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Graphical abstract

Controlled adhesion of the inner and outer interfaces of the water-in-oil-in-water double
emulsion drops and consecutive polymerization of polyurethane precursors between the

interfaces lead to the production of a mechanically resilient but flexible microshell structure.
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We introduce a facile and straightforward approach for the
fabrication of uniform elastomer microcapsules with shells
comprising a polyurethane thin elastomer membrane. Controlled
adhesion of the inner and outer interfaces of the W/O/W double
emulsion drops and consecutive polymerization of polyurethane
precursors between the interfaces lead to the production of a
mechanically resilient complex microshell.

Encapsulation of active agents, such as drugs and catalysts, is of
great importance in the fields of drug delivery,'* bioreactors,”” and
MOFs.>° A useful platform that is also practically applicable is a
vesicular system, which is typically achieved by the self-assembly of
amphiphiles, including lipids,'®"'? amphiphilic block copolymers,'*'¢
and even colloidal particles.'” '® This system is indeed advantageous
because it enables easy capture of active agents in either the
hydrophilic core or hydrophobic bilayer shell and releases them in a
controlled manner. Liposomes comprise a lipid bilayer that encloses
an aqueous phase.'*2" Tt is known that they cannot be widely used in
a variety of complex formulations simply because the lipid bilayer is
very vulnerable to amphiphiles with low packing parameters,
typically less than 1/3. Analogous to lipids, colloidal particles can
assemble to form a vesicle structure, i.e., colloidosomes.?? Assembly
of particles at liquid-liquid or liquid-air interfaces leads to formation
of a thin colloidal membrane with pores or interstices whose size
significantly depends on the particles’ packing fraction,
deformability, and chemical nature.'”-** Even at the nanoscale, the
pore size of the colloidal membrane is intrinsically much larger than
the length of the molecules, which leads to failure of the
encapsulation of small molecules. Accordingly, an alternate method
of encapsulation is required.

Polymer vesicles, also referred to as polymersomes, can be used
to overcome the drawbacks of liposomes and colloidosomes. The
thin polymer membrane formed by the assembly of amphiphilic
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block copolymers imparts improved membrane flexibility as well as
controlled permeability of penetrants through the membrane.** To
achieve this good performance (i.e., improved membrane flexibility
as well as controlled permeability), many different types of polymer
vesicles have been fabricated by precisely controlling the block
ratio,” tuning the architecture of the polymer chains,”® or
hybridizing nano-objects.”” > Despite the advances in engineering
novel polymer vesicles, their much wider application is still hindered
because the membrane can be easily ruptured or even broken under
harsh conditions such as high ionic strength and strong solvency.?*°
Hence, the self-assembled polymer membrane must have high
mechanical toughness, thus creating sufficient tolerance to applied
stresses.

In this communication, we present a facile and robust approach
for fabricating uniform elastomer microcapsules comprising a
hydrogel core and a thin polyurethane (PU) shell (Fig. 1a).
Accordingly, we generated monodisperse water-in-oil-in-water
(W/O/W) double emulsion drops using a capillary-based
microfluidic device. The inner aqueous core was filled with water-
soluble monomers and crosslinkers, and the oil phase contained
crosslinkable PU precursors, photo-initiators, and volatile organic
solvents. The double emulsion drops were stabilized by the assembly
of amphiphilic block copolymers at the inner and outer interfaces.
After the removal of the volatile solvents from the oil phase,
consecutive UV polymerization treatments produced uniform PU
elastomer microshell particles. Finally, we experimentally
demonstrated that the incorporation of a thin PU membrane in the
shell is important and remarkably improves the structural stability of
the polymer vesicles.

To produce a monodisperse W/O/W double emulsion, we
used a capillary-based microfluidic device that was composed
of two tapered round capillaries inset into a square capillary
(Fig. S1). The outer diameter of the round capillaries exactly
matched the inner diameter of the square capillary. The two
tapered circular capillaries were coaxially assembled in the
square capillary so that the fluids can meet. The smaller round
capillary, whose orifice was tapered to 50 um, was treated with
hexyltrimethoxysilane to impart hydrophobicity to the surface.
The other collection round capillary, whose orifice was tapered
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to 180 pm, was treated with 2-[methoxy (polyethyleneoxy)
propyl] trimethoxysilane to generate a hydrophilic surface. This

UV irradiation

365 nm, 1 min
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Figure 1. (a) Schematic of a W/O/W double emulsion drop and
PU microshell after polymerization. The core is switched from
an aqueous to a hydrogel phase. (b) Optical microscopy image
of the generation of double emulsion drops in the device. The
scale bar is 150 um. (c) A bright-field microscopy image of
uniform double emulsion drops. (d) Double emulsions drops
after the thinning of the shell layer by evaporation. The scale
bar is 150 um. (e) Changes of the core (H) and outer drop (®)
diameters as a function of evaporation time.

treatment of the capillary surfaces prevented the wetting of the
middle phase from the inner wall.’!

The inner aqueous core of the double emulsion drops contained
10 wt% poly(ethylene glycol) diacrylate (PEGDA, M,, 6000 g-mol ")
and 0.005 wt% fluorescence isothiocyanate (FITC)-labeled dextran
(M,, 70000 g-mol "), as well as a photoinitiator (Darocur 1173, 0.4
wt%). This aqueous mixture was injected through the inner capillary
at a flow rate (Qyr) of 100—500 uL-h™". The middle phase was a
solvent mixture consisting of 7.5 wt% PU precursor (Secure SE-
8110, Fotopolymer, Fig. S2), 0.1 wt% poly(glycerin)-b-poly(e-
caprolactone) (PG-b-PCL) diblock copolymers, 0.002 wt% Nile red,
toluene, and chloroform. The molecular weights of PG and PCL
were 2200 g-mol ™' and 3500 g-mol ', respectively. The mixing ratio
of toluene and chloroform was 1:1 by weight. This phase was
injected through the interstice between the square capillary and
smaller round capillary at a flow rate (Qur) of 500-1000 pL-h™'. An
aqueous solution containing 10 wt% polyvinyl alcohol (PVA, M,
13000-23000 g-mol ') was used as the continuous phase and
injected through the interstice of the square capillary and collection
round capillary at a flow rate (Qor) of 2000 uL-h™". The flow rates of
the three fluids were regulated to obtain highly monodisperse
W/O/W double emulsions (Fig. 1b, Movie S1).

The thicknesses of the shell layers were controlled by solely
manipulating the flow rates of the fluids (Fig. S3); in a typical
microfluidic procedure, the core diameter and shell thickness were
tuned to 10-500 and 50-300 pm, respectively. The double emulsion
drops were collected in 40 mM NaCl solution to match the
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osmolarity between the core and continuous phases. The W/O/W
double emulsions generated in the microcapillary device were
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Figure 2. (a) Bright-field microscopy image of PU microshell
particles. (b) Fluorescence microscopy image of PU microshell
particles with overlaid green and red colors. The scale bars are
20 pm.

highly monodisperse, and their coefficient of variation in size
was less than 4%, as shown in Fig. 1c. The solvent in the shell
layer was removed by evaporation at room temperature. During
evaporation, the diameter of the core remained constant and
only the shell thickness decreased. After the removal of all the
solvents, the inner and outer interfaces came into contact with
each other. This eventually led to generation of a PU precursor
interfacial layer with a thickness in the nanometer length scale
that is not resoluble by using conventional bright-field images
(Fig. 1d and e); this implies that the assembled PG-b-PCL at
each interface successfully prevented the destruction of the
double emulsion structure, even though the interfacial tension
was affected by the evaporation of the solvents.>? Thus, a
double emulsion with an extremely thin shell with thickness in
the submicrometer range was obtained.

The PEGDA in the core and PU precursor in the shell were
polymerized by irradiation with UV light (500 W) for 1 min. To
confirm the PU membrane-shelled capsule morphology, FITC-
dextran was immobilized in the crosslinked PEGDA hydrogel
core, and Nile red, which is a hydrophobic fluorescence dye,
was located in the shell layer. The successful detection of the
dye in the targeted loci elucidated that the particles have a
microshell structure (Fig. 2). To confirm that the shell
membrane comprised an elastomeric material, the shell
deformation behavior was monitored under applied osmotic
pressure. When the core was filled with water, collapse of the
spherical shell morphology was usually observed (Fig. 3a). In
contrast, when the core comprised a hydrogel phase, buckling
typically occurred as the core volume decreased (Fig. 3b); this
buckling behavior is irreversible. Distinctive shell deformation
was further confirmed via electron microscopic analysis, as
shown in Fig. 4a and b. The thickness of the PU shell was in the
submicrometer range and depended on the concentration of the
PU precursor in the double emulsion shell. These results imply
that the periphery of the particles was covered with a flexible
but tough PU membrane.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Time series of bright-field microscopy images of PU
microshell particles in the presence of osmolality (2 M NaCl).
(a) Core is filled with an aqueous phase. (b) Core is filled with a
PEGDA hydrogel phase. The scale bars are 50 um.

We further investigated how the composition affects the
formation of the microshell particles. First, the effect of
solvents in the double emulsion shell was examined by carrying
out direct polymerization without removing solvents from the
shell layer. Upon UV irradiation, the core escaped the double
emulsion drop, which led to the formation of conventional
polymersomes (Fig. S4).?*3* This behavior occurred
irrespective of the phase type of the core, i.e., aqueous or
hydrogel phase. Regarding this result, we assume that the
generation of hydrophobic PU chains readily makes the
spreading coefficient negative, thus facilitating the dewetting
phenomenon.** We also investigated how the hardness of the
PU membrane influenced the surface topology of the particles.
‘When the hydrogel-filled shell particles were made with PU,
which has a high modulus, they showed a lowered degree of
buckling as well as an unevenly buckled surface (Fig. S5a).
‘When the shell collapse was induced in the absence of the
hydrogel phase in the core, the high-modulus PU shell
membrane folded over to form angled edges (Fig. S5b). These
results indicate that the improved shell tolerance could be
achieved by incorporating a high-modulus PU to the shell layer.

Figure 4. Scanning electron microscopy images of PU
microshell particles with cores filled with (a) an aqueous phase
and (b) a hydrogel phase. Scale bars are 10 um. (c) Scanning
electron microscopy image of a chopped particle. The scale bar
is 2.5 um.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Bright-field microscopy image of W/O/W double
emulsion drop containing silica particles in the shell layer. The
scale bar is 100 um. Scanning electron microscopy images of
colloidosomes with silica/PU hybrid shells: 100 nm silica
particles (b) and 1um silica particles (c). The scale bars are 20
um. The scale bars in the inset images of b and care 1 um and
3 um, respectively. (d) Release profile of fluorescein sodium
salt from the microshell particles: PU shell only (), 100 nm
silica particles (@), and 1 um silica particles (A). The
experiment was carried out at 25°C.

Having established how to fabricate microcapsules, our next
attention has moved to further tailoring the shell structure. In this
study, we incorporated solid particles in the PU shell, which led to
production of hybrid colloidosomes. For this, first, silica particles
were treated with trimethoxy(octadecyl)silane, thus making them
hydrophobic. Thanks to the hydrophobic surface, they could be
stably dispersed in the middle fluid (silica/PU=8.5/1.5, w/w). The
silica/PU hybrid shell was observed using bright field and scanning
electron microscopes. Homogeneous immobilization of silica
particles could be confirmed by observation of the dark phase
throughout the PU shell (Fig. S5a). For the 100 nm silica particles,
generation of interstice could be observed, indicating that the silica
particles were just immobilized with PU (Fig. 5b). As expected,
using the 1 um silica particles causes them to form bigger voids in
the shell (Fig. 5¢). Typically, the shell structure of the colloidosomes
has been varied by tuning the size of the solid particles, the shell
thickness, and the degree of fusion between the particles.*>*
Moreover, the permeation study, in which the shell permeability was
evaluated by monitoring the fluorescence intensity of the hydrogel
core phase that contained a water-soluble fluorescent molecular
probe, fluorescein sodium salt (FSS, 376.27 g-mol ™), allowed us to
figure out that controlled release could be achieved by hybridization
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of silica particles with PU shell phase (Fig. 5d). These results
highlight that, alternatively, the shell structure can be also tailored
through the hybridization of solid particles with the matrix polymer
that acts as a binder.

Conclusions

In summary, we fabricated a new type of uniform PU elastomer
microcapsules, in which monodisperse W/O/W double emulsions,
which were generated using a capillary microfluidic device, were
used as templates. The formation of a flexible but tough elastomer
shell membrane was confirmed by analysing the particle morphology
and surface topology. In our further study, we hybridized silica
particles with PU shells to demonstrate that our fabrication method
could be used to engineer colloidosomes with a controlled interstice
structure. The microcapsule system developed in this study is
expected to be applicable to a variety of encapsulation applications
such as packaging and storage under harsh environments.
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