
Particle formation processes based on the use of super-
critical fluids functioning as solvents or anti-solvents have
been introduced as a viable means of controlling particle 
formation. Compared to traditional organic-solvent-based
processes, these methods offer advantages, including reduc-
tion in residual solvents. Supercritical CO2 (SC-CO2) is the
most widely used supercritical fluid because of its mild criti-
cal conditions (Tc�31.1 °C, Pc�7.38 MPa), non-toxicity,
non-flammability, and low price.1,2)

In the pharmaceutical industry, supercritical fluid technol-
ogy using carbon dioxide is used to modify the solid state
properties of active pharmaceutical ingredients (APIs), such
as characteristics of particles (size, shape, surface, crystal
structure and morphology), crystallinity, and polymorphisms
related to dissolution rate and bioavailability.3—7) Many re-
searchers have employed supercritical fluid techniques for
micronization and for recrystallization of various APIs.2,4,8,9)

Recently, Perrut and colleagues reported that in some cases,
after a supercritical fluid process, the dissolution rates of
poorly water-soluble APIs remained in the same order of
magnitude, due to re-agglomeration and wetting problems,
despite a reduction in particle size and increase in surface
area.10) They emphasized the use of hydrophilic pharmaceuti-
cal excipients to enhance wettability.11) Various hydrophilic
additives, such as poloxamers, hydroxypropyl methylcellu-
lose (HPMC), polyethylene glycol (PEG) and polyvinyl
pyrrolidone (PVP), have been used to enhance dissolution
properties of poorly water-soluble APIs.11—17) However, the
use of relatively large amounts of hydrophilic additives could
lead to unwanted results, including formation of thermody-
namically unstable amorphous forms and an increase in total
weight of the dosage form in the development of a drug for-
mulation. Recently, Jarmer and coworkers reported a method
to selectively modify crystal habit through the use of poly(se-
bacic anhydride) as a growth inhibitor when an API is
processed using precipitation with a compressed anti-solvent
(PCA) process.18)

In a previous study, we investigated the effect of process
parameters on the micronization of the poorly water-soluble
compound cilostazol using a supercritical antisolvent process
(SAS).19) Here we used cilostazol as a model drug and
processed it by SAS with very small amounts of various 
additives, with the aim of increasing its wettability and dis-
solution rate. The solid state of particles precipitated from
dichloromethane containing additives in SC-CO2 medium
were characterized by differential scanning calorimetry
(DSC), powder X-ray diffraction system (PXRD), FT-IR,
particle size analysis, scanning electron microscopy (SEM),
contact angle, and dissolution.

Experimental
Materials Cilostazol (99.9%) was obtained from Hawil Pharm Co., Ltd.

(South Korea). Carbon dioxide (CO2) with high purity of 99.99% was sup-
plied by Myungsin General Gas Co., Ltd. (South Korea). Poloxamer 188
(HLB: 29, melting point: 52—57 °C) and poloxamer 407 (HLB: 22, melting
point: 52—57 °C) (BASF, Germany), D-a-tocopheryl polyethylene glycol
1000 succinate (TPGS 1000, HLB: 13, melting point: 37—41 °C) (Eastman
Chemical Co., Kingsport, U.S.A.), Gelucire® 44/14 (HLB: 14, melting point:
42—46 °C) and Gelucire® 50/13 (HLB: 13, melting point: 46—51 °C) (Gat-
tefossé, Saint Priest Cedex, France) were used. All organic solvents were
HPLC grade. All other chemicals were analytical grade and double-distilled
water was used throughout the study.

Precipitation Experiments The SAS process was performed as previ-
ously described.15,19) The drug/additives solutions (ratio 99/1, 100 mg/ml)
were prepared by dissolving cilostazol and additives with dichloromethane.
The solutions were then sprayed into the particle precipitation vessel through
the inner capillary of a two-flow ultrasonic spray nozzle (Sonimist® HSS-
600-1, Misonix Inc., NY, U.S.A.). Meanwhile, the SC-CO2 was pumped to
the top of the particle precipitation vessel through the outer capillary of the
nozzle using an ISCO syringe pump (Model 260D). During particle precipi-
tation, operating pressure and temperature were fixed at 40 °C and 12 MPa.
The flow rates of SC-CO2 and the drug solutions were 30 ml/min and
0.5 ml/min, respectively. After the spraying of the drug solutions and wash-
ing processes were completed, the precipitation vessel was slowly depressur-
ized down to atmospheric pressure and the particles were collected on the
wall and bottom of the vessel.

Analysis and Characterization The drug content in the processed sam-
ples was determined by HPLC. A sample of approximately 100 mg was dis-
solved in 100 ml ethanol. This sample solution was further diluted ten times
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with ethanol. Chromatographic analyses were performed on a Waters HPLC
system consisting of a pump (Model 600), an auto-sampler (Model 717
plus), and UV detector (Model 486 Tunable Absorbance Detector). The C18

reverse phase column (Xterra, 5 mm, 4.6 mm�250 mm, Waters) was used at
room temperature. The mobile phase consisted of water : acetonitrile
(40 : 60) and was pumped at a flow rate of 1.0 ml/min. The injection volume
was 20 m l. The signal was monitored at 254 nm. Analysis of the residual sol-
vent was carried out on a Shimadzu 2010 model gas chromatograph (Shi-
madzu, Japan) equipped with a flame ionization detection (FID) system. The
morphology of particles was examined by scanning electron microscopy
(SEM; JSM-7000F, Jeol Ltd., Japan). X-Ray diffraction patterns were
recorded on a Rigaku Powder X-ray diffraction system (Model D/MAX-
2200 Ultima/PC, Japan). The X-ray source was a CuKa radiation
(l�0.15418 nm), which was operated at 40 kV and 45 mA. Differential
scanning calorimetry measurements were carried out using a DSC S-650
(Scinco Co. Ltd., Korea). FT-IR spectra were obtained on an FT-IR spec-
trometer (Bruker FT-IR: Tensor 27, Germany) using the attenuated total re-
flectance method. The particle sizes and distributions of samples were deter-
mined with a Sympatec laser diffraction analyzer (HELOS/RODOS,
Clausthal-Zellerfeld, Germany) consisted of a laser sensor HELOS and a
RODOS dry-powder air-dispersion system. The specific surface area was de-
termined using the gas adsorption method (ASAP 2010, Micromeritics In-
strument Corporation, U.S.A.). The contact angle was measured by the ses-
sile drop technique using a drop shape analysis system (DSA100, Krüss
GmbH, Germany). A compressed disc of the powder (200 mg) was made at
30 kN. The contact angle between the disc and a single drop of water (25 m l)
was determined after the droplet was put onto the disc. Dissolution tests
were performed using a USP XXIII rotating paddle apparatus with VK 7000
dissolution testing station and VK 750d heater/circulator (Vankel, U.S.A.) at
37 °C and a rotating speed of 50 rpm in 900 ml of pH 1.2 simulated gastric
fluids (without pepsin) with 0.3% w/v sodium lauyl sulfate. Accurately
weighed samples containing the equivalent of 50 mg cilostazol were dis-
persed in the dissolution medium. Then, 2 ml of aliquot samples were col-
lected at different time intervals and analyzed by HPLC.

Results and Discussion
Morphology The SEM images showed agglomerates of

sub-micron- to micron-sized particles with particle sizes of
the SAS processed particles decreased significantly com-
pared to the starting material (Fig. 1). It is clear from SEM
images that the addition of additives had considerable effect
on the shapes of cilostazol particles. The common crystal
form of cilostazol is needle-shaped with a rough surface,
whereas the SAS processed particles with TPGS 1000, Gelu-
cire® 44/14 and Gelucire® 50/13 changed to plate- or leaflet-
shaped. However, the morphologies of SAS processed parti-
cles with or without poloxamer 188 and poloxamer 407 were
similar.

Solid-State Characterization Figure 2 represents the X-
ray diffraction patterns of the cilostazol before and after pro-
cessing with SAS. Neither appearance of new peaks or disap-
pearance of peaks was detected in the SAS processed cilosta-
zol. In Fig. 2, the locations (2q) of every peak are identical,
while the relative integrated intensity of the peaks varies. The
intensities of peaks in particles with Gelucire® 44/14, Gelu-
cire® 50/13 and TPGS 1000 were higher than that of the oth-
ers. This could be due to higher crystal perfection, or to dif-
ferent preferred orientations of the crystals in the sample
holder because of their different crystal habits. Preferred ori-
entation is a condition in which the distribution of crystal
orientation is non-random and a specific crystalline frame
may tend to cluster to a greater or lesser degree about some
particular orientation.20) In SEM images (Fig. 1), these sam-
ples were plate- or leaflet-shaped. The abundance of the
planes exposed to the X-ray source would have been altered,
producing the change in the relative intensities of the
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Fig. 1. SEM Images of Unprocessed Cilostazol (a), SAS Processed
Cilostazol (b) and SAS Processed Cilostazol with Poloxamer 188 (c), Polox-
amer 407 (d), TPGS 1000 (e), Gelucire® 44/14 (f) and Gelucire® 50/13 (g)

Fig. 2. Powder X-Ray Diffractograms of Unprocessed Cilostazol (a), SAS
Processed Cilostazol (b), and SAS Processed Cilostazol with Poloxamer 188 (c),
Poloxamer 407 (d), TPGS 1000 (e), Gelucire® 44/14 (f) and Gelucire® 50/13 (g)



peaks.21,22) The samples recrystallized from dichloromethane
containing additives in SC-CO2 medium as well as the un-
processed sample exhibited identical IR spectra, which indi-
cated that the altered X-ray diffraction patterns for these
samples were not associated with changes at the molecular
level (data not shown).

Figure 3 shows the DSC thermograms of cilostazol before
and after processing with SAS, as summarized in Table 1.
Recently, Stowell and colleagues23) reported three different
polymorphs of cilostazol (Form A, B and C) with melting
points of 159 °C, 136 °C and 146 °C, respectively. In our
study, the cilostazol did not change its crystal form during
the SAS process. In addition, an ANOVA test showed no sig-
nificant difference in onset and fusion temperature obtained
for various cilostazol particles. However, there was a signifi-
cant difference in the enthalpy of fusion (p�0.05). The de-
crease in enthalpy of fusion indicated a decrease in crys-
tallinity. The crystallinity of cilostazol was slightly decreased
during SAS process. Generally, the crystallinity of a pharma-
ceutical substance has an effect on its dissolution and
bioavailability.24)

The issue of solvent residues is also of interest for phar-
maceutical products. GC analysis revealed a dichloro-
methane residual in the processed particles of less than
50 ppm. This is a very good result considering that the per-
mitted dichloromethane concentration limit in drugs is
600 ppm, as reported by the ICH guidelines.25) HPLC analy-
sis confirmed that no chemical degradation occurred in the
drug after the SAS process. It can be concluded that precipi-
tation of cilostazol from supercritical carbon dioxide did not
cause any polymorphic changes, and reduced crystallinity
and crystal habit modification were observed.

Dissolution Study Figure 4 shows the dissolution pro-
files of cilostazol in dissolution medium under sink condi-
tions (C�0.2Cs). Table 2 summarizes the dissolution profiles
of raw cilostazol and processed cilostazol, in terms of disso-
lution efficiency (D.E.) at 60 min and Hixon–Crowell cube-
root equation release constant (Kb). All processed cilostazol
exhibited faster dissolution rates than the raw drug, with ap-
proximately 5.4 and 7.2 times increase in dissolution effi-
ciency (D.E.60). The ANOVA test found significant differ-
ences among the samples (p�0.001), and the release con-
stants (Kb) increased in following order: raw drug�
Gelucire® 50/13�Gelucire® 44/14�without additive�TPGS
1000�poloxamer 407�poloxamer 188 (ranked by the Stu-
dent–Newman–Keuls test). The cilostazol samples processed
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Fig. 3. DSC Thermograms of Unprocessed Cilostazol (a), SAS Processed
Cilostazol (b) and SAS Processed Cilostazol with Poloxamer 188 (c)

Fig. 4. Dissolution Profiles of Unprocessed Cilostazol (a), SAS Processed
Cilostazol (b) and SAS Processed Cilostazol with Poloxamer 188 (c), Polox-
amer 407 (d), TPGS 1000 (e), Gelucire® 44/14 (f) and Gelucire® 50/13 (g)

Table 1. DSC Thermograms Data and X-Ray Diffraction Data of Raw Material and SAS Processed Particles with or without Various Additives

Samples

DSC

X-ray diffraction data (2q)
Drug contenta) Onset Fusion Enthalpy of Relative 

(%) temperatureb) (°C) temperatureb) (°C) fusionb) (DH, J/g) crystallinityb,c) (%)

Raw material — 158.89�0.17 160.14�0.16 129.63�4.22 — 12.8, 15.7, 20.7, 23.4, 31.7
No additive — 158.90�0.28 159.98�0.32 112.25�3.07 86.60�2.36 12.7, 15.5, 20.6, 23.3, 31.6
Poloxamer 188 98.91�0.31 158.86�0.18 159.91�0.22 109.78�4.01 85.62�3.12 12.5, 15.4, 20.5, 23.2, 31.4
Poloxamer 407 99.25�0.20 158.89�0.21 159.95�0.26 110.51�4.19 85.89�3.26 12.5, 15.4, 20.5, 23.2, 31.4
TPGS 1000 99.07�0.43 158.93�0.22 160.07�0.17 112.08�2.34 87.28�1.84 12.7, 15.5, 20.6, 23.3, 31.5
Gelucire® 44/14 99.10�0.51 158.95�0.26 160.01�0.21 118.92�2.87 92.58�2.23 12.7, 15.6, 20.6, 23.3, 31.5
Gelucire® 50/13 99.09�0.50 158.99�0.19 160.04�0.21 118.50�4.07 92.26�3.17 12.6, 15.4, 20.5, 23.3, 31.4

a) Mean�S.D., n�5. b) Mean�S.D., n�4. c) DHsample/DHraw�100f, f : correct factor related drug content.

Table 2. The Dissolution Efficiency at 60 min and Hixon–Crowell Cube-
Root Equation Release Constant of Raw Material and SAS Processed Parti-
cles with or without Various Additives

Samples D.E.60
a,b) Release constant a,c)

Raw material 10.65�3.68 1.33�10�3�5.77�10�5 (0.9959)d)

No additives 70.48�0.69 1.57�10�2�7.57�10�4 (0.9956)
Poloxamer 188 76.39�0.95 1.94�10�2�9.07�10�4 (0.9920)
Poloxamer 407 74.34�0.88 1.81�10�2�1.00�10�3 (0.9946)
TPGS 1000 71.09�0.77 1.64�10�2�1.17�10�3 (0.9902)
Gelucire® 44/14 62.54�0.60 1.19�10�2�9.07�10�4 (0.9952)
Gelucire® 50/13 58.33�0.56 1.08�10�2�1.02�10�3 (0.9940)

a) Mean�S.D., n�6. b) Calculated from the area under the dissolution curve at
60 min and expressed as % of the area of the rectangle described by 100% dissolution
in the same time. c) Hixon–Crowell cube-root equation in which 1�(1�Mt/M0)

1/3 is
plotted against time (Mt, drug content remaining after time t; M0, original content of
drug). d) Determination coefficient (r2).



with poloxamer 188 and 407 had the highest dissolution
rates, caused by the decreased crystallinity, the decreased
particle size and thus increased surface area, and the im-
proved wettability, reflected by the contact angles, as de-
scribed in Table 3. However, the dissolution rate of cilostazol
with Gelucire® 44/14 and 50/13 were significantly decreased,
due to the increased particle size and distribution, despite the
higher wettability compared to cilostazol without additives.

The lower contact angles or higher hydrophilicities suggest
a change in surface properties of the precipitated cilostazol.
It was expected that the addition of additives would affect
particle formation processes, such as supersaturation, nucle-
ation and crystal growth in SC-CO2 medium, resulting in
changes in surface properties and shape of particles without
polymorphic changes.

In conclusion, micronization with supercritical antisolvent
process resulted in a significant decrease in mean particle
size. Wettability of cilostazol was increased by using a small
amount of hydrophilic additives. Interestingly, particle sizes
of cilostazol processed with Gelucire® 44/14 and 50/13 were
increased compared to cilostazol processed without addi-
tives. Among the additives studied here, poloxamer 188 and
poloxamer 407 proved to be superior in increasing the disso-
lution rate due to the decreased particle size and thus in-
creased surface area, and the improved wettability.
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Table 3. Particle Size, Specific Surface Area and Contact Angle of Raw Material and SAS Processed Particles with or without Various Additives

Samples
Volume mean Specific surface 

Contact angleb) (°)

particle sizea) (mm) areaa) (m2/g)
10 s 180 s

Raw material 47.95�5.58 (3.15)c) 0.49�0.02 65.5�2.9 60.7�2.7
No additive 3.12�0.10 (1.79) 4.09�0.06 62.1�2.3 57.8�2.4
Poloxamer 188 2.17�0.28 (1.75) 4.30�0.08 56.1�3.8 47.9�3.6
Poloxamer 407 3.03�0.27 (1.94) 4.11�0.09 54.5�3.6 49.5�3.3
TPGS 1000 4.76�0.19 (2.14) 3.27�0.03 54.9�4.6 46.5�3.5
Gelucire® 44/14 5.77�0.07 (2.30) 2.32�0.04 57.1�1.9 51.8�3.3
Gelucire® 50/13 6.41�0.07 (2.38) 2.10�0.02 58.3�2.2 52.5�2.6

a) Mean�S.D., n�3. b) Mean�S.D., n�6. c) SPAN�(d90�d10)/d50, where d10, d50 and d90 are the diameter sizes and the given percentage value is the percentage of par-
ticles smaller than that size.


