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Polymeric particles are used in a variety of applications such
as systems for controlled chemical release,[1–9] optical materi-
als,[10, 11] chromatographic media,[12] and various biological
applications.[13–16] The physical and chemical properties of
polymeric particles, such as their shape, size, porosity, surface
charge, and hydrophilicity or hydrophobicity, influence the
particle function and are important for their use in micro-
rheology and for their applications in materials and self-
assembly.[17–22] Therefore, a novel methodology for the gen-
eration of uniform particles with a large diversity of design
morphologies and physicochemical properties would be a
promising platform for many advanced applications.

Conventional approaches for the synthesis of polymeric
particles with various shapes are self-assembly,[23, 24] photo-
lithography,[25–28] stretching or deformation of spherical par-
ticles,[29,30] microfluidics,[9, 21, 22,31–38] and nonwetting template
molding.[6, 13, 39] The synthesis of particles that have complex
shapes, however, can not be easily executed because of
difficulties in handling various polymers in a controlled way.
Most current techniques have been limited to 2D or spherical
shapes although the techniques can control the chemical and
physical properties of individual particles.

Each synthetic method possesses unique advantages and
limitations. For example, “bottom-up” approaches based on
self-assembly mechanisms such as liposome preparation,
heterogeneous polymerization, and colloid synthesis are
difficult to manipulate to provide reasonable control of both
morphology and structure.[23,24] Alternatively, the “top-down”
approaches such as photolithography are inherently limited
by the availability of materials. In general, photolithography
is not compatible with organic materials and leads to the
degradation of materials, as this technique typically requires
processing techniques such as wet etching with harsh solvents,
reactive ion etching with high energy, baking at high temper-
atures, multiple steps for removal of sacrificial layers, and
strong energy deposition.[25–28] Microfluidic platforms allow
the generation of spherical and 2D shapes such as disks, plugs,
or rods in accordance with microchannel or photomask
geometries and flow conditions.[9, 21, 22, 31–38] However, the
microfluidic methods also experience technical limitations:
Firstly, fast solidification without deformation and sticking on
the channel is required, and secondly, the morphologies of
particles produced are limited by channel or photomask
geometries. Most recently, an advanced approach described
as particle replication in nonwetting templates (PRINT) has
been developed to fabricate monodisperse particles of vary-
ing size and shape.[6, 13, 39] This technique provides reproduci-
bility and easy processing and can be used with a wide range
of materials. However, it is still difficult to make 3D shapes
such as spheres, convex or concave particles, and complex
janus particles. Therefore, there remains a need for a simple,
robust, and high-throughput method of particle fabrication
that can provide custom-designed shapes, compositions, sizes,
and compartmentalization for 2D and 3D shapes.

Herein, we demonstrate a new method for synthesizing a
range of monodisperse particles through surface-tension-
induced flow. We provide examples of particles with various
shapes such as bullets, cylinders, discs, hemispheres, hearts,
twin cylinders, twin donuts, hexagons with open or closed
ends, and Janus particles. The complex-shaped particles
produced by our approach can be exploited as anisotropic
building blocks for fabrication of complex systems. We
present two different routes for the generation of uniformly
sized polymeric particles with different morphologies such as
convex and flat-top shapes (Figure 1). A photocurable
solution (polyethylene glycol diacrylate; PEG-DA) and a
nonphotocurable wetting solution (n-hexadecane) are
sequentially loaded into a micromold. The different processes
in a loading sequence of the two solutions of P and H
(sequences A and B; Figure 1) resulted in formation of
different contacting interfaces of n-hexadecane/PEG-DA and
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air/PEG-DA, respectively. Although identical micromolds
were used in both processes, the difference in interfacial
properties resulted in particles with different curvatures and
aspect ratios. Also, PDMS molds with various shapes of
microwell arrays on its surface were used.

The photocurable solution in each microwell was selec-
tively polymerized under UV light to leave the wetting
solution (n-hexadecane) on the hydrophobic mold. This step
resulted in the generation of polymeric particles with the
shape of the microwell. It is possible to control the curvature
of the top and the aspect ratio with the following critical
factors: 1) the capillary action of the wetting solution and
formation of interfaces induced by the sequence in the
procedure (sequences A and B), 2) the difference in densities
between the photocurable solution and the wetting solution,
and 3) the aspect ratio of the mold (height/width). In the case

of sequence A, the particle curvature is formed by the
evolution of the interface between the two fluids, PEG-DA
and n-hexadecane. The interface shape depends on the
interfacial tension between PEG-DA, n-hexadecane, and
the wall of the PDMS micromold (W; Figure 1A). Firstly,
PEG-DA was loaded in the PDMS mold and the excess
solution was removed (Figure 1A, a–c). The PEG-DA solu-
tion has a contact angle q after the wetting solution (n-
hexadecane) was added (Figure 1A,d,e).

The hydrophobic property of hexadecane promoted
higher wettability on the PDMS side wall than the relatively
hydrophilic PEG-DA. The wetting solution on the PDMS side
wall induced a capillary force on the mold surface with
contact angle F. This force generated a significant work of
adhesion and, consequently, the hexadecane solution moved
downwards to the bottom of the PDMS micromold. Simulta-
neously, the PEG-DA solution in the microwell was separated
from the surface of the PDMS microwell because of lower
wettability on the hydrophobic PDMS wall. Eventually, this
separation resulted in the reduction of the width of PEG-DA
solution in the well, thus increasing the height of the PEG-DA
solution to conserve the initial volume of PEG-DA. Once
elongated, the top of the PEG-DA solution produced an
interface contacting the wetting solution. Finally, to minimize
energy, the shape of the top became convex.

The driving force for the formation of flat-top particles
(sequence B) was different from sequence A (Figure 1B).
Sequence B started with the loading of a well with wetting
solution, followed by the introduction of the solution of PEG-
DA. The solution of n-hexadecane preferentially wetted the
hydrophobic PDMS mold, to result in a contact angle of
hexadecane on PDMS (y ; Figure 1B,a–c). The solution of
PEG-DA was then introduced onto the top of the n-
hexadecane solution in a well. The larger density of PEG-
DA pushed the n-hexadecane solution away from the well
(PEG-DA = 1.12 gmL�1, n-hexadecane = 0.77 gmL�1). The
excess solution was carefully discarded and photo-polymer-
izaton was initiated by UV irradiation to produce flat-top
particles (Figure 1 B, d,e).

Typical examples of results of these two routes are shown
in Figure 2. The SEM image of arrays of synthetic micro-
particles in a PDMS micromold with cylindrical wells (40 mm
in radius, 59 mm in depth) confirms that our proposed method
controls the convexity of particles and enables formation of
anisotropic particles (bullet shapes) in a high-throughput
manner (Figure 2A).

The use of a cylindrical microwell that forms flat-top
cylinder structures along the air/PEG-DA interface, with the
wetting fluid on the wall of the microwell, is shown in
Figure 2B. After the release of particles from the micromold
by bending the mold, SEM images confirmed the different
morphologies and dimensions of the particles produced, even
though identical micromolds were used (Figure 2C,D). It is
important to note that the use of sequence A produces
microparticles that have a curvature at the top, a larger
height, and a smaller width because of the shrinkage of the
PEG-DA solution along the direction of the width. The
shrinkage is driven by the capillarity of the wetting solution
before photopolymerization (Figure 2A,C). Therefore, we

Figure 1. Diagrams of the detailed procedure of sequences A and B for
the synthesis of particles with complex shapes. A) Sequence A; a) load-
ing of polymerizing solution (PEG-DA), b) removal of excess PEG-DA
solution by tilting, c) generation of an interface between PEG-DA and
air, d) pouring wetting solution (n-hexadecane) onto the PDMS mold
which changes the contact angle; surface tension forces of the wetting
fluid along the PDMS wall act because of the preferential wetting of
fluid along the wall, and e) polymerization; the final synthesized
particle elongated to preserve the initial volume. B) sequence B;
a) loading of wetting solution (n-hexadecane), b) removal of excess
wetting solution by tilting, c) generation of interface between hexade-
cane and air, d) pouring of PEG-DA solution onto the PDMS mold and
overflow of hexadecane along the PDMS wall because of the difference
in densities, e) removal of excess solutions of PEG-DA and wetting
solution, and f) polymerization. d diameter of curvature, Fd downward
pressure driving force, Fu upward capillary force along the PDMS wall,
wp width of the microwell.
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confirm that the proposed method can control the anisotropic
3D shapes of particles by using two different methods.

In principle, we can change the pattern of the original
mask to obtain particles of any shape and depth. As a proof of
concept, we investigated the formation of particles by various
types of molds. The capabilities of our method for the
fabrication of various types of monodisperse microparticles
with controlled shapes and dimensions are shown in Figure 3.
The size and shape of the microparticles can also be
determined by the aspect ratio of the PDMS micromold. In
contrast to the results shown in Figure 2, we obtained
hemispheres (from sequence A) and disk-shaped particles
(from sequence B) when cylindrical micromolds that were
similar but with lower aspect ratios were used (Figure 3 A,B).
In addition, we fabricated various shapes such as hearts
(Figure 3C, D), hexagons (Figure 3E,F), twin cylinders (Fig-
ure 3G, H), and fused twin donuts (Figure 3I, J). All the
particles exhibit good fidelity to the features of the mold.

The flat-topped particles (sequenceB) can be synthesized
using the PRINT method, but the curved-top anisotropic
particles (sequence A) are not easy to produce with PRINT
because it uses nonwetting molds without wetting fluids. To
make curved-top particles using PRINT, the printing micro-
mold should have curvature, which is difficult to achieve with
soft lithography. The particles obtained by using sequence B
have straight and flat tops (Figure 3B, D, F,H, J). A distinct
advantage of the method proposed is the fabrication of
particles that have one closed end (Figure 3E, I). The holes in
the particles did not penetrate through them by making a

curved top in contrast to a flat top (Figure 3F, J). To the best
of our knowledge, no other methods can be used to selectively
close a the ends of single particles.

The combination of sequences A and B is also promising
for the fabrication of Janus particles. To clearly visualize each
compartment of Janus particles obtained from different
combinations of sequences A and B, the fluorescent dyes
Rhodamine and fluorescein isothiocyanate (FITC) were
loaded into solutions of trimethylolpropane triacrylate
(TMPTA; another photocurable solution) and PEG-DA,
respectively, in order to fabricate a model system (Figure 4).
Figure 4A shows the formation of concave-flat Janus particles
using a combination of sequences A and B. Similarly, the
sequential combination of sequence B with the second stage
of sequence B created a flat-flat architecture in a plane
parallel to the bottom of microwell (Figure 4B). Although the
morphology of the two compartments of the anisotropic Janus
particles was identical, we modulated the chemical composi-
tion of each compartment to control the ratio between them.
As the reverse case of Figure 4A, the flat-concave Janus
particles having a flat interface were fabricated from the
combination of sequences B then A (Figure 4C).

The Janus particles clearly show the concavity of TMPTA
in the upper part and the rectangle of PEG-DA in the lower
part. All Janus particles show that the fluorescent dyes were
homogeneously distributed in their respective compartments,

Figure 2. SEM images of particles produced by following the two
sequences. The array format of A) concave cylindrical particles (bullet
shapes) formed using sequence A, and B) flat-top particles using
sequence B. C,D) Images recorded after the detachment of fabricated
particles from the PDMS mold. The bullet-shaped particles were
produced by using sequence A. Cylindrical particles were obtained by
following sequence B. All of the inset SEM images clearly indicate
single polymerized microparticles at each step. Scale bar in C and D:
100 mm.

Figure 3. Fabrication of various complex particles using two proce-
dures: curved microparticles (A, C, E, G, and I) were formed by
following sequence A. The other particles were obtained by following
sequence B, which, as expected, always produced anisotropic particles
with flat-top structures (B, D, F, H, and J). All of the particles were
synthesized by following sequences A and B. Scale bars: 100 mm.
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suggesting that the compartment can be applied to cargo for
encapsulating agents and the chemical functionality of each
compartment can be modulated. This result confirms the
utility of our approach for synthesis of novel anisotropic Janus
particles that have segregated chemical or physical properties,
with the capability of independent functionalization of each
compartment.

In conclusion, we have presented a convenient approach
for the generation of microparticles by controlling the
interfacial properties and wetting of the fluids. The interfacial
properties, aspect ratio of the microwells, and the process
sequence chosen were used to finely tune the 3D morphology
of the particles. Our method has the following advantages:
1) we can control the 3D shape of the particles by synthesizing
two different particles with one mold; 2) we can manipulate
the curvature of particles; 3) it is possible to make an ordered
array of particles, which can be directly used in high
throughput screening; 4) the process can be parallelized to
increase the production rate; and 5) it is possible to make
particles with multiple components without additional control
devices.

This proposed methodology for the synthesis of aniso-
tropic particles can be applied for novel material synthesis in
wide variety of applications such as photonics, liquid crystals,
and optics. Particles with different curvatures can be used to
mimic the wealth of microscale shapes found in nature such as
bacteria, platelets, or erythrocytes. The particles can also be
used in new applications in advanced materials, which take

advantage of their unique scattering properties as well as
precise control over shape and size.
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