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Abstract

The aim of this study is to develop a simple process for preparing monodisperse
polylactide (PLA) microparticles and to control their structures by making use of
droplet-based microfluidics and solvent diffusion, coupled with physicochemical
phenomena. Microfluidics is the fluid analogue of microelectronic circuits, enabling
precise handling of pico-liter scale fluids in microchannels and thus generating
uniform-sized emulsion droplets with ease. Solvent diffusion method is one of polymer
precipitation method using oil-in-water (O/W) emulsions in which the dispersed organic
phase is partially miscible with water, such as ethyl acetate (EA) and methylethylketone.
Because of high solubility of these solvents in water, microspheres are quickly obtained
just by diluting emulsion with a large amount of pure water, which considerably
shortens preparation time, compared with the conventional techniques. In addition, EA
is a relatively low-toxic organic solvent approved by the Food and Drug Administration
in the US, which reduces environmental burden. Therefore, a combinatorial method of
microfluidic emulsification and subsequent solvent diffusion is an environmentally
friendly process, enabling continuous generation of monodisperse PLA microspheres.

Chapter 1 reviews fundamentals of biocompatible polymers and conventional
polymer particle engineering. The classical preparation methods are presented.
Especially, fabrication methods of polymer particles from emulsion droplets are
introduced. In addition, recent development of microfluidic technology in terms of
emulsification and material preparations has been represented. Finally, motivation,
objective and brief strategy of this study are mentioned.

Chapter 2 reports the preparation of monodisperse PLA microparticles with a
compact structure by combining microfluidic emulsification with solvent diffusion.
PLA and amphiphilic poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-b-PLA) were
synthesized via ring-opening polymerization of D,L-lactide. The interfacial activity of
water-soluble PEG-b-PLA (w-PEG-b-PLA) between EA and water saturated with EA
was measured using a Wilhelmy plate method. The effect of flow rate upon microfluidic
emulsification and the initial PLA concentration on the droplet size and the resultant
microparticle size was investigated, with theoretical calculations. In addition, structural
control of the microspheres by addition of oil-soluble PEG-b-PLA (0-PEG-b-PLA) in
the dispersed phase was exploited.



In chapter 3, the studies relating to preparing monodipserse microcapsules consisting
of an oil core and a polymeric shell of PLA by means of internal phase separation
between a concentrated polymer phase and a non-solvent phase during solvent diffusion
have been demonstrated. The suitable oil core for the preparation of microcapsules with
core-shell structures was firstly determined by using spreading coefficient theory based
on interfacial tensions in the emulsion system. Preparation of monodisperse PLA
microcapsules encapsulating perfluoroocyl bromide (PFOB) has been employed by
microfluidic emulsification and internal phase separation during solvent diffusion. The
effect of the preparation conditions such as flow rate upon emulsification and
concentration of the non-solvent on the diameter of the microcapsules and the core-shell
ratio was investigated. In addition, microcapsule formation at a non-equilibrium state
during internal phase separation has been developed. Based on in-situ observation of
solvent diffusion process, the formation mechanism of the microcapsules with distinct
morphology was proposed.

Chapter 4 represents the preparation of monodisperse microcapsules encapsulating a
single aqueous core by spontaneous emulsification induced by pre-synthesized
amphiphilic  diblock  copolymer,  poly(D,L-lactide)-b-poly(2-dimethylaminoethyl
methacrylate) (PLA-b-PDMAEMA) from simple O/W emulsion system during the
formulation. The amphiphilic PLA-b-PDMAEMA was synthesized through 3-step
process, including a synthesis of bifunctional initiator, a ring-opening polymerization of
D,L-lactide in the presence of the initiator, and an atom transfer radical polymerization
(ATRP) of DMAEMA using the PLA-based macroinitiator, which was used as a
co-surfactant. The effect of blend ratio of PLA-b-PDMAEMA to PLA into the dispersed
phase on the final structure of the microparticles was investigated. Moreover, dual
encapsulation of hydrophobic and hydrophilic substances into the microcapsules was
demonstrated and confirmed by fluorescence microscopic observation. Furthermore, the
microcapsule formation mechanism has been proposed on the basis of sequential optical
microscopic observation during solvent diffusion from the droplets.

Chapter 5 concludes this work and establishes prospects for future study.
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Chapter 1
Introduction and Motivation

1-1 Biocompatible polymers

Since 1950s, polymer microparticles and nanoparticles have been studied in the world
because they can steadily disperse in media and exhibit different properties from those
bulk polymers. Moreover, it is possible to enhance their properties by controlling the
diameter, chemical compositions, internal structures, and surface morphology as well as
by introducing different polymers or inorganic compounds into the particles. From these
characters, polymer micro/nanoparticles have been widely used in chemical industry
such as inks, adhesives, cosmetics, agrochemicals, drug carriers and so on.

In recent decades, there have been increasing interests in global environmental
problems. As a result, alternative to polymers from fossil resources such as polystyrene
(PS) and poly(methyl methacrylate) (PMMA), much attention has been focused on
biodegradable polymers including poly(lactide-co-glycolide) (PLGA),! polylactide
(PLA),% and poly(&-caprolactone) (PCL).> Among them, PLGA has been widely used in
the biomedical industry as a major component due to its excellent biocompatibility and
biodegradability. PLGA has been approved by the Food and Drug Administration
(FDA) in the US and has been used as a biodegradable suture material for many years.*
PLA has gained interests as a biomass-based material with higher mechanical strength
than PLGA. PLA can be synthesized from plants such as cone and sugarcane. Protein is
extracted from these raw materials and further hydrolyzed, yielding in glucose. Then,
glucose undergoes lactic acid fermentation, which results in lactic acid.”® The
synthesized lactic acid is converted into the dimer called lactide via dehydrated
condensation, followed by a ring-closing reaction.” PLA is synthesized by a
ring-opening polymerization of the lactide in the presence of organo-tin as a catalyst.®*°
Distinctive properties of PLA are high transparency, high tensile strength, and high
modulus of elasticity, being equivalent to PS and PMMA.""? Because of these,
PLA-based materials have been already applied to the wide range of chemical products
including medical supplies, agrochemical building materials, and household utensils. In
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13-14

addition, since the used PLA can be easily decomposed by hydrolysis or thermal

decomposition, %

resulting in lactide, there is possibility to reuse the polymer by
chemical recycling. Simultaneously, incineration treatment or act of microorganisms
allows to completely decompose the lactide and finally gives carbon dioxide and water,
which will be used for the growth of plant via photosynthesis. Therefore, considering
the whole process, there is no carbon payment, which is so-called “carbon neutral”
cycle. This is considered to be an important concept to develop recycling society.
Biocompatible polymer micro/nanoparticles have been considered as a promising
drug delivery vehicle for drug targeting and controlled release. The polymer matrix
suppresses the burst release of incorporated drugs and enables for the gradual release,
relying on diffusion and degradation. Up to now, various techniques have been
developed for preparing the biodegradable polymer micro/nanoparticles such spray

21-22 2328 and solvent evaporation.?

drying, anionic dispersion polymerization,
1-2 Conventional processes for preparation of biocompatible polymer
particles

1-2-1 Spray drying

Spray drying is a technique widely used in food and pharmaceutical industries to obtain
dry particles from polymer solution phase. The dispersion solution dissolving
pre-synthesized polymer and a drug is sprayed inside a chamber at a fixed temperature,
pressure and flow rate by using a nozzle. Inside the chamber, the solvent is immediately
evaporated from the droplets and the concentration of polymer in the droplets rapidly
increases. The surface of the droplet begins to solidify and eventually the dry particles
are formed. In general, this process is carried out under a relatively high temperature in
order to facilitate evaporation of the solvent from the droplets. In recent decades, spray
drying has been in the limelight to elucidate the evaporation driven self-assembly of

39-43

colloids at various physicochemical and thermodynamical conditions and to

#45 colloidal crystals®® and ordered mesoporous

synthesize novel nanocomposites,
materials.*”° The disadvantage of this process is harsh preparation conditions with high
temperature. Due to a high operation temperature, there is possibility to denature the
encapsulated materials. In addition, rapid gas flow in the chamber makes it difficult to

control over the size of particles.
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1-2-2 Dispersion polymerization

Dispersion polymerization is a promising one-step process for preparing polymer
particles with a narrow size distribution.*?> The polymerization is defined as one of
bottom-up process. The polymerization of a monomer is carried out in the reaction
medium dissolving a suitable polymeric stabilizer. The solvent used in the system is a
good solvent for both the monomer and the polymeric stabilizer, but a non-solvent for
the polymer that propagates during the process. Therefore, dispersion polymerization is
first conducted in a homogeneous solution of monomers with an initiator and a
polymeric stabilizer and the polymer particles covered with the stabilizer are generated
by precipitation of polymer as a result of competitive reactions of nucleation and growth.
Slomkowski et al. have reported a series of studies of preparation of PLA microspheres
using a dispersion polymerization technique. They have successfully synthesized
relatively monodisperse PLA microspheres via dispersion polymerization of D,L-lactide
using a mixture of 14-dioxane/heptane (1:4, v/v) and poly(dodecyl
acrylate)-g-poly(e-caprolactone) (PDA-g-PCL) as a dispersant and a stabilizer,
respectively.?” Muranaka et al. have also reported a synthesis of monodisperse PLA
microspheres by dispersion polymerization using poly[(dodecyl
methacrylate)-co-(2-hydroxyethyl methacrylate)] (P(DMA-co-HEMA)) in
xylene/heptane (1:2, v/v) system. They showed that the synthesized polymeric stabilizer,
P(DMA-co-HEMA) with hydroxyl groups as initiation sites for a pseudo-anionic
dispersion polymerization, produced a graft copolymer in situ during the polymerization
and formed polymer micelles, which was a contributing factor to producing
monodisperse PLA microspheres.?* >* Although some research groups have reported to
fabricate monodisperse PLA microspheres using a dispersion polymerization method, it
is generally challenging to design the polymeric stabilizers with proper molecular
structures and to synthesize them. Moreover, this process requires much amount of
organic solvent as a dispersion medium; therefore, the handling of unstable drugs,

proteins, and vaccines is quite difficult.

1-2-3 Solvent evaporation

Solvent evaporation is the most common preparation procedure for biodegradable
polymer particles owing to the ease of operation. In contrast to dispersion
polymerization, this is one of top-down process and polymer particles are obtained after
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evaporation of solvent from polymer droplets. Relying on the nature of substances
entrapped in the particles, the emulsion template can be chosen. Among them, there are

29,32, 3637, 5455 and water-in-oil-in-water

many cases to use oil-in-water (O/W) emulsion
(W/O/W) emulsion®" %8¢ a5 a template. In the case of O/W emulsion system, an
organic solution dissolving pre-synthesized polymer and an aqueous surfactant solution
are used as a dispersed phase and a continuous phase, respectively. These solutions are
poured into the same vessel and emulsified by mechanical stirring using homogenizer or
ultra sonication, leading to formation of O/W emulsion. After that the organic solvent
evaporates under stirring, thereby inducing precipitation of the polymer. The emulsion
system is available for encapsulating lipophilic substances in the particles. On the other
hand, when using W/O/W emulsion system, a small amount of water phase containing
hydrophilic substances is first mixed with an organic polymer solution, resulting in W/O
emulsion. The W/O emulsion is emulsified with a large amount of aqueous surfactant
solution, leading to W/O/W emulsion. Then, the W/O/W emulsion is stirred for a long
time to evaporate organic solvent and harden the polymer particles. Using the W/O/W
emulsion system makes it possible to encapsulate hydrophilic substances in the core of
the microparticles, which suppresses undesirable leakage of the substances from the
resultant microparticles, thereby achieving a high encapsulation efficiency of the
substances. However, the use of mechanical stirring during emulsion formation gives
rise to polydispersity in the diameter of the microparticles. Thus, since the last decade,
considerable efforts have been devoted to development of preparation technique for

uniform-sized droplets and microparticles.

1-3 Microfluidic preparation of biocompatible polymer particles

1-3-1 Microfluidics

Microfluidics is the fluid analogue of microelectronic circuits. The field has emerged in
the last decade and deals with the precise handling of pico-liter scale fluids in
microchannels using miniature devices as small as a cigarette box. There are many
promising applications in microfluidics ranging from medical and biological sciences

73-76 77-78

including implants,”*"2 biological analysis™"® and drug analysis’""® to channel design™

and organic chemistry.®’ These implementations and recent advancements have been

81-85

summarized in a great number of reviews, so that only applications of microfluidics

for droplet formation are focused in this chapter.
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As discussed above, the major preparation techniques of biodegradable polymer
particles rely on top-down process using pre-synthesized polymers such as spray drying
and solvent evaporation. In terms of top-down process, the common drawbacks are
poorly controlled particle size. Considering applications of biodegradable polymer
particles as drug delivery carriers, it is of importance to prepare the particles with a
narrow size distribution because the release of encapsulated reagents and the dose of
administration are considerably affected by the diameter of the particles.®*®” To improve
the polydispersity of the polymer particle size, it is of utmost importance to prepare
uniform sized emulsion droplets since monodisperse polymer particles are only
obtained from uniform droplets.

The advent of microfluidics has enabled production of emulsion droplets with a
narrow size distribution. Moreover, the diameter of droplets can be precisely controlled
either by tuning the geometry of microfluidic devices, the properties of two liquid
phases (viscosity and interfacial tension) and the operating parameters or by introducing

additional energy such as electrical forces,® temperature,®® and acoustic force.®™*

1-3-2 Droplet formation in microfluidic devices

In general, droplet-microfluidic processes for fabrication of monodisperse single
emulsions (eg. W/O and O/W emulsion droplets) involve the pumping of one liquid
phase (the dispersed phase) into another immiscible or partially miscible liquid phase
(the continuous phase) through a micron-sized channel and the dispersed phase flow is
sheared at the junction where the two immiscible phases meet. Regarding the geometry

of droplet-microfluidics, Y- or T-junction,®*® 97-100

co-flowing, and flow-focusing
microfluidic devices'®™ % have been particularly used for droplet generation. For
example, T-junction geometries consist of a horizontal channel and a perpendicular
channel, resembling “T” shape. In the flow-focusing microfluidic devices, there are
many kinds of main channel configurations. The dispersed phase flows in a central
channel and the continuous phase goes through two side channels. When the two phases
meet at a flow-focused part, the two flows from side squeeze the inner fluid, which
induces breakage of the inner fluid into tiny droplets. The geometry of the
flow-focusing point affects the shear force for producing droplets and stability of
droplet formation. Up to date, not only these 2D microfluidic devices fabricated with
various substrates such as silicon, glass,’® and polydimethylsiloxane (PDMS),'* but
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also 3D microfluidic channels'® have been developed to achieve more stable droplet
formation. The advent of 3D microfluidic devices made of tubes or capillaries has
enabled droplet generation without any wetting problems because the dispersed phase in
the microfluidic devices is finely aligned in the 3D-centre of the flow and thus
completely covered with the continuous phase. On the other hand, terrace-like
microchannels are the other type of microfluidic device, which is considered to be

superior to mass production of droplets.'*" %

1-3-3 Important aspects for droplet formation in microfluidics

To achieve successful droplet formation in microfluidic multi-phase systems, it is
required to consider dimensionless numbers, including Reynolds number (Re),
Capillary number (Ca), Weber Number (We), and flow rate ratio (¢).

Re = % (1-1)

Ca = % (1-2)

We = Re - Ca = pu;d (1-3)
o=2 (14

where p is the density of fluids (kg m™), u is the characteristic velocity (m s), d is a
hydraulic diameter of the channel (m), u is the viscosity of fluids (Pa:s), o is the
surface or interfacial tension between the two fluids (mN m™), Q is the flow rate of fluid
(mL h™) and the subscripts ¢ and d represent the continuous and dispersed phases,
respectively.

Re number represents the ratio of inertial forces to viscous forces. Ca number
describes the ratio of viscous forces to interfacial tension forces. We number illustrates

the ratio of inertial forces to interfacial tension forces. ¢ shows flow rate ratio of the
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continuous phase to the dispersed phase, which is useful to assess flow conditions for
production of droplets. Here, it is important to note that in the micrometer length scale
in microfluidics, the flow streams in the channels are very slow and have considerably
low Re number less than 1, meaning laminar flow, so that Ca and We numbers are more
important than Re, and especially, the interfacial effects become dominant. In addition,
the control of wetting properties of microfluidic channel walls is inevitable to produce
desirable type of emulsions and to guarantee stable emulsification. In general, W/O type
emulsions can be formed when using microchannels with hydrophobic walls, whereas
O/W emulsions can be preferentially produced in hydrophilic microfluidic channels. If a
microfluidic channel with undesirable wetting properties or use a microchannel with
partially wetting is utilized, the disordered flow patterns will be obtained.

With regard to flow regimes, in T-junction, the flow regimes are classified into 3
types, including dripping, squeezing, and jetting, which have been intensely

investigated experimentally®* % 110

and theoretically— in recent years. The flow regimes
can be dependent of Ca number. Similarly, three types of flow regimes have been
reported in co-flowing and flow-focusing microfluidic devices, including dripping,
squeezing, and jetting."*" In addition, an intriguing flow regime called tip-streaming has
also been reported in flow-focusing microchannels, which is considered as a promising

breakthrough for producing submicron-sized emulsion droplets. 28

1-3-4 Multiple emulsion formation

The advent of microfluidic technology has also enabled preparation of multiple
emulsions with controlled sizes and structures. Monodisperse multiple emulsions have
been produced by utilizing a variety of droplet-based microfluidic devices, which is
mainly classified into two techniques; two-step emulsification and one-step
emulsification method.

In general, monodisperse double emulsions have been fabricated in a two-step
emulsification technique by firstly producing inner droplets, followed by second
encapsulation of them in an external flow. Two-step emulsification has been widely
used for generation of W/O/W double emulsions™® and oil-in-water-in-oil (O/W/O)
double emulsions. The two-step process utilizes two different combinations of simple
geometries with opposite wettability such as T-junction, co-flowing, flow-focusing, and
cross-flowing and produces discrete double emulsions by forming the internal droplets

19



at the first geometry and the external droplets at the second, through two T-junctions,*?°

21 two co-flowing,*?? 123125

two flow-focusing, and two sequential cross-junctions
Moreover, adjusting the microfluidic geometry and the flow rate upon emulsification is
important parameters to control over the size of either inner or outer droplets, the
thickness of the middle layer, and the number of inner droplets.

For the two-step process, in order for a stable emulsion to form, the surface of
microchannel must be tailored to the wettability of the continuous phase. In the case of
W/O/W emulsion formation, the surface required to be modified locally to ensure a
W/O emulsion at the first junction and a (W/O)/W emulsion at the second junction. For
example, hydrophilic glasses are selectively tailored to be hydrophobic using silane
coupling reagents to obtain W/O emulsion.*?® On the other hand, hydrophobic PDMS is
partly converted to be hydrophilic for O/W emulsion formation.*?® The modification of
PDMS is generally employed using plasma treatment, however the treatment does not
make PDMS hydrophilic for a long term and the intrinsic hydrophobicity of PDMS can
recover within a few days.’

Compared with the two-step approaches, the one-step process only requires a single
step emulsification to generate double emulsions or multiple emulsions. Utada et al.
have developed a microcapillary device with a coaxial geometry consisting of
cylindrical glass capillary tubes inserted into a square glass tube in order to produce

multiple emulsion droplets in a single step emulsification.'?®

Although the innermost
and the middle phase fluids were pumped from the same direction, through the inner
cylindrical capillary tube and the outer capillary region, respectively, the outermost
phase fluid was pumped from the outer coaxial region from the opposite direction. The
generated co-axial flow breaks into droplets at the exit orifice via Rayleigh-Plateau

instability,**°

resulting in double emulsions. The device has a 3D geometry and thus the
dispersed phases are fully covered with external fluid and do not wet the outer coaxial

region.

1-3-5 Microfluidic fabrications of polymer microparticles

Monodisperse PLGA or PLA microparticles have been prepared via microfluidic
emulsification of O/W emulsions, followed by ex-situ solvent evaporation.®® *3%33 The
process has enabled preparation of uniform-sized polymer particles in the range of
several tens to hundreds micrometer. The size distribution of the particles is quite
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narrow with less than 5% in the coefficient of variation (CV) defined as the ratio of the
standard deviation to the mean diameter. For example, Xu et al. have reported
preparation of amphiphilic drug (bupivacaine)-loaded monodisperse PLGA
microparticles by utilizing O/W emulsion produced by a flow-focusing microfluidic
device made of PDMS, followed by ex-situ solvent evaporation.®® The prepared
monodisperse microparticles exhibited slower drug release than that prepared using the
conventional methods with the same average size but with a broader size distribution,
and significant suppress of initial burst, presumably because of the uniform distribution
of the drug in the particles generated with microfluidic approach. He et al. also reported
preparation of paclitaxel (PTX) loaded monodisperse poly(L-lactic acid) (PLLA)
microparticles using a combination of a cross-junction type microfluidic device made of
PDMS with surface modification and ex-situ solvent evaporation.*** They prepared
monodisperse PTX-loaded PLLA microparticles in the range of 30 to 50 um, with less
than 4% in the CV. Compared to polydisperse microparticles prepared by conventional
methods, the monodisperse microparticles generated with the microfluidic technique

exhibited considerably slow and sustained release of PTX, continuing for a few weeks.

1-3-6 Microfluidic fabrications of polymer microcapsules

Considerable efforts have been devoted to development of the method for controlling
the structures of polymer particles including seeded polymerization,**
photopolymerization of droplets under confined geometry in microfluidic devices,*®
addition of porogens in the emulsion systems,** interfacial instability of droplets in

which amphiphilic copolymer is dissolves,**"*®

139-140

internal phase separation in

droplets, 141

and complex emulsion template-photopolymerization.” Among them,
biocompatible polymer microcapsules consisting of a liquid oil core and a polymeric
shell have been prepared by a combination of internal phase separation in O/W
emulsion and solvent evaporation. For example, Zhao et al. reported preparation of
PLLA microcapsules incorporating self-healing reagents in the core via internal phase
separation in the organic phase and subsequent solvent evaporation.**> They showed
that the microcapsules could encapsulate model hydrophobic self-healing reagents such
as alkanes, cycloalkanes, halogenoalkanes, and perfluoroalkanes. Moreover, structural
complexity has been introduced on poly(ethylene glycol)-b-poly(D,L-lactide)
(PEG-b-PLA) microcapsules encapsulating perfluorooctyl bromide (PFOB) in the core
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by internal phase separation and interfacial instability induced by PEG-b-PLA during
solvent evaporation.*** The resultant microcapsules with a PFOB core and PEG-b-PLA
shell have sponge-like surface morphology, which is advantageous to an increase of
surface area. The surface structure was modulated by adjusting the polymer
compositions of the dispersed organic phase. Furthermore, Lensen et al. prepared
relatively monodisperse PLLA microcapsules encapsulating dodecane in the core by
making use of a flow-junction type microfluidic device and internal phase separation in
the polymer droplets, followed by solvent evaporation.*** They also showed the release
of Oil red-O from the monodisperse microcapsules and prepared hollow microcapsules
by removal of dodecane core via lyophilization. Duncanson et al. reported
monodisperse porous PLA microcapsules prepared by a combination of
perfluorinated-dendrimer dye complex as a pore-forming agent and O/W emulsion
solvent evaporation using a flow-focusing microfluidic device.*®* Using fluorous
properties of the pores on the microcapsules, additional guest molecules could be
attached into the pores, enabling to employ dual drug delivery.

For microcapsules with aqueous cores, the most common preparation method is
W/O/W emulsion solvent evaporation.* Lee et al. described the preparation of
monodisperse PLGA microcapsules with aqueous core and near-infrared (NIR) stimuli
responsiveness by W/O/W emulsion formation using a flow-focusing microfluidic
device and subsequent solvent evaporation'*®. It was shown that the both composition
of PLGA and the organic phase of the W/O/W double emulsions play an important role
in determining the final morphology and change of solvent quality of the middle organic
phase during solvent evaporation also gave rise to morphological diversity from
spherical to “snowman-like”. Introduction of Au nanoparticles in the shell of the
microcapsules imparted the NIR sensitivity on the microcapsules, which enabled
triggered release of the encapsulated substances. In addition, Amstad et al. represented a
microfluidic method to produce monodisperse thermo- and photoresponsive
polymersomes having high encapsulation efficiency. The polymersomes were composed
of thermoresponsive copolymer,
poly(N-isopropylacrylamide)-b-poly(lactide-co-glycolide) (PNIPAM-b-PLGA),
PEG-b-PLA and surface modified Au nanoparticles.**’ The ability to trigger release of
encapsulated reagents without changing the overall solution temperature was achieved
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by direct incorporating Au nanoparticles into the hydrophobic shell of the
polymersomes.

1-4 Motivation, objective and strategy of this study

Microfluidic approach to fabrication of polymer microparticles have gained increasing
interest in the last decade because they provide polymeric containers with controllable
sizes and structures, which can be applied to various chemical products, including inks,
coatings, pharmaceutics, agrochemicals, and cosmetics. Among them, the most common
procedure for preparing monodisperse PLGA or PLA microparticles is aforementioned
emulsion-solvent evaporation methods. However, requirement of use of organic
solvents (especially halogenated solvents) as a dispersed organic phase and the residue
of them in the final products actually make it difficult to use the resultant microparticles
as drug delivery vehicles for in vivo applications due to its high toxicity for human
health. In addition, the vapour of the solvents during evaporation also causes
environmental problems. Moreover, it takes much time to precipitate the polymers from
the droplets via evaporation, which leads to limitation in the mass production of them.
Furthermore, few studies have been reported in terms of structural control of
biocompatible polymer particles, although design of polymer particle structures can
improve or enhance properties of polymer particles. Therefore, it is extremely important
to construct a simple environmentally friendly process for preparing monodisperse
biocompatible polymer particles using microfluidic technologies and to develop a new
technique to control the structures by microfluidics coupled with physicochemical
phenomena.

In the present study, a novel continuous process for production of monodisperse PLA
microparticles by combining microfluidic emulsification with subsequent solvent
diffusion has been developed. Solvent diffusion is one of top-down technology using
O/W emulsion in which the dispersed organic phase is partially miscible with water
such as ethyl acetate (EA) and methylethylketone. Because of high solubility of these
solvents in water, the microparticles are quickly obtained just by diluting the emulsion
with a large excess amount of pure water, which extensively shortens preparation time.
In addition, EA is a relatively low-toxic organic solvent approved by the FDA, which

reduces environmental burden.
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By utilizing a combinatorial process of microfluidic emulsification and solvent
diffusion with physicochemical phenomena based on interfacial chemistry, including
internal phase separation and spontaneous emulsification assisted by amphiphilic
diblock copolymer, monodisperse PLA microparticles with various controlled structures
have been produced. The formation mechanisms of each structure were also discussed
in this thesis. In the process, the quick removal of organic solvent from the droplets
shortens the preparation time about several hundreds times compared with conventional
techniques using halogenated solvents. In addition, all components used in the
preparations are biocompatible, which is great advantageous to applications for
biomedical field. Furthermore, fine control of flow conditions using a simple Y-shaped
microfluidic device has made it possible to prepare monodisperse microspheres as small
as 10 um in the diameter, which has never been achieved by the other groups. The
insights gained from this work should stimulate the exploration of novel applications of
polymer particles as well as scientific interests in structural control of polymer particles.
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Chapter 2
Preparation of monodisperse PLA

microparticles using microfluidics

2-1 Introduction

Microparticles consisting of biodegradable polymers have been developed for use in
chemical industry such as in coatings, inks, foods, cosmetics, agrichemicals and drug
delivery carriers.”® Especially, PLA and PLGA have been intensely studied all over the
world in recent decades because they can be synthesized from renewable resources. In
addition, they also have excellent biodegradability and biocompatibility. Because of this,
when they are taken into our body, they undergo hydrolysis reaction under acidic or
alkali conditions, which gives rise to secession of the polymer chains and provides their
monomer molecules that are non-toxic to the human body and environment.

In general, PLA/PLGA microparticles are prepared by emulsion-solvent evaporation
technique.*” In this technique, O/W emulsion is employed as a template, in which the
dispersed organic phase consists of the polymer with a volatile solvent. As the volatile
solvent evaporates from the polymer droplets, the droplets shrink and the concentration
of polymer in the droplets increases and eventually reaches the saturation concentration,
thereby precipitating the polymer and yielding the polymer particles with a spherical
form. It is considered that these microparticles are promising candidates as a drug
delivery carrier to employ sustained release of drugs. However the technique has some
drawbacks to be addressed such as the presence of toxic organic solvent residues and a
surfactant in the end products, requirement for multi-step preparation and minimal
control of the size of the microparticles.

During the emulsion preparation, dichloromethane (DCM) or chloroform are
commonly used as an organic solvent due to the good solubility of polyesters and its
high volatility, which facilitates the evaporation from the emulsion droplets, however,
the remaining solvents in the end products are severely toxic to human health,
especially for their organs such as liver and kidney when the microparticles are used as
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a drug carrier®. In addition, surfactant residues after the microparticle preparation are
the other impurity and make it difficult to obtain fine end products. Therefore, the
complete removal of them from the products is required to improve the quality of the
products.

From the point of view of chemical industry, the multi-step preparation of the
microparticles increases the equipment investment and the total production cost.
Considering solvent evaporation process after the emulsion preparation, it takes several
tens minutes to hours to remove the organic solvent from the system, depending on the
volume of reaction vessel even if volatile organic solvents discussed above are
employed. This evaporation process is the rate-determining step to obtain the
microparticles.

Regarding microparticle size, uniformity in the diameter enhances the quality of the
final products in all applications and saves further separation processes. Especially for
drug delivery applications, monodisperse carriers decrease undesirable side effects and
achieve precise control of drug release kinetics and encapsulation efficiency.**° In the
last decade, extrusion emulsification using a Shirasu porous glass membrane, followed
by emulsion-solvent evaporation has been developed to produce uniform
microparticles.""™> However, in fact, the polydispersity of the droplets is higher around
CV = 7-15% than that in microchannel emulsification. In addition, it is difficult to
control over the diameter of the microparticles because the diameter and the
monodispersity are strongly dependent on the pore size distribution of the membrane
that is used. Furthermore, the intrinsic surface anion charge of the membrane also
affects the droplet production, which gives limitation in the choice of surfactant
regardless of stability of the emulsion. On the other hand, microfluidic approaches have
enabled the fabrication of monodisperse microparticles with well-defined sizes and
structures.'®® For example, using a coaxial microcapillary fluidic device, monodisperse
PEG-b-PLA polymersomes have been prepared via W/O/W emulsion-solvent
evaporation method by Weitz group.™ In the preparation of W/O/W emulsion, however,
a mixture of toluene and chloroform, toxic to human health, was still used as the middle
organic phase. In addition, the prepared emulsion was required to be stored in a vessel
for a few hours until the polymersomes were obtained by evaporation of the organic
solvent from the dispersed phase. To employ microfluidic technology for industrial
production of functional microspheres, it is desirable to construct a simple and
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environmentally friendly continuous process for the preparation of monodisperse
microspheres.

In this chapter, a novel, environmentally friendly method to fabricate monodisperse
PLA microparticles with controlled sizes through combining microfluidic emulsification
and subsequent emulsion-solvent diffusion is described. The microfluidic emulsification
technique is used to fabricate monodisperse O/W single emulsions. During the
preparation, alternative to DCM and chloroform, EA, an organic solvent approved by
the FDA, is used as an organic phase because of its low toxicity and its high solubility
in water (8.7%, w/w). The high solubility of water in EA allows polymer droplets to
solidify by solvent diffusion process. On the other hand, although almost all
conventional reports have employed poly(vinyl alcohol) or sodium dodecyl sulfate to
produce stable O/W emulsions, as discussed earlier, the remaining surfactant on the
surface of microparticles is not always good for the clinical applications. Thus, instead
of these commercial surfactants, w-PEG-b-PLA is applied to the emulsion preparation
since the whole diblock copolymer is an environmentally friendly nature, meaning that
there is no need to consider the residue in the end products. The PEG segment is
hydrophilic and biocompatible, whilst the PLA segment is hydrophobic and
biocompatible. In addition, EA is a good solvent for only the PLA segment, though
DCM dissolves both the PEG and the PLA segments. For this selective solubility of the
copolymer, w-PEG-b-PLA plays a role in a surfactant in EA/water emulsion system.

PLA and PEG-b-PLA with different compositions were firstly synthesized by a
ring-opening polymerization. The surface activity of w-PEG-b-PLA between EA and
water saturated with EA was evaluated by using a Wilhelmy plate method. Then the
optimal conditions for preparing monodisperse O/W emulsion by microfluidic
emulsification were investigated. The effect of the continuous flow rate on the diameter
of polymer droplets was also investigated. Monodisperse PLA droplets were then mixed
with excess amount of pure water, which facilitated the solvent diffusion of EA from the
droplets to the external aqueous phase and resulted in precipitation of PLA
microparticles. The effect of the flow rate of continuous phase and the concentration of
PLA in the organic phase on the diameter of the microparticles was investigated. In
addition, the diameters of the microparticles obtained in the experiments were in
comparison with those theoretical values in order to evaluate the compactness of the
resulting microparticles. Moreover, the effect of addition of 0-PEG-b-PLA on the final
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morphology was investigated.

2-2 Experimental procedures
2-2-1 Materials

D,L-lactide was purchased from Purac (Netherland), which was used as a monomer for a
ring-opening polymerization after recrystallization using toluene. Poly(ethylene glycol)
monomethyl ether (PEG, Mn = 4,000, Mw/Mn = 1.06) was kindly supplied from NOF
(Japan) and used as a macromoinitiator for the polymerization. Tin(Il) 2-ethylhexanoate
(Sn(Oct),), n-hexane, 2-propanol and EA were obtained from Wako Pure Chemical
Industries, Ltd. (Japan). All reagents are of the finest grade available and used as
received. Ultra pure water was produced by a Millipore Milli-Q purification system
(EMD Millipore Corporation, USA).

2-2-2 Syntheses of PLA and PEG-b-PLA

PLA and PEG-b-PLA were synthesized by a ring-opening polymerization of D,L-lactide
using lauryl alcohol and PEG as an initiator, respectively in the presence of Sn(Oct), as
a catalyst (Scheme 2-1).? D,L-lactide, the initiator and a toluene solution of tin(Il)
2-ethylhexanoate at 80 mg mL™ were introduced into a glass ampule, which was sealed
in vacuo and immersed in an oil bath at 130 C. The polymerization was carried out for
24 hours. After the reaction, the ampule was broken and the reaction mixture was
dissolved in 50 mL of chloroform, which was reprecipitated in 400 mL of n-hexane
through a cotton filter. The precipitated polymer was recovered by decantation and
washed with 2-propanol, after which the product was dried in an oven at 40°C under
reduced pressure. The molecular weight distributions (Mw/Mn) of the polymers were
measured by Gel Permeation Chromatography (GPC, HLC-8220GPC, TOSOH, Japan)
at 40°C, equipped with a refractive index detector and columns (TSKguardcolumn
SuperH-H, TSKgel SuperHM-H, and TSKgel SuperH2000, TOSOH, Japan). THF was
used as the eluent at a flow rate of 0.6 mL min™. The calibration curve was prepared by
using polystyrene standards. The chemical structures of the polymers were confirmed
from *H NMR spectra. The analysis was carried out using a JEOL FT NMR System
(300 MHz, JMN-AL300, JEOL, Japan) at room temperature in CHCI3-d. The number
average molecular weights (Mn) of the polymers were calculated from *H NMR spectra.
With regard to PEG-b-PLA diblock copolymers, they were characterized using
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hydrophilic-lipophile balance (HLB) calculated by Griffin’s method using the equation
as follow.?

M,(PEG)
M, (PEG — b — PLA)

HLB = 20 x (2-1)

Scheme 2-1 Synthesis of PLA and PEG-b-PLA via ring opening polymerization of
D,L-lactide.
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2-2-3 Interfacial tension measurement

The interfacial tensions between EA and EA-saturated aqueous solutions dissolving
w-PEG-b-PLA at various concentrations were measured using a Wilhelmy plate
interfacial tension meter (K100, Kriss, Germany). The aqueous solution containing
w-PEG-b-PLA (Mn=4,400, Mw/Mn= 1.05, HLB= 18.2) at various concentrations (5
mL) was poured into a 50 mL vessel, and then EA (20 mL) was gently added into the
agueous solution. The measurements were performed at 20°C. The interfacial tension
was accepted as an equilibrium value when it reached constant value regardless of time.

2-2-4 Fabrication of PLA microparticles using microfluidics

The schematic illustration of the preparation process of PLA microparticles is shown in
Scheme 2-2. Poly(D,L-lactide) (PLA, Mn= 3,200, Mw/Mn = 1.12) was dissolved in EA,
which was served as a dispersed organic phase. The concentrations of the PLA were 1.0,
2.5 and 5.0 wt%, depending on the conditions. Aqueous solution saturated with EA,
dissolving 1 wt% of w-PEG-b-PLA (Mn= 4,400, Mw/Mn =18.2) was used as a
continuous aqueous phase. After complete dissolution of polymers in the solvents, each
solution was placed in a glass microsyringe (1000 series, Hamilton Company, RN). The
microsyringes were mounted on syringe pumps (BS-MD1001, ISIS Co., Ltd) and
syringe pump controller (BS-MD 1020, ISIS Co., Ltd) that can synchronously operate
two syringes at various flow rates. The solutions were separately fed into a simple
Y-shaped microfluidic device (Kasen Nozzle Co. Ltd., Japan). The organic phase flow
channel (¢ 126 um wide x 75 um depth) meets the aqueous phase flow channel (¢ 136
um wide x 75 pum depth) at an angle of 44". The flow rate of the organic phase (Qq) was
kept constant at 1 pL min™, whilst that of the aqueous phase (Q.) was controlled from 5
to 100 puL min™. Prepared O/W emulsion droplets were directly poured into 100 mL of
ultrapure water via Teflon tubing (¢ = 0.5 mm, L = 20 cm), which was connected to the
outlet of the microfluidic device. The tip of the tubing was immersed into the ultrapure
water in a vessel (100 mL). EA was rapidly removed from the polymer droplet (organic
phase) by solvent diffusion to the water phase, inducing volume reduction in the
droplets and eventually precipitating PLA as a spherical form. The system was run for
more than 15 minutes, after which solidified microparticles were collected in a 15 mL
of centrifugation tube, centrifuged at 11,000 rpm for 3 minutes, and washed with
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ultrapure water three times so as to remove excess W-PEG-b-PLA. Then, the
microparticle dispersion was lyophilized over night.

Scheme 2-2 Schematic illustration of the procedure to fabricate monodisperse PLA

microparticles by combining microfluidic emulsification and solvent diffusion.
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100 mL water

2-2-5 Observation of the microparticle morphology

Prepared O/W emulsion droplets in the Teflon tubing were observed using an optical
microscope (OLYMPUS BX50). The microparticles after freeze-drying were observed
by a scanning electron microscope (SEM, S-4700, Hitachi, Ltd.) at an intensity of 1 kV
under various magnifications. Prior to observation, the samples were coated with Pt-Pd
using a sputter-coater (E-1030 lon Sputter, Hitachi, Ltd.). From optical microscopy
images and SEM microphotographs, polydispersity of the droplets and the
microparticles was characterized as the coefficient of variation (CV), CV = o/ D, where
o is the standard deviation of droplet diameter (um) and D is the mean diameter of the
droplets (um). To obtain D and CV of droplets and microparticles, the dimensions of
200 samples were measured.
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2-2-6 Calculation of theoretical microparticle size
Theoretical final particle size (Dy,) was estimated from the initial emulsion droplet size

and the dispersed phase compositions using the following equation.
Dy, = [xpra/(1 =€) (pa/Ppra)1*”® * Darop (2-2)

where Dgrop; €mulsion droplet size [um], XpLa; mass fraction of PLA in EA [-], &
particle porosity [-], pea; density of EA [g mL™], and pp_a; density of PLA [g mL™].
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2-3 Results and discussion
2-3-1 Syntheses of PLA and PEG-b-PLA

Both PLA and amphiphilic PEG-b-PLA were synthesized via ring-opening
polymerization of D,L-lactide initiated by initiators having a hydroxide group. Figure
2-1 shows 'H NMR spectra of representative PLA and PEG-b-PLA. In Figure 2-1 (A),
peaks a (6= 1.57), b (6= 5.15) and ¢ (o = 1.35) were assigned to methine proton of the
PLA block, methyl protons of the PLA block and dodecyl protons relating to the
initiator, respectively. From these peaks, the synthesis of PLA was confirmed. In Figure
2-1 (B), a successful synthesis of PEG-b-PLA was also confirmed from the peaks
derived from the PEG block ((d) 6= 3.65 and (e) 6= 3.35) and the PLA block ((a) 6 =
1.60 and (b) 6=5.10).

The molecular weights and the molecular weight distributions of PLA and
PEG-b-PLA were summarized in Table 2-1. The molecular weights of PLA were
determined from the spectrum by comparing the relative intensity of dodecyl groups of
lauryl alcohol and the methine groups of the PLA block. In the case of PEG-b-PLA, the
molecular weight was calculated by comparing the ratio of methine protons of the PLA
block to methylene protons of the PEG block. In the polymerization, the molecular
weights of PLA and PEG-b-PLA were finely controlled by changing the molar ratio of
monomer to initiator. As shown in Table 2-1, the molecular weight distributions of
polymers were narrow (Mw/Mn ~ 1.3), implying that the ring-opening polymerization
proceeded with a pseudo-controlled living process. With regard to PEG-b-PLA diblock
copolymers, two kinds of them with different solubility were synthesized. One is
water-soluble PEG-b-PLA with HLB value at 18.2, which was used as a polymeric
surfactant when preparing the O/W emulsion. The other one is oil-soluble PEG-b-PLA
with HLB lower than 10, which is soluble in EA but poorly soluble in water. The
oil-soluble PEG-b-PLA was used as a matrix of microparticles.
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Figure 2-1 *H NMR spectra of (A) PLA and (B) PEG-b-PLA. (Solvent; CHCl3-d).

Table 2-1 Synthesis results of PLA and PEG-b-PLA.

Sample PEG-PLAMHN LA Mw/Mn" HLB¢

PLA-1 - 3,200 1.12 -

PLA-2 - 7,300 1.31 -
0-PEG-bh-PLA 14,200 10,200 1.20 5.6
w-PEG-b-PLA 4,400 400 1.06 18.2

@ Calculated from 'H NMR spectra. ® Determined by GPC.
¢ Calculated by Griffin’s method. HLB = 20 X Mnpgg / Mpegppia
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2-3-2 Interfacial tension measurement

In order to obtain stable emulsions without coalescence, it is important to use a
surfactant with a high surface activity. As discussed above, in the previous study,
EA/water (O/W) nanoemulsion has been successfully prepared using w-PEG-b-PLA.%
However, the surface activity of w-PEG-b-PLA such as critical micellar concentration
(CMC) that is a concentration above which the surfactant molecules start to form
micelles has never been determined. Therefore, the interfacial activity of w-PEG-b-PLA
between the given emulsion system was firstly assessed by measuring the interfacial
tensions.

Figure 2-2 depicts interfacial tensions between EA and water-saturated with EA as a
function of w-PEG-b-PLA concentration in aqueous phase. The interfacial tension
without the surfactant was 5.3 mN m™ (data not shown), which is relatively lower
interfacial tension than the other typical O/W systems.”® This lower interfacial tension
comes from high miscibility of EA in water. In Figure 2-2, the interfacial tension
decreased with increasing the concentration of w-PEG-b-PLA and reached plateau
value around 2.6 mN m™ above 0.01 wt% although it showed a slight decrease at higher
concentration. From the kink in Figure 2-2, the CMC of w-PEG-b-PLA was determined
at 0.01 wt%. These results showed that w-PEG-b-PLA had a strong surface activity at
an interface between EA and water saturated with EA. Considering the results, when
preparing O/W emulsion in the following experiments, the concentration of
w-PEG-b-PLA in the continuous phase was fixed at 1 wt%, which is approximately 100
folds of the CMC.
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Figure 2-2 Interfacial tensions between EA and water saturated with EA as a function
of w-PEG-b-PLA concentration in the continuous phase. The interfacial tension
between them in the absence of w-PEG-b-PLA was 5.3 mN m™.

50



After successful synthesis of polymers in this study, the design of microfluidic device
used for producing monodisperse emulsion droplets was considered. In order to prepare
O/W emulsion in microchannel, it is inevitable to use a microfluidic device with
hydrophilic surface to circumvent undesirable wetting of the dispersed organic phase on
the channel. In this study, a commercial microfluidic device with a simple Y-shaped
geometry was chosen to generate O/W emulsions, which was made from SUS that was
covered with a thick glass plate. The advantage of SUS for a material of the channel is
to have not only hydrophilic surface but also high chemical resistance.

On the emulsion preparation, an EA solution dissolving 1 wt% of PLA (Mn = 3,200,
Mw/Mn = 1.12) was used as a dispersed organic phase. For the continuous aqueous
phase, an aqueous solution containing 1 wt% of w-PEG-b-PLA (Mn = 4,400, Mw/Mn =
1.05, HLB = 18.2), with saturated amount of EA or not was utilized. These solutions
were separately fed into a Y-shaped microfluidic device using a syringe pump. The flow
rates of the dispersed phase (Qq) and the continuous phase (Q.) were fixed at 1 puL min™
and 10 pL min™, respectively. At the Y-junction, the dispersed organic phase was
periodically emulsified by the continuous aqueous phase, resulting in O/W emulsion
droplets. The polymer droplets travelled towards the downstream of the channel, Teflon
tubing, and eventually were mixed with excess amount of pure water outside of the
tubing. Then EA was rapidly removed from the polymer droplets by solvent diffusion to
the external aqueous phase, leading to volume shrinkage of the droplets and an increase
of the polymer concentration in the droplets. Within a few seconds after the emulsion
was mixed with pure water, polymer molecules that were no longer dissolved in the
droplets started to precipitate and finally formed hardened microparticles.

2-3-3 Effect of EA in the continuous phase on droplet formation

Figure 2-3 shows optical microscopic images of the prepared O/W emulsion in which
the continuous aqueous phase was saturated (A) without and (B) with EA. It was found
that when using an aqueous solution without EA as the continuous phase, the droplet
formation was stable, however the resultant emulsion became polydisperse at the
downstream due to partial diffusion of EA into the neighbouring aqueous phase. On the
contrary, it was found that droplet formation periodically occurred in the case with
using an aqueous solution saturated with EA. As a result, monodisperse O/W emulsion
was successfully generated as shown in Figure 2-3 (B). Obviously, the prepared
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emulsion droplets were bigger than those in Figure 2-3 (A), indicating that the
suppression of quick diffusion of EA into the continuous aqueous phase enabled
production of monodisperse droplets. It was also found that the droplets did not
coalesce in the tube at all but they collapsed when the emulsion was dropped onto a
slide glass at the outlet of the tube. This result indicates that the droplets are stabilized
by w-PEG-b-PLA at the interface between EA and EA-saturated aqueous solution.
However, since EA is a volatile organic solvent, it readily evaporates when the
emulsion solution is exposed to air on a slide glass, leading to the breakup of the
droplets.

Consequently, in order to fabricate stable and monodisperse O/W emulsion, it is very
important that the emulsion solution should not be exposed to the air before solvent
diffusion and that the continuous phase should be saturated with EA.

Figure 2-3 Optical microscopic images of O/W emulsions prepared by microfluidic

emulsification. The continuous aqueous phase was (A) an aqueous solution dissolving 1
wt% w-PEG-b-PLA and saturated amount of EA and (B) an aqueous solution dissolving
1 wt% w-PEG-b-PLA. The pictures depicted in Teflon tubing connected to the exit of
the microfluidic device (Qq =1 uL min™, Q. = 10 uL min™).
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2-3-4 Effect of flow rate upon emulsification on droplet size

Secondly, an important parameter to consider, mainly for microfluidic emulsification, is
the droplet size and the monodispersity at different flow conditions. Relying on the flow
conditions such as viscosity ratios of the both phases and flow rate ratios, there may be
possible that the emulsification behaviour would change, which results in polydisperse
emulsion droplets. It is important to obtain monodisperse droplets in the wide range of
the emulsification conditions in order to produce the microparticles that can be useful
for ubiquitous applications. To investigate the flow feasibility on emulsification,
emulsion droplets were prepared by altering the flow rate of the continuous phase whilst
maintaining that of the dispersed phase constant at 1 L. min™. In Figure 2-4, the optical
micrographs illustrate the resultant O/W emulsion droplets prepared by different flow
rates. The images show that regardless of the flow conditions, monodisperse emulsion
droplets are successfully formed within the experimental conditions investigated and as
the continuous flow rate raises, the diameter of the droplets dramatically decreases. It is
also important to note that the mean diameter of the emulsion droplets is smaller than
the width of the channel as shown in Figure 2-5. The result means that microfluidic
emulsification can produce smaller droplets than the width of the channel, which is
superior to SPG membrane emulsification that can only produce emulsion droplets with
the diameter as small as the pore size. In terms of the flow rate, it was also found that
successful feeding of both solutions was achieved at the flow rate ratio of the
continuous phase to the dispersed phase at 100 holds, which gave smallest emulsion
droplets that were difficult to observe in Teflon tubing during flowing (data not shown

here).

53



Figure 2-4 Optical micrographs of monodisperse emulsion droplets prepared by
changing the Q. at a fixed flow rate of the Qq. The Q. = (A) 5 uL min, (B) 10 pL min™
and (C) 20 puL min™*. The Qq was constant at 1 uL min™.
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Figure 2-5 Effect of the flow rate of the continuous phase whilst keeping that of the
dispersed phase at constant (Qq = 1 uL min™) on the mean diameters of droplets.
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2-3-5 Effect of flow rate upon emulsification on particle size

Following the optimization of microfluidic emulsification, the preparation of
monodisperse PLA microparticle was employed by O/W emulsion-solvent diffusion.
The monodisperse O/W emulsion was poured into water (more than 50 times of the
volume of the O/W emulsion) in order to trigger the diffusion of EA from the emulsion,
resulting in the rapid solidification of droplets. After freeze-drying of the particle
dispersion overnight, the prepared microparticles were observed by SEM.

Figure 2-6 shows SEM images of the resultant PLA microparticles prepared by
changing the flow rate of the continuous phase upon emulsification. It was shown that
monodisperse PLA microparticles with a smooth surface were obtained regardless of the
emulsification conditions. Figure 2-7 describes the diameter difference between the
emulsion droplets and the particles after solvent diffusion as a function of the flow rate
of the continuous phase in the preparation. In Figure 2-7 (A), the results clearly show
that the diameter of the final microparticles declines with an increase of the continuous
phase flow rate. In addition, each particle diameter is highly monodisperse with less
than 5% in CV and about 5 times smaller than that of the original droplets before
solvent diffusion as shown in Figure 2-7 (B). These are because the shear force at the
Y-junction in the microfluidic device is increased with increasing the continuous phase
flow rate, leading to the production of smaller droplets. These droplets are then finally
shrunken by solvent diffusion. Therefore, the diameter of the microspheres is smaller
than that of the droplets. It is worth mentioning that the minimal diameter of the
microparticles obtained in this study is 6.3 um. As far as | know, this is the smallest
PLA microparticles prepared via microfluidic emulsification, thus it is evident that this
technology is advantageous to preparing monodisperse microparticles with smaller
diameter.
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Figure 2-6 SEM images of PLA microparticles prepared by microfluidic emulsification,
followed by solvent diffusion. The Q. was (A) 10 (B) 20, (C) 50 and (D) 100 pL min™
at a fixed Qq of 1 uL min™. The concentration of PLA and w-PEG-b-PLA were 1 wt%.
The obtained microparticles were freeze-dried before SEM observation. The inset is

magnified view with a scale bar corresponding to 20 um.
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Figure 2-7 (a) Diameter difference between emulsion droplets and the resultant
microparticles. (b) Shrink ratio of particle to droplet as a function of the Q. (at a given
Q¢ =1 puL min™).

2-3-6 Effect of PLA concentration on particle size

In addition, it was found that the initial PLA concentration in the dispersed phase also
affected the diameter of the microparticles. The microparticles were prepared by
altering the original PLA concentration (1.0, 2.5, and 5.0 wt%). Figure 2-8 shows the
diameter change of the microparticles prepared by varying the initial PLA concentration
in the dispersed phase as a function of the flow rate of the continuous phase. Comparing
with the microparticles prepared with different PLA concentrations and with a fixed
flow rate of the continuous phase, the final diameter of the microparticles became
bigger as an increment of the initial PLA concentration although the diameter of the
emulsion droplets were almost same. This must be caused by a difference in the
solidification rate of the microparticles. As the polymer concentration is increased, the
polymer concentration in a droplet easily reaches the supersaturation concentration in
the time course of solvent diffusion, thereby decreasing the size difference between the
droplets and the particles, which results in bigger microspheres. Regardless of the initial
PLA concentration, the diameter decreased with raising the flow rate as shown in Figure
2-8. The size distributions of the microparticles were relatively monodisperse (CV~8%).
In Figure 2-9, SEM observation clearly revealed that the microparticles had a smooth
surface. Figure 2-10 shows the dependence of the original PLA concentration in the
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dispersed phase on the diameter of PLA microparticles. The results were plotted in the
graph with a double logarithmic axis of the mean diameter versus the initial
concentration. The slope of the proportional line was 0.38, which is in good agreement
with the proportional to third root of PLA concentration. The result implies that a single
PLA microparticle can be produced from a single EA droplet dissolving PLA and that
the final diameter of PLA microparticle is proportional in relation to the third root of the
concentration of the PLA in EA droplets. Therefore, the final PLA microparticle size

would be represented as the following equation.?*

r=alC (2-3)

where r denotes the mean particle size determined from SEM images, a is a constant,
and C represents the concentration of the initial PLA in the solution. With regard to
internal structure of the microparticles, the compactness was assessed by estimating the
theoretical diameter of the microparticles without any pores inside using the mean
droplet sizes and the equation describing in section 2-2-6. Solid lines in Figure 2-8
illustrate the theoretical particle diameters calculated using the equation (2-2) at
porosity () = 0. The results show that all solid lines are in good accordance with the
experimental results, indicating that the microparticles have a highly compact structure
without pores. These results suggests that this approach can easily produce
monodisperse PLA microparticles with a compact structure and the size can be
controlled by changing the flow rates and the concentration of the PLA in the dispersed

organic phase.
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Figure 2-8 Effect of the flow rate of the continuous phase and the original PLA
concentration on the diameter of the resultant microparticles after solvent diffusion.
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Figure 2-9 SEM images of PLA microspheres prepared by varying the flow rate of the

continuous phase and the PLA concentration. The flow rates of the continuous phase
were fixed at 5 (a, f, k), 10 (b, g, ), 20 (c, h, m), 50 (d, i, n), and 100 uL h™ (e, j, 0). The
PLA concentrations in the dispersed phase were 1.0 (a, b, ¢, d, €), 2.5 (f, g, h, i, j), and
5.0 wt% (k, I, m, n, 0). The flow rate of the dispersed phase and the w-PEG-b-PLA
concentration in the continuous phase were kept constant at 1 pL h™ and 1 wt%,
respectively. Scale bars represent 50 um.
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2-3-7 Effect of 0-PEG-b-PLA on the microparticle structure
Moreover, it was found that when using oil-soluble PEG-b-PLA (0-PEG-PLA, Mn =

14,200, Mw/Mn = 1.20, HLB = 5.6) instead of PLA as a matrix for the microparticles,
structural complexity of the microparticles occurred inside the emulsion droplets during
solvent diffusion, leading to microparticles with porous structures (Figure 2-11).

With the aid of a microfluidic device, monodisperse PEG-b-PLA microparticles were
fabricated likewise and the microspheres had a highly porous surface. The diameter and
the CV value were 33.2 um and 5.5%, respectively (Figure 2-12 (A)). From the point of
view of polymer affinity to the solvent, 0o-PEG-b-PLA dissolved in a dispersed phase
would form a reverse micelle structure with a small amount of water. Fabricated
monodisperse oil droplets containing 0-PEG-b-PLA are subsequently solidified by
solvent diffusion. Therefore, the polymer matrix of 0-PEG-b-PLA contains small water
droplets in the PEG domains®. After freeze drying, porous microparticles are obtained
by the evaporation of water from the microparticle matrix.

Furthermore, the porosity of the microparticles was controlled by blending
0-PEG-b-PLA and PLA. As the blend ratio of PLA to 0-PEG-b-PLA was increased, the
surface porosity of the microparticles decreased and the microparticles finally showed a
smooth surface when the ratio was 50/40 (w/w) (Figure 2-12). These results suggest that
this simple fabrication method can readily control the morphology of the microparticles
with a narrow diameter distribution by altering the polymer composition in the

dispersed phase.

2-4 Conclusions
A facile and environmentally friendly process for production of monodisperse

microparticles composed of PLA or PEG-b-PLA by combining microfluidic
emulsification and O/W emulsion-solvent diffusion method was developed. The
diameter of the microparticles was easily tuned by the flow rate of the continuous phase
during the microfluidic emulsification and the polymer concentration of the feed
solution. In addition, the morphology was controlled by the polymer composition
comprising the matrix. These results suggest that this simple fabrication technique has
great potential to produce PLA microparticles with a well-defined diameter and

morphology for use in cosmetics, agrichemicals, and drug delivery applications.
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Figure 2-11 Structural complexity inside the emulsion droplets during solvent diffusion

when using 0-PEG-b-PLA as a matrix instead of PLA. The scale bars represent 50 um.
(left) An initial droplet (middle) A droplet during solvent diffusion, showing a phase
separated structure (right) A final particle after solvent diffusion.

Figure 2-12 SEM images of magnified view of 0-PEG-b-PLA/PLA microsphere
prepared by changing the blend ratios of PLA to 0-PEG-PLA in the dispersed phase.
The blend ratios were (A) 50/0, (B) 50/20, and (C) 50/40 (w/w). Scale bars represent 25
um.
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Chapter 3
Preparation of monodisperse PLA
microcapsules with core shell structures

by internal phase separation

3-1 Introduction

As elaborated in chapter 2, “droplet-to-particle technology” consisting of microfluidic
emulsification and subsequent solvent diffusion has enabled production of
monodisperse PLA microparticles with controlled sizes. The diameter can be precisely
predicted from the composition of the dispersed organic phase and the diameter of the
droplets. Moreover, morphology of the microparticles can be controlled by using
0-PEG-b-PLA diblock copolymer as a matrix for the microparticles, resulting in
microparticles with a porous structure. However, when utilizing the process, the internal
structure of the microparticles is mainly hydrophobic polymer matrix, which is
challenging to encapsulate liquid substances in the microparticles. To overcome the
limitation and to extend the range of the applications, a simple process to fabricate the
microparticles consisting of an oil core and a polymeric shell is required.

Generally, liquid-filled microcapsules are produced by adding a non-solvent for a
matrix polymer to the dispersed phase when preparing O/W or W/O emulsion®® or by

using water-in-oil-in-water (W/O/W) emulsions’

as a template for a solvent
evaporation process. These techniques have been shown as a promising way to
successfully produce core-shell polymeric microcapsules encapsulating lipophilic or
hydrophilic compounds in the core and control their release behaviour.

In terms of microcapsule size, monodisperse microcapsules are preferable in several
applications, especially in drug delivery carriers because they can decrease undesirable
side effects and exhibit controlled drug release Kkinetics and encapsulation
efficiency.’*? Since monodisperse microcapsules can only be produced from precision
emulsion droplets, generation of uniform droplets is of utmost importance process in
fabrication of microcapsules upon using top-down techniques. To date, several methods
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have been developed to produce monodisperse polymeric microcapsules using flow

dynamics such as membrane emulsification,** microfluidic emulsification,***®
V!

and jet
acoustic excitation.”® Among them, droplet-based microfluidic system is considered as
one of the most effective ways to prepare monodisperse microcapsules. Pioneer work by
Utada et al. has been achieved to fabricate monodisperse W/O/W double emulsion
using a coaxial microcapillary fluidic device.?’ Since then, there have been many
reports regarding fabrication of monodisperse microcapsules using a method combining
microfluidics with solvent evaporation. For example, Tu et al. have successfully
controlled the stability and the size of monodisperse PLGA microcapsules by tuning
osmotic pressure between the internal and the external aqueous phase during W/O/W
double emulsion formation” Amstad et al. have developed monodisperse
polymersomes with thermo- and photoresponsive by introducing thermoresponsive
diblock copolymer, poly(N-isopropylacrylamide)-b-poly(lactide-co-glycolide) and
photosensitive gold naoparticles into the shell of the polymersomes.?? For oil-filled
microcapsules, Lensen et al. have employed to prepare monodisperse dodecane-filled
poly(L-lactide) (PLLA) microcapsules using a combination of O/W emulsion-solvent
evaporation and internal phase separation.”® However, these methods require toxic
organic solvents and much time to form microcapsules, and difficult to tailor
microcapsule structures. On the emulsion preparation, DCM or chloroform are
commonly used as the organic solvent due to a good solvent for biodegradable
polyesters and their high volatile properties that facilitate evaporation of the solvent
from the emulsion droplets, although the vapour or residue are considered to be harmful
to environment and human body. In addition, even when using volatile organic solvents
as the dispersed phase, the rate-determining step for the microcapsule formation is the
solvent evaporation process, which actually takes a few minutes to several hours,
depending on the volume of the continuous phase. That is why, the emulsion is required
to be stored in a vessel until the solvent evaporates from the system and the
microcapsules are formed. Moreover, despite the fact that the morphology of
microparticles plays a crucial role in determining the behaviour in the fluid, controlling
loading efficiency and release kinetics of the ingredients, tuning the structure of
polymeric microparticles at a micrometre scale is still challenging. Hence, developing a
simple and environmentally friendly process for production of monodisperse
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microcapsules with controllable size and tailored architecture is in great demand to
expand their functionalities.

In this chapter, a facile straightforward method to continuously produce
monodisperse PLA microcapsules with controlled structures by a modified
“droplet-to-particle technology” is represented, which includes microfluidic
emulsification, emulsion-solvent diffusion, and internal phase separation. In this process,
for a dispersed organic phase, PLA and a non-solvent for PLA, were dissolved in EA.
Monodisperse O/W emulsion droplets were produced by using a commercial Y-shaped
microfluidic device that was used in chapter 2, which were directly poured into an
excess amount of water, inducing rapid extraction of EA from the droplets and internal
phase separation between a non-solvent phase and a concentrated PLA/EA phase.
Within a few seconds, PLA precipitated at the surface of each droplet, resulting in
forming monodisperse PLA microcapsules encapsulating liquid non-solvent. Different
from conventional techniques, this approach for forming robust microcapsules takes
only a few seconds to precipitate the polymer after onset of solvent diffusion, enabling
not only to produce uniform microcapsules in a continuous manner, but also to solidify
microcapsules at a non-equilibrium state and to tailor their structures. In addition,
similar to the system utilized in chapter 2, all components used in the microcapsule
formation are biocompatible, which is great advantageous to applications for biomedical
fields. This is the first demonstration to continuously fabricate monodisperse core-shell
PLA microcapsules with tuneable sizes and structures using solvent diffusion from

simple O/W emulsion droplets.

3-2 Experimental procedures
3-2-1 Materials

PLA and PEG-b-PLA were synthesized by a ring-opening polymerization of D,L-lactide
in the presence of Sn(Oct), as a catalyst using lauryl alcohol and PEG (Mn= 4,000,
Mw/Mn= 1.06) as an initiator, respectively as previously reported in chapter 2. The
D,L-lactide was purchased from Purac (Netherland). The PEG was kindly supplied from
NOF (Japan). Sn(Oct),, EA and perfluorooctyl bromide (PFOB) were obtained from
Wako Pure Chemical Industries, Ltd. (Japan). Porphyrin derivative was kindly supplied

from porphyrin laboratory (Japan). The ultra pure water was produced by a Millipore
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Milli-Q purification system (EMD Millipore Corporation, USA). All reagents are of the
finest grade available and used as received.

3-2-2 Interfacial tension measurement

Interfacial tension measurements were carried out by a pendant drop method using
DSA10 (Kriiss, Germany). An EA droplet containing 25 mg mL™ PLA and a pure
PFOB droplet were formed in an aqueous solution of 1 wt% w-PEG-b-PLA (Mn=4,400,
Mw/Mn= 1.05, HLB= 18.2) saturated with EA. The interfacial tensions were calculated
from the droplet images using image analysis software. The measurements were carried
out at 20 C.

3-2-3 Fabrication of monodisperse PLA microcapsules

A schematic illustration of the preparation procedure of monodisperse PLA
microcapsules is shown in Scheme 3-1. The microfluidic device that was used for the
microcapsule fabrication consisted of a Y-shaped channel (126 um- and 136 um-width
channels with 75 um in depth) made of a SUS basement and a glass cover plate,
fabricated by Kasen Nozzle Mfg. Co., Ltd, Japan. The continuous aqueous phase and
the dispersed organic phase were pumped independently at adjustable flow rates using
syringe pumps connected to the device via Teflon tubing. An aqueous solution saturated
with EA containing 1 wt% of w-PEG-b-PLA (Mn= 4,400, Mw/Mn= 1.05, HLB= 18.2)
was used as the continuous phase and an EA solution composed of 25 mg mL™ of PLA
(Mn= 13,600, Mw/Mn= 1.14 or Mn= 52,000, Mw/Mn= 1.29) and 1.25-15 uL mL™" of
PFOB was used as the dispersed phase. In the case of confocal laser scanning
microscopic observation, a trace amount of porphyrin derivative was added to the
dispersed phase before the feeding. The obtained O/W emulsion was transferred to a
bath filled with 100 mL of ultra pure water through Teflon tubing (&= 0.5 mm, L= 20
cm) whose exit tip was submerged in the water. The EA was then rapidly removed from
the droplet to the massive amount of pure water by solvent diffusion with or without
gentle stirring, leading to precipitation of PLA microcapsules. The microcapsules were
washed with ultra pure water three times by centrifugation (himac CF 15R, Hitachi,
Japan) (3,000 rpm, 3 min) to remove the surfactant, followed by lyophilization
overnight, yielding dried PLA microcapsules.
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Scheme 3-1 Schematic illustration of the process used to continuously produce
monodisperse PLA microcapsules encapsulating liquid non-solvent in the core
through microfluidic emulsification and solvent diffusion, coupled with internal
phase separation.

Microfluidic Emulsification
Continuous aqueous phase

1 wt% water-soluble PEG-b-PLA
aq. saturated with EA

—
- @ —
-  —
—
Dispersed organic phase
Ethyl acetate (EA) sol. dissolving PLA + PFOB

Solvent Diffusion + Phase separation °

Pure water (100 mL)

3-2-4 Observation of the microparticle morphology

Prepared O/W emulsion droplets in the Teflon tubing were observed using an optical
microscope (OLYMPUS BX50). The microparticles after freeze-drying were observed
by a scanning electron microscope (SEM, S-4700, Hitachi, Ltd.) at an intensity of 1 kV
under various magnifications. Prior to observation, the samples were coated with Pt-Pd
using a sputter-coater (E-1030 Ilon Sputter, Hitachi, Ltd.). A porphyrin
derivative-labelled microcapsule dispersion was observed with a confocal laser
scanning microscope (CLSM) equipped with a 1 mW helium-neon laser (Zeiss
LSM-510, Japan). The red fluorescence was observed with a long-pass 560 nm
emission filter under 543 nm laser illumination. The microcapsule sizes and the size
distributions were evaluated by using an image analysis software (Winroof, Mitanishoji
Co., Ltd., Japan). In the analysis, the size distributions were expressed by the coefficient
of variation (CV) that is defined as the ratio of the standard deviation to the mean
diameter. Each calculation used 200 microcapsules.
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3-2-5 Theoretical calculation of the shell thickness of the microcapsules
The theoretical shell thickness of the microcapsules was calculated by the following

1
3
Ttheore. = R (1 - ’1 4 MpLa 'pPFOB> (3-1)
Meore " PpLA

where Tineore, R, MprLa, prros, Mpros, and ppa are the shell thickness of the

equation.

microcapsule, the radius of the microcapsule, mass of PLA, density of PFOB (= 1,930
kg m™), mass of PFOB, and density of PLA (= 1,210 kg m™), respectively.

3-2-6 Observation of formation of microcapsules with a dimpled
surface

The dispersed organic phase (100 uL) and the continuous aqueous phase (1 mL) were
mixed and then emulsified by homogenizer at 1,500 rpm, for 1 minute to prepare O/W
emulsion. The dispersed phase was an EA solution containing 25 mg mL™ of PLA (Mn
= 52,000, Mw/Mn = 1.29) and 15 uL mL™ of PFOB. The continuous phase was 1 wt%
w-PEG-b-PLA (Mn = 4,400, Mw/Mn = 1.05, HLB = 18.2) aqueous solution saturated
with EA. After emulsification, a small portion of the emulsion was placed on a glass
plate and covered with thin cover slip in order to suppress evaporation of EA. The
sample was set up on the stage of optical microscope. To induce solvent diffusion of EA
into aqueous phase, pure water was introduced into the gap between the glass slide and
the cover slip using a disposal syringe. Using an optical microscope, internal phase
separation in the droplet and the following microcapsule formation process were
observed.

3-2-7 Confirmation of the encapsulation of liquid oil inside the
microcapsules

To confirm the encapsulation of liquid oil within the microcapsules, differential
scanning calorimetry (DSC) measurements were performed using a PYRIS Diamond
DSC (PerkinElmer, the UK). The samples were placed in an aluminum pan with 5-10
mg of sample. Empty aluminum pan was used as a reference. The samples were heated
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at a ramping rate of 5°C min™ under a nitrogen atmosphere. The first scans were
recorded.

3-3 Results and discussion
Continuous preparation of monodisperse microcapsules with a liquid oil core and a

biocompatible polymeric shell of PLA via emulsion-solvent diffusion has been
exploited in this chapter. The process is based on the method for preparing
monodisperse compact PLA microparticles using a combined method of microfluidic
emulsification and subsequent solvent diffusion discussed in chapter 2. This method
does not need any toxic materials and a time-consuming solidification process like the
conventional emulsion-solvent evaporation method. The dispersed oil phase is a mixture
of PLA, EA, and perfluorooctyl bromide (PFOB) unless specifically mentioned. EA is a
good solvent for PLA with high solubility in water, whereas PFOB that is used as a
model-encapsulated reagent acts as a non-solvent for PLA. Another reason why PFOB
is chosen as the non-solvent is to be a fluorocarbon with higher hydrophobicity than
normal hydrocarbons such as hexadecane and decane, which makes much easier to
prepare the microcapusles with an oil-core and a polymer shell. The continuous phase is
an aqueous solution saturated with EA containing biocompatible w-PEG-b-PLA as a
surfactant.

3-3-1 Interfacial tension measurements

Before the preparation of microcapsules, interfacial tensions of the emulsion system
were measured to achieve successful encapsulation of liquid oil in the microcapsules.
When using internal phase separation mechanism between a polymer phase and a
non-solvent phase to prepare polymer microcapsules with core-shell structures, it is well
known that the equilibrium structure of the microcapsules can be predicted by using a
spreading coefficient theory established by Torza and Mason, which is based on the
interfacial energy of the O/W interface.?* Following the theory, if droplets of two
immiscible liquids (phase 1 and 3) are brought into contact with the third mutually
immiscible liquid (phase 2), then the equilibrium conformation can be predicted by
calculating spreading coefficient values using each interfacial tension (y12, 723, and s1).
The spreading coefficients S; for each phase are defined as
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Si= Vi — ij + vir) (3-2)
Si= v — Wik + vij) (3-3)

Sk=vij— Vi + Vi) (3-4)

In this case, two immiscible droplets correspond to pure liquid PFOB (phase 1) and EA
dissolving 25 mg mL™ of PLA (phase 3), and the third immiscible phase is an aqueous
solution of 1 wt% w-PEG-b-PLA saturated with EA (phase 2) as shown in Figure 3-1.
Two initial interfacial tension values; (1) between phases 1 and 2 and (2) between
phases 2 and 3 were thus measured in this experiment. It should be noted that it was
impossible to measure the interfacial tension between pure liquid PFOB (phase 1) and
the EA solution dissolving PLA (phase 3) because these solutions were completely
miscible under the initial experimental condition and there was therefore no interface,
which expects that the interfacial tension would be significantly smaller than that of the
other two interfaces. The interfacial tension values were 7, = 8.51 mN m™ and 73 =
2.53 mN m™ (Table 3-1). Assuming that the interfacial tension value between phases 1
and 3, corresponding to s, is close to 0 mN m™, spreading coefficient values of this
system will be S; <0, S, <0, and S3 > 0, indicating that the equilibrium configuration of
the microcapsules is the core-shell morphology (Figure 3-1 (B)).

(A) (B)

W t e -
(Ph:szrz} Equilibrium >

PFOB PLAJ/EA >
(Phase1) (Phase 3)

Figure 3-1 (A) Designation of each phase for the calculation of spreading coefficients.

at §;<0, S,<0,and S;>0

(B) Expected equilibrium core-shell configuration obtained at S; <0, S, <0, and S3 > 0.

74



Table 3-1 Interfacial tensions measured by Pendant drop method.

Entry Interfacial tension (mN m!)
PFOB - Water (y,,) 8.51
PLA/EA - Water (y,;) 2.53
PFOB - PLA/ EA (y,3) ‘NA

*The interfacial tension was assumed to be almost 0 mN m™' when
calculating spreading coefficients

3-3-2 Effect of stirring during solvent diffusion on microcapsule
formation

The Y-shaped microfluidic device continuously generated monodisperse O/W emulsion
droplets in which the dispersed organic phase dissolved PLA and PFOB. As shown in
Figure 3-2, highly monodisperse emulsion droplets without any satellite droplets were
successfully produced, indicating that the droplets were stabilized by w-PEG-b-PLA
molecules at the interface of the emulsion droplets even if PFOB was contained in the
dispersed phase. The emulsion droplets were then transferred into a water bath with or
without stirring at 120 rpm in order to induce solvent diffusion of EA and the
subsequent precipitation of the polymer. Figure 3-3 (A) depicts an optical microscopic
image of the resultant microcapsules after solvent diffusion when using a water bath
without stirring for the precipitation. Highly monodisperse PLA microcapsules (d =
35.8 um, CV = 4.2%) with a core-shell structure were obtained, indicating that internal
phase separation occurred during solvent diffusion. Figure 3-3 (B) shows SEM image of
a cross sectional view of the microcapsules after freeze-drying. The SEM image
revealed that the microcapsule had a big empty core where the PFOB oil core existed
before freeze-drying. However it was found that the PFOB oil core was not always
located at the radial centre of the microcapsules and some of them existed nearby the
interface between the shell and the external agueous phase although they were covered
with a polymeric shell. This result would be caused by change of interfacial tension in
the course of polymer precipitation. To predict the final morphology of the
microcapsules, the interfacial tensions of the initial stage of the emulsion before solvent
diffusion were utilized. However, in fact, the interfacial tension between the
concentrated PLA phase and the PFOB is not constant in this system and it varies as the
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volume fraction of PLA increases as a function of time after onset of the solvent
diffusion. It is expected that the concentrated PLA phase becomes more hydrophobic
with an increment of the concentration because of intrinsic hydrophobicity of the
polymer. Therefore, the interfacial tension between the concentrated PLA phase and the
external aqueous phase at the latter stage of solvent diffusion should become higher
than the original value (723 = 2.53 mN m™). Because of this, the core position within the
microcapsules was not at the radial centre of the microcapsules although the final
conformation was a core-shell structure, which was in good agreement with the
structure expected from the calculation using spread coefficient theory.

Figure 3-2 Optical microscopic image of the emulsion droplets flowing in the Teflon
tubing after emulsification (Qg = 1 uL min™ and Q. = 20 pL min™).

.‘ . ? 9 : | " :‘ e - - 20 1m
Figure 3-3 (A) Optical microscopic image and (B) SEM of monodisperse PLA
microcapsules with a core-shell structure. The microcapsules were prepared without
stirring during solvent diffusion (Qg = 1 pL min™ and Q. = 20 pL min™). The SEM
image was captured after freeze-drying of the microcapsule dispersion overnight.
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Considering the result, in order to fabricate the microcapsules with controlled
core-shell structures, it is important to precipitate the microcapsules from the emulsion
droplets after complete of the internal phase separation. Thus, the microcapsule
preparation under gentle magnetic stirring at 120 rpm during the solvent diffusion was
employed. In the case of which the microcapsules were prepared under the stirring
condition, monodisperse PLA microcapsules (d = 35.0 um, CV = 4.0%) with core-shell
structures were obtained, as shown in Figure 3-4, which indicates that the gentle stirring
during solvent diffusion does not affect the polydispersity of the emulsion droplets
within the experimental conditions. To understand the internal microcapsule structure,
the microcapsules with a trace amount of porphyrin-derivative as a fluorescent maker
were prepared using the same process. Before the experiment, it was confirmed that the
reagent coloured hydrophobic PLA red but did not do PFOB, and it also did not have
any adverse effect on the stability of the emulsion. In Figure 3-5, the CLSM image has
proven that microcapsules possess a relatively uniform shell thickness and a large cavity
located at the radial centre of the microcapsules. Moreover, it is also important to note
that the shell of microcapsules has small pores although the configuration is roughly
relevant to the theoretical prediction estimated from spreading coefficient theory. It is
considered that the small cavities would be derived from small droplets of the PFOB
phase before coalescence. Since the diffusion of EA to the outer aqueous phase is a
much faster process than the evaporation of DCM reported by the other groups, due to
higher solubility of EA in water, the microcapsules are obtained even at a
non-equilibrium configuration. Precipitation of polymer begins from the surface of EA
droplets; therefore, some of the phase-separated small PFOB droplets before
coalescence where it is located near the surface would be kinetically entrapped in the
polymer matrix, forming the shell of the microcapsules during the precipitation process.

Figure 3-6 represents SEM images of the resultant microcapsules after lyophilization.
It is evidently shown that most of the microcapsules maintain a spherical shape with a
smooth surface. In addition, it was found that the microcapsules had a hollow internal
structure at the radial centre of the microcapsules as a result of the evaporation of the
PFOB core during freeze-drying as shown in Figure 3-6 (right). The dimples are another
clue that the rapid solidification of polymer droplets provides a kinetically “locked”
non-equilibrium structure of microcapsules. From these results, it was concluded that
this simple process was capable of the continuous production of well-defined
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monodisperse PLA microcapsules with a hydrophobic oil core as well as hollow

microcapsules.
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Figure 3-4 Optical microscopic image of monodisperse PLA microcapsules with a
core-shell structure. The microcapsules were prepared with stirring at 120 rpm whilst

the precipitation (Qq = 1 L min™ and Q. = 20 uL min™).

I

Figure 3-5 Confocal laser scanning microscopic image of porphyrin-derivative-labelled

monodisperse PLA microcapsules. The inset is the magnified image (Qq = 1 uL min™
and Q. = 100 uL min™)
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Figure 3-6 SEM images of the microcapsules after freeze-drying. The right image is the

magnified cross-sectional view of the microcapsules (Qg = 1 puL min™ and Q. = 20 pL
o1

min™)

3-3-3 Effect of drying process on encapsulation of liquid oil in
microcapsules

To investigate encapsulation property of the microcapsules, DSC measurements of the
core-shell microcapsules encapsulating PFOB were demonstrated. The samples were
washed with pure water 3 times, followed by freeze-drying overnight or drying under
reduced pressure at room temperature for 1 day. As shown in Figure 3-7 (upper graph),
although the thermograph showed undulation at the temperature above 100°C, the
boiling point of PFOB around 142°C was not clearly confirmed. On the contrary, in the
case of the sample being washed with pure water, followed by drying under reduced
pressure for 1 day, the boiling point derived from PFOB was detected, with slightly
lower shift around 138°C (in Figure 3-7, lower graph). The peak was apparently broad
due to evaporation of the oil and encapsulated in the microcapsules. On the other hand,
both peaks appeared between 40 and 50°C were Ty of PLA. From these results, it was
concluded that the encapsulated substances were completely removed by freeze-drying,
although they still existed in the microcapsules after drying in open air under the

experimental condition.

79



Table 3-2 Thermal property of PLA and PFOB.

Sample 7, (°C) T (°C)
PLA 40-55 -
PFOB - 141-143

"1 T,; glass transition temperature, 27, ; boiling temperature.

Lyophilization

Drying at room temperature

€—— Endothermic

20 40 60 80 100 120 140
Temperature (°C)

Figure 3-7 DSC thermographs of PLA microcapsules with a core shell structure,

encapsulating PFOB oil. The ramping rate was 5 C min™*. The microcapsules were dried

with different processes (upper; lyophilization, lower; drying at room temperature).

3-3-4 Effect of flow rate upon emulsification on microcapsule size

After construction of the preparation procedure for monodisperse PLA microcapsules
using internal phase separation, the effect of the flow rate of the continuous phase on
the diameter of the microcapsules was investigated. The microcapsules were prepared
by varying the flow rate of the continuous phase from 20 to 100 uL min™ whilst
keeping the disperse phase flow rate constant at 1 uL min™. Figure 3-8 depicts the
optical microphotographs of the microcapsules prepared by changing the flow rate of
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the continuous phase upon microfluidic emulsification. As shown in Figure 3-8, the
diameter of the resultant microcapsules declined with increasing Q. which was
precisely tuned from 20.8 to 34.6 um in which the CV values of the core and the
microcapsule size kept below 7%. It was also found that the shell thickness to radius
(T/R) ratio was approximately constant at 0.28 regardless of the diameter of the
microcapsules (Table 3-3). From these results, it was concluded that this process
enabled producing monodisperse PLA microcapsules with tuneable sizes without any

effect on the T/R ratio of the core-shell structure.

Figure 3-8 Optical microscopic images of monodisperse PLA microcapsules prepared
by changing Q. at a fixed Qq (1 uL min™). The Q; was (a) 20, (b) 50, and (c) 100 pL
min™. Cprog Was constant at 15 uL mL™.

Table 3-3 Effect of O, on the diameter of microcapsule, the inner core size and the shell
thickness to radius ratio.

O, [uL min”] 20 50 100
Microcapsule size [um] (CV) 34.6 (4.0%) 26.8 (6.8%) 20.8 (4.0%)
Inner core size [um] (CV) 25.0 (4.4%) 19.2 (6.1%) 15.0 (5.2%)

Shell thickness to radius ratio (T/R [-]) 0.28 0.28 0.28
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3-3-5 Effect of PFOB concentration on the core size of the
microcapsules

Following control over the diameter of the microcapsules, the effect of the PFOB
concentration in the dispersed organic phase on the T/R ratio of the core-shell structures
was investigated. Using the same process, the microcapsules were prepared by altering
the concentration of PFOB in the original dispersed phase from 1.25 to 15 pL mL™.
Figure 3-9 shows the optical microphotographs of the microcapsules with different
PFOB content. It was found that monodisperse PLA microcapsules with core-shell
structures were successfully obtained in different to the PFOB concentration within the
experimental conditions. The images obviously show that the T/R ratio decreases with
an increment of the PFOB concentration and that it can be tuned from 0.28 to 0.61 as
summarized in Table 3-4.

Moreover, the experimental results of the shell thickness were compared with the
theoretical shell thickness. The values and the calculation results were summarized in
Table 3-5. It was found that each shell thickness was in good accordance with the
theoretical calculation results, supporting that this process can produce monodisperse

PLA microcapsules with core-shell structures with desirable shell thickness.

Figure 3-9 Optical microscopic images of monodisperse PLA microcapsules prepared
by varying the concentration of PFOB in the dispersed phase whilst keeping each flow
rate constant (Cprog = (d) 1.25, () 5, and (f) 15 uL mL™ at Qg = 1 pL mL™" and Q. = 20
uL min™).
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Table 3-4 Effect of the PFOB concentration in the dispersed phase on the diameter of
microcapsule, the inner core size and the shell thickness to radius ratio.

® emop (ML ML) 1.25 5 15
Microcapsule size [um] (CV) 33.8(3.1%) 35.5(3.3%) 38.4 (3.1%)
Inner core size [um] (CV) 13.1 (9.2%) 20.5 (3.4%) 27.6 (4.6%)
Shell thickness to radius ratio (T/R [-]) 0.61 0.42 0.28

Table 3-5 Comparison between the shell thickness of the microcapsules and that of
theoretical values.

Run  Geos (ML mL™) Microcapsule diameter (um) Core diameter (wm) Shell thickness (Um) Tiecr ()

1 15 34.6 25.0 48 43
2 15 26.8 19.2 39 3.4
3 15 20.8 15.0 2.9 2.6
4 1.25 33.8 13.1 10.4 10.4
5 10 355 20.5 7.5 7.5
6 15 384 27.6 5.4 438
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3-3-6 Effect of PLA molecular weight on the microcapsule structure
The effect of molecular weight of PLA on the final structure of the microcapsules was
investigated. In this experiment, as an alternative to lower molecular weight PLA (Mn =
13,600, Mw/Mn = 1.14), the microcapsules were prepared using PLA with a relatively
higher molecular weight (Mn = 52,000, Mw/Mn = 1.29) as a shell-forming material.
Figure 3-10 shows the optical microphotograph of the prepared microcapsules after
solvent diffusion. Surprisingly, it was found that monodisperse microcapsules covered
with many small droplets were obtained, which looks like a Pickering emulsion or a
colloidsome.? In addition, it was observed that there was contrast between the core and
the shell, indicating that the microcapsules had a core-shell structure. Understanding the
internal structure of the microcapsules, the microcapsules were observed by CLSM. For
the CLSM observation, the microcapsules with a porphyrin-derivative as a fluorescence
marker were prepared through the same process. Figure 3-11 describes the CLSM
image of the microcapsules after solvent diffusion. It was revealed that the
microcapsules covered with small droplets also had a single oil core. Although there
were some microcapsules with multiple cores, most of the microcapsules had a single
core. In addition, it was found that the microcapsules had a dark rough surface, which
indicated the existence of the PFOB phase, forming small droplets. To observe the
detailed surface morphology of the microcapsules, the microcapsules after freeze-drying
were observed by SEM. As shown in Figure 3-12, monodisperse hollow PLA
microcapsules with dimpled surfaces were obtained, which resembles Golf-ball.
Apparently, the size of the dimples is polydisperse, and the dimples just form patch
structure on the surface and they do not penetrate the shell of the microcapsules.
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Figure 3-10 Optical photograph of monodisperse PLA microcapsules prepared using
relatively higher molecular weight of PLA as a shell forming material.

20 um
—

Figure 3-11 CLSM image of monodisperse PLA microcapsules covered with small

droplets after solvent diffusion. The PLA matrix was dyed with porphyrin-derivative in
red.
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Figure 3-12 SEM image of monodisperse PLA microcapsules with a dimpled surface,
which was prepared using a relatively higher molecular weight of PLA as a shell
forming material.

3-3-7 Formation mechanisms of the microcapsules

To elucidate the formation mechanisms of the dimpled surface structure on the
core-shell microcapsules, the time course of the microcapsule formation during solvent
diffusion was observed by an optical microscope. However, it was found that due to
several limitations on the volatility of EA, the quick diffusion of EA into the aqueous
phase, and the rapid change in the density of the droplets within a few seconds, it was
impossible to observe the microcapsule formation process under typical experimental
conditions. Therefore, instead of the experiment, the model experiment using
polydisperse emulsion droplets prepared with a mechanical stirring by homogenizer was
carried out on a slide glass covered with a coverslip on a microscope stage. Then, the
solvent diffusion of EA was induced by adding a small amount of pure water into the
system from the gap between the slide glass and the coverslip. It is important to note
that because of step-by-step addition of pure water from one side of the sample, the
diffusion time scale is longer than that of the typical microfluidic process and the
diffusion occurs heterogeneously in the sample, depending on the difference of the local
EA concentration in pure water, which gave the resultant microcapsules with irregular
shapes. Figure 3-13 depicts the optical microphotographs of time course of
microcapsule formation with (A) a smooth surface and (B) a dimpled surface. When
using relatively low molecular weight of PLA as a matrix of the microcapsules, as
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shown in Figure 3-13 (A), it was observed that as soon as pure water was added into the
system, the droplet began to shrink and the internal phase separation was induced,
resulting in small PFOB droplets inside the emulsion droplets. The small droplets
subsequently migrated towards the centre region of the emulsion droplet and
microcapsules with multiple cores were finally obtained. In contrast, in the case of
which PLA with high molecular weight was used as a matrix of the microcapsules, the
same event was observed however, the migration of small PFOB droplets was
considerably slower than the case with a low molecular weight of PLA. As a result,
microcapsules with an irregular shape were obtained (Figure 3-13 (B)).

The morphological difference must be caused by the increase in the viscosity of the
PLA solution. In Scheme 3-2, the formation mechanisms of these microcapsules were
proposed. Under the preparation condition in which monodisperse PLA microcapsules
with smooth surfaces were obtained, the viscosity of the dispersed organic phase during
internal phase separation was low. That is why, small PFOB droplets arising from the
emulsion droplets in the course of internal phase separation can easily move in the
polymer droplet and smoothly migrate towards the centre so as to minimize the higher
interfacial tension between the PFOB phase and the continuous phase, whilst small
PFOB droplets coalesce with each other before precipitating polymer as shown in
Scheme 3-2A. On the contrary, when using a higher molecular weight PLA, the
viscosity of the solution was relatively high as a result of the increase in the degree of
polymer entanglement in the solution. By increasing the viscosity, the small PFOB
droplets formed by internal phase separation become to move and to migrate towards
the centre Moreover, it is much easier for the emulsion composition to reach the
bimodal boundary in the droplets as a result of solvent diffusion, which leads to rapid
solidification of the polymer droplets from the surface. Therefore, the part of PFOB
droplets is kinetically locked on the surface. Since the volume shrinkage of the polymer
droplets is much faster and PFOB is immiscible with water and a non-solvent for PLA,
partially phase-separated small PFOB droplets that escaped from the solidification front
migrate to the centre of the polymer droplets, coupled with coalescence prior to
complete solidification. Consequently, monodisperse core-shell microcapsules covered
with a number of small PFOB droplets are formed in the collection bath (Scheme 3-2B).
In order to slow down the rate of solvent diffusion, a small amount of pure water was
introduced into the system from one side of the glass plate step by step. Thus, the time
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scale of the microcapsule formation was quite longer than the typical experimental
conditions using microfluidics (t ~3 sec.) and the final morphology of the microcapsules
was different from that prepared by microfluidic approach because of heterogeneous
solvent diffusion from only one side of the sample.
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Figure 3-13 Time course of microcapsule formation during solvent diffusion. (A)

50 ym

Microcapsules with a smooth surface (B) Microcapsules with a dimpled surface.
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Scheme 3-2 Schematic illustration of the proposed formation mechanism of PLA
microcapsules with (A) a smooth surface and (B) a dimpled surface during solvent
diffusion.
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3-3-8 Effect of flow rate on the microcapsules with a dimpled surface
The diameters of the microcapsules with a dimpled surface were also tuned by changing
the conditions of microfluidic emulsification likewise. Figure 3-15 shows the effect of
the flow rate of the continuous phase on the diameter of the microcapsules and the mean
diameter of surface dimples. Regardless of the continuous flow rate, dimpled PLA
microcapsules were generated and the diameter was controlled from 11.7 to 40.6 um. It
was found that the dimple size decreased with decreasing the diameter of the
microcapsules. In addition, it should be noted that the dimple size prepared with gentle
stirring is smaller than that prepared without stirring, although there is no difference in
the microcapsule diameter. These results indicate that the stirring during solvent
diffusion facilitates polymer precipitation and hinders the fusion of small PFOB
droplets until some of them are stabilized on the surface by w-PEG-b-PLA.
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Figure 3-14 Effect of Q. on (a) the diameter and (b) the surface dimple diameter of the

microcapsules.
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Figure 3-15 (a-d) Optical micrographs and (a’-d’) SEM images of the PLA
microcapsules before freeze-drying. Q. = (a, a’) 10, (b, b’) 50, and (c, ¢’) 100 pL min™
at Qg =1 pL min™. Cprog = 15 uL mL™.
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3-4 Conclusions

Monodisperse PLA microcapsules encapsulating a liquid oil (PFOB) core were
successfully produced by simply diluting a monodisperse O/W emulsion with pure
water under stirring. The rapid extraction of EA from the droplets into outer aqueous
phase led to internal phase separation between the concentrated PLA/EA phase and the
PFOB phase and rapid solidification of the droplets, resulting in core shell
microcapsules with non-equilibrium structures. The core shell ratios and the diameter of
the microcapsules could be modulated by varying the compositions of the dispersed
phase and flow rates upon emulsification. This process has enabled to prepare
monodisperse PLA microcapsules having a hydrophobic oil core and a hollow structure
with either a smooth or a dimpled surface. Such PLA microcapsules with controllable
structures have great potential for carriers of functional molecules used in biomedical

fields such as cosmetics, pharmaceutics, and contrast imaging.
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Chapter 4

Preparation of monodisperse PLA
microcapsules encapsulating a single
agueous core by spontaneous

emulsification

4-1 Introduction

In chapter 3, a simple process to prepare monodisperse PLA microcapsules with a liquid
oil core using internal phase separation was elaborated. Although the process can be
utilized to obtain core-shell microcapsules with different oil cores, it is challenging to
encapsulate aqueous liquid core into the polymer microparticles since driving force for
migration of phase-separated oil droplets to the centre in the microcapsules relies on
hydrophobicity of the non-solvent co-dissolved in the organic phase.

As described in the previous chapters, biocompatible polymeric microcapsules with
nano to micrometer in the diameter have been considerably studied in the world because
of their ubiquitous applications especially for drug delivery carriers for sustained release.
Most of drugs administrated in clinical therapy are actually hydrophilic ones. Hence,
there have been increasing demands for development of the process to produce
microcapsules with aqueous liquid cores using a simple process.

Various methods have been developed for the preparation of polymer microcapsules
encapsulating hydrophilic compounds, including W/O/W emulsion formation, coupled
with solidification techniques (e.g. solvent evaporation® and UV or heat
polymerization?), miniemulsion polymerization,® layer-by-layer (LbL) assembly,*
interfacial polymerization of polymer droplets,” supramolecular self-assembly,® ’ and
surface-initiated atom transfer radical polymerization on template colloidal particles.?
Although template methods with stepwise operations can fabricate microcapsules with
hydrophilic cores, these techniques are not environmentally friendly because the step
for core removal requires high energy and the whole process is time-consuming.
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From the point of view of biocompatible polymer microcapsules, many reports have
been carried out by solvent-evaporation method using W/O/W emulsion template. In
this technique, the microcapsules are produced by removal of organic solvent from the
prefabricated W/O/W complex emulsion. The complex emulsion droplets are generally
produced in a two-step emulsification, which includes W/O emulsion formation by
emulsifying the inner aqueous phase in the middle organic phase, and the second
emulsification with the W/O emulsion and the external surfactant aqueous solution.
Although this process circumvent denature of aqueous reagents encapsulated in the
internal cores, it usually requires halogenated solvent and much time for polymer
precipitation. Moreover, each emulsification step results in polydisperse emulsion
droplets, giving rise to microcapsules with poorly controlled sizes and their structures.

Regarding the polydispersity, a recent developed microfluidic approach has enabled
the production of highly controlled emulsion droplets and the resultant microcapsules in
a continuous fashion. However, the technology does not solve the drawbacks in terms of
complexity over the fabrication process. When using a microfluidic device that has
several junctions, it is required to control the wetting properties of each section to
produce precision droplets because the surface (wetting) property of the microchannels
has a crucial impact on forming emulsion droplets.® For instance, to produce organic
droplets, the wall of the channel should be tailored to be hydrophilic to avoid the
wetting of the dispersed organic phase, whereas that of the channel should be
hydrophobic when preparing aqueous droplets. Thus, to produce W/O/W emulsion, the
microfluidic device must have both a hydrophobic section for the first emulsification
and a hydrophilic section for the second one, meaning that the surface treatment prior to
use is a bit complex. With capillary type microfluidic devices, preparation of
monodisperse complex droplets can be easily generated without any wetting problems,
but the control of the flow conditions has some limitations, which gives rise to difficulty
in controlling over the resultant microcapsule size. Moreover, because of limitation in
the inner capillary size, up to date, it is impossible to produce monodisperse
microcapsules with less than 30 um in the diameter.

In this study, a facile one-step process for fabrication of monodisperse PLA
microcapsules with a single aqueous core has been developed. This process is based on
“droplet to particle” technology consisting of microfluidic emulsification and
subsequent solvent diffusion with some modification, shown in chapter 2. For this
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process, an EA solution containing PLA and amphiphilic diblock copolymer,
poly(D,L-lactide)-b-poly(2-dimethylaminoethyl methacrylate) (PLA-b-PDMAEMA),
was utilized as a dispersed phase. The dispersed organic phase and a continuous
aqueous surfactant solution saturated with EA were mixed in a Y-shaped microfluidic
device to produce monodisperse O/W emulsion droplets. The resultant emulsion
droplets flow towards the downstream of the channel. In this process, water was
extracted from the continuous phase into the dispersed organic droplets through the
EA/water interface via spontaneous emulsification induced by PLA-b-PDMAEMA that
forms reverse micelles within each emulsion droplet, resulting in forming W/O/W
emulsion droplets with multiple tiny aqueous cores. The complex droplets were then
diluted with excess volume of pure water in the precipitation bath, facilitating extraction
of EA into the external aqueous phase and coalescence of small water droplets within
each emulsion droplet. Within a few second after onset of solvent diffusion,
microcapsules with a single aqueous core were obtained as a result of complete
coalescence of tiny internal droplets. This method has many advantages such as using
non-toxic materials, simplification of the preparation process, and fine-tuning of their
size. Similar to the previous chapters, EA that is non-toxic organic solvent with high
solubility in water was used for the organic solvent, which makes it easy to remove by
dilution with water. All materials used in this system (PLA, PLA-b-PDMAEMA and
w-PEG-b-PLA) are biocompatible, thus resulting in biocompatible microcapsules that
can be available in biological applications. The quick removal of EA from the droplets
shortens precipitation time about hundreds times compared to a conventional
emulsion-solvent evaporation technique using halogenated solvents. The one-step
microfluidic emulsification using a simple device enables to reduce the microcapsule
size up to 10 um by changing broad range of flow conditions. As far as | know, there
has been no report to fabricate monodisperse microcapsules with a single aqueous core
using one-step emulsification. The effects of preparation parameters (such as
PLA/PLA-b-PDMAEMA ratio, molecular weight of PLA, flow rates on the
emulsification) on final structures of the microcapsules were investigated. In addition,
the dual encapsulation of both hydrophobic and hydrophilic compounds within the

microcapsules has been demonstrated.
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4-2 Spontaneous emulsification

Spontaneous emulsification (in other words, self-emulsification) is a phenomenon that
generates tiny droplets without the aid of any external or mechanical energy source
when two immiscible liquids are brought in contact with each other. The phenomenon is
generally induced by addition of highly surface-active species in the dispersed phase,
leading to roughening of the interface between immiscible fluids and formation of small
droplets. Such instabilities may occur whenever a ternary liquid/liquid/surfactant system
whose equilibrium state is a microemulsion is first prepared in a macroscopically
phase-separated state.'> * The strong driving force for adsorption of the amphiphilic
molecules to the interface between the immiscible liquids give rise to a vanishing or
transiently negative interfacial tension between the two bulk phases, thereby triggering
spontaneous creation of interface and allowing the system to evolve toward its
equilibrium microemulsion structure.*> * In recent years, Yu et al. have succeeded in
preparation of biodegradable polymeric  microcapsules via  spontaneous

emulsification-solvent evaporation method.** *°

They added sodium dioctyl
sulfosuccinate (Aerosol OT or AOT) into the original polymer phase, which induced
water diffusion into the polymer phase during solvent evaporation and formation of
W/O/W emulsion, followed by generation of microcapsules with aqueous cores. This
spontaneous process has enabled one-step formation of multiple emulsions without any
specific equipment. However, AOT is a low molecular compound and removed during
the formulation, thus it is just to help the microcapsule formation and is impossible to
introduce any functionality on the resultant microcapsules. If amphiphilic copolymers
playing a role in a co-surfactant as well as a surface modifier are utilized for the
preparation, functional microcapsules should be obtained in a single step. In this study,
considering addition of a high surface activity between EA and water saturated with EA
phases as well as a high affinity to PLA homopolymer into the copolymer,
PLA-b-PDMAEMA has chosen as the copolymer structure. The hydrophobic PLA
block can be expected to have a high affinity to PLA homopolymer, whilst the
hydrophilic PDMAEMA that is insoluble in EA has a cationic property, which makes it
possible to induce spontaneous emulsification as a co-surfactant and simultaneously
introduce a cationic amine surface on the microcapsules as a functional interface
modifier.
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4-3 Atom transfer radical polymerization (ATRP)

The new methodology in radical polymerization has been exploded in the late of 1990s,
with the advent of controlled radical polymerization processes, including reversible
addition-fragmentation  chain  transfer  radical  polymerization  (RAFT),*
nitroxide-mediated radical polymerization (NMP),*” and atom transfer radical
polymerization (ATRP)."® These polymerization techniques allow one to synthesize
polymers with controlled molecular weights and with well-defined structures. Among
them, ATRP system utilizes a reversible halogen atom abstraction step in which a lower
oxidation state metal (M;" complexed by ligands L and Y) reacts with an alkyl halide
(Pm-X) to generate a radical (P,) and a higher oxidation state metal complex (XM{"*'LY,
ka). This radical then adds monomer to generate polymer chain (kp). Thereafter, the
higher oxidation state metal can deactivate the growing radical to generate a dormant
chain and the lower oxidation state metal (ky), shown in Scheme 4-1. The molecular
weight is highly controlled because both initiation and deactivation are considerably fast,
allowing for all the chains to begin growing at the same time whilst maintaining a low
concentration of active species. Termination reaction cannot be totally avoided, but can
be extremely suppressed that is; the proportion of chains terminated compared to the
number of propagating chains (the sum of active and dormant species) is smaller than
10%. In this chapter, ATRP has been applied to synthesis of amphiphilic
PLA-b-PDMAEMA with controlled molecular structures in order to avoid undesirable
effects of the structures on the interfacial phenomena.

Scheme 4-1 Equilibrium/propagation expression for ATRP.

k
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PX + MILY =< P_+ + XM™LY
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4-4 Experimental procedures
4-4-1 Materials

PLA and PEG-b-PLA were synthesized by a ring-opening polymerization of D,L-lactide
in the presence of Sn(Oct), as a catalyst using lauryl alcohol and poly(ethylene glycol)
monomethyl ether (PEG, Mn= 4,000, Mw/Mn= 1.06) as an initiator. The D,L-lactide was
purchased from Purac (Netherland). The PEG was kindly supplied from NOF (Japan).
Sn(Oct),, EA, ethylene glycol, triethylamine, chloroform, 0.1M HCI agueous solution,
sodium bicarbonate (NaHCOg3), anhydrous magnesium sulfate (MgSO,), toluene,
2-propanol, N,N,N’,N”*,N”’-pentamethyldiethylenetriamine (PMDETA), tetrahydrofuran
(THF), n-hexane, basic alumina, activated neutral alumina, dimethylformamide (DMF),
CuClI(l), 2-(dimethylamino)ethyl methacrylate (DMAEMA) were obtained from Wako
Pure Chemical Industries, Ltd. (Japan). 2-Bromoisopropionyl bromide was purchased
from Sigma-Aldrich, Ltd. (Japan). DMAEMA was passed through a column of basic
alumina to remove the stabilizing agents and stored under argon atmosphere at -20°C.
CuClI(l) was purified by washing with glacial acetic acid until the liquid being
colourless followed by ethanol in a Schlenk flask under argon atmosphere. The ultra
pure water was produced by a Millipore Milli-Q purification system (EMD Millipore
Corporation, USA).

4-4-2 Synthesis of 2-hydroxyethyl 2-bromopropionate (HEBP)
2-Bromoisopropionyl bromide (0.04661 mol) was added dropwise to a cold solution of

ethylene glycol (0.99276 mol) and triethylamine (0.04357 mol) at 0°'C for 1 h. The
reaction was continued at 0'C for another 2 h and then heated to 40°C for 5 h. The
reaction mixture was cooled, added to 200 mL of water, and extracted with chloroform
five times, and then the organic layer was washed successfully with 0.1M HCI aqueous
solution, saturated NaHCO3; aqueous solution, and water. The organic layer was then
dried over MgSO, and evaporated by a rotary evaporator to precipitate a product. The
product was characterized with *H NMR (300 MHz, CHCls-d). The yield was 63%.

4-4-3 Synthesis of bromoisopropionate polylactide macroinitiator
(PLA-Br)

PLA macroinitiator, PLA-Br, was synthesized by a ring-opening polymerization of
D,L-lactide using HEBP as an initiator in the presence of Sn(Oct), as a catalyst.
D,L-lactide (12.0 g, 83.3 mmol), HEBP (230 mg, 1.17 mmol), and a toluene solution of
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Sn(Oct), (20.8 mg mL™, 50 pL) were placed into an glass ampule, which was sealed
under reduced pressure and immersed in an oil bath at 130 C. The polymerization was
conducted for 24 h. After cooling, the reaction mixture was dissolved in chloroform and
excess 2-propanol was added. The precipitated polymer was recovered and washed with
2-propanol three times. The product was dried under reduced pressure over night. The
yield was 80%.

4-4-4 Synthesis of polylactide-b-poly(2-dimethylaminoethyl
methacrylate) (PLA-b-PDMAEMA)

The diblock copolymer, PLA-b-PDMAEMA was synthesized by ATRP of DMAEMA
using the PLA-Br as a macroinitiator. The synthesis of the diblock copolymer was
performed in DMF at 60°C in the presence of CuCI/PMDETA catalyst system under
argon atmosphere. CuCI(l) (14 mg, 13.7 mmol) and PLA-Br (Mn = 9,600, Mw/Mn =
1.15, 1.3286 g, 0.14 mmol) were placed in a Schlenk flask purged by three repeated
vacuum / argon cycles. Six mL of degassed DMF was then added to the solution to
dissolve the macroinitiator and the catalyst. After that DMAEMA (0.81 mL, 5.5 mmol)
and PMDETA (28.9 uL, 0.14 mmol) were injected in the flask. The flask was immersed
in an oil bath at 60°C. The polymerization was performed for 12 h. Then, the reaction
flask was cooled down to room temperature and the solution was diluted with excess
amount of THF. The copper catalyst was extracted by passing the diluted solution
through a column of activated neutral alumina. The purified copolymer was precipitated
in n-hexane three times, filtered off, and dried under reduced pressure at 40'C overnight.
The yield was 71%.

4-4-5 Gel permeation chromatography (GPC) analysis

The molecular weight distribution (Mw/Mn) analysis of the synthesized polymers was
performed with GPC (HLC-8220GPC, TOSOH, Japan) at 40°C, equipped with a
refractive index detector and columns (TSKguardcolumn SuperH-H, TSKgel
SuperHM-H, and TSKgel SuperH2000, TOSOH, Japan). DMF was used as the eluent at
a flow rate of 0.6 mL min™. The calibration curve was prepared by using monodisperse

polystyrene standards.
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4-4-6 'H NMR Analysis

The synthesized polymer structures were determined from *H NMR spectra. The
analysis was carried out using a JEOL FT NMR System (300 MHz, JMN-AL300, JEOL,
Japan) at room temperature in CHCI3-d. The number averaged molecular weights (Mn)
of PLA-Br and PLA-b-PDMAEMA were determined from *H NMR spectra.

4-4-7 Interfacial tension measurement

The interfacial tensions between EA solutions dissolving PLA-b-PDMAEMA at various
concentrations and an EA-saturated aqueous solution were measured using a Wilhelmy
plate interfacial tension meter (K100, Kriss, Germany). The EA-saturated aqueous
solution (5 mL) was poured into a 50 mL vessel, and then EA (20 mL) solutions
dissolving PLA-b-PDMAEMA with different concentrations were gently added into the
aqueous solution. The measurements were performed at 20°C. The interfacial tension
was accepted as an equilibrium value when it reached constant value regardless of time.

4-4-8 Preparation of monodisperse PLA microcapsules

A schematic illustration of the preparation procedure of monodisperse PLA
microcapsules is shown in Scheme 4-2. A microfluidic device that was used for the
microcapsule fabrication consisted of a Y-shaped channel (126 um- and 136 um-width
channels with 75 um in depth) made by SUS, a glass cover plate, Teflon tubing, and
tubing connectors. The outer aqueous phase and the inner organic phase were pumped
independently at various flow rates using syringe pumps connected to the device via
Teflon tubing. An aqueous solution saturated with EA containing 1 wt% of
w-PEG-b-PLA (Mn = 4,400, Mw/Mn = 1.05, HLB = 18.2) was used as the continuous
phase and an EA solution composed of PLA (Mn = 7,300, Mw/Mn = 1.31) and
PLA-b-PDMAEMA (Mn = 16,200, Mw/Mn = 1.28) was used as the dispersed phase.
The PLA to PLA-b-PDMAEMA ratio was varied from 10/0 to 5/5 (w/w). The flow rates
of the dispersed phase and the continuous phase were 2 and 250 puL min™, respectively.
For fluorescence microscopy, a trace amount of Nile red and 1 mg mL™ of calcein were
added to the dispersed phase and the continuous phase, respectively in order to visualize
the location of these compounds. The obtained O/W emulsion was transferred into a
bath filled with 100 mL of ultra pure water through Teflon tubing (@ = 0.5 mm, L = 20
cm) whose exit tip was submerged in the water. The EA was then rapidly removed from
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the droplet to the large volume of pure water by solvent diffusion with or without gentle
stirring, leading to precipitation of PLA microcapsules. The microcapsules were washed
with ultra pure water three times by centrifugation (himac CF 15R, Hitachi, Japan) at
3,000 rpm for 3 min to remove the excess surfactant, followed by freeze-drying

overnight, resulting in dried PLA microcapsules.

4-4-9 Analysis of water extraction behaviour via oil-soluble
PLA-b-PDMAEMA in the organic phase

As shown in Table 4-1, 4 kinds of two-phase systems were prepared to employ
observation of water extraction behaviour via spontaneous emulsification. For the
preparation, 6 mL of the continuous phase was placed into each vial and the dispersed
phases were added into the vials. In this experiment, the continuous aqueous phase was
dyed with Reactive Blue to enhance the visibility. The samples were shaken at 100 rpm
for 24 hours and then the upper phase colour of the samples was observed with naked
eyes. Size of aqueous droplet extracted in the upper phase was also analysed by using
Zetasizer Nano (Malvern Instruments Ltd.) with a He-Ne laser beam at 633 nm at 25 C.

The average value was obtained from three repeated measurements for each sample.
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Scheme 4-2 Schematic illustration of monodisperse microcapsule fabrication
process using microfluidic emulsification, spontaneous emulsification, followed by
solvent diffusion.

— Microfluidic emulsification —] [— Spontaneous emulsification —
\\ ' Water uptake 5
O/W emulsion O/W emulsion W/O/W emulsion

Continuous aqueous phase

mm | —
_-——  —
—

Dispersed organic phase

Solvent diffusion

@ @ » o

W/O/W emulsion Microcapsule

Table 4-1 Preparation conditions of two phase systems for extraction experiment.

Entry Dispersed phase Continuous phase
1 Ethyl acetate (EA)
-1 _h
2 EA+4 mg mL™ of PLA-b-PDMAEMA Water saturated with EA
3 EA+6 mg mL" of PLA
4 EA+4 mg mL-" of PLA-b-PDMAEMA+6 mg mL-' of PLA

4-4-10 Optical microscopy

Microcapsule dispersion before washing was dropped on a glass slide and it was then
observed with an optical microscope (BX50, OLYMPUS, Japan) equipped with a digital
camera (CS230, OLYMPUS, Japan). This technique was used to estimate the size and
observe the morphology of the microcapsules.
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4-4-11 Fluorescence microscopy

Calcein and Nile red labelled-microcapsule dispersion was dropped on a glass plate.
The sample was observed by a fluorescence microscope (All-in-one type BZ-8000,
Keyence, Japan) to visualize the location of the encapsulated compounds. The red
fluorescence derived from Nile red was observed with a TRITC filter (OP-66837,
Keyence, Japan) (excitation wave length = 540 nm and absorption wave length = 605
nm). The green fluorescence derived from calcein was observed with a GFP-BP filter
(OP-66836, Keyence, Japan) (excitation wave length = 470 nm and absorption wave
length = 535 nm).

4-4-12 Scanning electron microscopy

Morphology of the microcapsules after freeze-drying was observed by a scanning
electron microscope (SEM, S-4700, Hitachi Ltd., Japan) at intensity of 1 kV under
various magnifications. A sputter-coater (E-1030 lon-Sputter, Hitachi Ltd., Japan) was
used to coat the samples with Pd-Pt to prevent the samples from charge up. Before the

observation, the freeze-dried samples were stored in a desiccator.

4-4-13 Evaluation of size distribution of the microcapsules

The particle size and the distribution on the microscopic images were evaluated with an
image analysis software (Winroof, Mitanishoji Co., Ltd., Japan). In the analysis, the size
distributions were expressed by a coefficient of variation (CV) value, which was
defined as follows:

CV =100% x

(X(d; — B)°/N)z
d

where d; is the diameter of ith microsphere, d is the mean average diameter, and N is
the total number of microcapsules counted. For each calculation, 200 microcapsules in

the images were counted.
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4-4-14 Observation of inner water droplets ripening and formation of
microcapsules during solvent diffusion

The dispersed organic phase (100 uL) and the continuous aqueous phase (1 mL) were
mixed and then emulsified by hand for a few seconds to prepare O/W emulsion. The
dispersed phase was an EA solution containing PLA (Mn = 9,600, Mw/Mn = 1.31),
PLA-b-PDMAEMA (Mn = 16,200, Mw/Mn = 1.28) at PLA/PLA-b-PDMAEMA ratio
= 6/4 (w/w) and a trace amount of oil-blue N. The continuous phase was 1 wt%
w-PEG-b-PLA (Mn = 4,400, Mw/Mn = 1.05, HLB = 18.2) aqueous solution saturated
with EA. After emulsification, a small portion of the emulsion was placed on a glass
plate and immediately covered with a thin cover slip in order to suppress evaporation of
EA. The sample was set up on the stage of optical microscope. To induce solvent
diffusion of EA into aqueous phase, pure water was introduced into the gap between the
glass slide and the cover slip using a disposal syringe. Using an optical microscope,
ripening of inner water droplets and the following microcapsule formation process were
observed.

4-4-15 Evaluation of the shell structure of the microcapsules

Surface analysis of the resultant microcapsules was employed using X-ray
photoelectron spectroscopy (XPS) using Magnesium Ko radiation at a potential of 10
kV and an X-ray current of 20 mA. The pressure in the measurement chamber was ca. 5
x 10°® Pa. Dried microcapsules were put on a plate and stored under reduced pressure by
continuous operation of an oil rotary pump just before the measurement.
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4-5 Results and discussion

4-5-1 Synthesis results of PLA-b-PDMAEMA

Amphiphilic poly(D,L-lactide)-b-poly(2-dimethylaminoethyl methacrylate)
(PLA-b-PDMAEMA) was synthesized through a three-step approach consisting of a
synthesis of a bifunctional initiator, 2-hydroxyethyl 2-bromopropionate (HEBP),
followed by a ring-opening polymerization of D,L-lactide initiated by the initiator to
produce bromoisopropionate polylactide (PLA-Br) macroinitiator, followed by ATRP
of DMAEMA initiated by PLA-Br, as shown in Figure 4-1. This synthetic process of
PLA-b-PDMAEMA enables a fine-tuning of both block lengths of PLA and DMAEMA.
Using a ring-opening polymerization of D,L-lactide can design hydrophobic PLA block
length by changing the molar ratio of D,L-lactide to HEBP, whereas the following
ATRP of DMAEMA can control the hydrophilic PDMAEMA block length by varying
the molar ratio of DMAEMA to PLA-Br macroinitiator.

OH Br ‘ TEA 0
Ho” ’ YUY qoese W7 W\J\Br

o] 2) 40C5h 8]
ethylene glycol 2-bromopropionyl bromide 2-hydroxyethyl 2-bromopropionate
(HEBP)
o]
%o HEBP, Sn(Oct, Sn(Oct), %
Oj/l\ ~130c2en
o] . .
D.L-lactide bromopropionate poly(D,L-lactide)
(PLA-Br)
,..-'"'\N/
r)
0
CuClI(l)/PMDETA 0
o o]
H+ _p/\/ \N)\B{ — o \T/\L N
0 60°C 12 h
PLA-Br poly(D,L-lactide)-b-poly(2-dimethylaminoethyl methacrylate)

(PLA-b-PDMAEMA)

Figure 4-1 Synthetic procedure of PLA-b-PDMAEMA via three-step approach.
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The first step was a synthesis of a bifunctional initiator, HEBP that has hydroxyl and
bromine end groups. The hydroxyl group plays a role in an initiator of a ring-opening
polymerization of D,L-lactide and the bromine works as an initiation site for ATRP in
the last step. Figure 4-2 (a) shows *H NMR spectrum of the obtained HEBP. In Figure
4-2 (a), peaks of a (6= 1.80), b (6 =4.60), ¢ (6 =4.40), and d (o = 3.90) were assigned
to the methyl protons nearest bromine, the methine proton nearest bromine, the
methylene protons closest to the ester bond, and the methylene protons nearest the
hydroxyl termination, respectively. From the *H NMR spectrum, the synthesis of HEBP
was confirmed. The product was liquid state at room temperature, which was used as a
bifunctional initiator for a synthesis of PLA-b-PDMAEMA.

The second step was a ring-opening polymerization of D,L-lactide using HEBP as the
initiator, leading to production of PLA-Br, which was used as a macroinitiator of ATRP
for the third step. Similar to PLA homopolymer synthesis, the polymerization was
carried out in an ampule containing D,L-lactide, the HEBP, and a trace amount of
Sn(Oct), at 130°C for 24 hours. The *H NMR spectrum of the synthesized polymer is
shown in Figure 4-2 (b). The polymerization of D,L-lactide was confirmed by appearing
a large peak e at 1.57 ppm for methyl protons of a lactic acid unit and a peak d at 5.15
ppm for a methine proton of a lactic acid unit. The methylene and methine peaks
derived from the HEBP residue remained around 4.30-4.40 ppm with a slight peak shift,
indicating that the polymerization has been initiated from the hydroxyl group of the
HEBP. The Mn of the PLA-Br reached 9,600 as determined from the spectrum by
comparing the relative intensity of the methine groups of lactic acid units (6 = 5.15
ppm) and the methylene and the methine groups of HEBP (6 = 4.30-4.40 ppm), which is
a bit smaller value than the theoretical molecular weight (Mnyeori) Of the polymer,
Mnineori. = 12,200, estimated from the ratio of the initiator to the monomer and the
molecular weight of the initiator but is close to the value, indicating that most monomer
has been consumed during the polymerization. It was also confirmed that the
polymerization proceeded in a controlled manner as evidenced by the narrow molecular
weight distribution (Mw/Mn = 1.15) determined by GPC analysis.

The final step in the synthesis of the diblock copolymer was ATRP of DMAEMA
using PLA-Br  macroinitiator.  The initial  synthesis  condition  was
[CuCI(D]o/[PMDETA]o/[PLA-Br]o/[DMAEMA]o = 1/1/1/39. The polymerization was
carried out in DMF at 60°C in the presence of CuCI/PMDETA catalytic system under
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argon atmosphere with Schlenk apparatus. After 12 h, the polymerization was stopped
by introducing air in the Schlenk, followed by cooling the reaction mixture and diluting
with an excess volume of THF. The product was recovered by precipitation in n-hexane
after removal of CuClI(l) through an activated neutral alumina. The polymerization was
confirmed from *H NMR spectrum, as described in Figure 4-2 (c). The polymerization
degree of PDMAEMA block was calculated from the relative intensities of the amino
methylene protons of DMAEMA residue from repeating units (6 = 2.30 ppm) and the
methine protons of PLA (6= 5.15 ppm) whose polymerization degree has already been
determined from the spectrum of PLA-Br. The calculated polymerization degree of
PDMAEMA was 42 units. The number was a bit bigger than the theoretical one, 39
units, calculated from the initial ratio of [DMAEMA], to [PLA-Br]o, however, it was
very close value. The GPC measurement showed a narrow molecular weight
distribution (the Mw/Mn = 1.28). Thus, the initiation efficiency of PLA-Br was quite
high and the polymerization of DMAEMA initiated by PLA-Br also proceeded in a
controlled manner. The overall molecular weight of PLA-b-PDMAEMA was about
15,900, including 9,600 for a hydrophobic PLA block and 6,300 for a hydrophilic
PDMAEMA block. From the solubility test, it was found that the polymer was soluble
in chloroform, THF, and EA, but the solubility in EA was not so good (the saturated
concentration was about 10 mg mL™). PLA-b-PDMAEMA was used as a co-surfactant

and a shell-forming compound in this system, as described in the following sections.
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Figure 4-2 *H NMR spectra of (a) HEBP, (b) PLA-Br, and (c) PLA-b-PDMAEMA in
CHCls-d.
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4-5-2 Interfacial activity of oil-soluble PLA-b-PDMAEMA between EA
and water saturated with EA

Interfacial activity of synthesized oil-soluble PLA-b-PDMAEMA between EA and
water saturated with EA has been investigated. The copolymer was dissolved in EA and
the interfacial tension was measured by varying the concentration of
PLA-b-PDMAEMA in EA. Figure 4-3 depicts the interfacial tensions as a function of
the copolymer concentration at 20'C. The graph represents that the interfacial tension
dramatically decreases with an increase of the copolymer concentration and it reaches a
constant value at the concentration around 0.01 wt%. From the figure, the CMC was
determined at 0.004 wt%. It should be noted that the interfacial tension value in this
system above the CMC is quite low less than 1 mN m™, which is out of detection
threshold using the equipment. Therefore, the CMC determined here is just as reference.
However, the results obviously revealed that oil-soluble PLA-b-PDMAEMA has a
strong surface activity between EA and water saturated with EA.
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Figure 4-3 Interfacial tensions between EA and water saturated with EA as a function
of concentration of oil-soluble PLA-b-PDMAEMA. The experiment was carried out
using a Wilhelmy plate method at 20°C.
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4-5-3 Water extraction behaviour of oil-soluble PLA-b-PDMAEMA in
the organic phase

Similar to PEG-b-PLA, PLA-b-PDMAEMA is an amphiphilic copolymer, with a
hydrophobic PLA block and a hydrophilic PDMAEMA block. Judging from solubility
of each block, oil-soluble PLA-b-PDMAEMA molecules in EA form reverse micelles at
the concentration above the CMC. So, it is expected that when preparing O/W emulsion
in which the dispersed organic phase contains enough amount of oil-soluble
PLA-b-PDMAEMA, the diblock copolymer would facilitate water-uptake from the
continuous aqueous phase into emulsion droplets via spontaneous emulsification
mechanism in order to form microemulsion. In other words, the copolymer extracts
water from the continuous phase through the interface. From the speculation, the water
extraction behaviour of the copolymer in the organic phase was investigated by shaking
the emulsion systems for 24 hours. Figure 4-4 shows photographs of the O/W
two-phase systems in which each dispersed organic phase has different components
(Table 4-1). Because of low density of EA, the upper phases in Figure 4-4 represent the
organic phase and the lower phases are the continuous aqueous phase dyed with
Reactive blue. The dispersed phases of Sample 1 and 3 in Figure 4-4 are pure EA and an
EA solution dissolving 6 mg mL™ of PLA, respectively. It was found that both samples
did not show any changes in colour after shaking for 24 hours, indicating that there was
no obvious interfacial transport phenomenon and EA and PLA homopolymer could not
extract the water partition from the continuous phase. On the contrary, the other two
samples containing only PLA-b-PDMAEMA or both PLA-b-PDMAEMA and PLA
showed change in the colour from transparent to light blue. These results indicate that
PLA-b-PDMAEMA has extraction ability of aqueous phase.

It can be easily imagined that the water phases extracted into the dispersed phase
after shaking disperse as a small droplet and are stabilized by amphiphilic
PLA-b-PDMAEMA molecules, meaning that it will be possible to measure the diameter
by dynamic light scattering (DLS). Therefore, DLS measurements of the organic phases
after shaking for 24 hours about 3 samples (2, 3, and 4 in Figure 4-4) were employed. It
was found that there was no peak in the dispersed phase of sample 3 but there were
broad peaks in that of sample 2 and 4. No peak in sample 3 means that there is no
extracted water droplet in the dispersed phase, supporting the photograph in Figure 4-4.
The mean diameters of water droplets in sample 2 and 4 were 226.3 nm and 381.5 nm,
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with polydisperse size distribution (PDI > 0.3), respectively (Table 4-2). These results
revealed that the dispersed phases dissolving the diblock copolymer possessed tiny
water droplets, although the sizes were polydisperse. It is also considered that the water
droplets would be stabilized by the diblock copolymer.

(A)Oh (B)24 h

Figure 4-4 Photographs of two-phase systems consisting of organic phase and aqueous
phase before and after shaking at 100 rpm for 24 hours. PLA (Mn = 7,300, Mw/Mn =
1.31) and PLA-b-PDMAEMA (Mn = 18,200, Mw/Mn = 1.46, HLB = 7.0) were used in

the preparation.

Table 4-2 Summary of DLS measurements of the dispersed phase after shaking for 24 hours.

Entry Dispersed phase Ave. diameter (nm) PDI
2 EA+4 mg mL-" of PLA-b-PDMAEMA 226.3+1.3 0.34£0.01
3 EA+6 mg mL-" of PLA - -
4 EA+4 mg mL"" of PLA-b-PDMAEMA+6 mg mL-' of PLA 381.5£2.0 0.36+0.02
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4-5-4 Time course of microcapsule formation via spontaneous
emulsification

In this study, a simple process for monodisperse PLA microcapsules with a single
aqueous core through one-step emulsification was developed and the effects of
preparation parameters on the microcapsule formation were investigated. This
microcapsule formation process is based on microfluidic emulsification, followed by
spontaneous emulsification and solvent diffusion, which includes W/O/W emulsion
formation from O/W emulsion, induced by water uptake from the continuous phase via
PLA-b-PDMAEMA. Herein, the effect of adding PLA-b-PDMAEMA to the dispersed
phase on final structures of the microparticles was investigated. It should be noted that
because of high volatility of EA and quick diffusion of EA into the aqueous phase
within a few seconds, it was difficult to observe the ripening process using the
microfluidic approach in situ. Therefore, instead of this, the monitoring was carried out
on a glass slide covered with a thin cover slip using the model emulsion prepared by
hand shaking. The dispersed organic phase was an EA solution dissolving PLA and
PLA-b-PDMAEMA. The continuous aqueous phase was 1 wt% of w-PEG-b-PLA
aqueous solution saturated with EA. Prior to the emulsification, a trace amount of Oil
blue N was added to the dispersed phase in order to improve visibility of the phase.
These solutions were transferred into a vial and then emulsified by shaking by hand.
The portion of the resultant O/W emulsion was dropped onto a normal glass slide and
subsequently covered with a cover slip to suppress evaporation of EA. Then a small
volume of water was dropped adjacent to the cover ship on the glass slide, which was
spread beneath the cover slip via capillary phenomenon. Due to high solubility of EA in
water, EA diffused into the continuous aqueous phase, leading to the droplets to shrink
and the concentration of polymers within each droplet to increase. Figure 4-5 shows
optical microphotographs of transition from the emulsion to the microcapsules during
solvent diffusion. In Figure 4-5 (a), it was found that small water droplets were
observed within the emulsion droplets dyed blue even before the solvent diffusion,
which indicates that the emulsion droplets extract water from the continuous phase on
the emulsification. After diluting the emulsion by adding water, the emulsion droplets
size gradually decreased and the tiny water droplets became bigger by coalescence,
resulting in forming a single aqueous core within the emulsion droplets (Figure 4-5
(b-e)). Thereafter, further extraction of EA led to precipitating polymer from the
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interface between outer aqueous phase and the emulsion droplets, yielding in the
microcapsule with a single aqueous core (Figure 4-5 (f)). The series of the microcapsule
formation process have completed within only a few seconds after dilution of the initial
emulsion solution with pure water, which means that this proposed system has a
potential to shortening fabrication time for the microcapsule, compared with the
conventional emulsion-solvent evaporation technique that requires several tens minutes
to hours to precipitate the polymer after the precursor emulsion preparation. From the
result, it was found that it was possible to prepare double emulsion via one-step
emulsification.

(a) (b) ()

s 25 um 25 um
— b B

Figure 4-5 Optical micrographs of inner water droplets ripening, followed by formation
of microcapsules during EA diffusion into the continuous phase. (a) Polydisperse model
emulsion droplets after emulsification by shake by hand. The organic phase (blue
region) already had many small water droplets (white dots). (b-e) After introduction of
small amount of pure water from the left side of the image, rapid reduction of organic
phase in size and evolution of inner water droplets were observed. (f) Microcapsule

with a single aqueous core was eventually formed.

4-5-5 Effect of blend ratio of PLA to PLA-b-PDMAEMA on
microcapsule structures

This process has been applied to the microfluidic approach so as to fabricate
monodisperse emulsion droplets and the resultant monodisperse microcapsules. The
dispersed organic phase and the continuous aqueous phase were pumped separately into
the Y-shaped microfluidic device using syringe pumps to form precision polymer
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droplets at the Y-junction. Thereafter, the O/W emulsion droplets travelled towards the
downstream and were eventually transferred into a precipitation bath filled with excess
volume of ultrapure water without stirring, where the polymer precipitation occurred.
The effect of PLA to PLA-b-PDMAEMA ratio in the dispersed phase on final structures
of the microcapsules was investigated. The monodisperse emulsion droplets were
observed inside the Teflon tubing independent of the polymer compositions in the

dispersed phase, as described in Figure 4-6. However, it was impossible to confirm the

internal structure of the emulsion droplets from the image due to the low resolution.

L 3
-

—
-

100 um

Figure 4-6 A representative optical microscopic image of monodisperse oil droplets
dispersed in the aqueous phase before solvent diffusion, captured in the Teflon tube
connected from the outlet of the microfluidic device to the vessel containing water for
solvent diffusion. The dispersed phase were EA solution dissolving 6 mg mL™ of PLA
and 4 mg mL™" of PLA-b-PDMAEMA. The continuous phase was an aqueous solution
saturated with EA containing 1 wt% of w-PEG-b-PLA The flow rates were Q4 = 2 uL
min™, Q. = 50 pL min™.

Figure 4-7 shows optical micrographs of the resultant microcapsules after solvent
diffusion prepared by changing the homopolymer to the diblock copolymer ratios. In the
absent of PLA-b-PDMAEMA, monodisperse microspheres with a compact internal
structure were obtained as shown in Figure 4-7 (a). With PLA/PLA-b-PDMAEMA at
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9/1 (w/w), monodisperse microcapsules with dark contrast against the continuous phase
were obtained (Figure. 4-7 (b)). The dark contrast means that there are many cores
inside the microcapsules. In addition, the microcapsules had bigger diameter even
though the preparation condition was the same except for the dispersed phase
composition in comparison to the case of PLA microspheres, supporting that the
microcapsules extracted water from the outer aqueous phase during the preparation
process. With an increase of the ratio to 6/4 (w/w), it was found that almost all the
microcapsules had a single aqueous core, as depicted in Figure 4-7 (c). The trend was
seen that the microcapsule diameter increased with the increment of the block
copolymer portion in the dispersed phase. From these results, it was found that adding
PLA-b-PDMAEMA to the dispersed phase played an important role to induce transition
of O/W emulsion to W/O/W emulsion by spontaneous emulsification. The internal
structure of the microcapsules changed from a compact structure, a multi-core structure
to a single core structure as increasing with the fraction of PLA-b-PDMAEMA in the
dispersed phase.
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Figure 4-7 Optical microphotographs of monodisperse microcapsules prepared by
varying the blend ratio of PLA/PLA-b-PDMAEMA. The ratio was (a) 10/0, (b) 9/1 and
(c) 6/4 (w/w).
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4-5-6 Effect of flow rate on the diameter of the microcapsules

Using the blend ratio at 6/4 (w/w), the microcapsules were prepared by changing the
flow rate of the continuous phase (Qc) whilst maintaining that of the dispersed phase
(Qq) constant. Figure 4-8 describes the change of diameter of the microcapsules and the
CV value as a function of the flow rate of Q.. The diameter of the microcapsules
decreased from 32.6 to 10.3 um with increasing the Qc, which is the same trend as the
previous studies on the microparticle fabrication. It was also found that the CV values
were increased as an increment of the Q.. Probably, this would be due to unstable
emulsification in the microfluidic device upon higher Q.. However, the CV values were
kept at less than 10% regardless of the flow conditions, which indicated that the
microcapsules had a relatively narrow size distribution.

Figure 4-9 shows optical microphotographs and SEM images of the microcapsules
prepared by varying the flow rate of Q. upon emulsification. The optical micrographs of
the microcapsules have clearly proven the fact that the microcapsules have a single
aqueous core in different to the microcapsules size, as shown in Figure 4-9 (al-d1). For
the SEM observation, it was found that most of the microcapsules were not collapsed
even under a high vacuum condition during the observation. The cross sectional views
of the microcapsules also revealed that interior of the shell of the microcapsules was a
bit porous although the surface of the microcapsules was smooth regardless of the
preparation condition, as shown in Figure 4-9 (a3-d3). This difference would be caused
by too fast precipitation of the polymer during solvent diffusion. The microcapsule
formation would involve coalescence of inner water droplets entrapped by spontaneous
emulsification during solvent diffusion process. The rapid solidification of the droplets
induced by EA extraction into the precipitation bath facilitates the polymer precipitation
under the non-equilibrium configuration that has tiny water droplets before coalescence
within the polymer droplet. The remaining small water droplets within the polymer
matrix must be the origin of the porous in the shell of the microcapsules.

These results indicate that this system can tune microcapsule size in a controlled
manner. In addition, it was found that the flow rates did not affect the morphology of
the microcapsules. It is also important to note that with conventional techniques using
microfluidics, it is almost impossible to prepare monodisperse microcapsules with
smaller than 30 um in the diameter since the microcapsule size is largely dependent on
the size of the initial W/O emulsion droplets. From the point of view of the
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microcapsules size, this proposed system would be a breakthrough to prepare single
micron-sized or submicron-sized microcapsules by changing the microfluidic

dimensions or the emulsion preparation conditions.
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Figure 4-8 Effect of the Q. on the diameter of the microcapsules and the CV value. The
Q. was (a) 25, (b) 50, (c) 100, and (d) 250 pL min™. The Qq was kept at 2 uL min™,
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Figure 4-9 (al-d1) Optical microscopic images and (a2-d2 and a3-d3) SEM images of
microcapsules prepared by changing the flow rate of the Q.. The Q. was (al-a3) 25,
(b1-b3) 50, (c1-c3) 100, and (d1-d3) 250 puL min™. The Qq was kept at 2 uL min™.
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4-5-7 Effect of molecular weight of PLA homopolymer on the structure
of the microcapsules

The effect of PLA molecular weight on the microcapsule structure was investigated.
Figure 4-10 shows the microcapsules prepared using PLA with higher molecular weight
(Mn =52,000, Mw/Mn = 1.29). From the optical microphotograph of the microcapsules
after solvent diffusion shown in Figure 4-10 (a), monodisperse microcapsules with a
single aqueous core were obtained, which is evidence that this system can be applied to
PLA with different molecular weight at least in a range from 7,200 to 52,000 in the Mn.
It is interesting to note that when using PLA (Mn = 52,000), the microcapsules
deformed during drying process, leading to collapsed microcapsules that was not seen in
the case using PLA (Mn = 7,200) as shown in Figure 4-10 (b and c). Understanding the
origin of the morphology difference, the time course of drying of the microcapsules
dispersed in water was monitored on the stage of the optical microscope.

Figure 4-11 shows the time course of drying of the microcapsules prepared using
different molecular weight of PLA and the same PLA-b-PDMAEMA. As shown in the
arrow in Figure 4-11A, the morphology of the microcapsules prepared with PLA (Mn =
7,200) did not change in the whole of the drying process, which just lost the water
inside the microcapsules during the process. On the other hand, the morphological
change in the microcapsules prepared with PLA (Mn = 52,000) was observed during the
drying, illustrating in Figure 4-11B. At the beginning of the drying, the continuous
phase (water) in the system evaporated as shown in Figure 4-11B (a). Then, water inside
the microcapsules started to evaporate accompanied with deformation of the
microcapsules (Figure 4-11B (b)). The volume of the microcapsules declined as the
inner water evaporated (Figure 4-11B (c-e)). As long as the water exists within the
microcapsules, the deformation process continued. After complete evaporation of the
inner water, the morphology change stopped (Figure 4-11B (f)). It was found that the
morphology change was not reversible process, which means that the deformed
microcapsules has never returned to the original spherical morphology even when the
deformed microcapsules is re-dispersed in aqueous dispersant, although the inner vacant
space of the microcapsules could be readily re-filled with water. From these results, it
was revealed that the deformation of the microcapsules occurred not during SEM
observation, but during the drying process after washing process. This deference may
arise from the compactness of the shell structure. In the case using PLA (Mn = 7,200),
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the formed shell of the microcapsules does not have a rigid structure, which allows gas
to go through the shell easily. On the contrary, when using PLA (Mn = 52,000), the shell
would possess a more compact structure and suppress the transport phenomena between
the inner and the external aqueous phase. As the internal aqueous phase starts to
evaporate from the microcapsules, in general, gas transportation from the external phase
to the inner phase occurs in order to accommodate the volume reduction, however the
gas transport would be restricted due to the rigid interfacial barrier, thus instead of this,
the microcapsule would change the structure.

(a)

Figure 4-10 An optical microphotograph and SEM images of microcapsules prepared
using relatively higher molecular weight PLA (Mn = 52,000, Mw/Mn = 1.29) and
PLA-b-PDMAEMA.
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B)

Figure 4-11 Time course of change of microcapsule structure during drying at room
temperature. The microcapsules were fabricated using PLA with different molecular
weights: (Mn = (A) 7,200, (B) 52,000) and the same PLA-b-PDMAEMA. The blend
ratio of PLA/PLA-b-PDMAEMA was fixed at 6/4 (w/w).
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4-5-8 Encapsulation of both hydrophobic and hydrophilic compounds
in the microcapsules using spontaneous emulsification

It was investigated whether the microcapsules encapsulated both a hydrophilic
compound and a hydrophobic compound. In this experiment, “calcein” was dissolved in
the continuous phase as a model hydrophilic compound. In addition, a model
hydrophobic compound “Nile red” was dissolved in the dispersed phase. In this system,
calcein must be encapsulated within the microcapsules through spontaneous
emulsification after formation of O/W emulsion upon microfluidic emulsification.
Figure 4-12 shows the fluorescence microphotographs of the resultant microcapsules
after solvent diffusion, followed by washing with pure water to remove the unloaded
calcein from the system. The core of the microcapsules clearly displayed green
fluorescence derived from calcein, which indicates that in this system, the water-uptake
from the continuous phase would occur during which the polymer droplets travel
towards the downstream in the Teflon tubing as depicted in Figure 4-12 (b). The shell of
the microcapsules showed red fluorescence attributing to Nile red, which indicates that
hydrophobic substances dissolved in the dispersed phase can be easily entrapped within
the shell of the microcapsules (Figure 4-12 (c)). From these results, this microcapsule
formation technique is a promising way for dual encapsulation of a hydrophobic

compound and a hydrophilic compound, as shown in Figure 4-12 (d, e).

(@) ©)

20 um

Figure 4-12 Fluorescence microphotographs of the microcapsules encapsulating calcein
in the core and Nile red in the shell. (a) Bright image, (b) Green fluorescence filtered
image, (c) Red fluorescence filtered image, () Low magnification overlay image of (b),
(c), and (d).
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4-5-9 Investigation of the shell structure of the microcapsules

Figure 4-13 shows XPS spectra of (a) the microcapsules consisting of PLA and
PLA-b-PDMAEMA and (b) the microparticles composed of PLA. XPS is a surface
chemical analysis technique that can be utilized to analyse the surface chemistry of
materials. As shown in Figure 4-13 (a), the spectrum obviously describes a peak derived
from bonding energy of Nis, suggesting that there are amine groups of PDMAEMA
block on the surface of the microcapsules. On the other hand, no peak was detected on
the surface of PLA microparticles, as shown in Figure 4-13 (b). These results are a clue
that PLA-b-PDMAEMA plays a role in a co-surfactant as well as a surface modifying
reagent and this proposed process enables to tailor the surface property of the
microcapsules during the formulation.

Intensity
s

T
S

407 402 397 392 387
Binding Energy (eV)

Figure 4-13 XPS spectra of microcapsules consisting of (a) PLA and
PLA-b-PDMAEMA at (6/4, w/w) and microparticles composed of (b) PLA.

125



4-5-10 Proposed formation mechanism of microcapsules by
spontaneous emulsification

Taking the above results into account, the microcapsule formation mechanism has been
proposed. First, monodisperse O/W emulsion whose interface is stabilized by
w-PEG-b-PLA is produced at the Y junction in the microfluidic device (Figure 4-14 (i)).
Then, water molecule in the continuous phase is extracted to the emulsion droplets
through the O/W emulsion interface during travelling towards the downstream of the
microfluidics to form tiny water droplets stabilized by amphiphilic PLA-b-PDMAEMA
molecules  dissolved in the emulsion droplets (microemulsion) since
PLA-b-PDMAEMA can dissolve in EA as a reverse micelle structure with PDMAEMA
core and PLA shell so as to minimize the interfacial energy and the hydrophilic
PDMAEMA core region of the reverse micelles is capable of entrapping aqueous
molecules (in Figure 4-14 (ii)). After that, when the emulsion droplets enter into the
precipitation bath filled with a great amount of pure water, EA diffusion from each
emulsion droplet to the surrounding aqueous phase quickly occur due to its high
solubility in water (8.7%, w/w at 20°C), which leads to the volume reduction of the
emulsion droplets and the increase of polymer (PLA and PLA-b-PDMAEMA)
concentrations within each droplet. Simultaneously, the increase in PLA-b-PDMAEMA
concentration within EA droplets gives rise to microemulsion instability because of its
low solubility in EA, facilitating coalescence of inner water droplets within each EA
droplet, as shown in Figure 4-14 (iii). Further evolution of the inner water droplets
results in bigger ones, and eventually forms double emulsion, as shown in Figure 4-14
(iv). Continuous diffusion of EA into the outer aqueous phase leads to precipitating
polymers from the interface between the emulsion droplets and the continuous phase,
thereby yielding in monodisperse microcapsules with a single aqueous core (Figure
4-14 (v)). Due to rapid diffusion of EA in the precipitation bath, the transition from the
emulsion to the solid microcapsules has completed within a few seconds, which is a

suitable for continuous production of the microcapsules.
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Water molecules stabilized
by PLA-B-PDMAEMA

Coalescence of the inner water droplets
+ )
EA droplet (O/W emulsion) W/O/MW emulsion Pracipitation of the polymer PLA microcapsule

Figure 4-14 Proposed microcapsule formation mechanism using spontaneous
emulsification and solvent diffusion. (i) EA droplets dissolving PLA and
PLA-b-PDMAEMA are produced by emulsified with 1 wt% of w-PEG-b-PLA aqueous
solution saturated with EA using microfluidic emulsification. (ii) While the emulsion
droplets flow towards the downstream of the microchannel, water molecules are
extracted from the continuous phase to the core of reverse micelles formed by
PLA-b-PDMAEMA in the emulsion droplet. (iii) When the emulsion solution is
transferred into excess volume of pure water, the concentration of PLA-b-PDMAEMA
in the emulsion droplets starts to increase with decreasing the volume of the droplets
induced by solvent diffusion of EA, leading to the coalescence of the tiny water droplets
within the emulsion droplets because of precipitating the polymers. (iv) As a result of
the coalescence, the emulsion droplets with a single aqueous core are formed. (v) The
microcapsules are obtained after complete diffusion of EA into the external aqueous

phase.

4-6 Conclusions

A simple process for fabricating monodisperse PLA microcapsules with a single
aqueous core through spontaneous emulsification and solvent diffusion, coupled with a
microfluidic approach has been elaborated. This process does not require any complex
fluids operations. It was found that adding PLA-b-PDMAEMA to the dispersed phase
was an essential element to induce water molecules extraction from the continuous
phase to the polymer droplets and to form W/O/W double emulsion via one-step
emulsification. The size of the microcapsules was readily tuned by the flow conditions
on the emulsion preparation, resulting in monodisperse microcapsules with 10 to 33 um
in the diameter. In addition, the microcapsules could be fabricated using PLA with
different molecular weights without any change in the preparation conditions. The
fluorescence microscopy observation showed the microcapsules were capable of
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encapsulating both hydrophobic and hydrophilic compounds in a single step. Surface
chemical analysis based on XPS revealed that the surface of the microcapsules had
amine groups derived from PDMAEMA block of the diblock copolymer. It was also
found that the water-uptake from the continuous phase would occur when the emulsion
was flowing in the Teflon tubing before entering in the precipitation bath. This facile
preparation method for monodisperse microcapsules has great potential for producing
polymeric microcapsules applied to biomedical applications.
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Chapter 5

Summary and future outlook

5-1 Summary

In conclusion, the potential of the design of PLA particle structures has been
successfully exploited by a combinatorial process of microfluidic emulsification and
O/W emulsion-solvent diffusion, coupled with physicochemical phenomena based on
interfacial chemistry. In the process, the quick removal of organic solvent from the
droplets shortens the preparation time about several hundreds times as opposed to
conventional techniques using halogenated solvents. In addition, all components used in
the preparations are biocompatible, which is great advantageous to applications for
biomedical fields.

The preparation of monodisperse PLA microparticles with a compact structure by
microfluidic emulsification and subsequent solvent diffusion was presented and the
structural control of the microparticles by introducing 0-PEG-b-PLA was demonstrated.
It was shown that the droplet sizes and the microparticle sizes were controlled from 6 to
50 um with a narrow size distribution by altering the flow rate ratio of the continuous
phase to the dispersed phase as well as PLA concentration in the dispersed phase. The
final particle diameters were in good accordance with the theoretical sizes calculated
from the sizes of droplets and the initial droplet compositions. Addition of
0-PEG-b-PLA into the dispersed phase was found to lead to porous structures in the
microparticles and the porosity was modulated by changing the blend ratio of PLA to
0-PEG-b-PLA.

Rapid solidification induced by solvent diffusion from polymer droplets consisting of
PLA, EA, and PFOB (non-solvent for PLA) in water was found to be a promising way
to tailor microparticle structures. Monodisperse PLA microcapsules encapsulating a
liquid oil core were successfully produced by internal phase separation within emulsion
droplets during solvent diffusion. The diameter of the microcapsules as well as the
core-shell ratio was finely tuned by altering the flow rates upon the emulsification and

131



the concentration of PFOB in the dispersed phase. In addition, it was found that higher
molecular weight PLA used as a matrix retarded the coalescence of tiny PFOB droplets
during internal phase separation and gave rise to structural complexity on the surface of
the microcapsules, resulting in the microcapsules covered with tiny PFOB droplets,
resembling colloidsome. Freeze drying of the microcapsules lead to formation of
microcapsules with dimpled surface.

The preparation of monodisperse microcapsules encapsulating a single aqueous core has
been generated by spontaneous emulsification from a simple O/W emulsion system
during the formulation. The synthesized amphiphilic PLA-b-PDMAEMA was found to
induce automatic formation of W/O/W double emulsion droplets from O/W emulsion
droplets via spontaneous emulsification. The final morphology relied on the ratio of
PLA-b-PDMAEMA to PLA in the dispersed phase, which varied from a compact,
multiple cores to a single aqueous core structure as increasing the PLA-b-PDMAEMA
composition. The diameter of the microcapsules was modulated in the range of 10 to 50
um in the diameter whilst keeping a relatively narrow size distribution by changing the
flow conditions upon emulsification. In addition, it was found that this process allowed
dual encapsulation of a hydrophobic substance, Nile red in the shell and a hydrophilic
substance, calcein in the core during the formulation. XPS analysis of the microcapsules
revealed that PDMAEMA block of PLA-b-PDMAEMA existed on the surface of the
microcapsules. These results suggest that the proposed microcapsule formation process
enables not only to produce monodisperse microcapsules with a single aqueous core in a
single step but also to modify the surface of the microcapsules.

The insights gained from this work should stimulate the exploration of novel
applications of polymeric microspheres as well as scientific interests in structural
control of polymeric microspheres.

5-2 Future outlook

Several important results have been obtained from this work, providing key insights
into the parameters essential for design of polymer particle structures. Microfluidic
rapid solidification of polymer droplets by solvent diffusion and interfacial phenomena
such as internal phase separation and spontaneous emulsification enabled continuous
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microparticle formation with well-defined sizes and controlled structures, thereby
achieving the aims of this study. Nonetheless, avenues for future research work into
applications of the prepared microcapsules as well as functional particle formation still
exist.

Firstly, release studies of substances from the prepared microcapsules with different
structures should be required to validate the effectiveness of the designed polymer
particles as a drug carrier. The sizes of the microparticles as well as the structures of
them would be important factors to control the release kinetics of the encapsulated
reagents. The in vitro release studies will give a guideline how the structures affect the
release behaviour.

In addition, this process can be extended to form composite materials with polymer
and small additives including polymer/metal, polymer/inorganic material, which would
impart the new functionality or enhance the physicochemical properties. One example,
fabrication of monodisperse PLA/Fe3O, composite microspheres was carried out using
microfluidic  emulsification and solvent diffusion and they exhibited
magneto-responsive property. However, more studies in terms of the different
compositions and the evaluation of their properties should be required.

Regarding microfluidic processing, there is still limitation in the minimum size of the
resultant microparticles around 5 um using microfluidic emulsification, which restricts
the application of them as polymeric microspheres. One of the promising approaches is
to make use of tip-streaming fluid dynamics formed in flow-focusing microfluidic
devices, which makes it possible to create smaller droplets than usual droplets (d ~ 30
um) in microchannels. Combination of tip-streaming flow and subsequent solvent
diffusion would become a breakthrough to generate sub-micron sized polymer particles
with a narrow size distribution. Some related works based on numerical and
experimental approaches have been carried out in our lab and we have succeeded in
preparing PLA nanoparticles around 800 nm in the diameter using tip-streaming and
solvent diffusion, however, more sophisticated study is required to form stable
tip-streaming and the nanoparticles.

Finally, another point is development of a process for mass production of the polymer
microparticles using a microfluidic platform. The productivity of polymer particles in
one microfluidic device was quite low, thus, the productivity should be increased by
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using parallel type microfluidic devices or a new kind of microchannels, which is
important to apply this system to industrial scale.
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