanoparticle for highly site-specific delivery facilitating
significant therapeutic enhancements for difficult-to-treat cancers.

Do the physical characteristics of nanoparticles matter?

To answer this question, we first have to consider that nanoparticles en route to their target
face numerous biobarriers created by the host immune system as well as the tumor abnormal
physiology, which includes physically compromised vasculature, erratic blood flow,
abnormal extracellular matrix, and high interstitial fluid pressure. To overcome the tumor’s
abnormal biobarriers, the first design rules were derived with respect to the effect of
nanoparticle size on tumor dosing and anticancer efficacy [13-16]. For example, the
development of long-circulating liposomal nanocarriers was the product of 30 years of
intensive research, since Bangham first discovered the liposome in the early 1960s [17, 18].
More specifically, in the ‘80s and “90s, a large number of studies focused on the effect of
size, composition and polymer coating of liposomal doxorubicin on its blood circulation,
intratumoral accumulation and anticancer activity [19-29]. It was concluded that the
nanoparticle’s size is a critical factor that determines blood circulation, which in turn relates
to the tumor accumulation, tumor retention, and drug release [25, 30, 31]. Liposomes
ranging between 40-700 nm in size were evaluated; it was found that liposomes larger than
200 nm generally do not extravasate into tumors [25]. Furthermore, these studies concluded
that a PEGylated unilamellar liposome with a diameter between 50-150 nm displayed the
most prolonged circulation time (blood 2nd phase t1/,~55 h) and, as a result, an increased
accumulation in tumors and antitumor activity [22, 25]. However, this size range was a
compromise between the loading efficiency of liposomes (increases with increasing size),
clearance by the reticuloendothelial system (increases with increasing size) and the ability to
extravasate (decreases with increasing size) [32, 33]. However, this compromise did not take
under consideration the uniqueness of each tumor. A close examination of the published
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literature indicates a significant deviation from the mean in vivo performance leading to
significant overlap between nanoparticles of different sizes [24-26, 34]. Importantly, the
dependence of in vivo behavior on nanoparticle size follows predictable patterns based not
only on the individual features of each tumor but also different regions within the same
tumor [35-37]. Indeed, it was recently shown that the intravascular and transvascular
transport of nanoparticles in a tumor’s region is strongly governed by the relationship of
particle size to the microvascular network and hemodynamics of that tumor’s region [38].
Given that tumors are heterogeneous in both hemodynamics and pathology [35, 39-44], a
single “one-size-fits-all” nanoparticle design might not be the most effective approach. We
suggest that the nanoparticle design depends on the exact location of interest (e.g. primary or
metastatic tumor, tumor stage and aggressiveness, host organ, regional vascular
characteristics and hemodynamics).

Does the shape of a nanoparticle matter?

The overall transport of a circulating nanoparticle is due to movement from applied
convective forces and, to a much lesser degree, Brownian motion [14]. First, the
transvascular transport (e.g. extravasation) of nanoparticles is partially governed by the rate
of fluid flow and filtration along a capillary, which depends upon the hydrostatic pressure
gradient (i.e. the difference between the vascular pressure and interstitial flow pressure
(IFP)) [45]. The typical IFP of solid tumors is typically much higher than that of normal
tissues due to the higher vessel leakiness and reduced lymphatic drainage. Thus, the typical
decreased blood flows and increased interstitial flow pressures (IFP) in tumors dictate the
degree of resistance to extravasation of nanoparticles. In this context, as the particle size
increases, faster blood flow patterns are required to overcome high IFP in tumors [38]. In
fact, a recent clinical study demonstrated that transient increase of blood pressure (and
subsequently tumor blood flow) resulted in enhanced delivery of nanoscale drugs to tumors
that otherwise have modest EPR [46]. A preclinical study [47] showed that hyperthermia-
induced increase of tumor blood flow enabled the extravasation 400-nm liposomes into
human ovarian carcinoma, which otherwise is impermeable to even 100-nm liposomes.

However, an even more important process than transvascular transport is the one that has to
occur before. One of the pivotal steps dictating the transport of flowing nanoparticles is their
margination (i.e. radial drift) towards the blood vessel walls. Near-the-wall margination is
not just desirable. It is required for a nanoparticle to interact with the tumor vascular bed and
have subsequent meaningful interactions. Obviously, this is critical not only when the site of
interest is the tumor interstitium (e.g. cancer cell targeting), but also the tumor vasculature
(e.g. vascular targeting). Since nanoparticles are primarily transported in the tumor
microcirculation via convective means, margination is not favored. Contrary to spherical
nanoparticles, oblate-shaped nanoparticles are subjected to torques resulting in tumbling and
rotation, which increase the lateral drift of nanoparticles towards the blood vessel walls in
microcirculation [13, 48, 49].

In addition to transport, the shape of nanoparticles has been shown to dictate the interaction
of nanoparticles with cell membranes. First, the shape of nanoparticles has been xshown to
dictate their clearance by macrophages of the reticuloendothelial organs. Recent studies

Nanomedicine (Lond). Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Toy et al.

Page 4

have indicated that the oblate shape of particles favors their circulation in the blood due to
lower uptake by macrophages [50-53]. Subsequently, this prolongs the blood residence of
nanoparticles and increases their chances of reaching their target site. Besides macrophages,
the nanoparticle shape seems to also dictate endocytosis by normal and cancer cells.
Furthermore, targeting nanoparticles using receptor-ligand systems is also governed by
shape. To maximize the specificity towards sites of interest, cancer cell targeting or vascular
targeting strongly depends on the targeting avidity of nanoparticles. Compared to
nanospheres, oblong-shaped nanoparticles are able to form a greater number of multivalent
occurrences [54]. This is essential for targeting especially in the case of vascular targets,
since geometrically enhanced targeting can effectively offset hemodynamic forces that tend
to detach the nanoparticle from the endothelium [55].

Importantly, understanding the design rules for improved margination and vascular targeting
of nanoparticles can facilitate diagnosis and treatment of the most aggressive forms of
cancer. While potent cytotoxic agents are available to oncologists, the clinical utility of these
agents is limited by their toxicity to normal tissues, which leads to use of suboptimal doses
for eradication of metastatic disease [56]. Additionally, the small size, high dispersion to
organs, and low vascularization of micrometastases makes them nearly inaccessible to
drugs. To date, applications of nanomedicine have mainly focused on primary tumors. While
the EPR strategy may be effective in well-vascularized primary tumors larger than 100 mm3,
it is ineffective with micrometastatic disease, which presents small clusters of malignant
cells within variable tissue types [57, 58]. Considering that the vast majority of cancer
deaths are due to metastatic disease [59], the most effective strategy to reach
micrometastases may be to design nanomedicines capable of highly selective delivery to
micrometastases via vascular targeting of biomarkers on the endothelium associated with
metastatic disease. Thus, “shaping” nanomedicine can provide new opportunities to address
important and unmet clinical needs.

How much control can we have over the shape of nanoparticles?

Numerous fabrication methods have enabled the creation of non-spherical nanoparticles
with a wide range of different sizes and shapes with high precision (Table 1). These
nanoparticles are manufactured from a wide range of materials and also vary in flexibility.
Using different methods, particles are generated with two-dimensional polygonal shapes
[60-67], three-dimensional polyhedral shapes [68-72], rod shapes [73-79], branched
structures [80-83], and other complex shapes such as snowflakes [81], flowers [81], thorns
[81], hemispheres [84, 85], cones [85, 86], urchins [87, 88], filamentous particles [52],
biconcave discoids [89], worms [8], trees [90], dendrites [91], necklaces [92], and chains [9,
55, 93, 94]. Importantly, the ability to produce drug product with a high level of consistency
and reproducibility is critical in the pharmaceutical industry. Needless to say, the field of
nanotechnology presents its own challenge, since it is a highly diverse new area. However,
various nanomanufacturing methods (e.g. liposomal drugs, iron oxide nanoparticles) have
already demonstrated reproducibility and scalability, which enabled the manufacturing
process to be transferred to a Good Manufacturing Practice (GMP) facility for production of
GLP- and GMP-grade material. In this context of translation of nanomedicine from bench to
bedside, besides the obvious importance in clinical trials, scalable and consistent
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nanomanufacturing accelerates preclinical tests including Investigation of New Drug (IND)-
enabling safety and toxicity studies as well as efficacy in large animal models. Along those
lines, adjusting existing methods can fabricate both spherical and non-spherical
nanoparticles with similar ease. For example, the gold nanoparticle synthesis method
employing deep eutectic solvents (DES) produces a wide variety of different particle shapes
through small adjustments in stoichiometry [81]. Another top-down fabrication method,
Particle Replication in Non-wetting Templates (known as PRINT), uses lithography to
produce nanoparticles of all shapes with the same ease [95]. Furthermore, a nanofabrication
technology based on Dip-Pen nanolithography has enabled commercial manufacturing of
nanoparticles of various shapes and structures from a variety of different materials [96]. In
addition, by adapting a solid-phase chemistry strategy, nanospheres can be assembled into
oblong chain-like nanoparticles of various aspect ratios, which can be scaled up relatively
easily [9].

While nanoparticle size and surface characteristics have been reviewed elsewhere [97], this
review focuses exclusively on the importance of shape as an essential property of
nanoparticles that plays an ultimate role in various biological processes [95, 98, 99]. In the
proceeding sections, we will illustrate how a nanoparticle’s shape influences its
biodistribution, ability to marginate and escape the blood flow, and binding affinity to the
receptors it targets (Figure 1).

The effect of nanoparticle shape on biodistribution and macrophage uptake

For a nanoparticle to successfully travel to and bind to its biological target, it must first be
able to travel in the bloodstream while evading uptake by macrophages, particularly in the
reticuloendothelial system. Nanoparticle size was first identified as a critical parameter
which affects the rate of macrophage uptake [102, 103]. Particles less than 5 nm are rapidly
cleared from the circulation through extravasation or renal clearance [104, 105], and as
particle size increases from the nanometer range to ~15 pum, accumulation occurs primarily
in the liver and the spleen [106, 107]. In addition, studies have shown that PEG-coated
spherical nanoparticles with neutral charge exhibit increased blood residence times [108].
While these studies with spherical particles have resulted in valuable insights, nanoparticle
shape has also been established as an important parameter that dictates the rate of
macrophage uptake [53]. In a study comparing the uptake of six distinct classes of
nanoparticles with different shapes, a contact angle parameter was formulated, which was
quantitatively related to particle internalization velocity. If a particle with a very high aspect
ratio (~20) aligns with its long axis parallel to the cell membrane, it will internalize more
slowly than a particle which aligns with its short axis parallel to the cell membrane (Figure
2). In support of these findings, computational simulations evaluating particle engulfment
demonstrated that spheroidal particles internalized 60% more quickly when they were
engulfed with their tips first [109]. Interestingly, nanoparticles that have a high rate of
attachment may sometimes have a slow internalization rate [51]. An experiment which
decoupled the attachment and internalization rates of nanoparticles found that prolate
ellipsoids (major axis 0.35 — 2 um, minor axis 0.2 — 2 um) had both the highest attachment
rate and slowest internalization rate in comparison to spheroidal (radius 0.26 — 1.8 um) and
oblate ellipsoidal nanoparticles (major axis 0.35-2.5 um, minor axis 0.2—-2 um).
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Biodistribution studies have also demonstrated that the uptake of spherical particles is
favored over the uptake of particles with high aspect ratios in macrophages. For example,
the liver uptake of 100-nm-long nanochains with an aspect ratio of about 4 was significantly
lower than that of nanospheres with a 100-nm diameter [93]. Taking under consideration
that nanoparticles are primarily cleared by the reticuloendothelial system, the low uptake of
nanochains by the liver correlated to prolonged blood residence. Subsequently, the
nanochains outperformed the 100-nm nanospheres in terms of extravasation into tumors,
since nanoparticle extravasation into tumors is directly proportional to their blood residence
time [110]. Another study evaluated the blood circulation of filomicelles, which are
elongated assemblies of polymer micelles that have the ability to change in size in vivo over
time [52]. Shear forces from blood flow act on portions of the filomicelle not in contact with
the cell; these forces pull the nano-carrier away from the cell before it can be internalized. In
the liver and spleen, the uptake of gold nanorods (size = 10 x 45 nm, AR = 4.5) was shown
to be less than the uptake of gold nanospheres [111]. A biodistribution study with
mesoporous silicon nanoparticles with an aspect ratio of 5 (length of 720 nm) had 50% of
the liver uptake rate of particles with an aspect ratio of 1.5 (Ilength of 185 nm) [112]. In the
spleen, however, the uptake after 2 hours was nearly 3 times higher for nanorods with the
aspect ratio of 1.5. Thus, it can be concluded that both nanoparticle size and aspect ratio play
a role in organ-specific uptake. In addition, the rate of phagocytosis for a nanoparticle of a
particular geometry may be organ-dependent.

nanoparticle shape to enhance margination

After a nanoparticle successfully evades phagocytosis via macrophages and reaches its
target site, it must be able to escape the blood flow and marginate towards the wall of the
blood vessel. Nanoparticle margination is dictated by forces which influence particle
translational and rotational motion, which include buoyancy, gravity, drag, van der Waals
interactions, electrostatic double layer interactions, and steric repulsive interactions. Under a
balance of these forces, spherical nanoparticles tend to follow the streamlines of the flow
they are traveling in [113, 114]. The tendency for a spherical nanoparticle to marginate is
dependent on its size [115, 116]. The transport of large spherical nanoparticles is heavily
driven by convection, which results in a higher difficulty to escape the flow and move
towards the vessel wall. On the contrary, the transport of smaller nanoparticles exhibits a
relatively higher diffusion component, which allows them to move laterally in the blood
vessel with greater ease. This was demonstrated in a study which found that a 65 nm
liposome had a 3.4 times higher margination rate than a 130 nm liposome [116].

Unlike spherical nanoparticles, rod-shaped nanoparticles experience lateral drift that varies
depending on the angle of their orientation (Figure 3) [113, 117]. The tendency for rods to
drift may be explained by the variable drag forces and torques that are exerted on rods under
flow, which influence their ability to marginate. In fact, discoidal (AR = 0.5), hemisphere,
and ellipsoidal particles (AR = 0.5) also have higher drift velocities than spheres [13]. For
different classes of discoidal particles, the drift velocity increases as the particle aspect ratio
deviates further away from one. Of the ellipsoids, hemispheres, and discs, it was found that
discoidal particles most prominently follow highly oscillatory trajectories that lead to
increased interactions with the vessel wall.
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In light of these findings, researchers have developed in vitro methods to study the effect of
nanoparticle shape on margination [13, 49, 116, 118-120]. Primarily, studies have compared
the margination of four classes of particles: spheres, rods, ellipsoidal particles, and discoidal
particles. These studies are typically conducted in parallel plate flow chambers and
microfluidic flow chambers, which allow experimentation to be conducted at controlled
flow rates [115, 116]. One recent study compared the margination of nanoparticles below
200 nm in diameter in rectangular microfluidic flow networks [116]. It was observed that
when shear rate was decreased, the margination of nano-spheres increased almost two-fold.
Shape also played a major role in enhancing nanoparticle margination; nano-rods (56 nm x
25 nm; AR ~ 2) had 7-fold higher accumulation than nano-spheres under the same shear
rate. Similar results were observed when the margination rate of an oblong iron oxide
nanochain (100 x 20 nm; AR=5) was compared to a 20-nm iron oxide nanosphere in a
microfluidic flow network setup [55]. At a flow rate of 50 uL/min, which is in the range of
expected blood flow in tumor microcirculation, the nanochain exhibited 2.3-fold higher
margination than the 10 sphere. Differences in blood hematocrit also have an effect on
nanoparticle margination [119, 121]. Another study evaluated the effect of shape and flow
rate simultaneously using mesoporous spherical, rod-like, and disc-like particles [118].
When particle width was held constant, discs marginated two times more than rods.
Differences in adhesion are likely to be the dominant cause for lower particle adhesion, as
high shear rates easily dislodge adhered particles. Yet, we also postulate that high shear rates
hinder particle margination because it is more difficult for nanoparticles to escape fast flows.
Vessel geometry is also a critical consideration for the evaluation of nanoparticle
margination; in general, particles deposit at higher levels at a vessel bifurcation than along a
straight vessel [120]. Shape, however, can further enhance the increase in deposition at the
vessel junction — flowing ellipsoidal discs displayed a 2-2.5 fold higher ratio of bifurcation
to straight vessel wall attachment than spheres. Thus, the advantages of oblate shapes may
be even greater in the complex vessel geometries commonly found in vivo.

Recent studies have also focused on improving the in vitro experimental design to more
accurately represent physiological conditions. As laminar and shear flows are highly
idealized, nanoparticle margination has also been recently evaluated under pulsatile flows
and recirculating flows [119]. Both particle size and aspect ratio were again identified as key
determinants that affect the level of margination. For 1 and 2 pm particles in pulsatile flow,
high aspect ratio rod-shaped particles (9 < AR <11) had 2 times higher binding than
spherical particles. A similar enhancement in binding was observed when the same classes
of particles were subjected to recirculating flow. The trajectory of nanoparticles in vivo is
also impacted by particle interactions with circulating red blood cells (RBC) and leukocytes.
Red blood cells have a tendency to remain in the middle of the blood flow, which creates a
“cell free” layer that depends on the blood flow rate. In contrary, the oblong shape of
leukocytes allows them to escape the blood flow, which allows them to move within the
RBC-free layer [122]. Nanoparticles in circulation collide with both red blood cells and
leukocytes, which influence their margination behavior. Experimentally, it has been found
that increasing hematocrit from 30% to 45% enhances the margination and binding of 2 um
particles 2-fold [121]. At higher hematocrits, the ratio of rod to sphere margination and
binding is also increased [119].

Nanomedicine (Lond). Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 8

Tailoring nanoparticle shape to maximize binding avidity

After marginating to the wall of a blood vessel, a nanoparticle must be able to bind to its
target of interest, which is usually a cluster of receptors that are over-expressed on the cell
surface. Unlike small molecule targeting agents that display a single ligand, nanoparticles
are able to exhibit multiple ligands on their surface, which results in an avidity-based
targeting [123]. As a result, several low binding ligands can work in tandem to create a high-
affinity nanoparticulate construct for targeting multiple receptors over-expressed on target
cells [124]. Thus, while the ligand-bearing nanoparticles have high affinity, several other
factors are known to influence their binding to cell-surface receptors. For example,
increasing the nanoparticle’s size (i.e. decreasing its curvature), while keeping the surface
ligand density constant, will increase the number of bonds between the nanoparticle and the
cell. Another effective way to enhance binding avidity is to alter the nanoparticle shape,
which changes the way in which ligands are presented on the particle surface (Figure 4).
Nanoparticles of different shapes have a different active fractional area (AFAC), which
results in variability in binding avidity. It is important to note that the flexibility and density
of the ligands on the particle surface also affects binding avidity [125-128]. The use of
flexible polymeric chains, such as polyethylene glycol (PEG), for presenting ligands result
in a larger volume for interaction with cell surface receptors and therefore a high probability
for the formation of receptor-ligand bonds [129]. The length of the polymer has also been
shown to influence binding of nanoparticles [126, 130, 131]. For a 100 nm particle, tripling
the molecular weight of the PEG used will also triple the AFAC. In certain cases, where the
presence of ligands is known to reduce the blood half-life of nanoparticles, the nanoparticles
are decorated with an additional layer of ‘stealth’ polymer. In such cases, an understanding
of the interplay between the two different types of polymer chain length and their surface
density becomes important to ensure sufficient binding efficiency to target receptors while
maintaining the desired blood half-life of the targeted nanoparticles [132].

Both in vitro and in vivo studies have demonstrated the influence of particle shape and size
on the binding efficiency of nanoparticles [88, 133]. A recent study has shown that anti-
iCAM spheres are internalized more quickly by endothelial cells than anti-iCAM discs of
comparable size [88]. These spheres also were processed into lysosomal compartments and
degraded more quickly than their discoidal counterparts. Rods targeted to ovalbumin, on the
other hand, have twice as many specific binding interactions as ovalbumin-targeted spheres
[133]. Binding avidity has also proven to be critical for vascular targeting. Successful
vascular targeting requires that a nanoparticle can escape the blood flow and drift towards
the blood vessel walls, followed by strong attachment to the targeting site offsetting the
blood flow forces that tend to detach the particle. The targeting avidity of an a3 integrin-
targeting oblate shaped nanochain was assessed under flow in a microfluidic device coated
with TNF-a-treated BAEC cells [55]. At only 5 min, the nanochain achieved 9.5-fold higher
attachment compared to their a3 integrin-targeting spherical counterparts (20 nm in
diameter).

For the successful maximization of binding affinity through the adjustment of particle shape,
ligand density, and ligand flexibility, the dynamics of the targeted receptor must also be
considered. Receptors are often distributed and organized in a clustered, heterogeneous
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pattern or a semi-homogenous pattern involving a combination of individually and clustered
distribution. The folate receptor, a GPl-anchored receptor over-expressed in a variety of
solid tumors, is distributed within small nano-sized lipid raft clusters [134, 135]. Transferrin
receptor, a trans-membrane receptor over-expressed in brain tumors, is known to be
clustered in coated pits as well as diffusively distributed on the cell surface [136].
Furthermore, some of the receptors, such as epidermal growth factor receptor (EGFR), are
known to alter their surface distribution and enter into a clustered distribution upon ligand
binding [137]. Since the binding event is often followed by receptor-mediated endocytosis,
identifying the receptor internalization pathway is also important for understanding the route
for intracellular entry of targeted nanoparticles [138-140]. The receptor-mediated
internalization pathways can broadly be divided into: (1) clathrin-coated pits (CCP) pathway
(2) caveolae-mediated pathway, and (3) lipid rafts pathway. A number of transmembrane
proteins such as transferrin receptor, EGFR and low density lipo-protein (LDL) receptor are
endocytosed via the CCP pathway. The folate receptor is internalized via the lipid rafts (also
known as microdomains) pathway. In certain cases, the degree of internalization also
depends on the cellular content of the exogenous ligand. For instance, the internalization
dynamics of the folate receptor are governed by the cellular folate content [141]. An
increase of intracellular folate content from 0.5 pmol to 1 pmol per million cells will result
in a 75% decrease in folate binding affinity. Finally, the steric hindrance effects and access
of receptor sites that arise due to the size and shape of nanoparticles should also be taken
into consideration when evaluating binding and internalization [142].

Overall, we should carefully consider that binding of targeted nanoparticles to surface
receptors is maximized at an optimal number of ligands per nanoparticle [143]. Surface
presentation of very few ligands cannot achieve sufficient binding avidity, whereas too
many ligands create steric hindrance and consume more receptors than necessary decreasing
the binding chances of the nanoparticles [54]. At the same time, it is also necessary to
consider the force necessary to translocate targeted nanoparticles of different shapes from
the cell surface [144]. Increasing the maximum contact area of the nanoparticle by doubling
its radius will lead to a 3-fold increase in the necessary force for particle translocation. Thus,
an optimal combination of nanoparticle shape and ligand density has to be considered to
facilitate targeting based on geometrically-enhanced multivalent docking and subsequent
nanoparticle endocytosis.

Effect of nanoparticle shape on tumor deposition and therapeutic efficacy

Given that the shape of a nanoparticle affects its blood circulation, ability to marginate, and
binding affinity, it is expected that a nanoparticle’s shape will also affect its rate of tumor
deposition and therapeutic efficacy. Nanoparticle size has been extensively shown to affect
the rate of nanoparticle intratumoral deposition through the EPR effect and subsequent
therapeutic efficacy [19, 24]. These studies identified 100 nm as the optimal diameter for the
deposition of spherical nanoparticles into tumors, which is dependent on vascular pore size,
pharmacokinetics, and the ability to overcome high interstitial pressures through flow driven
convection. In addition to different tumor microvascular systems (e.g. size of gaps on the
endothelium, interstitial pressures, microvessel density, vasculature geometry), different
tumor types have distinct vascular wall pore shapes. Therefore, the nanoparticle’s aspect
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ratio may also determine unique extravasation rates and patterns into different tumors [145].
Inan LS174T tumor, quantum dots extravasated four times more than carbon nanotubes
with equivalent surface area; in an U87MG tumor, however, only the carbon nanotubes
could extravasate. Higher aspect ratio also increased the delivery of nanoparticles to
overexpressed vascular targets in a tumor. The ability of nanochains to perform vascular
targeting was evaluated in vivo in the orthotopic 4T1 mammary adenocarcinoma model in
mice [55]. At t=45 min after injection, vascular targeting of the nanochains resulted in a 2-
fold higher tumor targeting than their spherical variant. At that time point, vascular targeting
resulted in more than 40% of the administered nanochains being localized in the primary
tumor.

The tailoring of nanoparticle shape also has improved the efficacy of tumor therapy. In
particular, the use of an oblate shape increases the targeted delivery of antibody-displaying
nanoparticles [146]. For example, trastuzumab coated nanorods exhibited a 5-fold greater
cellular growth inhibition of when BT-474 breast cancer cells compared to equivalent
nanospheres at the same nanoparticle dose [146]. This can be likely attributed to the 66%
increase in binding and uptake by the cells of the nanorods compared to the nanospheres.

Besides cell culture studies, similar findings have been seen in tumors in vivo. Recently, it
was shown that an 100-nm-long oblong chain-like nanoparticle (termed nanochain)
composed of three iron oxide nanospheres and one doxorubicin-loaded liposome exhibited a
2-fold higher extravasation into tumors in a mammary adenocarcinoma model compared to
spherical liposomal doxorubicin [93]. In addition, as a result of the multicomponent design
of the nanochain, radiofrequency-triggered drug release from the particles resulted in the
therapeutic efficacy being three-fold higher than treatments using spherical nanoparticles
[93, 147]. Interestingly, the chain-shaped nanoparticle responded in a unique manner in the
presence of a magnetic field. When magnetic nanoparticles are subjected to an external,
oscillating magnetic field, there are two relaxation mechanisms (Brownian and Néel
relaxation) that govern their magnetization response in an effort to align with the applied
field. Brownian relaxation, the physical rotation of the entire nanoparticle, is typically the
dominant relaxation mechanism for nanoparticles larger than about 25 nm. In the case of
nanochains, Brownian relaxation is restricted by the bonds between the constituent
nanospheres, such that Brownian motion may be observed as a mechanical “vibration” of
the chain, rather than true rotational motion. Néel relaxation (reorientation of the particle’s
magnetic moment with the applied field) is dominant for nanoparticles smaller than 15 nm.
The size of the constituent iron oxide nanospheres in the nanochains places them in between
the Brownian and Néel regimes, resulting in mechanical vibration that causes rapid and
significant drug release. Therefore, beyond the shape and the size, composition, surface
charge and polymer coating of nanoparticles, non-spherical nanoparticles result in new
unique properties. The use of non-spherical gold nanoparticles over spherical gold
nanoparticles is also advantageous in the application of photothermal triggered therapy.
When nanorods were used in place of nanospheres, the photothermal absorption efficiency
of the particle increased by 10-fold, which resulted in improved therapeutic efficacy [148].
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Future perspective

Shape plays an instrumental role in determining the in vivo fate of a nanoparticle. This
review highlighted studies assessing how shape affected a nanoparticle’s ability to evade
immune uptake, escape the blood flow to travel to its target, and bind to its target with high
affinity. Although spherical nanoparticles have been traditionally employed for tumor
targeting due to their relative ease of fabrication, many recent findings suggest that non-
spherical nanoparticles (e.g. rods, discs, hemispheres, ellipsoids) may target tumors more
effectively. To make definitive conclusions on the best choice for nanoparticle shape, more
comprehensive studies encompassing reticuloendothelial system clearance, margination, and
cell attachment must be conducted. For a single set of nanoparticles with well-defined
geometries, we must quantitatively determine and compare nanoparticle biodistribution,
margination, and binding avidity. Subsequently, this quantitative information should be
correlated to the therapeutic efficacy of nanoparticles of different shapes. It is important that
we conduct these studies with ligands and receptors of oncologic relevance and in systems
that accurately model in vivo geometry, morphology, and rheology. By considering
nanoparticle shape alongside nanoparticle size and material, nanoparticles may be
engineered in a manner which will allow them to enter and treat tumors more effectively.
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Executive Summary
Introduction

» A nanoparticle’s shape and size dictates its rate of margination and its ability to
bind to cell membranes.

* A plethora of fabrication methods enables the manufacturing of nanoparticles of
a wide variety of shapes and sizes.

The effect of nanoparticle shape on biodistribution and macrophage uptake

»  The rate of internalization of a non-spherical nanoparticle depends on its angular
orientation relative to the cell membrane.

* Hydrodynamic forces impact the rate of macrophage uptake of a nanoparticle.
Modifying nanoparticle shape to enhance margination

» Hydrodynamic forces impact the margination of nanoparticles. Non-spherical
particles have a higher tendency to marginate and escape the blood flow.

»  Shear rate, vessel geometry, hematocrit, and blood flow pattern influence the
margination of nanoparticles of different shapes to different degrees.

Tailoring nanoparticle shape to maximize binding affinity

*  Modifying a nanoparticle’s shape leads to changes in ligand presentation, which
ultimately affects nanoparticle binding avidity.

Effect of nanoparticle shape on tumor deposition and therapeutic efficacy

Tailoring the shape of a nanoparticle can enhance deposition into a tumor through both
passive and active mechanisms, which leads to improved therapeutic efficacy.
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Figure 1. Schematic of biological processes which influence nanoparticle delivery
A nanoparticle must be able to circulate, marginate, and bind to a vascular target or

extravasate into the tumor interstitium before it can be internalized by a cancer cell.
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Figure 2. Effect of contact angle (6) on the rate of nanoparticle internalization
Rod-shaped nanoparticles internalize most quickly when their major axis is perpendicular to

the cell membrane. As the rod is oriented more tangentially to the cell membrane, the rate of
internalization decreases. This is due to the increased difficulty to “wrap” the nanoparticle.
Because spherical nanoparticles are symmetric, they internalize at a rate independent of 6.
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Figure 3. Effect of shape on nanoparticle margination
Spherical nanoparticles tend to remain in the center of the flow. Variable forces and torques

exerted on rods under flow allow them to marginate and drift towards the vessel wall, where
they are able to bind to wall receptors or extravasate through gaps between cells of the
endothelium.
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Figure 4. Effect of shape on nanoparticle binding avidity
Shape, ligand length, and polymer flexibility all play a role in the active fractional area of a

nano-carrier (AFAC). For a sphere, the AFAC is defined as (L-dg)/Dc, where L is the length
of the ligand, dj, is the binding distance between the nanoparticle and the receptor, and Dy is
the diameter of the nano-carrier. For particles with equal surface area, the ligand length,
binding distance, and shape affects AFAC.
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Table 1

Non spherical nanoparticles of various shapes fabricated in recent years.
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Shape Types Materials Methods Ref.

2-D polygonal  Triangle, Square, Pentagon,  Au, Ag, Pt, Pd, Triacrylate PRINT®" lithography, [60-67]
Hexagon, Disc, Nanoring resin, PLAS, PEG#-diacrylate, microfluidics, photopolymerization

poly(pyrrole)

3-D Polyhedral  Tetrahedron, Cube, Au, Ag, Pt, Pd, PLA, PRINT®, Step flash imprint [68-72, 100]
Decahedron, Octahedron, poly(pyrrole), PEG-(diacrylate),  lithography, Microfluidics
Icosahedrons, Hollow
nanocage

Rod-like Nanobar, Nanorod, Au, Ag, Pt, Fe, Cu, Cr, Co Stretching spherical particle, [73-79]
Nanobone, Nanobeam, metals, alloys, and oxides Electrochemical deposition, self
Nanobelt, Nanowires assembly, Solution-phase chemical

reduction

Branched Monopod, Bipod, Tripod, Au, CdS, CdSe, CdTe, MnS, Thermal and chemical vapor [80-82]
Tetrapod, Star-shaped, and ZnO deposition, Solution-phase chemical
Octapod reduction

Complex Snowflakes, Flowers, Au, Ag, Pt, Fe, Cu, Ru, Co, Hydrothermal, PRINT®, Solid [8, 9, 52, 55, 81,
Thorns, hemispheres, metals, alloys, and oxides, Si phase synthesis, self assembly, wet 84-93, 101]
Cones, Urchins, and Si oxides chemical synthesis, Solution-phase
Filamentous particles, chemical reduction,
Biconcave discoids,
Worms, Trees, Dendrites,
Necklaces, Chains

$

PLA- Poly lactic acid

#PEG— Poly(ethylene glycol),

*
PRINT® _ Particle Replication In Non-wetting Templates
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