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Abstract 

Purpose: To formulate a polymer-incorporated solid dispersion preparation for enhancing the 
dissolution and bioavailability of atorvastatin calcium trihydrate (ATV), while maintaining oral 
compatibility. 
Method: Four different methods, i.e., physical mixing (PM), fusion (F), solvent evaporation (SE) and 
kneading (K), as well as three different excipients i.e. croscarmellose sodium (CCS), microcrystalline 
cellulose (MCC) and lactose (LAC) were used to formulate various drug-carrier combinations. 
Results: In SE method, the rank order of magnitude of drug release was CCS > LAC > MCC, while in 
fusion and kneading methods, the rank order of release was MCC > CCS > LAC and MCC > CCS > 
LAC, respectively. Drug release of atorvastatin was maximum (103 %) in FM2 formulation. However, 
this formulation was non-compatible based on spectroscopic analysis. In contrast, SC2 formulations at 
1:2 ratio were compatible in terms of cumulative drug release (99 %), and based on spectroscopic data, 
thermal analysis and microscopic evaluation. 
Conclusion: These results confirm that CCS forms a superior interface with atorvastatin when SE 
formulation method is used. Thus, solid dispersion is a promising approach for enhancing the oral 
bioavailability of atorvastatin. 
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INTRODUCTION 
 
Atorvastatin calcium, a BCS class-II drug, is has 
low aqueous solubility (< 1 mg/mL) [1]. The low 
aqueous solubility results in low dissolution and 
low bioavailability of atorvastatin calcium. 
Solubility can be increased in different ways, 

such as particle size reduction through 
micronization, use of surfactants, solid dispersion 
(SD) and pro-drug formation [2,3].  
 
Solid dispersion (SD) is a widely recognized 
approach for increasing solubility drugs that are 
poorly soluble in aqueous media [4]. It refers to 
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the dispersion of drug molecules into a solid 
matrix consisting of hydrophobic or hydrophilic 
carrier or polymer [5,6]. The carrier or polymer 
may be either crystalline or amorphous [7].  
 
When the solid dispersion comes in contact with 
an aqueous environment, the carrier dissolves 
and turns the drug molecules into fine particles 
[8]. Therefore, increased surface area enhances 
dissolution of drugs [9]. Atorvastatin, also known 
as atorvastatin calcium [10], is used for lowering 
human blood cholesterol levels. It has significant 
intestinal permeability [1]. Studies have shown 
that the bioavailability and solubility of crystalline 
atorvastatin can be enhanced by converting the 
drug into an amorphous state, and by reducing 
its particle size [11].  
 
In a previous study on SD, it was found that the 
bioavailability of oxcarbazepine was enhanced 
using fusion method [12]. Another study 
developed simvastatin solid dispersion with 
enhanced bioavailability by preparing solid 
dispersion using SE method, resulting in higher 
dissolution of simvastatin [13]. In the current 
study, various drug-excipient mixtures were 
formulated at two different ratios, i.e. 1:1 and 1:2 
using each of the four methods.  
 
The study was aimed at determination of 
bioavailability of different formulations of 
atorvastatin using different methods. Moreover, 
the dissolution profile, drug content and other 
parameters of the formulations were compared to 
find out the best formulation with superior water 
solubility. Furthermore, the physicochemical 
properties of all formulations were characterized 
using Fourier-Transform Infrared Spectroscopy 
(FT-IR), Differential Scanning Calorimetry (DSC), 
and Scanning Electron Microscopy (SEM). 
 
EXPERIMENTAL 
 
Materials 
 
Atorvastatin calcium trihydrate (ATV) was 
obtained from DSM India Private Limited, India; 
polyethylene glycol (PEG 6000) was purchased 
from   Hangzhou Zhongbao Imp & Exp. Corp Ltd, 
China. Lactose monohydrate was provided by 
Molkerei Meggle Wasserburg Gmbh & Co, 
Germany. Croscarmellose sodium was obtained 
from Mingtai Chemical Company Ltd, Taiwan, 
while microcrystalline cellulose was supplied by 
JRS Pharma Gmbh & Co, Germany. 
 
Preparation of standard calibration curve 
 
Atorvastatin calcium trihydrate (20 mg) was 
weighed into a 1000 mL volumetric flask. Then, 

100 mL of methanol was added, with continuous 
stirring until complete dissolution of ATV. 
Thereafter, sufficient amount of distilled water 
(900 mL) was added to make up the final volume 
to 1000 mL. The concentration of ATV in this 
stock solution was 20 µg/mL. Then, serial 
dilutions of the stock solution were prepared in 
10 different test tubes, with each concentration in 
a final volume of 10 mL. The absorbance of each 
solution was read at 245 nm in a UV-VIS 
spectrophotometer (UV mini 1800, Shimadzu 
Corporation, Japan) [14]. A standard calibration 
curve was prepared by plotting absorbance 
values against ATV concentration. 
 
Formulation methods 
 
Physical mixing 
 
Drug and excipients were mixed in a mortar and 
pestle to get a homogeneous physical mixture. 
Then, the mixture was sieved through a 40 mesh 
screen to obtain a particle size of 400 m. 
Finally, each formulation was filled in an air-tight 
vial and preserved with silica gel at room 
temperature [15]. 
 
Melting or fusion 
 
In this method, 500 mg of PEG-6000 was used 
as a dispersion carrier. The carrier (PEG) was 
melted in a 50 mL beaker at less than 70 °C, and 
ATV was incorporated with continuous stirring. 
Following mixing, the mixture was freeze-dried to 
avoid phase separation, after which it was 
triturated with various excipients. Finally, the 
mixture was collected in an air-tight vial and 
preserved in an air-tight container with 
desiccators until used [16]. 
 
Solvent evaporation 
 
An appropriate amount of ATV was taken in a 50 
mL beaker, followed by addition of 5 mL 
methanol. After sonication, the mixture was kept 
for 1 h at room temperature. The resultant 
crystals were isolated and triturated with different 
excipients in a mortar and pestle. Then, the 
various samples were collected in different pre-
labeled vials and kept in an air-tight container 
with silica gel as desiccator, for use in further 
experiments [17]. 
 
Kneading 
 
Excipients and ATV were triturated in a glass 
mortar with methanol, and the slurry was 
kneaded for 45 min. Then, the mixture was dried 
for another 45 min at 50 ºC, followed by 
pulverization.  
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Table 1: Ratio of ATV and three excipients used in the four methods 
 

Physical Mixing 
(PM) 

Fusion (F) 
Solvent Evaporation 
(SE) 

Kneading (K) 
Drug: 
carrier 
ratio 

Sample 1: prepared 
with PM using CCS 
(PC1) 

Sample 1: prepared 
with F using CCS 
(FC1) 

Sample 1: prepared 
with SE using CCS 
(SC1)

Sample 1: prepared 
with K using CCS 
(KC1)

1:1 

Sample 2: prepared 
with PM using CCS 
(PC2) 

Sample 2: prepared 
with F using CCS 
(FC2) 

Sample 2: prepared 
with SE using CCS 
(SC2) 

Sample 2: prepared 
with K using CCS 
(KC2) 

1:2 

Sample 1: prepared 
with PM using MCC 
(PM1) 

Sample 1: prepared 
with F using MCC 
(FM1) 

Sample 1: prepared 
with SE using MCC 
(SM1)

Sample 1: prepared 
with K using MCC 
(KM1)

1:1 

Sample 2: prepared 
with PM using MCC 
(PM2) 

Sample 2: prepared 
with F using MCC 
(FM2) 

Sample 2: prepared 
with SE using MCC 
(SM2) 

Sample 2: prepared 
with K using MCC 
(KM2) 

1:2 

Sample 1: prepared 
with PM using LAC 
(PL1) 

Sample 1: prepared 
with F using LAC 
(FL1) 

Sample 1: prepared 
with SE using LAC 
(SL1)

Sample 1: prepared 
with K using LAC 
(KL1)

1:1 

Sample 2: prepared 
with PM using LAC 
(PL2) 

Sample 2: prepared 
with F using LAC 
(FL2) 

Sample 2: prepared 
with SE using LAC 
(SL2) 

Sample 2: prepared 
with K using LAC 
(KL2) 

1:2 

 
The resultant solid dispersion was preserved in a 
vial with a desiccator, prior to use [18]. 
 
Dissolution studies 
 
In vitro dissolution study was performed using 
USP dissolution apparatus II (Electro lab, India). 
Temperature was maintained at 37 ± 0.2°C. At 
10 min intervals, 5 mL sample was withdrawn 
from the medium, filtered and read at 245 nm in 
a UV-VIS spectrophotometer (UV mini 1800, 
Shimadzu Corporation, Japan) [19]. 
 
Fourier-transforms infrared spectroscopy 
(FT-IR) 
 
Pure ATV and samples were analyzed using 
a Fourier-transform infrared spectrophotometer 
(IR Prestige 21, Shimadzu Corporation, Japan). 
Each sample (1 - 2 mg) was dispersed in dried 
potassium bromide (3 - 4 mg). The mixture was 
then compressed into a disc and analyzed at 400 
- 4000 cm-1 [20]. 
 
Differential scanning calorimetry (DSC) 
 
The DSC analysis was performed using a DSC - 
60 Shimadzu Analyzer. Pure ATV samples, solid 
dispersions and physical mixtures were kept in 
sealed aluminum pans. The crimped aluminum 
pans were heated from 30 to 400 °C at a rate of 
10 °C/min. This experiment was conducted over 
nitrogen gas at a flow rate of 20 mL/min [21]. 
 

Scanning electron microscopy (SEM) 
 
The surface morphology and homogeneity of the 
prepared formulations from different methods 
were analyzed using a scanning electron 
microscope (JSM 6100, Jeol, Japan). A small 
amount of sold dispersion sample was mounted 
onto a double adhesive carbon-coated tape 
adhering to an aluminum stub, and then coated 
with a thin layer of gold-palladium alloy. Then, 
the samples were subjected to SEM under 
numerous magnifications [22]. 
 
Statistical analysis 
 
Data from three independent experiments are 
presented as mean ± standard deviation (SD). All 
graphs were drawn using Microsoft excel 
(version 16) software. Statistical significance was 
assumed at p < 0.05. 
 
RESULTS 
 
In vitro dissolution profiles 
 
Although the standard calibration curve of 
atorvastatin calcium was prepared in phosphate 
buffer, pH 6.8 as a dissolution medium, the curve 
showed almost uniform linearity (Figure not 
shown). The absorbance values of the serial 
dilutions of ATV used for the standard curve 
were 0.73, 0.58, 0.43, 0.29, and 0.14 for ATV 
concentrations of 20, 16, 12, 8 and 4 µg/mL, 
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respectively. The regression coefficient was 
calculated using the following equation: y = 0.36x 
- 0.004 (R2 = 0.999). 
 
In physical mixing (PM), the release of ATV was 
95.5 % after 60 min, while the ratio of ATV to 
CCS was 1:2, as shown in Figure 1. This 
formulation showed the highest cumulative 
percentage release among the three different 
binary formulations using the three excipients. 
The cumulative percentage release of ATV after 
60 min was 62 % for the 10 mg dose. The effect 
of excipients on drug release from the 
formulation was in the order: PC2 > PM2 > PL2 
(Figure 1). 
 

 
 
Figure 1: Cumulative release of formulation prepared 
with PM at drug: carrier ratio of 1:2 
 
In fusion (F) method, FM2 formulation at ATV: 
MCC ratio of 1:2 resulted in the highest 
cumulative percentage drug release i.e. 103 %. 
The effect of excipients on drug release from the 
formulation was in the order: FM2 > FC2 > FL2 
(Figure 2). 
 

 
 
Figure 2: Cumulative release of solid dispersions 
prepared with fusion method at drug: carrier ratio of 
1:2 
 
Solvent evaporation (SE) method was less 
yielding than the fusion (F) method which was 
found to generate maximum cumulative drug 

release among all the preparations. The 
formulation SC2 (ATV:CCS = 1:2) produced the 
highest cumulative drug release of 99 %. 
Moreover, SC2 resulted in the highest degree of 
compatibility in the FT-IR and DSC tests among 
all other preparations. The effect of excipients on 
drug release from the formulations was in the 
order: SC2 > SM2 > SL2 (Figure 3). 
 

 
 
Figure 3:  Cumulative drug release of SD prepared 
with SE method at drug: carrier ratio of 1:2 
 
Kneading technique in solid dispersion produced 
the lowest cumulative drug release among all 
formulations. The KC2 (ATV:CCS = 1:2) 
preparation had the highest cumulative release 
(92 %) among all the formulations. The effect of 
excipients on drug release from the formulations 
was in the order: KC2 > KM2 > KL2 (Figure 4). 
 

 
 
Figure 4: Cumulative release of formulation prepared 
with kneading method at drug: carrier ratio of 1:2 
 
Characteristics of solid dispersions 
 
FT-IR spectra 
 
The FT-IR spectrum of atorvastatin calcium is 
shown in Figure 5 A. Pure atorvastatin produced 
characteristic peak at 3400 cm-1 which indicated 
N-H stretching. Moreover, the presence of a 
peak at 3000 cm-1 denoted the existence of 
asymmetric O-H stretching, while the peak at 
2950 cm-1 indicated the presence of symmetric 
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O-H. Likewise, the peak at 1750 cm-1 indicated 
the presence of carboxyl group in the sample. 
The spectrum of SC2 (Figure 5 C) showed 
almost all characteristic peaks which apparently 
indicated a significant drug-carrier interaction in 
solid dispersion. However, the SM2 (Figure 5 B) 
and SL2 formulations (Figure 5 D) produced 
some additional peaks at lower wavelengths (450 
- 600 cm-1). These additional peaks might have 
been generated as a result of the presence of O-
H groups in both carriers. Therefore, their 
dissolutions were comparatively low, as was 
confirmed from their individual dissolution 
profiles, as well as DSC and SEM analyses. 
 

 
 
Figure 5: FT-IR spectra of (A) pure ATV; (B) SM2; (C) 
SC2; and (D) SL2. ATV = atorvastatin, SC2 = ATV: 
crosscarmellose sodium (1:2); SM2 = ATV: 
microcrystalline cellulose (1:2); SL2 = ATV: lactose 
(1:2). All were prepared using solvent evaporation 
method 
 
Thermal properties 
 
In this study, three formulations using SE method 
were considered, and their thermal behaviors 
were analyzed to confirm the formation of 
complexes. Pure ATV showed a clear and sharp 
endothermic peak at 154.55 °C corresponding to 
its melting temperature, as well as its crystalline 
state (Figure 6 A). Likewise, the thermogram of 
SC2 (Figure 6 B) showed an endothermic peak 
at 309.42 °C which indicated its amorphous 
state. In contrast, although SM2 formulation 
produced no sharp peak, a broad endothermic 
peak at 154.53 °C (Figure 6 C) signified the 
degradation of ATV close to its melting point of 
160 °C. 
 

 
 
Figure 6:  Thermograms of (A) pure ATV; arrow 
indicates peak temperature 154.55 ºC at 13.55 min, 
(B) SC2; arrow indicates peak temperature 309.42 ºC 
at 29.12 min, and (C) SM2; arrow indicates peak 
temperature 154.53 ºC. [ATV = atorvastatin, SECCS 
(SC2) = SE (ATV: C; 1:2); SEMCC (SM2) = SE (ATV: 
M; 1:2); C = croscarmellose sodium, M = 
microcrystalline cellulose] 
 
Morphology of pure ATV and solid 
dispersions 
 
Investigations of the microscopic structures of 
pure atorvastatin, solid dispersion of SC2 and 
SM2 were performed using SEM analysis. Pure 
ATV (Figure 7 A) appeared as rod-shaped, 
irregular crystals and agglomerated bundles. 
These features result in low flow property and 
difficulties during compression, leading to water 
solubility. However, the surface morphology of 
the solid dispersion formulation SC2 (Figure 7 B) 
revealed more amorphous particles than SM2 
(Figure 7 C) and SL2 (Figure 7 D) formulations. 
The homogeneous dispersion of particles implied 
that the drug molecules were fairly distributed 
within the carrier molecules in the solid 
dispersion, and that the formulation was in 
amorphous state. 
 
DISCUSSION 
 
Carrier-controlled dissolution can be designed on 
the basis of the dissolution of two-component 
system – the drug and carrier [23-25]. The drug 
and carrier dissolve at a rate proportional to their 
solubility (Cs) and diffusion co-efficient (D) of the 
dissolution medium which result in the release of 
the drug by increasing the saturation of solubility 
[26]. 
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Figure 7: SEM images of (A) pure ATV; arrow 
indicates granules seems to be in rectangular or rod-
like shape, (B) SC2; arrow indicates amorphous state 
of the granules, (C) SM2; arrow indicates amorphous 
appearance of the preparation, and (D) SL2, arrow 
indicates preparation is neither amorphous nor fully 
crystalline in appearance. [ATV = atorvastatin, SC2 = 
SE (ATV: C at ratio of 1:2), SM2 = SE (ATV: M at ratio 
of 1:2); C = croscarmellose sodium, M = 
microcrystalline cellulose, SL2 = SE (ATV: lactose 
ratio of 1: 2)] 
 
When the drug is present as a minor component, 
drug dissolution will be dominated by the 
dissolution behavior of the carrier. If a drug has a 
very low solubility relative to the carrier, the 
dissolution of the drug will be low. In contrast, a 
more soluble drug produces higher carrier-
controlled dissolution rate. Therefore, the 
dissolution of drugs is significantly influenced by 
carriers [27]. Several studies have been 
published on solid dispersion, and each of these 
studies revealed new results. In solid dispersion, 
water-soluble drug-carrier complexes occur in 
special patterns. These patterns change the 
crystalline and polymorphic natures of certain 
drugs [28]. 
 
The use of microcrystalline cellulose in solvent 
evaporation method resulted in the highest 
cumulative drug release (103 %) in FM2 
formulation. The use of croscarmellose sodium 
(SC2 formulation) produced the best cumulative 
drug release (almost 99 %). Furthermore, lactose 
produced the least cumulative drug release 
among the formulations presented in this study. It 
was observed that CCS increased drug 
dissolution due to its swelling and wicking 
abilities. These properties facilitate the 
simultaneous use of CCS intra- or extra-
granularly as a disintegrant. Furthermore, CCS, a 
comparatively porous excipient, enhanced the 
disintegration of the dosage form due to its 
capillary action. In addition, the enhanced 
dissolution of solid dispersions can be attributed 

to the formation of hydrogen bonds between the 
water molecules and the polar groups of 
atorvastatin, e.g. C=O [30]. 
 
In this study, the formulations were characterized 
with FT-IR spectra [15]. Although the FC2 
formulation produced the highest cumulative 
drug release, its spectroscopic characterization 
was less prominent than that of SC2 formulation, 
when compared to pure atorvastatin. In addition, 
the SC2 formulation showed peaks almost 
identical to those of pure ATV. This implies 
retention of functional groups. In contrast, the 
other formulations had peaks different from those 
of pure atorvastatin, which implies degradation of 
some of the functional groups e.g. fluorophenyl, 
carboxyl, and amide groups. This phenomenon 
can be explained either as a way of masking the 
functional groups, or as a way of altering them. 
Chemical alteration or masking of functional 
groups might be due to formation of complex 
between the drug and carrier. This complex 
formation happens in melting and kneading 
methods, while the applied heat evaporates 
water molecule from PEG-6000 in the fusion 
method. Furthermore, the FTIR spectrum of the 
other two preparations using solvent evaporation 
method showed deviation from the FTIR 
spectrum of pure atorvastatin, indicating 
probable changes in chemical groups 
responsible for therapeutic effects. 
 
The interaction between a drug molecule and a 
carrier is determined with differential scanning 
calorimetry [9]. Among all the formulations, SC2 
produced an exothermic peak at 309.45 ºC, far 
beyond the melting point of the drug. This might 
indicate its crystalline state at this point [31]. 
However, the spectrum of SC2 showed no 
characteristic peak close to the melting point of 
the pure drug, unlike SM2 preparation which 
showed a small visible peak at 154.53 ºC. 
Consequently, SC2 lacked some features in 
support of an amorphous drug, although there 
was also no exothermic peak in the characteristic 
area to suggest that it is crystalline [7]. In other 
words, it has similarities with characteristic 
endothermic peak. However, the other two 
formulations SC2, produced no sharp peaks, but 
showed broad endothermic peaks. This 
phenomenon may support the formation of 
amorphous state, with the drug molecule 
dispersed into the matrix [32]. Furthermore, the 
disappearance of characteristic peaks confirm 
amorphization of the drug molecule [33]. In a 
nutshell, SM2 had better dissolution and better 
DSC spectrum than SC2, but its FTIR spectrum 
failed to show retention of functional groups 
identical to those of the pure drug, unlike in the 
spectrum of SC2. 
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The scanning electron microscopic evaluation 
indicate that pure ATV was crystalline and rod-
shaped. Therefore, SC2 formulation was regular 
in shape and size, relative to SM2 and SL2 
formulations. In addition, reduction in particle 
size occurred when the crystalline form changed 
to amorphous state. Therefore, the increased 
surface area enhanced dissolution. 
 
CONCLUSION 
 
The findings of this study demonstrate that 
hydrophilic polymers can be used to enhance the 
dissolution of ATV by solid dispersion method. 
Thus, of all the studied methods, solvent 
evaporation method is the most suitable in terms 
of cumulative drug release, spectroscopic, 
thermal and microscopic characteristics. 
However, further studies are required to confirm 
the suitability of the polymers used for large-
scale manufacturing. 
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