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Abstract

Nanoparticle-mediated delivery of therapeutics holds great potential for the diagnosis and
treatment of a wide range of diseases. Significant advances have been made in the design of new
polymeric nanoparticle carriers through modulation of their physical and chemical structures and
biophysical properties. Nanoparticle shape has been increasingly proposed as an important
attribute dictating their transport properties in biological milieu. In this review, we highlight three
major methods for preparing polymeric nanoparticles that allow for exquisite control of particle
shape. Special attention is given to various approaches to controlling nanoparticle shape by tuning
copolymer structural parameters and assembly conditions. This review also provides comparisons
of these methods in terms of their unique capabilities, materials choices, and specific delivery
cargos, and summarizes the biological effects of nanoparticle shape on transport properties at the
tissue and cellular levels.
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Introduction

Therapeutic delivery using polymeric nanoparticles has received considerable attention for a
wide range of biological applications, including drug and gene delivery, tissue engineering
and regenerative medicine, and the detection of biomarkers and diagnosis of disease
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states.1~ The potential cargo delivered by nanoparticles is vast: some of the most common
include small molecular weight compounds, chemotherapeutics, proteins, nucleic acids, and
imaging and diagnostic agents.>~2 While new systems continue to be developed, success of
nanoparticle delivery in vivo is often limited, particularly following systemic administration
where less than 5% of the total dose successfully reaches the target site.1% 11 Improving the
delivery efficiency of nanoparticles is paramount to fully harness their potential as both a
research tool and as a potential pharmaceutical agent. For these reasons, renewed focus has
been given to engineering nanoparticles through modulation of a specific physical
characteristic, nanoparticle shape. Natural pathogens, such as viruses, often display unique
shapes, ranging from spherical Heptatitis A virons to micron-sized, worm-shaped Ebola
virons.12: 13 While shape is not the only factor that guides the tissue tropism of the virus,
applying it to nanoparticle engineering, particularly for polymeric nanoparticles, holds great
potential for therapeutic delivery applications. In this review, we highlight the key methods
and materials used to generate polymeric nanoparticles with controlled shapes. Using these
tools, studies have begun to reveal the biological responses to nanoparticles with controlled
shapes, leading to significant differences at the cellular level, tissue level, and systemic
level.

Methods of Preparing Polymeric Nanoparticles with Controlled Shapes

Lithography-based Methods

Particle Replication in Nonwetting Template (PRINT) Method—PRINT is the most
popular among several photolithography techniques that have been developed to prepare
polymeric nanoparticles with controlled sizes. It is a top-down approach that utilizes highly
fluorinated surfaces, which are nonwetting to the materials being used to generate
nanoparticles.14 Because of this, it is much easier to shape and harvest particles using
PRINT, particularly in the nanometer scale, whereas other lithography techniques develop a
residual film between the desired object and the mold due to interactions at the interfacel®
(Figure 1a). This method allows for the formation of polymeric nanoparticles in the micro-
and nano-scale size ranges with a high degree of uniformity.1® 16 The range of shapes that
can be produced through PRINT fabrication is also very wide; particles can range from
cubic/cylindrical with an aspect ratio of 1, to worm-like with an aspect ratio as high as
60.17-19 A variety of materials can also be used to formulate these particles, including
hydrogels comprised of crosslinked poly(ethylene glycol) (PEG),15: 18-20 solid particles
formulated with poly(lactic acid) (PLA) and poly(lactic acid-co-glycolic acid)
PLGA,17:21.22 35 well as biopolymer-based particles formulated with serum albumin and
insulin.23: 24 Incorporation of various cargos for therapeutics and diagnostics have been
achieved, including chemotherapy drugs,1” 22 siRNA,2%: 21 RNA replicons,24 and contrast
agents.25 Recent advances in PRINT technology also allow for the fabrication of Janus
particles and end-labeled particles.28 A study by Morton et al. demonstrated a spray method
to incorporate layer-by-layer (LbL) coatings onto the surface of PRINT fabricated
nanoparticles, providing a method for particle synthesis with precise control of nanoparticle
size, shape, and surface characteristics.2’ Importantly, the PRINT process can be performed
in small batches as well as a continuous, automated roll-to-roll system, providing a large-
scale production system for potential clinical applications.4
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Step and flash imprint lithography (S-FIL)—S-FIL method has also been used to
generate polymeric nanoparticles with controlled sizes.28-31 S-FIL is a commercially
available lithography technique that utilizes a patterned quartz template to mold
photocrosslinkable solutions into defined patterns on a silicon surface.28 Compared to the
PRINT method, S-FIL offers advantages in ease of particle harvesting through the use of a
water-soluble PVA release layer,28 30 whereas PRINT requires surgical blades or shear
forces to release the particles.?8 S-FIL still allows for precise control of particle size and
shape, with feature sizes down to 50 nm. S-FIL has primarily been used to generate PEG
hydrogel-based nanoparticles, which have been loaded with biomolecules including
antibodies, nucleic acids, and anticancer drugs.29 In addition, this method has been used to
incorporate stimuli-sensitive materials into the nanoparticle matrix, allowing for the release
of cargo under physiological conditions through enzyme-mediated cleavage of the carrier
materials.28

Membrane Stretching Methods

Another method for generating polymeric nanoparticles with different shapes involves the
stretching of spherical particles into complex shapes (Figure 1b).32-38 Spherical particles,
typically polystyrene (PS) with diameters ranging from 60 nm to 10 um, are suspended in a
solution of poly(vinyl alcohol) (PVA) and generated into films, liquefied in solvent or
heated above the glass transition temperature, and stretched in one or two dimensions to
generate aspherical shapes, typically rods or elliptical disks, with aspect ratios ranging from
2 to 15. 32 A second method involves stretching the PVA film first, followed by liquefying
the spherical particles to fill the void left in the PVA film. This method can be used to
generate barrel and lens-shaped objects.32 In addition to PS, PLGA has also been used to
generate stretched particles.33 34 Conjugation of antibodies for tissue-specific targeting,
including anti-ICAM-1 and anti-transferrin for lung and brain delivery, respectively, has
been successfully demonstrated.38

Self-Assembly Methods

Self-assembly of amphiphilic copolymers—Self-assembly of amphiphilic
copolymers in aqueous or organic media has been widely used to generate nanoparticles.
This bottom-up approach relies on the spontaneous assembly of single or multiple block
copolymers to generate micellar nanoparticles with well-defined shapes. These amphiphilic
copolymers are composed of two or more blocks with distinct polarities, and when placed in
selected solvents can form supramolecular assemblies as a result of the thermodynamic
incompatibility between the different blocks.3%-42 The final aggregate morphology is
dependent on the hydrodynamic volume fraction of one block with respect to the other; the
interfacial tension between the aggregate and the solvent mixture, and the kinetics of phase
separation, which is dictated by the method used to trigger the self-assembly of copolymers.
The typical structures formed by these amphiphilic macromolecules comprise spherical
micelles, cylindrical or worm-like micelles and bilayer structures (i.e. polymersomes). In
addition, more complex aggregate morphologies including toroidal, disc-like, and
compartmentalized particles have been engineered by fine-tuning the block lengths or
molecular weights, polymer architecture, and chemical composition.*3-4> Aside from the

Biomater Sci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williford et al.

Page 4

molecular characteristics of block copolymers, the method used to trigger the self-assembly
of copolymers is crucial to the generated micelle morphology.

Conventional methods for synthesizing block copolymer nanoparticles involve the slow
addition of a block copolymer dissolved in water-miscible organic solvent into a larger
quantity of water, resulting in the formation of aggregates at near thermodynamically
equilibrated state. This method has frequently been used to study the kinetics of copolymer
nanoparticle formation and to isolate aggregates of unique morphologies.*4 45 Although
nanoparticles with various sizes and shapes have been prepared using this method as drug
delivery carriers and diagnostic devices,* 47 the slow mixing kinetics (occurs typically at a
time scale of seconds) in comparison with the aggregation events, and the highly
heterogeneous nature of the mixing conditions yield nanoparticle preparations with poorly
controlled size and with broad distribution, poor colloidal stability, and low drug
encapsulation efficiency.

To address these challenges, methods to improve the uniformity of mixing and phase-
separation Kinetics and to accelerate the mixing rates have been developed recently. For
example, microfluidic mixing devices have been developed to yield more uniform mixing;
and preparations based on confined impinging jets and multi-inlet vortex mixers rely on
rapid mixing in a time scale of milliseconds. Compared to conventional methods, these new
techniques allow for the formation of smaller and uniform aggregates in a continuous
process, which is amenable for easier scale-up. They also offer a higher degree of versatility
and control over particle size and distribution, higher drug encapsulation efficiency, and
improved colloidal stability.48: 49

These methods have predominantly been adopted for preparing spherical-like nanoparticles
from block copolymers. Only recently, the Moffitt’s group has established conditions to tune
aggregate shape using microfluidic devices.?%-53 They employed a gas-liquid multiphase
microfluidic reactor, in which argon gas is introduced into the merged liquid streams,
compartmentalizing the colaminar flow into segmented liquid plugs. The chaotic advection
observed within the liquid plugs enables fast mixing (>1 s) between water and polystyrene-
b-poly(acrylic acid) copolymer solution triggering the formation of aggregates. The
aggregates are subsequently exposed to strong and localized shear forces through the
processing channel resulting in the formation of a myriad of aggregate structures including
Y-Junctions, cylinders, vesicles and networks. The interplay between the chemical
conditions (copolymer concentration, solvent polarity, and ionic strength) and flow kinetics
enables the control over the size and the shape of the final aggregate.5%-52 Another
interesting example by Forster et al. shows that one can also prepare size-controlled
unilamellar copolymer vesicles in a fast, continuous and reproducible fashion using
perpendicular hydrodynamic flow focusing in a microfluidic device.>*

Another approach to improve micelle stability and drug release kinetics is to directly
conjugate hydrophobic drugs to the polymer block forming the core of the micelles.55-63
The ability to create multiple aggregate morphologies from a single copolymer is
particularly attractive for investigating the effect of shape on aggregate stability, cellular
internalization, trafficking, and drug delivery. In a recent example, Hu et al. synthesized
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polyprodrug amphiphiles consisting of polyethylene glycol (PEG) and a reduction-
responsive camptothecin prodrug block to prepare particles of different shape including
spheres, smooth disks, flower-like large compound vesicles (LCVs), and staggered lamellae
with spiked periphery.84 The self-assembled nanostructures were prepared under highly
controlled mixing rate and concentrations; and particles with various shapes were prepared
depending on the water addition rate and the organic solvent polarity. The study has shown
that particle shape plays a critical role in particle-cell interaction and in vivo biodistribution.
The staggered lamellae nanoparticles exhibited the fastest cellular uptake and highest
stability in biological media. In addition, the blood circulation half-life of these
nanoparticles was nearly 15-fold higher than their spherical analogue. In another study,
Geng et al. found that self-assembly of PEG-b-polycaprolactone (PCL) copolymers in water
led to the formation of long, filamentous particles, which they termed filomicelles.®® The
filomicelles in aqueous medium displayed lengths ranging from 2 microns up to 20 microns,
and filomicelles loaded with paclitaxel were also successfully prepared for anticancer
applications.

Conventional copolymer micelles as drug delivery carriers, however, may exhibit limited
stability following the extreme dilution upon systemic delivery or as a result of serum
protein-copolymer interaction and blood flow stress.56 Additionally, the rapid dissociation
of drug-loaded copolymer micelles in the bloodstream leads to deficient drug accumulation
in the tumor and undesired side effects. To suppress these limitations, several research
groups have introduced crosslinkable copolymer micelles that present both prolonged
circulation in vivo and a better control over their drug-release properties. 67-69 Traditionally,
crosslinkable copolymer micelles can be prepared through the addition of crosslinking
agents that will react with functional domains present in the block copolymer micelle. Three
main strategies have been pursued: (i) core-crosslinked stabilized copolymer micelles, where
crosslinking occurs either at the hydrophobic chain-end or along the hydrophobic chain; (ii)
core-shell interface stabilized copolymer micelles; and (iii) shell-crosslinked stabilized
micelles. The location at which the crosslinking occurs as well as the extent of crosslinking
significantly impaacts the physicochemical properties of the final aggregate structures.
Furthermore, stimuli-responsive crosslinked copolymer micelles can be prepare by
introducing bifunctional crosslinking agents that respond to external stimuli such as
temperature, light, pH and redox agents.8”: 79-75 The Wooley group has developed several
shell crosslinked copolymer micelles for the delivery of therapeutics or as theranostic
devices.”t 76, 77 |n an elegant example, they prepared crosslinked copolymer micelles of
different shape, spheres and cylinders with different aspect ratios, to which a cell penetrating
peptide (HIV Tat PTD) was conjugated. Both the aggregate shape and the amount of peptide
conjugated were found to play a role in the endocytosis and exocytosis of the aggregates
evaluated.’8

Unimolecular micelles prepared from molecular amphiphilic brush-like polymers (MABPSs)
are an attractive alternative since their covalent nature ensures micellar stability without
compromising the drug release profile or biodegradability.”-81 MABPs are macromolecules
comprised of a linear polymer backbone and densely grafted polymer side chains.82: 83
Trigger-sensitive unimolecular micelles can be prepared to achieve on-demand release of
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encapsulated drugs. For example, aggregates resembling unimolecular micelles of size
ranging from 6 to 50 nm containing 10 — 400 doxorubicin or camptothecin molecules per
brush have been prepared. In this micelle system, drug molecules were fully protected by the
dense PEG chains and released in its free form upon irradiation with UV light.84 85
Incorporation of pH- and redox-cleavable linkers in a similar manner can expand the utility
of MABPs for the delivery of anticancer drugs.86 Johnson et al. have synthesized
nanoparticles with stimuli-responsive dual MRI and NIR optical fluorescence imaging
capabilities.81 The brush polymers contained nitroxide radicals that in the native state
partially quench the fluorescence intensity of the NIR dye. Upon exposure to ascorbate or
ascorbate/glutathione in cancer cells, nitroxide radicals are reduced, resulting in a significant
decrease of the MRI contrast and concomitant increase of the fluorescence intensity. The
high in vivo stability, long circulation time, and the easy to conjugate cellular targeting
moieties to these MABP micelles make them appealing as theranostic devices for tumor
imaging and treatment.

Negatively charge polymers, such as polyacrylate and nucleic acid, can also be used as the
hydrophilic block instead of PEG to construct amphiphilic micelles. For example,
poly(acrylic acid)-b-polystyrene (PAA-b-PS) block copolymers can self assemble into
micelles with different shapes either by changing the block lengths of PAA and PS, or by
varying solvent polarity. Furthermore, the micelle shape can be reversibly transformed from
spheres to rods to vesicles through modulation of solvent polarity even after micelles are
formed.87- 88 More relevant to biomedical application, self-assembly of nucleic acid-based
amphiphiles is highlighted in a recent review by Kwak and Herrmann.89 In these assemblies,
the oligonucleotide chain, mostly DNA, is conjugated to a hydrophobic polymer chain,
forming either linear block copolymer or brush-like graft copolymer. These DNA-based
amphiphiles self-assemble into micellar nanoparticles with different shapes, including
spherical particles, vesicles, rod-like particles, and long cylinders.%: 1 Shape control is
achieved based on the same assembly principle as discussed above via tuning copolymer
composition and architecture of the block copolymers, and solvent conditions. The length of
the oligonucleotides used in these DNA amphiphiles typically is on the order of tens to
hundreds of base pairs. Incorporation of longer chains, including functional DNA sequences
or plasmid DNA, has not been reported. Use of this strategy for the delivery of SiRNA or
antisense oligonucleotides, however, may be of interest for the field.

Self-assembly through complimentary base-pairing—Recent studies have also
reported the generation of complex nanostructures through complementary base-pairing of
DNA molecules and other short stranded oligonucleotides.®? Because of the self-recognition
of complementary DNA strands, a multitude of complex two- and three-dimensional
assemblies can be rationally designed, ranging from dendritic structures, cubes,
polyhedrons, and nanotubes.%2-97 Concerns exist over the stability of DNA nanostructures
against nuclease degradation, although studies have shown that the nanostructures exhibit
less degradation than nucleotides themselves.?8-100 These DNA nanoparticles have also
been used for therapeutic delivery applications, including small molecule drugs, antibodies,
nucleic acids, and vaccine adjuvants.92- 101-105 | ee et al. have developed a DNA
tetrahedron, generated through complementary base-pairing of single stranded
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oligonucleotides, capable of packaging and delivering small interfering RNA (siRNA) to
silence genes of interest in tumors.1%6 One unique advantage of this method is the ability to
precisely control the density and the spatial orientation of ligand placement of targeting
ligands independently in the context of improving transfection efficiency. This assembly
approach has also been extended to RNA.197-109 Recently, Afonin et al. have employed an
in silico design strategy to synthesize functional RNA nanoparticles in the form of
nanocubes and nanorings.110 While these assembled structures are capable of packaging
multiple siRNA sequences, their utility was hindered by similar factors that affect naked
RNA delivery in vivo, such as degradation by nucleases, lack of cell uptake, and rapid
clearance. To overcome these shortcomings, cationic amphiphiles were used as carriers to
effectively deliver the RNA payload. In this approach, the RNA molecules designed to have
unique shapes were further condensed into spherically shaped micelles when complexed
with an amphiphile.111

An alternative strategy to improve the RNA stability is to generate oligomerized RNA
sequences. Shopsowitz et al. have reported a method to synthesize a RNA microsponges
(~500 nm) densely loaded with RNA generated from a circular DNA template.112 These
RNAI microsponges were condensed into complexes and successfully mediated gene
knockdown when used with Lipofectamine and linear polyethylenimine (IPEI) as the
transfection agents in vitro and in vivo in a mouse tumor model.113 While shape control
using DNA and RNA as building blocks has been possible, controlling the shapes of
nanoparticles following condensation of these species with polycations remains a challenge
that continues to be addressed.

Self-assembly of polyelectrolytes—Self-assembly of oppositely charged
polyelectrolytes defines a class of nanoparticles called complex core micelles, also referred
to as polyion complex micelles.114 These micelles exhibit a unique core-shell structure, with
the polyelectolyte complex forming a stable core surrounded by a neutral, hydrophilic
corona. Complex core micelle formation has been reviewed in several papers,114-116
although shape control of such assemblies has not received significant attention until
recently. DNA as a unique polyanion itself has been used as a building block to generate a
variety of complex core micelles with different shapes.117-119 Using PEG-b-poly(L-lysine)
(PEG-b-PLL) copolymers to package the plasmid DNA, Osada et al. found that the length of
the PLL segment significantly influenced the shape of the micelle.220 Short PLL blocks led
to the formation of rod and toroid-like particles, whereas longer PLL blocks led to spherical
shapes. Further tuning of the length of the PLL segment could be used to control the length
of the rod-like shapes, with short PLL segments (degree of polymerization of 19) forming
rod lengths greater than 200 nm, and longer PLL segments (degree of polymerization of 70)
generating rods with lengths of 50-100 nm.121. 122 |t appears that the PEG chain
crowdedness (i.e. PEG chain density on micelle core surface) as a key factor in controlling
micelle rod length.122: 123 For shorter PLL segments, a greater amount of polymer is needed
to neutralize the DNA charge, resulting in a higher density of PEG on micelle surface. Due
to steric repulsion of the PEG chains, the micelles tend to elongate to provide additional
surface area for the PEG corona. In a separate study using N-(2-hydroxypropyl)
methacrylamide (HPMA) as the hydrophilic block, Shi et al. showed that the molecular
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weight of PLL in a HPMA-b-PLL copolymer also effectively changed the shape of complex
core micelles formed with plasmid DNA.124 Nanoparticles formed with copolymers
containing longer PLL block exhibited higher aspect ratios than that with shorter PLL
blocks, which exhibited more spherical shapes.

Interestingly, solvent quality and polarity has been shown to significantly influence the
shape control in this complex core assembly. A recent study by Jiang et al. has demonstrated
the feasibility of shape variation of DNA-polycation nanoparticles using a single PEG-b-
polyphosphoramidate (PEG-b-PPA) block copolymer and plasmid DNA by tuning solvent
polarity (Figure 1c).125 When polyelectrolyte complexes were formed in water—
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) mixture solvents with different
volume ratios, PEG-b-PPA/DNA micelles assumed different shapes ranging from worm-like
shapes in water to rod-like and spherical shapes in lower polarity solvents. A similar
reversible shape transformation process as shown for amphiphilic block copolymers 88 was
also observed for these DNA-containing micelles by titrating solvent with water or DMF
after the complexation and micelle formation, allowing shape tuning from spheres to rod-
like and worm-like shapes, and vice versa. More interestingly, this shape tuning technique
yielded micellar particles with a high degree of shape uniformity. It is important to point out
that despite of the similarity in shape control with amphiphilic block copolymer, the
mechanism for micelle assembly and shape control is distinctly different for these complex
core micelles. Molecular dynamics simulations revealed that the DNA plasmid serves as
both a functional payload and as a shape template as the conformation of DNA in each
solvent condition dictated the final shape of the micelle, and that the DNA chain rigidity and
solvent-DNA interaction are key factors influencing micelle shape control in this micelle
system. In addition, maximization of PEG entropy in the solvent is essential to ensure shape
conversion in these micelles, as nanoparticles prepared without the PEG block only
exhibited more condensed spherical shapes in all solvents.

It is important to note that this micelle assembly strategy is not limited to block copolymer
of PEG and polycations; polycation-g-PEG graft copolymers are also able to condense
plasmid DNA into micellar nanoparticles with distinct shapes.126 Compared with block
copolymer carriers, graft copolymers offer much wider parameter space for method
optimization to control micelle shapes and stability, including for example, PEG graft
density and the molecular weight of the PEG grafts.

One common limitation of polyelectrolyte micelles is their stability in physiological
medium. One strategy to stabilize the micelles in ionic buffers is to introduce reversible
crosslinks.127. 128 This method was employed to effectively preserve the size and shape of
PEG-b-PPA/DNA micelles following solvent exchange to remove organic solvent.125

Shape Transforming Nanoparticles

Nanoparticles with discrete shapes and the capability to transform their shape in response to
an external stimulus are particularly attractive, as it is possible to combine different sets of
properties into one nanoparticle system. A recent study by Yoo and Mitragotri showed that
rod-like PLGA particles generated by the particle stretch method were able to transform
their shape to spheres in response to a change of external stimulus including pH,
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temperature, or chemical, during time scales ranging from minutes to hours (Figure 2a).33
Mechanistic studies revealed that a balance between the viscoelastic property of the polymer
and the interfacial tension between the polymer and surrounding media were the two main
factors influencing shape transformation kinetics. Another study by Chien et al. utilized
DNA-amphiphile micelles to demonstrate controllable shape transformation (Figure 2b).9
The DNA brush component of the micelle contained a sequence specific cleavage site, and
upon treatment with an enzyme specific for this sequence, the micelles transformed from 25-
nm spheres to micron-length cylinders. On the other hand, this shape transition could be
reversed by addition of a single strand DNA sequence complementary to the DNA
remaining in the micelle, leading to the reformation of 25-nm spheres. Surprising, such a
shape transformation process can also be achieved for micellar nanoparticles with a complex
core prepared from plasmid DNA and PEG-polycation copolymer. A recent study by
Williford et al. reported the worm-like micelles that were prepared by complexation
between plasmid DNA and IPEI-g-PEG with a 2 mol% PEG (MW10 KDa) grafted to IPEI
(MW17 KDa) through disulfide linkages. When these micellar nanoparticles were subjected
to a reducing environment such as that in cytosol and cell nuclei, the PEG chains could be
cleaved, which triggered the shape transformation from worm-like particles to more
condensed spherical and short rod shapes (Figure 2c).126 Zeta potential measurements
confirmed the cleavage of PEG grafts, highlighting the importance of PEG for controlling
and transforming the shape of PEG-polycation/DNA nanoparticles.

Comparative Analyses of Different Methods

While several different methods have been developed to generate nanoparticles with
controlled shapes, certain considerations must be given to best utilize these materials for
therapeutic delivery applications. Lithography-based methods have significant advantages in
the generation of highly monodisperse particles, but limitations can exist in the range of
shapes possible with the need to design molds for particle preparation. Drug loading
capacity must continue to be studied, particularly for biologics such as siRNA. Membrane
stretching provides a robust method for generating a range of aspect ratios over a large size
range, from hundreds of nanometers to tens of microns. This method, however, limits the
materials choice, as the polymer must be heated above the glass transition temperature
during the stretching process. The heating process may also hinder the potential cargo for
therapeutic delivery. Finally, self-assembly methods require no complex particle
manufacturing processes, relying solely on intermolecular forces to generate complex
shapes. The self-assembly process, however, has not been well-studied, and few mechanistic
studies have been performed to identify the key driving forces for shape control. Molecular
dynamics simulation may be an attractive tool for researchers to better understand the
mechanisms that drive shape control of self-assembled polymeric nanoparticles. Stability of
nanoparticles generated through each method must also continue to be optimized in
physiological media for delivery applications. For example, self-assembled micelles may
require additional core crosslinking strategies to preserve the size and shape under in vivo
conditions. Membrane-stretched particles, comprised of PLA or PLGA, may require some
surface conjugation strategies to minimize serum protein adsorption. DNA nanostructures
must be designed to minimize susceptibility to nucleases in serum. Finally, the choice of
shape control method may be determined by both the materials choice and the payload being
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delivered. Each method, although versatile for a range of materials and cargos, has specific
set of design constraints and optimal conditions that may be tailored for a specific
therapeutic molecule and application (see Table 1).

Effect of Nanoparticle Shape on Their Biological Activities

With the development of several methods for precise control of nanoparticle shape, it has
been possible to interrogate the role of shape in nanoparticle-mediated drug and gene
delivery. Studies have highlighted the role of shape at each step of the delivery process,
including extending nanoparticle circulation time, enhancing tissue-specific delivery,
transport and retention, and influencing cellular uptake and intracellular trafficking. The
following sections will provide a brief overview on the effect of nanoparticle shape at
different delivery steps.

Shape Effect on Systemic Circulation of Nanoparticles

Based on the observation that flexible and long worm-like micelles (> 1 um) became
elongated under shear in flow condition, which may prevent significant interaction with
macrophages in circulation, Geng et al. tested the effect of shape on self-assembled
nanoparticle circulation time following systemic injection by comparing 3.5-um long
filomicelles with 200-nm spherical micellar nanoparticles.5®> They showed that a significant
fraction of both the non-degradable polyethylene-b-PEG filomicelles and the degradable
PCL-b-PEG micelles circulated for up to one week in rodents after i.v. injection, whereas
spherical nanoparticles were cleared within 2 days. The circulation half-life decreased as the
initial length of the micelle decreased. The extended circulation time of filomicelles was
primarily attributed to their ability to reduce binding and clearance by circulating
macrophages, in contrast to spherical particles. More efficient delivery of paclitaxel using
these filomicelles was demonstrated in a mouse lung cancer model compared to free
paclitaxel. At the same dose of paclitaxel, filomicelles showed significant tumor size
decrease with about half the amount of free paclitaxel. Furthermore, the animals were able
to tolerate a higher dose of the drug, which could potentially translate to higher degree of
tumor killing. Tockary et al. reported a study comparing circulation time of a series of rod-
like PEG-b-PLL/DNA micellar nanoparticles with different lengths (Figure 3a).122 From
blood circulation profile analysis, nanoparticles with longer rod lengths of 162 nm had a
greater percentage of particles remaining in circulation compared to shorter, 70-nm rods. For
instance, at 3 minutes post-injection, approximately 60% of the longer rods remained in
circulation compared with only 30% of the shorter rods. While these numbers do not show
such a striking differences in nanoparticle circulation time as the previous study, it is
possible that the differences arise from the fact that these particles are much shorter than the
micron-sized filomicelles. These results still highlight the potential benefit of elongated
particles in providing extended circulation time.

Nanoparticle shape may also play a role in margination i.e. drifting of a particle from the
center of the vessel close to the vessel wall.130 Nanoparticle margination dynamics may be
important in binding to the endothelium and escaping leaky vasculature in tumor tissue.
Theoretical analysis indicates that spherical particles under flow conditions tend to follow a
streamline parallel to a vessel wall, whereas non-spherical ellipsoidal particles exhibit more
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complex rotational and translation trajectories, drifting from one side of the vessel to the
other during flow.131: 132 Using a detailed model of particle dynamics in microcirculation
where low shear rates are present, elongated, discoidal particles display the greatest ability
to marginate; however, the lateral velocity of the particle depends significantly on its Stokes
number, which is influenced by the size and the density of the material.133 Additionally,
when comparing a nanosphere and nanorod under identical shear conditions, the binding
probability was three-fold higher for the nanorod.132 A study looking specifically at the
effect of shear rate on the margination of non-spherical, micron-sized silica particles found
that for the ranges tested, discoidal shapes marginated the most, followed by quasi-
hemispherical and spherical particles.134 In vitro studies on effect of nanoparticle shape
under flow condition using microfluidic flow chamber experiments, also using the silica-
based particles,13* confirmed that spherical particles exhibit significantly lower
sedimentation and binding to the walls of the chamber compared to hemispherical and
discoidal particles. It will be interesting to see if the results hold for shaped, polymeric
nanoparticles as well.

Shape Effect on Tissue Binding and Distribution of Nanoparticles

Nanoparticle shape has been shown to significantly influence tissue binding and distribution
in vivo. Using the membrane-stretched PS nanoparticles surface-conjugated with antibodies
against ICAM-1 and transferrin for lung and brain targeting, respectively, Kolhar et al.
demonstrated that anti-ICAM-1-conjugated rods (500 nm length x 125 nm diameter) yielded
twice the accumulation in lungs compared to 200-nm spherical particles.38 Lung to liver
accumulation was also 1.7-fold higher for the rods, compared with 0.7 for the spheres,
showing that rod-shaped particles improved tissue-specific binding. Similarly for anti-
transferrin-conjugated nanoparticles, rod-shaped particles showed a nearly 7-fold higher
accumulation in brain compared to spherical particles. In vitro studies using a synthetic
microvascular network model complemented the in vivo results, showing higher binding to
the walls of the chamber for the rod-shaped, antibody-conjugated particles, compared with
antibody-conjugated spherical particles. Additional studies incorporating bifurcation
junctions into the microvascular networks found that particles accumulated more at the
branching sites compared to the straight segments, which may have application in certain
disease states.135 Another study by Shuvaev et al. using PEG-b-polyethylene filomicelles
decorated with endothelium-targeting antibodies also showed combined advantages of
extended circulation time and improved tissue binding for these worm-like particles,
highlighting the importance of nanoparticle shape for improving transport and targeting
capabilities.136

In addition to tissue targeting, nanoparticle shape has the potential to influence their
penetration and distribution once particles transport from the vessels to the tissue. Chu et al.
reported that PLGA particles formulated by the PRINT method exhibited significantly
different tissue distribution of the encapsulated drug, docetaxel, in a particle shape-
dependent manner.1” Rod-like particles (80 nm diameter x 320 nm length) delivered a
higher concentration of docetaxel in the tumor tissue and lower spleen and liver deposition,
compared with cube particles (200 nm x 200 nm). Such an improved delivery with rod-like
particles was correlated with better permeation or diffusion of these particles in the tumor
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tissue and a reduction in clearance by macrophages. These results are consistent with a
recent study by Chauhan et al. using silica nanoparticles and nanorods containing a quantum
dot core (Figure 3b). Tumor tissue distribution for the rod-like nanoparticles (15 nm x 54
nm) was greater than the 35-nm spherical particles, as a result of enhanced penetration and
diffusion property for the rods in tissue or gel-like medium.137

While the literature is not as extensive for gene therapy applications, several studies have
begun to focus on the effect of DNA nanoparticle shape on in vivo gene delivery efficiency.
Dirisala et al., using self-assembled PEG-b-PLL/DNA nanoparticles carrying plasmid DNA
encoding anti-angiogenic proteins for pancreatic cancer delivery, identified a critical rod
length of 200 nm that is capable of mediating efficient transfection efficiency both in vitro
and in vivo.121 Above a 200-nm length, rod-shaped nanoparticles showed lower cell uptake
in BXPC3 cells and minimal antitumor effect in mice following i.v. injection, even though
these nanoparticles displayed extended circulation time. Rods shorter than 200 nm, on the
other hand, exhibited significant antitumor response through reduction in tumor volume as
well as decreased tumor vascular density upon treatment. Jiang et al. used retrograde
intrabiliary infusion to deliver shaped, PEG-b-PPA/DNA micelles to the rat liver.125 In this
study, worm-like particles (20 nm diameter x 581 nm length) mediated 126-fold higher
transfection efficiency than rod-like particles (30 nm diameter x 130 nm length), and 1,680-
fold higher expression than the spherical particles with an average diameter of 40 nm.

Shape Effect on Cellular Uptake of Nanoparticles

The shape effect of nanoparticles has been most extensively characterized at the cellular
level. A study by Gratton et al. using cationic PEG particles prepared by the PRINT method
found that longer rod particles (150 nm diameter x 450 nm length) had faster internalization
rates in HeLa cells compared to short rods (200 nm diameter x 200 nm length).18 As the
particles were positively charged, it is likely that the higher aspect ratio particles were able
to experience multivalent interactions with the cells, leading to faster uptake. Results for
hyaluronic acid (HA)-coated PLGA PRINT particles also showed similar trends: 320 nm x
80 nm rod particles showed nearly 10-fold higher uptake than 200 nm x 200 nm short rods
in BT-20 triple negative breast cancer cells.2” Agarwal et al. similarly studied the uptake of
hydrogel nanorod and nanodisc particles in several epithelial and endothelial cell lines.2® In
all cell types, the nanodiscs are internalized more than the nanorods. From the results, the
authors proposed three key factors that dictate cell uptake in vitro: contact force between the
particle and the cell surface, sedimentation, and strain energy needed for membrane
deformation to uptake the particles. The strain energy, in particular, is hypothesized to be the
reason for the increased uptake of nanodiscs compared to nanorods, as more energy is
needed to engulf the elongated rod-shaped particles. Polystyrene rods with a size of 367 nm
x 126 nm, prepared by the membrane stretching method, displayed higher specific uptake
and lower nonspecific uptake compared to 200 nm spherical and disk-shaped (236 nm
diameter x 88 nm thickness) nanoparticles in three breast cancer cell lines following surface
conjugation of trastuzumab, a HER2-targeted antibody (Figure 3c).3% On the other hand, a
study comparing cellular uptake of spherical, short cylinder, and long cylinder, PAA-b-PS
block copolymer nanoparticles conjugated with TAT cell adhesion peptide found that
spherical particles exhibited the highest amount of uptake in Chinese hamster ovary cells.”®
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The results suggest that it may be difficult for the micron-length cylindrical particles to be
internalized by the cell; in addition, particle uptake was compared at the same molar
concentration of polymer, meaning that there was a higher number of spherical particles
compared to worm-like particles, which may affect the measurements. It is also possible that
uptake of different shapes will vary significantly depending on material choice or cell type
being investigated.

Several studies have also begun to investigate shape-dependent uptake and intracellular
trafficking of DNA-containing nanoparticles. Shi et al., using HPMA-b-PLL copolymers to
condense DNA, compared cellular uptake, intracellular trafficking, and transfection
efficiency for 25 nm x 74 nm oblong complex core micelles and 18 nm x 102 nm rod-like
micelles.124 The transfection efficiency for the oblong micelles was 42-fold higher than the
rod-like micelles with a higher aspect ratio. Mechanistic studies showed that cellular uptake
for the more condensed particles was approximately 4-fold higher, whereas the rod-like
particles, after internalization, tended to accumulate more in endosomal/lysosomal
compartments. Other factors, such as charge density, DNA unpacking, and intracellular
trafficking kinetics, did not differ significantly for the two nanoparticles, suggesting that
shape-dependent cellular uptake may be a determining factor in the observed transfection
efficiency differences. Our recent studies also showed that nanoparticle shape may similarly
influence cell uptake and transfection efficiency.12% 126 |n addition, as polymer/DNA
micelles undergoing shape transformation from worm-like to condensed spherical and short
rod shapes, a significant increase in in vitro transfection efficiency was observed, whereas
control particles without shape transformation did not increase transfection efficiency.126
However, it is important to note that in this study shape transformation occurred
concomitantly with PEG cleavage, therefore both shape transformation and increase in
nanoparticle surface charge may contribute to the improved transfection results.

Significant discoveries have been made on shape-dependent uptake of microparticles and
nanoparticles in phagocytic cells. Using high aspect ratio disc and worm-like particles,
results highlight that shape, but not necessarily size, dictates the degree of particle
internalization by macrophages.36: 37 For example, for 14 pm x 3 um ellipsoidal particles,
when the macrophage attaches to the end of the particle, it can be effectively internalized
within 3 min.3¢ When it attaches to the flat side of the particle, however, no internalization
was observed for the duration of the 110 min study. Extending from these observations, a
follow-up study compared macrophage internalization of 1-3 um spherical particles with
fiber-like particles stretched from the same set of spherical particles to an aspect ratio of
22.5.37 The fiber-like particles displayed almost no internalization, whereas approximately
half of the spherical particles that attached to the macrophages were internalized. This study
highlights the ability to use shape as sole factor to generate a particle that can effectively
evade phagocytosis. As another example highlighting the utility of shape to influence
macrophage uptake, PLGA particles capable of shape transformation from elliptical disks
with an aspect ratio of 5 to spherical particles were compared to control particles unable to
transform their shape.33 When incubated in vitro with macrophages, particles were
internalized quickly upon shape transformation to near-spherical shapes. In contrast, cells
could not phagocytose elliptical disks without shape transformation.
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Conclusions

Using the methods presented here, it has been shown that precise shape control can be
achieved for polymeric nanoparticles, obtaining a range of nanoparticle shapes including
spherical and cylindrical particles, all the way to micron sized, high aspect ratio rod and
filamentous particles. Methods are amenable to a wide range of polymeric systems, both
non-degradable and degradable, and can deliver cargo ranging from chemotherapeutics,
nucleic acids, and contrast agents. Applications of these shape-controlled nanoparticles in
vitro and in vivo has revealed shape-dependent nanoparticle transport properties, allowing
particle shape optimization to extend circulation time following systemic injection, improve
tissue penetration and distribution, enhance binding to target cells and tissues, and direct
cellular uptake and intracellular trafficking behavior. While these findings highlight the
promise of shape control for improving the delivery efficiency of polymeric nanoparticles,
significant challenges remain to be addressed. As shape is one of the fundamental attributes
of nanoparticles, along with size, surface chemistry, charge, surface energetics, etc., it may
be difficult to isolate the specific shape effect from other parameters on biological transport
properties and bioactivities of the nanoparticles. New strategies are needed to independently
control nanoparticle shape and other parameters in order to identify shape as the sole
governing factor.

Further evaluation of the shape in a biological context is also necessary; it is possible that,
upon exposure to the complex biological environment, the shape factor could be masked by
serum proteins or biological media. Finally, reproducibility, uniformity, and scalability must
continue to be addressed in order to identify key formulations for potential clinical
development. These considerations aside, it is clear that nanoparticle shape holds great
potential as an additional design parameter for improving therapeutic delivery. The
continued development of new methods and materials for such shape control provides for an
exciting future for nanomedicine.
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Figure 1.
Several methods have been developed to control the shape of polymeric nanoparticles for

therapeutic delivery applications. (A) PRINT technology allows for the generation of
particles with controlled shapes and surface chemistries through harvesting from polymer
molds with low surface energy:14 (reprinted with permission, ©2013 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim) (B) Two distinct methods for generating nanoparticles
with nonspherical shapes through stretching and liquefication of precursor films, leading to
the formation of rod shaped and barrel shaped particles;32 (©2007 National Academy of
Sciences, USA) (C) Self-assembly of PEG-polycation/DNA nanoparticles in solutions with
varying solvent polarity leads to the formation of different shapes, including spheres, rod-
like, and worm-like particles.125 (reprinted with permission, ©2013 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.)
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Figure 2.

Several recent studies have developed polymeric nanoparticles capable of shape
transformation in response to external stimuli. (A) PLGA polymer particles can transform
their shape from rod-like to spherical on time scales ranging from minutes to hours in
response to external triggers such as various chemicals, pH changes, and temperature
changes;33 (B) Self-assembled DNA brush polymer micelles undergo shape transformation
from spherical to cylindrical particles upon enzymatic cleavage of a fraction of the brush
segment, which can be reversed by re-introducing a similar DNA segment through
complementary base pairing;®! (reprinted with permission, ©2010 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim) (C) Shape transformation of polymer/DNA micelles can
be achieved through cleavage of a fraction of the PEG chains on the micelle surface, leading
to a transition from worm-like shapes to more condensed spherical and short rod shapes.126
(Reproduced by permission of The Royal Society of Chemistry.)
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Figure 3.

Nanoparticle shape influences the biological response both in vitro and in vivo for drug and
gene delivery applications. (A) Nanoparticle shape is influenced by the crowdedness of the
PEG layer on the surface of polymer/DNA micelles. Dense PEG layer leads to the formation
of longer rod shapes that, upon systemic administration via tail vein injection, leads to
extended circulation compared to shorter, rod shaped micelles;122 (reprinted with
permission, ©2013 American Chemical Society) (B) Greater tumor penetration is observed
following i.v. injection of spherical and rod-shaped silica-quantum dot nanoparticles; 137
(reprinted with permission, ©2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) (C)
Scanning electron microscopy images of polystyrene nanospheres, nanorods, and nanodisks,
as well as fluorescent microscopy images of in vitro cellular uptake of shaped nanoparticles
(green) in BT-474 breast cancer cells (blue) comparing uncoated and antibody
(trastuzumab)-coated particles. Graph shows that trastuzumab coating enhancement is
greatest for nanorods, followed by nanodisks and nanospheres in both BT-474 cells (white
bars) and SK-BR-3 cells (dashed bars). No enhancement was observed for any shape in
MDA-MB-231 cells (black bars).3

Trastuzumab-Induced Enhancement
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