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Importance of the field: Although significant progress has been made in
delivering therapeutic agents through micro and nanocarriers, precise
control over in vivo biodistribution and disease-responsive drug release has
been difficult to achieve. This is critical for the success of next generation drug
delivery devices, as newer drugs, designed to interfere with cellular functions,
must be efficiently and specifically delivered to diseased cells. The chief
constraint in achieving this has been our limited repertoire of particle
synthesis methods, especially at the nanoscale. Recent developments in gen-
erating shape-specific nanocarriers and the potential to combine stimuli-
responsive release with nanoscale delivery devices show great promise in
overcoming these limitations.

Areas covered in this review: How recent advances in fabrication technology
allow synthesis of highly monodisperse, stimuli-responsive, drug-carrying
nanoparticles of precise geometries is discussed. How particle properties,
specifically shape and stimuli responsiveness, affect biodistribution, cellular
uptake and drug release is also reviewed.

What the reader will gain: The reader is introduced to recent developments in
intelligent drug nanocarriers and new nanofabrication approaches that can be
combined with disease-responsive biomaterials. This will provide insight
into the importance of controlling particle geometry and incorporating
stimuli-responsive materials into drug delivery.

Take home message: The integration of responsive biomaterials into shape-
specific nanocarriers is one of the most promising avenues towards the
development of next generation, advanced drug delivery systems.

Keywords: controlled drug delivery, nanoimprint lithography, nanoparticles, shape and

size-specific nanoparticles, triggered release
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1. Introduction

The goals associated with designing an ideal drug carrier have evolved significantly
over the past decades. Initial research efforts were focused on encapsulating thera-
peutic agents to protect them from degradation and to control drug release kinetics.
More recently, the challenge has been to improve the effectiveness and efficiency of
drug delivery, and therefore reduce side effects, such that drug carriers are prefer-
entially releasing therapeutic agents at the site of ‘injury’ (i.e., diseased or damaged
tissues). Ultimately, the goal is to have precise control over drug biodistribution, cell
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Article highlights.

e Integration of particle geometry and disease-triggered
drug release concepts into our existing knowledge of
surface ligand-based targeting would result in a
guantum change in the efficacy of the next generation
drug carriers.

e Top-down fabrication methods could provide precise,
pre-designed control over particle geometry (shape,
aspect ratio) and composition, which is often difficult to
achieve using bottom-up approaches that tend to rely
on emulsions or self-assembly.

e The geometry of nanocarriers (e.g., shape, aspect ratio
and ratio of particle dimensions to vessel diameter)
directly affects their margination dynamics.

e Particle aspect ratio, shape and volume all affect cellular
internalization of nanoparticles.

¢ Although particle geometry can be designed to optimize
drug carrier localization in vivo, it is also critical that
extra control on drug release is incorporated within the
carrier design. It is well known that particle composition
can be tuned to control the kinetics and mechanism of
payload release.

e Extensive in vivo studies are necessary to prove that
these parameters matter and that they indeed alter
capillary transport, cell uptake and drug release kinetics,
especially for nanoparticles. It is also imperative that
more in-depth theoretical modeling studies along with
in vitro experiments using micro and nanofluidics be
conducted to describe better and quantitatively assess
how particle geometry and triggered release affect the
intrinsic behavior of nanoparticles.

This box summarizes key points contained in the article.

targeting, 77 vivo drug stability, circulation kinetics and drug
release mechanisms, such that therapeutic agents are released
primarily in response to a disease-specific or physiologically
relevant signal.

Targeting drugs to specific diseased cells and tissues follow-
ing systemic delivery requires nanoscale drug carriers. Nano-
carriers can enhance the efficacy of therapeutic treatments
because they have the ability to distribute rapidly to patho-
physiological sites in the body and can deliver drugs intracel-
lularly. It is well established that nanoparticles can passively
accumulate in tumors owing to the enhanced permeability of
tumor capillaries and retention in tumor tissues (EPR effect)
and thus have been well studied for systemic delivery of
anticancer drugs.

Classically, drug nanocarriers have been synthesized using
self-assembly or emulsion-based methods. These efforts have
led to the development of several nanoparticle formulations,
such as Doxil and Abraxane, which have been approved for
clinical treatment of cancer [1]. A large number of polymer and
lipid-based nanocarrier formulations produced using such
‘bottom-up’ synthesis methods have been widely reported in
the literature [2-8]. However, these bottom-up processes pro-
duce particles (or nanocomplexes) that are primarily spherical
or near spherical in shape and are mostly polydisperse. Almost

all of our current knowledge regarding the iz vivo performance
of drug nanocarriers is based on these spherical particles of
varying size and composition. It is widely accepted in the fluid
dynamics community that shape (geometry and aspect ratio)
plays a major role in how particles are transported through a
fluid, especially within narrow tubes (as would be the case for
drug carriers in blood capillaries or lymphatics) [9-12]. However,
the inability to precisely control geometry and polydispersity of
nano-sized particles has prevented experimental verification of
this shape effect at the nanoscale. New methods that allow for
finer control over nanoparticle and microparticle fabrication
now allow drug delivery researchers to explore how precisely
controlled particle shape and size affect particle transport (i.e.,
biodistribution, organ and cellular targeting, circulation
dynamics, intracellular uptake, etc.) and drug release kinetics
in vitro and in vivo. The authors believe that our ability to finely
tune particle geometry could provide a critical step in
developing the next generation of drug carriers.

Triggered drug release is another major effort in current
drug delivery research. Thus far, most nanoscale drug delivery
carriers that have been reported use diffusion and/or hydrolysis-
controlled release systems, primarily because of our long-
standing focus on particle synthesis using lipids and
hydrolytically degradable polymers. Diffusion and hydroly-
sis-controlled systems have the potential to release encapsulated
agents outside the target tissue, for example in systemic circu-
lation, thus exacerbating side effects. It is also difficult to predict
or study in vivo drug release kinetics from these systems,
especially from the routine iz vitro assays described in most
reports. Despite progress in surface ligand-based targeting
strategies, it is still conceivable that a significant number of
drug carriers will reach physiologically healthy tissues, and in
the absence of a second release control signal, a large dose of
drugs could be released into these tissues.

As diseased cells and tissues might express or overexpress
unique surface markers and proteins, it is often possible to
target them selectively either through specific ligand interac-
tions or stimuli-based drug release mechanisms. Stimuli-
responsive carriers have been engineered to release their payload
in response to local (i.e., physiological or pathophysiological)
cues, including pH and enzymes, or in response to external
stimuli, such as ultrasound, magnetic fields, electromagnetic
radiation and temperature. This approach is a powerful means
for the development of ‘intelligent therapeutics’. A wide variety
of physiologically sensitive hydrogel-based materials have been
developed [13]. However, only a few of these materials (e.g., pH-
sensitive materials) have been reported for use in nanoscale
carriers. The authors believe that the integration of particle
geometry and disease-triggered drug release concepts into our
existing knowledge of surface ligand-based targeting would
result in a quantum change in the efficacy of the next generation
drug carriers.

In this paper, the following are discussed in detail: i) recent
advances in fabricating shape-specific, polymer based nano and
microcarriers that could be utilized for drug delivery; ii) how
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particle shape and stimuli-triggered release could affect the
performance of drug nanocarriers; and iii) current progress
in triggered release nanoparticles and how to incorporate
triggered release properties into shape-specific nanoparticles.
Owing to the vast number of reviews already published that
discuss drug carrier development [2-4,14-18], this review focuses
specifically on the emerging field of nano and microfabricated
polymer particles for targeted drug delivery. Finally, the
authors present their thoughts on how these new directions
in drug delivery could allow for significant improvements in
disease outcome.

2. Shape and size-specific nanocarriers

Besides disease-responsive release, the two key properties of an
effective nanocarrier are: i) efficient targeting to specific tissues
and cells [5; and ii) avoiding rapid clearance (i.e., remaining in
circulation) for a significant amount of time to increase particle
accumulation in target tissues [1]. Circulation time, targeting
and the ability to overcome biological barriers could depend on
the shape (e.g., aspect ratio) and size of a particle because these
properties are likely to influence particle transport behavior
in the blood, especially in small capillaries and tumor vascu-
lature, as well as how cells sense and respond to the particle for
endocytosis [9-12,19-21]. In addition, geometry affects surface
area-to-volume ratio and hence is likely to affect degradation
and drug release kinetics [22,23]. Before discussing how size and
shape affect drug carrier efficacy, it is first necessary to elaborate
on recently developed fabrication methods that permit control
over particle geometry.

2.1 Fabrication of shape and size-specific nanocarriers
Over the past few decades, a variety of nanoparticle carriers,
synthesized using mostly ‘bottom-up’ approaches such as
liposomal nanocarriers [7.8], micellar formulations (6], solid
polymeric nanoparticles [5] and polymer-drug conjugates [24],
have shown promising results as potential drug delivery
vehicles. Recently, advancements in ‘top-down’ approaches,
including micro and nano electromechanical system (MEMS
and NEMS)-based fabrication processes, have generated the
potential for producing uniform micro and nanosized particles
of precise shape and size [2526]. Such top-down fabrication
methods could provide precise, pre-designed control over
particle geometry (shape, aspect ratio) and composition, which
is often difficult to achieve using bottom-up approaches that
tend to rely on emulsions or self-assembly. In this section, the
focus is on advancements in fabrication methods for shape-
specific nano and microscale drug carriers, and their advantages
and disadvantages are discussed.

2.1.1 Bottom-up synthesis

Extensive research has been devoted to the development of
micro and nanoscale drug carriers composed of a wide variety of
organic and inorganic materials. These carriers include
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liposomes, nanoemulsions, solid lipid nanoparticles, micelles,
dendrimers, biodegradable and non-degradable polymeric
carriers, as well as inorganic semiconducting or magnetic
nanoparticles  [5-8,24,27-31]. Most of these carriers are
colloidal molecular assemblies that are largely driven
by hydrophobic-hydrophilic interactions, van der Waals
forces, hydrogen bonding, or ionic interactions, which produce
spherical or near spherical particles, often with high polydis-
persity. The physicochemical characteristics, in vivo drug
release profiles, degradation kinetics and biotransport proper-
ties of these carriers are variable and difficult to evaluate and
reproduce, especially at clinically relevant pharmaceutical
scales. In addition, combining multiple functionalities (i.e.,
both targeting as well as various stimuli-sensitive properties
such as enzyme responsiveness) in a controlled and reproduc-
ible manner is often difficult in self-assembled carrier
systems. A rich literature already exists on these types of carriers,
and the details of their formulation are beyond the scope of this
review and therefore will not be discussed further.

2.1.2 Top-down synthesis

Recent advancements in micro and nanofabrication techniques
have made them suitable for use with biomedical materials,
thereby allowing applications in micro and nanoscale drug
delivery systems and tissue engineering [25,26]. Numerous micro
and nanoimprint lithography processes, including soft lithog-
raphy [321, thermal embossing (33-37], step and flash lithogra-
phy 133.38,39] and UV embossing [40-42], have been reported with
nanometer resolution [26]. At the micrometer scale, Desai and
co-workers explored the use of microfabrication techniques
for synthesizing biocapsules for immunoisolation of ‘drug’-
releasing cell transplants (43,44]. They also studied photo-
lithography for fabricating shape-specific drug delivery
micro-devices and particles [45-48]. For example, the group
demonstrated the fabrication of multilayered microparticles
that can be released from the substrate by selective etching of a
sacrificial layer [46,48,49]. Doyle and co-workers have also devel-
oped a unique use of microfabrication techniques, in which
they combine flow-through microfluidic channels with a micro-
scopic projection photolithography to fabricate shape-specific
microparticles and two-faced Janus particles [50-52]. This method
can produce ~ 100 identical, shape-specific particles in <0.1 s.
Champion ez 4l. [53) have recently reviewed fabrication of shape
and size-specific microparticles. Hence, this is not discussed in
much detail here. Instead, the focus is on the fabrication of drug
delivery particles with nanoscale features.

Out of the wide variety of nanofabrication processes, nano-
imprint lithography (NIL), including step and flash imprint
lithography (S-FIL) [54], particle replication in non-wetting
templates (PRINT) [55-60] and solvent molding-based fab-
rication [61,62] have been shown to be powerful methods for
fabricating polymer nanocarriers of specific shape, size and
aspect ratio. The following sections discuss these methods
in detail.
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2.1.2.1 Step and flash imprint lithography

Using a modified S-FIL process (Figure 1A) (33], Glangchai ez al.
have developed triggered release nanocarriers of specific
shape, size and aspect ratio [54]. S-FIL is a UV-NIL method
that has numerous advantages over other nanofabrication
methods. In the S-FIL process, a photopolymerizable polymer,
such as poly(ethylene glycol) diacrylate (PEGDA), is dispensed
in droplets as small as a few picoliters onto a substrate. This
is done in a specific, computer-controlled pattern that mini-
mizes the amount of drug-polymer solution required (3],
thereby reducing fabrication cost over traditional spin coating
methods. A pre-patterned transparent quartz template is
pressed into the polymer droplets, causing them to spread
and fill the nanofeatures patterned on the template. The
template-substrate assembly is then exposed to a short UV
pulse to cure the polymer. The quartz mold is then removed,
revealing the desired nanostructures on the surface of the
substrate (silicon wafer). Not only are these patterned quartz
templates reusable, but they also enable sub-100 nm alignment
of nanofeatures with pre-existing patterns on a substrate. To
release the imprinted nanoparticles from the substrate, the
residual layer in-between the particles is first removed
using a short, low power, oxygen plasma etch. This is followed
by dissolving the ‘release layer’ (coated onto the substrate
before imprinting) using a mild, one-step aqueous process [54].
This particle harvest method avoids physical force-based
removal (e.g., scraping), which has the potential to damage
nanoparticle shape. Figure 2B shows well-preserved 400 nm
particles with a square cross-section following release in an
aqueous solution.

S-FIL is an extremely flexible method for forming imprints
with a wide range of shapes, sizes and material compositions.
The composition of these nanostructures is constrained only by
the viscosity, wettability and photocrosslinking nature of the
monomers. Drug molecules can be simply mixed with the
monomer or macromer solution before imprinting in order to
encapsulate them within the nanoimprinted particles. In addi-
tion, as S-FIL does not use reduction lenses like conventional
photolithography methods, its resolution is not limited by
optical diffraction as it is with other methods that are based on
far field optics. Consequently, imprint patterns are defined by
the quartz template features [33], the resolution of which is
controlled by the resolution of electron-beam lithography,
which is routinely sub-25 nm. Poly(ethylene glycol)-based
particle structures fabricated using S-FIL and ranging from
800 to 50 nm have already been reported (Figure 2A - C) [54]. In
addition, using S-FIL, a variety of biological agents, such as
proteins, peptides, DNA and RNA, have been encapsulated
within these shape-specific nanoparticles.

As S-FIL is a commercially available process used in the
semiconductor industry, with appropriate development, this
technique could provide a high-throughput, commercially and
clinically viable particle fabrication method to generate shape-
specific nanocarriers. It also avoids shear forces (such as those
found in emulsion-based systems), as well as high temperature

or organic solvents, which are often necessary for in situ
polymerization and liposome formation.

2.1.2.2 Particle replication in non-wetting templates
DeSimone and co-workers recently demonstrated the ability to
form nanosize particles from various biocompatible polymers
as well as proteins, including insulin and albumin, using
a PRINT fabrication method (Figure 1B) [60,64]. The PRINT
process utilizes a non-wetting elastomeric fluoropolymer-based
flexible mold to form micro to nanoscale features without a
residual layer. Using a lamination-based process, the mold is
filled with a monomer solution by placing it between the
patterned mold and another film. The mold, solution and
counter sheet are then passed through a roller and as the mold
passes under the roller, the counter sheet is peeled away, leaving
the patterns in the mold filled with the solution. The filled mold
is then dried to remove residual solvent in the molding solution
or, depending on the molding solution, the mold could also be
exposed to UV irradiation to photopolymerize the solution.
Although a residual layer is avoided, unlike with S-FIL the
particles are not readily released from the surface. Rather, they
are harvested from the substrate using physical scraping [57).
Similar to S-FIL, monodisperse particles (Figure 2D, E) can be
achieved using the PRINT method, making it a highly versatile
process for the fabrication of micro and nanoparticles for drug
delivery applications [57.65].

2.1.2.3 Solvent molding methods

Mitragotri and colleagues have reported unique solvent-
based methods (Figure 1C) to generate polystyrene micro
and nanoparticles of various shapes, such as elliptical and
circular discs and barrels, as shown in Figure 2F - H [61]. To
fabricate these particles, commercially available spherical poly-
styrene nano and microparticles of various sizes are suspended
in an aqueous solution of polyvinyl alcohol and cast into
patterned films. These films are then manipulated in different
ways (e.g., stretching) to generate particles of various shapes and
dimensions (submicrometer to 16 pm). Although this repre-
sents a simple, easily adaptable method, it s likely to be difficult
to achieve size ranges and particle dimensions similar to those
achieved by the PRINT and S-FIL methods.

In one approach (top panel of Figure 1C), the particles are
exposed to an organic solvent or heat to liquefy the polystyrene
and then the film is stretched in one or two dimensions depend-
ing on the desired particle shape. Alternatively, the films are
stretched first and then the polystyrene is liquefied, filling the
voids created during stretching (bottom panel of Figure 1C). In
both approaches, the particles are re-solidified into their new
shape by extracting the solvent or cooling below the glass
transition temperature. The film is then dissolved and the
particles collected (61]. Although this technique is limited to
materials thatcan easily undergo phase changes or be solubilized,
awide variety of micrometer to submicrometer-scale particles of
very specific and unique shapes can be fabricated.
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Figure 1. Schematics of shape-specific nano and microcarrier fabrication methods. A. Modified step and flash imprint
lithography method [54]. B. Particle replication in non-wetting templates process [64]; C. Solvent molding-based manipulation
of spherical particles into non-spherical geometries [61].

(A) Reprinted with permission from J Control Release,125(3), Glangchai LC et al., Nanoimprint lithography based fabrication of shape-specific,
enzymatically-triggered smart nanoparticles, 263-72.

Copyright 2008, with permission from Elsevier.
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Figure 2. Various shape and size-specific nanoparticles fabricated using step and flash imprint lithography (S-FIL), particle
replication in non-wetting templates (PRINT) and solvent molding. A - C. Modified S-FIL-fabricated nanoparticles composed
of 75% (vol.) PEG-diacrylate. [54]: (A) 50 nm x 50 nm x 100 nm pillars (scale bar = 100 nm); (B) 400 nm x 400 nm x 525 nm
particles released from the substrate (scale bar = 2 ym); (C) 200 nm x 200 nm x 525 nm pillars (scale bar = 500 nm). D, E. PRINT
process: (D) 2 pm wide pillar PRINT particles that are composed of insulin (25 wt%) (scale bar = 5 pm) [65]; (E) 200 nm albumin
particles (25 wt%) (scale bar = 1 pm) [65]. F - H. Non-spherical particle geometries formed by solvent molding based
manipulation of spherical polystyrene particles: (F) elliptical discs (scale bar = 2 ym) [61]; (G) ‘UFOs’ (scale bar = 2 ym) [61]; and

(H) barrels (scale bar = 2 ym) [61].
(A-C) Reprinted with permission from [54].
(D) Reprinted with permission from [65].
Copyright 2008 American Chemical Society.
(E) Reprinted with permission from [124]

2.2 Effects of shape and size on the fluid dynamics
of nanocarriers

Ultimately, for a nanocarrier to be effective in delivering drugs
to a diseased tissue, it should be able to interact efficiently with
the capillary wall and ‘migrate’ to the target tissue (e.g., tumors)
before being cleared away by the reticuloendothelial system or
being filtered by the lungs, liver and spleen. It has been
reported that microparticles >5 pm are trapped in the capillary
beds of the liver, whereas microparticles of ~ 1 - 5 pm localize
within the liver where they are phagocytosed by Kupffer
cells [20.21). Nanoparticles that are <1 pm and >200 nm are
easily filtered out in the spleen, whereas those <100 nm

remain in blood vessels within fenestrae of the endothelial
lining [12,20,21].

The geometry of nanocarriers (e.g., shape, aspect ratio and
ratio of particle dimensions to vessel diameter) directly affects
their margination dynamics, that is, the lateral drift of particles
towards the blood vessel wall [1,66]. Ferrari and colleagues have
shown through theoretical modeling that size can significantly
affect how particles interact with tumor capillaries during
transport [67-69]. Recent reports also suggest a significant role
for particle shape in the in vivo performance of delivery
vehicles (61,70 Specifically, shape and shape-related form
factors such as aspect ratio or edge geometry affect particle
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transport characteristics, influence cell-particle interactions
and alter drug release kinetics [53,71].

Particles flowing in the bloodstream experience several
forces, including hemodynamic forces, buoyancy, as well as
electrostatic forces [72]. These forces govern particle trajectory
and are due to van der Waals interactions, electrical double
layers (EDL), steric interactions and solvation. As discussed by
Decuzzi and colleagues, the force exerted on a particle is
affected by the geometry of the particle [69]. By adjusting the
material properties, geometry and surface charge of the par-
ticles, these governing forces can be tuned, thus permitting
control over particle motion iz vivo.

Hemodynamic forces are fluid-resistant forces opposing a
particle in motion. For example, drag forces on the particle are
proportional to its shape in a fluid at moderate to high Reynolds
number. Goldmann ¢t al. have demonstrated that hydrody-
namic forces increase as the radius of a spherical particle
increases and no lateral drift is observed unless an external
force (e.g., van der Waals) or electrostatic interactions are
present [73]. However, non-spherical particles also experience
tumbling and rolling resulting from unequal moments created
from hemodynamic forces. For example, cuboid-shaped
particles would have a larger drag force owing to a normal
stagnation plane facing the flow and the possible flow separa-
tion at the corners, resulting in a large pressure drag compared
with spherical particles. This phenomenon can be used to
control margination dynamics. Decuzzi ¢t al. demonstrated
that ~ 3.5 pm ellipsoidal particles with an aspect ratio of two
(length-to-width) drift laterally towards capillary walls as a
result of rotating and tumbling in comparison with spherical
particles, which remain centered in the flow channel. Recently,
Disher and co-workers reported that self-assembled, filomi-
celles (i.e., filamentous polymeric micelles) with very high
aspect ratios (22 - 60 nm in diameter and 2 - 8 pm in length)
remain in the bloodstream 10 times longer than spherical
particles [70,71]. Another interesting finding was the significant
localization of these filomicelles in lung tissue [70]. Unfortu-
nately, the micrometer-size dimension of these particles is not
suitable for intracellular delivery of drugs.

Along with hemodynamic forces, particles in flow also
experience buoyancy forces that are proportional to the particle
volume, density differences between the particle and fluid, and
nonspecific electrostatic and van der Waals forces. Through
theoretical modeling of spherical particles on the micrometer to
nanometer scale, Decuzzi er al. demonstrated that buoyancy
forces dominate when the particle radius is sufficiently large
(10,000 nm or larger), whereas van der Waals forces between
the particle and the blood vessel wall dominate when the
particle radius is sufficiently small (1000 - 50 nm) [66]. As
the radius of the particle decreases, the time needed for the
particle to reach the endothelium wall increases up to a
maximum ‘critical’ radius (~ 150 nm); as the radius decreases
past this point, the time to reach the wall decreases. Based on
these results, particles intended for long circulation times
within the bloodstream should be close to this critical radius [66].

Caldorera-Moore, Guimard, Shi & Roy

Owing to the balances of the forces acting on the nanocarrier,
including van der Waals forces and the hydrodynamic drag, it
was concluded that nanocarriers in the 100 nm size range
demonstrate a propensity to stay away from the endothelium,
and therefore may not be optimal for drug delivery [1,66,74].
Particles smaller or larger than 100 nm tend to drift to the edge
of the bloodstream, making them more advantageous to deliver
therapeutic agents to endothelial cells and tumor sites because
these sizes are more likely to be taken up by cells [1]. Although
fluid mechanics concepts and governing equations indicate that
particle geometry should significantly affect their flow charac-
teristics in blood vessels, especially in small capillaries, it is
necessary to study, using both computational and experimental
models, how shape, size and aspect ratio of non-spherical
nanoscale particles affect in wvivo circulation time and
accumulation in diseased tissues (e.g., tumors).

2.3 Effects of shape and size on particle internalization
Particle geometry can also play a role in intracellular uptake of
nanocarriers. Regardless of the circulation dynamics associated
with any given particle (discussed in Section 2.2), particles that
are 500 nm and larger are generally successfully phagocytosed
only by macrophages and antigen presenting cells. On the other
hand, other somatic cells are capable of endocytosing sub-
500 nm particles [61]. For drug applications, endocytosis of
nanocarriers is often necessary for drugs that target intracellular
molecules. It is also imperative to avoid nanocarrier phagocy-
tosis by macrophages, which leads to rapid clearance of particles
from the body. It is generally accepted that if particle surface
properties are favorable, smaller particles are internalized
more efficiently by non-phagocytic cells. Surface curvature,
which is dependent on both particle size and shape, could
affect interactions between cell and particle surfaces and thus
internalization kinetics and efficacy. In this section, recent
research is highlighted that supports the hypothesis that particle
geometry, and more specifically surface curvature, influences
cellular internalization.

Chan and co-workers reported that spherical gold nano-
particles have a higher propensity to be internalized in vitro by
Hela cells compared with rod-shaped particles of similar
dimensions (30,31]. Spherical nanoparticles with diameters of
14 or 75 nm were taken up by cells 375 - 500% more compared
with 74 x 14 nm rod-shaped particles. One potential reason for
this disparity in in vitro cell uptake could be the difference in
particle curvature, which affects the particle contact area with
the cell membrane. Chan’s group has also shown that cellular
uptake is size dependent [30,31]. Further, Jiang ez al. showed that
gold and silver nanoparticles with 2 - 100 nm size range could
modify essential cell signaling processes, with 40 and 50 nm
particles having the most impact [31). The effects of shape and
size of metallic particles on cellular internalization were also
reported by Xu and co-workers using layered double hydroxide
MgAl, nanoparticles with two distinct particle morphologies:
i) rods that were 30 - 60 nm in width and 100 - 200 nm in
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Figure 3. Effects of particle shape and size on cellular internal
in HelLa cells over 4 h. The legend indicates particle diamete
composed of 67 wt% trimethylolpropane ethoxylate triacrylat
aminoethyl methacrylate hydrochloride, 2 wt% fluorescein-o-
the internalization study shown in panel A (B - F: scale bars = 1

ization. A. Internalization profile of PRINT-fabricated particles
r and volume [57]. (B - I). SEM images of PRINT particles (all
e, 20 wt% PEG monomethylether monometharcylate, 10 wt%
acrylate, and 1 wt% 2,2-diethoxyacetophenone) evaluated in
pm) [57]1: (B) 150 x 450 nm particles, (C) 100 x 300 nm particles,

(D) 200 x 200 nm particles; (E, F) cylindrical microparticles that are 1 ym tall but vary in diameter: (E) 0.5 yum and (F) 1 pm; (G- 1)
cubic microparticles of varying widths (scale bars = 20 pm): (G) 2 pm, (H) 3 um and (1) 5 uym. J - L. Colored SEM images of
alveolar marcophages (brown) interacting with differently shaped polystyrene particles (purple) [62]: (J) cell membrane

engulfing the particle (scale bar = 10 pm), (K) cell attaching itse
(L) the cell membrane progressing around a spherical particle

length; and ii) hexagonal sheets that were 50 - 150 nm wide
(laterally) and 10 - 20 nm thick (75,76]. The group found that
both shapes are quickly taken up by CHO-K1, NIH 3T3
and HEK 293T cells and that rod-like particles specifically
target the nucleus whereas the sheet-like particles are retained
in the cytoplasm [7576]. To evaluate the cellular mechanisms
that controlled internalization of these nanoparticles, a series
of uptake inhibitor studies were conducted, which showed
that internalization of both shapes was mediated by
clathrin-medicated endocytosis [75.76].

Mitragotri and co-workers have also demonstrated that size
and curvature affect how a particle ‘interacts’ with the cell and
consequently how they are internalized. They demonstrated
that 7z vitro internalization of microscale, solvent-molded non-
spherical particles (as described above) is a function of particle
orientation with respect to the cell membrane (Figure 3] - L).
Intracellular uptake by macrophages was possible if the cell
interacted with the particle along the ‘narrower’ dimension as
opposed to the ‘longer’ dimension (Figure 3], K) [61]. These
results clearly support the idea that particle curvature affects

If to the flat side of the elliptical particle (scale bar =5 pm) and
(scale bar =5 pm).

cellular internalization, but the mechanism of differential
uptake should be investigated further.

Gratton ez al. have also reported preliminary results on
the effects of PRINT-fabricated nanoparticle shape and size
on in vitro cellular uptake [57). Internalization of particles of
different sizes and aspect ratios, ranging from 5 pm square
(cross-section) to 100 x 300 nm rods, were evaluated in HelLa
cells. The nanoscale cylindrical particles had the highest
percentage of cellular internalization over time (Figure 3A).
Specifically, nanoparticles with 150 nm diameter and 450 nm
height (Figure 4B) showed the highest uptake percentage
and were internalized 4 times faster than symmetrical
particles (aspect ratio of 1, 200 x 200 nm) (Figure 3D). These
findings suggest that particle aspect ratio could play an
important role in cellular uptake. However, in the same
experiment, 100 nm diameter particles (Figure 3C) with an
aspect ratio of 3 had a lower degree of internalization compared
with 150 nm particles with the same aspect ratio. This would
indicate that the uptake kinetics is probably a function of both
size and shape. The cylindrical-shaped particles (Figure 3E, F)
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Figure 3. Effects of particle shape and size on cellular internalization (continued). A. Internalization profile of PRINT-
fabricated particles in HelLa cells over 4 h. The legend indicates particle diameter and volume [57]. (B - I). SEM images of PRINT
particles (all composed of 67 wt% trimethylolpropane ethoxylate triacrylate, 20 wt% PEG monomethylether monometharcy-
late, 10 wt% aminoethyl methacrylate hydrochloride, 2 wt% fluorescein-o-acrylate, and 1 wt% 2,2-diethoxyacetophenone)
evaluated in the internalization study shown in panel A (B - F: scale bars = 1 ym) [57]: (B) 150 x 450 nm particles, (C) 100 x 300
nm particles, (D) 200 x 200 nm particles; (E, F) cylindrical microparticles that are 1 uym tall but vary in diameter: (E) 0.5 pm and
(F) 1 pm; (G - 1) cubic microparticles of varying widths (scale bars = 20 ym): (G) 2 pm, (H) 3 pm and (I) 5 pm. J - L. Colored SEM
images of alveolar marcophages (brown) interacting with differently shaped polystyrene particles (purple) [62]: (J) cell
membrane engulfing the particle (scale bar = 10 pm), (K) cell attaching itself to the flat side of the elliptical particle (scale bar
=5 pm) and (L) the cell membrane progressing around a spherical particle (scale bar = 5 pm).

with 500 nm or 1 pm diameters and 1 pm height had
reduced internalization in comparison with smaller particles
but showed higher uptake than micrometer-sized square
cross-section particles. The internalization profiles of the
cylindrical particles were similar to the profiles associated
with cubic particles (Figure 3G). Larger (5 and 3 pm) cubic
particles (Figure 3H, I) did not show significant uptake by
Hela cells (Figure 3B — D).

The results summarized above demonstrate that particle
aspect ratio, shape and volume all affect cellular internali-
zation of nanoparticles. A more comprehensive evaluation of
uptake as a function of each of these particle characteri-
stics needs to be performed. It is critical that these
experiments are conducted while attempting to hold other
particle properties (i.e., volume, surface area, material
composition) constant. Nevertheless, the theoretical modeling
and in vitro studies taken together provide significant evidence
to support the idea that nanoparticle-based drug delivery to

target cells can be ‘controlled’ through rational design of
particle geometry.

3. Responsive nanocarriers for triggered drug
release

Although particle geometry can be designed to optimize drug
carrier localization 77 vivoe, it is also critical that extra control on
drug release is incorporated within the carrier design. It is well
known that particle composition can be tuned to control the
kinetics and mechanism of payload release. The following
section provides an overview of various triggered release
mechanisms used in drug carrier design.

Nanocarrier systems in which drug release is triggered by
physiological or pathological cues are generally prepared with
materials that are responsive to pH, oxidation potential, or
enzymes (77]. In all cases the physiological stimulus causes
some physical or chemical change to the carrier material,
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Figure 4. Examples of responsive nanocarriers for triggered drug release. A - C. SEM images demonstrating the enzymatic
degradation of imprinted 75% (vol.) PEGDA-GFLGK-DA nanocarriers: (A) control particles after 48 h in PBS (i.e., no Cathepsin
B) (scale bar = 2 ym); (B) particles after 12 h in Cathepsin B (25 U/ml) (scale bar = 10 pm); (C) particles after 48 h in Cathepsin B
(25 U/ml) (scale bar = 2 ym). D. Release profile of stimuli-responsive imprinted PEGDA-GFLGK-DA particles encapsulating
0.16% (w/w) plasmid DNA in response to 20 U/ml Cathepsin B [54]. E, F. Time-dependent cryogenic transmission electron
microscopy of 3:97 (R)-1,2-di-O-(1"Z,9’Z-octadecadienyl)-glyceryl-3-(o-methoxy-poly(ethylene glycolate), MW5000)/fusogenic
lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (BVEP/DOPE) unilamellar liposomes (25 - 100 nm in size) at pH 4.5.
Liposomes undergo fusing and drug release over time [17]. G, H. Photoinduced changes in the aggregation of light-sensitive
nanoparticles. Transmission electron microscopy images for 1.4 wt% 1:3 cetyltrimethylamonium bromide/sodium

4-hexylphenylazosulfonate (CTAB/C6PAS) systems in D,0 (G) before and (H) after irradiation [18].

(A-D) Reprinted with permission from J Control Release, 125(3), Glangchai LC et al., Nanoimprint lithography based fabrication of shape-specific,
enzymatically-triggered smart nanoparticles, 263-72, Copyright 2008, with permission from Elsevier. (E,F) Reprinted with permission from [17]. Copyright 2003
American Chemical Society. (G,H) Reprinted with permission from [18]. Copyright 2006 American Chemical Society.

such that the nanocarriers collapse or degrade, releasing
drug cither intracellularly or extracellularly.

The earliest attempts to direct drug delivery to specific tissues
were primarily relevant to cancer therapy because there is a clear
physiological difference between cancerous tissue and healthy
tissue. Many delivery methods rely on the enhanced perme-
ability and retention (EPR) effect associated with tumors
(particle size effects) as well as the differential pH of the tumor
microenvironment (pH-sensitive carriers) [29,77-85]. These have
been reviewed by Peer er al. 2. For pH-sensitive carriers,
anionic or cationic materials are often incorporated into block
co-polymers with one or two other hydrophobic (e.g., poly
(lactic acid)) or hydrophilic (e.g., PEG) polymers. Generally,
the key to designing these heteromaterials is that one block
must be protonatable at a pH less than physiological pH (7.4),
such that in the presence of the more acidic extracellular
environment (pH 6.5 - 7) associated with tumors and other

diseased tissues, sections of these materials can undergo a
change in hydrophobicity. This results in swelling, shrinking,
or collapse of the nanocarrier, resulting in drug release. Alter-
natively, materials can be selected that degrade (i.e., hydrolyze)
rapidly with pH change (17.77.78,84]. Following hydrolysis of
acid-labile subunits, the hydrophobic portion of the nano-
carrier is either exposed to the aqueous environment or
degraded into hydrophilic products, resulting in drug release
(Figure 4E, F) 117.77.

Other pH-sensitive nanocarriers have been developed that
can also be classified as ligand-triggered drug release systems.
These nanocarriers respond to pH similarly to those systems
described above. However, drug release is triggered by a more
dramatic pH decrease that results from ligand binding to, and
breakdown by nanoparticle-immobilized enzyme. Thishasbeen
applied to insulin delivery (82,86]. A significant limitation of pH
triggered release, as a means of targeted drug delivery, is that it is
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F. 15 min

Figure 4. Examples of responsive nanocarriers for triggered drug release (continued). A - C. SEM images demonstrating the
enzymatic degradation of imprinted 75% (vol.) PEGDA-GFLGK-DA nanocarriers: (A) control particles after 48 h in PBS (i.e., no
Cathepsin B) (scale bar = 2 ym); (B) particles after 12 h in Cathepsin B (25 U/ml) (scale bar = 10 um); (C) particles after 48 h in
Cathepsin B (25 U/ml) (scale bar = 2 um). D. Release profile of stimuli-responsive imprinted PEGDA-GFLGK-DA particles
encapsulating 0.16% (w/w) plasmid DNA in response to 20 U/ml Cathepsin B [54]. E, F. Time-dependent cryogenic transmission
electron microscopy of 3:97 (R)-1,2-di-O-(1'Z,9’Z-octadecadienyl)-glyceryl-3-(o-methoxy-poly(ethylene glycolate), MW5000)/
fusogenic lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (BVEP/DOPE) unilamellar liposomes (25 - 100 nm in size) at pH
4.5. Liposomes undergo fusing and drug release over time [17]. G, H. Photoinduced changes in the aggregation of light-
sensitive nanoparticles. Transmission electron microscopy images for 1.4 wt% 1:3 cetyltrimethylamonium bromide/sodium

4-hexylphenylazosulfonate (CTAB/C6PAS) systems in D,0 (G) before and (H) after irradiation [18].

(A-D) Reprinted with permission from J Control Release,125(3), Glangchai LC et al., Nanoimprint lithography based fabrication of shape-specific,
enzymatically-triggered smart nanoparticles, 263-72, Copyright 2008, with permission from Elsevier. (E,F) Reprinted with permission from [17]. Copyright 2003
American Chemical Society. (G,H) Reprinted with permission from [18]. Copyright 2006 American Chemical Society.

not specific to diseased tissues, as there are healthy tissues and
cells thatcould also haveanacidicextracellular environment. For
physiological triggered release to be effective, a highly specific
disease-related trigger needs to be used. Enzyme-sensitive
biopolymers could allow such disease-induced drug delivery.
In most pathophysiological conditions, there are specific
enzymes and proteins that are upregulated to meet the needs of
the diseased tissue. For example, enzymes and other proteins
usually associated with rapidly growing cells are upregulated in
cancers. The development of biomaterials that are sensitive to
these specific enzymes allows for fabrication of highly specific
triggered release systems. These delivery systems are designed
to be crosslinked by peptide sequences or other ligands that
are recognized and broken down by a particular enzyme that
is expressed in a specific diseased environment or cell. There-
fore, in the presence of the appropriate enzyme the ligand
linkers are cleaved and the nanocarriers’ contents are

released. Although enzyme-responsive drug delivery and tissue
engineering platforms have been widely explored in the mac-
roscale [87.88], there have been few reports on the development
of enzyme-degradable nanocarriers. Examples of enzyme-
triggered drug-releasing nanoparticles include those respon-
sive to elastase [89.90], trypsin [91], (phospho)lipase [92,93],
metalloproteinase [(94-96], proteinase K [97], pronase E (98] and
quinone reductases [99].

Nanoparticles that are sensitive to changes in oxidation
potential have also been developed. These take advantage of
the more reductive intracellular environment as compared with
the extracellular fluid. There are two typical approaches to
synthesize these nanoparticles, both involving disulfide linkages.
In one approach, lipid-polymer conjugates are created by teth-
ering a hydrophobic lipid to a hydrophilic polymer by means of
disulfide bonds [83,100,101]. The hydrophilic shell stabilizes the

liposomes in the extracellular environment, but once within a
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cell the shell is lost because the disulfide bonds are susceptible to
cleavage by reductive substances, such as glutathione. The loss of
the hydrophilic coating destabilizes the liposomes and results in
drug release. A similar destabilization of nanocarrier integrity is
achieved in the cellular milieu when disulfide linkers are used to
crosslink the core of polyplex micelles [102].

Although nanocarriers that are sensitive to internal triggers
require no extra external regulation or guidance, most of the
internal triggers that these systems rely on are hardly unique to
diseased tissues. If nanoparticles are nonspecifically taken up by
healthy tissues, the acidic pH associated with endosomes and
lysozomes and the reductive intracellular environment will
trigger drug release from pH-sensitive and redox-sensitive
drug carriers, respectively. Therefore, tissue-specific delivery
is not optimal. Although the EPR effect will bias nanocarrier
accumulation to most diseased tissues, uptake by healthy tissues
is usually unavoidable because the aforementioned nanopar-
ticles are not actually targeted to any particular tissue. Also,
the EPR effect is not necessarily a feature of all diseased or
damaged tissues. Enzyme-sensitive nanocarrier systems are,
however, considered advantageous compared with redox-
and pH-sensitive systems because drug release depends on
the presence of a particular enzyme, which if present only in
the diseased cells will limit drug release to the target cells.
Regardless, during circulation and once near or inside healthy
tissues these types of nanocarriers, like most drug carriers
sensitive to physiological stimuli, are still prone to drug release
(even if it is at a slower rate). This is due to the fact that even
healthy cells express, to some extent, most of the enzymes that
are overexpressed in diseased tissues. It will be critical for future
research in this area to ‘tune’ the enzyme-triggered degradation
to the local concentration of the enzyme (i.e., incorporate
threshold-based degradation).

In addition to physiological or pathophysiological triggers,
there is a vast array of nanocarrier systems that are responsive to
external physical cues [16], such as light [18,103-105], tempera-
ture [106-110], ultrasound [15,111-114] and magnetic fields [14]. In
all these cases, time must be allowed for nanoparticle uptake
into diseased tissues before the application of external stimuli.
Nanocarriers that are designed to respond to these external
triggers in theory release carrier contents only at the location of
the stimulus application. Most light-responsive nanoparticles
conceptually function like many pH- and redox-sensitive
carriers, in that the destabilization of nanocarriers is achieved
on irreversible photodegradation of an outer hydrophilic layer
(Figure 4G, H) [18] or cleavage (photolysis in this case) of labile
polar head groups from hydrophobic ‘tails’ [103). On the other
hand, temperature-sensitive nanocarriers are designed from
polymers that have a phase transition [106,107] or a positive
swelling transition [109] at biologically acceptable temperatures
(35 - 42°C). The change in physical properties (e.g., liquifi-
cation, swelling) that accompanies such material transitions
causes drug release from the carriers. For further information
on these types of nanoparticles the reader is referred to a review
written by Needham and Dewhirst on the application of

hyperthermia-responsive liposomes for drug delivery to solid
tumors [115]. Alternatively, ultrasound-responsive nanocarriers,
including pluronic micelles [15,27,28,111,112,116,117) and DNA-
polycation polyplexes [118-121], have been shown to give rise to
improved delivery in the presence of ultrasonic irradiation.

Despite the fact that externally triggered drug release from
nanocarrier systems generally permits improved site-specific
drug delivery, and therefore requires lower drug doses com-
pared with systems that are designed to respond to physiolog-
ical stimuli, the cost of treatment would be higher and patient
compliance would probably be reduced. In addition, most of
the external trigger is restricted to superficial tissues and is not
applicable to internal organs or tumors.

4. Incorporation of triggered release into
shape-specific drug nanocarriers

In the previous sections of this review the advantages of
fabricating shape and size-specific nanoparticles have been
presented, as well as the advantages of disease-responsive
nanoparticles. Incorporating enzymatically degradable bioma-
terials into shape and size-specific nanoparticles combines
both these concepts and could provide an interesting approach
for the development of ‘intelligent’ drug nanocarriers.
Particles fabricated using the modified S-FIL process have
been designed to have well-controlled geometry, as well as
an enzyme-triggered release mechanism. These PEG-based
particles were nanoimprinted using a pentapeptide crosslinker
(GFLGK) (541. This peptide linker is degraded by the
lysosomal enzyme Cathepsin B, which is present intracellu-
larly and is also highly upregulated in certain tumors (presentat
high levels in the tumor microenvironment). Enzyme-triggered
degradation of imprints containing the GFLGK peptide
was evaluated using scanning electron microscopy (SEM)
(Figure 4A - C). The nanoparticles began to degrade
within 30 min, and between 24 and 48 h all particles were
fully degraded. On the other hand, particles exposed to
aqueous solution without Cathepsin B remained intact
during this period. Stimuli-responsive release of encapsulated
antibodies (Alexa Fluor 594 labeled goat anti-mouse IgG,
Invitrogen) and plasmid DNA from imprinted PEGDA-
GFLGK-DA (75% vol.) nanoparticles was also evaluated.
The amount of released agents over time before and after
the addition of Cathepsin B was measured and, as shown
in Figure 4D, efficient enzyme-triggered release was achie-
ved. These results demonstrate that it is feasible to incorpo-
rate both geometrical (i.e., size, shape and aspect ratio)
parameters and disease-triggered drug release mechanisms in
a single nanocarrier.

5. Expert opinion

The use of nanofabrication methods that are compatible with
biological reagents permits, for the first time, the evaluation of
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particle geometry as a tunable parameter in nanoscale drug
delivery systems. Despite the promise of such methods
in reducing drug-related side effects and increasing efficacy,
there remain significant challenges. A major concern is the
number (and hence mass) of nanoparticles that can readily be
synthesized using these sophisticated methods. Both the
S-FIL and PRINT methods are yet to demonstrate: large,
pharmaceutical-scale synthesis of nanoparticles; or fabrication
of particles with high drug loading efficacy. Also, the versatility
of the solvent molding methods, in terms of material
composition, is yet to be demonstrated. The combination of
manipulating nanoscale geometry and incorporating triggered
release within the same nanocarrier design opens up new
directions in drug delivery. It would be beneficial if both
the PRINT and solvent molding processes could incorporate
disease-sensitive release triggers within the synthesized
nanocarriers; but above all, it remains to be demonstrated
conclusively whether size, shape and triggered release have
the proposed benefits 7 vivo or not, either in anticancer therapy
or even in other disease models. It is encouraging that more
studies are being reported that address the effects of shape and
size on particle biodistribution through both theoretical and
experimental approaches [122,123]. However, extensive in vivo
studies are necessary to prove that these parameters matter and
that they indeed alter capillary transport, cell uptake and drug

Caldorera-Moore, Guimard, Shi & Roy

release kinetics, especially for nanoparticles. It is also imperative
that more in-depth theoretical modeling studies along with
in vitro experiments using micro and nanofluidics be conducted
to describe better and quantitatively assess how particle
geometry and triggered release affect the intrinsic behavior
of nanoparticles. In parallel, the development of strategies for
large scale manufacturing is needed. That includes i) high-
throughput production of enough particles to perform exten-
sive animal studies; and ii) minimal ‘waste’ of expensive
biomolecules and drugs. The promise of such systems can
be achieved only if the cost-benefit ratio is attractive to biotech
and pharmaceutical companies. Therefore, interdisciplinary
research involving biomedical, chemical and mechanical/
manufacturing engineers along with chemists and biologists
is necessary to move the field forward.
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