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Abstract: Hollow poly(Lactic Acid) (PLA) microcapsules were fabricated
using the bubble template method. In this method, microbubbles nucleated
inside droplets of a dichloromethane solution of PLA which were located in
a continuous phase of poly(vinyl alcohol). PLA-covered microbubbles
formed when PLA adsorbed to the bubble surface by physisorption. Then,
the coated microbubbles were spontaneously released from the droplet’s
interior into the continuous phase. To increase the production yield of
hollow microcapsules in this method, ultrasound was applied to enhance
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bubble nucleation inside the droplets. Thus to attain uniform hollow PLA
microcapsules, the optimum PLA concentration with ultrasound was 30 g
L', which is higher than that without ultrasound (2 g L™"). At the optimum
concentration, the average radius was 0.54 pm, with a polydispersity index
of 21.2%. It was found that the equilibrium size of the microbubble
template radius was the same with and without ultrasound. The production
yield had a tenfold increase when ultrasound was employed.
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Introduction

Ultrasound has proven to be a reliable, low-cost, fast
and simple method in bioimaging, medical diagnoses
and treatment (Schutt et al., 2003; Unger et al., 2004;
Raisinghani and DeMaria, 2002; Nanda et al., 2003). Such
a technique has the advantage that it can be applied
without damaging the human tissue and can be focused to
specific depths between tissues. The clarity of the image
can be enhanced via Ultrasound Contrast Agents (UCAS).
In this regard, microbubbles are the most effective type of
ultrasound contrast agent for biomedical imaging (Stride
and Saffari, 2003; De Jong and Hoff, 1993; Lin et al.,
2009) due to their high acoustic impedance. The applied
medical frequency is in the order of 10° Hz, which allows
the bubble to vibrate at the fundamental frequency.
Furthermore, visualization can also be attained from the
reading of the harmonic frequencies which in fact are
preferred since these differ greatly from those of human
tissue. Therefore, having uniformly sized microbubbles
is desirable to obtain a narrower backscatter signal. Still,
bubbles can also be employed for a number of ablation
techniques which are currently in use to treat cancer
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(e.g., RF ablation and high intensity focused ultrasound,
HIFU) (Miller and Song, 2003).

The challenge is that microbubbles (or free
bubbles) dissolve quickly in the blood after
intravenous infusion (Schutt er al., 2003; Sboros,
2008; Leighton, 1994; Ferrara et al., 2006), which can
be addressed by using a heavy gas to reduce the
probability of gas diffusion into the surrounding,
continuous (liquid) phase and thus, increase the
microbubble lifetime (De Jong and Hoff, 1993). Yet,
if they are intended to be employed for prolonged
periods (min), the inclusion of a shell (i.e., 10-200 nm
thick) composed of lipids or polymers is required to
enhance its useful life (Sboros, 2008). The engineering
trade-off for extending its lifetime via a shell is a
reduction in the energy reflected by the microbubbles at
the resonant frequency and its corresponding harmonics.
In other words, the backscatter of sound is greater at the
gas-liquid interface (bubble-liquid interface) compared
to a liquid-liquid interface if the bubble is wrapped by a
surfactant or by stabilizing flexible material (De Jong
and Hoff, 1993; Gorce et al., 2000; Hoff et al., 2002;
Shankar et al., 2002).
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The second constraint is that microbubbles should lie
within 1-4 pum size range to effectively pass through the
capillary circuit, this guarantees a long-circulating time
before it drains into the liver (Lin e al., 2009). This last
difficulty can be solved by forming thermodynamically
stable microbubbles (closed system) (Daiguji et al., 2009).

The idea of a microcapsule is not new as it is already
present in nature, e.g. vesicular structures and micelles.
In the body, the lipid bilayer is stable because water’s
affinity for hydrogen bonding never stops. It is the
hydrogen bonding of water that holds a membrane
together (Daiguji er al., 2009). However, lipid bilayers
have limitations since if they are to be employed to
stabilize microbubble they will easily disintegrate as the
interaction between the lipids molecules is weak,
furthermore, these layers are not so useful for engineering
applications. But with the development of new techniques,
biologically compatible microcapsules, as well as capsules
suited for several kinds of engineering application, can be
created (Molino Cornejo, 2019).

Even though there are several techniques to
synthesize hollow microcapsules, in general, all of
them can be classified into four main synthesis
methods namely: chemical methods, physicochemical
methods, electrochemical and physicomechanical
methods. Among the chemical methods, the interfacial
polymerization method is the most popular. In this
technique, the capsule shell is the result of a reaction
among the polymer chain and the surface of a droplet
or a solid particle that it’s being used as a core. In
most cases, multifunctional ~monomers, i.e.
isocyanates, are dispersed in the liquid cores, which
are suspended in a dispersing/emulsifying continuous
phase. Another reactant multifunctional polymer (e.g.,
amine) is dispersed in the continuous phase and this
allows the reaction of both multifunctional polymers
to take place at the droplet-dispersing phase (rapid
polymerization at the interface), then the cores are
removed to attain a hollow capsule. Polymerization
can also occur at a bubble surface and therefore
hollow microcapsules are immediately created with a
polymer shell (Saihi et al., 2006; Feng et al., 2007).
Nonetheless, we devised a method in which a thin layer of
PLA was directly adsorbed, thus, rendering a hollow
biodegradable microcapsule from a bubble template without
the need of surfactants (Molino Cornejo, 2019). This
original process doesn’t require any external forces to
produce hollow microcapsules as it relies on solvent
evaporation (Daiguji et al., 2009). These microcapsules
can also be employed for therapeutic purposes in areas of
drug delivery, gene therapy, or as cell carriers for tissue
engineering (Shi et al., 2009; Malda and Frondoza, 2006;
Zhang et al., 2009; Klibanov, 2006). We named this
technique the bubble template method. The challenge we
face with this fabrication process is, even though it yields
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uniformly sized microcapsules, that it is not optimized for
mass production.

In this study, we employed ultrasound in the kHz range
to enhance microbubble nucleation in the droplet’s interior.
Based on the number density of nucleated bubbles and
released bubbles from the droplet’s interior, the kinetics of
the bubble release is discussed. Furthermore, the effect of
the application of ultrasound on the size of nucleated
microbubbles and the size of the final capsules with respect
to the initial concentration of PLA, cpyy, is disclosed. It is
important to highlight that ultrasound is a technique mainly
used to trigger drug release from the capsule, not to
fabricate them (Klibanov, 2006; Zhu et al., 2010). This
paper focuses on the mass production of microcapsules
made from microbubble templates using ultrasound.

Materials and Methods
Materials

The following chemicals were used: A 2kDa PLA
(i.v. 0.1-0,2) from Polyscience, U.S.; methylene chloride
(CH,Cl,) with a 99.99% purity from Wako Pure
Chemical Industries, Ltd., Japan; PVA-Gohsenal T-350
from Nippon Gohsei, Japan, water from a Milli-Q
Advantage A10 water purification system.

Methods

The following two fabrication processes were
employed:

Method A (Standard Process)

In a petri dish containing a 2% (w/w) PV A, solution,
ten 20 pL droplets of a CH,Cl, solution of PLA at
various initial concentrations were placed via
microsyringe (Daiguji et al., 2009). Immediately,
methylene chloride started to diffuse into the continuous
phase which allowed microbubbles to nucleate inside the
droplet. As it was found in our previous (Daiguji et al.,
2009; Molino Cornejo et al., 2011), since the solubility
of air in the aqueous solution is smaller than in the oil
phase, the air did not diffuse to the outside of the droplet
but instead nucleated in the inside forming
thermodynamically stable microbubbles. Afterward,
PLA adsorbed to the microbubble surface which resulted
in PLA covered microbubbles being released from the
droplet interior into the PVAaq solution. The solidified
microcapsules were collected, purified and dried using
water from a Millipore System (18.2 MQ.cm at 25C
TOC < 5 ppb) and to remove any contaminant from the
PLA shell. If the purification process was not thorough,
PVA was not properly removed from the shell. To
completely dry the capsules, a desiccator at 0.7 kPa with
silica gel beads was employed. The drying process lasted
36 h. Finally, the refined product, hollow microcapsules,
was obtained in the form of fine white powder.
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Method B (Process Under Sonication)

The process is similar to the one described in Method
A. However, after forming the droplets in the petri dish,
the dish was placed in the middle of an ultrasonic bath
(AS ONE ultrasonic bath) which contained water which
dimensions are 230x20x152 mm (LxWxD). The output
frequency and power (a low power unit) of the ultrasonic
bath was 38 kHz and 35 W, respectively. The water level
was approx. 120 cm. The pressure due to the acoustic
wave was measured with a Jowa PT300 immersible
pressure transducer at five different positions inside the
ultrasonic bath using the transducer: The four corners
and at the middle at a depth from the water surface of
Smm. We were more interested at the surface level since
the petri dish with the droplets was located at the surface
level (approximate depth of 5 mm).

The temperature in the ultrasonic bath peaked at
35°C (the boiling temperature of methylene chloride is
40°C). During the application of ultrasound, the
droplet’s color turned cloudy, which was a clear
indication that microbubble nucleation was taking place.
The samples were continuously sonicated until the
droplets dissolved completely into the continuous phase.
The purification process was the same as the one
described in Method A.

Interfacial tension measurements were performed via
the pendant drop method using the Drop Master Series
DM-501 (Kyowa Interface Science, Japan) to confirm
that the surface tension at the liquid-liquid interface
(CH,Cl,-PVA) was not affecting the release of the
microbubbles. For this purpose, CH,Cl, drops with an
initial PLA ¢pp4, of 2 and 30 g L™' were formed in a 2%
(w/w) PVA aqueous solution. The volume of the drops
was kept constant at 10 uL and the interfacial tension
was monitored for at least 30 min. The temperature of

the experiments was 298 K. Top and Bottom of Fig. 1
show the time courses of interfacial tension and droplet
volume for each of the solutions of PLA, respectively.

The measured interfacial tensions at 30 min were
1.26x107% and 1.35x10> N m ', respectively, for cpp =
2 and 30 g L™". The time variation of the surface tension
and volume of the droplet is shown in Fig. 4. This
reveals that the energy required for capsule release
(Molino Cornejo et al., 2011) is not affected by the
initial cppo. The experiments were performed at room
temperature.

An inverted microscope (Nikon ECLIPSE Ti-E) was
employed to confirm: a. the effect of ultrasound on the
total amount of nucleated microbubbles, b. the effect of
ultrasound on the final size of the microcapsules and c.
elucidate the mechanism of release of PLA coated
microbubbles from the droplet’s interior. The experiments
were performed at room temperature, 298 K. The polymer
was tagged with Nile Red to confirm that the microcapsules
were hollow (Daiguji ef al., 2009).

To observe the fabricated microcapsules, an FE-SEM
(S-4800, Hitachi High-Technologies, Japan) was used.
Prior to the FE-SEM measurements, the microcapsules
were freeze-dried for 6 h and then frozen with liquid
nitrogen (-196°C).

Finally, for the statistical analysis, we determined the
Cronbach’s alpha, to measure the internal consistency of
both fabrication methods (comparison of the resultant
capsules size), the average size and the standard
deviation of the capsules fabricated using both methods,
Microsoft Excel was employed.

A schematic of the fabrication process is shown in
Fig. 2.
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Fig. 1: Time courses of interfacial tension, y, (top) and droplet volume, v, (bottom) of a cpy  of either 2 or 30 g L™'. The droplet was
CH,Cl, solutions of PLA (2 kDa) and the surrounding medium was a 2% (w/w) PVA aqueous solution
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Fig. 2: Left Panel: Diffusion is driven microbubble nucleation. Right Panel: Ultrasound driven nucleation process

Results
Microcapsule Fabrication Via Ultrasound

Figure 3 shows the measured pressure waves on the
surface of CH,Cl, droplets in a 2% (w/w) PVA aqueous
solution inside a glass dish located at the center of the
ultrasonic bath. Water Location A and B were near the
anti-node (center of the ultrasound bath) and node
(corners of the ultrasound bath) of the pressure standing
wave, respectively. The amplitudes at location A and B
were measured to be 70 and 10 kPa, respectively. At
both locations, bubble nucleation was enhanced but the
droplet remained stable. In this study, hollow PLA
capsules were synthesized at location A because more
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microbubbles were observed at this location. However,
when the glass dish was located in particular areas at the
same water level of either Location A or B, the droplets
were deformed and PLA particles and films were
generated at the droplet surface because the applied
pressure wave was not a perfect plane wave in the vertical
direction. In this study, such placements were avoided.

We  successfully  fabricated  gas-filled PLA
microcapsules using ultrasound. Figure 4 shows a typical
bright field image of PLA covered microbubbles being
released from the methylene chloride droplet’s interior
when ¢p4=30 g L' The observation was performed before
(top section of Fig. 4) and right after the ultrasound was
applied to the droplets (bottom section of Fig. 4).
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Fig. 3: Pressure waves measured at two different water levels in the ultrasonic bath
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Fig. 4: PLA coated microbubble release from the interior of the droplet: (A). without ultrasound; (B). with ultrasound. cp; 4 30 g L™".
The scale bar represents 25um
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Fig. 5: A bright-field image of microbubbles and the radius distribution inside a droplet of a CH,Cl, solution of PLA when
ultrasound was employed (top). Bright-field and fluorescent images of hollow PLA microcapsules and the radius distribution
inside 2% (w/w) PV A aqueous solution (middle) and after drying (bottom). The initial concentration of PLA, cpy 5, was 30 g
L™" and the PLA molecular weight was 2 kDa. The scale bars represent 5 ym
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After sonication, the droplets remained cloudy for
several minutes. It was found that the number of
nucleated microbubbles increased. All measurements
were taken at the middle of the droplet where the
meniscus effect did not affect the clarity of the image
and droplet and, furthermore, to avoid coalesced bubbles
that can be located at the top of the droplet due to
buoyancy. Such bubbles never become hollow PLA
microcapsules mainly due to their size. The average
radius for the nucleated microbubbles, its standard
deviation and PI (Polidispersivity index Standard
deviation/mean) was 1.34 pum, 0.23 pm and 17.4%,
respectively (Daiguji et al., 2009).

Figure 5 shows the formation process of microcapsules
(top = bubble nucleation, middle = wet capsules, bottom =
dry capsules) when cp; 4=30 g L™'. The fluorescence (green
rings due to the presence of Nile Red), indicates that
microcapsule has a hollow interior since the air was not
tagged with fluorescein. It is worth to note that the final
dried hollow microcapsule had a smaller size compared to
the microbubble template. This result was observed in our
previous work as well (Molino Cornejo et al., 2011).

It is also observed that the vast majority of the
capsules created using cp =30 g L™ have a single void
as it is seen from the figure. The average radius for the
microcapsules, its standard deviation and PI of the outer
radius were 0.54 um, 0.11 pm and 21.2%, respectively.

The Effect of Ultrasound

Ultrasound proved to be effective to increase the
number of nucleated microbubbles as shown in Fig. 4 as
well. The image shows the number of PLA covered
microbubbles (microcapsules) being released from the
droplet’s interior when ultrasound was not applied
(Method A) and when ultrasound was applied (Method
B), respectively.

To explain the bubble release mechanism when
ultrasound was employed, we first calculated the natural
frequency of the microbubbles which is given by the
Minnaert formula (Doinikov ef al., 2009):

Tl

where, fy is the natural frequency of a bubble which
equilibrium radius is r; p' is the hydrostatic pressure in
the surrounding liquid; vy is the heat capacity ratio of the
gas inside the bubble; o is the surface tension at the gas-
liquid interface; and p' is the equilibrium density of the
liquid; and the calculated natural frequency f, was 3.4
MHz when the equilibrium radius 7, = 1 um given that in
our study, p'=101.3 kPa, p'=1330 kg m™—, ¢ = 0.0278 N
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m™' and y=1.4. Since the frequency of the employed

ultrasound was 38 kHz, this wave cannot collapse, nor
cavitate a microbubble by itself. Thus the ultrasound
only aided the nucleation and furthermore, it cannot
produce the calculated large pressure required for
releasing the microbubbles from the droplet’s interior
(Molino Cornejo et al., 2011).

Nonetheless, if more bubbles are nucleated and
distributed at the liquid-liquid interface, the frequency of
bubble release increases due to microbubble collision
and thus a specific microbubble would have enough
kinetic energy to overcome the energy barrier at the
interface. From the micrographs, it was assessed that
when ultrasound is applied, the number density of
nucleated microbubbles was 10 times larger than in the
diffusion-driven process. Likewise, it was measured that
the number of fabricated microcapsules was 10 times
larger when ultrasound was employed (Method B). Ergo,
it is plausible to conclude that the number of nucleated
microbubbles is directly related to the number of
produced microcapsules. The mechanics of release are
the same in Method A and Method B, but the frequency
of release differed by a factor of ten.

Equilibrium Bubble Radius

The equilibrium bubble radius, 1, is given by
equation (2):
1, =20/ pf 2
where, o is the interfacial tension of a CH,Cl, solution of
PLA at the bubble-solution interface and p," is the
partial vapor pressure of CH,Cl,. It is noted that p;" is
close to the saturation vapor pressure of pure CH,Cl, at
low cpra and the air pressure inside the bubbles is
approximately equal to the liquid pressure. The value of
r, was predicted to be 0.95 um at low cprs and 298 K.
Except for low cpLa conditions, because the partial
vapor pressure varies with its mole fraction in solution,
p1" should decrease with increasing cppp (Molino
Cornejo et al., 2016). However, analysis of the data of
microbubbles nucleated with and without ultrasound
revealed that there was no statistical difference among
the measurements with a Cronbach’s alpha of 0.92;
which implies that the size of the bubble is not
affected by the presence of the ultrasound when
compared to the diffusion only driven process.

Figure 5 shows the outer radius of the fabricated dry
hollow PLA microcapsules as a function of cpr 4 When
ultrasound was not applied (Method A) or applied
(Method B).

In Method A, the largest and the most uniformly sized
capsules could be obtained at cppa=2 g L™ and the
capsule size decreased and the uniformity deteriorated
with increasing cpp 4 (Molino Cornejo et al., 2011). When
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cpLa Was higher than 30 g L™, most fabricated capsules
formed aggregates and thus it was difficult to obtain
independent capsules. On the other hand, in Method B,
the capsule size slightly increased with increasing cpya
but the uniformity did not change so much except for
low or high cp 5 values. In Method A, bubbles nucleated
slowly and PLA covered the bubbles completely before
the bubble release. Excess PLA could form a highly
viscous layer close to the droplet surface, yielding the
resistance for the bubble release. Therefore, a cppp 0f2 g
L' was optimum when ultrasound is not applied (solely
diffusion-driven nucleation) (Shankar and Krishna,
2002). This is shown in Fig. 6.

On the other hand, in Method B, a cppp of 30 g L
proved to be optimal. When ultrasound was employed,
bubble nucleation was enhanced and thus the total
amount of PLA required for completely coating the
nucleated bubbles increased. Even at high cp s, PLA
could cover the bubbles rather than form a highly
viscous layer at the droplet surface. Therefore, PLA-
coated microbubbles could still be released from the
droplet’s interior under sonication. However, after
drying, the average size was smaller, the capsules
displayed a smaller size than those fabricated without
sonication (Method A).

Thus, using ultrasound enabled us to mass produce
the microcapsules faster and still with high uniformity.
The driving mechanism for bubble nucleation in Method
A was the diffusion of dichloromethane into the aqueous
phase. Method A lasted several hours (more than 7h),
meanwhile, with Method B (ultrasound), it took around
45 min. Figure 7 shows an FE-SEM image of the
fabricated capsules via ultrasound for cpr4 =30 g L.

It is important to notice that when cpp 5 is high, the
capsule size decreases in the case of diffusion-driven
nucleation compared to an ultrasound drove
nucleation. This can be well understood from the fact
that in a solution, several bubbles below the stable
radius form. The higher the concentration of the
polymer the easier it is to cover them before they
dissolve back into the solution. But when the
concentration is high and the nucleation rate increases
due to ultrasound, the probability of a microbubbles
serving as a nucleation site increases, thus the bubble
increases its size and is successfully stabilized since
there is plenty of PLA; yet, also very small
microbubbles can be rapidly stabilized before it can
dissolve back into the solution.
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Fig. 6: Microcapsule radius as a function of the initial PLA concentration when ultrasound was not applied (Method A) or applied
(Method B). The molecular weight of PLA was 2 kDa and the aqueous medium was 2% (w/w) PV A aqueous solution
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Fig. 7:
The scale bars represent 0.5 pm

Discussion

Shrunken and Bridged Microcapsules Opatimum
CrLA

Upon further observation, the experimental results
suggested that the shrinking process occurs as follows:
a. first, the bubble crosses the liquid-liquid interface
and then b. the microcapsule dries, which implies that
CH,Cl, is removed from the polymer structure allowing
it to harden completely. During the first step, inside the
droplet of methylene chloride, the polymer prefers a
swollen configuration. However, at the first contact
with the aqueous continuous phase, the hydrophobic
sections of the polymer (PLA) reduce their size in order
to minimize the surface area in contact with the
continuous phase, thus avoiding any inclusion of H,O.
In addition, since the enclosed gas is a mixture of
CH,Cl, and air (the volume ratio of air to CH,Cl, is
0.13 (Molino Cornejo et al., 2016), more CH,Cl, gas
diffuses into the adjacent continuous aqueous phase.
The fact that the capsule shrinks is also credited with
the diffusion of CH,Cl, gas into the aqueous phase.
When ultrasound was used, bubble nucleation was
enhanced and to produce microcapsules, cp 4 has to be
increased to 30 g L. In spite of the increased cpy 4, is
possible that due to the rate of capsule production, the
amount of PLA per bubble could also affect the capsule
size. This is if the bubble could not be covered
completely with polymer, gas leakage could take place.
In addition, the temperature of the gas can increase
since mechanical energy (ultrasound) is converted to
heat thus affecting the specific volume of the gas inside
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FE-SEM images of hollow PLA microcapsules fabricated using Method B from 2 kDa PLA solutions with cpp o =30 g L.

the bubble templates. When it cools down, the size of
the bubble decreases.

As for the second step, the capsule shell is not
completely solid. Actually, it is in a gel state due to the
presence of CH,Cl,. Only in a dry/low-pressure
environment or increasing the capsules surrounding
temperature will remove CH,Cl, from the polymer
structure.  Finally, the fabricated hollow PLA
microcapsule ends up being smaller than the original
bubble template. Indeed the dried capsules are even
smaller than the wet ones (Fig. 5).

It was also understood that the rate of appearance of
bridged microcapsules increased as cp; s increased in
Method A and Method B. This is due to the fact that, in a
higher viscosity solution, the transferred energy is
significantly damped by the viscous medium, which
allows PLA-covered microbubbles to remain for a longer
period at the liquid-liquid interface. Indeed, because
solvent diffusion takes place, a viscous layer appears at the
interface inside the droplet (which also increases its
thickness with time). This layer displays different
rheological properties compared to the bulk solution
(Rubinstein and Colby, 2003; Alerts et al., 2007;
Duenweg, 2018). De Gennes (2002) provided a
theoretical discussion regarding this layer, which is
considered an elastic layer in the sol-gel transition.
Accordingly, the outmost part of this layer (the one
close to the liquid-liquid interface) can and will solidify
into a solid film. Therefore, the initial cppa IS an
important indicator, as it determines the time required
to achieve such viscous conditions which, agglomerates
PLA-covered microbubbles at the interface.
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Fig. 8: FE-SEM images of hollow PLA microcapsules fabricated using process A from 2 kDa PLA solutions with cp s =70 g L.

The scale bars represent 25 um

When sufficiently strong energy can be transferred to
the agglomerated capsules, they are released, solidify
and become bridged capsules, as confirmed in Fig. 8. It
is worth to mention that particles are also manufactured
when a high cpy 4 is used.

Conclusion

It was shown that ultrasound can be effectively
employed to mass-produce hollow PLA microcapsules
without compromising uniformity. The frequency of
bubble release for the ultrasound driven nucleation was
higher compared to the diffusion driven process. The
optimum concentration of PLA with sonication was 30 g
L', which was higher than the optimum concentration of
2g L' in the standard bubble template method without
sonication. It was also proven that the final microcapsules
given the optimum PLA concentration for each fabrication
method, were statistically the same.

Future work focuses on: (1.) The in vitro analysis of
the acoustic properties of the microcapsules, the
degradation kinetics and the mechanical characterization
(e.g. nanoindentation) of the capsules must be performed
in detail. (2.) Future studies should also analyze mass
transport through the polymer shell in several flow
conditions that characterize blood flow in human bodies
(vessels, capillaries, blood clots, etc). It is possible to
load the capsules with hydrophobic drugs, however, our
fabrication method can be adjusted to load hydrophilic
drugs. (3.) Furthermore, our process can be potentially
employed for manufacturing inorganic capsules that can
serve as acoustic or heat insulator systems.
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