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ABSTRACT: Core—shell polymer microcapsules are well known for their biomedical applications as drug carriers when they are filled
with drugs and gas-filled microcapsules that can be used as ultrasound contrast agents. The properties of microcapsules are strongly
dependent on their size (distribution); therefore, equipment that allows the preparation of small and well-defined microcapsules is of
great practical relevance. In this study, we made polylactide microcapsules with a packed-bed premix emulsification system that previ-
ously gave good results for regular emulsions. Here, we tested it for applicability to a system in which droplets shrank and solidified
to obtain capsules. The packed-bed column was loaded with glass beads of different sizes (30-90 pm) at various bed heights (2—
20 mm), and coarse emulsions consisting of the polymer, a solvent, and a nonsolvent were pushed repeatedly through this system at
selected applied pressures (1-4 bar). The obtained transmembrane fluxes (100-1000 m’ m™ > h™') were much higher than those
recorded for other membrane emulsification techniques. The average size of the obtained microcapsules ranged between 2 and 8 pm,
with an average span of about 1; interestingly, the capsules were 2—-10 times smaller than the interstitial voids of the beds. The drop-
lets were larger when we used thicker beds and larger glass beads, and these effect correlated with the pore Reynolds number (Re,).
Two breakup mechanisms were identified: spontaneous droplet snap-off dominated the system at low Re,s, and localized shear forces
dominated the system at higher Re,. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43536.
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The in vivo performance of the microcapsules either as drug-
delivery systems or ultrasound contrast agents is significantly
influenced by their mechanical, thermal, and morphological
properties and their size and size distribution. The drug-release
properties and biocompatibility of the microcapsules, for
instance, are strongly dependent on the molecular weight, crys-
tallinity, size, and size distribution of the microcapsules.* Micro-
capsules with a uniform size distribution were reported to have
less inflammatory and immune responses of the tissues and cells
than polydisperese ones.”

INTRODUCTION

Polylactide is a biodegradable and biocompatible polymer that
is used extensively for different biomedical applications, includ-
ing implants, tissue engineering applications, sutures, and
microcapsules. Biodegradable microcapsules made of polylactide
have been widely used in recent years for the controlled and tar-
geted delivery of drugs and bioactive molecules.'™ Their good
in vivo stability makes them superior drug carriers because they
offer controlled and sustained drug release. In addition, hollow
polylactide microcapsules can be used in medical imaging as

ultrasound contrast agents. The gas core of the microcapsules The preparation of polymer microcapsules involves the dissolu-

allows oscillation in the acoustic field; this increases the back-
scatter signal of the ultrasound and results in a better image
quality."”
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tion of the polymer (i.e., polylactide) in a proper solvent [i.e.,
dichloromethane (DCM)] and the addition of a poor solvent to
the polymer (i.e., high alkane) followed by the emulsification of
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the polymer solution into a continuous phase, which consists of
a nonsolvent for the polymer (i.e., water) and an appropriate
surfactant [i.e., poly(vinyl alcohol)]. The emulsification process
results in liquid polymer droplets (that contain the alkane) that
are dispersed in the nonsolvent phase. The polymer droplets are
then solidified into polymer microcapsules through the extrac-
tion of the solvent from the droplets into the nonsolvent, which
is subsequently removed by evaporation to the air, and the
alkane remains captured in the polymeric capsule. The mor-
phology and thermal and mechanical properties of the micro-
capsules can be fine-tuned through the optimization of the
ingredient formulation that determines the solidification of the
polymer during the fabrication process.”

The emulsification methods, including high-pressure homoge-
nizers, colloid mills, and sonication, used for the preparation of
polymer microcapsules are the same as those reported for the
preparation of emulsions. However, these traditional methods
are high in energy consumption, and this may damage the frag-
ile capsules and result in poor control over the size and size dis-
tribution. This affects the performance of the microcapsules.
Therefore, milder preparation techniques are of great relevance
to the field.®

Membrane emulsification was successfully used to prepare
monodisperse microcapsules at low energy consumption; this
also resulted in better control over the size and size distribu-
tion.*” Membrane emulsification can be conducted in different
manners, including cross-flow, microchannel, and premix mem-
brane emulsification.® In cross-flow and microchannel emulsi-
fication, the dispersed phase is pushed through the fine pores of
the membrane, and the continuous phase shears them off at the
opening of the pores to form relatively uniform and small drop-
lets.”® Although these droplets are highly monodisperse, the
production yield is rather low.

In premix emulsification, a coarse emulsion is forced through
the pores of the membrane; this can be done at high flux.’
Upon passage of the membrane, the large droplets are broken
up into smaller ones, and repeating this process several times
may result in relatively uniform and small droplets. Different
types of microporous membranes, including glass, polymeric,
metallic, and ceramic membranes, have been reported in the lit-
erature®™'* for the preparation of emulsions and microcap-
sules, but there have also been issues related to the fouling and
blockage of membranes due to interactions with emulsion
ingredients.

111,12 ll3

Recently, Nazir ef a and van der Zwan et al.”” proposed a
promising premix emulsification system, which consisted of
packed beds of glass beads supported by a metal sieve. The new
system has many advantages, including a robust and simple
design, easy cleanup, low cost, allowance of higher transmem-
brane fluxes (Js), and fewer fouling issues, compared to the pre-
viously mentioned membranes. The system was tested for single
and double emulsions'"'* but not for the complex mixtures
needed for polymer microcapsules, which are expected to inter-
act very differently with the system. During the preparation of
the microcapsules, the solvent is removed; this leads to solidifi-
cation, which makes droplets break up less easily, and it is
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expected that also, because of this, the emulsion ingredients will
interact differently with the device. Both aspects need to be
carefully controlled to allow successful application of the premix
system.

The objective of this study was to investigate for which process
conditions polylactide microcapsules could be prepared success-
fully with the packed-bed premix emulsification technique. The
glass bead size, bed height, J, and number of emulsification
cycles through the bed were varied and their effect on the size
and size distribution of the microcapsules were noted, with the
ratio between the droplet and pore size and the droplet pore
Reynolds number (Re;,) as convenient scaling parameters.

EXPERIMENTAL

Materials

Poly(1-lactide) (PLLA), with an intrinsic viscosity of 1.21 dL/g,
was purchased from PURAC Biochem B.V. (Gorinchem, The
Netherlands). As a solvent for PLLA, DCM (high performance
liquid chromatography (HPLC), gradient grade) was purchased
from Merck (Amsterdam, The Netherlands). The poor solvent,
decane (>99%), was obtained from Sigma-Aldrich (Zwijn-
drecht, The Netherlands). The nonsolvent phase consisted of
Milli-Q water and methanol (HPLC, gradient grade, >99.9%)
from Aldrich (Zwijndrecht, The Netherlands). Poly(vinyl alco-
hol) (23/88) from Ter Hell (Hamburg, Germany) was used as
an emulsion stabilizer. All chemicals were used as received.

Preparation of the Microcapsules and Experimental Setup

A polymer stock solution with a concentration of 2% w/w was
prepared by the dissolution of PLLA in DCM. The course pre-
mix emulsion was prepared by the mixture of the polymer
phase, which consisted of 11.9 g of the stock PLLA solution,
23.8 g of DCM, and 3.57 g of decane, with the nonsolvent
phase, which consisted of 70 g of a 1% w/w aqueous poly(vinyl
alcohol) solution, 140 g of water, and 23.8 g of methanol. This
mixture was magnetically stirred at 1000 rpm for 1 min. Metha-
nol, which constituted 20% w/w of the total nonsolvent solu-
tion, was later added to the mixture to prevent immediate
solidification of the polymer. The premix emulsion was then
poured into a stainless steel emulsion vessel, which was con-
nected to the packed-bed column (Plexiglas column) through
pipes and valves, as shown in Figure 1.

Hydrophilic glass beads (100 HFL, Pneumix SMG-AF) with dif-
ferent average sizes (30, 55, 65, 75, and 90 um) were predepos-
ited on a supporting nickel sieve (Stork, Eerbeek, The
Netherlands), which was mounted at the bottom of the column.
The sieve had straight-through pores with an average size of
11.6 X 331 pum and a thickness of 350 um (scanning electron
microscopy images of the sieves can be found elsewhere''). The
amount of glass beads was varied to achieve bed heights of 2, 5,
10, and 20 mm. To ensure a good settling of the beads above
the sieve, the beads were wetted with a small amount of water,
and the column was turned upside down several times and then
positioned vertically.

The emulsification procedure was performed by the pressuriza-
tion of the emulsion vessel to transport the premix emulsion
through the packed-bed column (see Figure 1). The outlet
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Figure 1. Schematic representation of the premix packed-bed emulsification process. PLA = polylactide. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

emulsion was collected in a beaker, which was placed on an
electronic balance to measure the mass flux in time. The emul-
sion was then poured again into the emulsion vessel, and the
emulsification procedure was repeated in the same way up to
five times. After that, the emulsion was stirred for 1 h at
1000 rpm with a magnetic stirrer to remove the DCM from the
polymer droplets; this consequently solidified the polymer
around the decane droplets and resulted in the formation of
oil-filled microcapsules.

PLLA Microcapsule Characterization

The Sauter mean diameters (ds,s) of the microcapsules right
after emulsification and after the evaporation of the solvent
were measured with laser diffraction (Malvern Mastersizer 2000,
Malvern Instruments, Ltd., Worcestershire, United Kingdom).
The size distribution of the samples was represented with the
span, which was defined as follows:

Span = (dg()_dlo)/d5()

where d, is the droplet diameter corresponding to an x volume
percentage in the size distribution curve.

The morphology of the solid polylactide particles was visualized
by field emission scanning electron microscopy (Magellan 400,
FEI, Eindhoven, The Netherlands).

Calculation of the Packed-Bed Parameters

The packed-bed structural parameters, such as the pore diame-
ter (d,; m) and bed tortuosity (&), were determined with the
Comiti and Renaud capillary model for fixed beds."”> According
to the proposed model, d, can be calculated as follows:
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(1

where ¢ is the porosity of the bed and is defined as follows:

e=1-— (2)
p

where p;, and p, are the bulk and particle densities of the beads
and A,; is the specific area of the beads (m?*/m®). This was
related to the bead diameter (d,) according to the following
relation:

A=~
=0 (3)
¢ of the bed was determined as follows:

E=1+¢gIn(1/e) (4)

For tightly packed spherical beads, g is a constant worth 0.41.
The flow within the pores of the packed bed was characterized
with Re,,, which is given as follows:
Re, = Le"2% (5)
He
where p, and , are the density and viscosity of the emulsions,
respectively. These were calculated with the same correlations
used by Nazir et al.'” with the assumption that the continuous
phase mainly consisted of water and the dispersed phase of
DCM. Also, v, is the superficial velocity across the bed; this was
equivalent to ], which was calculated as follows:

¢, AP

J
PeA  peRpp

(6)
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Effect of the Applied Pressure and Packed-Bed Structure

The effect of the applied pressure and packed-bed structure,
that is, the bed height and glass bead size, on the flux through
the packed bed was investigated first, and the results are shown
in Figure 3. The flux generally increased with increasing applied
pressure and bead size, whereas it decreased with increasing bed
height, as expected from eq. (6). The resistance of the packed
bed was higher for smaller glass beads and also for higher beds,
whereas the flux scaled linearly with the applied pressure differ-
ence at a certain bead size and bed height.

Furthermore, the flux slightly decreased with increasing number
of passes [see Figure 3(a)]. This could have been due to either
an increase in the viscosity [see eq. (6)] or the interaction of
the components with the bed, which increased the flow resist-
ance. Unfortunately, the emulsion destabilized so fast that the
viscosity could not be measured, but the actual flux values that
were found were such that they compared well with those
reported for hexadecane in water emulsions, which are known
not to cause fouling. This was, of course, not proof that fouling
did not occur; it was just an indication that it was not occur-
ring so fast that it had a great negative effect on the process.
The flux values obtained with this technique (100-1000 m’
m ™2 h™") were higher than those reported for any other mem-
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Figure 3. ] as a function of the (a) applied pressure, (b) bead size, and
(c) packed-bed height. The flux values shown in panels b and ¢ are for
the third pass.

brane emulsification technique; this indicated the effectiveness
of the packed-bed emulsification system.

To compare the various conditions, we used the dimensionless
diameter (ds,/d,) and the span, which was indicative of the
droplet size distribution. The arrangement of the beads within
the bed resulted in interstitial voids, which formed irregular
paths through the bed similar to the pores of conventional
membranes.'! d, within the bed was related to dj, and was esti-
mated for different beads sizes with eq. (1), as shown in Table 1.

Table I. Average dj, and Corresponding d,, Values of the Bed Calculated
with Equation (1)

dp (um) dp (um)
30 13
65 29
78 38
90 40
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The bead sizes that were used were 30, 65, 78, and 90 pum, and
the bed height and transmembrane pressure (AP; Pa) were kept
constant at 2 mm and 2 bar, respectively. The size of the micro-
capsules was expressed as the dimensionless ratio of the micro-
capsule size to the pore size (ds,/d,); these values are shown in
Figure 4 for passes 1, 3, and 5. Generally, the ds,/d, ratio
decreased with increasing applied pressure for most of the
passes through the bed (see Figure 4). The increase in the
applied pressure increased the flux (see Figure 1) and, conse-
quently, increased the shear forces applied on the droplets while
they were breaking up; this reduced the droplet size.

With respect to the pore size, which was varied at the same
applied pressure, its effect on the droplet size was twofold (Fig-
ure 5). The flux scaled linearly with pressure but not linearly
with bead size; because the net effect of flux was larger, the
overall effect was still a decrease in the droplet size for larger
pores. In addition, the size of the microcapsules was much

Apassl
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0.3
A
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<
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0
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pore size (um)

Figure 5. Effect of the pore size on ds,/d, of the polylactide microcap-
sules. The experiments shown here were conducted at a constant pressure
of 2 bar and a bed height of 2 mm.
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bed height (mm)
Figure 6. Effect of the bed height on ds,/d, of the polylactide microcap-
sules. The experiments shown here were conducted at a constant pressure
of 2 bar with 78-pum beads.

smaller than that of the pore, as shown from the ds,/d, ratios,
which ranged between 0.1 and 0.4. The obtained ds,/d, values
were actually the smallest compared to those of the other mem-
brane emulsification process. For instance, a ratio of around 1
was recorded for premix membrane emulsification,'® whereas
for cross-flow membrane emulsification, the ratio was much
higher. It started around 2 and went up as high as 10."'

The effect of the bed height on the size of the microcapsules
was investigated with 78-um beads at different heights (2, 5, 10,
and 20 mm; Figure 6). The results show that ds,/d, increased
with increasing bed height (see Figure 6). With bed height, the
resistance of the bed increased; this decreased the emulsion
velocity and resulted in lower shear forces during emulsification,
and consequently, larger microcapsules were obtained. What
could also have played a role was the time that the droplets
spent together in the bed, which increased with increasing bed
height; this provided more of a chance for coalescence to occur,
and this would also result in bigger droplets. Looking at Figure
6, one can clearly see that at low bed height, the size was
reduced steadily, whereas at a high bed height, the final size was
immediately obtained, and this could indicate that in the higher
beds, more recoalescence took place and that the emulsification
efficiency was higher for the most shallow beds.

Although the average droplet size did not evolve much after
three passes (Figures 4—6), that was not the case for the droplet
size distribution. The span seemed to increase slightly with
increasing pore size [see Figure 7(a,b)], whereas it decreased
with increasing bed height up to 10 mm, after which the span
values became generally independent of the height, as shown in
Figure 7(b). The decrease in the span was ascribed to the fact
that with higher beds, the droplets had more of a chance to
break up inside the porous media. This resulted in more uni-
form droplets. However, if the bed was too high, coalescence of
the droplets may have occurred. This would cancel out the
breakup effects and lead to more or less constant span values.

The morphology of the microcapsules was visualized with scan-
ning electron microscopy; the particles were spherical and had a
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smooth surface (see Figure 8). Although we did not perform
this step, the oil could be removed by freeze drying; this results
in hollow-core microcapsules. Interested readers are referred to
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the study of Sawalha et al.'” for images of hollow microcapsules
prepared from similar recipes.

Droplet Breakup Mechanism

To allow the comparison of all of the tested process conditions
and to use that to identify the droplet breakup mechanisms in
our system, we used the droplet Re, [eq. (2)]. In this number,
the effects of the bed height, bead size, and AP were incorpo-
rated, and we plotted the dimensionless size and span of the
obtained microcapsules for the fifth pass [see Figure 9(a,b)].

Figure 9(a) shows that at low Re,, (i.e., Re,<10), the dimension-
less size of the microcapsules decreased with increasing Rep,
whereas at high Re, (>10), the decrease in the size was much
less. This could hint at a change in the droplet formation mech-
anism from one that was affected by shear to one that was vir-
tually shear independent. The span of the obtained emulsions
were mostly around 1, with the exception of some higher values
at low Re,,, which corresponded to low shear forces and high
residence time; this might have led to coalescence. What was
clear was that Re, values greater than 10 seemed to correspond
to a more uniform droplet size [see Figure 9(b)].

From Figure 9(a,b), we concluded that there were two regions,
a low Re, region (Re, < 10) and a high Re,, region (Re, > 10) in
which the behavior of the size and the span of the obtained
microcapsules varied. At low Re, corresponding to smaller
beads (and higher beds), the droplets were relatively more con-
stricted than their counterparts, which passed through beds
with larger beads. In addition, the flow velocity was relatively
low, and that implied that the droplets were more susceptible to
spontaneous droplet snap-off, as was reported for some micro-
structured systems.'® On the other hand, at higher Re, (i.e.
when a larger bead size and/or lower bed height was used), the
flow velocity was higher, and consequently, the applied shear
stress within the porous media was greater. In this case, the
droplet breakup process mainly occurred because of local shear
forces applied on the droplets.

Figure 8. Scanning electron micrograph of the (a) solid polylactide microcapsules prepared without the addition of the poor solvent (decane) to the premix

emulsion and (b) same microcapsules at a higher magnification. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. (a) ds,/d, and (b) span of polylactide microcapsules obtained after the fifth pass as a function of Re,. The data shown here were obtained
through variations of the (A) applied pressure, (O) d,, and ([_]) bed height. The pressure and d, decrease and the bed height increases from right to left

in both panels.

When comparing our results with those of Nazir et al'' for
single oil-in-water emulsions and those of Sahin et al'* for
water-in-oil-in-water double emulsions with the same emulsifi-
cation system, we observed that the emulsification behavior of
the polymer microcapsules resembled single emulsions more
than double emulsions. This may be have been due to the
fact that at the time of formation, the polymer droplets behaved
as a single phase, as was the case with single emulsions, and sol-
idification did not influence the process. In double emulsions, a
second phase was present with different properties, and that
may have led to different droplet formation behavior.

CONCLUSIONS

Polylactide microcapsules were successfully prepared with the
packed-bed premix emulsification technique. The achieved ]
and, consequently, the yield of the microcapsules was the high-
est among the membrane emulsification techniques, and the
obtained microcapsules were rather uniform in size.

The droplet breakup mechanism seemed to be similar to that of
a single emulsion and was dependent on the droplet Re,. At
low Re,, the spontaneous droplet snap-off mechanism seemed
to dominate, whereas localized shear forces dominated at
higher Re,,.

In this study, we demonstrated that the premix technology
could also be used successfully in systems in which solidification
took place. The timescales for solidification and processing were
such that the droplets were still liquid and could be postpro-
cessed to obtain polymer microcapsules.
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