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Abstract—Rapid expansion of supercritical solution (RESS) was used for preparing polymer particles and polymer
coating of ultra fine powders. The polymer of pharmaceutical interest was Poly(lactic-co-glycolic acid) (PLGA with
PLA : PGA ratio of 85 : 15 and MW of 50,000-75,000) and the simulated core particles were 1.4-um SiO, and 70-
nm TiO, particles. The supercritical solution was prepared by dissolving PLGA in supercritical carbon dioxide with
ethanol as a cosolvent. Supercritical solution of CO,-PLGA was sprayed through capillary nozzles to ambient con-
ditions, resulting in formation of submicron PLGA particles. Similarly, rapid expansion of supercritical solution of CO,-
PLGA suspended with the core particles could provide solvent evaporation and deposition of submicron PLGA par-
ticles on the surface of the core particles, resulting in the formation of coating films on dispersed particles of SiO, and
agglomerates of TiO,. The influences of the core particle size, spray nozzle diameter as well as powder-to-polymer
weight ratio were also investigated and discussed with respect to the coating performance.
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INTRODUCTION

Coating of powders has found its application in various indus-
tries, including pharmaceuticals, foods, agriculture and energetic
materials. Normally, coating is considered as a shell-like barrier that
protects powders from exposure to the environment or allows mod-
ification of powder surface functionality [1]. In the pharmaceutical
industry, the general purposes of coating are to provide protection
from rapid degradation, control of release rate and prevention of
side effect of therapeutic agents. While the conventional process used
for coating powders is generally based on fluidization technique,
there is a limitation for powders smaller than 70 um in diameter
because of poor fluidization behavior [2]. Emulsion-based tech-
niques, such as water-in-oil-in-water (w/o/w) double emulsions or
solid-in-oil-in-water (s/0/w) emulsions, may be used for coating ultra
fine powders. However, due to the common use of organic solvents
and harsh processing conditions, these emulsion-based techniques
involve some drawbacks including alteration of structure of therapeu-
tic agent, presence of residual organic solvent in the coated powders
and emission of volatile organic compounds to the environment
[3.4].

In the last few decades, numerous attempts have been made on
the application of supercritical fluids (SCFs) to overcome the prob-
lems of organic solvent in the conventional coating processes [5].
Supercritical fluids exhibit both liquid-like and gas-like properties
with densities and solvating characteristics similar to those of the
liquid and mass transfer similar to the gas. For pharmaceutical appli-
cations, carbon dioxide (CO,) is the most commonly used SCF due
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to its inert properties, non-toxicity, non-polluting nature and mild
critical conditions. Several studies have been reported on coating of
microscale and nanoscale particles with polymers by using super-
critical carbon dioxide (SC-CO,) via different approaches [6-9]. Pro-
cess variables, such as feed composition of polymer and size of the
host particles, were experimentally found to be the key parameters
affecting the coating performance in these processes.

The simplest SCF technique for formation of pharmaceutical par-
ticles and composite materials is the rapid expansion of supercriti-
cal solution (RESS) [10]. With the RESS technique, a solute is dis-
solved in SC-CO, and the solution is then instantaneously depres-
surized by spraying it through a capillary nozzle, causing precipita-
tion of the solute as SC-CO, vaporizes. Submicron- and nano-sized
dry particles with a narrow particle size distribution could be pre-
pared from various pharmaceutical compounds and polymers [5].
Meanwhile, there are also other similar processes recognized as super-
critical antisolvent (SAS) or gas antisolvent (GAS) [11], aerosol
solvent extraction system (ASES) [12-14] and solution enhanced
dispersion by supercritical fluids (SEDS) [15]. All of those pro-
cesses exert both advantages and disadvantages depending on con-
ditions of their applications.

In this study, the RESS process with a cosolvent is used to pro-
duce fine particles of polymer and the process is also modified for
polymer coating of ultra fine powders. Microsize silica and nano-
size titanium dioxide particles were chosen as preformed drug ultra
fine powders, while Poly(lactic-co-glycolic acid) (PLGA) copoly-
mer was used as the coating material. Basically, PLGA-coated ultra
fine powders can be used to investigate simple-diffusion controlled
release of the drugs in subcutaneous and intravenous applications
[1]. Effects of the process parameters, which were the particle size
of ultra fine core powder, spray nozzle diameter as well as powder-
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to-polymer weight ratio, and mechanism of the coating process are
presented and discussed based on the characterization results of coat-
ed powders regarding morphology and internal structure of coated
particles.

EXPERIMENTAL

1. Material

Microsize silica (SiO,) particles with a mean size of 1.4 um (Ko-
jundo Chemical Lab, Japan) and nanosize titanium dioxide (TiO,)
particles with a mean size of 70 nm (Ishihara Sangyo Kaisha, Japan)
were employed as core particles. Poly(lactic-co-glycolic acid) (PLGA)
(PLA : PGA=85 : 15, molecular weight=62,000 and glass transition
temperature=47.5 °C, Aldrich Chemicals Ltd.) and liquid CO, (crit-
ical temperature T,=304 K, critical pressure P.=7.4 MPa, Suzuki
Shokan Co. Ltd., Tokyo, Japan) were used as coating agent and sol-
vent. Due to the limited solubility of PLGA in SC-CO,, ethanol (spe-
cial grade; >99.5%; Kanto Chemical Co., Inc., Tokyo, Japan) was
employed as cosolvent. All chemicals and materials were used as
received.
2. Experimental Procedure

The experimental apparatus shown schematically in Fig. 1 con-
sists of a high-pressure pump (3), a stirred high-pressure vessel (6),
and a spray nozzle (9). The high-pressure pump was installed with a
cooler before the suction part to avoid cavitation. The high-pres-
sure vessel had a capacity of 1,500 ml and maximum allowable op-
erating pressure and temperature of 30 MPa and 473 K, respectively.
During each experiment, the vessel temperature was kept constant
at 313 K by using an automatically controlled electric heater. The
spray nozzle was simply made from a stainless steel tube with a
length of 10 mm and was equipped with a shut-off valve. Two spray
nozzles with different inner diameters of 0.1 mm and 0.3 mm were
employed for investigating the effect of nozzle diameter on the coat-
ing process. Temperature of the nozzle was kept constant at 423 K
by a ribbon heater to prevent the nozzle clogging with dry ice dur-
ing spraying. A planar target (100 mmx100 mm> 10 mm) covered
with aluminum foil and a carbon-coated copper microgrid was em-
ployed to collect samples of particles generated from the spray for
characterization.

Fig. 1. Schematic diagram of the experimental apparatus.
1. CO, cylinder 7. Vessel heater
2. Cooler 8. Shut-off valve
3. HPLC pump 9. Vacuum chamber
4. Ribbon heater 10. Ribbon heater
5. Shut-off valve 11. Nozzle
6. Stirred high-pressure vessel 12. Target plate, or microgrid

The first part of the experimental work was carried out to inves-
tigate the applicability of the RESS process for generating polymer
particles, which will be used to coat ultra fine powders. For RESS
processing of a polymer, the information of its solubility in SC-CO,
is crucial. To the best of our knowledge, there is no report on the
solubility of PLGA in SC-CO,. PLGA polymer used in our study
has a limited solubility in SC-CO, because of its very high molec-
ular weight (10). In order to increase the PLGA solubility in SC-
CO, to a beneficial extent, ethanol was used as cosolvent. 2 g of
PLGA with different amounts of ethanol were placed in the high-
pressure vessel for preparation of SC-CO, solution. After being care-
fully sealed, the vessel was heated and fed with CO, via the high-
pressure pump until the desired supercritical conditions were achieved.
The mixture in the vessel was stirred by a mixing paddle rotating
at 300 rpm, and was left for 3 hours to achieve equilibrium. The
prepared supercritical solution was then sprayed through the noz-
zle to allow its rapid expansion. The target plate was placed against
the sprayed flow at a distance of 300 mm from the nozzle tip within
a chamber under atmospheric conditions.

In the second part of this work, performance of the RESS pro-
cess to generate film coating of PLGA on ultra fine powders was
investigated with the same apparatus. It is noteworthy that the ultra
fine powder, PLGA and ethanol, in pure form, are not soluble in
each other. Thus, they form an immiscible ternary mixture under
atmospheric conditions. Experimental procedures similar to the first
part were carried out so as to dissolve PLGA in SC-CO, with the
aid of ethanol in the presence of fine SiO, or nanosize TiO, core
particles. Under these conditions, the core particles were not dis-
solved but suspended in a single homogenous supercritical phase
of CO,, ethanol and the dissolved PLGA. The supercritical suspen-
sions were then allowed to expand through the nozzle for a few sec-
onds. It could be observed from each experiment that in the case of
PLGA expansion without core powder, there is nothing remaining
in the autoclave. However, when core powder and PLGA were taken
into account, after expansion there would be some residues left in
the vessel. After expansion, all coated particles were collected for
characterization by using the target plate as already mentioned above.
In order to evaluate the coating performance, effect of three pro-
cess parameters, i.e., diameter of the spray nozzle, particle size of
the core powder and powder-to-polymer weight ratio, on the coat-
ing characteristics was investigated. The experimental parameters
and conditions used in this work are listed in Table 1. Fig. 2 depicts
step-by-step conceptual representations of polymer particle forma-
tion and polymer coating of powder using RESS.

Field emission scanning electron microscopy (FE-SEM; Hita-
chi, S-900) was used to examine the particle samples obtained from
each experiment. For SEM sample preparation, the aluminum foil
uncovered from the target plate was cut into a small piece, mounted
on a specimen stub with conductive paint and coated with plati-
num by a sputtering device (Hitachi, E-1030) for 20 s. The SEM
was operated at an accelerating voltage of 10 kV and a magnifica-
tion between 1,000 and 200 k. The SEM images were processed
for particle size analysis by using image-analyzing software (Image-
Pro Plus version 3.0; Media Cybernetics). For verification of poly-
mer coating of the ultra fine powder, the particle samples on the
microgrid were further analyzed by a transmission electron micro-
scope (TEM; JEOL 2000-EX) operated at 200kV in the bright-
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Table 1. Experimental parameters and conditions of RESS processes

CO,; P.=7.4 MPa; T.=304 K; T,=266 K; T,=353 K

Poly(D,L-lactide-co-glycolide), PLGA; 85:15; M,, 50,000-75,000; T, 318-323 K
SiO,; mean particle size 1.4 um

TiO,; mean diameter 70 nm (for coating experiments)

1:1,3:1 (for coating experiments)

stainless steel; d=0.1, 0.3 mm; L=10 mm; T;=423 K

Material Solvent
Cosolvent ethanol; 0-21.8 wt%*
Polymer
Powder
feed ratio**
Dissolution Vessel Cylinder; 1,500 ml
Agitation 300 rpm; 180 min
Conditions P,=25 MPa; T,=313 K
Expansion Nozzle
spraying time 3s

target distance 300 mm

* polymer-free basis; ** powder-to-polymer weight ratio
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Fig. 2. Schematic representations of polymer particle formation process by RESS with a cosolvent (upper half) and powder coating pro-
cess by rapid expansion of supercritical suspension with a cosolvent (lower half).

field mode. The mass-thickness contrast between the coating poly-
mer and the core powder was analyzed to reveal the structures and
morphology of the coated powders.

RESULTS AND DISCUSSION

1. Formation of PLGA Particles by RESS

Ethanol is a commonly used cosolvent in the RESS of CO,-in-
soluble pharmaceutical materials due to its low toxicity. Although
PLGA has limited solubility in either SC-CO, or ethanol, it was
reported that the PLGA solubility becomes higher in the mixture
of these two fluids [6]. Since ethanol is capable of being both donor
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and acceptor of hydrogen bonds, it can self-associate through hydro-
gen bonding with both CO, and PLGA, which leads to significantly
improved PLGA solubility in SC-CO,. The solubility enhancement
of various polymers by ethanol cosolvent has been reported and
discussed in several papers [16-20].

First, a solution of PLGA in SC-CO, plus ethanol was prepared
at 25 MPa and 313 K. Under these conditions, CO, and ethanol be-
come miscible at all compositions and form a single supercritical
fluid phase [21-23]. A different amount of ethanol was added to
the pressure vessel at 0, 100, 200, 300 and 400 ml, respectively. Be-
cause the amount of PLGA dissolved in the CO,-ethanol mixtures
was very small, compared to that of CO, and ethanol, the ethanol
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Fig. 3. SEM images of PLGA particles produced by RESS using
ethanol cosolvent at different ethanol concentrations: (a)
and (b) 11.1 wt%; (c) 16.4 wt%; (d) 21.8 wt%.

concentration in the mixtures could be estimated from the Patel-Teja
cubic equation of state extended to binary mixtures [24], regardless
of PLGA presence in the mixtures. The CO,-ethanol interaction
parameters used in the calculation were obtained from data reported
in the literature [24,25]. According to the varied amount of ethanol
mentioned above, the calculated values of polymer-free concentra-
tion of ethanol are 0, 5.7, 11.1, 16.4 and 21.8 wt%), respectively.

In experiments using pure CO, and CO, with 5.7 wt% ethanol,
negligible amounts of polymer particles were detected in the col-
lected samples under SEM observations, thereby indicating negli-
gible particle formation during the RESS process. This implied that
both the pure CO, and the CO, mixed with ethanol at 5.7 wt% were
unable to dissolve PLGA to a sufficient extent; as a result, super-
saturation was not achieved to trigger particle nucleation in these
cases. On the other hand, Fig. 3 shows typical SEM images of PLGA
particles produced by RESS using CO, mixed with ethanol at 11.1,
16.4 and 21.8 wt%. The charged amount of PLGA in SC-CO, with
21.8 wt% ethanol was approximately 0.17 wt% of the total amount
of supercritical solution. Also in Fig. 3 it is clearly observable that
the generated particles exhibit a nearly spherical shape with submi-
cron size distributed in a narrow range.

Based on the experimental results, the formation of PLGA par-
ticles via RESS could be described as follows. Under the equilib-
rium condition of SC-CO,, PLGA, CO, and ethanol would form a
single homogeneous supercritical solution though saturation of PLGA
was not yet achieved. During the rapid expansion, phase transition
of CO, taking place in the post-expansion free jet would result in a
drastic increase in PLGA concentration in the droplets, leading to
precipitation of the dissolved polymer. As mentioned previously,
since ethanol could not single-handedly dissolve PLGA, it also vapor-

ized out during the expansion and then did not remain in the poly-
mer [26]. Therefore, it is reasonable to consider that the precipitated
polymer particles were solvent-free and did not undergo an agglom-
eration process because of its dilute solid content. These results sug-
gested that the generated polymer particles could be used to coat
some core particles.

Image analyses of typical SEM images of particle samples ob-
tained from the experiments were carried out to determine their size
distribution and morphology. At least 300 particles dispersed in dif-
ferent regions of the SEM images were taken into account in the
determination of their size distribution. Fig. 4(a) reveals that the
PLGA particles produced by RESS at different ethanol concentra-
tions all exhibit log-normal size distribution behavior. The obtained
geometric mean and standard deviation of the distribution were plot-
ted as function of the ethanol concentration, as shown in Fig. 4(b).
It is clearly seen that the particle size distribution of the prepared
PLGA particles was strongly dependent on the ethanol concentration.
As the ethanol concentration increased from 11.1 to 21.8 wt%, the
particle geometric mean decreased to a minimum of 55 nm, while
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Fig. 4. Dependence of particle size distribution of PLGA particles
on ethanol concentration: (a) log-normal particle size distri-
butions; (b) mean particle size and standard deviation of par-
ticle size distribution as function of ethanol concentration.
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the geometric standard deviation increased to a maximum of 1.67.
An increase in the ethanol concentration in the SC-CO, mixture
resulted in an increase in the PLGA solubility, leading to higher
supersaturation of PLGA in the sprayed mixture after its rapid ex-
pansion. According to the classical nucleation theory [27,28], higher
nucleation rate and smaller critical nucleus size could be expected
if the dissolved polymer concentration becomes increased. Mean-
while, a higher supersaturation ratio would also result in the occur-
rence of “nucleation bursts” which could generate several families
of random size particles in the early stage of nucleation [29]. It is
also noteworthy that an increase in the particle number concentra-
tion could provide higher coagulation frequency. These opposing
phenomena were responsible for a smaller mean size but wider dis-
tribution of the resulting PLGA particles when a higher concentra-
tion of ethanol was used.

2. Effect of RESS on the Deagglomeration of Microsize Sil-
ica and Nanosize Titanium Dioxide Powders

Fig. 5. Effect of diameter of spray nozzle on the deagglomeration
of ultra fine powders. 1.4-um silica: (a) before expansion;
(c) after expansion (nozzle diameter 0.1 mm); (e) after ex-
pansion (nozzle diameter 0.3 mm). 70-nm titanium diox-
ide: (b) before expansion; (d) after expansion (nozzle diame-
ter 0.1 mm); (f) after expansion (nozzle diameter 0.3 mm).

July, 2008

Ultra fine particles have a strong tendency to agglomerate due
to their van der Waals interactions. In general, spontaneous agglom-
eration of ultra fine powders could take place and result in particle
size enlargement and unstable processing conditions in the conven-
tional coating processes [27]. In the RESS process, in which the ex-
pansion flow is considered as a supersonic or at least free jet, tem-
pestuous turbulence is expected to be developed in the rapid expan-
sion flow [30,31]. This turbulence could provide an advantageous
contribution to the disintegration of agglomerates of ultra fine pow-
ders to facilitate the formation of a coating layer on the primary par-
ticles.

Fig. 5 shows typical SEM images of silica and titanium dioxide
ultra fine particles before and after performing the rapid expansion
of their suspensions in mixtures of SC-CO, and ethanol. The sus-
pensions were prepared with 21.8 wt% ethanol in SC-CO, under
conditions of 25 MPa and 313 K. Before rapid expansion, it could
be observed that ultra fine powders could agglomerate to form large
particles as revealed in Fig. 5(a) and Fig. 5(b). The agglomerate sizes
are approximately 2-5 um for the fine silica powder and 3-20 um
for the ultra fine titanium dioxide powder. Fig. 5(c), Fig. 5(d) and
Fig. 5(e), Fig. 5(f) illustrate the change in the morphology of the
ultra fine powders prepared by rapid expansion through nozzles
with different diameters of 0.1 and 0.3 mm, respectively. Deagglom-
eration of the ultra fine powders was observed and consistently in-
dicated by a decrease in the agglomerate size and an increase in
the number concentration of primary particles. It could be implied
that the dispersion and deagglomeration of the ultra fine powders
were achieved as a combined result of boundary friction due to flow
along the nozzle wall, turbulence in the high-velocity fluid and col-
lisions between the ultra fine powder particles along the rapid ex-
pansion path. The boundary friction and the turbulence were respon-
sible for fragmentation of large powder agglomerates into smaller
ones, whereas the particle collisions could result in either particle
coagulation or particle dispersion depending on relative velocities
and collision angles of the particles. Comparison between the SEM
images of particle samples produced by these two nozzles suggests
that a better dispersion and deagglomeration effect was achieved
with the bigger 0.3-mm diameter nozzle, and the effect was stron-
ger for the larger silica fine powder. This reveals the influences of
nozzle diameter and particle size of the ultra fine powder on the per-
formance of dispersion and deagglomeration of the ultra fine pow-
der in the rapid expansion process. As pointed out by Smith et al.
[32], at the same pre- and post-expansion conditions, an increase
of the nozzle diameter results in a higher Reynolds number, more
turbulence, a higher total flow rate and a larger friction loss. In ad-
dition, with shorter residence time the probability of particle coag-
ulation becomes lower. These lead to an improvement of the dis-
persion and deagglomeration of the ultra fine powders. Accordingly,
the cohesive forces are smaller, the number concentration lower
and the probability of particle coagulation lower for large particles
compared with the small ones. The reasoning supports our experi-
mental results that the dispersion and deagglomeration of the 1.4-
um silica powder were better than that of the 70-nm titanium diox-
ide powder. It should be noted that in case of the ideal condition,
individual core particles should be obtained if agglomeration can be
completely suppressed by the rapid expansion. Therefore, a smaller
nozzle would reasonably be expected to provide the well dispersed
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core particles after the expansion. However, it was coincidentally
found that the smaller nozzle was easily clogged. To avoid this dif-
ficulty as well as to obtain a favorable coating process with low-
agglomeration tendency, the 0.3-mm diameter nozzle was selected
for the coating of the ultra fine powders, which will be discussed in
the next section.

3. Coating of Microsize Silica and Nanosize Titanium Diox-
ide Powders with PLGA by Rapid Expansion of Supercriti-
cal Suspensions

A series of experiments was carried out on coating 1.4-um silica
particles and 70-nm titanium dioxide particles with PLGA by rapid
expansion of supercritical suspensions to investigate the effect of
experimental parameters on coating performance. In all experiments,
the supercritical suspensions were prepared by using the conditions
at which the solubility of PLGA in the mixture of SC-CO, and eth-
anol could be determined, i.e., the supercritical pressure and tem-
perature of 25 MPa and 313 K, the ethanol concentration of 21.8
wt% and the polymer solubility of 0.17 wt%. The powder-to-poly-
mer weight ratio was varied through an adjustment of the powder
concentration in the suspension by changing the amount of powder
added to the high-pressure vessel at the beginning of each experi-
ment.

Fig. 6 shows some samples of the morphology and internal struc-
ture of PLGA-coated silica fine powder produced by the rapid ex-
pansion of supercritical suspension process at different powder-to-
polymer weight ratios. It appears that the coating of silica fine pow-
der was achieved in the form of both individual dispersed particles
and agglomerates. The coated silica particles exhibit a core-shell
structure, as shown in the bright-field TEM images (Fig. 6(b) and

Fig. 6. SEM and TEM images of PLGA-coated silica fine powder
produced by the rapid expansion of supercritical suspen-
sion process at powder-to-polymer weight ratios: (a) and
(b)1:1;(c)and (d)3: 1.

Fig. 6(d)). Due to the stronger interactions between the electrons
and silicon than that between the electrons and carbon (a major com-
ponent of the polymer) in the TEM, the silica particles appear as a
darker contrast area than the PLGA phase in these images. It is clearly
seen that the darker contrast area is thoroughly covered by the lighter
contrast area, indicating that the silica particles were completely
coated with a layer of PLGA. The rapid expansion of a suspension
of SC-CO,-insoluble particles in the supercritical CO, solution of a
polymer led to deposition of the polymer on the surface of the sus-
pended particles, thereby generating polymer film coating on the
particle surfaces [6,8]. Our experimental results are consistent with
this explanation. When Fig. 6 is compared with Fig. 5(a), it is clear
that, as a concurrent result of the rapid expansion of supercritical
suspension, the dispersion and deagglomeration of the silica fine
powder contributed to the low agglomeration tendency of the coated
particles. It was observed that, at the powder-to-polymer weight
ratio of 1, there was no significant agglomeration of coated silica
particles that took place during the coating process (Fig. 6(a) and
Fig. 6(b)), while the agglomeration process appeared to be enhanced
when the powder-to-polymer weight ratio was increased to 3 (Fig.
6(c) and Fig. 6(d)). This is mainly attributable to the increased num-
ber concentration of silica particles in the rapid expansion flow, re-
sulting in more frequent collisions and higher coagulation proba-
bility of the silica particles within the nozzle, and consequently an
increase in the degree of agglomeration of the particles. In addi-
tion, it can be observed in the TEM images that the thickness of
the coating layer was not uniform and estimated to be around 10-
100 nm from the scale bar. It is likely that the PLGA particles, which
precipitated and then deposited on the silica particle surface, spread
and formed solid bridges between them, thereby resulting in growth
of the coating layer. The strong turbulence in the rapid expansion
flow dissipated much of the eddy energy [30], which can be consid-
ered to cause significant disturbances to the just-formed coating layer.
It is interesting to note that, from our experimental results, the coating
layer thickness seems not to be sensitive to the change in the pow-
der-to-polymer weight ratio. As a possible assumption, the particle
coagulation along the length of the nozzle during the rapid expan-
sion flow plays a significant role in the coating process. Particle
coagulation results in a drastic decrease in the particle number and
a drastic reduction of the particle surface area, on which coating
takes place. The higher the probability of particle coagulation, the
more pronounced the reduction of the coating surface area and capa-
bility. Since the particle coagulation probability is proportional to the
powder-to-polymer weight ratio in the coating process, it might be
assumed that the change in powder-to-polymer weight ratio did not
provide a significant change in the total coating surface area and it
had no influence on the coating layer thickness.

Similar results were obtained for the coating of 70-nm titanium
dioxide ultra fine powder with PLGA, as shown in Fig. 7. When
compared with Fig. 6, the experimental results shown in Fig. 7 sug-
gest that the coating of titanium dioxide ultra fine powder with PLGA
could also be achieved in the same process as that of silica fine pow-
der. However, SEM and TEM images reveal that the coating of tita-
nium dioxide ultra fine powder always took place in the form of
agglomerates of primary particles. In Fig. 7(b) and Fig. 7(d), the coat-
ed particles are composed of an agglomerate of titanium dioxide
particles in the core and a coat of PLGA as shown by the darker
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Fig. 7. SEM and TEM images of PLGA-coated titanium dioxide
ultra fine powder produced by the rapid expansion of su-
percritical suspension process at different/specified powder-
to-polymer weight ratios: (a) and (b) 1: 15 (c) and (d) 3: 1.

and the lighter contrast areas, respectively. It should be noted that
no PLGA is observed in the void among the titanium dioxide par-

Ultrafine powder
suspended in SC-CO,
solution of polymer

Deagglomeration
(due to wall friction)

ticles, suggesting that the PLGA coat was formed as a growing layer
on the titanium dioxide agglomerate surface, not a coalescence of
coated primary particles. The agglomerate sizes are in the range of
some hundred nanometers to a few microns, which is consistent
with the typical size of agglomerates shown in Fig. 5(f). Obviously,
the flow turbulence and friction loss generated during the rapid ex-
pansion of supercritical suspension process was not sufficient to
disintegrate agglomerates into primary particles. This is attributable
to the extremely strong adhesion forces among the nanosize tita-
nium dioxide particles. The nonuniformity of the coat can also be
observed in the TEM images, indicating the deposition of relatively
large PLGA particles on the irregular surfaces of the titanium di-
oxide agglomerates. Anyway, the change of powder-to-polymer
weight ratio from 1 : 1 to 3 : 1 did not cause a significant change in
the coating layer thickness. The thickness is estimated from the scale
bar to be around 10-100 nm, which is comparable to that of the fine
silica particles. Based on all the experimental data shown previ-
ously, the potential mechanisms that would possibly contribute to the
formation of coating on the ultra fine powders are schematically
summarized as depicted in Fig. 8. Under the high-pressure condi-
tion, PLGA dissolved in supercritical CO, could be absorbed (wet)
onto the surface of the core particles. In the figure, the wet coating
layer on the surface of the core particles is represented by the dotted
line covering the particle flowing within the nozzle. During the rapid
expansion, the vaporization of CO, to the ambient leads to the for-
mation of solidified PLGA film on the surface of core particles. Such
coating layers would experience impaction among particles and shear
forces due to high flow of surrounding gas, resulting in relatively
uniform coating layer on the coated particles which would have

I_ Deagglomeration
‘t' % {due to turbulence)
A I_>

I
~ :-/
- -"\
by ~

Polymer precipitated
on the surface of
ultrafine powder particles

>
\,@’d O

Polymer precipitation,

Formation of polymer
: particle deagglomeration coating layer
™., and solvent evaporation
Coagulation
(due to particle collisions)

Powder . Polymer {::} Powder wetted with polymer O Polymer-coated powder

Fig. 8. Potential mechanism of polymer coating of ultra fine powder by the rapid expansion of supercritical suspension process.
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some remaining agglomeration. The solidified polymer coating layer
is represented by a thick solid line covering images of particles after
being sprayed out of the nozzle.

CONCLUSIONS

The rapid expansion of supercritical solution process using etha-
nol as a cosolvent can produce non-agglomerated submicron parti-
cles of PLGA, which could favorably be used for coating ultra fine
particles. The cosolvent concentration was found to play a key role
in the control of PLGA particle size and size distribution. According
to competitive influences of phase transition, turbulent flow, bound-
ary friction and particle coagulation along the expansion path, the
rapid expansion of supercritical suspension process exhibited two
major phenomena, polymer precipitation and deagglomeration of ultra
fine powders. These phenomena further resulted in a layer growth
of polymer on the surface of deagglomerated ultra fine powders.
Coating of the silica fine powder could be achieved in the form of
both agglomerates and dispersed particles, depending on the pow-
der-to-polymer weight ratio; whereas, coating in the agglomerate
form was inevitable for the titanium dioxide ultra fine powder. In
addition, nonuniformity of the coating layer was also observed. Sur-
prisingly, the powder-to-polymer weight ratio appeared to have an
insignificant effect on the thickness. To reduce agglomeration ten-
dency, larger spray nozzle diameter, smaller powder particle size
and low powder-to-polymer weight ratio are favorable. It is note-
worthy that, in pharmaceutical applications, the RESS process with
a cosolvent could be a promising environmentally friendly tech-
nique for coating CO,-insoluble ultra fine drug particles with a high
molecular-weight polymer with limited solubility in CO..
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