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1. Introduction

Atorvastatin, as a synthetic lipid-lowering agent, is an
inhibitor of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-
CoA) reductase which catalyzes the conversion of HMG-Co A to
mevalonate, an early rate-limiting step in cholesterol biosynthesis
(Lennernas, 2003). Atorvastatin is currently used as calcium salt
for the treatment of hypercholesterolemia. Atorvastatin calcium
([R-(R*,R*)]-2-(4-fluorophenyl)-�,�-dihydroxy-5-(1-methylethyl)-
3-phenyl-4-[(phenylamino)carbonyl]-1H-pyrrole-1-heptanoic
acid, hemi-calcium salt) is insoluble in aqueous solution of pH 4
and below; it is very slightly soluble in water and pH 7.4 phosphate
buffer. The intestinal permeability of atorvastatin is high at the
physiologically relevant intestinal pH (Lennernas, 1997; Wu et al.,
2000). However, it is reported that the absolute bioavailability
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to prepare amorphous atorvastatin hemi-calcium using spray-drying and
process and evaluate its physicochemical properties and oral bioavailabil-
rihydrate was transformed to anhydrous amorphous form by spray-drying

process, the mean particle size and the specific surface area of amor-
ically changed to 68.7 ± 15.8 nm, 120.35 ± 1.40 m2/g and 95.7 ± 12.2 nm,
one solution and a tetrahydrofuran solution, respectively and appeared
performance in apparent solubility, dissolution and pharmacokinetic
cessed crystalline atorvastatin. Oral AUC0–8 h values in SD rats for crys-
tatin were as follow: 1121.4 ± 212.0 ng h/mL for crystalline atorvastatin,
6.1 ± 200.3 ng h/mL for amorphous atorvastatin from an acetone solution
with SAS process, 2227.8 ± 274.5 and 2099.9 ± 339.2 ng h/mL for amor-

ne and tetrahydrofuran with spray-drying. The AUCs of all amorphous
sed (P < 0.05) compared with crystalline atorvastatin, suggesting that the
ttributed to amorphous nature and particle size reduction. In addition,
bioavailability than spray-drying because of particle size reduction with

n. It was concluded that physicochemical properties and bioavailability of
e improved by physical modification such as particle size reduction and
using spray-drying and SAS process. Further, SAS process was a powerful
physicochemical properties and bioavailability of atorvastatin.

© 2008 Elsevier B.V. All rights reserved.
(F) of atorvastatin is 12% after a 40 mg oral dose (Corsini et al.,
1999).

Oral bioavailability is limited by the factors such as the mem-
brane permeability, the solubility, the dissolution rate of the drug
and so on. Specially, the solubility and the dissolution rate of a
poorly water-soluble drug is a critical factor for its oral bioavailabil-
ity. Many approaches have been developed to improve solubility
and to enhance the dissolution rate and oral bioavailability of poorly
soluble drugs (e.g. salt formation (Engel et al., 2000; Perng et al.,
2003; Choi et al., 2004; Han and Choi, 2007), solid dispersion (Taylor
and Zografi, 1997; Chen et al., 2004; Paradkar et al., 2004; Sethia
and Squillante, 2004), inclusion complex (Al-Marzouqi et al., 2006;
Anzai et al., 2007; Jun et al., 2007), microemulsion (Shen and Zhong,
2006; Park et al., 2007), micronization (Farinha et al., 2000; Kim et
al., 2007a), etc.). Physical modifications often aim to increase the
surface area, solubility and wettability of the powder particles and
are therefore focused on particle size reduction or generation of
amorphous states (Hancock and Zografi, 1997; Grau et al., 2000).

http://www.sciencedirect.com/science/journal/03785173
mailto:sjhwang@cnu.ac.kr
dx.doi.org/10.1016/j.ijpharm.2008.04.006
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An amorphous solid can be defined as its molecular arrange-
ment lacks long-range order, which is the unique feature of crystals.
Solubility (S) of a solid solute can be expressed by considering the
three basic quantities, as follow (Lipinski et al., 2001);

S = f (Crystal Packing Energy + Cavitation Energy

+ Solvation Energy) (1)

For the solubilization of a solid solute, a first major huddle to
overcome is the disruption of crystal packing. A crystalline solid
possess relative higher crystal packing energy, as compared to an
amorphous solid. But unlike a crystalline solid, an amorphous solid
has low packing energy and no long-range order of molecular
packing. By this property of the amorphous solid, an amorphous
solid often exhibit higher solubility than a crystalline solid. In
many studies, it is reported that amorphous systems is efficient
for the enhancement of dissolution and bioavailability (Mullins and
Macek, 1960; Imaizumi, 1980; Sato et al., 1981; Choi et al., 2004). In
addition, Hancock and Parks (2000) reported that 10–1600 folds of
solubility enhancement could be achieved by the use of amorphous
systems.

Recently, several studies on particle formation using the SAS
process have been reported as a viable means of nanoparticle
formation using various pharmaceutical compounds (Reverchon
and Porta, 1999; Snavely et al., 2002; Lee et al., 2008; Marco and
Reverchon, 2008). Previously, we optimized the SAS process param-
eters such as pressure, temperature, drug solution concentration
and feeding ratio of CO2/drug solution using methanol as a solvent
(Kim et al., 2007b). Since methanol is actually a toxic solvent, we
investigate the effect of solvent type on particle morphology and in
vitro performances of atorvastatin particles using various ICH class
III solvents such as dimethyl sulfoxide, N-methyl-2-pyrrolidone,
acetone and tetrahydrofuran. In this study, amorphous atorvastatin
was prepared by spray-drying and supercritical antisolvent (SAS)
process using ICH class III solvents, acetone and tetrahydrofuran.
Their physicochemical properties and oral bioavailabilities were
evaluated by DSC, TGA, PXRD, solubility, dissolution and pharma-
cokinetic studies.

2. Materials and methods

2.1. Materials
Atorvastatin hemi-calcium trihydrate was obtained from Zhe-
jing Jiangbei Pharmacrutic (China). Metaqualone was purchased
from Sigma (St. Louis, MO, USA). Carbon dioxide (CO2, purity 99.9%)
was purchased from Hanmi Gas Co. Ltd. (Korea). Sodium laurylsul-
fate, extra pure grade, was purchased from Duksan Pure Chemicals
(Korea). All other solvents were of HPLC grade.

2.2. Preparation of amorphous atorvastatin hemi-calcium
particles

2.2.1. Supercritical anti-solvent (SAS) process
The experimental equipment used for SAS process was

described in detail (Kim et al., 2007b). Briefly, CO2 was deliv-
ered into the particle formation vessel using home-made plunger
pump until equilibrium pressure and temperature (12 MPa, 40 ◦C)
achieved. Then, drug solution (100 mg/mL in acetone or tetrahydro-
furan) and supercritical CO2 were co-injected through the two-flow
spray nozzle in the particle formation vessel filled up with super-
critical CO2 at 0.5 and 45 g/min, the feed ratio (CO2/drug solution)
90, respectively. After the injection of drug solution into the par-
ticle formation vessel, fresh CO2 was introduced into the vessel at
harmaceutics 359 (2008) 211–219

45 g/min for further 120 min to remove residual solvent. During the
SAS process, the pressure of the vessel controlled constantly using
a back pressure regulator (Tescom®, model 26-1723-24-194). Then,
the vessel was slowly depressurized and particles on the wall and
the bottom of the vessel were collected.

2.2.2. Spray drying process
Atorvastatin hemi-calcium trihydrate was dissolved in acetone

or tetrahydrofuran to obtain clear solutions. Spray drying was car-
ried out using laboratory scale spray dryer (SD 1000, Eyela, Japan)
under following set of conditions: drug solution concentration,
100 mg/mL; inlet temperature, 75 ◦C; outlet temperature, 62–65 ◦C;
feed rate, 3 mL/min; atomization air pressure, 10 kPa; drying air
flowrate, 0.70 m3/min.

2.3. Physicochemical evaluation of amorphous particles

2.3.1. Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was carried on a TA instru-

ments (USA) TGA 2950 Thermogravimetrical Analyzer over a
temperature range of 20–300 ◦C at a heating rate of 5 ◦C/min under
nitrogen flow (50 mL/min). Approximately 5 mg of sample was
placed in open aluminum pans and the weight loss was monitored.

2.3.2. Differential scanning calorimetry
DSC measurements were performed using a Sinco model S-650

DSC (Korea). 2–5 mg of sample was placed in crimp sealed alu-
minum pans and the measurement was made over 30–200 ◦C at
a heat rate of 5 ◦C/min under nitrogen flow (20 mL/min).

2.3.3. Powder X-ray diffraction
The powder X-ray diffraction patterns of samples were obtained

using a Rigaku D/Max-2200 Ultima/PC powder X-ray diffraction
system (Japan) with Ni-filtered Cu K� radiation. The 2� scan range
was 5–60◦ with a step size of 0.02◦ and the scan speed was 3 ◦min−1.

2.3.4. Particle size distribution
The particle size of unprocessed and spray-dried atorvastatin

particles was determined with a HELOS laser diffraction analyzer
(Sympatec Gmbh, Germany) equipped with a RODOS vibrating
trough disperser. An air pressure of 0.1 MPa and a vacuum of 5.3 kPa
were used to produce a uniform powder dispersion for each sam-
ples.

The size and size distribution of the SAS processed atorvastatin
particles were measured by dynamic light scattering (DLS) (ELS-

8000, Otsuka Electronics, Japan) with a He–Ne laser beam at a
wavelength of 658 nm at room temperature and scattering angle
of 90◦. To obtain a complete dispersion of primary particles, the
SAS processed atorvastatin particles were dispersed in mineral oil
(Marcol 52, Exxon Mobil Co., USA) and then sonicated for 10 min at
120 W (Branson 8210, Branson Ul-. trasonics Co., Danbury, CT, USA).

2.3.5. BET specific surface area measurement
The specific surface area of samples was determined following

the Brunauer–Emmett–Teller (BET) method of nitrogen adsorp-
tion/desorption at −196 ◦C with an ASAP2010 surface area analyzer
(Micromeritics Instrument, USA).

2.3.6. Supersaturation in vitro analysis
A VK 7000 dissolution apparatus (VanKel, USA) using the USP

XXVIII paddle method operating at a rotation speed of 200 rpm
was used for supersaturation analysis of samples. All tests were
carried out on excess amount (approximately 100 mg as ator-
vastatin) of samples. Distilled water was used as dissolution
media. The volume and temperature of the dissolution medium
were 200 mL and 37.0 ± 0.5 ◦C, respectively. Suitable aliquots
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of methalol and a 5 �L aliquot was injected into the LC/MS system
for the quantification of atorvastatin.

2.4.4. Statistical analysis
Model independent pharmacokinetic parameters were calcu-

lated using WinNonLin Version 2.1 (Pharsight Corp., Mountain
View, CA). The PK data between different formulations were com-
pared for statistical significance (P < 0.05) by the one-way ANOVA
followed by Tukey–HSD multiple comparisons test using SPSS v
12.0 software (SPSS, Chicago, IL, USA).

3. Results and discussion

3.1. Physicochemical evaluation of amorphous particles

In this study, amorphous atorvastatin particles were obtained
from two organic solvents, acetone and tetrahydrofuran, containing
atorvastatin hemi-calcium trihydrate. DSC, TGA and PXRD analysis
and pharmaceutically important solid-state properties including
solubility, dissolution, and intrinsic dissolution were studied to
characterize the particles obtained by SAS process and spray-drying
process.
J.-S. Kim et al. / International Journ

were withdrawn at predetermined time intervals and filtered
using 0.11 �m nylon syringe filter. The filtrate was diluted with
methanol, and the quantification of atorvastatin was performed
using UV spectrophotometer at 245 nm (Mini-1240, Shimadzu,
Japan). All samples were tested in triplicate.

2.3.7. Intrinsic dissolution test
The intrinsic dissolution rate (IDR) of each samples were mea-

sured using the stationary disc (Distek Inc., USA) and VK7000
dissolution apparatus (VanKel, USA) according to USP XXVIII pad-
dle method. Intrinsic dissolution study was performed at 50 rpm
and 37 ± 0.5 ◦C employing 900 mL of distilled water containing 1%
SLS (under sink condition). To form a pellet, 80 mg of powder was
compressed using a PerkinElmer hydraulic press at 5 ton force for
1 min. Analysis of the compressed pellets by DSC and FTIR con-
firmed that the crystal form of the original powder was retained
following the compression procedure. The constant surface area
of the pellet exposed was 0.5 cm2. At predetermined time points,
3-mL aliquot samples were withdrawn with media replacement,
filtered using 0.11 �m nylon syringe filter, and analyzed by a UV
spectrophotometer at 245 nm. All samples were tested in triplicate.

2.3.8. Powder dissolution test
Powder dissolution tests was performed using the USP XXVIII

Type II (paddle method) (VK7000, Vankel, USA). The rotation speed
of the paddles was set to 50 rpm. The dissolution medium was
900 mL of deionized water. At predetermined time intervals 5 mL
samples were withdrawn, filtered using 0.11 �m nylon syringe filter
and the amount of dissolved drug was determined by UV spec-
trophotometer at 245 nm. All samples were tested in triplicate.

2.4. Pharmacokinetic study in rats

2.4.1. Animals
Male SD rats (6–7 weeks old) weighing between 180 and

200 g were purchased from Samtaco Bio Korea Inc. (Korea). All
rats had free access to tap water and pelleted diet. The rats were
housed in a cage and maintained on a 12 h light/dark at room
temperature (25 ◦C) and relative humidity of 55 ± 10%. General
and environmental conditions were strictly monitored. All animal
experiments were performed according to the “Guidelines for
the Care and Use of Laboratory Animals” at Chungnam National
University. The rats were deprived of food 24 h before the exper-
iment and food was reoffered 4 h post-dosing. The rats were
divided into five groups of five animals each. Each group was

administered orally 1 mL of 0.2% (w/v) methylcellulose aqueous
suspensions containing unprocessed atorvastatin, SAS processed
atorvastatin particles precipitated from an acetone solution (SCFA),
SAS processed atorvastatin particles precipitated from a tetrahy-
drofuran solution (SCFT), spray-dried atorvastatin particles from
an acetone solution (SDA) and spray-dried atorvastatin particles
from a tetrahydrofuran solution (SDT) (equivalent to 25 mg/kg
body weight as atorvastatin), respectively. Blood samples were
collected by tail vein; predose, 15, 30, 45, 60, 90, 120, 240, 360 and
480 min post-dosing. Blood samples were held on ice (+4 ◦C) until
centrifuged at 10,000 rpm, 4 ◦C for 10 min. Plasma was transferred
to individual Eppendorf’s and stored at −20 ◦C until analyzed.

2.4.2. LC/MS instrument and conditions
The LC/MS system consisted of a LC-10ADvp pump, SIL-10A

autoinjector, SPD-10ADvp UV detector, and LCMS-2010A mass
spectrometer (Shimadzu, Japan). The analytical column was Kro-
masil C18 (150 mm × 4.6 mm, 5 �m) and the detection wavelength
was 270 nm. The mobile phase consisted of 0.1 M ammonium
acetate buffer (pH 4.0)/acetonitrile (50:50, v/v) was pumped at a
flow rate of 1 mL/min.
harmaceutics 359 (2008) 211–219 213

The mass spectrometer was operated in positive ion mode and
connected to the system using an API electrospray interface. The
[M+H]+, m/z 251.00 for methaqualone and [M+H]+, m/z 559.00 for
atorvastatin were selected as detecting ions, respectively (Hermann
et al., 2005; Nirogi et al., 2006). The MS operating conditions were
optimized as follows: drying gas 1.5 L/min, CDL temperature 250 ◦C,
block temperature 200 ◦C and probe voltage: +4.5 kV. Data process-
ing was performed using the LCMS solution software (Shimadzu,
Japan).

2.4.3. Plasma sample preparation
A plasma sample (200 �L) was spiked with 100 �L of inter-

nal standard solution (methaqualone, 100 ng/mL) and 700 �L of
acetonitrile was added. After vortex mixing for 30 s, 800 �L of
supernatant was carefully transferred to a 15 mL glass test tube and
evaporated to dryness using a centrifugal evaporator (CVE-2000,
Eyela, Japan). Then the dried residual was reconstituted in 200 �L
Fig. 1. TGA curves of (a) unprocessed atorvastatin particles, crystalline, (b) SAS pro-
cessed amorphous atorvastatin calcium precipitated from an acetone solution, (c)
SAS processed amorphous atorvastatin calcium precipitated from a tetrahydrofuran
solution, (d) spray-dried amorphous atorvastatin calcium from an acetone solu-
tion and (e) spray-dried amorphous atorvastatin calcium from a tetrahydrofuran
solution.
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Fig. 2. DSC traces of (a) unprocessed atorvastatin particles, crystalline, (b) SAS pro-
cessed amorphous atorvastatin calcium precipitated from an acetone solution, (c)

SAS processed amorphous atorvastatin calcium precipitated from a tetrahydrofuran
solution, (d) spray-dried amorphous atorvastatin calcium from an acetone solu-
tion and (e) spray-dried amorphous atorvastatin calcium from a tetrahydrofuran
solution.

The TGA curves of unprocessed, SAS processed and spray-dried
atorvastatin particles are shown in Fig. 1. Theoretically the stoi-
chiometric value of the trihydrate should be 4.46%. Unprocessed
particles exhibited a gradual decrease in weight about 4.46% due
to the loss of water. The total weight loss corresponding to a water
loss of about 4.46% is in agreement with stoichiometric value of
a trihydrate. On the other hand, this weight loss was not seen for
all processed particles. From these TGA results, it can be seen that
unprocessed atorvastatin, atorvastatin calcium trihydrate, were
transformed to anhydrous from by both of SAS and spray drying
process (Kim et al., 2007b).

Fig. 2 shows the DSC curves of unprocessed and all processed
particles. The DSC curves of unprocessed atorvastatin, a broad
endotherm at 50–130 ◦C and a sharp endotherm at 155.96 ◦C were
observed. The broad endotherm ranging from 50 to 130 ◦C indicat-
ing the loss of water was consistent with the result of TGA. The sharp
endotherm at 155.96 ◦C might be due to the melting point of ator-

Fig. 3. XRD patterns for unprocessed atorvastatin particles (�), SAS processed amor-
phous atorvastatin calcium precipitated from an acetone solution (�), SAS processed
amorphous atorvastatin calcium precipitated from a tetrahydrofuran solution (�),
spray-dried amorphous atorvastatin calcium from an acetone solution (©) and
spray-dried amorphous atorvastatin calcium from a tetrahydrofuran solution(�).
Fig. 4. SEM micrograph of unprocessed atorvastatin particles, crystalline (×3000).
vastatin calcium. However, no endotherms were observed in the
DSC curves for SCFA, SCFT, SDA and SDT. The powder X-ray diffrac-
tion patterns of unprocessed and processed particles are shown
in Fig. 3. Characteristic diffraction peaks at 2� = 9.12, 9.44, 10.23,
10.54, 11.82, 12.16, 16.97, 19.45, 21.59, 22.62, 23.22 and 23.68◦ were
observed for unprocessed atorvastatin. On the other hand, all pro-
cessed particles were characterized by the complete absence of any
diffraction peak corresponding to crystalline atorvastatin calcium.
These results indicate that atorvastatin is no longer present as a
crystalline form when processed using SAS and spray-drying, but
exists in the amorphous state.

The SEM images of unprocessed and processed atorvastatin
particles are presented in Figs. 4–8. While unprocessed atorvas-
tatin particles have appeared as irregular-shaped crystals, a drastic
change in the morphology and shape of drug was observed for all
processed particles. SAS processed particles, SCFA and SCFT, were
observed as spherical agglomerated nanoparticles. The particle size
and specific surface area of unprocessed and all processed parti-
cles are summarized in Table 1. The SAS processed particles exhibit
narrow size distribution with a mean particle size of 68.7 ± 15.8
and 95.7 ± 12.2 nm for SCFA and SCFT, respectively (Fig. 9). On the

Fig. 5. SEM micrograph of SAS processed amorphous atorvastatin calcium precipi-
tated from an acetone solution (×30,000).
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Fig. 6. SEM micrograph of SAS processed amorphous atorvastatin calcium precipi-
tated from a tetrahydrofuran solution (×30,000).

Fig. 8. SEM micrograph of spray-dried amorphous atorvastatin calcium from a
tetrahydrofuran solution (×1500).
Fig. 7. SEM micrograph of spray-dried amorphous atorvastatin calcium from an
acetone solution (×1500).

other hand, the spray-dried particles were observed as irregular
shaped microparticles with a mean particle size of 3.62 ± 0.15 and
7.31 ± 0.21 �m for SDA and SDT, respectively. Specially, the specific
surface area of the SAS processed particles were increased sig-
nificantly, 120.35 ± 1.40 and 79.78 ± 0.93 m2/g for SCFA and SCFT,
respectively, compared with unprocessed atorvastatin. In the case
of SAS processed particles, the increased surface area might be due
to the particle size reduction achieved by the SAS process.

The supersaturated dissolution patterns of unprocessed and
processed atorvastatin particles are shown in Fig. 10. In the case
of unprocessed atorvastatin particles, the equilibrium solubil-

Table 1
Mean particle sizes of crystalline atorvastatin calcium and amorphous atorvastatin calciu

Unprocessed atorvastatin SAS processed

From acetone (SCFA) From

Mean particle size 3.83 ± 0.08 �m a 68.7 ± 15.8 nm b 95
BET surface area (m2/g) 14.56 ± 0.17 120.35 ± 1.40 79.7

a Measured value using HELOS laser diffraction analyzer.
b Measured value using ELS-8000 electrophoretic light scattering spectrophotometer.
Fig. 9. Cumulative particle size distributions curves for unprocessed atorvastatin
particles (�), SAS processed amorphous atorvastatin calcium precipitated from an
acetone solution (�), SAS processed amorphous atorvastatin calcium precipitated
from a tetrahydrofuran solution (�), spray-dried amorphous atorvastatin calcium
from an acetone solution (©) and spray-dried amorphous atorvastatin calcium from
a tetrahydrofuran solution(�).

ity (approximately 140 �g/mL) was reached rapidly. In contrast,
the maximum supersaturated concentrations of atorvastatin from
all processed particles were almost similar and were about
460 �g/mL. However, the supersaturated concentration of ator-
vastatin decreased gradually to about 200 �g/mL after 24 h. It is
suggested that these dissolution behaviors of all processed particles
might be due to the amorphous nature. In other words, the lack of
long-range molecular order and higher Gibbs free energy of amor-

m (mean ± S.D.; n = 3)

Spray-dried

tetrahydrofuran (SCFT) From acetone (SDA) From tetrahydrofuran (SDT)

.7 ± 12.2 nm b 3.62 ± 0.15 �m a 7.31 ± 0.21 �m a

8 ± 0.93 3.69 ± 0.06 0.95 ± 0.03
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Fig. 10. Kinetics to saturation solubility for unprocessed atorvastatin particles
(�), SAS processed amorphous atorvastatin calcium precipitated from an acetone
solution (�), SAS processed amorphous atorvastatin calcium precipitated from a
tetrahydrofuran solution (�), spray-dried amorphous atorvastatin calcium from
an acetone solution (©) and spray-dried amorphous atorvastatin calcium from a
tetrahydrofuran solution (�) (n = 3, mean ± S.D.).

phous form resulted in rapid dissolution, reflected as the maximum
supersaturated concentration value after 10 min (Elamin et al.,
1994; Chawla and Bansal, 2007). Then, the maximum supersatu-
rated concentration of amorphous particles was decreased due to
solvent-mediated conversion from the amorphous to crystalline
form. Nevertheless, the increased concentration of atorvastatin,
above 300 �g/mL, was maintained during 3 h.

Intrinsic dissolution patterns of unprocessed and processed
atorvastatin particles, SAS processed particles and spray-dried par-
ticles are shown in Fig. 11. Good linearities between time and
released amount per unit area were found for unprocessed ator-
vastatin particles. However, a decrease in the slope can be observed
after 10 min for all processed particles. This phenomenon might be
also due to solvent-mediated conversion from the amorphous to
crystalline form.

Under sink conditions, the intrinsic dissolution rate J of a solid
is given by:

J = kCs (2)
where k is the intrinsic dissolution rate constant given by the ratio
of the solid diffusivity and the thickness of the diffusion layer.
Since hydrodynamic conditions are identical, the intrinsic disso-
lution rate constant of unprocessed atorvastatin and all processed
particles must be equal. Then Eq. (2) yields:

Jcrystalline/Jamorphous = Ccrystalline/Camorphous (3)

where Jcrystalline and Jamorphous are the intrinsic dissolution rate for
unprocessed atrovastatin (crystalline form) and processed atrovas-
tatin (amorphous form), and Ccrystalline and Camorphous are the
solubilities of unprocessed and processed atrovastatin, respec-
tively. Therefore, knowing the values for Jcrystalline, Jamorphous
and Ccrystalline, the value for Camorphous can be readily calcu-
lated (Khankari and Grant, 1995; Di Martino et al., 2001). The
intrinsic dissolution rates, the observed supersaturated concen-
trations, the observed solubilities for atorvastatin particles and
the estimated solubilities for amorphous atorvastatin are listed
in Table 2. Intrinsic dissolution rate of unprocessed atorvastatin
was only 84.9 �g/min/cm2. On the other hand, in compari-
son to spray-dried particles (280.1 and 278.9 �g/min/cm2 for
SDA and SDT, respectively), SAS processed atorvastatin par-
harmaceutics 359 (2008) 211–219

ticles exhibited similar intrinsic dissolution rates 288.5 and
280.7 �g/min/cm2 for SCFA and SCFT, respectively. The intrinsic dis-
solution rate of amorphous atorvastatin particles were increased
3.5 folds compared with the intrinsic dissolution rate of crys-
talline atorvastatin. In addition, the estimated solubilities for
amorphous samples, calculated by Eq. (3), were in good agree-
ment with the maximum supersaturated concentrations observed
from supersaturated dissolution test. Generally, compounds with
intrinsic dissolution rate below 0.1 mg/min/cm2 exhibited prob-
lems with dissolution rate-limited absorption (Kaplan, 1972).
Since the intrinsic dissolution rate of crystalline atorvastatin was
0.0849 mg/min/cm2, atorvastatin is a drug with dissolution rate-
limited absorption. Thus, the higher intrinsic dissolution rate
values for amorphous atorvastatin particles means that amor-
phous system can provide a way to improve the bioavailability of
atorvastatin.

Powder dissolution profiles for unprocessed and processed par-
ticles are shown in Fig. 12. Dissolution rate enhancement is clearly
observed for SAS processed and spray-dried particles with compar-
ison of unprocessed atorvastatin. Approximately 90% and 65% of the
atorvastatin was already dissolved after 10 min for SAS processed
particles and spray-dried particles, respectively, compared to dis-
solution of below 50% of unprocessed atorvastatin after the same
time period. Complete drug dissolution being reached after only
15 min for SAS processed particles. Specially, SAS processed parti-
cles exhibited faster dissolution than spray-dried particles. This can
be explained by reduced particles size of SAS processed particles.
The SAS process decreased the size of solid particles to the nanome-
ter scale and simultaneously increased the surface area of particles
dramatically. By the increase in surface area, the high energy state
which achieved will increase the extent to which the particles can
dissolve due to an increase in dissolution pressure in regards to
Noyes–Whitney and Ostwald–Freundlich equations (Brittain, 1995;
Vaughn et al., 2006). Therefore, these results in faster dissolution
rate of the SAS processed particles, compared with that of spray-
dried particles.

3.2. Pharmacokinetic study

Following an oral dose of 25 mg/kg (as atorvastatin), phar-
macokinetic study was carried out on male SD rats and
pharmacokinetic parameters were calculated. Fig. 13 shows the
pharmacokinetic profiles for each sample and pharmacokinetic
parameters are summarized in Table 3. The amorphous atorvastatin

particles from SAS process and spray-drying exhibited significantly
increased AUC0–8 h and Cmax compared with unprocessed atorvas-
tatin (crystalline). Absorption of a drug is considered to involve
a dissolution step of the drug into the luminal fluid followed by
transport across the gastrointestinal epithelium. The low solubil-
ity and/or the dissolution rate may become the rate-determining
step in the bioavailability pathway. The crystalline atorvastatin has,
due to the lattice energy gain, a lower free energy and, hence, a
lower solubility and than the amorphous atorvastatin. Therefore,
the amorphous atorvastatin permitted to obtain high degree of
supersaturation by contrast with the crystalline atorvastatin. It is
suggested that the amorphous atorvastatin allows higher apparent
solubilities, thereby increasing the concentration of drug available
for absorption.

The AUC of unprocessed and processed atorvastatin particles
were in order of SCFA > SCFT > SDA > SDT > unprocessed atorvas-
tatin particles. The Cmax of unprocessed and processed atorvastatin
particles were in order of SCFA > SCFT > SDT > SDA > unprocessed
atorvastatin particles. The differences in bioavailability between
SAS processed particles and spray-dried particles should be
attributed to the differences in surface area of particles. The mean
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Fig. 11. Intrinsic dissolution patterns of (a) unprocessed atorvastatin particles, crystalline
solution, (c) SAS processed amorphous atorvastatin calcium precipitated from a tetrahyd
solution and (e) spray-dried amorphous atorvastatin calcium from a tetrahydrofuran solu

Table 2
Intrinsic dissolution rates and solubilities of crystalline atorvastatin calcium and amorph

Intrinsic dissolution rate (�g/min/cm2)

Unprocessed atorvastatin (crystalline form) 84.9

Early-phase (until 10 min) L

SAS processed (amorphous form)
From acetone (SCFA) 288.5
From tetrahydrofuran (SCFT) 280.7

Spray-dried (amorphous form)
From acetone (SDA) 280.1
From tetrahydrofuran (SDT) 278.9

a Observed value.
b Calculated value using Eq. (2).
c Observed maximum supersaturated concentration.
, (b) SAS processed amorphous atorvastatin calcium precipitated from an acetone
rofuran solution, (d) spray-dried amorphous atorvastatin calcium from an acetone
tion (n = 3, mean ± S.D.).

ous atorvastatin calcium in water at 37 ◦C

Solubility (�g/mL)

142.2a

ate-phase Estimated solubility Peak concentrationc

179.5 483.2b 477.8c

175.4 470.1b 465.4c

175.6 469.1b 447.2c

175.1 467.1b 459.2c
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Table 3
Pharmacokinetic parameters of crystalline atorvastatin calcium and amorphous atorvasta

AUC0–8 h (ng h/mL

Unprocessed atorvastatin (crystalline form) 1121.4 ± 212.0

SAS processed (amorphous form)
From acetone (SCFA) 3249.5 ± 406.4a,b

From tetrahydrofuran (SCFT) 3016.1 ± 200.3a,

Spray-dried (amorphous form)
From acetone (SDA) 2227.8 ± 274.5a

From tetrahydrofuran (SDT) 2099.9 ± 339.2a

a Indicating significant (P < 0.05) compared to unprocessed atorvastatin (crystalline).
b Indicating significant (P < 0.05) compared to spray-dried amorphous atorvastatin from
c Indicating significant (P < 0.05) compared to spray-dried amorphous atorvastatin from
d Indicating significant (P < 0.05) compared to SAS processed amorphous atorvastatin fr

Fig. 12. Powder dissolution profiles of unprocessed atorvastatin particles (�), SAS
processed amorphous atorvastatin calcium precipitated from an acetone solution
(�), SAS processed amorphous atorvastatin calcium precipitated from a tetrahydro-
furan solution (�), spray-dried amorphous atorvastatin calcium from an acetone
solution (©) and spray-dried amorphous atorvastatin calcium from a tetrahydrofu-
ran solution (�) (n = 3, mean ± S.D.).

Fig. 13. Plasma concentration–time curves of unprocessed atorvastatin particles
(�), SAS processed amorphous atorvastatin calcium precipitated from an acetone
solution (�), SAS processed amorphous atorvastatin calcium precipitated from a
tetrahydrofuran solution (�), spray-dried amorphous atorvastatin calcium from
an acetone solution (©) and spray-dried amorphous atorvastatin calcium from a
tetrahydrofuran solution (�) (n = 5, mean ± S.D.).
harmaceutics 359 (2008) 211–219

tin calcium after oral administration in SD rats (mean ± S.D.; n = 5)

) Cmax (ng/mL) Tmax (h)

504.4 ± 66.4 0.6 ± 0.1

,c 2133.4 ± 353.2a,b,c ,d 0.3 ± 0.0
b,c 1636.9 ± 137.9a,b,c 0.3 ± 0.0

939.3 ± 170.8a 0.3 ± 0.0
1050.0 ± 136.8a 0.3 ± 0.0

an acetone solution.
a tetrahydrofuran solution.

om a tetrahydrofuran solution.

particle size of spray-dried particles was 40–100 folds larger com-
pared with that of SAS processed particles. As seen in Fig. 7, since
the SAS process decreased the particle size to low nanometer range
and thereby increased the surface area dramatically, the dissolution
rate of SAS processed particles was faster than those of spray-dried
particles. Thus, it is suggested that SAS processed particles could
exhibit enhanced bioavailability compared with spray-dried parti-
cles.

4. Conclusions

In this study, amorphous atorvastatin calcium was success-
fully prepared by spray-drying and SAS process and evaluated
its physicochemical properties and bioavailability. Through the
physicochemical assessment, amorphous atorvastatin was anhy-
drous form and exhibit enhanced dissolution rate and higher
apparent solubility due to their amorphous nature, compared with
crystalline atorvastatin. Also, it exhibits dramatic enhancement
in oral bioavailability. The enhancement in oral bioavailability of
amorphous atorvastatin was attributed to a combination of higher
apparent solubility and higher dissolution rate due to amorphous
nature. This study demonstrated the usefulness of the amorphous
system as a method of enhancing the dissolution of atorvastatin.
Furthermore, the SAS process is an efficient tool for improving oral
bioavailability of atorvastatin in combination of the benefit of amor-
phous form and surface area maximization.
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