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Purpose. A new microencapsulation method called the “solvent ex-
change method” was developed using a dual microdispenser system.
The objective of this research is to demonstrate the new method and
understand how the microcapsule size is controlled by different in-
strumental parameters.

Methods. The solvent exchange method was carried out using a dual
microdispenser system consisting of two ink-jet nozzles. Reservoir-
type microcapsules were generated by collision of microdrops of an
aqueous and a polymer solution and subsequent formation of poly-
mer films at the interface between the two solutions. The prepared
microcapsules were characterized by microscopic methods.

Results. The ink-jet nozzles produced drops of different sizes with
high accuracy according to orifice size of a nozzle, flow rate of the
jetted solutions, and forcing frequency of the piezoelectric transduc-
ers. In an individual microcapsule, an aqueous core was surrounded
by a thin polymer membrane; thus, the size of the collected micro-
capsules was equivalent to that of single drops.

Conclusions. The solvent exchange method based on a dual micro-
dispenser system produces reservoir-type microcapsules in a homo-
geneous and predictable manner. Given the unique geometry of the
microcapsules and mildness of the encapsulation process, this method
is expected to provide a useful alternative to existing techniques in
protein microencapsulation.

KEY WORDS: dual microdispenser system; ink-jet technology; mi-
croencapsulation; protein delivery; solvent exchange.

INTRODUCTION

Microencapsulation is one of the most popular methods
to produce controlled release parenteral dosage forms. In
particular, microparticles made of biodegradable polymers,
such as poly(lactic-co-glycolic acid) (PLGA), have exten-
sively been investigated for delivery of various bioactive mol-
ecules (1-5). A number of microencapsulation methods have
been developed to such a level that one can choose a proper
method depending on the physicochemical properties of the
drug and the polymer to be used (3,4,6-11). Such technologi-
cal advances in the past decades have led to successful devel-
opment of several commercial products (3,4,12-15). The
double emulsion-solvent evaporation/extraction methods
have widely been used in microencapsulation of water-soluble
drugs.

One of the weaknesses of the existing methods, however,
is their limitations in microencapsulation of bioactive pro-
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teins, which are among the most attractive candidates for
controlled release (5,16,17): Incomplete release of a protein
and protein denaturation during preparation and release pe-
riods have often been found to be major problems (5,6,16—
18). Possible causes for such problems include extensive ex-
posure of proteins to the water/organic solvent (w/0) interface
generated during emulsification (19-28), direct exposure of
proteins to hydrophobic organic solvents (29,30), and physical
stresses due to, for example, shear stress or elevated tempera-
ture (20,25,26,31). Acidic microenvironments or hydrophobic
polymer surfaces, to which encapsulated proteins are likely to
be exposed during the release stage, can also contribute to
their denaturation (23,32,33). Another limitation is the use of
chlorinated solvents such as methylene chloride, which could
be a concern for environmental and human safety reasons
(34); hence, there have been many attempts to replace this
solvent with more benign organic solvents (19,20,35-42).

In an effort to alleviate some of these limitations, we
have developed the solvent exchange method as a potential
alternative to the existing techniques. The method was imple-
mented using two ink-jet nozzles that continuously produce
two streams of liquid drops. Collision of the two drops, ar-
ranged by precise manipulation of location of the two nozzles,
leads to reservoir-type microcapsule formation. The objective
of the current work is to demonstrate the solvent exchange
method and understand instrumental parameters that affect
the microcapsule size.

PRINCIPLES OF THE SOLVENT
EXCHANGE METHOD

The solvent exchange method is based on a phenomenon
that a solid polymer film forms at the interface between an
aqueous solution and a solution of a water-insoluble polymer
upon their contact. Figure 1A shows a polymer film forming
on a surface of water. A drop of polymer solution was placed
on the layer of water using a pipette. The last frame of the
sequence shows lifting of the polymer film formed on the
water surface. To examine the formation of a polymer film at
the air-water interface using various solvents more easily,
0.5% agarose gel was used in lieu of water. The agarose gel
provides an immobile aqueous platform, which facilitates
evaluation of the films formed on its surface. Spreading of a
solvent drop is clearly seen in the third frame of Fig. 1B. The
last frame of Fig. 1B shows lifting of a thin film formed on the
agarose gel surface. The main idea of this method is that one
can produce reservoir-type microcapsules, consisting of a
single aqueous core surrounded by a thin biodegradable poly-
mer membrane, by replacing the water or the agarose gel
layer with an aqueous drop.

Formation of a polymer film on the aqueous surface de-
pends on spreading of the polymer solution on the aqueous
surface and subsequent phase separation of the water-
insoluble polymer. It was observed that the spreading of the
polymer solution was mainly dictated by physical properties
of the organic solvent. On the hydrogel surface, the polymer
solution is exposed to two kinds of interfaces: an interface
with air and an interface with a hydrogel. Because the hydro-
gel consists of >90% of water, the latter is virtually an inter-
face with water. For favorable spreading of the polymer so-
lution over the aqueous surface, the solvent is required to
have a low interfacial tension with both water and air (i.e.,
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Fig. 1. Formation of a PLGA film at the water/air interface: A drop of 5% PLGA solution placed on a layer of (A) water and (B) 0.5% agarose
gel spreads virtually instantaneously to form a solid film, viz. in less than 2 seconds for water and 10 seconds for the agarose gel.

surface tension) (43). Phase separation of the polymer film is
a result of mass transfer between the organic solvent and
water (i.e., solvent exchange) leading to decrease in the solu-
bility of the polymer in the solvent. Organic solvents should
be miscible with water to a certain degree in order to cause
instant phase separation of the polymer film. Once a suitable
solvent is determined, reservoir-type microcapsules can be
formed by inducing the spreading and the phase separation to
occur on the surface of an aqueous drop. Under the criteria
described above, ethyl acetate was found to be one of the best
solvents among those tested in our laboratory (44).

One way to encapsulate an aqueous drop by a polymer
solution is to simultaneously produce drops of the aqueous
and polymer solutions and to induce midair collision between
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the two drops. An ink-jet nozzle controlled by a piezoelectric
transducer was found to be suitable for our application and
able to produce microdrops of a predictable size. In the pre-
sent study, two ink-jet nozzles in which one produces aqueous
drops and the other drops of a polymer solution, respectively,
were aligned to allow collision of pairs of microdrops emerg-
ing from each nozzle, as described in Fig. 2. It is believed that
the hydrodynamic fates of two drops upon collision are de-
termined by the surface tensions of the liquids: The organic
solvent preferentially deforms and spreads on the aqueous
drop upon contact, whereas the aqueous drop, which has a
relatively higher surface tension as compared to that of the
organic solvent, tends to maintain its spherical shape. The
solvent exchange process begins as soon as the two micro-
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Fig. 2. Formation of microcapsules by the solvent exchange method using a dual microdispenser system. (A) One ink-jet nozzle
generated aqueous microdrops and the other generated microdrops of a polymer solution. (B) The two ink-jet nozzles were aligned to
cause midair collision between two microdrops. (C) Solvent exchange proceeded at the interface between two liquids to form a polymer
layer on the aqueous drop. Microcapsules thus formed were collected in the aqueous bath. The left picture was drawn based on digital
images obtained using stroboscopic illumination for clear presentation.
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drops come in contact and is completed in the aqueous
bath, where the compound drops are collected, as described
in Fig. 2.

MATERIALS AND METHODS

Materials

Poly (lactic-co-glycolic acid) [PLGA; lactide to glycolide
ratio (L/G) = 50/50, inherent viscosity = 0.59 dl/g) was ob-
tained from Birmingham Polymers, Inc. (Birmingham, AL,
USA) (lot: D01070). Polyvinyl alcohol (PVA; 98.0-98.8% hy-
drolyzed; MW ~195,000, no. 10851) was obtained from Fluka
(Milwaukee, WI, USA). Ethyl acetate (EA, 4992-04), calcium
chloride dehydrate (4106), and methylene chloride (4879)
were obtained from Mallinckrodt Baker, Inc. (Phillipsburg,
NJ, USA). Coomassie Brilliant Blue R-250 (161-0400) was
purchased from Bio-Rad. Nile Red (N3013) (Hercules, CA,
USA), Fluorescein isothiocyanate-dextran (FITC-dextran,
MW ~42,000, FD-40S), and sodium alginate (A2033) were
obtained from Sigma (St. Louis, MO, USA). Agarose
(Seakem LE; lot: 61426) was obtained from FMC BioProd-
ucts (Rockland, ME, USA).

Preparation of Microparticles

Solvent Exchange Method Using a Dual
Microdispenser Assembly

Figure 3 describes a dual microdispenser system that con-
sists of two ink-jet nozzles. Microcapsules were produced as
described previously (44). Briefly, a solution of 2% PLGA in
ethyl acetate and an aqueous solution containing 0.2% so-
dium alginate were delivered into two different nozzles, re-
spectively. Dyes were optionally added in each solution. Size
of the nozzle orifice was the same for both nozzles: either 40
or 60 pm in diameter (MicroFab Technologies, Inc., Plano,
TX, USA). The liquid streams were perturbed by a frequency
generator (Hewlett-Packard model 33120A, Hewlett-Pack-
ard/Agilent, Palo Alto, CA, USA) to produce a series of uni-
form drops. Locations of two nozzles were precisely manipu-
lated to cause collisions between the drops. The formed mi-
crocapsules were collected in a water bath containing 0.15 M
calcium chloride. The microcapsules were collected using a
centrifuge, washed with distilled water at least three times,
and lyophilized for 24 h.
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Fig. 3. Schematic description of a dual microdispenser system.
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Double Emulsion-Solvent Evaporation Method

For comparison, microspheres were also produced using
a double emulsion-solvent evaporation method described in
the literature (45) with a slight modification. Fifty microliters
of aqueous FITC-dextran solution (20%) was poured into 1
ml of methylene chloride containing 33% PLGA and 0.003%
Nile Red. The solution was mixed for 1 min using a vortex
mixer. The resulting w/o emulsion was poured under mag-
netic stirring into 2 ml of aqueous 1% PV A solution saturated
with methylene chloride to form a water in organic solvent in
water (w/o/w) double emulsion. The w/o/w emulsion was
poured into 200 ml of water containing 0.1% PVA and con-
tinuously stirred for 3 h at room temperature until most of the
methylene chloride evaporated, leaving solid microspheres.
The microspheres were collected by centrifuge, washed with
distilled water at least three times, and lyophilized for 24 h.

Morphological Characterization of Microparticles

Bright-Field Microscopy

Nascent microcapsules were observed using a bright-field
microscope. Drops consisting of a suspension of microcap-
sules were placed on a glass cover slip and the microcapsules
were observed with a Nikon Labophot 2 microscope (Japan).
Sizes of the microcapsules were determined from the bright-
field microscopic images. Reported values are averages of
30-50 microcapsules.

Confocal Laser Scanning Microscopy

The internal structure of the microparticles was imaged
using an MRC-1024 Laser Scanning Confocal Imaging System
(Bio-Rad) equipped with a krypton/argon laser and a Nikon
Diaphot 300 inverted microscope. The collected micropar-
ticles were centrifuged and washed with distilled water prior
to observation. All confocal fluorescence pictures were taken
with a 20x objective and excitation at 488 nm and 568 nm.
Green and red fluorescence images and a transmission image
were obtained from separate channels.

Particle Size Control Using an Ink-Jet Nozzle

Distilled water was supplied to an ink-jet nozzle with an
orifice of diameter d of 30 or 60 pm at flow rates Q ranging
from 0.3 to 0.7 ml/min for d = 30 wm and from 0.6 to 2.0
ml/min for d = 60 pm. The water stream was perturbed at
different frequencies f to produce uniform drops. The drop
sizes were determined from stroboscopic images. Apparently,
the drops were highly homogeneous in size; thus, representa-
tive one was taken to determine the size generated under the
specific condition.

RESULTS

Formation of Microcapsules by the Solvent
Exchange Method

As shown in Fig. 4, the microcapsules prepared by the
solvent exchange method appeared transparent when ob-
served by a bright-field microscope indicating that the sur-
rounding polymer layer was a thin membrane. The blue color
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Fig. 4. Bright-field micrograph of mononuclear microcapsules pro-
duced by the solvent exchange method. Bar = 100 pm.

of the main spherical bodies of the microcapsules confirmed
that encapsulated was the aqueous dye solution.

Microparticles produced by the solvent exchange method
and those by the double emulsion-solvent evaporation
method were compared with respect to their internal struc-
tures using confocal microscopy, as shown in Fig. 5. In both
cases, the aqueous phase was labeled with FITC-dextran, and
the polymer matrix or membrane was visualized by Nile Red,
a lipophilic fluorescence dye, dissolved along with the poly-
mer in the organic solvent. Figure 5 makes plain that the
microcapsule produced by the solvent exchange method was
composed of a single drop of the aqueous phase surrounded
by a polymer membrane. In contrast, the microspheres pro-
duced by the double emulsion method consisted of multiple
drops of the aqueous solution embedded within the polymer
matrix.

Control of Drop Size Using an Ink-Jet Nozzle

When microdrops are produced from an ink-jet nozzle
perturbed by a piezoelectric transducer, their diameters d,
depend on three variables: diameter d of the orifice, average
velocity of the jetted solution V, and forcing frequency f. A
liquid jet, assumed to be a cylinder of diameter d, would
break into uniform drops of volume m(d/2)*\, where N = V/f
is the wavelength of the imposed perturbation. The diameter
d, of the drops that are thereby produced can be obtained by
equating the volume of the cylinders to that of the resulting
spheres:

1
3d*V\3
da=\—> €h)

Because V equals the volumetric flow rate Q in cm*/min
divided by the cross-sectional area of the orifice w(d/2), Eq.
1 can be rewritten as:

6 —
d,= (—Q)* @
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In Eq. 2, the diameter of the formed microdrops is a
function of only Q and f, but the nozzle orifice diameter d is
implicitly involved by constraining the range of values of Q as
well as f, which breaks up a liquid stream into uniformly sized
drops at a given flow rate Q. In other words, the drop size is
primarily determined by orifice size of the ink-jet nozzle.

The smallest attainable size of drops is of primary inter-
est in terms of utility of this method; therefore, it is necessary
to define practical ranges of Q and f as well as the smallest
size of drops that can be produced by a given nozzle. In the
current study, nozzles with orifice diameters of 30 wm and 60
pm were used to produce water drops of uniform size at
different Qs. At each value of Q, f was varied to find the
maximum possible value that would produce the smallest
drops.

The size of drops issued from the ink-jet nozzles, deter-
mined experimentally from the stroboscopic images, agreed
well with the theoretical values calculated from Eq. 2. Figures
6 and 7 show that the drop size decreased with increasing
frequency at a fixed flow rate. When the drop sizes were
compared for different flow rates at a fixed frequency, the size
increased with increasing flow rate for all values of frequency,
as shown in Table I. When both flow rate and frequency were
varied at the same time, however, it was not necessarily at the
lowest flow rate that the smallest drop size resulted. The rea-
son is that the maximum attainable frequency, defined as a
frequency above which a liquid jet does not break up into
homogeneous drops, increased with the flow rate. The maxi-
mum attainable frequency increased in proportion to the flow
rate with a high linearity (r* = 0.9993 for the 30-pm orifice
and 0.9991 for the 60-pm orifice) (Fig. 8). The smallest pos-
sible drop size that can be obtained at each flow rate was
almost the same (~46 pwm) at all flow rates for the 30-pm
nozzle (Table II). For the 60-wm nozzle, the increase in the
flow rate increased the maximum attainable frequency fur-
ther; hence, smaller drops were produced at higher flow rates.

Effects of Nozzle Parameters on Size of Microcapsules
The diameters of microcapsules were estimated using a

bright-field microscope and compared with theoretical values
and those of drops obtained from the stroboscopic images. As

(A) (B}

Fig. 5. Confocal fluorescence microscopic images of microspheres
produced by (A) the solvent exchange method and by (B) the double
emulsion solvent evaporation method. The images were produced by
projecting multiple layers of pictures on top of each other. The PLGA
phase appears red due to the presence of Nile Red, and the aqueous
phase appears green due to the presence of FITC-dextran.
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Fig. 6. Aqueous drops produced by ink-jet nozzles driven in a continuous mode using a nozzle of (A) 30-pm orifice and (B) 60-pm
orifice under different frequencies at a fixed flow rate (0.5 ml/min for the 30-pum orifice and 1.0 ml/min for the 60-pum orifice). Pictures
were taken using a strobe and a video camera so that the drops in each image were actually superposition of many successive drops.

Scale bar = 100 wm.

described above, the size of single drops issued form each
nozzle is determined by flow rate (Q) and forcing frequency
(f), which are primarily limited by the nozzle orifice. The size
of a merged drop resulting from the union of two spherical
drops would be calculated by:

3
w

r =1 3)
where 1, 1., and r,,, are the radii of microdrops of the aque-
ous solution, the polymer solution, and the merged drops,

respectively. If the sizes of two microdrops are the same (i.e.,

r,, = I,) and there is no loss of material upon their collision,
r,, would be 1.26-r,,, which means that the layer of polymer
solution would be as thick as 26% of the radius of a single
drop. It is also expected that the size distribution of the mi-
crocapsules will be as homogeneous as that of single drops.
The sizes measured from the stroboscopic pictures satisfied
these expectations for both single and merged drops (Table
IIT and Fig. 9). Majority of the microcapsules collected in the
bath were similar in size (defined as “unit size”) when ob-
served by a microscope. On the other hand, it is interesting to
notice that the unit size of collected microcapsules was
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Fig. 7. Relationship between drop diameters and forcing frequencies. Open symbols represent results obtained with the
30-pm orifice and solid symbols represent those obtained with the 60-pm orifice. The graph in the right is alternative
representation of the left showing that the relationship is in good agreement with Eq. 2.
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Table I. Dependence of Drop Diameter on the Flow Rate at a Fixed
Forcing Frequency for a 30 wm-Orifice Nozzle

Yeo et al.

Table II. The Smallest Drop Sizes at Different Flow Rates

Maximum
Frequency, f Flow rate, Q Drop diameter  Nozzle orifice Flow rate, Q frequency, f Drop diameter
(kHz) (ml/min) (pm) (pnm) (ml/min) (kHz) (pm)
413 0.50 68.7 30 0.3 74.7 45.3
41.3 0.70 72.8 30 0.5 126.4 46.9
53.9 0.30 52.9 30 0.7 185.2 46.5
53.9 0.50 60.1 60 0.6 16.1 97.1
74.7 0.30 45.3 60 1.0 359 83.7
74.7 0.50 50.6 60 2.0 90.0 77.0
74.7 0.70 66.9
96.2 0.50 49.4
96.2 0.70 58.0
126.4 0.50 46.9 phase-specific fluorescence dyes proved to be useful in visu-
1264 0.70 52.1 alization of the internal structure of the microcapsule. From

equivalent to that of single drops emerging from an ink-jet
nozzle (Table III), and the polymer layer existed only as a
thin membrane. According to scanning electron microscope
observation (data not shown), thickness of the membrane was
1-2 pm on the average. The unit size displayed dependence
on the frequency applied to the liquid jet (p < 0.05, Table IV
and Fig. 10) as well as the orifice diameter. However, the
collected group of microcapsules occasionally included micro-
particles of unexpected sizes. Our preliminary study using
confocal microscopy suggests that the small satellites are
made of the polymer phase. It is possible that the shear stress
caused by stirring of the collection bath might have separated
parts of the polymer layer that was originally associated with
the aqueous core. It is also possible that the satellites origi-
nated either from the break-up of the polymer solution jet or
due to the collision between the polymer drop and the aque-
ous drop.

DISCUSSION

The solvent exchange method was implemented to pro-
duce microcapsules using a dual microdispenser system. Mi-
croscopic observations supported formation of reservoir-type
microcapsules. In particular, confocal microscopy utilizing
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Fig. 8. Relationship between the maximum frequency and the
flow rate.

the confocal micrographs, it was clear that contact between
the aqueous and the polymer solutions was minimal and lim-
ited to the surface of the aqueous drop in the microcapsules
produced by the solvent exchange method, as opposed to
those produced by the double emulsion method. It is believed
that this limited amount of contact will be especially advan-
tageous for encapsulation of protein drugs, which can easily
undergo irreversible aggregation at the w/o interface (19-
28,46-49).

Another advantage of the dual microdispenser system is
that it provides a good opportunity to control the particle size
distribution. An ink-jet nozzle generates uniform drops of a
desirable size. For this reason, the ink-jet technology has re-
cently received considerable attention in the microencapsu-
lation area. The technology has been used for precise control
over the size distribution of dispersed phases in the emulsion-
solvent evaporation/extraction method (50,51). Recently, ink-
jet technology has been used to produce paclitaxel-loaded
PLGA microspheres of a narrow size distribution and a con-
trollable diameter (52).

In the solvent exchange method, the size of drops emerg-
ing from each ink-jet nozzle is a major determinant of the
microcapsule size as well as the polymer membrane thickness.
In order to understand instrumental parameters that are rel-
evant to the microcapsule size and to determine the minimal
drop size that can be produced under given conditions, the
effects of orifice diameter, flow rate of the liquid, and forcing
frequency imposed on the liquid jet on the drop size were
investigated. The drop size was primarily determined by the

Table III. Comparison of Unit Sizes of Collected Microcapsules Pro-
duced by Different Nozzle Orifices

(A) (B)

Conditions

Nozzle diameter (d) 60 pm 40 pm

Flow rate (Q) 0.6 ml/min 0.32 ml/min

Frequency (f) 10.6 kHz 10.9 kHz
Single drop

Theoretical 121.7 pm 97.8 pm

Observed (strobe image) 115.4 pm 93.0 pm
Merged drop

Theoretical 145.4 pm 123.2 pm

Observed (strobe image) 143.0 pm 117.3 pm
Microcapsules

Observed (microscopic image) 1156 +53 pm  93.8 +3.1 pm
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Fig. 9. Stroboscopic images of microcapsule formation and bright-field microscope images of microcapsules formed under the conditions
specified in Table III.

orifice diameter. For a fixed nozzle orifice size, the drop size
decreased with increasing (decreasing) frequency (flow rate)
when the flow rate (frequency) was held constant. When both
parameters were varied, the lower limit of drop size was de-
termined by the maximum attainable frequency. That is, in
order to produce small microdrops, despite its adverse effect
on the small size, the flow rate needs to be increased to afford
a high frequency. On the other hand, high flow rates can
cause problems such as splashing of drops upon collision be-
cause of their higher inertia. Because this can result in loss of
encapsulated drugs, it is not necessarily desirable to increase
the flow rate. Instead, it may be more realistic to decide first
on a practical flow rate and then to increase the frequency as
much as possible to produce the smallest drops.

The smallest possible size of single drops was approxi-
mately 130% to 150% of the nozzle orifice diameter. For
example, the smallest sizes were 46 pm and 77 pm for the
30-pm orifice and the 60-wm orifice, respectively. To produce
microdrops as small as 10-40 pm, it will be necessary to re-
duce the orifice size down to 5-25 pm. Alternatively, the drop
size can be reduced by running the ink-jet nozzle in a special
mode called the drop-on-demand, in which the drop diameter
can approximately equal the orifice diameter (53). Further-
more, it was recently found that drops having diameters of 1/2
to 1/3 of the orifice diameter could be produced by applying
a special waveform (53). Using the waveform modulation. it
was possible to produce drops of 15 wm in diameter from a
40-pm orifice nozzle (53).

The sizes of single and merged drops measured from the
stroboscopic images taken during the midair collision coin-
cided with theoretical values. This indicated that there was no

loss in volume when two drops collided in air. However,
thickness of the polymer membrane of microcapsules col-
lected in the water bath was much smaller than what was
expected from Eq. 3. First, this can be attributed to the vol-
ume loss due to the removal of the solvent from the polymer
phase. It is likely that the polymer layer shrank as the solvent
that constituted 98% of the polymer phase was extracted by
the solvent exchange with the aqueous phases. Given that the
solid polymer occupied only 2% of the entire volume, it may
be natural that the polymer layer ended up being a thin mem-
brane and the size of the microcapsule was close to that of a
single drop. On the other hand, considering the existence of
the satellites, it is also possible that portions of the polymer
layer separated during stirring of the bath and, thus, resulted
in reduction of the membrane thickness.

From the mild nature of the encapsulation process and
the unique geometry of the microcapsules, it is expected that
this method will provide several advantages over contempo-
rary methods, especially in encapsulation of proteins or pep-
tides. First, the process does not include potentially damaging
conditions such as an emulsification step, which often exerts
unfavorable influences on the stability of encapsulated drugs
by exposing them to the w/o interface and excessive physical
stress. Second, in the mononuclear microcapsules, undesir-
able interactions between protein and organic solvent or poly-
mer matrix are limited only to the interface at the surface of
the core. However, whether these potential advantages will
be reflected through enhanced release profiles and stability of
the encapsulated proteins remains to be seen. Third, the or-
ganic solvent for polymers can be chosen with more flexibility
than in conventional methods; hence, toxicity concerns over

Table IV. Dependence of Unit Sizes of Microcapsules on Forcing Frequency

Nozzle diameter (d)

60 pm 60 pm 60 wm

Conditions

Flow rate (Q) 0.7 ml/min 0.7 ml/min 0.7 ml/min

Frequency (f) 9.7 kHz 13.1 kHz 15.1 kHz
Single drop

Theoretical 131.9 pm 119.4 pm 113.8 wm

Observed (strobe image) 122.7 pm 110.8 pm 108.1 pwm
Microcapsules

Observed (microscopic image) 119.0 + 6.4 pm 114.9 + 6.4 pm 106.8 + 7.6 pm
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Fig. 10. Bright-field microscope images of microcapsules formed un-
der the conditions specified in Table IV. Microcapsules were pro-
duced at (A) 9.7 kHz and (B) 15.1 kHz.

residual solvents, in particular methylene chloride, can be
avoided. Fourth, the use of ink-jet nozzles allows for a precise
control over the particle size. Fifth, scale-up of the microen-
capsulation process can easily be achieved by simply increas-
ing the number of pairs of nozzles; thus, the quality of the
microcapsules would not be affected by the scale-up process.

CONCLUSIONS

A new microencapsulation method called the solvent ex-
change method was developed based on instantaneous for-
mation of a polymer film at the interface between an aqueous
solution and an organic polymer solution upon their contact.
The solvent exchange method was implemented using a mi-
crodispenser system consisting of two ink-jet nozzles, which
allows collision of drops of two solutions in air. The solvent
exchange method produced reservoir-type mononuclear mi-
crocapsules of hydrophilic cores surrounded by polymer
membranes. Particle size could readily be controlled by in-
strumental variables related to the nozzle operation. Because
the polymer layer became a thin membrane after completion
of solvent exchange, an aqueous core was the major determi-
nant of the microcapsule size.
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