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Abstract Flow lithography in a conventional rec-
tangular microchannel is limited to fabrication of par-
ticles for which only the shapes of top perimeters are
controlled. We present a flow lithography technique
for fabrication of microparticles of diverse 3D shapes
and multiple layers using non-rectangular micro-
channels with designed cross sections that allow the
creation of complex shapes and diverse cross- sec-
tional shapes. Variations in cross-sectional shape al-
low high-throughput, on-demand production of mi-
croparticles in unconventional shapes such as tetrahe-
drons and pyramids. Multilayered 3D particles were
generated in an enlarging triangular channel com-
bined with on-chip PDMS valves, which allow parti-
cle alignment and fluid exchange. These 3D micro-
particles are expected to further expand the wide va-
riety of applications of microparticles, especially in
drug delivery and tissue engineering fields.

Keywords: Flow lithography, Microparticle, Micro-
fabrication

Introduction

As the utilization of functional polymer particles has
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increased in the past century, many methods for ma-
nufacturing and applications of various types of poly-
meric microparticles have been newly developed'™.
Polymeric particles as new functional materials have
grown in demand for various fields including, but not
limited to, tissue engineering’'? and drug delivery'>
'8, The manufacturing methods of polymeric particles
have also been studied extensively such as microflu-
idic-based processes, photolithography, emulsifica-
tion, and sol-gel-based processes®*!*?2, In particular,
widely used methods including droplet-generation,
flow lithography, and particle assembly were based
on microfluidic-based processes. Droplet generation
is one of the representative microfluidic-based pro-
duction techniques for polymeric microparticles. It
provides highly uniform size distribution and high
throughput®®>. However, the shape of the generated
particles has been limited to spheres and simple vari-
ations from the sphere such as conjoined spherical
particles or pressed spherical particles'?*2°. On the
other hand, various techniques for production of non-
spherical microparticles have been developed due to
the advantages including controllable packing density,
surface-to-volume ratio, and variations in optical cha-
racteristics?”?®. The characteristics of microparticles
with different shapes beyond spherical shape have
been studied because the physical factors of such par-
ticles are intimately related to studies of biological or
medical applications such as cell growth and drug re-
lease’?. In particular, there has been an increasing
trend to report on the fabrication and influence of
particle geometry such as size, shape, and surface
morphology>~’. For example, it was possible to over-
come the inherent limitations of existing spherical
particles such as the influence of migration and ad-
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sorption in blood vessels, gastrointestinal tract, and
respiratory tract depending on the size of the non-
spherical particles®' 3.

Flow lithography technology has offered an effi-
cient method for generating non-spherical micropar-
ticles in a microfluidic channel of rectangular cross
section®*. Although people have recognized the need
for diversity in microparticle characteristics, the avai-
lable particle shapes are mostly limited to extruded
2D shapes™?**336, Past attempts at the variation of
microparticle shape in 3D using stop or continuous
flow lithography included the use of light interference,
grey-scale lithography, or pneumatic valve membrane
control systems*®2%-2¢3%37 However, in the end, most
attempts to further diversify 3D microparticle shapes
were limited by the rectangular cross section and re-
sulted in slight variations from the original extruded
2D shapes. Grey-scale lithography using pneumatic
valve membranes were able to 3-D print microparti-
cles in complex shapes, but resolution and throughput
still needed to be improved. There have been other
attempts at changing the microparticle cross section
using methods such as structural hydrodynamics, but
the mixing of the monomer stream resulted in a lower
resolution, and large particle sizes due to the Reynold
number region where proper hydrodynamics could
occur.

Here, we used non-rectangular cross section micro-
fluidic channels for flow lithography, which allows
production of diverse 3D shaped microparticles, such
as tetrahedral or pyramidal shapes. The tetrahedral
particles are known to have a high disordered pack-
ing density larger than that of an FCC (Face Centered
Cubic) crystal structure®®, which is difficult to make
with currently available approaches. We also devel-
oped a fabrication method for producing multilayered
3D microparticles, which could be partially or fully
engulfed in other layers with any number of particles
placed in the inner layer surrounded by outer layers.
Non-spherical multilayered particles can be mass-
produced with desired characteristics such as shapes,
material, or packing density. The particular type of
polymeric particle to be introduced in this paper would
prove useful in the field of drug delivery and particle
self-assembly, where time and phase sensitive actions
along with structural uniqueness are required.

Results and Discussion

3D Microparticle Fabrication Using
Non-rectangular Channels

Channels with various non-rectangular cross sections
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were fabricated for flow-lithographic generation of
microparticles with different shapes and sizes by the
process shown in Figure 1a. The non-rectangular chan-
nels” molds were prepared by the conventional micro-
fabrication techniques including photoresist (PR) re-
flow, anisotropic wet etching of Si, and tilted-expo-
sure lithography. The cross sections of PDMS chan-
nels are shown in Figure 1b, and the particles fabri-
cated from the channel molds are shown in Figure 1c.
A PR reflow method was used to produce the semi-
circular shape of the cross section. Anisotropic wet
etching of Si allows fabrication of two cross-sectional
shapes of isosceles triangles with vertex angles of
70.6° and 90°%*0, Trapezoidal cross sections can also
be achieved by stopping the Si etching before the tri-
angular shape is achieved. After creating the trenches
on a SiN wafer, the channel molds were replicated
from the trenches. A tilted-exposure lithography met-
hod can provide a versatile platform for fabricating
microchannels in diverse cross sections. Practically
any sidewall angle for triangular or trapezoidal cross
section channels can be achieved with tilted-exposure.
Limitations of the tilt-exposure method include
channel size limited by the thickness of the PR and
the inability of conventional equipment to tilt the
stage.

The various channels were then used in the Opto-
fluidic Maskless Lithography (OFML) procedure (Fig-
ure 1a) to produce polymeric microparticles as shown
in Figure 1c (See method section for the detail). The
particles with triangular and trapezoidal cross sect-
ions are shown in Figure 1d. Non-rectangular cross
section has allowed flow lithography to produce pol-
ymeric particles in interesting shapes that were not
possible with conventional rectangular cross sections
such as tetrahedrals and half-pyramids. Unlike the
traditional rectangular microfluidic channels produc-
ing mere extrusions of 2-dimensional shapes, non-
rectangular channels produced particles with varia-
tions in all three spatial dimensions.

Control of Side Wall Angles with Simple PDMS
Mold Stretching and Capillary Molding

It is possible to achieve further diversification of the
particle shapes by a simple Polydimethylsiloxane
(PDMS) channel stretching (Figure 2). The elasticity
and durability of PDMS allow adjustment of sidewall
angles and leads to creation of assorted cross-secti-
onal shapes branched from original non-rectangular
cross-sectional molds produced by microfabrication.
Stiffness, or Young’s modulus, of PDMS can be eas-
ily controlled with the mixture ratio of curing agent
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Figure 1. (a) Schematics of an Optofluidic Maskless Lithography (OFML) system and stop-flow procedure. (b) Cross sections of
non-rectangular channels. Semi-circular, triangular, and trapezoidal channel cross sections are shown (Scale bar 50 um). (c) Optical
microscopy image of particles produced with non-rectangular cross section channels (Scale bar 200 um). (d) SEM images of the
particles generated in triangular and trapezoidal channels. Interesting shapes such as tetrahedrals, half-pyramids, and boomerangs

could be fabricated (Scale bar 50 um).

to base elastomer*!.

We demonstrate PDMS channel stretching up to
100% of its original length. PDMS made with the
1:20 ratio of the curing agent to the base ration was
found to provide enough elasticity. First, a soft
PDMS block was made and detached from the origi-
nal non-rectangular channel mold (Figure 2a). After
being stretched, the PDMS block was held in place
over a glass slide, and the microfluidic channel was
then filled with UV-curing adhesive (NOA 81, Nor-
land Products). The UV adhesive was hardened using
a UV source with a wavelength of 365 nm (power 6
W, 5 minutes) after which the PDMS was removed
from the UV adhesive. Then the UV adhesive struc-
ture was used as a new channel mold to fabricate
non-rectangular PDMS channels.

During the process of curing the PDMS using the
UV adhesive mold, it was observed that some PDMS
at the perimeter of the mold remains uncured even
after being in the 65 °C oven for extensive lengths of
time. Unknown components of UV adhesive were
suspected to be acting as inhibitors of the PDMS
cross-linking. In order to solve this problem, the

channel was washed with various organic solvents.
Among which, the widely used organic solvent, ace-
tone damaged UV adhesive surfaces while ethanol
and isopropyl alcohol (IPA) failed to rinse the inhib-
itor away. Fortunately, rinsing with SU-8 developer
(propylene glycol monomethyl ether acetate) was
found to be effective. SU-8 developer is used when
constructing inlets and outlets (I/Os) with additional
SU-8 photolithography on top of the UV adhesive
structure. The rinsing of the inhibitor can be com-
pleted during the SU-8 development step.

The PDMS stretching technique resulted in the
various channels shapes shown in (Figure 2b). Cross
sections of the channels made with the PDMS stret-
ching are shown in Figure 2b, and the particles made
from those channels are shown below the correspon-
ding cross sections. The sidewall angle as small as 30°
(90° defined as vertical) could be achieved with a
relatively simple method. Tilted exposure lithography
could also have provided the method to diversify the
triangular and trapezoidal channels. However, the
tilted-exposure method required a complex process
including anti-reflection coating and has a limited in
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Figure 2. (a) Schematic for fabrication of stretched channels.
(b) The actual stretched PDMS channel cross sections and
SEM image of the particles fabricated in each corresponding
channel. The rates of stretching from the original channel are
shown below. (Scale bar 50 um).

the tilt angle. Without a special index matching liquid
bath, the tilt angle is typically smaller than 45°. The
PDMS stretching method was not applied to the semi-
circular cross-sectioned channels since stretched semi-
circular channels could be easily fabricated by simply
patterning a wider channel during photolithography
and reflow.

Generation of Multilayered Particles Using
Triangular Channels

A novel method for fabricating non-spherical multi-
layered microparticles was developed using a trian-
gular channel with increasing channel cross section
where particles were generated and sequentially en-
capsulated with different materials (Figure 3). The
multilayer on-chip PDMS valves were used to control
fluid and particle flows*. The main triangular chan-
nel was constructed using KOH etching of Si. It is
well known that a proper alignment of the etching
mask to the Si wafer allows a self-limiting effect
which can lead to a triangular trench with <I111> sur-
faces exposed. An etching mask that had long rectan-
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gles with three different widths allowed an enlarging
triangular trench with three different sizes in a single
etching step. The triangular trench was replicated to a
PDMS trench after consecutive PDMS replica mold-
ing steps. This PDMS trench was then used for repli-
cating the triangular channel mold on a bare Si sub-
strate by capillary molding of UV adhesive. On top
of the main triangular channel mold, the branch
channel molds including 1/Os for fluid exchange were
added. Using the mold, we have duplicated the flow
channel of the PDMS multilayer device. The flow
layer was aligned and bonded to a control layer to
form push-up PDMS valves after which the com-
bined channels were plasma-bonded to a glass sub-
strate (Figures. 3a and 3b).

Multilayered particles were fabricated through me-
dium replacement using control valves, and micro-
particle displacement controlled by leaky valves. In
this study, three-layered microparticles of triangular
prism shapes were manufactured by using three
polymers in total. Poly(ethylene glycol) diacrylate
(PEGDA), a photocurable material, was used for mi-
croparticle preparation by photopolymerization. Red
and green fluorescent dyes were added to the
PEGDA to show that each layer has been fabricated
through a polymer replacement. The three input cha-
nnels were injection passages for three photocurable
materials. Injection and blocking of liquid were con-
trolled through open and closed control valve actua-
tion. The leaky valves in the middle and final stages
served to confine the microparticles inside the chan-
nel during the polymer exchange. The leaky valves
were designed to incompletely close the channel, al-
lowing liquid to flow properly while stopping the
microparticles. The process of fabricating the three-
layered 3D microparticles is as follows (Figure 3cl-
3c4). With the first control valve and the first output
valve open, the polymer of the innermost layer is in-
jected. The fluid is stopped and the particle with tri-
angular cross-section is generated through photo-
polymerization in the first stage of the channel (Fig-
ure 3cl). The fabricated particle is then moved along
with the fluid to the middle leaky valve in the second
stage of the channel. Before the particle reaches the
center of the second stage, the leaky valve was closed
so that the particle gets trapped in the desired location.
After the particle is held at the second stage of the
channel (Figure 3c2), the second medium is injected
with the second control valve and the second output
valve open. At this time, the control valves in the first
stage remain closed to prevent the second medium
from flowing back to the first input channel. When
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Figure 3. (a) Image of multilayered particle fabrication device with flow channels filled with red dye and pneumatic control valves
filled with blue dye (Scale bar 10 mm). (b) Schematic of the multilayered particle procedure. Orange channels represent control
valves for exchange inlets/outlets. Purple channels are leaky valves for triangular main flow channels. (¢) Schematic of the multi-

layered particle fabrication procedure.

the medium is completely replaced, the middle leaky
valve is reopened, and the second layer is cured
around the first particle. The particle density is larger
than that of uncured medium and the particle settles
down to the bottom. Timed exposure after the leaky
valve opening allows the outside of the first particle
completely wrapped in another material (Figure 3c3).
The layered particle is then moved to the final stage
of the channel, and the photocurable medium ex-
change and the photopolymerization reaction is re-
peated to form the outermost layer (Figure 3c4).

The leaky valves for stopping and holding the par-
ticles during the solution exchange and UV-exposure
is one of the key element for multilayered particle
generations. A push-up type PDMS valve system was
adapted to form leaky valves along the main triangu-
lar channel. In addition, the push-up valve structure
provides bottom PDMS layers which are necessary to
form oxygen-aided polymerization inhibition layer as

seen thinly surrounding the first fabricated particle
cross section in Figure 3b. When pressure is applied
to the control channel, the semi-circular I/O parts of
the flow channel are completely cut off from all flow.
However, the main triangular channel cannot com-
pletely close off since the triangular cross section
forms leaky valves (Figure 3b). As seen in Figure 4a,
the main flow channel with the triangular cross sec-
tion is placed perpendicular to the set of control
valves with widths of 100 pm and 300 um. As pres-
sure is applied (0.1 Mpa) to the control valves, the
overlaying PDMS membranes are pushed up at dif-
ferent heights into the main flow channel due to the
differences in membrane area. Both valves do not
seal the flow channel and form leaky valves although
their functions are different. The larger valve was de-
signed for stopping the flowing particle and the
smaller valve was designed for pushing the particle
up to the top of the channel.
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Figure 4. (a) A set of leaky valves perpendicularly aligned
over the main flow channel in open and closed states. (Scale
bar 200 pm). The wider valve shows the lager deflection. (b)
The simulated maximum deflection of the PDMS membrane
at the closed state. Inset: the side-view of the channel with 0.1
MPa applied on the bottom surface of the membrane. (c) 3D
aerial view of the membrane deflection with a trapped particle
(red).

A finite element method (FEM) simulation of the
PDMS channel with 0.1 MPa applied to the control
channel membrane is shown in Figures 4b and 4c
(COMSOL Multiphysics). As shown in Figure 4b,
the small membrane can only deflect 26 pm up to the
main flow channel. However, the larger membrane
deflects 43 pm into the main flow channel. The valves
at rounded I/O channels were completely closed with
similar pressure ranges. Figure 4(c) shows a particle
pushed against the top channel walls. The triangular
cross section of the channel naturally forces the par-
ticles to be aligned at the center of the channel (in
width direction). Since the particle along with the
leaky valves still cannot cover and block the entire
cross section of the main flow channel, the photo-
curable solution around the particle can flow through
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and be exchanged while the particle is being held in
place. Once the particles were positioned at the des-
ignated location and the solution had been exchanged,
the leaky valves were released and the particle was
allowed to settle. Since the density of the cross-linked
particle is larger than the surrounding photopolymer
solution, the particle slowly moves down to the bot-
tom of the channel. A timed polymerization of the
exchanged solution 10 seconds after valve release can
allow the exchanged photocurable solution to poly-
merize around the initial particle to completely en-
velop the particle with another polymer.

The production time of the three-layered particles is
determined by four factors: fluid exchange, photo-
polymerization, particle movement, and position ali-
gnment. There have been attempts to fabricate mul-
ti-material microparticles using laminar flow in a mi-
crofluidic channel. In these works, photocuring time
and microparticle treatment time were general factors
affecting the efficiency. However, in this study, the
production time was increased because fluid exchange
systems were added to produce microparticles with
multiple layers. We installed a leaky valve in the in-
termediate and output stages of the channel to ex-
change fluids at the same time as fixing the micro-
particles. When the microparticle was placed in the
leaky valve, the fluid flow was decreased, resulting in
an increase of liquid exchange time. As a result, it
took up to ~ 30 seconds for fluid exchange in both
stages of the channel. Fluid exchange time was rela-
tively long considering that the time required for
photocuring, particle movement, and position align-
ment was several tens to several hundreds of milli-
seconds. Therefore, the total time needed for three-
layered particle production was ~ 2 min/particle. Par-
allelization of the microfluidic device would easily
help increase the throughput. A new design of the
leaky valve for an acceleration of the fluid exchange
is expected to solve the issue of low throughput.

A typical method for producing multilayered mi-
croparticles is the evaporation solvent method. While
the technique has the advantage of being capable of
mass production, it is difficult to form an entirely
uniform size, and its shape is restricted to a spherical
shape. On the other hand, our method showed that it
is possible to fabricate non-spherical multilayered
microparticle by changing channel dimension and
UV pattern. As a result, one microfluidic channel de-
vice can be used to fabricate single-, two-, or three-
layered microparticles, and the results have uniform
size and shape. We expect to be able to fabricate mi-
croparticles with more than three layers by adding the
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Figure 5. (a) 3D rendering schematic of a multilayered parti-
cle fabricated by the multilayered particle device. (b) Bright
field image of a fabricated particle from top view (xy plane)
with the boundaries between different parts of the particle
clearly visible. (c) The fluorescent imaging of the particle
coupled with an orthogonal image taken from confocal imag-
ing. (Scale bar: 100 um).

input channel of the device. The final fabricated
polymeric multilayered particle, as shown in Figure 5,
contains three layers of polymerized materials each
layer containing different types of fluorescent dyes
(red, clear, green in order from outer to inner). The
width of the particle was designed to be 90 um for
the inner layer, 115 pm for the middle, and 140 um
for the outer layer as the schematics show in Figure
Sa. Since the geometry of the triangular cross section
was fixed at an isosceles triangle with 54.7°, 54.7°,
70.6° angles, increasing the designated width of the
main flow channel produced a predictable shape of
triangular cross sections that could envelop each oth-
er. The vertical position of the particle can be con-
trolled by adjusting the moment of the UV exposure
during particle settling down. For better accuracy of
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the inner particle position, it would be preferred to
reduce the rate at which the particle sediments to the
floor, which could be achieved by controlling the
density differences between monomer solution and
the cured particle. With the proper desired polymers,
the process of multilayered particle generation would
enable polymeric particles to have many different
numbers of solutions inside its structure as shown in
Figures 5b-5c. The composition of the particles is
only limited by their monomer/polymer compatibility
meaning any two materials which do not chemically
react each other can be used for layers of the multi-
layer particles.

Conclusion

We developed a novel flow lithography technique
combined with non-rectangular cross section micro-
channels that can result in microparticles with unique
and diverse shapes. Utilizing widely used micro- fab-
rication techniques, we have fabricated channels of
semi-circular, triangular, and trapezoidal cross-sect-
ions. Particle shapes generated by conventional flow
lithography techniques are limited to 2D extrusion of
the shape defined by a photomask. Non-rectangular
cross section channel allows a set of interesting parti-
cle shapes such as half-pyramids or tetrahedrals. The
geometry of previously fabricated channels was also
changed by stretching the PDMS channel up to ~100%
of the original size, which allowed further diversified
the range of possible shapes. Most importantly, flow
lithography in enlarging triangular channel allows
generation of the multilayered particle, which has not
been possible with conventional flow lithography
methods. On-chip PDMS valves controlled particle
movements and solution exchanges. The leaky valves
were designed for particle capture and alignment
while allowing flow exchange around the captured
particle. With the self-alignment added by triangular
cross section and timed UV-exposure, complete en-
veloping of the captured particles within the outer
layer was achieved. The current device only demon-
strated three layers but the number of layers can be
easily increased. The non-spherical multilayered par-
ticles are expected to provide unique solutions in the
field of drug delivery and tissue engineering. Since
the sizes of independent compartments within the
multilayered particle could be designed and con-
trolled to desired numbers, a particle with set dis-
tances and amount of materials in between compart-
ments could be synthesized to be used in timed
drug-delivery. The other 3D microparticles could be
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used in studies such as effects of different surface
topology on cell growth or culturing. The variety of
packing densities that 3D microparticles offer could
also provide unique structures and interesting insight
on tissue engineering or cell culture scaffolds.

Materials and Methods

Fabrications of Non-rectangular Channel Molds

The mold with semi-circular cross section was made
by reflow of a positive PR (AZ 9260, MicroChemi-
cals) at 130 °C after lithographic patterning of rec-
tangular channels.

KOH etching of SiN wafers (at 80 °C with 30%
(w/w) KOH solution) was used to achieve isosceles
triangular cross section trenches with apex angle
70.6°. A PDMS block molded from the Si trench can
be served as a PDMS channel mold directly. In this
case, coating with surfactant (2% Micro-90, Mi-
cro-90) is required for easy detachment of the two
PDMS layers. The PDMS mold can be easily torn at
the sharp edge regions. Alternatively, a hard, UV ad-
hesive (NOA 81, Norland Products) mold can be rep-
licated on a Si wafer or a glass slide by capillary
molding with the PDMS channel. A UV-mask aligner
with a customized photomask stage with tilt function
was used to expose PR (AZ50XT, AZ electronic ma-
terials) at tilted angles. An anti-reflection coating
(AZ Barli II, Microchemicals) was used to minimize
the UV-light reflected from the wafer surface.

Fabrication of PDMS Molds of a Device for
Multilayered Microparticle

The main triangular channel was first constructed with
UV adhesive. An enlarging triangular trench with
three different sizes was patterned on Si using KOH
etching. Then a triangular PDMS trench was made by
PDMS-PDMS replica molding. This PDMS trench
was then used for replicating the triangular channel
shape on a bare Si substrate by capillary molding of
UV adhesive. After the fabrication of the main flow
channel, branch channels working as 1/Os for solu-
tion exchange and particle collection outlet were pat-

terned using positive PR (AZ 9260, MicroChemicals).

These branch channels were then rounded at 130 °C
to allow on-chip PDMS valves to close off com-
pletely. The control layer was patterned using SU-8
at a height of 50 pm. PDMS mixture of ratio 1:20
was spin-coated onto the control layer wafer at 1250
rpm for 45 seconds to achieve a height of 70 pm.
Meanwhile, a PDMS mixture of ratio 1:5 was poured
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onto the main flow channel wafer and degassed for
10 minutes. Then both layers were cured in an 80 °C
oven for 30 minutes. Then the flow layer PDMS
block was cut out and I/O holes were punched. The
flow layer was aligned onto the control layer and the
combined flow and control layers were then further
cured for >1 hour in 80 °C for stronger bonding. The
multilayer PDMS channels were then cut out of the
wafer and control channel inlet holes were made. The
entire device was then plasma bonded onto a glass
slide.

Flow Lithographic Generation of 3D
Microparticles

The microparticles were produced by a stop-flow
process using an OFML system. The OFML system
is composed of a Digital Micromirror Device (DMD,
W4100 0.7" XGA, Wintech, USA), an Ultraviolet
(UV) source (LC-8, Hamamatsu, Japan), an inverted
microscope (IX-73, Olympus, Japan), and a Micro-
fluidic Flow Control System (MFCS-EZ, Fluigent,
France) (Figure 3a). The DMD reflects UV rays and
forms a pattern. In this case, the UV pattern is deter-
mined by the digital image (1024 x 728 pixels) en-
tered in the DMD. By changing the digital image en-
tered in the DMD, the shape of the UV pattern can be
changed. The structure of the microparticle changes
with the shape of the UV pattern irradiated on the
PDMS microfluidic channel. The UV pattern induces
the crosslinking of a photocurable solution. In this
research, a photocurable solution which combined
polyethylene glycol diacrylate (PEGDA, Sigma-Ald-
rich, USA) and 2-Hydroxy-2-methylpropiophenone
(irgacure 1173, Sigma-Aldrich, USA) in the volume
ratio of 10% are used. A resulting particle has a mo-
lecular weight of 575 g/mol. The UV pattern passes
the X10 objective lens of the inverted microscope
and irradiated on the surface of the PDMS microflu-
idic channel. The maximum energy of the UV pattern
which passes the objective lens is 900 mW/cm?. The
irradiation time of the UV pattern is controlled in the
unit of ms following the on/off time interval of the
digital image entered in the DMD. A microparticle is
produced by the stop-flow process (Figure 3(b)). The
stop-flow is realized using the MFCS controlling the
air pressure. If the photocurable solution stops inside
the PDMS microfluidic channel due to the MFCS, a
microparticle is produced by irradiating the UV pat-
tern. The produced microparticle flows to the direc-
tion of the outlet due to the flow formed again and is
collected. The MFCS stops the flow again to produce
the next microparticle. This process is repeated with
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the stop (1000 ms), the microparticle fabrication (100
ms), and the flow (500 ms) and microparticles are
produced consecutively.
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