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Abstract: The preparation of nonspherical materials com-
posed of separated multicomponents by droplet-based micro-
fluidics remains a challenge. Based on polymerization-induced
phase separation and droplet coalescence in microfluidics, we
prepared emulsions of variously shaped PAM/PEG core/shell
droplets and hydrogels composed of two separated compo-
nents, which show flexible and transformable hierarchical
structures and microarchitectures. We find that AM/PEG
aqueous droplets form a core/shell structure after polymeri-
zation resulting from phase separation. Thus multicore/shell
droplets are easily produced by coalescence of core/shell
structures. By changing the polymerization temperature and
the flow rate, the morphology of the multicore droplets and the
hydrogel can be easily adjusted. The hydrogels exhibit
apparent anisotropy and different protein release rates depend-
ing on their structures. The preparation technique is simple and
versatile and the resulting hydrogels have potential applica-
tions in many fields.

M icrofluidic techniques have developed rapidly in the past
two decades because of the flow features in microchannels
and versatile manipulation of liquids.!"? Of these techniques,
droplet-based microfluidics has received broad attention in
many areas, as these droplets can be used as independent
microreactors and are able to transport, mix, react, and be
analyzed separately.”) Various microfluidic devices ranging
from simple T-junctions”! to complex capillary-constructed
assemblies®”! are applied to form droplets, enabling the
fabrication of complex/multiple emulsions,”*! monodisperse
particles,”1! Janus particles,' " hollow spheres,””'*!*! non-
spherical colloidosomes,'®! etc. However, these preparations
require the careful choice and adjustment of the surfac-
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tants,'””! precise design and assembly of microfluidic devi-

ces,® and modification of the microchannels’ surface
wettability®™'® for the formation of droplets inside the
microdevices. Furthermore, most of the materials prepared
in droplet-based microfluidics are of spherical geometry.

Irregular-shaped materials with hierarchical microarchi-
tectures are of great interest owing both the fundamental
understanding of their formation from simple starting mate-
rials and their various potential applications, e.g. in self-
assembly," drug delivery,?*?! cell encapsulation,”>*! and
tissue engineering.”**! This stimulates the fabrication of
anisotropically shaped manufactured microparticles. On the
other hand, microparticles consisting of nonspherical particles
or nonspherical and mixed-shaped particles have recently
attracted much attention.” Although some bottom-up and
top-down methods have been developed to produce these
microparticles,>* a challenge remains in terms of reprodu-
cibility and simplicity. Microfluidics-based techniques may
provide a simple and easy route to fabricate such spherical
and nonspherical mixed-shaped particles. However, there
have been limited reports on the preparation of hierarchical
microarchitectures using droplet-based microfluidics.'*%
Examples include nonspherical SiO, colloidosomes fabri-
cated by evaporation of the oil in the middle layer of water-
oil-water (W/O/W) emulsions;'®! nonspherical SiO,/ethoxy-
lated trimethylolpropane triacrylate composite microcapsules
generated by encapsulating emulsion droplets in photocur-
able shell droplets based on an optofluidic platform;*! ovular
shaped poly(1,6-hexanediol dimethacrylate)/polyacrylamide
hydrogels obtained by shrinkage of Janus particles;”” and
dumbbell-shaped hybrid Janus microspheres prepared by
merging one organic droplet with an inorganic one, followed
by a photo-initiated polymerization.’™® Apparently, these
particles either show unique geometry but consist of
a single component, or they are created from two components
but show a simple configuration. Nonspherical microarchi-
tectures with a complex geometry composed of two separated
components are seldom prepared by microfluidic techniques,
suggesting that their preparation by droplet-based micro-
fluidics remains a challenge.

We describe the preparation of various single- to multi-
core/shell emulsions and hydrogels composed of two sepa-
rated components, which show flexible and transformable
hierarchical structures and microarchitectures, using the
droplet-based microfluidic technique. We first fabricate
hydrogel/water/oil (H/W/O) emulsions consisting of a poly-
acrylamide (PAM) hydrogel core surrounded by poly(ethy-
lene glycol) (PEG) in paraffin in a simple co-flow microfluidic
device. The fabrication is based on polymerization-induced
phase separation of PAM from PEG during the polymeri-
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zation of acrylamide (AM) in a homogeneous solution of AM
and PEG.’ We later fuse several single-core droplets to
prepare emulsions with multicore droplets and then convert
them to core-containing PAM/PEG hydrogels by merging the
droplet with a polymerizable poly(ethylene glycol)diacrylate
(PEGDA) droplet also in a simple microfluidic device. We
can transform the spherical hydrogel particles to several kinds
of nonspherical ones by conducting the polymerization of
PEGDA at different temperatures and treating the particles
under different conditions. The nonspherical PAM/PEG
hydrogels show anisotropy in the adsorption of rhodamine B
and CdTe quantum dots, thus exhibiting red and green color
at different spots of the hydrogel. Besides, the different
structures of these hydrogels influence the release rates of
protein. This preparation technique is simple and versatile
and the resultant multicore/shell droplet emulsions and
hydrogels can be finely tuned in fine structure and morphol-
ogy.

We conducted the experiments using a simple co-flow
microdevice to generate an aqueous droplet by shearing an
aqueous phase from an oil phase without addition of any
surfactant (Experimental Section in the Supporting Informa-
tion, SI). The aqueous phase comprises PEG, AM, N,N'-
methylene bisacrylamide (MBAM, as a cross-linking agent),
ammonium persulfate (APS, as an initiator), and H,O; the
compositions are listed in Table S1. The oil phase is liquid
paraffin. The obtained aqueous droplet flows with the oil
phase along a 0.3 x 500 mm polytetrafluoroethylene (PTFE)
tube, which is immersed in a water bath so that AM can be
polymerized at high temperatures. To obtain the spherical
microdroplets, aqueous- and oil-phase flow rates of 0.3 and
1.5 mLh™!, respectively, are applied with the residence time of
80 s. The resultant droplets prepared at 96, 93, 90, and 87°C
(entries S1-S4, Table S1, SI) show uniform spherical mor-
phology and a core/shell structure, with a mean diameter of
ca. 300 um, as observed by optical microscope (Figure 1a).
The core is believed to be PAM, which is formed by the heat
treatment and separates from PEG. To verify this, we
separated the cores from the emulsions by charging them in
ethanol and examined the obtained microspheres by IR
spectroscopy. Their fine structures were investigated using
scanning electron microscopy (SEM) (Figure S4, SI). The
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Figure 1. Optical microscopy images of the single-core H/W/O droplet
emulsions prepared a) at different temperatures and b) with different
oil-phase/aqueous-phase flow rate ratios. The MBAM and PEG concen-
trations are 4 wt% and 10 wt %, respectively. Scale bars: 500 pm. Scale
bars in insets: 100 um.
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core is opaque, as the core is a PAM-rich phase with a porous
network that exhibits low light transparency. This is the result
of interference processes in combination with refractive index
differences between the various components. The core
diameter of the droplets decreases from 4/5 to 2/5 when the
polymerization temperature is decreased from 96 to 87°C.
This can be explained by a lower conversion at lower
polymerization temperatures (the conversions are 98, 85, 72,
and 40 % at 96, 93, 90, and 87 °C, respectively), which results
in limited phase separation.* Thus we can adjust the size of
the core by choosing the appropriate polymerization temper-
ature, consequently changing the morphologies of the multi-
core/shell droplet emulsions and hydrogels, as will be shown
later. Furthermore, the amount of MBAM has a certain
influence on the formation of the H/W/O emulsions and their
morphologies. Additionally, the PEG content can influence
the size of the core (Figure S3, SI).

As the flow pattern of the droplet can be easily tuned by
changing the velocity of the continuous phase,®! we inves-
tigated the effect of oil-phase flow rate on the morphology of
both the core and the emulsion. When the oil-phase flow rate
was decreased from 1.5 to 1.0 mLh™! (the aqueous-phase flow
rate was kept at 0.3 mLh™"), the resulting H/W/O emulsion
droplets still exhibit spherical morphology; however, some
cores in the emulsions changed from a spherical to a bullet-
like shape. As the flow rate was further decreased to 0.9 and
0.3 mLh™!, we obtained oval-shaped H/W/O emulsion drop-
lets containing rod-shaped cores, with a slight increase in the
aspect ratio of the rod from 1.9 to 2.1 (Figure 1b).

Since no surfactant is used in the system, coalescence of
droplets can be easily accomplished. Thus, we can prepare
multicore H/W/O emulsions by fusing the above single-core
droplets in an expanding straight channel®® connected to the
outlet of the PTFE tube by increasing the aqueous-phase flow
rate (Experimental Section 3.2, SI). We first merged two to
four single spherical core droplets under the conditions listed
in Table S1 at the polymerization temperature of 87°C
(entries S11-S13, SI). We found that with increasing aque-
ous-phase flow rate, two to four single-core H/W/O emulsion
droplets can be merged to form spherical multiple H/'W/O
droplets containing two to four hydrogel cores (Movies S1—
S4, SI; Figure 2a). When we conducted the preparation at
polymerization temperatures of 90 and 93°C, multiple H/'W/
O emulsion droplets containing two to four hydrogel cores
also formed, showing vesica piscis, Reuleaux triangle, and
quadrangle shapes for the double-, triple-, and quadruple-
core-containing emulsion droplets, respectively (Figure 2a).
This can be explained by formation of small-sized cores at
a polymerization temperature of 87°C and large-sized cores
at 90 and 93°C.

We also merged two to four rodlike core droplets
prepared above to form multicore H/'W/O emulsion droplets.
They show morphologies quite different from those of their
spherical-core counterparts, exhibiting square-like, pentagon-
like, and hexagon-like droplets for double, triple, and quad-
ruple rodlike core-containing H/W/O droplets, respectively
(Figure 2b). Thus we can change the morphology of the
H/W/O emulsion droplets easily by choosing different
polymerization temperatures and oil-phase flow rates.
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Figure 2. a) Optical microscopy images of the multicore H/W/O
emulsion droplets prepared at different temperatures. Optical micros-
copy images of b) the multiple rodlike core H/W/O emulsion droplets
and their schematic illustrations, and c) mixed-shaped core H/W/O
emulsion droplets prepared at 93 °C. The MBAM and PEG concentra-
tions are 4 wt% and 10 wt %, respectively. Scale bars: 200 um.

The results above stimulated us to prepare mixed-shape
core H/W/O emulsion droplets by fusing spherical core
droplets with rod-core droplets. Indeed, the resultant emul-
sions exhibit distinct configurations depending on the number
of spherical core (Ng) and rodlike core (Ny) droplets. The
(Ng=1, Ng=1) emulsion droplets show triangle-shaped
morphology, while the (Ng=2, N =1) droplets exhibit both
spherical and triangle-shaped morphologies (Figure 2c¢),
resulting from different arrangements of the cores inside.
The (Ng=3, Ny =1) droplets exhibits trapezoid morphology,
but with different arrangements of the cores inside (Fig-
ure 2c¢). Irregular-shaped droplets are observed for the (Ng=
4,Ngr =1) system (Figure 2¢). On the other hand, the droplets
with two rods as the core do not exhibit big changes in their
morphologies, because the two rods are arranged in parallel in
the droplet; a square-like shape is observed for the (Ng=1,
Ny =2) droplets and a spherical shape for the (Ng =2, Ny =2)
and (Ng=3, Ny =2) droplets (Figure 2¢).

To convert the above single- and multicore H/W/O
emulsions to more easily applicable hydrogels, we fused the
H/W/O droplets with one PEGDA droplet, followed by
thermally initiated polymerization (Experimental Section 3.3,
ST). The H/W/O emulsions were prepared at the polymeri-
zation temperature of 93°C (entry S2, Table S1, SI). We first
merged two to four spherical core droplets with a PEGDA
droplet and performed the polymerization at 90 °C for 15 min.
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Figure 3. a) Optical microscopy images of the multicore H/W/O
hydrogels and hierarchical hydrogel microarchitectures prepared by
polymerizing PEGDA at 90°C for 15 min (top row), after treating in air
for 1 h (middle row), and for 6 h (bottom row). Optical microscopy
images after b) polymerization at 60°C for 2 h, and c) polymerization
by UV radiation. During the preparation, the multicore H/W/O
droplets are prepared at MBAM and PEG concentrations of 4 wt% and
10 wt %, respectively, and a polymerization temperature of 93 °C. Scale
bars: 200 um.

The optical microscopy images of the formed hydrogels (top
row, Figure 3a) show morphologies similar to those of the
corresponding multicore H/W/O emulsion droplets, but with
larger particle sizes. The images also show the formation of
a round transparent spot at the center of the multicore
hydrogels, which pushes the PAM cores to the edge, thus
forming inner structures different from those of their
corresponding multicore H/W/O emulsion droplets. This
probably results from the diffusion of PEGDA into the
center of the droplet or thermally induced phase separation of
the PEGDA-PEG aqueous system (Figure S5). The PAM
cores are not as opaque as those in the emulsions. We let these
hydrogels stand at room temperature for 1 h and found no
apparent change in the morphology (middle row, Figure 3 a).
However, the inner structures of the hydrogels are quite
different from those of the parent samples before the room
temperature treatment; a dumbbell-shape is observed for the
double-core hydrogels, a clover-like shape for the triple-core
ones, and a tetrahedron-shape for the quadruple-core ones.
The PAM cores are more opaque. Apparently, the hydrogels
consist of hierarchical-shaped inner structures encapsulated
by a transparent shell. The shell is believed to contain much
water as it is easy to deform during handling with a stick.
After letting these hydrogels stand at room temperature for
6h, we found that formation of hierarchical hydrogels
exhibiting nonspherical microarchitectures had occured
(bottom row, Figure 3 a). Their morphologies are significantly
different from those of the hydrogels treated at room
temperature for 1h, but similar to those of the inner
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structures of the above samples. The microarchitectures are
assembled around the spherical spot at the core and the
previous PAM cores as the vertexes. The PAM cores are
opaque. The spherical spot is believed to be poly(PEGDA).
To verify this, we added rhodamine B in the PEGDA aqueous
droplet to prepare the corresponding microstructured hydro-
gels and analyzed them by confocal laser scanning microscopy
(CLSM). The CLSM images (Figure S6, SI) show red color in
the areas without the PAM cores in the hydrogels, suggesting
these areas are composed of poly(PEGDA). This can be
explained by the affinity of rhodamine B to PEGDA. In
addition, the edges of the microarchitectures are also red,
indicating that the microarchitectures are formed by encap-
sulation of polymerized PEGDA. These results indicate that
treatment of the hydrogels at room temperature for a long
time can tune the morphology of the products, probably
resulting from loss of water. We later performed the
polymerization of these fused droplets at 60°C for 2 h and
found that the morphology and inner structure of the
obtained hydrogels was similar to that of the hydrogels
prepared by polymerization at 90°C for 1 h and treatment at
room temperature for 1h. They also consist of dumbbell-
shaped, clover-shaped, and tetrahedron-shaped inner struc-
tures encapsulated by a transparent shell for the double-,
triple-, and quadruple-core hydrogels (Figure 3b). The shells
are not easy to deform and the hydrogels do not deform when
they are left at room temperature for a long time, suggesting
that the shells are composed of polymerized PEGDA without
much water. The emulsions are also polymerized during flow
by UV irradiation. (In this case, the APS in the PEGDA
aqueous solution was replaced by 2-hydroxy-4'-(2-hydroxye-
thoxy)-2-methylpropiophenone (IRGACURE2959) with
a content of 5 wt % of the PEGDA). The obtained hydrogels
show morphologies similar to the corresponding emulsions
(Figure 3c¢). These are different from those of the hydrogels
obtained by thermal polymerization, possibly because the
polymerization rate by UV irradiation is faster than the
PEGDA (diffusion rate, or because no phase separation
occurred in the PEGDA-PEG system under the preparation
conditions. Thus we can control the morphology and structure
of the hydrogel by simply choosing the polymerization type
and temperature. It should be noted that after soaking in
water these hydrogels expand to about twice their original
size, with the PAM part swelling significantly more than the
poly(PEGDA) part (Figure S7, SI).

We further merged two to four rodlike core droplets with
a PEGDA droplet and conducted the polymerization of
multiple rodlike core H/W/O droplets at 90 °C for 15 min. The
obtained hydrogel shows a general square-like morphology,
with two rods being pushed to two edges of the square by
a centered ball, forming hamburger-like inner structure
(Figure 4a). The obtained hydrogel with three rods exhibits
general triangle-morphology, with three parallel aligned
rods being pushed to the three edges of the triangle by
a centered ball, forming a triangular prism (Figure 4a). The
obtained hydrogel with four rods shows a general quadran-
gular morphology, with the four rods being pushed to the
edges (Figure 4a). After the hydrogels were kept at room
temperature for more than 6 h, their morphology changes
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Figure 4. a) Optical microscopy images of the multiple rodlike core H/
W/O hydrogels prepared by polymerizing PEGDA at 90°C for 15 min
(top row) and after treating in air for 6 h (bottom row). b) Optical
microscopy images of the mixed-shaped hydrogel prepared by poly-
merizing PEGDA at 90°C for 15 min, and after treating in air for 6 h.
The multicore H/W/O droplets are prepared at MBAM and PEG
concentrations of 4 wt% and 10 wt %, respectively, and polymerization
temperature of 93°C. Scale bars: 200 um.

significantly, without a change in their inner structures (Fig-
ure 4a).

We also fused the mixed-shape core H/'W/O droplet with
a PEGDA droplet, followed by polymerization at 90°C for
15 min and treatment at room temperature for 6 h. Similar to
the above multicore hydrogels, the resultant hydrogels also
form a round transparent spot at the center, but quite
different morphologies are obtained (Figure 4b). For exam-
ple, the (Ng=1, Ny =1) hydrogel, whose parent emulsion
consists of one spherical core and one rodlike core, shows a T-
shaped microstructure. Both the (Ng=2, Ny =1) and (Ng=3,
Ny =1) hydrogels also show two different types of morphol-
ogies.

To investigate the anisotropy of the hierarchical hydro-
gels, we examined the adsorption of rhodamine B and CdTe
quantum dots in the samples prepared at 90°C for 15 min
(Experimental Section 3.5, SI). The CLSM images of these
hydrogels are red at the center after incubation in the
rhodamine B solution (top row, Figure 5), green at the
vertexes after incubation in the CdTe quantum dots solution
(middle row, Figure 5), and both, red at the center and green
at the vertexes, after incubation in a mixture of rhodamine B
and CdTe quantum dots (bottom row, Figure5). This is
related to the affinity of rhodamine B to PEGDA and the
adsorption capacity of PAM for nanoparticles. These results
indicate that the hydrogels can be used for efficient selective
storage of different functional agents.”!

We finally investigated the protein-release ability of the
hydrogel by using bovine serum albumin (BSA) as a model.
Since the thermal polymerization process tends to denature
proteins, we tested the hydrogels prepared by photopolyme-
rization with single- and quadruple-core structures (Exper-
imental Section 3.6, SI). The BSA release profiles (Figure 6)
show that the protein is quickly released from single-core
PAM/PEGDA hydrogels in the first 2 h. Then the release rate
slows down with the maximum percentage of BSA release of
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Figure 5. The fluorescent images of the multicore hydrogels after
incubation with rhodamine B (top row), with CdTe quantum dots
(middle row), and with a mixture of rhodamine B and CdTe quantum
dots (bottom row) for 90 s. Scale bars: 250 um.
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Figure 6. Release of BAS from single- and quadruple-core PAM/
PEGDA hydrogels and a single-core pure-PAM/PEGDA hydrogel into
acetate buffer at room temperature.

97 % at about 8 h. The release rate from the quadruple-core
PAM/PEGDA hydrogel is faster than that from single-core
hydrogels in the first 1h, possibly resulting from the thin
PEGDA shell around the quadruple-core PAM/PEGDA
hydrogel. After 1h, the release rate slows down, with the
maximum percentage of BSA release of 90% at about 5 h.
For comparison, we also prepared single-core pure PAM/
PEGDA hydrogels without using the phase-separation pro-
cess. In these hydrogels, the release rate is the fastest in the
first 0.5 h and the release of BSA ceases at about 2 h with only
62 % protein released. This value is significantly lower than
those in the single- and quadruple-core PAM/PEGDA hydro-
gels. This can be ascribed to the increased BSA accessibility
and decreased effective diffusion coefficient in the hydrogels
because of the addition of PEG.’”! The results above indicate
that the diffusion rate of BSA in the hydrogel can be adjusted
by using differently structured hydrogels.

In conclusion, we were able to show that due to phase
separation the AM/PEG aqueous droplets form a core/shell
structure after polymerization. We thus prepared H/W/O
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emulsion droplets containing single to multiple PAM cores
surrounded by PEG in liquid paraffin and hierarchical PAM/
PEG hydrogel microarchitectures with different inner struc-
tures and transformable and various morphologies by
a simple microfluidic technique. No surfactant is needed in
the preparation process. Consequently, coalescence of single-
core droplets in an expanding straight channel can be easily
accomplished, leading to formation of multicore H/W/O
emulsion droplets. The size and morphology of the PAM core
can be easily adjusted by changing the polymerization
temperatures, leading to an easy adjustment of the morphol-
ogy of multicore H/W/O emulsion droplets. The emulsions
can be converted to corresponding PAM/PEG hydrogels by
introducing PEGDA in the system. The hydrogels exhibit
different inner structures and various morphologies. The
anisotropy of the hydrogel microarchitectures is verified by
the adsorption of rhodamine B and CdTe quantum dots.
Furthermore, these hydrogels exhibit different release rates
of BSA, depending on their structures. Thus, the diffusion rate
can be adjusted depending on the desired application. The
preparation technique is simple and versatile, and can be
easily adjusted by replacing AM with other kinds of
acrylamide derivatives or by introducing functional materials
separately in different cores. Therefore, the resulting emul-
sions and hydrogels have potential application for drug
release,® sensors,® and displays,®” and in biomedical
processes.[*!]
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