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Polymeric micro- and nanoparticles play a central role in varied
applications such as drug delivery, medical imaging, and advanced
materials, as well as in fundamental studies in fields such as
microfluidics and nanotechnology. Functional behavior of poly-
meric particles in these fields is strongly influenced by their shape.
However, the availability of precisely shaped polymeric particles
has been a major bottleneck in understanding and capitalizing on
the role of shape in particle function. Here we report a method that
directly addresses this need. Our method uses routine laboratory
chemicals and equipment to make particles with >20 distinct
shapes and characteristic features ranging in size from 60 nm to 30
pm. This method offers independent control over important par-
ticle properties such as size and shape, which is crucial to the
development of nonspherical particles both as tools and products
for a variety of fields.
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Polymeric particles are used in a diverse array of applications
including drug delivery (1), advanced materials (2), personal
care (3), and medical imaging (4). They also are used in
fundamental studies in fields such as microfluidics (5) and
nanotechnology (6). Particle shape is a critical parameter that
can significantly influence particle function. The vast potential of
shape, however, has not been fully explored due to difficulties in
creating polymer particles with controlled shapes. Several re-
ports exist on fabrication of polymeric particles with nonspheri-
cal geometries. These approaches make use of self-assembly
(7-9), photolithography (10), nonwetting template molding (11),
microfluidics (12, 13), and stretching of spherical particles (14,
15). Collectively, these methods have produced particles of
several distinct shapes. Some of these methods provide advan-
tages such as scalability, high throughput, and precise control
over particle shape. However, they also suffer from drawbacks
including cost, particle size limitations, low throughput, and
limited ability to sculpt particles in three dimensions. Accord-
ingly, simple, versatile, inexpensive, and high-throughput meth-
ods of fabricating nonspherical particles still remain a bottleneck
of future discoveries in a diverse array of fields. Here, we report
a simple method that generates particles of >20 distinct shapes
in large, reproducible quantities.

Results

Spherical polystyrene (PS) particles of diameters between 60 nm
and 10 wm are used here as a starting material for preparing
particles of complex shapes. These particles are suspended in an
aqueous solution of polyvinyl alcohol (PVA) and cast into films
(14), which are then manipulated to engineer particle shape. The
method for engineering shape can be classified into two general
approaches (Fig. 1). In the first approach, termed scheme A, PS
particles are liquefied by using solvent or by heating above the
glass transition temperature (7,) of PS and then stretched in one
or two dimensions. In the second approach, scheme B, PVA films
are stretched first to create voids around the particles. These
voids then are filled by liquefying the particles using solvent or
heat. Resolidifying the particles after manipulation, by solvent
extraction or cooling, sets their new shape. Finally, the particles
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Fig. 1. Methods used for making particles with different shapes can be
categorized into two general schemes. (Upper) Scheme A involves liquefac-
tion of particles by using heat or toluene, stretching the film in one or two
dimensions and solidifying the particles by extracting toluene or cooling. The
example shown here produces elliptical disks. (Lower) Scheme B involves
stretching the film in air to create voids around the particle, followed by
liquefaction using heat or toluene and solidification. The example shown here
produces barrels.
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are collected by dissolving the film. Here we report a surprising
finding that these two approaches, although apparently simple,
can give rise to an incredibly diverse range of particle shapes.
Final particle shape is dictated by the material properties of the
film (T, and thickness), the material properties of the particles
(T, and viscosity), interactions between particles and film (ad-
hesion strength), and the stretching parameters (extent and
dimensionality). A detailed summary of parameters leading to
each shape is provided in supporting information (SI) Tables
1-3. Particle volume remains constant during stretching, gov-
erned entirely by the volume of the initial sphere. Thus, size and
shape of particles can be independently controlled.

Particles made by using scheme A are shown in Fig. 2. These
particles share the same general mechanism of formation: the
liquefied particle is stretched due to its strong association with
the film arising from hydrogen bonding. However, the final
shape depends strongly on the details of key parameters. For
example, stretching particles in a thin film (35 wm) produces
flatter particles [Fig. 2b, length/width aspect ratio (ARLw) = 6.1,
width/thickness aspect ratio (ARwt) = 2.0], whereas stretching
in a thicker film (70 wm) produces rods with a nearly circular
cross-section where width and thickness are approximately equal
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Fig.2. Micrographs of shapes made by using scheme A. (a) Spheres. (b) Rectangular disks. (c) Rods. (d) Worms. (e) Oblate ellipses. (f) Elliptical disks. (g) UFOs.

(h) Circular disks. (Scale bars: 2 um.)

(Fig. 2c; AR w = 2.6, ARw~ = 1.1). The ends of rectangular disks
(Fig. 2b) and cylindrical rods (Fig. 2c) are relatively flat owing
to the high viscosity of liquefied droplet, which in turn can be
attributed to the use of low temperatures used for liquefaction
(120°C). Increasing the liquefaction temperature, decreasing the
viscosity, created sharp-ended worm-like particles with nearly
circular cross-sections (Fig. 2d; ARy w = 14.1, ARwt = 1.2). The
exact tortuosity of worms varied from particle to particle. Two
dimensional (2D) stretching of heat-liquefied particles led to
oblate ellipsoids with aspect ratios dictated by the extent of
stretching (Fig. 2e; ARwt = 3.6).

Replacing heat with toluene, as a mode of liquefying particles,
led to entirely different shapes due to decreased PS viscosity.
Specifically, 1D stretching of films after toluene-liquefaction
formed very thin elliptical disks with curved ends (Fig. 2f;
AR w = 4.4, ARwr = 10.5) under conditions where heat-
liquefied particles formed rectangular disks with blunt ends
and lower ARwT values. Peculiar results were obtained when
toluene-liquefied particles were stretched in 2D. Moderate
stretching of toluene-liquefied particles led to UFO-like particles
(Fig. 2g) due to preferential stretching of the particle around the
equator. Extensive stretching under the same conditions or
comparable stretching of smaller particles, however, eliminated
the dome and produced flat circular disks (Fig. 24; ARwt = 8.7).
Although the circular disks and oblate ellipsoids in Fig. 2 e and
h have approximately the same diameter, the circular disks are
much thinner, with an ARw 2.4 times larger than that for oblate
ellipsoids.

More complex shapes were made by using scheme B. Con-
ducting 1D stretching of the film without particle-liquefaction
creates an ellipsoidal void around the particle. Upon heat-
induced liquefaction, PS fills the void by wetting the film.
However, at relatively low liquefaction temperatures (130°C),
the high viscosity of PS inhibits complete filling of the void and
leads to barrel-like particles upon solidification (Fig. 3a; Inset
shows concave regions at both ends). Interestingly, liquefaction
at higher temperatures (140°C), keeping all other parameters the
same, decreases PS viscosity, and induces distribution of PS
predominantly to one end of the void, increasing the contact area
between PS and PVA, and forms bullet-like structures (Fig. 3b).
Once again, replacing heat with toluene as a means of liquefac-
tion, after dry-stretching of film produced different shapes due
to further reduction of viscosity. Conducting 1D stretching in air
followed by toluene-induced liquefaction formed pill-like parti-
cles (Fig. 3¢). Moderate 2D stretching of the film in air followed
by toluene-induced liquefaction led to pulley-shaped particles
(Fig. 3d, a circular disk with a groove in the middle; Inset shows
side view). Repeating the same procedure with extensive stretch-
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ing produced biconvex lenses (Fig. 3e; Inset shows side view). As
the complexity of shape increases, the definitions for character-
izing shape become unclear. Shape parameters that are more
complex than aspect ratios will need to be defined based on the
critical shape features for given applications.

Combination and/or repetition of schemes A and B led to even
more unusual shapes including ribbon-like particles with curled
ends (Fig. 4a; Inset shows a curl), bicones (Fig. 4b), diamond
disks (Fig. 4c), emarginate disks (Fig. 4d), flat pills (Fig. 4e),
elongated hexagonal disks (Fig. 4f), ravioli (Fig. 4g), and tacos
(Fig. 4h) (see SI Tables 1-3 for detailed procedures for each
shape).

The method reported here can be further modified to control
additional design features, such as surface texture, while keeping
size and shape constant. For example, scheme B was modified to
make wrinkled prolate ellipsoids (Fig. 4i). In this modification,

Fig.3. Micrographsofshapes made by usingscheme B. (a) Barrels. (b) Bullets.
(c) Pills. (d) Pulleys. (e) Biconvex lenses. (Scale bars: 2 um.)
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the film was stretched while keeping the particles solid, and it was
removed from the stretcher before particle liquefaction. This
allowed the film to relax and produced wrinkles at the film-void
interface. Subsequent toluene-induced liquefaction produced
particles shown in Fig. 4i. A similar procedure performed by 2D
stretching produced wrinkled oblate ellipsoids (Fig. 4j). In
another example, porous elliptical disks (Fig. 4k) were formed
when toluene-liquefied particles, stretched according to scheme
A, were immediately immersed in isopropanol to remove tolu-
ene, omitting the air-drying step. This led to rapid removal of
toluene from the particle and created holes in one side of the
particle surface.

Discussion

The method reported here generates particles of incredibly
diverse shapes. The resultant shapes can be explained by the
physical properties of the particles and film and the interaction
between them. Scheme A generally leads to simpler shapes
because fewer properties, primarily particle viscosity and film
thickness, are relevant to the final shape. Particle viscosity, for
example, dictates whether a shape will have pointy ends (worms,
elliptical disks) or flatter ends (rectangular disks, rods). Higher
viscosity of particles (arising from stretching at low temperature)
prevents the film from stretching to a sharp point due to
preservation of width of the particle during stretching. Regard-
less of viscosity, thinner films led to creation of flatter particles
and vice versa. Scheme B leads to generally more complex shapes
because of the introduction of an additional design parameter in
the form of particle-film wetting properties. In particular, the
interplay between particle-film wetting properties and particle
viscosity introduced further diversities in shape.

The shapes reported here represent a wide range of geome-
tries including predominantly 1D (e.g., worms), 2D (e.g., ellip-
tical and circular disks), and 3D (e.g., UFO and barrels). In
addition, particles also display regions of varying concavity,
curvature, aspect ratio, and surface texture. Shapes described
here were made primarily from 1- to 5-um particles (original
sphere diameters of particles in Figs. 2—4 are listed in SI Tables
1-3). However, the method has been easily extended to nano-
particles (Fig. 5), which will increase the possible applications.
Using the procedures described here, it is possible to make a
group of particles where important properties such as volume,
shape, surface area, curvature, and texture can be systematically
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Fig. 4. Micrographs of shapes
made by using combinations of
schemes A and B. (a) Ribbons with
curled ends. (b) Bicones. (c) Dia-
mond disks. (d) Emarginate disks.
(e) Flat pills. (f) Elongated hexago-
nal disks. (g) Ravioli. (h) Tacos. (i)
Wrinkled prolate ellipsoids. (j)
Wrinkled oblate ellipses. (k) Porous
elliptical disks. (Scale bars: 2 um, a—i
and k; 400 nm, j.)

and independently varied. Such particles will be crucial in
methodically identifying the role of geometric parameters in
particle function in a variety of fields.

It is remarkable that a diverse range of particles can be made
by such a simple method. Diversity can be further enhanced by
using more complex starting materials, for example hollow
microspheres, or by using additional forces, such as magnetic
forces, to further manipulate the particles. The method de-
scribed here offers a powerful tool for fabricating particles of
various shapes. It can be adopted to prepare particles from
polymers other than PS, for example, biodegradable poly(lactic-
co-glycolic acid) (data not shown) and poly(methyl methacry-
late) (16). The method is also amenable to scale up through
increased particle loading in films, increased film thickness,
parallel processing, and automation. Currently with small bench-
scale production, a single stretcher makes 108 to 1012 particles,
depending on particle size.

The method reported here will facilitate fundamental research
and development of new applications in various disciplines.
There is already initial evidence supporting the importance of
shape in various scientific and technological applications, such as
in the design of new carriers for drug delivery (17-19). Avoid-

Fig. 5.

Micrograph of elliptical disks made from 220-nm-diameter PS
spheres. (Scale bar: 2 um.)
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ance of uptake by immune cells is essential to the survival of drug
delivery carriers in the human body and is known to be sensitive
to their shape (20). There is also evidence that the most basic
function of particles, degradation to release therapeutic mole-
cules, depends on particle shape (21). Nonspherical particles that
have flat faces could provide zero-order release, whereas par-
ticles with regions of different thicknesses could offer unique
degradation profiles because the shape of the particle will
change over time. Particle shape will also influence targeting
ability, in particular how well particles attach to target cells and
remain attached, especially in the presence of flow (17). One
important limitation of this shape manipulation method for drug
delivery applications is exposure of encapsulated proteins and
other biological therapeutics to solvent. This could be reduced
by the addition of stabilizing molecules, which shield the aqueous
phase from solvent (22), or by using hydrophilic biodegradable
polymer particles, instead of the more traditional hydrophobic
ones, and stretching them in a hydrophobic polymer film. In
addition, heat stretching can be used instead of solvent, and
several biodegradable polymers have low T, values [for example,
poly(lactic-co-glycolic acid) T, = 40-60°C].

In addition to drug delivery, this method of shape manipula-
tion can significantly contribute to a broad variety of other fields.
The wealth of nano- and microscale shapes in nature, from
spiral-shaped bacteria to the peculiar shapes of platelets and
erythrocytes, hints at the importance of shape in biology.
Availability of polymeric particles with distinct shapes will prove
to be a useful tool in uncovering the role of shape in various
biological systems. Particles can be used as models for similar-
looking objects, such as bacteria, not only in biological applica-
tions but also in environmental fields to study bacterial migration
in soil or water. In a completely unrelated field, nonspherical
particles also may open new applications in advanced materials
due to their unique scattering and packing properties (23).
Nonspherical particles also can be used as research tools or
probes in rheology or aerodynamics or as sensors in microrheo-
logy studies. The uses and knowledge gained from particles with
defined shapes seem limitless, and the availability of a simple
method to make such particles will catalyze many new discov-
eries and technologies.

Methods

Film Preparation. Un-cross-linked PS spherical particles (radii 30
nm to 5 um) were purchased from Polysciences (Warrington,
PA). PVA was purchased from Sigma Chemicals (St. Louis,
MO). We dissolved 5-10% PVA (2-4 g in 40 ml of water) in 85°C
water, depending on the desired film thickness. Then, 2%
(wt/vol) glycerol was added to plasticize and reduce the T, of
some films. Spherical particles were added to this mixture at a
concentration of 0.04-0.7% (wt/vol), and the films were dried on
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a 19- X 24.5-cm flat surface to thicknesses of 35 um for 5% PVA
and 70 um for 10% PVA. Films dried in ~18 h. In some cases,
the film was reinforced after one round of liquefaction and
stretching. For this purpose, the film was laid on a solution of 5%
PVA, and the PVA solution also was poured on top of the film.
The solution was allowed to dry for 24 h.

Film Stretching. The film was typically cut into sections of 5 X 5
cm and mounted on the stretchers. The 1D stretcher comprised
two aluminum blocks mounted on a screw, which when turned
separates the blocks. The 2D stretcher was similar in design,
except that it consisted of two pairs of orthogonal blocks that
move simultaneously. The film was stretched in 1D or 2D in air,
hot oil, or toluene. All stretching was performed at a rate of
0.3—-0.5 mm/s. In cases of heat-stretching, the film was immersed
in hot oil for 5 min and stretched while still in the oil. The
temperature of the oil was controlled between 120°C and 150°C
depending on the desired shape. If films were stretched before
heating, they were heated for 12 min. In both cases the film was
removed and allowed to cool in air for 30 min. In cases of
toluene-stretching, the film was immersed in toluene for 3 h
regardless of whether stretching occurred before or after. After
toluene immersion, the film was removed, air-dried for 10 h, and
soaked in isopropanol for 12 h to extract residual toluene. To
induce formation of holes in particles, air drying was omitted,
and films were placed directly in isopropanol from toluene. The
extent of stretching was varied from as little as 1.1-fold to as
much as 11-fold, depending on the objective. On several occa-
sions, the film was stretched sequentially in multiple dimensions
or multiple times in the same dimension. The detailed conditions
used for each shape are listed in SI Tables 1-3.

Particle Recovery. The films were dissolved in 30% isopropanol/
water at 65°C. The particles were washed by centrifugation with
the same solution 10 times to remove all PVA from the surface
of the particles. To verify particle morphology, particles were
coated with palladium (Hummer 6.2 Sputtering System; Anatech
Ltd., Union City, CA) and imaged with a Sirion 400 scanning
electron microscope (FEI Co., Hillsboro, OR) at 3 eV. Particle
dimensions were measured from the micrographs with Meta-
morph image acquisition and analysis software (Universal Im-
aging Systems, Downingtown, PA).
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