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Abstract

Nanofabrication and biomedical applications of polymeric nanoparticles have become important
areas of research. Biocompatible polymeric nanoparticles have been investigated for their use as
delivery vehicles for therapeutic and diagnostic agents. Although polymeric nanoconstructs have
traditionally been fabricated as isotropic spheres, anisotropic, non-spherical nanoparticles have
gained interest in the biomaterials community due to their unique interactions with biological
systems. Polymeric nanoparticles with different forms of anisotropy have been manufactured
utilizing a variety of novel methods in recent years. In addition, they have enhanced physical,
chemical, and biological properties compared to spherical nanoparticles, including increased
targeting avidity and decreased non-specific in vivo clearance. With these desirable properties,
anisotropic nanoparticles have been successfully utilized in many biomedical settings and have
performed superiorly to analogous spherical nanoparticles. We summarize the current state-of-the-
art fabrication methods for anisotropic polymeric nanoparticles including top-down, bottom-up,
and microfluidic design approaches. We also summarize the current and potential future
applications of these nanoparticles, including drug delivery, biological targeting,
immunoengineering, and tissue engineering. Ongoing research into the properties and utility of
anisotropic polymeric nanoparticles will prove critical to realizing their potential in nanomedicine.

Introduction

Polymeric nanoparticles are finding increasing success in nanomedicine applications as both
therapeutics and diagnostics. Due to their biocompatibility, their capability to circumvent
normal biological barriers to small molecules, and their targeting abilities, polymeric
nanoparticles have been shown effective in numerous functions. These applications include
most prominently drug delivery vehicles for various types of chemical and biological
therapeutics1 and contrast agents for diagnostic and imaging purposes.>~" A wide range of
fabrication methods exist for polymeric nanoparticles including bulk emulsions,8
microfluidics,? and self-assembly.19 These methods have been successful at synthesizing
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spherical nanoparticles with advantageous properties including biodegradability, drug
release, biological targeting, and evasion of in vivo elimination.

One property of nanoparticles that has been investigated extensively in the literature for
controlling biological interactions is particle size.11-13 Nanodimensional polymeric
constructs have been synthesized across the full range of 1-1000 nm depending on their
desired application. Although particle size has been shown to have a significant effect on
properties such as biodistribution and cellular uptake of polymeric nanomedicines, it is not
the only parameter that should be considered in the design of a nanotherapetic or
nanodiagnostics. Interest in nanoparticle shape has emerged in the past several years as a
novel strategy to control the interface between particles and biological systems and to
enhance efficacy of polymeric nanomedicines.1* Anisotropy and shape specificity in
biological interactions have been shown to be a critical parameters at the molecular,1®
cellular,16 and tissue levels.}” As such, to enable superior biological interaction between a
nanoparticle and its target, the shape of the nanoparticle should be rationally engineered for
its biological function. In this review, shape has been considered in a variety of settings
including nanoparticle drug delivery, targeting, cellular uptake, biodistribution,
immunoengineering, and tissue engineering.

This review describes the state-of-the-art of polymeric anisotropic nanoparticles and
summarizes the main fabrication methods and applications of anisotropic nanoparticles in
the literature over the past decade. The primary focus of this review is on polymeric
nanoparticles and on engineered nanoscale features. While larger, micron scale polymeric
particles and inorganic nanoparticles are also of interest, they are beyond the scope of this
review and a reader is referred to other manuscripts'8-19 that discuss these circumstances.
Future research into the fabrication and application of anisotropic polymeric nanoparticles
will provide insight into the benefits of their utilization and optimize their use in
nanomedicine.

Fabrication of Anisotropic Nanoparticles and Nanofeatures

Top-Down Methods

Top-down assembly methods are widely applicable and controllable for the fabrication of
nanostructures including nonspherical anisotropic particles. Through macroscopic
manipulation to environments containing preformed nanoscale objects, a wide variety of
particle shapes and morphologies can be produced. The main top-down fabrication methods
utilized for the fabrication of anisotropic nanoparticles and creation of nanofeatures include
mechanical deformation by thin film stretching, particle replication in non-wetting
templates, and micro/nanoscale lithography.

A widely applied method to generate particles of non-spherical shape is the thin film
stretching method pioneered by Ho et. al.2% The method consists of synthesizing spherical
polymeric nanoparticles and casting them into a thin film of polyvinyl alcohol. The film is
then heated above the glass transition temperature of the polymer so that the particles can be
easily deformed and the thin film is stretched utilizing a single dimensional mechanical
tension application device. Upon cooling, the resulting particles are ellipsoidal in shape and
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have been demonstrated to have an aspect ratio of 2-5.20 Alternatively, rather than
increasing temperature, a solvent can also be used to enable particle deformation within a
film. In recent years, this method has been adapted and further developed to produce
polymeric micro and nanoparticles consisting of a wide repertoire of shapes. By translating
the method to two dimensions and modifying particle deformation procedures, Champion et.
al. demonstrated the capability to generate many different shapes including rods, discs,
worms, bullets, barrels, as well as porous morphological variants of these shapes (Figure
1)'21

Particles fabricated by thin film stretching method have also been of recent interest for their
shape memory properties. Yoo et. al. published a study investigating the effect of various
environmental stimuli on the shape retraction of ellipsoidal PLGA particles,22 rendered
anisotropic by the thin film stretching method. The authors demonstrated complete reversion
to a spherical form in the presence of liquefying factors including increased temperature,
decreased pH, and chemical treatment. In addition, upon incubating shape-switching
opsonized microparticles with macrophages, the authors demonstrated that the particle
resisted uptake until it assumed a spherical form.22 Wischke et. al. examined the capability
of copolymers composed of polycaprolactone (PCL) and polypentadecalactone (PPDL) to
undergo shape programming and reversion.23 Utilizing the stretching method and taking
advantage of the fact that the polymers possessed a “permanent reprogramming” melting
temperature and a “temporary reprogramming” melting temperature, the authors were able
to induce shape change from oblate ellipsoid to prolate ellipsoid as well as reversion of the
ellipsoids to the spherical form (Figure 2).23

Another method utilized for the production of nonspherical nanoparticles is the particle
replication in non-wetting templates (PRINT) technique. Pioneered by Rolland et. al. this
method allows for excellent top-down control over particle morphology.24 The method
consists of first synthesizing a silicon mold with nanoscale features by e-beam lithography.
From this fabricated template, a photocurable non wetting polymer perfluoropolyether
(PFPE) is deposited and solidified to form the mold. The non-wetting nature of the polymer
allows for individual, discrete particles to be molded as opposed to a film smear. The
authors demonstrated wide versatility of this method through the synthesis of poly (lactic
acid), poly(pyrole), and poly(ethylene glycol) (PEG) particles of various shapes including
cones, rods, and arrows.24 The method was combined with mechanical elongation of the
PFPE mold to produce rods with a higher aspect ratio as well as disc shaped particles.?> In
addition, this procedure has been recently combined with layer by layer spray-on technology
to generate biologically active nanoparticles.26

An additional technique that has been investigated extensively in the literature for the
fabrication of anisotropic nanoparticles and nanofeatures is particle lithography. Through the
use of particle-surface interactions, various methods have been developed to add nanoscale
features anisotropically onto micron scale particles. Contact printing has been utilized to
induce Janus-like “two faced” anisotropy in micron sized latex particles.2” Micron scale
particle lithography has been utilized to add nanoscale anisotropic features to chemically
modified polystyrene particles. By immobilizing the particles on a charged glass surface, the
authors were able to block the functionalization of a nanoscale region on the surface of the
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particle. Upon release from the surface, the previously blocked nanoscale region could be
further modified.28 Nanoscale patches of gold have also been deposited on tightly packed
lattices of microparticles.2? The morphology of these particles is controlled through the
crystal structure of the multilayer particle lattices.

In addition to particle lithography, nanoimprint lithography has recently been appropriated
for the fabrication of anisotropic polymeric nanoparticles. Direct fabrication of nanorods has
also be reported through a procedure in which a nanoetched silicon is utilized as a template
to mold a photoresist in order to produce rod shaped particles less than a micron in size.3!
This procedure could theoretically be translated to any photocurable polymer and aspect
ratio can be regulated by the depth of silicon etching. Nanoimprint lithography has also been
applied to synthesize anisotropic particles made of a crosslinked peptide that can be utilized
to encapsulate antibodies and nucleic acids.32 The authors demonstrated that these particles
could be degraded and release their cargo through the addition of a protease. Thus, there are
multiple approaches to successful top-down fabrication of nanoparticles designed to have
various anisotropic shapes.

Bottom-Up Methods

Nonspherical nanoparticles have also been synthesized from a variety of directed self-
assembly methods. Generally these procedures are more experimental in nature and have not
found widespread application due to the difficulty of controlling self-assembly. However,
the simplicity of these bottom-up approaches makes them attractive for the synthesis of
anisotropic nanoparticles. These methods include block co-polymer aggregation, phase
separation by polymerization, and particle core destabilization.

Block copolymers offer the capability to design particle shape at the molecular level. By
varying the length and composition of the individual blocks in a block copolymer,
anisotropic nonspherical particles can be synthesized by self-assembly. One example of the
use of block copolymers in non-spherical particle synthesis was a study published by Jiang
et. al. which demonstrated the self-assembly of PEG and polyphosphoaramidate (PPA)
block copolymers into long string like micelles in the presence of DNA plasmids.33 The
resultant nanoparticles demonstrated an enhanced stability in aqueous media as well as
reduced toxicity for in vivo applications. Other approaches have yielded better control over
the rod-like shape of the particles. Petzetakis et. al. demonstrated the use of enantiomerically
pure poly lactide (as opposed to the mixture of D and L enantiomers which is commonly
used) in a block copolymer with polyacrylic acid resulted in the formation of self-assembled
cylindrical micelles.34 The aspect ratio was shown to be a function of the time of self-
assembly. Stripped non-spherical particles have been synthesized by block copolymers of
polystyrene and poly(2-vinylpyridine) (P2VP) along with a surfactant gold nanoparticle.3
The block copolymer forms an alternating layer structure and this was exploited to produce
ellipsoidal particles with stripes by utilizing gold nanoparticles that neutralized the
preferential interaction of the polystyrene with the emulsion interface (Figure 3).

Phase separation emulsions offer the potential to synthesize Janus particles as well as non-
spherical anisotropic polymeric particles. Kaewsaneha et. al. demonstrated the production of
polymeric nanoparticles with a single magnetic face.3¢ Starting with an emulsion of styrene,
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acrylic acid, and oleic acid coated magnetic nanoparticles, the polymerization of the two
organics resulted in a polymer matrix that excluded the magnetic nanoparticles, resulting in
the uneven distribution on the surface. Emulsions of liquid crystal materials with a
polymerizable monomer have enabled the synthesis of non-spherical microparticles with
nanocolloids at their poles.3” By taking advantage of the positional preference for surface
defects in the liquid crystal, the authors demonstrated a polar arrangement of polystyrene
nanoparticles on the surface of the microparticle. In addition, upon removal of the liquid
crystal, the polymerized material assumed a non-spherical shape due to the deswelling of the
polymer matrix.3” Anisotropic bulging nanoparticles have been reported utilizing the
polymerizable nature of surface styrene monomers. Park et. al. demonstrated the formation
of dumbbell shaped particles through the initiation of styrene surface polymerization with a
core-shell polystyrene/poly(styrene-co-trimethoxysilylpropylacrylate) particle.38 Multibulge
anisotropic particles have also been synthesized with seed particles of poly(vinyl chloride-
co-acetoacetoxyethyl methacrylate).3% Induced polymerization of surface adsorbed
polystyrene resulted in a bulging morphology of these particles that could be controlled by
increasing the concentration of the acetoacetocyetyhl monomer in the seed particle.

Block copolymer nanoparticles have also been investigated for a shape memory effect. Yang
et. al. studied the capability of the copolymer poly(9,9dioctylfluorene-co-benzothiadiazole)
to achieve a native ellipsoidal shape after bulk synthesis by emulsion.* Upon heating this
liquid crystalline polymer above its nematic transition temperature, it attained a temporary
spherical shape. Reversion to ellipsoidal shape was evident upon cooling as well. The
stripped ellipsoidal nanoparticles described above®® have also been utilized for a shape
memory application. By crosslinking the P2VP layer the authors demonstrated a pH
dependent, reversible swelling and deswelling property of the polymer matrix to produce
ellipsoidal shapes with different aspect ratios. 41

Particle core destabilization also offers the bottom-up capability to produce anisotropically
shaped particles. By either starting with a hollow core template, or chemically destabilizing
the core of a core shell particle, various shapes have been produced. In the case of a hollow
particle precursor, liquefaction alone has also been shown to produce particles of red blood
cell (RBC) shape. Doshi et. al. demonstrated how hollow polystyrene particles could be
heated, thereby inducing a collapse of the particle into an RBC shape.#? In the same study,
RBC shaped particles were shown to be produced from poly (lactic-co- glycolic) acid
through solvent based liquefaction. Chemical destabilization of spherical core polystyrene
particles has also been shown to produce rod shaped nanoparticles of bovine serum albumin
(BSA) and poly L lysine (PLL).43 Zhou et. al. demonstrated that coating a spherical
polystyrene template with BSA and PLL followed by solvent based extraction of the
polystyrene core resulted in the fracturing of the surface layer and the production rod shaped
nanoparticles.43

Methods

Microfluidics technology has revolutionized many fields of research including particle
synthesis. Although the majority of microfluidic particle synthesis has been completed on
the micron scale (to which the reader is referred to a more comprehensive review#4-46),
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there has been some research on the synthesis of nanoparticles and nanoscale features
utilizing microfluidics technology. The predominant methods that have emerged for the
synthesis of nanoscale particles on a microfluidic chip include electrojetting and
nanoprecipitation.

Electrojetting has been utilized in a variety of applications and has been used with
microfluidics technology to produce Janus particles. Roh et. al. demonstrated the synthesis
of biphasic particles that have Janus surface characteristics.*” By electrojetting two different
solutions adjacent to each other, nanoparticles and microparticles made of dextran were
formed with nanoscale features. In addition, this method was utilized with poly acrylic acid
to generate nonspherical Janus nanoparticles.4” This method was extended to produce
micron scale Janus particles encapsulating nanoscale superparamagnetic particles and
titanium dioxide particles for imaging.#8 4° The authors demonstrate localized distribution
of these nanoparticles within the larger nano and micron scale structures.

Nanoprecipitation in a microfluidic device has been recently investigated for its capability of
fabrication of nonspherical nanoparticles as well as anisotropic micron sized structures with
nanoparticulate features. Hasani Sadrabadi et. al. demonstrated direct fabrication of
anisotropic polybenzimidazole (PBI) nanoparticles by focused hydrodynamic flow of a
solution containing the polymer.5% As the solvent exchange took place at the flow interface,
nanoparticles precipitated out of the focused flow (Figure 4). The anisotropy of the particles
was controlled by changing the ratio of the inlet focusing flow.%0 Lan et. al. utilized a
similar hydrodynamic focusing scheme to synthesize microparticles with an anisotropic
coating of nanoparticles by the use of coinjection of a photocurable phase and a
nonphotocurable phase.#? By dispersing nanoparticles in the nonphotocurable phase a single
face of spherical nanoparticles was formed on the surface.*® Another method developed by
Suh et. al. demonstrated the capability to induce growth of magnetic nanoparticles on the
surface of anisotropically fabricated microparticles synthesized by a stop flow
photolithography process.5! The shape of the particles could be directed by a photomask and
the Janus nature was achieved by a side by side laminar of two polymer solutions.
Polyethylene glycol (PEG) and poly(acrylic acid) (PAA) were utilized for these studies and
the authors demonstrated subsequent growth of magnetic nanoparticles directed by the
anionic nature of the PAA.%1 Nanoprecipitation of particles into micro scale molds has also
been utilized for production of anisotropic microstructures. Angly et. al. demonstrated the
capability to form densely packed nonspherical arrays of nanoparticles through a selective
permeable microfluidic chamber.52 Water droplets containing PEG and silicon dioxide
coated gold nanoparticles were assembled into lithographically specified superstructures by
evaporation of the water phase through convection of dry gas.

Characterization of Anisotropic Nanoparticles

Nonspherical anisotropic microparticles and nanoparticles are routinely characterized by
microscopy methods including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and optical microscopy. Although
these procedures work suitably for a thorough characterization of anisotropic nature of these
constructs, they typically require substantial preparation and expensive microscopes. As a
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result there is active research in developing alternative methods of characterizing non-
spherical nanoparticles.

Mathaes et. al. made a comparison of different standard methods utilized in particle and cell
characterization to detect differences between spherical and non-spherical microparticles
and nanoparticles.>3 These protocols included flow cytometry/coulter counter for
microparticles and asymmetrical flow field flow fraction for nanoparticles. The authors were
able to detect differences between the spherical and nonspherical of aspect ratio 3-5
microparticles and aspect ratio 4 nanoparticles that were 40 nm in size in each of the assays.
In addition, they were able to record characteristic data that could be used to predict the
shape of an unknown sample of particles.>3

Innovative light scattering methods have also been developed for the characterization of
non-spherical nano and microparticles. Wang et. al. utilized predictive dipole modeling of
holograms projected by particles scattering a laser beam.>* The resulting approximation
method was able to characterize 3D diffusion and rotation of non-spherical microparticles of
aspect ratio 2 and size 2 microns. In addition, this method was utilized to characterize the
content and anisotropy of spherical Janus nanoparticles of size 900 nm.>* Methods based on
light scattering of gold nanorods at different wavelengths of light>® and light scattering
detecting differences of electrophoretic mobility of nanorods vs nanospheres®® have also
been reported.

Biomedical Applications of Anisotropic Nanoparticles

Shape Specific Targeting

Among the most useful properties that have been demonstrated for nonspherical
nanoparticles are the inhibition of non-specific cellular uptake leading to enhanced in vivo
biodistribution®’ and the increased targeting capabilities due to the higher radius of
curvature.1* These two properties have been investigated extensively in recent years and
have been characterized in a wide variety of systems. These characteristics of anisotropic
nanoparticles make the technology an attractive platform for biomedical applications (see
Table 1).

Inhibition of non-specific cellular uptake is an important attribute for in vivo therapeutics as
the reticuloendothelial (RES) system’s clearance of nanoparticles prevent the majority of the
administered dose from reaching its target. Sharma et. al. investigated the capability of non-
spherical micro and nanoparticles to resist cellular uptake by macrophages, the primary cells
responsible for RES clearance.®® By utilizing confocal microscopy image analysis, their
results demonstrated that prolate ellipsoids (AR 2) attached to the cells more efficiently than
oblate ellipsoids (AR 2) which in turn attached more efficiently than spheres. However,
uptake of prolate ellipsoids was inhibited 50% compared to spheres whereas uptake of
oblate ellipsoids was enhanced nearly 300% compared to spheres.>8 Similar trends were
demonstrated with mesenchymal stem cells (MSCs) and HeLa cells.>® It was shown that not
only particle shape, but also the aspect ratio of the ellipsoidal particle had an impact on
cellular uptake as a particle with an aspect ratio of 4 was internalized at a rate nearly 3-fold
higher than an ellipsoid with an aspect ratio of 2.59 Orientation of the particle once it is
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attached to the cell membrane appears to play a role in phagocytosis. Champion et. al.
demonstrated that prolate and oblate microellipsoids that attached to cells on their long axis
were not phagocytosed as readily as ellipsoidal particles attached on their short axis.? The
orientation was shown to be important for “UFO” shaped particles as particles approaching
at a 45° angle were not internalized at all compared to particles approaching at 0° and 90°
angles.5% The work was translated to a theoretical model of shape dependent uptake
presented by Dasgupta et. al.51 Computation results based on the minimization of free
energy of binding and membrane deformation indicated that nanoellipsoids attach on their
long axis. The particles must then undergo a transition to attachment on the short axis in
order to be internalized completely by a cell.?1 Particle internalization pathways have also
been investigated for anisotropic particles. It has been shown that smaller (150-200 nm)
anisotropic cylindrical nanoparticles are taken up by clatharin-mediated endocytosis and
caveolae-mediated endocytosis.52 The importance of which uptake pathway nanoparticles
take has been investigated®3 and can directly impact the efficacy of intracellular
therapeutics. Surface density of 5 kDa PEG (PEGs) has also been shown to be an important
factor in the macrophage uptake and cellular biodistribution of anisotropic 320 nm
nanoparticle therapeutics.54 Reduced PEGylation surface density (0.028 PEGsx/nm?)
resulted in higher macrophage uptake, lower in vivo circulation time, and higher
accumulation in the liver compared to higher surface density of PEGgk (0.083 PEGsk/
nm2).64

In addition to the altered cellular uptake patterns exhibited by anisotropic particles, shape
appears to confer increased specific uptake mediated by stronger avidity of surface bound
targeting ligands. Antibody targeting efficacy and specificity was directly demonstrated in
vitro by Barua et. al.%° The authors utilized Trastuzumab (an antibody specific for the
human epidermal growth factor receptor HER2) and cell lines that were HER2 + and
HER2-. Cell uptake was shown to be increased 1.5-3 fold for nanodimensional prolate and
1.5-2.5 fold for oblate ellipsoids compared to spheres for only the HER2+ cell lines.5°
Circular disk particles have also been shown to have greater targeted adhesion efficiency
than rod-like disk particles under various flow shear rates.%6 Substantial investigation has
also been conducted into the role of size and shape for in vivo targeting as well. Muro et. al.
demonstrated anti ICAM-1 surface bound discs had 30 fold higher targeting specificity for
endothelial cells and longer circulation time than spheres.8” However, the spheres were
taken up by targeted cells more readily than the discs. Prolate ellipsoids have also been
shown to have targeting enhancement over spherical particles. Kolhar et. al. investigated the
invitro and in vivo accumulation of targeted rods vs. spheres.®8 The authors found that
under flow in vitro there was about a 2-fold increase in specific adhesion of rods compared
to spheres under shear rates ranging from 15 s~1 to 250 s~1. Similarly there was close to a 2
fold decrease non-specific adhesion of rods compared to spheres at lower shear rates (15
s71). In vivo experiments demonstrated that rods had greater accumulation in the organs they
were targeted to compared to spheres. For lung targeted rods, there was a 2 fold increase in
accumulation of rods vs. spheres. For brain targeted rods there was a 7.5 fold increase in the
accumulation of rods compared to spheres (Figure 5).58
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Drug Delivery

With the added benefits of reduced non-specific cell uptake, longer circulation time in vivo
and higher specific targeting, anisotropic non-spherical particles have been utilized for a
wide variety of applications. One of the most prominent uses for non-spherical nanoparticles
in recent years has been for delivery of small molecule drugs such as chemotherapeutics and
genetic material such as siRNA. Many of the fabrication methods presented in this review
have been extended to produce non-spherical nanoparticles with unique properties that are
tailored for specific drug delivery applications.

The PRINT technology has been utilized in multiple applications for non-spherical particle
drug delivery. Hasan et. al. demonstrated a novel approach to the delivery of short
interfering RNA (siRNA) for gene knockdown.89 The authors utilized a modified emulsion
technique to encapsulate siRNA in PLGA and then induced biomimicry in their nanoparticle
production through the addition of a cationic lipid coat. Although there was no comparison
to a spherical particle, the authors demonstrated comparable efficacy to Lipofectamine 2000
for gene delivery to a variety of cell lines. In addition, there was a 60-80% knockdown of
KIF11 in prostate cancer cells by the cylindrical particles.5? A similar study was published
by Xu et. al. utilizing lipid coated PRINT BSA particles with a bioreducible cross-linker for
RNA replicon delivery for vaccination purposes.’® There was a 2 fold increase in
transfection efficacy observed by the formulated particles compared to the commercially
available TransIT reagent. The authors were also able to demonstrate the utility of this
platform as a genetic vaccine through the enhanced delivery of RNA encoding the influenza
hemaglutinin gene.”0

PRINT based PLGA particles have also been utilized in chemotherapeutic applications as
well. Chu et. al. demonstrated the favorable pharmacokinetics of a non-spherical PLGA
particle loaded with Docetaxel.”! There was greater tumor accumulation over the initial time
points and lower clearance by spleen and liver of the non-spherical particles compared to the
spherical particles. The same group also synthesized PRINT PLGA non-spherical particles
with acid sensitive prodrug of Docetaxel to enable higher dosing and antitumor therapeutic
effect.”2 The prodrug encapsulated in the particle was shown to be able to be delivered at
higher effective doses in the particle to mediate significant antitumor effects in a
subcutaneous cancer model, without excess toxicity. The enhanced pharmacokinetic profiles
of the non-spherical particle enabled them to remain just as effective as the free
chemotherapeutic drug even though they had reduced toxicity.

Another class of PRINT based particles utilized in drug delivery carriers have been in RBC
mimicking particles for oxygen transport.”3: 74 Although these particles are micron in size
(due to the desire to achieve complete biomimicry of the RBC), the studies resulted in
important implications for the design of nanoparticle therapeutics to achieve the same goal
of oxygen transport. RBC mimicking hydrogels were utilized to conjugate hemoglobin
internally without the loss of protein activity.”3 Also, due to a low elastic modulus, the
particles could be sheared at physiologically relevant rates without loss of structures. In
addition to the proof of principle, these hydrogel microparticles were utilized to investigate
the role of particle modulus in the administration and clearance of therapeutics.’”4 By
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controlling the modulus of the hydrogel microparticles, the authors demonstrated that these
therapeutics could avoid entrapment in the lung and elimination in the spleen and liver.
Decreasing the modulus by 8 fold also led to a 30 fold increase in circulation time of the
particles. Further investigations into how the role of modulus plays into the biodistribution
of analogous nanoparticles would be of great interest.

Self-assembled nonspherical particles by block copolymer micelle aggregation have also
been utilized for drug delivery applications. As described above, Jiang et. al. pioneered a
method to form condensed plasmid-PEG-PPA micelles that demonstrated an enhanced
stability for in vivo applications.33 A follow up study illustrated that the condensation shape
could be controlled by the polarity of the solvent with increasing hydrophobicity
corresponding to increased sphericity of the particles.’”® This study was particularly
interesting because the authors were able to achieve enhanced in vivo luciferase transfection
of hepatic cells by intrabiliary administration of the worm-like nanoparticles compared to
the spherical nanoparticles. The worm-like particle was immensely superior to the spherical
particle, mediating a 10000 fold increase in luciferase expression of hepatic cells.”® Block
copolymer nanoparticles of various shapes and sizes have also been successfully applied to
drug delivery of chemotherpeutics. Karagoz et. al. demonstrated the capability of rod-like
and worm-like micelles of copolymers containing styrene, vinyl benzaldehyde, and oligo
(ethylene glycol) methacrylate to encapsulate doxorubicin via conjugation to aldehyde
groups in the polymer.”8 The resulting worm-like and rod-like micelles exhibited greater
capability to be taken up by target cells and thus an enhanced ability to deliver the payload
of doxorubicin to mediate cellular toxicity. Geng et. al. also published promising results in
the synthesis of filamentous micelles consisting of block copolymers containing PEG-
polyethylethylene and PEG-polycaprolactone.”’ Particles bearing shapes with 4 fold higher
length were shown to circulate in vivo for 2-3 days longer than micelles with a shorter
length and also mediated higher tumor apoptosis than their shorter counterparts.’’

Immunoengineering

One exciting application for anisotropic particles that has just recently been described is in
the area of immunoengineering.”8: 79 Although some work has been completed on the study
of immune responses to anisotropic nanoparticles,’0: 80 there has been little application of
these polymeric particles toward the modulation of the immune system for a therapeutic
benefit or evaluation of the role of particle shape on immunostimulation. Given the long
circulation time, resistance to cellular uptake, and high specific targeting, these non-
spherical nanoparticles could easily be applied to DNA or protein based vaccine delivery
platforms. Almost all of the developed polymeric particle vaccines to date have been
developed with spherical micro and nanoparticles,”® 81. 82 and this is an area where an
anisotropic nanoparticle strategy could make a significant difference in terms of efficacy.

Another potential application of nonspherical nanoparticles to immunoengineering is in the
development of artificial antigen presenting cells (2APCs). aAPCs attempt to recapitulate
the normal APC/T-Cells interaction through a reductionist surface presentation of a “Signal
1” protein (MHC dimer, anti CD-3, etc.) that serves as an antigen target and a “Signal 2”
protein (anti CD28, anti CD 40, etc.) that serves as a danger signal. It has been shown that
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spherical micro aAPCs can mediate antigen specific T-Cell activation83 or antigen specific
T-Cell killing.84 Despite the breadth of literature on the development of micro scale
aAPCs,8% these are not the ideal candidate for an in vivo therapeutic due to their
demonstrated poor draining to the lymphatics upon subcutaneous administration.86 Although
a nano aAPC could rectify this poor pharmacokinetic profile, it has been shown that nano
aAPCs are less effective at stimulating an immune response due to poor mimicry of the
normal aAPC/T-Cell interaction and minimal surface contact with the lymphocyte.8 In
addition, non-spherical ellipsoidal micro aAPCs have been previously shown to mediate an
antigen specific T-Cell activation more effectively than equivalent spherical micro aAPCs,
including leading to improved efficacy in a melanoma mouse model.88 Some studies have
also been conducted on the utility of single walled carbon nanotubes as a nano aAPC for
immune system activation, although this has been primarily utilized for in vitro immune cell
stimulation.89-91 A non-spherical polymeric nano aAPC is intriguing as it could potentially
remedy the short comings of a spherical nano aAPC as well as retain the favorable in vivo
pharmacokinetic and toxicity properties of anisotropic non-spherical nanoparticle systems.

Conclusion

Non-spherical polymeric nanoparticles hold promise for various biomedical applications.
Although shape has been traditionally neglected with respect to polymeric nanoparticle
design, in recent years it has come to light as an important parameter. With the advent of
many new fabrication methods based on top-down, bottom-up, and microfluidic
technologies, our understanding of how to control the shape and anisotropy of polymeric
nanoparticles is continuing to expand.

Top-down technologies allow readily translatable methods for applications in the biomedical
sciences due to their reliable production of uniformly anisotropic nanoparticles. These
methods include thin film stretching of spherical particles, PRINT based lithography,
particle lithography, and nanoimprint lithography. Among these methods, the thin film
stretching protocol is the easiest and most approachable protocol to produce particles
bearing anisotropic shape. Many of the current biomedical applications of anisotropic
particles utilize fabrication methods based on the thin film stretching method. However,
particles produced by the thin film stretching protocol are limited to prolate/oblate
ellipsoidal shape and derivatives thereof. Lithography based techniques such as PRINT and
nanoimprint lithography can circumvent this shape limitation, however they are more
difficult to implement in practice. As efforts progress to identify the optimal shaped particle
for each biomedical scenario, each of these methods can be utilized for the translatable
production of anisotropic particles.

Bottom-up and microfluidic technologies offer the promise of simple platforms to rapidly
synthesize large batches of anisotropic nanoparticles. Key methods in this category of
fabrication include phase separation emulsion, block copolymer micelle formation, and
microfluidic nanoprecipitation. Phase separation emulsion is an approachable method to
generate anisotropy on spherical polymeric nanoparticles, however this technology has not
been well established for biomedical applications. Block copolymer micelle formation has
been utilized to produce particles of different shapes encapsulating various therapeutics and
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has already shown promise for translation. However, it can be difficult to control the micelle
formation as evidenced by the limited repertoire of shapes that can be produced with this
method. Microfluidic nanoprecipitation shares similar advantages and disadvantages as
block copolymer micelle formation, except translation of anisotropic polymeric nanoparticle
produced on microfluidic device to biomedical applications is more limited. Further
experimentation into the control of anisotropy in particles fabricated by the bottom up
method will be of great interest in the coming years.

Given the existence of these well-established methods for synthesizing non-spherical,
anisotropic nanoparticles, there are many applications in fields such as drug delivery,
immunoengineering, and tissue engineering, which can benefit immensely from
consideration of shape in the design of nanotherapeutics. Due to the increased in vivo
circulation time and targeted avidity/cell uptake, non-spherical nanoparticles are a versatile,
robust platform for drug delivery such as intracellular delivery of genetic therapeutics and
chemotherapeutic drugs. In addition, the increased avidity for ligand targeted nanoparticles
make them the ideal candidate for the application of nanomedicine to immunoengineering.

The distinct topological features of anisotropic polymeric nanoparticles can also be utilized
in the synthesis of novel tissue engineering scaffolds to better mimic the ECM. Among the
numerous applications of nanoparticles in medicine, tissue engineering has become a
prominent venue for the utilization of nanofabricated materials.92 Although the application
of nanoparticles in tissue engineering and regenerative medicine has been numerous, the
impact of anisotropic nanostructures is just coming to be understood for the ex vivo
induction of various tissues. Non-spherical nanostructures can be key to the development of
tissues as nanotopography has been proven to be important for the accurate delivery of ECM
cues to cells in the development of tissues.?* 9 Non-polymeric, non-particulate anisotropic
nanostructures such as carbon nanotubes,® electrospun fibers,%” and hydoxyapaite
nanoparticles®® have demonstrated the importance of anisotropic nanotopographical features
in tissue scaffold engineering and also highlight the potential impact polymeric particles can
have in this discipline.

Although the breadth of applications is vast, we have only begun to understand the benefits
that non-spherical and anisotropic nanoparticles can confer compared to traditional spherical
particle. Continued investigation into the properties, fabrication methods, and interactions
with biological systems will elucidate the true potential of the anisotropic polymeric
nanoparticle and make an immense impact in nanomedicine research.

Acknowledgments

This work was supported in part by the NIH (1R01EB016721). R.M. thanks the NIH Cancer Nanotechnology
Training Center (R25CA153952) at the JHU Institute for Nanobiotechnology for fellowship support.

References

1. Farokhzad OC, Langer R. Nanomedicine: developing smarter therapeutic and diagnostic modalities.
Adv Drug Deliver Rev. 2006; 58:1456—14509.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer and Green Page 13

2. Cheng R, Meng F, Deng C, Klok H-A, Zhong Z. Dual and multi-stimuli responsive polymeric
nanoparticles for programmed site-specific drug delivery. Biomaterials. 2013; 34:3647-3657.
[PubMed: 23415642]

3. Brannon-Peppas L, Blanchette JO. Nanoparticle and targeted systems for cancer therapy. Adv Drug
Deliver Rev. 2012; 64:206-212.

4. Colson YL, Grinstaff MW. Biologically responsive polymeric nanoparticles for drug delivery. Adv
Mater. 2012; 24:3878-3886. [PubMed: 22988558]

5. Shokeen M, Pressly ED, Hagooly A, Zheleznyak A, Ramos N, Fiamengo AL, Welch MJ, Hawker
CJ, Anderson CJ. Evaluation of multivalent, functional polymeric nanoparticles for imaging
applications. ACS Nano. 2011; 5:738-747. [PubMed: 21275414]

6. Vollrath A, Schubert S, Schubert US. Fluorescence imaging of cancer tissue based on metal-free
polymeric nanoparticles—a review. J of Mater Chem B. 2013; 1:1994-2007.

7. Choi KY, Liu G, Lee S, Chen X. Theranostic nanoplatforms for simultaneous cancer imaging and
therapy: current approaches and future perspectives. Nanoscale. 2012; 4:330-342. [PubMed:
22134683]

8. Rao JP, Geckeler KE. Polymer nanoparticles: preparation techniques and size-control parameters.
Prog Polym Sci. 2011; 36:887-913.

9. Bally F, Garg DK, Serra CA, Hoarau Y, Anton N, Brochon C, Parida D, Vandamme T,
Hadziioannou G. Improved size-tunable preparation of polymeric nanoparticles by microfluidic
nanoprecipitation. Polymer. 2012; 53:5045-5051.

10. Chen S, Cheng SX, Zhuo RX. Self-Assembly Strategy for the Preparation of Polymer-Based
Nanoparticles for Drug and Gene Delivery. Macromol Biosci. 2011; 11:576-589. [PubMed:
21188686]

11. Lerch S, Dass M, Musyanovych A, Landfester K, Maildnder V. Polymeric nanoparticles of
different sizes overcome the cell membrane barrier. Eur J Pharm Biopharm. 2013; 84:265-274.
[PubMed: 23422734]

12. Walkey CD, Olsen JB, Guo H, Emili A, Chan WC. Nanoparticle size and surface chemistry
determine serum protein adsorption and macrophage uptake. J Am Chem Soc. 2012; 134:2139—
2147. [PubMed: 22191645]

13. Kulkarni SA, Feng S-S. Effects of particle size and surface modification on cellular uptake and
biodistribution of polymeric nanoparticles for drug delivery. Pharm Res. 2013; 30:2512-2522.
[PubMed: 23314933]

14. Tao L, Hu W, Liu Y, Huang G, Sumer BD, Gao J. Shape-specific polymeric nanomedicine:
emerging opportunities and challenges. Exp Biol Med (Maywood). 2011; 236:20-29. [PubMed:
21239732]

15. Falchi F, Caporuscio F, Recanatini M. Structure-based design of small-molecule protein-protein
interaction modulators: the story so far. Future Med Chem. 2014; 6:343-357. [PubMed:
24575969]

16. Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. Nature. 2010; 463:485-492.
[PubMed: 20110992]

17. Bidan CM, Kommareddy KP, Rumpler M, Kollmannsberger P, Fratzl P, Dunlop JW. Geometry as
a factor for tissue growth: towards shape optimization of tissue engineering scaffolds. Adv
Healthcare Mater. 2013; 2:186-194.

18. Champion JA, Katare YK, Mitragotri S. Particle shape: a new design parameter for micro- and
nanoscale drug delivery carriers. J Control Release. 2007; 121:3-9. [PubMed: 17544538]

19. Murphy CJ, Sau TK, Gole AM, Orendorff CJ, Gao J, Gou L, Hunyadi SE, Li T. Anisotropic metal
nanoparticles: synthesis, assembly, and optical applications. J Phys Chem B. 2005; 109:13857—
13870. [PubMed: 16852739]

20. Ho C, Keller A, Odell J, Ottewill R. Preparation of monodisperse ellipsoidal polystyrene particles.
Colloid Polym Sci. 1993; 271:469-479.

21. Champion JA, Katare YK, Mitragotri S. Making polymeric micro- and nanoparticles of complex
shapes. Proc Natl Acad Sci. 2007; 104:11901-11904. [PubMed: 17620615]

22. Yoo JW, Mitragotri S. Polymer particles that switch shape in response to a stimulus. Proc Natl
Acad Sci. 2010; 107:11205-11210. [PubMed: 20547873]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer and Green

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 14

Wischke C, Schossig M, Lendlein A. Shape-memory effect of micro-/nanoparticles from
thermoplastic multiblock copolymers. Small. 2014; 10:83-87. [PubMed: 23847123]

Rolland JP, Maynor BW, Euliss LE, Exner AE, Denison GM, DeSimone JM. Direct fabrication
and harvesting of monodisperse, shape-specific nanobiomaterials. J Am Chem Soc. 2005;
127:10096-10100. [PubMed: 16011375]

Wang Y, Merkel TJ, Chen K, Fromen CA, Betts DE, DeSimone JM. Generation of a library of
particles having controlled sizes and shapes via the mechanical elongation of master templates.
Langmuir. 2011; 27:524-528. [PubMed: 21166444]

Morton SW, Herlihy KP, Shopsowitz KE, Deng ZJ, Chu KS, Bowerman CJ, Desimone JM,
Hammond PT. Scalable manufacture of built-to-order nanomedicine: spray-assisted layer-by-layer
functionalization of PRINT nanoparticles. Adv Mater. 2013; 25:4707-4713. [PubMed: 23813892]

Cayre O, Paunov VN, Velev OD. Fabrication of dipolar colloid particles by microcontact printing.
Chem Commun. 2003:2296.

Snyder CE, Yake AM, Feick JD, Velegol D. Nanoscale functionalization and site-specific
assembly of colloids by particle lithography. Langmuir. 2005; 21:4813-4815. [PubMed:
15896017]

Zhang G, Wang D, Méhwald H. Patterning microsphere surfaces by templating colloidal crystals.
Nano Lett. 2005; 5:143-146. [PubMed: 15792428]

Tavacoli JW, Bauér P, Fermigier M, Bartolo D, Heuvingh J, du Roure O. The fabrication and
directed self-assembly of micron-sized superparamagnetic non-spherical particles. Soft Matter.
2013; 9:9103.

Buyukserin F, Aryal M, Gao J, Hu W. Fabrication of polymeric nanorods using bilayer
nanoimprint lithography. Small. 2009; 5:1632-1636. [PubMed: 19347857]

Glangchai LC, Caldorera-Moore M, Shi L, Roy K. Nanoimprint lithography based fabrication of
shape-specific, enzymatically-triggered smart nanoparticles. J Control Release. 2008; 125:263—
272. [PubMed: 18053607]

Jiang X, Leong D, Ren Y, Li Z, Torbenson MS, Mao HQ. String-like micellar nanoparticles
formed by complexation of PEG-b-PPA and plasmid DNA and their transfection efficiency.
Pharm Res. 2011; 28:1317-1327. [PubMed: 21499836]

Petzetakis N, Dove AP, O’Reilly RK. Cylindrical micelles from the living crystallization-driven
self-assembly of poly(lactide)-containing block copolymers. Chem Sci. 2011; 2:955.

Jang SG, Audus DJ, Klinger D, Krogstad DV, Kim BJ, Cameron A, Kim SW, Delaney KT, Hur
SM, Killops KL, et al. Striped, ellipsoidal particles by controlled assembly of diblock copolymers.
J Am Chem Soc. 2013; 135:6649-6657. [PubMed: 23594106]

Kaewsaneha C, Tangboriboonrat P, Polpanich D, Eissa M, Elaissari A. Anisotropic janus magnetic
polymeric nanoparticles prepared via miniemulsion polymerization. J Poly Sci. 2013; 51:4779-
4785.

Mondiot F, Wang X, de Pablo JJ, Abbott NL. Liquid crystal-based emulsions for synthesis of
spherical and non-spherical particles with chemical patches. J Am Chem Soc. 2013; 135:9972—
9975. [PubMed: 23600692]

Park J-G, Forster JD, Dufresne ER. High-yield synthesis of monodisperse dumbbell-shaped
polymer nanoparticles. J Am Chem Soc. 2010; 132:5960-5961. [PubMed: 20373805]

Niu Q, Pan M, Yuan J, Liu X, Wang X, Yu H. Anisotropic Nanoparticles with Controllable
Morphologies from Non-Cross-Linked Seeded Emulsion Polymerization. Macromol Rapid Comm.
2013; 34:1363-1367.

Yang Z, Huck WT, Clarke SM, Tajbakhsh AR, Terentjev EM. Shape-memory nanoparticles from
inherently non-spherical polymer colloids. Nat Mater. 2005; 4:486-490. [PubMed: 15895098]
Klinger D, Wang CX, Connal LA, Audus DJ, Jang SG, Kraemer S, Killops KL, Fredrickson GH,
Kramer EJ, Hawker CJ. A Facile Synthesis of Dynamic, Shape-Changing Polymer Particles.
Angew Chem Int Ed. 2014; 53:7018-7022.

Doshi N, Zahr AS, Bhaskar S, Lahann J, Mitragotri S. Red blood cell-mimicking synthetic
biomaterial particles. Proc Natl Acad Sci. 2009; 106:21495-21499. [PubMed: 20018694]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer and Green

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 15

Zhou Z, Anselmo AC, Mitragotri S. Synthesis of protein-based, rod-shaped particles from
spherical templates using layer-by-layer assembly. Adv Mater. 2013; 25:2723-2727. [PubMed:
23580475]

Shum HC, Abate AR, Lee D, Studart AR, Wang B, Chen CH, Thiele J, Shah RK, Krummel A,
Weitz DA. Droplet microfluidics for fabrication of non-spherical particles. Macromol Rapid
Commun. 2010; 31:108-118. [PubMed: 21590882]

Luo G, Du L, Wang Y, Lu Y, Xu J. Controllable preparation of particles with microfluidics.
Particuology. 2011; 9:545-558.

Yang S, Guo F, Kiraly B, Mao X, Lu M, Leong KW, Huang TJ. Microfluidic synthesis of
multifunctional Janus particles for biomedical applications. Lab Chip. 2012; 12:2097-2102.
[PubMed: 22584998]

Roh KH, Martin DC, Lahann J. Biphasic Janus particles with nanoscale anisotropy. Nat Mater.
2005; 4:759-763. [PubMed: 16184172]

Hwang S, Roh K-H, Lim DW, Wang G, Uher C, Lahann J. Anisotropic hybrid particles based on
electrohydrodynamic co-jetting of nanoparticle suspensions. Phys Chem Chem Phys. 2010;
12:11894-11899. [PubMed: 20844780]

Lan W, Li S, Xu J, Luo G. A one-step microfluidic approach for controllable preparation of
nanoparticle-coated patchy microparticles. Microfluid Nanofluid. 2012; 13:491-498.
Hasani-Sadrabadi MM, Majedi FS, VanDersarl JJ, Dashtimoghadam E, Ghaffarian SR, Bertsch A,
Moaddel H, Renaud P. Morphological tuning of polymeric nanoparticles via microfluidic platform
for fuel cell applications. J Am Chem Soc. 2012; 134:18904-18907. [PubMed: 23126467]

Suh SK, Yuet K, Hwang DK, Bong KW, Doyle PS, Hatton TA. Synthesis of nonspherical
superparamagnetic particles: in situ coprecipitation of magnetic nanoparticles in microgels
prepared by stop-flow lithography. J Am Chem Soc. 2012; 134:7337-7343. [PubMed: 22462394]

Angly J, lazzolino A, Salmon J-B, Leng J, Chandran SP, Ponsinet V, Désert A, Le Beulze A,
Mornet S, Tréguer-Delapierre M, et al. Microfluidic-Induced Growth and Shape-Up of Three-
Dimensional Extended Arrays of Densely Packed Nanoparticles. ACS Nano. 2013; 7:6465-6477.
[PubMed: 23902425]

Mathaes R, Winter G, Engert J, Besheer A. Application of different analytical methods for the
characterization of non-spherical micro- and nanoparticles. Int J Pharm. 2013; 453:620-629.
[PubMed: 23727141]

Wang A, Dimiduk TG, Fung J, Razavi S, Kretzschmar I, Chaudhary K, Manoharan VVN. Using the
discrete dipole approximation and holographic microscopy to measure rotational dynamics of non-
spherical colloidal particles. J Quant Spectrosc Radiat Transfer. 2014

Zhang B, Lan T, Huang X, Dong C, Ren J. Sensitive Single Particle Method for Characterizing
Rapid Rotational and Translational Diffusion and Aspect Ratio of Anisotropic Nanoparticles and
Its Application in Immunoassays. Anal Chem. 2013; 85:9433-9438. [PubMed: 24059451]

Li M, You R, Mulholland GW, Zachariah MR. Development of a Pulsed-Field Differential
Mobility Analyzer: A Method for Measuring Shape Parameters for Nonspherical Particles.
Aerosol Sci Tech. 2014; 48:22-30.

Toy R, Peiris PM, Ghaghada KB, Karathanasis E. Shaping cancer nanomedicine: the effect of
particle shape on the in vivo journey of nanoparticles. Nanomedicine. 2013; 9:121-134. [PubMed:
24354814]

Sharma G, Valenta DT, Altman Y, Harvey S, Xie H, Mitragotri S, Smith JW. Polymer particle
shape independently influences binding and internalization by macrophages. J Control Release.
2010; 147:408-412. [PubMed: 20691741]

Florez L, Herrmann C, Cramer JM, Hauser CP, Koynov K, Landfester K, Crespy D, Mailander V.
How shape influences uptake: interactions of anisotropic polymer nanoparticles and human
mesenchymal stem cells. Small. 2012; 8:2222-2230. [PubMed: 22528663]

Champion JA, Mitragotri S. Role of target geometry in phagocytosis. Proc Natl Acad Sci. 2006;
103:4930-4934. [PubMed: 16549762]

Dasgupta S, Auth T, Gompper G. Shape and orientation matter for the cellular uptake of
nonspherical particles. Nano Lett. 2014; 14:687-693. [PubMed: 24383757]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer and Green

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 16

Gratton SE, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME, DeSimone JM. The effect
of particle design on cellular internalization pathways. Proc Natl Acad Sci. 2008; 105:11613—
11618. [PubMed: 18697944]

Kim J, Sunshine JC, Green JJ. Differential Polymer Structure Tunes Mechanism of Cellular
Uptake and Transfection Routes of Poly (3-amino ester) Polyplexes in Human Breast Cancer
Cells. Bioconjugate Chem. 2013; 25:43-51.

Perry JL, Reuter KG, Kai MP, Herlihy KP, Jones SW, Luft JC, Napier M, Bear JE, DeSimone JM.
PEGylated PRINT nanoparticles: the impact of PEG density on protein binding, macrophage
association, biodistribution, and pharmacokinetics. Nano Lett. 2012; 12:5304-5310. [PubMed:
22920324]

Barua S, Yoo J-W, Kolhar P, Wakankar A, Gokarn YR, Mitragotri S. Particle shape enhances
specificity of antibody-displaying nanoparticles. Proc Natl Acad Sci. 2013; 110:3270-3275.
[PubMed: 23401509]

Adriani G, de Tullio MD, Ferrari M, Hussain F, Pascazio G, Liu X, Decuzzi P. The preferential
targeting of the diseased microvasculature by disk-like particles. Biomaterials. 2012; 33:5504—
5513. [PubMed: 22579236]

Muro S, Garnacho C, Champion JA, Leferovich J, Gajewski C, Schuchman EH, Mitragotri S,
Muzykantov VR. Control of endothelial targeting and intracellular delivery of therapeutic enzymes
by modulating the size and shape of ICAM-1-targeted carriers. Mol Ther. 2008; 16:1450-1458.
[PubMed: 18560419]

Kolhar P, Anselmo AC, Gupta V, Pant K, Prabhakarpandian B, Ruoslahti E, Mitragotri S. Using
shape effects to target antibody-coated nanoparticles to lung and brain endothelium. Proc Natl
Acad Sci. 2013; 110:10753-10758. [PubMed: 23754411]

Hasan W, Chu K, Gullapalli A, Dunn SS, Enlow EM, Luft JC, Tian S, Napier ME, Pohlhaus PD,
Rolland JP, et al. Delivery of multiple siRNAs using lipid-coated PLGA nanoparticles for
treatment of prostate cancer. Nano Lett. 2012; 12:287-292. [PubMed: 22165988]

Xu J, LuftJC, Yi X, Tian S, Owens G, Wang J, Johnson A, Berglund P, Smith J, Napier ME, et al.
RNA replicon delivery via lipid-complexed PRINT protein particles. Mol Pharm. 2013; 10:3366—
3374. [PubMed: 23924216]

Chu KS, Hasan W, Rawal S, Walsh MD, Enlow EM, Luft JC, Bridges AS, Kuijer JL, Napier ME,
Zamboni WC, et al. Plasma, tumor and tissue pharmacokinetics of Docetaxel delivered via
nanoparticles of different sizes and shapes in mice bearing SKOV-3 human ovarian carcinoma
xenograft. Nanomedicine. 2013; 9:686-693. [PubMed: 23219874]

Chu KS, Finniss MC, Schorzman AN, Kuijer JL, Luft JC, Bowerman CJ, Napier ME, Haroon ZA,
Zamboni WC, DeSimone JM. Particle replication in nonwetting templates nanoparticles with
tumor selective alkyl silyl ether docetaxel prodrug reduces toxicity. Nano Lett. 2014; 14:1472—
1476. [PubMed: 24552251]

Chen K, Merkel TJ, Pandya A, Napier ME, Luft JC, Daniel W, Sheiko S, DeSimone JM. Low
modulus biomimetic microgel particles with high loading of hemoglobin. Biomacromolecules.
2012; 13:2748-2759. [PubMed: 22852860]

Merkel TJ, Jones SW, Herlihy KP, Kersey FR, Shields AR, Napier M, Luft JC, Wu H, Zamboni
WC, Wang AZ, et al. Using mechanobiological mimicry of red blood cells to extend circulation
times of hydrogel microparticles. Proc Natl Acad Sci. 2011; 108:586-591. [PubMed: 21220299]
Jiang X, Qu W, Pan D, Ren Y, Williford JM, Cui H, Luijten E, Mao HQ. Plasmid-templated shape
control of condensed DNA-block copolymer nanoparticles. Adv Mater. 2013; 25:227-232.
[PubMed: 23055399]

Karagoz B, Esser L, Duong HT, Basuki JS, Boyer C, Davis TP. Polymerization-Induced Self-
Assembly (PISA) — control over the morphology of nanoparticles for drug delivery applications.
Polym Chem. 2014; 5:350.

Geng Y, Dalhaimer P, Cai S, Tsai R, Tewari M, Minko T, Discher DE. Shape effects of filaments
versus spherical particles in flow and drug delivery. Nat Nanotechnol. 2007; 2:249-255. [PubMed:
18654271]

Sunshine JC, Green JJ. Nanoengineering approaches to the design of artificial antigen-presenting
cells. Nanomedicine. 2013; 8:1173-1189. [PubMed: 23837856]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer and Green

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 17

Sahdev P, Ochyl LJ, Moon JJ. Biomaterials for Nanoparticle Vaccine Delivery Systems. Pharm
Res. 2014:1-20.

Roberts RA, Shen T, Allen IC, Hasan W, DeSimone JM, Ting JP. Analysis of the murine immune
response to pulmonary delivery of precisely fabricated nano- and microscale particles. PLoS One.
2013; 8:262115. [PubMed: 23593509]

Demento SL, Siefert AL, Bandyopadhyay A, Sharp FA, Fahmy TM. Pathogen-associated
molecular patterns on biomaterials: a paradigm for engineering new vaccines. Trends Biotechnol.
2011; 29:294-306. [PubMed: 21459467]

Li WA, Mooney DJ. Materials based tumor immunotherapy vaccines. Curr Opin Immunol. 2013;
25:238-245. [PubMed: 23337254]

Engelhard VH, Strominger JL, Mescher M, Burakoff S. Induction of secondary cytotoxic T
lymphocytes by purified HLA-A and HLA-B antigens reconstituted into phospholipid vesicles.
Proc Natl Acad Sci. 1978; 75:5688-5691. [PubMed: 310125]

Schiitz C, Fleck M, Mackensen A, Zoso A, Halbritter D, Schneck JP, Oelke M. Killer artificial
antigen-presenting cells: a novel strategy to delete specific T cells. Blood. 2008; 111:3546-3552.
[PubMed: 18096763]

Oelke M, Krueger C, Giuntoli RL Il, Schneck JP. Artificial antigen-presenting cells: artificial
solutions for real diseases. Trends Mol Med. 2005; 11:412-420. [PubMed: 16103011]

Perica K, De Leén Medero A, Durai M, Chiu YL, Bieler JG, Sibener L, Niemdller M,
Assenmacher M, Richter A, Edidin M. Nanoscale artificial antigen presenting cells for T cell
immunotherapy. Nanomedicine: NBM. 2014; 10:119-129.

Steenblock ER, Fahmy TM. A comprehensive platform for ex vivo T-cell expansion based on
biodegradable polymeric artificial antigen-presenting cells. Mol Ther. 2008; 16:765-772.
[PubMed: 18334990]

Sunshine JC, Perica K, Schneck JP, Green JJ. Particle shape dependence of CD8+ T cell activation
by artificial antigen presenting cells. Biomaterials. 2014; 35:269-277. [PubMed: 24099710]
Fadel TR, Li N, Shah S, Look M, Pfefferle LD, Haller GL, Justesen S, Wilson CJ, Fahmy TM.
Adsorption of multimeric T cell antigens on carbon nanotubes: effect on protein structure and
antigen-specific T cell stimulation. Small. 2013; 9:666—672. [PubMed: 23090793]

Fadel TR, Look M, Staffier PA, Haller GL, Pfefferle LD, Fahmy TM. Clustering of stimuli on
single-walled carbon nanotube bundles enhances cellular activation. Langmuir. 2010; 26:5645—
5654. [PubMed: 19764784]

Fadel TR, Steenblock ER, Stern E, Li N, Wang X, Haller GL, Pfefferle LD, Fahmy TM. Enhanced
cellular activation with single walled carbon nanotube bundles presenting antibody stimuli. Nano
Lett. 2008; 8:2070-2076. [PubMed: 18547120]

Dvir T, Timko BP, Kohane DS, Langer R. Nanotechnological strategies for engineering complex
tissues. Nat Nanotechnol. 2011; 6:13-22. [PubMed: 21151110]

Zhang S, Uludag H. Nanoparticulate systems for growth factor delivery. Pharm Res. 2009;
26:1561-1580. [PubMed: 19415467]

Kim HN, Jiao A, Hwang NS, Kim MS, Kang DH, Kim D-H, Suh K-Y. Nanotopography-guided
tissue engineering and regenerative medicine. Adv Drug Deliver Rev. 2013; 65:536-558.

Kim ES, Ahn EH, Dvir T, Kim DH. Emerging nanotechnology approaches in tissue engineering
and regenerative medicine. Int J Nanomedicine. 2014; 9(Suppl 1):1-5.

Hopley EL, Salmasi S, Kalaskar DM, Seifalian AM. Carbon nanotubes leading the way forward in
new generation 3D tissue engineering. Biotechnol Adv.

Rim NG, Shin CS, Shin H. Current approaches to electrospun nanofibers for tissue engineering.
Biomed Mater. 2013; 8:14.

Roohani-Esfahani S-1, Nouri-Khorasani S, Lu Z, Appleyard R, Zreigat H. The influence
hydroxyapatite nanoparticle shape and size on the properties of biphasic calcium phosphate
scaffolds coated with hydroxyapatite—PCL composites. Biomaterials. 2010; 31:5498-5509.
[PubMed: 20398935]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Meyer and Green Page 18

Figure 1.
A wide repertoire of particle shapes can be produced with the thin film stretching method.

(a) Spherical, (b) rectangluar disk, (c) prolate ellipsoidal, (d) worm-like, (e) oblate
ellipsoidal, (f) prolate ellipsoidal disk, (g) UFO-like, (h) flattened circular disk, (i) wrinkled
prolate ellipsoidal, (j) wrinkled oblate ellipsoidal, and (k) porous prolate ellipsoidal particles
can all be synthesized by liquefaction in a thin film and mechanical stretching. The
technology is also translatable to the (I) nanoscale as the size of the particle is determined by
bulk spherical particle synthesis. Scale bars are 2 um. Adapted with permission from [21],
Copyright 2007 by the National Academy of Sciences of the USA.
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Figure 2.
Shape memory and reprogramming applications are one application of nanoparticles

produced from block copolymers. (a) Non spherical and spherical microparticles utilized as
an example to explain the procedure of shape reprogramming. (b) Schematic of temporary
shape reprogramming process utilized. Particles are stretched to a non-spherical shape at the
“temporary reprograming” temperature and upon heating the particles reassume their
spherical shape. (c) Schematic of permanent reprogramming and shape memory reversion to
ellipsoidal particles. Spherical particles are first stretched to prolate ellipsoids at the
“permanent reprogramming” temperature, followed by stretching to oblate ellipsoids at the
“temporary reprogramming” temperature. Upon heating, the oblate ellipsoid assumes the
permanently programmed prolate ellipsoid shape. Similar trends were seen with
nanoparticles in the study. Adapted with permission from ref [91], Copyright 2013 by John
Wiley and Sons.
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Figure 3.
Nonspherical stripped nanoparticles can be synthesized from the gold nanoparticle based

surfactant dissolution of a layer block copolymer. (a) The main driving force behind the
formation of this particle from a layered spherical particle is the administration of a smaller
gold nanoparticle with a crosslinked polymer shell and polystyrene on the surface. (b)
Stripped ellipsoidal nanoparticles can be formed through this emulsion based bottom up
process. (c) and (d) Zoomed in and rotated TEM micrographs of the particle demonstrate
how the gold acts as a surfactant for only one of the two polymer layers. (e) and (f) Cross-
sections of the particle at different orientations illustrate the localization of the gold
nanoparticle surfactant to the outside of the stripped ellipsoidal nanoparticle. Adapted with
permission from [33]. Copyright 2013 American Chemical Society.
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Nonspherical polymeric nanoparticles can be synthesized by nanoprecipitation of polymer in
a focus flow microfluidic device. (a) A solution of polymer is injected into the inlet along
with two other flanking streams to focus polymer solution. Subsequent solvent exchange
results in the nanoprecipitation of particles. (b) By controlling the ratio of focus solution
flow and polymer solution flow, the aspect ratio and size of the nanoparticles can be tuned
as desired. (c) TEM images of particles produced with increasing flow ratios of the two inlet
solutions. Non-spherical particles of nanoscale size are successfully produced by this
method. Adapted with permission from [46]. Copyright 2012 American Chemical Society.
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Figure5.
Non-spherical particles mediate better specific adhesion under flow and enable enhanced in

vivo targeting. (a) Number of particles adhered at the inlet of a microfluidic device of
targeted (OVA-mADb) and nontargeted (IgG) rods (R) and spheres (S) under different shear
rates. (b) Number of particles attached at the bifurcation of the device to simulate the
bifurcation of a blood vessel. Increased specific adhesion and decreased non-specific
adhesion are evident for rods vs. spheres. (c) Increased accumulation of ICAM targeted rods
in the liver compared to spheres measured by lung to liver accumulation ratio. (d) Increased
ratio of rod shaped transferrin receptor targeted particle to equivalent spherical particle
accumulation in the brain indicates enhanced in vivo targeting capabilities of rods compared
to spheres. Adapted with permission from [64], Copyright 2013 by the National Academy of
Sciences of the USA.
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