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Hollow particles have the potential for a broad range of
applications, but most specifically drug delivery. However, their
synthesis can be tedious, requiring techniques such as high energy
input or a sacrifical template. Furthermore, loading the final
capsules with drugs, catalysts or any other compound is often
associated with a low loading efficiency. In this study, we have
explored the use of “Shirasu Porous Glass (SPG)” membrane
emulsification to create a wide size range of water droplets
stabilized with an amphiphilic block copolymer. Polymeric
capsules were subsequently created via inverse emulsion
periphery RAFT polymerization (IEPP). By changing the pore size of
the SPG membrane (0.2-3 um), we have succeeded in controlling
the polymeric microcapsule size from submicron to tens of
microns. In addition to this, the process allowed simultaneous and
efficient encapsulation of water-soluble compounds such as
proteins.

Polymeric have a wide range of
applications including; biological
medicine, the cosmetic and food industries, as well as water
treatment and coatings.l'4 A number of encapsulation
techniques utilizing hollow particles, liposome and emulsion
droplets have been developed for the encapsulation of various
materials such as anticancer drugs, enzymes, nucleotides,
fragrances and catalysts. Hollow polymeric particles have been
studied extensively for biomedical applications due to their
capacity for encapsulation of therapeutic agents.s' ® There are
a variety of approaches to synthesize nano/microcapsules
from emulsion based methods, e.g. involving sacrificial
templates,7'10 dendrimers,™ phase separation12 and self-
assembly.13 Typically, each method has associated advantages

nano/microcapsules
in a number of fields
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and disadvantages. For instance, the template approach
provides greater control over size and morphology, but can be
rather tedious as it requires removal of the sacrificial template
after shell formation. In addition to this, guest molecules
normally need to be encapsulated after the removal of the
core template; this is because harsh chemicals such as
hydrofluoric acid are required to remove the core material. In
other words, it requires at least three steps: (i) shell formation,
(ii) template removal and (iii) loading. Guest molecules can be
encapsulated within nanocapsules in a one pot process via the
self-assembly approach, although it is usually difficult to
achieve high encapsulation efficiency.m'16 The emulsion-based
approaches offer a convenient synthetic route to hollow
polymeric particles from nano'”? to micron-scale.’® 8 Qil-
in-water systems are typically exploited for the encapsulation
of hydrophobic materials,zg'31 whereas inverse (water-in-oil)
systems are suitable for encapsulation of hydrophilic guest
molecules.?**

However, the previously reported
techniques may not be appropriate for encapsulation of
sensitive molecules such as proteins. This is because the
polymerization reaction is occurring within the droplets
containing the guest molecules - this may compromise the
integrity of the guest molecules. Oil-in-water systems have
been extensively studied, however, the resulting capsules have
a hydrophobic core, and can consequently not be used for
encapsulation of hydrophilic compounds such as proteins.
Encapsulation of water-soluble biomolecules such as proteins
and nucleotides has received increasing attention over the
past decades.®*®” For this reason, it is of interest to develop a
versatile synthesis approach for nano/microcapsules with
hydrophilic core.

emulsion-based
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Fig. 1 Schematic illustration of SPG membrane emulsification with macroRAFT
stabilizer. The dispersed phase (blue) contains lipophobe and guest molecules,
and is passed though pores into the continuous phase by pressure. Crosslinked
polymeric shells are formed on the outer surface of the droplets via IEPP.

We have recently pioneered a facile synthesis method for
polymeric nanocapsules with hydrophilic core via inverse
miniemulsion periphery RAFT polymerization (IMEPP) utilizing
amphiphilic diblock copolymers as both an emulsion stabilizer
and macroRAFT agent.38'43 This approach provides a reaction-
free core environment for encapsulation of fragile molecules
such as proteins, since the polymerization occurs on the
periphery of the droplets as opposed inside the droplets.
However, to date, the size range of these polymeric
nanocapsules has been limited to approx. 50-500 nm because
a conventional emulsification method (ultrasonication) has
been used to create the initial inverse miniemulsions. In
addition, there have been concerns about the use of high
energy input in the form of ultrasonication and its effect on
fragile molecules such as proteins remain.

The techniques currently available to create hollow
spheres with hydrophilic cargo are either limited by size
variation, are multi-step procedures or they have a limited
loading efficiency. A truly versatile technique would enable the
synthesis of any size depending on the application. However, it
is difficult to prepare capsules with a wide size range using
conventional emulsification techniques such as
Shirasu Porous Glass membranes (SPG),
prepared from Shirasu volcanic ashes in Japan, possess narrow
pore size distribution and a wide range of pore sizes are

ultrasonication.

available (0.1-20 },lm).‘m"“5 Furthermore, SPG membranes have
greater mechanical strength and chemical resistance
47, 48

compared to other types of membranes. SPG membrane
emulsification thus represents one of the most promising
techniques for the creation of monodisperse droplets using a
low energy approach.

In the present work, SPG membrane emulsification has
been employed to prepare inverse emulsions comprising water
droplets of adjustable size based on the membrane pore size,
using an amphiphilic macroRAFT as stabilizer. The emulsion

droplets were subsequently crosslinked via inverse emulsion
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periphery RAFT polymerization (IEPP) to obtain polymeric
microcapsules.

Inverse emulsions were prepared via SPG membrane
emulsification using the amphiphilic macroRAFT agent
poly(di(ethylene glycol) methyl ether methacrylate),;-block-
poly(methyl methacrylate)s; (poly(DEGMA)-b-poly(MMA)-
RAFT) as a steric stabilizer. The inverse emulsions comprised
an organic phase of toluene containing 1 or 0.5 wt%
macroRAFT agent (poly(DEGMA)-b-poly(MMA)-RAFT, which
has a HLB of ~5) and an aqueous phase containing 4 wt%
lipophobe (sodium carbonate for Exp 2 (Table 1) and sodium
chloride for all others). The dispersed phase was pushed
through the membrane into the continuous phase by applying
pressure with nitrogen gas (Fig. 1). SPG membranes with a
range of different pore size (0.1, 0.2, 0.8 and 3 um) were
tested. The emulsification conditions and the resulting droplet
diameters are summarized in Table 1. It is well established that
the minimum pressure required to generate droplets (the
critical pressure, P) increases with decreasing pore size.”’” The
maximum pressure for the present module is 500 kPa, which
was found to be below P, for the 0.1 pm membrane. The
emulsifying pressures were adjusted to 11, 60 and 275 kPa for
the pore sizes of 3.0, 0.8 and 0.2 um, respectively, slightly
higher than the P, values reported by Nakashima et al.’® The
amount of macroRAFT was varied from 0.005 to 1 wt%
(relative to toluene) to test the effect on emulsification using a
membrane with pore size 0.8 um. Stable emulsions were
obtained for concentrations above 0.05 wt% macroRAFT (Fig.
S2, ESIT). For the stable emulsions, no phase separation was
observed for at least 30 days at room temperature. However,
the 0.2 and 3.0 pm membranes required at least 1 wt%
macroRAFT to prepare stable emulsions - the use of 0.5 wt%

macroRAFT (Exp 1, 5) led to phase separation during

Table 1 Membrane emulsification conditions and droplet sizes

Exp Pore size Pressure MacroRAlFT Dn , Dmicroscope .
(pm) (kPa) (wt%) (pm) (um (+ SD))
1 0.2 275 0.5 phase separation
2 0.2 275 1.0 0.54 approx. 17
3 0.8 60 0.5 4.58 2.8 +0.53
4 0.8 60 0.5 4.78 2.6+0.43
5 3 13 0.5 phase separation
6 3 11 1.0 4.42 12.2£3.0

TAmount of macroRAFT relative to toluene. Hydrodynamic volume average

diameter measured by DLS/laser diffraction. 3Average diameter measured by

optical microscopy. "0.01 wt% SRB in the dispersed phase. “Estimated from Fig.
2a.

<50
| sl

Fig. 2 Optical micrographs of initial droplets prepared by SPG membrane with
pore size of 0.2 (a), 0.8 (b) and 3.0 um (c).
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F'fg 3 Droplet/particle size distribution by volume of before (solid line) and
ter polymerlzatlon (dashed line); (A) Exp. 2 (0.2 um), (B) Exp. 3 (0.8 um),
(C) Exp. 6 (3.0 um) and optical micrographs of crosslinked microcapsules.

Membrane pore size: 0.2 (a), 0.8 (b) and 3.0 um (c)

emulsification. Stable emulsions (Exp 2, 3, 4 and 6) were
observed by optical microscopy (Fig. 2). The droplet diameters
calculated by graphical analysis are summarized in Table 1 (for
Exp 2, the diameter was too small for such analysis). The
droplet diameters increased with increasing pore size (Fig. 2),
and exhibited relatively narrow distributions (Fig. 2). The
droplet diameters were approximately 3-4 times larger than
the pore size, in good agreement with previous reports.47’ 8
The hydrodynamic diameters were also measured by light
scattering (DLS for Exp 2, 3, 4 and laser diffraction for Exp 6
(Table 1, Fig. 3A-C)), revealing monomodal distributions in all
cases (Fig. 3A-C, Table 1, S3 and S4 in ESIt). The results support
our findings with regard to diameter size observed by optical
microscopy for Exp 2, 3 and 4, while the volume mean
diameter of Exp 6 was smaller than the diameter confirmed by
optical micrography. This discrepancy may be caused by the
presence of smaller droplets (Exp 6) not detected by the
graphical analysis software (Fig. 2c). We also observed the
initial inverse emulsion (Exp 3) by cryoTEM (Fig. S6, ESIT). The
droplet diameter was approximately 3 um, concurrent with
our observations using optical micrography. Interestingly, the
droplets appeared hexagonal presumably due to the high
concentration. It is believed that the amphiphilic copolymer
forms a thin flexible layer around the water droplets and thus
prevents the droplets from merging. When monodisperse
spherical particles are packed tightly, they are known to form a
hexagonal shape.49

To create polymeric shells around the water droplets,
inverse emulsion periphery RAFT polymerization was carried

This journal is © The Royal Society of Chemistry 20xx
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out after emulsification. According to the IMEPP procedure,38

® the water droplets act as templates, thereby directing the
growth of crosslinked polymeric shells forming via the RAFT
mechanism around the periphery of the droplets. The
crosslinking RAFT polymerization was conducted using the
monomers MMA and EGDMA (dissolved in the toluene
continuous phase) at 60 °C using AIBN as initiator (recipe in
Table S2, ESI).

In all cases, the polymerizations were carried out
successfully leading to crosslinked polymeric microcapsules.
The total conversion of MMA and EGDMA were 15, 34, 12 and
15% after 6 h for Exp 2, 3, 4 and 6, respectively. Optical
micrographs (Fig. 3a-c) revealed microcapsules comprising
very thin shells with somewhat smaller diameter compared to
the initial droplets, but with relatively narrow size
distributions. Transmission electron micrographs also
confirmed the presence of polymeric capsules (Fig. 4). The
thickness of the polymeric shells was approximately 20-60 nm
for all polymerizations. The microcapsules appear somewhat
larger in the TEM images than in the optical micrographs. In an
optical microscope, samples are observed in the liquid state
whilst TEM imaging involves dessication of the sample,
possibly leading to a flattened morphology. The size of the
microcapsules was also measured by light scattering after
polymerization. The main peaks shifted slightly to smaller
diameters (Fig. 3A-C, Table S3 and S4). The decrease in
diameter and the secondary peaks in Fig. 3A and 3C may be
due to emulsion degradation (no significant inter-particle
crosslinking was observed by optical microscopy). As
mentioned previously, the emulsions were stable at room
temperature for at least one month (Fig S3, ESIt). However,
when heated at 60°C (the polymerization temperature),
degradation was observed to some extent (Fig S4 and S5,
ESIT).

To investigate whether the encapsulation of guest
molecules would affect the microcapsule synthesis, a water-
soluble fluorescent dye (Sulforhodamine B, SRB) was
incorporated in the dispersed phase. Encapsulation of this
water-soluble dye did not have any significant effect on the
droplet/microcapsule diameter (Table 1). Fig. 5 shows

Fig. 4 TEM micrographs of crosslinked microcapsules. Membrane pore size : 0.2 (a, d),
0.8 (b, ) and 3.0 um (c).

J. Name., 2013, 00, 1-3 | 3
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microcapsules after polymerization (Exp 4) encapsulating SRB
as a fluorescent compound. The regions,
corresponding to the aqueous interior of the capsules, are

model red
similar in size to the optical micrograph estimate (Table 1). The
presence of guest molecules did not affect the size, and
encapsulation was successfully achieved with high efficiency
(~97% according to fluorescence spectroscopy).
Fluorescein-labelled bovine serum albumin (FBSA) was also
used as a model compound and successfully encapsulated
within significant  effect
microcapsule size (0.8 and 3 um membranes, same conditions
as Exp 3 and 6; Fig. 5b and S7, ESIT). This demonstrates that
not only small molecules but also proteins can be trapped in
the aqueous domain of the capsule at quantitative
encapsulation efficiencies (Table S5, ESIt). This simple IEPP
process can be employed for encapsulation of various water-

microcapsules  without on

soluble guest molecules such as gemcitabine in polymeric
capsules at high efficiency.41 Polymeric capsules can be
prepared by a number of established approaches; however,
the encapsulation of hydrophilic materials at high efficiency
(over 90%) remains chaIIenging.so’ 31 Compared to synthetic
approaches such as coacervation and spray drying,sz’ > the
IEPP process offers a facile route to encapsulation of water-
soluble molecules including anti-cancer drugs and proteins in a
wide size range of capsules (nano to micro scale). Due to the
insolubility of proteins in the organic media, the encapsulation
efficiency for large charged molecules in this process is close to
100%. It is also worth mentioning that our previous study
showed the capsules to be non-toxic after post purification
and functionalization.**

Before
polymn.

After
polymn.

Fig. 5 Laser scanning confocal micrographs of microcapsules
containing SRB (a), FBSA (b). Scale bars, 10 um.
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Conclusions

Polymeric microcapsules with a hydrophilic core were
successfully synthesized using SPG membrane emulsification in
tandem with the IEPP technique. Inverse emulsions with a
relatively narrow size distribution were prepared using an
amphiphilic macroRAFT comprising poly(di(ethylene glycol)
methyl ether methacrylate) and poly(methyl methacrylate). By
changing the SPG membrane pore size (0.2 to 3.0 um), we
have managed to successfully control the droplet size from 0.5
(with 0.2 um membrane) - 12 um (with 3 um membrane), and
subsequently the size of the final capsules. This broad size
range cannot be achieved by conventional emulsion based
techniques such as (mini)emulsion or suspension system,
which typically produce either much smaller or larger particles.
These synthesized emulsions exhibit high stability at room
temperature and maintain their size and size distribution after
polymerization.
encapsulation of water-soluble dye which could be easily

We have also demonstrated the facile

replaced with other water soluble compounds such as drugs.
Overall, the IEPP process can be applied to a wide size range of
droplets, enabling the encapsulation of various molecules in
nano/microcapsules.
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