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ABSTRACT: The rapid expansion from a supercritical so-
lution with a nonsolvent (RESS-N) was applied to the for-
mation of polymeric microcapsules containing medicines
such as p-acetamidophenol, acetylsalicylic acid, 1,3-dimeth-
ylxanthine, flavone, and 3-hydroxyflavone. A suspension of
medicine in carbon dioxide (CO2) containing a cosolvent
and dissolved polymer was sprayed through a nozzle to
atmospheric pressure. The pre-expansion pressure was
10–25 MPa, and the temperature was 308–333 K. The poly-
mers were poly(l-lactic acid) (molecular weight � 5000),
poly(ethylene glycol) (PEG; PEG4000, molecular weight
� 3000; PEG6000, molecular weight � 7500; and PEG20000,
molecular weight � 20,000), poly(methyl methacrylate) (mo-
lecular weight � 15,000), ethyl cellulose (molecular weight
� 5000), and PEG–poly(propylene glycol)–PEG triblock co-
polymer (molecular weight � 13,000). The solubilities of the
polymers as coating materials and these medicines as core

substance were very low in CO2. However, the solubilities of
these polymers in CO2 significantly increased with the ad-
dition of low molecular weight alcohols as cosolvents. After
RESS-N, polymeric microcapsules were formed according to
the precipitation of the polymer caused by a decrease in the
solvent power of CO2. This method offered three advan-
tages: (1) enough of the coating polymers, which were in-
soluble in pure CO2, dissolved; (2) the microparticles of the
medicine were encapsulated without adhesion between the
particles because a nonsolvent was used as a cosolvent and
the cosolvent remaining in the mixture was removed by the
gasification of CO2; and (3) the polymer-coating thickness
was controlled with changes in the feed composition of the
polymer for drug delivery. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 89: 742–752, 2003
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INTRODUCTION

The microencapsulation of medicines suitable for sus-
tained-release preparation and transdermal prepara-
tion has been attracting a significant amount of atten-
tion in the field of controlled-release applications.1–4

For controlled drug release in the body, it is often
desirable to produce globular polymer particles, ap-
proximately 10 �m in diameter, containing medicine.5

Many studies have investigated the preparation of
medicines coated with polymers for controlled-release
applications.2,5,6 The development of microencapsula-
tion methods with environmentally benign solvents

has been difficult because solvent impurities are often
toxic and also degrade medicines within the polymer
matrix. Recently, the pharmaceutical industry has put
significant effort into its social obligation to reduce the
amount of toxic organic solvents and surfactants dis-
charged into the environment and to form environ-
mentally benign microcapsules of medicine without
toxic organic solvents or surfactants.

Fluidized-bed coatings and spray coatings have
been suitable only for particles greater than about 100
�m in diameter because of particle coalescence and
adhesion.1,3,5,7,8 For microparticles smaller than 100
�m, coating methods such as coacervation and in situ
polymerization could be used.1,5,7,8 However, these
methods have some faults, such as the use of toxic
organic solvents or surfactants and the difficulty in
controlling capsule size. It is desirable to develop a
novel microencapsulation method that avoids the use
of toxic organic solvents and surfactants and allows
easy control over capsule size. Therefore, we have
been challenged to develop a novel polymer microen-
capsulation process that emits no such chemicals into
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our environment and controls the capsule size with
the supercritical fluid (SCF) technique.

Carbon dioxide (CO2) can be used as an environ-
mentally benign solvent substitute for hydrocarbons,
chlorofluorocarbons, and other organics.9–16 Because
CO2 is essentially nontoxic, nonflammable, and inex-
pensive and has easily accessible critical conditions,
such as Tc � 304 K and Pc � 7.37 MPa, SCFs including
CO2 have been used in a process called rapid expan-
sion from a supercritical solution (RESS) to produce a
variety of organic and inorganic powders and fibers by
many investigators.17–27 Most of the RESS studies of
polymers have used organic solvents, such as C1–C5
alkanes and alkenes, as well as chlorofluorocarbons.
In SCF technology, there is a great effort underway to
attempt to replace these types of solvents with
CO2.10–16,28,29 Although a few attempts have been made
to use CO2 for RESS of polymers,9,24,25,27 RESS of poly-
mer solutions of CO2 has been limited by low polymer
solubility in CO2. Because CO2 has no dipole moment
and a low cohesive energy density, it dissolves only
polymers with very low cohesive energy densities, such
as poly(dimethyl siloxane)s, atactic polypropylene, and
polymethacrylates with hydrocarbon branches.9,30

In our previous work,31,32 a novel method, rapid
expansion from a supercritical solution with a nonsol-
vent (RESS-N), has been reported for forming polymer
microparticles containing proteins and for forming
polymer microspheres to reduce the amount of toxic
organic solvents and surfactants discharged into the
environment. In the RESS-N process, a suspension of
proteins in a CO2-containing cosolvent and a dis-
solved polymer is sprayed through a nozzle to atmo-
spheric pressure. The solubilities of the polymers in
CO2 increase significantly with low molecular weight
alcohols as cosolvents. The particles do not tend to
agglomerate after expansion because the pure cosol-
vent is a nonsolvent for the polymer. The thickness of
the polymer coating on the protein, as well as the
mean diameter and particle size distribution, can be
controlled by changes in the feed composition of the
polymer. However, this process has not been applied
to the encapsulation of medicines, which are relatively
dissolved in a mixture of supercritical carbon dioxide
(SC-CO2) and a cosolvent.

Our objectives are to apply the RESS-N process to
the formation of microcapsules of medicines without
adhesion and to develop a method for controlling the
coating thickness of microcapsules for controlled-re-
lease applications. Figure 1 provides a conceptual
framework for the process. Because the polymers are
insoluble in CO2 at our operating temperatures and
pressures, several cosolvents are used to enhance the
solubility of the polymer in the SCF. In the pure form,
these cosolvents are nonsolvents for the polymers.
They are only sparingly soluble in the polymer parti-
cles produced during expansion. Because a cosolvent

does not swell the polymer product, it is not expected
to cause adhesion.31,32 For polymers, it has been dem-
onstrated that cosolvents that cause large increases in
solubility in CO2 need not be good solvents for the
polymer. The solubilities of polymers in mixtures of
CO2 and low molecular weight alcohols are much
higher than those of low molecular weight solutes
such as medicines. In this study, we take advantage of
the differences in the solubilities of the medicine and
polymer in the CO2–cosolvent mixture. During RESS-
N, the polymer precipitates and coats the medicine
microparticles.

The first part of this study explores the solubility
behavior for polymer and medicine weight percent-
ages approaching 25 wt % as a function of the cosol-
vent concentration. The second part examines the per-
formance of the RESS-N microencapsulation process
for the medicine in terms of the particle morphology,
particle size distribution, and other properties.

EXPERIMENTAL

Materials

To check the applicability of the RESS-N process, we
used five pharmaceutically acceptable polymers as
coating materials. The polymers were poly(ethylene
glycol) (PEG) fractions (PEG4000, molecular weight
� 4000; PEG6000, molecular weight � 7500; and
PEG20000, molecular weight � 20,000), poly(methyl
methacrylate) (PMMA; molecular weight � 15,000),
poly(l-lactic acid) (PLA; molecular weight � 5000),
ethyl cellulose (EC; molecular weight � 5000), and
PEG–poly(propylene glycol) (PPG)–PEG triblock co-
polymer (molecular weight � 13,000; PEG/PPG
� 0.85/0.15). PEG, PLA, and EC were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
PMMA was purchased from Aldrich Co., Ltd. (Mil-
waukee, WI). PEG–PPG–PEG copolymer samples
were donated by Dai-ichi Seiyaku Co., Ltd. (Tokyo,
Japan).

Five low molecular weight medicines were used as
core materials. The medicines were p-acetamidophe-
nol, acetylsalicylic acid, 1,3-dimethylxanthine, fla-
vone, and 3-hydroxyflavone (Wako Pure Chemical
Industries), which had purities greater than 95.0, 99.5,
97.0, 98.0, and 98.5%, respectively. The chemical struc-
tures of these medicines are listed in Table I. All the
medicines were used without further purification.
Methanol, ethanol, 1-propanol, and toluene, used as
cosolvents, were purchased from Wako Pure Chemi-
cal Industries, and these purities were believed to be
greater than 98%. All the alcohols were kept over
activated molecular sieves (3 Å) and used without
further purification. The purity of CO2 (Fukuoka
Sanso Co., Fukuoka, Japan) was greater than 99.9%.
A 0.5 wt % aqueous solution of ruthenium tetroxide
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(RuO4) was used to stain medicines (Electron Micros-
copy Sciences Co., Fort Washington, PA) for transmis-
sion electron microscopy (TEM).

Supercritical fluid chromatography (SFC)

The solubilities of medicines, such as p-acetamidophe-
nol, acetylsalicylic acid, 1,3-dimethylxanthine, fla-
vone, and 3-hydroxyflavone, in mixtures of SC-CO2
and 25 wt % cosolvent (polymer-free base) were mea-
sured by SFC (Super200, Jasco Co., Ltd., Tokyo, Ja-
pan). A detailed description of the apparatus and op-
erating procedures has been given elsewhere.33–35 The
solubilities were determined from the degree of reten-
tion of the solute in SFC.

Observing the cloud point

The solubilities of the polymers in mixtures of SC-CO2
and a cosolvent were determined by the visual obser-
vation of the cloud point with an experimental appa-

ratus described previously.36,37 Recently, several in-
vestigators determined the solubility of polymers by
variable-volume view cells.26 We used a similar exper-
imental apparatus. In this work, the cloud point is
defined as the point at which a solution turns slightly
translucent. A 500-cm3 high-pressure equilibrium cell
(LC-5, Toyo Koatsu Co., Ltd., Hiroshima, Japan),
equipped with sapphire windows (10 � 140 mm) for
the observation of the phase behavior, was placed in a
thermostated air chamber controlled to �0.05 K. The
temperature was measured within �0.01 K with a
thermocouple installed inside the cell. The system
pressure was controlled by a back-pressure regulator
(accurate to 0.1 MPa; model 26-1721-24, Tescom Co.)
and measured with a precise Bourdon-tube gauge (ac-
curate to �0.3%; AT1/2, Yamasaki Keiki Co., Tokyo,
Japan). After a known amount of the polymer was
loaded, the entire system was purged with nitrogen.
Known amounts of CO2 and the cosolvent were
charged into the equilibrium cell with a CO2 pump
(NRXM-90-G5M, Akico Co., Tokyo, Japan) and a sam-

Figure 1 Formation of polymeric microcapsules with the rapid expansion of SCF.
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ple feed pump (HPD-200, Akico). The CO2 pump was
capable of delivering up to 590 bar at a rate of up to 5.2
dm3 min�1 (liquid CO2 basis). The impurities in CO2
were removed through an in-line dryer (3001-17001,
GL Science, Inc., Tokyo, Japan) and a filter (SS-2TF-2,
Nupro Co., Tokyo, Japan). The refrigeration unit (Car-
ry Cool, Orion Co., Tokyo, Japan) was equipped to
prevent liquid CO2 from vaporizing during the suc-
tion stroke of the pump. CO2 was charged by the
actual weight with a CO2 pump that measured the
total flow rate at a controlled temperature. The actual
weight of CO2 was calibrated with a wet-gas meter. The
mixture of CO2, cosolvent, and polymer was stirred with
an agitator rotating at 150 rpm for 2 h and then was kept
for more than 48 h without agitation at 308 K.

A certain amount of the cosolvent was added to the
equilibrium cell until a cloud point was detected.
When the cosolvent was added, the system pressure
was maintained with a syringe tank (model 6010-1503,
GL Science) equipped with a piston for adjusting the
volume. The volume of the syringe tank was deter-
mined by the measurement of the piston position with
a magnet installed in the piston. Near the cloud point,
the cosolvent was carefully charged at longer than
30-min intervals. After we found the cloud point, the

mixture was stirred for more than 1 h and then kept
for more than 12 h without agitation to confirm that
the polymer did not precipitate.

Details concerning the experimental apparatus and
procedures for making polymeric microcapsules have
been described in previous articles.31,32 The parts of
this apparatus for charging the CO2 and cosolvent
were similar to those for the polymer solubility mea-
surements. A high-pressure cell (LC-3, Toyo Koatsu),
about 500 cm3 in volume, was equipped with sapphire
windows (10 mm in diameter). The pre-expansion
pressure was raised at 5-MPa intervals from 10 to 25
MPa. The system pressure was controlled by a back-
pressure regulator (accurate to 1 bar; model 26-1721-
24, Tescom) and monitored by a digital pressure
gauge (accurate to �0.3%; model DD-501, Shinwa
Electronics Co., Tokyo, Japan). The temperature was
controlled to within �0.1 K with a water bath. Known
amounts of the polymer, medicine, and cosolvent
were placed in the high-pressure cell. SC-CO2 was
pumped through a stainless steel tube preheater (3
meter long � 1/8 in.) and then into the high-pressure
cell. This mixture was magnetically stirred by an agi-
tator rotating at 200 rpm for about 4 h and then kept
for more than 1 h without agitation. Before the expan-
sion of the polymer solution, it was confirmed visually
that all of the feed polymer was dissolved and that the
solution was homogeneous. The polymer solution was
sprayed toward a target aluminum plate (30 mm � 60
mm � 1 mm) through a stainless steel capillary nozzle
(model 500017-TC, Spraying Systems Co., Wheaton,
IL) 0.28 mm in diameter and 0.5 mm long for a short
time (�3 s) by the opening of a valve placed before the
nozzle. The nozzle was maintained at 313 K with an
electric heater. The target plate was placed in a cham-
ber (70 cm � 80 cm � 80 cm) under atmospheric
pressure. The distance from the tip of the nozzle to the
plate was varied from 10 to 50 cm. The expansion
produced polymer microcapsules. After sedimenta-
tion of the microcapsules, they were collected
throughout the entire chamber.

Characterization

The microparticles were analyzed by TEM (200CX,
JEOL, Tokyo, Japan) and scanning electron micros-
copy (SEM; S-2100B, Hitachi, Tokyo, Japan). For the
sample preparation for TEM, the microparticles ob-
tained from RESS were hardened with an epoxy-resin
glue as blocks. These blocks were trimmed with a
razor blade to form blocks of approximately 5 mm � 5
mm � 2 mm. These blocks were further trimmed into
pyramids with the tips faced off to an area of 0.2 mm
� 0.2 mm. A microtome (Ultracut E, Reichert-Jung,
New York) was used to obtain ultrathin sections
(15–50 nm thick) of the samples. Sectioning was per-
formed under cryogenic conditions (223 K) with a

TABLE I
Chemical Structures of p-Acetamidophenol,
Acetylsalicylic acid, 1,3-Dimethylxanthine,

Flavone, and 3-Hydroxyflavone

Substance Chemical structure

p-Acetamidophenol

Acetylsalicylic acid

1,3-Dimethylxanthine

Flavone

3-Hydroxyflavone
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diamond knife. To achieve phase contrast between the
different components of the microparticles, a 0.5 wt %
aqueous solution of ruthenium tetroxide (RuO4) was
used to stain the medicines and epoxy-resin phases.
The sections were observed with TEM at 120 kV. For the
sample preparation for SEM, collected polymeric micro-
particles were mounted on a small piece cut from the
glass plate and sputter-coated with silver/palladium.

To explore the performance of the polymer coatings,
we analyzed the concentrations of the medicines in
microparticles and the surface components for all pro-
duced microparticles with an ultraviolet (UV) spec-
trometer (Uvidec-505, Jasco) and a Raman spectrome-
ter (NR-1800, Jasco). The particle size, particle size
distribution, and coating thickness of the microcap-
sules were determined with a laser diffraction particle
size analyzer (Microtrack HRA, Nikkiso Co., Ltd., To-
kyo, Japan) and SEM. To analyze the particle size and
distribution, we dispersed the product microcapsules
in ethanol or water with a surfactant. The physical
properties of the polymeric microparticles were inves-
tigated by high-performance liquid chromatography
(HPLC; HPLC-8000, Tosoh Co., Ltd., Tokyo, Japan)
and differential scanning calorimetry (DSC; DSC-120,
Seiko Instruments, Inc., Tokyo, Japan). The residual
solvent in the particles was measured by the recording
of the weight loss after the heating of a 5-g sample at
383 K for 2 h.

RESULTS AND DISCUSSION

Phase behavior

The solubilities of the medicines in the mixtures of
SC-CO2 and ethanol at 308 K and 16 MPa are shown in

Table II. The solubility data for flavone and 3-hy-
droxyflavone in SC-CO2 are reported in our previous
article.38 In pure CO2, the solubilities of flavone and
3-hydroxyflavone were only about 10�4 and 10�5 (mo-
lar fraction), respectively, at this temperature and
pressure. However, the solubilities of flavone in SC-
CO2 increased with an increase in the addition of
ethanol as a cosolvent. With the addition of 25 wt %
ethanol (high boiling compounds, such as medicines;
free basis), the solubilities of flavone reached about
10�2 (molar fraction). The obtained cosolvent effects
on the solubilities are consistent with literature data.39

Similar results were obtained for the other medicines,
as shown in Table II. In our previous work,31 proteins
used as core substances were insoluble in mixtures of
SC-CO2 and low molecular weight alcohol. The pro-
teins were suitable for the RESS-N process because
microencapsulation was carried out through the pre-
cipitation of the polymer. The medicines used in this
work were relatively dissoluble in mixtures of SC-CO2

and alcohol. However, the solubility of the medicines
was relatively low (�10�4 in a molar fraction). Under
our experimental conditions, an excess amount of
medicine was used in comparison with the saturate
solubility. Many medicines were suspended in mix-
tures of SC-CO2 and ethanol. The difference in the
solubilities of the core medicines and coating polymer
is the key novel feature of this work. During the
encapsulation of medicine with RESS-N, the solubility
of the polymers used as coating material should be
higher than that of the core substances.

The solubilities of PEG4000 in mixtures of SC-CO2

and ethanol at 308 K and 16 MPa are shown in Figure
2. Without the polymer, the mixtures of CO2 and

TABLE II
Solubilities of the Polymers and Medicines in Ethanol and Mixtures of SC-CO2 and Ethanol at 308 K and 16 MPa

Substance

Solubilities of the polymer [wt %]

Cosolvency effectb

�wp (wt %)

Measured Calculateda

In pure solvent
(pure ethanol)

In 25 wt % cosolvent
solution of SC-CO2, wp

exp

(polymer-free basis)

Mean value of solubilities in
25 wt % cosolvent solution

of SC-CO2, wp

p-Acetamidophenol 13.2 0.21 3.30 �3.09
Acetylsalicylic acid 11.5 0.12 2.86 �2.74
1,3-Dimethylxanthine 1.56 0.18 0.39 �0.21
Flavone 9.61 0.31 2.40 �2.09
3-Hydroxyflavone 0.08 0.15 0.02 0.13
EC 12.8 8.2 3.20 5.0
PEG4000 2.50 11.2 0.61 10.6
PEG6000 0.42 13.0 0.11 12.9
PEG20000 0.23 11.1 0.07 11.0
PLA 16.8 4.11 4.20 �0.09
PMMA 0.0 0.78 0.0 0.78
PEG–PPG–PEG 32.6 19.6 8.16 11.4
PS 0.0 0.0 0.0 0.0

a Calculated as 0.25 � Solubility (in solvent) � 0.75 � Solubility (in SC-CO2).
b Cosolvency effect, �wp � wp

exp � wp
cal.
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ethanol formed a single SCF phase at this temperature
and pressure according to vapor–liquid equilibria data
in the literature.40 The dissolution of the polymer was
strongly dependent on the concentration of the cosol-
vent. For a binary system without a cosolvent, Dane-
shvar et al.41 reported that the solubility of PEG1000
(molecular weight � 1000) in SC-CO2 was about 0.1 wt
% at 323 K and 16 MPa. The solubility of PEG4000 at
308 K and 16 MPa in this study was in general agree-
ment. However, with the addition of about 30 wt %
ethanol (polymer-free basis), the solubility of PEG4000
reached about 10 wt %. It is interesting that ethanol
was such a good cosolvent despite the fact it was a
nonsolvent for the polymer. The solubilities of the
polymer in the pure cosolvent are shown in Table II.
The solubilities of PEG4000 were very low. High mo-
lecular weight PEG4000 was insoluble in ethanol.
Even with the addition of 20 wt % CO2 to ethanol, the
solubility was not so high. The maximum solubility
was achieved at about 50 wt % ethanol (polymer-free
basis). Similar results were also obtained for some
other polymers, including PMMA, PEG, PEG–PPG–
PEG, and EC, as shown in Table II. The solubilities of
the polymers in mixtures of SC-CO2 and 25 wt %
ethanol were higher than those calculated by the sum
of the solubilities in each pure solvent (0.25 � the
solubility in the pure cosolvent � 0.75 � the solubility
in pure CO2). This indicates the cosolvency effect of
the SC-CO2 and cosolvent. Similar effects were also
observed with other small alcohols, such as methanol
and 1-propanol. For some other nonpolar polymers
such as poly(styrene) (molecular weight � 10,000), the
addition of ethanol as a cosolvent did not raise the
solubility significantly. This type of solubility phe-
nomenon (cosolvency) has been observed for iodine in
ethanol–benzene mixtures and may be understood
thermodynamically.42 In this case, ethanol was too
polar for iodine. A mixture of the two solvents was a
better solvent than either solvent alone. However, a
similar cosolvency has not been reported for a poly-

mer in the SC-CO2 systems. In our case, the van der
Waals forces and polarity of CO2 were too small for
the polymer, whereas ethanol was too polar and self-
associated. In the mixed solvent, the polarity was bet-
ter matched to the polymer, and ethanol self-associa-
tion was diluted, so that it was more available to
hydrogen bonds on the polymer.

Evaluation of microencapsulation

SEM and TEM images of the polymeric microcapsules
containing medicines produced by RESS-N and col-
lected on the surface of a target plate 30 cm from the
nozzle are shown in Figures 3 and 4. The pre-expan-

Figure 3 SEM images of polymeric microcapsules of fla-
vone from a polymer produced by RESS-N under pre-ex-
pansion conditions: (a) PEG6000 microcapsules containing
flavone and (b) flavone microspheres. Temperature � 308 K;
pressure � 20 MPa; core substance � flavone (3.0 wt %);
cosolvent � ethanol (27.1 wt %); coating material
� PEG6000 (2.2 wt %).

Figure 2 Solubilities of PEG4000 and flavone in mixtures of
CO2 and ethanol at 308 K and 16 MPa.
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sion pressure was 20 MPa, and the temperature was
308 K. Ethanol was used as a cosolvent at a concen-
tration of 27.1 wt %. The observed polymer morphol-
ogies produced by RESS containing a cosolvent are
shown in Table III.

In the SEM photograph, we can see that the particles
did not adhere to one another because the ethanol was
volatile and a nonsolvent for the polymer. The globu-
lar particles had a fairly monodisperse particle size
distribution. Similar results were observed for other
cosolvents, including methanol and 1-propanol. No
hollow was observed on the surface and in the cross
section of the microparticles because the micropar-
ticles were formed by precipitation from mixtures of
CO2 and low molecular weight alcohol. This precipi-
tation of polymer microparticles can be explained by
the disappearance of the cosolvency effect of the mix-
ture at atmospheric pressure. Through the expansion
of the solution from a nozzle, the distance between the
solvent molecules of CO2 and alcohol abruptly in-
creased, and this expansion lost the cosolvency and
solvent power of the mixture. At low pressures, CO2
and alcohol were separated and formed vapor and
liquid phases. Pure CO2 and alcohol were nonsolvent
for the polymers. They were only sparingly soluble in
the polymer particles formed through the expansion.
In the RESS-N method, the easy separation of CO2 and
low molecular weight alcohols makes it possible to use
the cosolvency to produce polymeric microcapsules
without adhesion. It is difficult to use the cosolvency
of a liquid–liquid solvent for a polymer process be-
cause the residual liquid solvent causes coalescence
and adhesion of polymer products. The formation of
polymeric microparticles is realized with the cosol-
vency of gaseous CO2 and a liquid cosolvent. In RESS-
N, in which a cosolvent is a nonsolvent and gas–liquid

cosolvency can be used , all the polymer exhausted
from a nozzle can be formed into microparticles. How-
ever, microcapsules formed with toluene or acetone as
a cosolvent adhered after RESS. Because toluene and
acetone were volatile and good solvents for the poly-
mers, the microspheres adhered to one another.

In the TEM photograph, the flavone phase, stained
by a 0.5 wt % aqueous solution of RuO4, is shown as
a dark area. It is completely covered by the PEG phase,
shown as a bright area not stained by RuO4. As shown
in the microcapsule, the area ratio of the flavone phase
to the PEG phase was almost identical to the feed
composition ratio of flavone to PEG. The boundary
between the PEG phase in the microcapsule and the
epoxy resin can clearly be observed. It is likely that the
suspended medicines in the expanding jet served as
nucleating agents for the precipitating polymer. When
the composition ratio of flavone to PEG6000 in the
feed was 3.7 � 10�2, the volume ratio of the dispersed
flavone particles to the volume of the continuous PEG
phase in the microcapsules approximately agreed
with the feed composition, as shown in Figure 4. The
volume ratio was determined by visual observation
(e.g., TEM). Approximately 95% of the area of the
flavone phase was located in the center of the poly-
meric microcapsules. Some other small areas of the
flavone phase were distributed in the microcapsules
and not out of the microcapsules in the matrix of the
epoxy resin. The epoxy resin out of the microcap-
sules was also slightly stained by RuO4, and the
boundary between the PEG phase in the microcap-
sules and the matrix of epoxy resin can clearly be
observed.

It was difficult to check the coating performance for
all collected microcapsules by a TEM photograph be-
cause the RESS process produced an extremely large
number of microspheres. To evaluate the performance
of the polymer coating, we examine Raman and UV
spectra for all the collected microcapsules. The exis-
tence of flavone in the microspheres was confirmed
with a UV spectrometer. The UV spectrum of a 20%
aqueous ethanol solution dissolving the microspheres
was identical to that of feed materials of flavone. The
produced microspheres involved the flavone. The sur-
face compositions of the produced microspheres were
analyzed with a Raman spectrometer. The Raman
spectra of the source material and microspheres ob-
tained from RESS are shown in Figure 5. The intensity
of flavone at 1640 cm�1 in the microspheres was about
100 times lower than that of the source flavone. As the
result of spectroscopic analyses, it may be considered
that most of the feed flavone molecules were coated
with PEG and existed inside the produced microcap-
sules. Similar results were obtained for other medi-
cines.

Figure 4 TEM image of polymeric microcapsules of fla-
vone from a polymer produced by RESS-N under pre-ex-
pansion conditions. Temperature � 308 K; pressure � 20
MPa; core substance � flavone (0.3 wt %); cosolvent � eth-
anol (27.1 wt %); coating material � PEG6000 (8.1 wt %).
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Effects of the various factors on the particle size

The effects of various operating factors, such as the
pre-expansion pressure, temperature, feed composi-
tions, injection distance, and polymer molecular
weight, on the mean particle diameter and geometric
standard deviation of the particle diameter were ex-
amined, as shown in Table III. The particles were
analyzed with a laser diffraction particle size analyzer.
The particle size distribution of PEG6000 micropar-
ticles obtained under pre-expansion conditions of 20
MPa and 308 K was considered to be a monodispersed
distribution, as shown in Figure 6. The particle size
distribution of PEG6000 microparticles obtained un-
der pre-expansion conditions of 20 MPa and 308 K
was considered to be a relatively broad distribution, as
shown in Figure 6. Several investigators reported that
the RESS process generally produced monodispersed
distributions.17–26 It may be considered that a pressure
drop caused the precipitation of the polymer in the
vessel through RESS because the pressure was not
kept constant experimentally through RESS. Similar
results were obtained for other polymers with the
RESS-N method. In this case, the mean particle diam-
eter and standard deviation were 14 � m and 1.74,
respectively.

The effect of the PEG6000 feed concentration on the
mean particle diameter of the microcapsules contain-

ing flavone is shown in Figure 7. The mean particle
diameter of the microcapsules, and likewise the coat-
ing thickness, increased with an increase in the
PEG6000 concentration. For flavone, one flavone par-
ticle was coated with PEG6000, as shown in Figure 4.
The size of the core substance (the dark area in Fig. 4)
in the flavone–PEG6000 composite by RESS-N was
almost the same as that of the flavone particle pro-
duced by RESS without the polymer [Fig. 3(b)]. The
method for the determination of particle sizes of fla-
vone and other medicines without a polymer can be
described as follows. Medicines were dissolved and
dispersed in mixtures of SC-CO2 and ethanol, and the
dissolved and dispersed medicines were sprayed. The
particle sizes of the resulting medicines were deter-
mined with a laser differential particle size analyzer.
The thickness of the coating increased with an increase
in the polymer concentration for flavone, as shown in
Figure 7. Furthermore, the standard deviation in the
particle diameter increased with an increase in the
feed composition of the polymer. A key result of this
study was the ability to control the thickness and
particle size distribution of the microcapsules with the
feed concentration of the polymer.

The mean particle diameter of the PEG particles was
almost constant for several conditions, including the
pre-expansion pressure, temperature, molecular
weight of the polymer, and injection distance. The
standard deviation of the particle diameter decreased
slightly with an increase in the pre-expansion pressure
and injection distance. A linear relationship was ob-
served between the standard deviation and these fac-
tors. For each of these variables, except the polymer
feed composition, the particle size of the polymeric
microcapsules was almost constant under these exper-
imental conditions. Therefore, the polymer feed com-
position was a key variable for controlling the particle
size of the microcapsules. Similar results were ob-
tained for the other polymers in this study. Recently,

Figure 5 Raman spectra of the source materials PEG and
flavone and the produced microspheres.

Figure 6 Particle size distribution of microcapsules with
flavone. Temperature � 308 K; pressure � 20 MPa; core
substance � flavone (0.3 wt %); cosolvent � ethanol (27.1 wt
%); coating material � PEG6000 (8.1 wt %).

Figure 7 Influence of the polymer concentration on the
particle size distribution of PEG6000 microcapsules with
flavone. Temperature � 308 K; pressure � 20 MPa; cosol-
vent � ethanol; coating material � PEG6000; core substance
� flavone.
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some theories of particle morphology with SC-CO2
were reported.25,43,44 The effect of operating condi-
tions on particle morphology was discussed. Tom and
Debenedetti25 discussed the effect of operating condi-
tions of RESS, such as the expansion device, pre-ex-
pansion pressure and temperature, and solvent com-
position, on particle morphology. They tried to pro-
duce PLA particles by the rapid expansion of SC-CO2
with CHClF2. Although PLA was dissolved in SC-CO2
with CHClF2 as a cosolvent, the solubility was rela-
tively low (�1 wt %). Furthermore, it was indicated
that the particle morphology strongly depended on
the length/diameter ratio of the orifice as the expan-
sion device. However, the particle morphology in the
RESS-N process strongly depended on the polymer
feed composition. It may be considered that the par-
ticle morphology in RESS-N was responsible for the
high solubility of PEG6000 in the mixtures of SC-CO2
and ethanol.

The various physical properties of the microspheres
were compared with those of the source polymers.
The glass-transition temperatures of the feed polymer
and polymeric microspheres were measured by DSC
and found to be the same. Consequently, the residual
solvent remained in the polymer, or it would have
depressed the glass-transition temperature. For the
determination of the amount of the residual solvent in
the microcapsules, they were dried at about 373 K, and
the change in mass was measured. The amount of the
residual ethanol in the microcapsules was less than 1
wt % for all the polymers. The HPLC retention times
of the feed and product polymer were identical; this
indicated that the molecular weight did not change.
This result suggests that the CO2–cosolvent mixture
dissolved all of the polymer, rather than a fraction of
the molecular weight distribution. For reasons given
previously, it became clear that physical properties,
such as the molecular weight and glass-transition tem-
perature, of the polymer materials did not vary
through the RESS processing.

CONCLUSIONS

RESS-N was used to produce polymeric microcap-
sules of medicines such as p-acetamidophenol, acetyl-
salicylic acid, 1,3-dimethylxanthine, flavone, and 3-hy-
droxyflavone without agglomeration. The cosolvent
ethanol was far less toxic than most organic solvents,
and no surfactant was required. The solubilities of the
polymers—the homopolymers were PEG (PEG4000,
PEG6000, PEG20000), PMMA, and EC, and the copol-
ymer was PEG–PPG–PEG—increased drastically with
the addition of a small amount of a lower alcohol, such
as methanol, ethanol, or 1-propanol, which were non-
solvents for the polymer but could become good co-
solvents when mixed with CO2. Because ethanol was a
nonsolvent for the polymers, polymeric microparticles

produced by RESS-N had no agglomeration. The mi-
crocapsules had a globular form and a fairly mono-
dispersed particle size distribution. The mean particle
diameter and standard deviation of the particle diam-
eter were 14.6 �m and 0.41. The particle size distribu-
tion of the microcapsules could be controlled by
changes in the polymer concentration. It changed very
little with the pre-expansion pressure, temperature,
injection flow rate, injection distance, and polymer
molecular weight. The feed compositions were more
effective than other factors for controlling the particle
size.
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