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Abstract

Background and purpose: This study aimed at preparation of solid dispersions in order to enhance
dissolution of poorly water-soluble atorvastatin using supercritical CO; technology. Atorvastatin has poor
bioavailability of 12%, mainly due to poor water solubility and dissolution. Dispersion of drugs in various
hydrophilic carriers using supercritical fluid technology has been found to be an outstanding method to
prepare solid dispersion.

Experimental approach: Four different polymers were employed. These were polyvinyl pyrrolidone K30
(PVP), polyethylene glycol 6000 (PEG), Soluplus®, and chitosan. Full physicochemical characterizations
were performed in addition to in vitro dissolution study.

Findings / Results: The used polymers enhanced the dissolution rate of atorvastatin. However, supercritical
parameters affected the dissolution profile and drug loading efficiency of the prepared dispersions. High
performance liquid chromatography assay indicated the stability of the prepared PEG, Soluplus® and
chitosan-based dispersions. On the other hand, PVP solid dispersions were not stable and formed sticky
paste. Powder X-ray diffraction showed similar patterns for PEG-based dispersions after exposure to storage
condition, while the intensity of atorvastatin peaks increased after three months of storage of Soluplus® and
chitosan dispersions.

Conclusion and implications: Supercritical fluid technology proved to have great potential to prepare
dispersions for biopharmaceutics classification system (BCS) class Il drugs. Dissolution enhancement of
atorvastatin was achieved through successful preparation of polymeric dispersions of the drug using the
supercritical technology without further addition of solvents.

Keywords: Atorvastatin; Solublity enhancement; Polyethylene glycol; Solid dispersions; Soluplus;
Supercritical fluid technology.

INTRODUCTION

Surface tension and solvent strength, which
vary between gas-like and liquid-like values,
depend on the temperature and pressure
conditions (1). Many gasses have been used as
supercritical fluid (SCF), but CO2 has been
considered the best gas as it is nontoxic,
nonflammable, inexpensive, and readily
available. Also, it has a mild critical
temperature (Tc = 31 °C) and low critical
pressure (Pc = 7.38 MPa). SCF offered many
advantages in the pharmaceutical arena
specially for heat sensitive materials, drying
process, and preparation of carriers and solid
dispersions (SDs) (2).
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Dispersion of the active ingredient in an
inert carrier matrix through SD is one of the
most commonly used methods to enhance the
dissolution and hence the bioavailability of
poorly water-soluble drugs. Many traditional
methods have been used to produce SDs
including hot melt extrusion (3), fusion
method (4), solvent-evaporation method (5),
and spray drying (6). However, SCF technique
proved its suitability for preparing SDs. This is
attributed to the preparation of SD in a light
and oxygen-free atmosphere (7).
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SDs prepared by SCF technology showed
good flow properties, small particle size, and
absence of the residual organic solvent as
opposed to conventional techniques (7).
Obaidat et al. proved the significant
enhancement of tacrolimus dissolution profile
by preparing SDs using SCF method (8).

Many polymers proved to be utilized in
preparing SDs such as polyvinyl pyrrolidone
(PVP), polyethylene glycol (PEG), Soluplus®,
and chitosan. These polymers have several
advantageous properties including water
solubility, biocompatibility, and safety. PVP is
a common carrier which is used for preparing
SDs of poorly water soluble drugs to improve
their solubility and dissolution rate and hence
their  bioavailability. Different methods,
including SCF technique has been used to
improve aqueous solubility of lipophilic drugs
(9). PEG is a hydrophilic and hygroscopic
polymer. It has excellent ability to enhance the
solubility of hydrophobic drugs; In addition,
PEG can improve the physical and chemical
stability of drugs and prevents drugs
aggregation (7). It is one of the most widely
and commonly used polymers for preparing
SDs. Another unusual polymer is Soluplus®. It
is a synthetic novel polymer. It has been
applied in the recent years and considered as
one of the third generation solid dispersion
polymer. It can function as a matrix polymer
for solid solutions as it behaves as a solubilizer
through micelle formation. It is water soluble,
nonionic and slightly surface active. Soluplus®
has good flowability and low hygroscopicity
(10). Chitosan is derived from chitin by
deacetylation of chitin in alkaline conditions or
by enzymatic hydrolysis (11). Chitosan is a
hydrophilic, cationic, polysaccharide polymer.
It is of great interest due to its
biocompatibility, biodegradability, bioactivity,
nontoxic, and non-allergic (12).

Atorvastatin is a synthetic lipid lowering-
agent. It selectively and competitively inhibits
the enzyme PB-hydroxy B-methylbutyryl-CoA
(HMG-CoA) reductase. It is commonly used
as atorvastatin calcium salt. It exists as white
to off-white crystalline powder. It is insoluble
in aqueous solution below pH 4. It has a short
half-life and needs 1-2 h to reach its maximum
concentration (Tmax) in the plasma (13).
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Atorvastatin has a good intestinal permeability
but low bioavailability; the bioavailability of
40 mg oral dose is only 12%. Its low
bioavailability is due to its first pass hepatic
metabolism, poor water solubility, and
crystalline nature (14). Atorvastatin is
administered in high doses to overcome its
insufficient bioavailability. High doses of
atorvastatin can lead to undesirable side effects
such as liver abnormalities, rhabdomyolysis,
arthralgia, and kidney failure (13). Many
approaches were utilized to enhance the
dissolution and bioavailability of atorvastatin.
This includes the formation of a dry emulsion
containing atorvastatin using spray-drying
method (15). Preparing of amorphous
atorvastain is another approach. Amorphous
atorvastatin was prepared using supercritical
antisolvent by which the physichochemical
properties and the bioavailability of
atorvastatin were improved (16). In addition,
prepartion of SDs by different techniques to
enhance the dissolution of atorvastatin using
several carriers like PVP (13), Soluplus®(15),
gum karaya (17), and PEG 6000 (18) were
reported.

The primary objective of this work was to
employ SCF technology as a method to
prepare SDs of atorvastatin without the use of
any additional solvents in order to enhance the
dissolution of the drug. The selected polymers
were PVP, PEG, Soluplus®, and chitosan. The
physicochemical properties of raw materials,
physical mixtures, and prepared dispersions
were studied. Also, in vitro drug release, drug-
loading efficiency, and stability study were
conducted.

MATERIALS AND METHODS

Atorvastatin calcium was supplied by
Biocon, India. Kollidon 30 (PVP K30) as
supplied by Aldrich Chemicals, USA. PEG
6000 and sodium triphosphate (STPP) were
supplied by Sigma-Aldrich, USA. Soluplus®
was kindly supplied by BASF Ludwigshafen,
Germany. High molecular weight chitosan 600
kDa was provided by Shanghai Hanshare
Industry CO., China. Potassium dihydrogen
phosphate (KH2POg), extra pure, was supplied
by ScharlauChemie, Spain. Sodium hydroxide



(NaOH) and methanol were supplied by Fisher
Scientific, UK. Potassium bromide (KBr) IR
grade by Sigma-Aldrich, France. Ethanol was
supplied by Solvochem, Holland. Hydrochloric
acid (HCI, 37% w/w) was supplied by Biosolvo,
France. Acetonitrile (purity 99.9%) was supplied
by Anhuni Fulltime Specialized Solvents and
Reagents Co., China. Acetic Acid was supplied
by Xilong Chemical Industry Incorporated,
China. Liquid CO2 (purity 99.9%) was supplied
by Jordanian Gas Company, Amman, Jordan.
Distilled water was used for all experiments.
All  Chemicals were used without any
modification.

Preparation of chitosan carrier

Chitosan oligomer (11 kDa) was prepared
by allowing raw material chitosan (600 kDa)
to react with 2 M HCI for 4 h, as described
previously (19,20). The molecular weight of
chitosan carrier oligomer was determined by
viscosity analysis using a sine wave Vibro SV-
10/SV-100 viscometer (KSV Instrument
Helsinki, Finland) (20). The obtained chitosan
oligomer powders were stored in glass vials at
room temperature.
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Chitosan carrier was prepared by reacting
100 mL of 1% low molecular weight chitosan
solution with 100 mL of 0.5% STPP. STPP
solution was added at high mixing speed (4000
rpm), and the mixing was continued for 30
min. Then, the mixture was dehydrated by
immersion in a series of successive ethanol
baths of increasing ethanol concentration (20,
40, 60, 80, and 100%, V/V in water). After
that ethanol was dried using SCF apparatus
(Eurotechnica, GmbH, Germany) at 1450 psi
and 40 °C for 2 h (2).

Preparation of atorvastatin solid dispersions

Atorvastatin was physically mixed with one
of the polymers (PVP, PEG, Soluplus®, or
chitosan carrier) to produce a mixture of the
drug to polymer in ratio of 1:9. Then it was
processed by SCF apparatus at different
temperatures, pressures and loading times.
Also, drug to polymer ratio for PEG-based
SDs was changed (Table 1). The produced
SDs were ground using a mortar and pestle
and sieved through 300 pum sieve and then
stored in an amber airtight container in the
refrigerator.

Table 1. The prepared solid dispersions (SD) showing their preparation conditions with their loading efficiency.

Conditions

SDs Pressure Temperature Time o e (o
: Polymers polymer content + SD (w/w)
(psi) (°C) (h)
SD1 1450 40 2 PVP 1:9 67.83+1.88
SD2 1450 60 2 PVP 1:9 79.73+£0.99
SD3 1450 80 2 PVP 1:9 88.68 £ 0.36
SD4 1450 80 4 PVP 1:9 81.98 £2.95
SD5 1450 80 6 PVP 1:9 87.45 £ 6.69
SD6 1450 40 2 PEG 1:9 79.23+1.27
SD7 1450 50 2 PEG 1:9 80.65 £ 1.63
SD8 1450 60 2 PEG 1:9 104.8 +15.6
SD9 1450 50 2 PEG 2:8 66.22 £ 7.16
SD10 1450 50 2 PEG 37 90.17 £9.69
SD11 1450 40 2 Soluplus 1:9 80.47 £0.41
SD12 1810 40 2 Soluplus 1:9 83.80 £ 0.94
SD13 2170 40 2 Soluplus 1:9 79.90 £0.31
SD14 1450 40 2 Chitosan 1:9 94.67 +3.45
SD15 1450 60 2 Chitosan 1:9 94.79 £ 6.53
SD16 1450 80 2 Chitosan 1:9 97.33£4.77
SD17 1810 80 2 Chitosan 1:9 106.7 +11.2
SD18 2170 80 2 Chitosan 1:9 102.5+5.31
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Preparation of physical mixture

Physical mixtures (PMs) were prepared by
mixing atorvastatin physically with the
polymers using a mortar and pestle to produce
a PM in a ratio of 1:9. The PMs were sieved
through 300 um sieve then stored in an amber
airtight container in the refrigerator.

Physicochemical characterization
Differential scanning calorimetry

Differential scanning calorimetry (DSC)
measurements were carried out for atorvastatin,
the used polymers, the prepared SDs, and their
corresponding physical mixtures using DSC 204
(Netzch, Germany). Indium was used to calibrate
temperature and energy scale. An accurately
weighed sample was placed in a sealed
aluminum pan (P/N 201-52943). Then, it was
heated in the range 30-200 °C under constant
nitrogen flow of 30 mL/min. An empty sealed
aluminum pan was used as a reference. Sample
crimper was used to seal the pans.

Powder X-Ray diffraction

Powder X-Ray diffraction (PXRD) pattern
of atorvastatin, the wused polymers, the
prepared SDs and their corresponding physical
mixtures were acquired using Ultima IV X-ray
diffractometer (Rigaku, Japan) equipped with
cobalt radiator at voltage of 40 KV and a
current of 30 mA. The angle (2 ©) scanning
range of the samples was between 0° and 60°
at step of 0.02°.

Scanning electron microscopy

Scanning electron microscopy (SEM)
images were obtained using Quanta FEG 450,
SEM (FEI, US), to study the surface morphology
of atorvastatin, raw polymers, SDs, and their
corresponding PMs. Before SEM analysis, the
samples were placed on stubs and coated with
platinum under vacuum atmosphere using
Q150R rotary-pumped sputter coater/ carbon
coater (Quorum Technologies, UK).

Determination of drug content

Drug content was determined by dissolving
an amount equivalent to 1 mg atorvastatin
from each formula in 50 mL methanol and
then stirred for 30 min. The total amount of the
drug was measured using UV-1800
spectrophotometer (Shimadzu, Japan) at Amax
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246 nm. Drug content was calculated using the
following equation:

Practical drug content
x 100

Drug content =
g Theoretical drug content

In vitro drug release study

Drug release was performed for the
prepared SDs and their corresponding PMs,
using dissolution test apparatus Il (rotating
paddle) at 37 £ 0.5 °C. The rotational speed
were set at 75 rpm. The dissolution media was
900 mL of freshly prepared phosphate buffer
solution (0.05 M) with pH 6.8. This media is
recommended by Food and Drug
Administration. A sample equivalent to 40 mg
of atorvastatin from the prepared SDs and PMs
were accurately weighed and filled manually
into a gelatin capsule (size 0) and placed in the
dissolution test. The samples were withdrawn
at predetermined time intervals over 2 h. The
withdrawn samples were filtered through a
filter unit (pore size 0.45 pm, nylon filter
membrane, Bonna-Agela Technologies). Each
withdrawn volume was replaced by an equal
volume of fresh dissolution media to maintain
the volume and sink condition. The samples
were diluted appropriately and assayed for
atorvastatin by UV-VIS spectroscopy at Amax
of 241 nm.

Mathematical modeling of release kinetics

The in vitro drug release data were fitted to
several release kinetic models including zero
order, Higuchi and Korsmeyer-Peppas equations.
The regression coefficient was calculated to
determine the best-fitted model and the release
mechanism

Stability study

Selected samples were subjected to specific
stability studies conditions. Selection was
based on samples showing the best dissolution
profile. The samples were stored at two
different conditions 30 + 2 °C, 75 + 5%
relative humidity and 40 + 2 °C and 75 £ 5%
relative humidity for three months. The stability
of the selected SDs was tested chemically and
physically. Chemical stability was evaluated by
determining the concentration of dug using high-
performance liquid chromatography (HPLC) to
detect any possible degradation. Other stability
tests included drug loading efficiency and
PXRD pattern.



HPLC method

Chemical stability and detection of any
degradation were studied by performing a
validated HPLC method for inter- and intraday
variation (21). The retention time of
atorvastatin and formulations were detected by
HPLC apparatus, model LC-10AD VP with
UV-VIS detector model SPD-10A VP and
auto sampler model SIL-20A, Shimadzu,
Japan. Methanol was used as the solvent to
dissolve atorvastatin and the SDs. The
chromatographic column was ACE C18
(250%x4.6 mm, 5 um). The mobile phase was
acetic acid solution (0.05%):acetonitrile
(35:65). A UV detector was set at 246 nm. The
flow rate was 1 mL/min and the injection
volume 20 pL. The experiment was done at
ambient temperature.

Statistical analysis

All  measurements were carried out
repeatedly and the results were expressed as
the mean + standard deviation (SD). The data
from the different groups were statistically
analyzed using a paired t-test. P values less

than 0.05 were considered statistically
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significant. Microsoft Office Excel application
was used for the calculations.

RESULTS

Physicochemical characterization
Differential scanning calorimetry

DSC thermogram (Fig. 1) shows a sharp
endothermic peak of atorvastatin at 157.7 °C.
DSC thermograms of all polymers matched
well with published literature with broad peak
existing at 30-150 °C for PVP (13). On the
other hand, a sharp peak indicating crystalline
nature was shown for PEG at 65 °C (13). A
broad endothermic hump related to glass
transition (Tg) temperature for Soluplus® was
detected at 72.2 °C (22). A broad endothermic
peak from 40-130 °C has been detected for
chitosan (11). The characteristic DSC
thermograms of atorvastatin were not seen in
all the prepared PMs and SDs. This indicates
that thermal analysis could not provide
sufficient data about physical state of the drug
inside PMs and SDs. A clear shift of Tg of
Soluplus® from 72.2 to 93 °C occurred in the
prepared SD.

B Atorvastatin
- . - PVP
—— [ Physical mixture
L | SD3

Heat flow (arbitrary unit)

40 60 80 100 120 140 160 180 200
Temperature (°C)

Atorvastatin

PVP

Physical mixture
" sD3

Heat flow (arbitrary unit)

40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 1. Differential scanning calorimetry thermograms of (A) atorvastatin, PVP, atorvastatin-PVP physical mixture and
atorvastatin-PVP solid dispersion (SD3); (B) atorvastatin, PEG, atorvastatin-PEG physical mixture and atorvastatin-
PEG solid dispersion (SD7); (C) atorvastatin, Soluplus®, atorvastatin-Soluplus® physical mixture and atorvastatin-
Soluplus® solid dispersion (SD11); and (D) atorvastatin, chitosan, atorvastatin-chitosan physical mixture and
atorvastatin-chitosan solid dispersion (SD14). PVP, polyvinyl pyrrolidone K30; PEG, polyethylene glycol; SD, solid

dispersion.
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Fig. 2. Powder X-ray diffraction pattern of (A) atorvastatin, PVP, atorvastatin-PVP physical mixture and atorvastatin-
PVP solid dispersion (SD3); (B) atorvastatin, PEG, atorvastatin-PEG physical mixture and atorvastatin-PEG solid
dispersion (SD7); (C) atorvastatin, Soluplus®, atorvastatin-Soluplus® physical mixture and atorvastatin-Soluplus®
solid dispersion (SD11); and (D) atorvastatin, chitosan, atorvastatin-chitosan physical mixture and atorvastatin-chitosan
solid dispersion (SD14). PVP, polyvinyl pyrrolidone K30; PEG, polyethylene glycol; SD, solid dispersion.

Powder X-ray diffraction

PXRD of atorvastatin (Fig. 2) showed
presence of sharp peaks at 20 equals to 6.10,
9.11, 9.42, 10.22, 10.50, 11.80, 12.13, 16.93,
18.79, 19.40, 21.54, 22.65, 23.25, 23.65, and
24.33 degrees. PXRDs of pure polymers
matched well with published literature,
without the appearance of any sharp peak for
PVP with PXRD showing only two broad
peaks in the range of 5-15, and 15-25 degrees
(13). PXRD of PEG shows two characteristic
peaks at 26 equal to 19.12, and 23.3 degrees.
Also, PXRD diffractogram of Soluplus®
indicates the absence of any characteristic
peaks. Moreover, chitosan carrier shows a
sharp characteristic peak at 20 equals to 15
degrees with two peaks at 26 equals to 10 and
20 degrees (23). These peaks were maintained
in the prepared PM and SD.

Fourier transform infra-red spectroscopy
Fourier transform infra-red spectroscopy
(FTIR) spectroscopy (Fig. 3) of atorvastatin
shows, the absorbance peak at 3665 cm™
indicating free O-H stretching. The peaks at
3364 and 1649 cm™ indicate the stretching
vibrations of N-H and C=C bond of the
aromatic ring, respectively. The absorbance
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peak at 1105 cm™ indicated O-H bending, and
at 746 and 690 cm™ indicated C-F stretching
(24). FTIR spectrum for pure polymers also
matched with previous reported data. For PVP,
FTIR spectrum shows a broad peak from 3200
to 3700 cm?® which were related to the
presence of water in the polymer, this
confirmed the result of DSC thermogram.
Another two important peaks at 2953 and 1676
cm™ were related to C-H stretching and C=0,
respectively (13). Also for PEG, its spectrum
shows important peaks at 3441, 2893, and
2099 cm™ which were related to O-H, C-H,
and C-O-C stretches, respectively (25). As
well FTIR spectrum of Soluplus® shows
aliphatic C-H stretching at 2924 cm™ and C=0
stretching at 1732 and 1634 cm?, the spectrum
has been confirmed by comparing it to the
previously studied spectrum (15). For chitosan
carrier, FTIR spectroscopy illustrated a peak in
the area between 1593 and 1643 cm’

represented NH> scissoring vibration, the
region between 1600 and 1400 cm™
represented N-H bending vibration and the
region between 1000 and 1150 cm™

represented vibration of C-O-C, C-OH, and C-
C in the ring. The presence of theses peaks
indicated depolymerization of chitosan (20).



The peaks of atorvastatin were observed in the
prepared PMs and SDs of PVP and PEG,
while disappeared for chitosan and Soluplus®
based SDs as well as for chitosan PM.

Scanning electron microscopy

SEM morphology study for atorvastatin
prepared using different carriers by SCF
process shown in Fig. 4 in comparison with

Enhancement of dissolution of atorvastatin

surfaces and partially agglomerated in bundles.
In PMs, PVP K30 appeared as spherical balls,
PEG 6000 appeared as bulky crystalline
particles with a smooth surface, while,
Soluplus® appeared as regular shapes with
smooth surfaces, and chitosan carrier showed
that the particles are less uniform in size. In all
the prepared PMs and SDs, the particles of the
drug were observed. It was noticed the change

their  corresponding PMs.  Atorvastatin of Soluplus® and chitosan surfaces after
appeared as rod-shaped crystals with smooth exposing to SCF COa.
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Fig. 3. Fourier transform infra-red spectroscopy of (A) atorvastatin, PVP, atorvastatin-PVP physical mixture and
atorvastatin-PVP solid dispersion (SD3); (B) atorvastatin, PEG, atorvastatin-PEG physical mixture and atorvastatin-
PEG solid dispersion (SD7); (C) atorvastatin, Soluplus®, atorvastatin-Soluplus® physical mixture and atorvastatin-
Soluplus® solid dispersion (SD11); and (D) atorvastatin, chitosan, atorvastatin-chitosan physical mixture and
atorvastatin-chitosan solid dispersion (SD14). PVP, polyvinyl pyrrolidone K30; PEG, polyethylene glycol; SD, solid

dispersion.

Fig. 4. Scanning electron microscopy photos of (A) atorvastatin-PVP solid dispersion (SD3), (B) physical mixture of
atorvastatin and PVP, (C) atorvastatin-PEG solid dispersion (SD7), (D) physical mixture of atorvastatin and PEG, (E)
atorvastatin-Soluplus® solid dispersion (SD11), (F) physical mixture of atorvastatin and Soluplus®, (G) atorvastatin-
chitosan solid dispersion (SD14), and (H) physical mixture of atorvastatin and chitosan. PVP, polyvinyl pyrrolidone

K30; PEG, polyethylene glycol; SD, solid dispersion.

129



Altaani et al. / RPS 2020; 15(2): 123-136

Determination of drug content

The overall drug content (Table 1)
exceeded 66.22% reaching values more than
100% in some preparations. Chitosan carrier
based SDs showed the highest content of drug.
It can be seen that PVP K30 and PEG 6000
based SDs showed an increase in drug content
with increasing SCF processing temperature.
Also, results showed that when processing
time was 4 h for PVP K30-based SDs, drug
content was lower than when processing time
was 2 and 6 h. Also, drug content did not
depend on SCF processing pressure for
Soluplus® and chitosan based SDs.

In vitro release study

The dissolution profiles of atorvastatin, the
prepared PMs, and SDs are shown in Fig. 5.
The prepared PMs enhanced the dissolution
profile of atorvastatin, except for the PM
prepared using Soluplus®. PVP K30 revealed a
slower dissolution rate. For all the dissolution
profiles, the maximum reported error bar was
+14. The results of the mechanism of
atorvastatin release are summarized in Table 2.

100 A

80 4

—— Atorvastatin
—=—Physical mixture
——SD1
——SD2
——5D3
——SD4
—o—SD5

Drug released (%)

0 20 40 60 80 100 120
Time (min)

=
=
—t

=]
I=1

Drug released (%)
o
(=]

+
=]

—+— Atorvastatin
—a—Physical mixture
——SD11
——SDI12
—o—SD13

100

[
(=}

0 20 40 60 80

Time (min)

=
S

Drug released (%)

Drug released (%)

Dissolution profiles of the prepared SDs were
best fitted to Korsmeyer and Peppas except for
SD5 which was best fitted to Higuchi
equation.

Effect of pressure, temperature, loading time,
and polymer to drug ratio on drug release

The effect of SCF processing parameters
and the effect of polymer to drug ratio over
drug release were evaluated (Fig. 5). Soluplus®
and chitosan dispersions were used to study
the effect of operational pressure while PEG
6000 and chitosan dispersions were used to
study the effect of operational temperature.
Also, the effect of polymer to drug ratio was
evaluated for PEG 6000 SDs.

The drug release was affected by changing
the pressure operator for Soluplus®, and
chitosan dispersions; it was found that the drug
release enhanced by decreasing the operational
pressure. Also, the drug release was affected
by changing the operational temperature for
PEG 6000 chitosan-based SDs. The drug
release enhanced by decreasing the operational
temperature.
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Fig. 5. Release profile of (A) atorvastatin, atorvastatin-PVP physical mixture and different atorvastatin-PVP solid
dispersions; (B) atorvastatin, atorvastatin-PEG physical mixture and different atorvastatin-PEG solid dispersions; (C)
atorvastatin, atorvastatin-Soluplus® physical mixture and different atorvastatin-Soluplus® solid dispersions; and (D)
atorvastatin, atorvastatin-chitosan physical mixture and different atorvastatin-chitosan solid dispersions PVP, polyvinyl
pyrrolidone K30; PEG, polyethylene glycol; SD, solid dispersion.
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Fig. 6. High-performance liquid chromatography chromatograms for the stability studies of (A1-As) atorvastatin-PEG
solid dispersion (SD7), (B1-Bs) atorvastatin-Soluplus® solid dispersion (SD11), and (C1-Cs) atorvastatin-chitosan solid
dispersion (SD14). The designated numbers, 1-3, in each part indicate (1) day 0, (2) day 90, at 30 £ 2 °C and 75 + 5%
relative humidity, and (3) day 90 at 40 + 2 °C and 75 + 5% relative humidity. SD, solid dispersion.

Stability

Chemical and physical stability was studied
for selected SDs (SD3, SD7, SD11, and
SD14). HPLC assay (Fig. 6), the drug content
(Table 3), and PXRD (Fig. 7) were evaluated
for PEG, Soluplus®, and chitosan based SDs.
For HPLC assay, the results showed the
presence of a single peak which was related to
atorvastatin.

Moreover, the results of drug content
indicated that there was no significant
difference after three months (P < 0.05),
except for PEG-based SD i.e. SD7 when it was
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stored at 40 + 2 °C and 75 £ 5% relative
humidity. Also, the PXRD pattern of PEG-
based SD did not change after three months of
storing. However, the PXRD of Soluplus® and
chitosan based SDs, SD11 and SD14,
respectively, exhibited an increase in the
intensity of some peaks related to atorvastatin.
On the other hand, a sticky paste has been
formed by SD3 which indicates the instability
of SD prepared using PVPK30.

Due to the formed sticky paste, samples
could not be obtained for HPLC and PXRD
analysis.
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Fig. 7. Powder X-ray diffractions patterns during stability studies of atorvastatin, (A) atorvastatin-polyethylene glycol
solid dispersion (SD7), (B) atorvastatin-Soluplus® solid dispersion (SD11), and (C) atorvastatin-chitosan solid

dispersion (SD14).

Table 3. Loading efficiency (LE) of SD7, SD11, and SD14 at day 0 and 90. Data are presented as mean + SD; n =

LE + SD, Day 90

LE + SD, Day 90

SDs LE +SD, Day 0 30£2°Cand75+5%RH T Values 40+2°Cand75+5%RH T Values

SD7 82.88 + 3.34 90.33+7.82 0.32 55.22 + 4.65 <0.05

sb11 77.79 +3.38 85.65 + 5.43 0.22 83.26 + 12.95 0.62

SD14 97.33 +4.77 109.52 +10.73 0.23 112.24 +6.59 0.12
DISCUSSION which occurred during the heating cycle at

The sharp endothermic peak of atorvastatin,
which was obtained by DSC thermogram, was
attributed to the melting point indicating the
crystalline nature of the drug (26). Also,
PXRD confirmed the presence of polymorph I.
The results of DSC and PXRD indicated
amorphous nature of PVP K30 (27). On the
other hand, the crystalline nature of PEG 6000
was confirmed by the presence of a melting
point in DSC thermogram and two
characteristic peaks in PXRD. The absence of
any characteristic peaks in the diffractogram
pattern of Soluplus® indicated the amorphous
nature of the polymer demonstrated by DSC
thermogram too. Moreover, the PXRD of
chitosan carrier indicated the formation of
annealed polymorph (2). The disappearance of
atorvastatin peak in PEG 6000-based SDs and
PMs was due to the complete miscibility
between the drug and the melted polymer
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10 °C/min. Patil et al. has reported the same
behavior for Gliclazide- PEG 6000 SD (25).
Although DSC analysis of PEG 6000-based
SDs and PMs showed complete miscibility.
PXRD indicated the presence of crystalline
material of atorvastatin (25). This emphasizes
that thermal analysis alone is not enough to
characterize polymers especially those with
low melting point. While the shift in Tg of
Soluplus® was related to dissolving of the drug
in the polymer; Tg does not exhibit a shift in
its value unless the two components are in one
phase. It has been reported that Tg of a
polymer is affected by the dissolved polymer
and can be explained by the intermolecular
interactions where a low molecular weight
compound is dissolved in the polymer,
modified its intermolecular interactions and
replaced them with new secondary bonds,
therefore the mobility of the system is altered
and leads to increase or decrease in the



polymer's Tg (28). FTIR spectrum results for
dispersions prepared using PVP K30, PEG
6000, and chitosan indicated the absence of
any chemical interaction between the drug and
the polymers (13). While FTIR spectrum for
Soluplus®-based SDs showed the interaction
between the drug and the polymer;
demonstrated by decrease peak intensity of N-
H stretching bond at 3364 cm™ such result has
been reported previously (25). The weakening
or disappearing of N-H stretching bond was
due to the interaction of atorvastatin with
Soluplus®. N-H of atorvastatin can form H-
bond with C=0 group of amide group of
Soluplus®. SEM morphology indicated the
presence of the drug in its crystalline nature, as
it has been previously proved by PXRD. After
exposing of Soluplus® to supercritical CO, its
surface has been foamed and bubbles have
been formed. Similar behavior reported for
poly (methyl methacrylate) after it was
exposed to supercritical CO2 (29). Foaming
can be related to the solubility of CO; in
Soluplus® that is illustrated from the presence
of characteristic FTIR peak at 1600 cm™
indicating the presence of CO; inside the
polymer. However, the foaming behavior of
Soluplus®decreased by the presence of the
drug, hence further future studies for
Soluplus® should be performed.

Loading efficiency was good (> 66.22%) in
prepared SDs. Exceeding 100% in loading
efficiency can be attributed to polymer loss
during the preparation process. Also, the
increase in the loading efficiency with increasing
of processing temperature for PVP K30 and PEG
6000 dispersions is in agreement with what was
previously reported (8).

The results of HPLC indicated the chemical
stability of SDs after exposing to the storage
conditions for three months except for PVP-
based SDs that showed sticky paste. PVP usually
suffers from such long-term instabilities
especially in high relative humidity conditions
(30). Reported changes in both Soluplus® and
chitosan is related to solubilization of CO;
inside in a supercritical state (29). This can
lead to changes upon storage.

Although the results of this study proved
the ability of solvent-free SCF in dispersing
the drug inside the polymer, yet precipitation
of atorvastatin in these polymers was as a
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crystalline form unlike with tacrolimus SDs
that were reported by Obaidat et al. (31). This
illustrates the importance of studying
physicochemical characteristics of the drug as
well as the used polymer in SCF. Solubilization
of the drug is very critical in precipitation of the
drug in the amorphous form. Solubilization of
the drug is supposed to occur in supercritical
COo, or inside the polymeric material in the
supercritical state with precipitation during
depressurization. Utilizing solvent-free CO; is
not enough to disperse all types of drugs in the
amorphous form, and utilizing additional co-
solvent would be necessary.

The enhancement of dissolution profile by
PMs prepared using PVP K30, PEG 6000, and
chitosan can be attributed to bringing the drug in
close contact with hydrophilic polymers, which
increased the wettability of the drug. However,
the reduction of the dissolution profile for PMs
prepared using Soluplus® may be related to gel
formation and sticky nature of Soluplus® when it
contacted with water. All the carriers showed an
increase in the dissolution profile of atorvastatin;
because of the hydrophilic properties and the
solubilization power of the polymers (13). PVP
K30 revealed a slower dissolution rate compared
to other polymers which can be related to the
formation of a gel layer by the hydrated polymer
which led to slow diffusion of the drug from the
polymer (32).

Higuchi equation describes the release of
drugs from the insoluble matrix as a square
root of time (33). Korsmeyer-Peppas equation
is a semi-empirical model that correlates drug
release with time by a simple exponential
equation for a fraction of drug released. When
n < 0.43 indicates Fickian release which means
that release is diffusionally controlled.
Intermediate values 0.43 <n < 0.85 indicate a
non-Fickian kinetics, anomalous or non-
typical behavior, which means that the release
is controlled by both diffusion and polymer
relaxation. Values of n > 0.85 indicate a super
case kinetic Il transport which is transport or
relaxation controlled release. This model is
useful when there is more than one mechanism
of the release or when the drug release
mechanism is unknown (34).

All atorvastatin-PVP dispersions have n
values above 0.85, which indicates super case
kinetic Il transport. Therefore the mechanism
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of drug release could be a polymer relaxation,
the initial slow release of the drug from PVP-
based SDs is attributed to incomplete hydration
of the polymer which led to incomplete
relaxation. SD5 best fitted to Higuchi model, this
mechanism was reported for PVP before (35).
Atorvastatin-PEG 6000 dispersions had n < 0.43
that indicate Fikian diffusional characteristics.
Atorvastatin-Soluplus®  dispersions  showed
Fickian release for all the formulations, except
for SD13 where the mechanism has been shifted
to non-Fickian release. Soluplus®-based SDs
have reported both  mechanisms  (36).
Atorvastatin-chitosan dispersions release data
fitting in Korsmeyer-Peppas model showed that
n value was less than 0.43 (range: 0.199 -
0.365) which indicate Fickian diffusionally
controlled release. This result is in agreement
with what previously reported by Zou et al
(37). They studied the release of bovin serum
albumin from chitosan microspheres and they
have found that the release behavior is Fickian
diffusion suggesting drug diffusion through
the swelled polymer spheres. The drug release
was influenced by changing the operational
pressure for Soluplus® and chitosan solid
dispersions. It was generally found that
decreasing the operational pressure facilitate
drug release. This finding is a result of
enhancing the partitioning between the drug
and the polymer. Operational pressure also
affects the transport properties of SCF CO..
The viscosity of SCF CO: decreases along
with diffusivity improvement with decreasing
operational pressure. Therefore, the transport
properties and plasticization are enhanced by
decreasing operational pressure and the
partitioning between the drug and the
polymers enhances too (8). Also, the drug
release was affected by changing the operator
temperature for PEG 6000 and chitosan
dispersions. The release of drug enhanced by
decreasing the operational temperature.
Finally, ratio between the used polymer to the
drug is not the only factor that affects drug
release. Operational condition has a profound
effect on drug performance.

CONCLUSION

SCF technology proved to have great
potential in preparing dispersions for BCS
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class Il drugs. A good loading efficiency was
obtained for all the polymers. Dissolution
enhancement of atorvastatin was achieved
through successful preparation of polymeric
dispersions of the drug using SCF technology
without further addition of solvents. Great
enhancement of dissolution profile was
obtained using Soluplus® and PEG solid
dispersions showing high rate and percentage
of release for the drug. The possibility of
hydrogen bonding between the drug and
Soluplus®was proved using FTIR.
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