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ABSTRACT: The aim of the study was to increase dissolution rate of atorvastatin by the use of mesoporous silica
SYLOID® 244 FP. The poorly soluble drug atorvastatin was adsorbed on and/or into SYLOID® 244 FP in the ratios 1:1,
1:1.1.5, 1:2, 1:2.5, 1:3 and 1:3.5 via a wetness impregnation method. The absence of crystalline form and presence of
hydrogen bond interaction between atorvastatin and SYLOID® 244 FP is done by Fourier-transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC). The atorvastatin loaded matrix lacked in the
crystalline form of atorvastatin and it showed improvement in the dissolution rate of ATC. The flowability of the
atorvastatin loaded matrix powder was evaluated by bulk density, Carr’s index and angle of repose. This matrix was
then processed into a tablet by direct compression method. A 32 full factorial design was applied to investigate the
combined effect of two formulation variables - volume of ethanol and amount of SYLOID® 244 FP. The tablets were
evaluated for hardness, friability, drug content and drug dissolution studies. The solubility of atorvastatin-loaded
matrix was increased up to 4.28 times. Atorvastatin tablet prepared from drug-loaded silica may provide a feasible
approach for development of an oral formulation for this poorly water-soluble drug.
KEYWORDS: Non-ordered mesoporous silica; atorvastatin; wetness impregnation method; factorial design;
bioavailability.

1 . INTRODUCTION
Pharmaceutical scientists are constantly developing new strategies to improve the drug dissolution rate
so as to enable the effective oral delivery of poorly water soluble drugs. Various strategies have been widely
investigated to enhance the dissolution of poorly water soluble drugs such as solid dispersions, emulsion
based drug delivery, hydrotropy, inclusion complexation, solid lipid nanoparticles, and so on [1-5]. In recent
years, considerable research efforts have been directed towards the development of porous carriers for
increasing the dissolution of relatively insoluble drugs [6]. One of the pharmaceutically exploited porous
adsorbent includes mesoporous silica. Porous silica is a porous material that has been commonly used as a
pharmaceutical excipient. Several grades of porous silicate having different characteristics such as particle
size, pore size, specific surface area are commercially available. Since the discovery of mesoporous (2-50 nm)
silica materials in the 1990s, the synthesis and application of mesoporous silica have received substantial
attention due to their unique features such as, inert nature, high surface area, large pore volume, good
compatibility and high physicochemical stability [7].
Mesoporous silica as a drug carrier was first evaluated by Vallet-Regi et al [8] Adsorption onto
mesoporous silica (MS) is a new enabling technology that improves the performance of poorly water soluble
drugs by improving their dissolution rate and solubility and thereby enhancing oral bioavailability [9, 10]. A
concentrated drug solution is loaded into pores through capillary forces.
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In the present study, we selected SYLOID® 244FP (S244) silica as a carrier due to its unique particle
structure and morphology. It has a highly developed network of pores that provide access to the ultra high
surface area, an adjustable pore size in the range of 2.5 to 3.7 µm, and a high drug-loading capacity [11-16],
which defines its performance as a suitable dissolution enhancement agent. SYLOID® 244 FP was combined
with excipients to develop modified tablet using direct compression method.
Statins are a class of cholesterol lowering drugs which have a low dissolution rate and bioavailability,
warranting the preparation of novel formulations [17, 18]. Atorvastatin calcium (ATC) a BCS Class II drug,
one of the world's top-selling statin, has an absolute oral bioavailability of 12% (% F) from a 40 mg oral dosage
form. The oral bioavailability of ATC is mainly limited by, solubility and dissolution rate. Hence, it was
proposed to enhance the dissolution of ATC using mesopororus silica as a carrier.
The main objective of the present work was to develop atorvastatin calcium tablet formulation with
improved drug dissolution properties by using adsorption based drug loading on or into SYLOID® 244 FP
mesoporous silica. An additional objective was to find out the minimum effective quantity of S244 required to
enhance solubility. This work is also expected to expand the use of silica-based non-ordered mesoporous
materials as drug delivery systems.
2. RESULTS AND DISCUSSION
2.1 Determination of solubility
The solubility of ATC as observed in distilled water and phosphate buffer (pH 6.8) was found to be
1.01×10-1 ± 0.087 mg/ml and 1.9×10-1 ± 0.076 mg/ml, respectively.
2.2 Loading of ATC on and/ or into SYLOID ® 244 FP silica
The ATC loaded S244 particles formed after the solvent immersion process were collected and dried
using a rotary film evaporator. The major advantage of this method is that it reduces the risk of crystallization
of the drug on the surface of the carriers, fixing amounts of the loaded drug and providing industrial scalability
for loading the drug into porous materials [26]. Table 1 indicates that ATC is loaded on and/ or into S244 and
consequently there is an increase in solubility. A ratio of 1:1.25 (ATC: S244) showed maximum loading and
solubility of the drug.
Table 1. Results of phase solubility study.
Amount of
ATC (mg)

Amount of SYLOID® 244 FP
(mg)

Amount of
ethanol (ml)

Solubility (mg/ml)

20

20 (1:1)

1.5

2.90 × 10-1 ± 0.038

20

30 (1:1.5)

1.5

3.30 × 10-1 ± 0.047

20

40 (1:2)

1.5

4.03 × 10-1 ± 0.061

20

50 (1:2.5)

1.5

5.42 × 10-1 ± 0.042

20

60 (1:3)

1.5

5.26 × 10-1 ± 0.042

20

70 (1:3.5)

1.5

5.13 × 10-1 ± 0.052

20

-

-

1.90 × 10-1 ± 0.076

2.3 Characterization of ATC-S244 matrix
2.3.1 Fourier transform infra red spectroscopy (FTIR)
FTIR analysis was employed to characterize the possible interaction in the ATC-S244 matrix. FTIR
spectrum of ATC and S244FP are shown in Figure 1. FTIR spectrum of ATC-S244 matrix showed the combined
individual characteristic peaks of ATC (1317.44 cm-1 C-N stretching, 1654.03 cm-1 C=C bending) and S244
carrier (1111 cm-1 Si-O-Si stretching and 472 cm-1 O-Si-O bending), indicating that ATC was physically rather
than chemically adsorbed on the outer surface of the porous silica particles (Figure 1c).
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Figure 1. FTIR spectrum of atorvastatin (a), SYLOID® 244 FP (b), and ATC- S244 matrix (c).

2.3.2 Differential scanning calorimetry analysis (DSC)
The DSC thermogram of ATC is shown in Figure 2a. The onset temperature was reported in the graph.
DSC thermogram of ATC shows endothermic melting peak at 158 °C. S244 carrier was amorphous without
any distinctive peak. DSC thermogram of ATC-S244 matrix is shown in Figure 2b. The thermogram indicates
that ATC had totally lost its crystalline nature through formation of ATC-S244 matrix.

Figure 2. Differential scanning calorimetry thermogram of ATC (a) and mixture (ATC- S244 matrix),
excipient (SYLOID® 244 FP) and drug (ATC ) (b).
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2.3.3 Phase solubility study
The results of phase solubility studies are presented in Table 1. The data indicate a rise in solubility of
ATC in phosphate buffer when loaded in and/or on S244. The highest solubility (5.42 × 10-1 ± 0.042 mg/ml)
was achieved in the matrix containing ATC: S244 at 1: 2.5 ratio when compared to pure ATC (1.9 × 10-1 ± 0.076
mg/ml).
2.3.4 Comparison between in vitro dissolution of atorvastatin tablet prepared by direct compression method
with and without S244
Percent cumulative drug release vs time (min) of ATC from the prepared tablets without S244 and with
S244 was plotted (Figure 3). Figure 3 indicates that the percentage cumulative release of tablets containing
S244 was greater than that of the tablets without S244. All results indicate Mean ± SD (n=3).

Figure 3. Comparative percentage cumulative release of atorvastatin from tablets with and without S244 in
phosphate buffer (pH 6.8) at 37°C (mean ± SD, n=3).

2.3.5 Factorial design
A 32 randomized full factorial design was used in the present study. In this design, 2 factors were
evaluated, each at 3 levels, and experimental trials were performed for all 9 possible combinations. The
concentration of volume of ethanol (X1) and S244 (X2) were chosen as independent variables in 32 full factorial
designs, while solubility and percentage drug release were taken as dependent variables. The concentrations
of other ingredients were fixed based on preliminary trials. The formulation layout for the factorial design
batches (F1–F9) is shown in Table 4. Pre-compression parameters for F1-F9 Batches were studied and are
shown in Table 4.
Table 4. Pre-compression micromeritic properties of F1-F9 batches.
Parameter
Bulk Density (g/cm3)

Range
0.51 ± 0.011 - 0.57 ± 0.22

Tapped Density (g/cm3)

0.62 ± 0.210 - 0.68 ± 0.24

Carr’s Index

12.66 ± 0.58 -19.80 ± 0.06

Hausner Ratio

<1.25

Angle of repose

18.24 ± 0.32- 22.50 ± 0.13

On compression, post compression parameters for F1-F9 batches were evaluated. The hardness of the
tablets was in the acceptable range of 3.7 to 4.1 kg/cm 2. Friability was in the range of 0.51 to 0.82%. Drug
content of all tablets was between 95.35 to 99.61%. The percentage cumulative release for all batches {Mean ±
SD (n=3)} is shown in Figure 4.
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Figure 4. In vitro drug release profiles of different batches (Batch F1 to F9) of non-ordered mesoporous silica
tablets containing atorvastatin in phosphate buffer (pH 6.8) at 37°C (mean ± SD, n=3).

The main effects of the volume of ethanol (X1) and amount of S244 (X2) represent the average result,
when the factors were changed one at a time from their low to high values. The interaction terms (X1X2) show
how the response changes when two factors are simultaneously changed. The release profile for all 9 batches
showed a variation. The data indicate that the release profile of the drug is strongly dependent on the selected
independent variables.
The fitted quadratic equations relating the responses solubility and percentage cumulative drug release,
to the transformed factor are shown in the equation 2 and 3. The polynomial equations can be used to draw
conclusions after considering the magnitude of coefficient and the mathematical sign it carries (i.e., negative
or positive) so as to indicate either synergistic or an antagonistic effect. The resulted equations for dependent
variables in terms of coded factors are presented below:
Solubility (mg/ml) = + 6.14 + 1.61 X1 + 0.53 X2 + 0.030 X1X2 + 0.028 X12 - 0.78 X22

(eq. 2)

Cumulative percent release = +68.55 + 3.95 X1 + 1.24 X2 - 0.32 X1X2 + 0.65 X12-4.01 X22

(eq. 3)

2.3.6 Response surface plots
Three-dimensional plots for the measured responses were presented to determine the change of the
response surface. These types of plots are useful in the study of the effects of two factors on the response at
one time. Figure 5a and Figure 5b shows that the solubility of ATC and percentage cumulative release from
tablets increases with increasing amount of S244 from 45-50 mg. However, further increasing S244 to 55 mg
does not increase both solubility and percentage cumulative release. A high level of ethanol used to form
matrix (2 ml) was found to increase both the dependent variables.

Figure 5. Response surface plots showing the influence of amount of ethanol (X1) and SYLOID® 244 FP (X2)
on solubility (a) and percentage cumulative drug release (b) of atorvastatin.
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3. CONCLUSION
In the present research work ATC was loaded into non-ordered mesoporous silica, SYLOID® 244FP.
Further, the ATC- S244 matrix was compressed into tablets and highest solubility enhancement was formed
in the lower drug loading ratio, 1:1.2.5 (ATC: S2440) matrix. The results of a 32 full factorial design revealed
that the amount of S244 and volume of ethanol significantly affect the dependent variables. It was concluded
that the dissolution rate of poorly water-soluble drug ATC can be improved significantly using the
mesoporous silica carriers.
4. MATERIALS AND METHODS
4.1. Materials
Atorvastatin calcium (ATC) was received as a gift sample from Accent Pharma Ltd., Jammu, India.
SYLOID® 244 FP silica (S244) was gifted by Grace Davison Discovery Sciences, Germany. Microcrystalline
cellulose, crospovidone, sodium lauryl sulphate and ethanol were obtained from Research-Lab Chem
industries, Mumbai, India. Lactose, potassium dihydrogen phosphate (monobasic) and sodium hydroxide
were obtained from SD fine chemicals, Mumbai, India. All the other chemicals and reagents used were of
analytical grade.
4.2. Methods
4.2.1. Determination of solubility
Saturation solubility of ATC was determined in distilled water and phosphate buffer, pH 6.8
(dissolution media of ATC). Accurately weighed amount of disodium hydrogen phosphate (28.80 g) and
potassium dihydrogen phosphate (11.45 g) was dissolved in 900 ml of distilled water. The pH was adjusted to
pH 6.8; further sufficient amount of distilled water was added to produce 1000 ml. The solution was degassed
before use. All media were prepared and excess of ATC was added to each of them and kept in an incubator
shaker at a speed of 200 rpm for 24 h at 37ºC. After 24 h, the solution was centrifuged at 2000 rpm for 15 min.
Supernatants were diluted with a respective media (i.e. distilled water and phosphate buffer pH 6.8). The
absorbance was measured at 250 nm using UV visible spectrophotometer (SHIMADZU, V-630, Japan) and the
solubility was calculated [19-20].
4.2.2. Loading of ATC on and/ or into SYLOID® 244 FP silica
A wetness impregnation method was used to load ATC on and/or into the S244 [21]. S244 in varying
quantity was added to a 1.5 ml ethanol solution containing 20 mg of ATC (Table 1). Ethanol was used as
loading solvent because it is safe, nontoxic, and can dissolve large amounts of ATC. Further, the mixture was
sonicated using probe sonicator (Sonapros PR-250, Oscar Ultrasonics, Mumbai, India) in a closed vial for 10
min. The resultant mixture was brought to adsorption equilibrium under magnetic stirring at room
temperature (25C) for 24 h in order to achieve maximum drug loading in the S244 pore channels. Finally, the
solvent was evaporated at 50°C on a rotary evaporator (Heidolph, UK) until dry in order to remove the ethanol
completely. The ATC loading in the matrix was determined by FTIR, DSC and phase solubility studies.
4.2.3. Characterization of ATC S244 matrix
Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC) and phase
solubility study methods were used to evaluate the ATC-S244 matrix.
4.2.3.1. Fourier-transform infrared spectroscopy
Fourier-transform infrared spectrum (FTIR) of ATC, S244 and ATC-S244 matrix was recorded over a
range 4000-400 cm−1 to study principal peaks using a FTIR spectrophotometer (Shimadzu Affinity-1). The
scans were examined for the presence of principal peaks of ATC, shifting and masking of ATC peaks due to
S244 and the appearance of new peaks.
4.2.3.2. Differential scanning calorimetry analysis (DSC)
The DSC thermograms of pure ATC, S244 and ATC-S244 matrix was recorded using a differential
scanning calorimeter (DSC 4000 Perkin Elmer, USA). The instrument was calibrated using indium (156C), tin
(232C) and zinc (419.5C) as internal standards. An empty aluminium pan was used as a reference. Each
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sample was accurately weighed into an aluminum pan and sealed. The probes were heated from 40-350C at
a rate of 10C/min under nitrogen atmosphere.
4.2.3.3. Phase solubility study
The phase solubility method was used to examine the effect of S244 on the solubility of ATC. Solubility
measurements were carried out as per the method reported by Higuchi and Connors [22] using phosphate
buffer (pH 6.8). Twenty mg of ATC was dissolved in ethanol solution, in six beakers. To each beaker, S244 was
added as indicated in Table 1. Phosphate buffer, pH 6.8 (10 ml) was added in the beaker and the solution was
stirred for 24 h and filtered through Whatman grade 41 filter paper. Absorbance was measured at 250 nm
using UV visible spectrophotometer (SHIMADZU, V-630, Japan) and solubility in various matrix formed was
calculated and compared with pure ATC solubility in 6.8 pH phosphate buffer.
4.2.4. Preparation of tablets
4.2.4.1. Preparation of ATC tablets by direct compression method without S244
ATC, microcrystalline cellulose as a binder, crosspovidone as a disintegrant, and lactose as a diluent
were mixed in geometric proportion to get a uniform mixture. This mixture was passed through sieve no # 60
and sodium lauryl sulphate was added as lubricant. Tablets were compressed using flat round punch of 8 mm
sizes on a Rimek compression machine.
4.2.4.2. Preparation of ATC tablets by direct compression method with SYLOID ® 244 FP
ATC (20 mg) was dissolved in ethanol (1.5 ml) at room temperature. S244 (50 mg) was added and the
suspension was shaken for 1.5 h using mechanical shaker. The solvent was evaporated under reduced pressure
in a water bath at 45-50 °C for 15 min using a rotary film evaporator (Heidolph, UK). The samples were further
dried under vacuum at room temperature (25C). Microcrystalline cellulose, crosspovidone and lactose were
mixed with above dried samples. This final mixture was passed through sieve no # 60 and sodium lauryl
sulphate was added as lubricant. Tablets were compressed by 8 mm sized flat round punchs using Rimek
tablet compression machine. These tablets were further subjected to in-vitro dissolution studies and
percentage cumulative release was compared to tablets prepared with and without S244. Table 2 indicates the
final formula per tablet.
Table 2. Formula of tablets prepared with and without S244.
Ingredients *(mg)

With S244

Without S244

Atorvastatin(mg)

20

20

SYLOID® 244 FP(mg)

50

-

MCC(mg)

20

4.5

Crosspovidone(mg)

4.5

1.5

SLS(mg)

1.5

44

Lactose (q.s)

120

120

* Quantities are for one tablet

4.2.4.3. Full factorial design
A 32 randomized factorial design was adopted to further optimize the formulation variables. In this
design, two factors were evaluated each at 3 levels and experimental trials were performed for all 9 possible
combinations [23]. The amount of S244 (X1) and volume of ethanol (X2) were selected as independent variables.
Tablets were prepared by the direct compression method with S244. Solubility of ATC and percentage
cumulative release were selected as the dependent variables. The formulation of factorial batches (F1 to F9) is
shown in Table 3. Amount of microcrystalline cellulose (20 mg), crosspovidone (4.5 mg), SLS (1.5 mg) was
same for all batches. The final weight of tablet was made up to 120 mg using lactose as diluent.
4.2.5. Pre-compression parameters for batches F1-F9
Powder blends of F1-F9 batches were evaluated for various pre-compression parameters such as bulk
density, compressibility index, Hausner's ratio and angle of repose.
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4.2.6. Post-compression parameters for batches F1-F9
4.2.6.1. Hardness test
The hardness of tablets was determined using Monsanto hardness tester. Three tablets were randomly
selected from each batch and the hardness was determined. The mean and standard deviation value was
calculated [24].
4.2.6.2. Friability
The percentage friability of tablets was determined by using Roche friabilator. The percentage friability
of tablets less than 1% was considered as acceptable [25]. Twenty tablets were initially weighed (W initial) and
transferred into USP tablet friabilator. The friabilator was operated at 25 rpm for 4 min and run up to 100
revolutions. The tablets were weighed again (Wfinal). The percentage friability was calculated using following
equation:
Winitial − Wfinal
Friability (%) =
× 100
Winitial
Table 3. Formulation of the factorial batches (F1 to F9).

F1

Independent variables
X1
X2
-1
-1

Actual values
X1 (ml)
X2 (mg)
1.0
45

F2

-1

0

1.0

50

4.24×10-1 ± 0.0057

F3

-1

+1

1.0

55

4.86×10-1 ± 0.0084

F4

0

-1

1.5

45

5.40×10-1 ± 0.0071

F5

0

0

1.5

50

5.46×10-1 ± 0.0061

F6

0

+1

1.5

55

6.00×10-1 ± 0.0039

F7

+1

-1

2.0

45

6.14×10-1 ± 0.0087

F8

+1

0

2.0

50

8.15×10-1 ± 0.0057

55

7.48×10-1 ± 0.0049

Batches

F9
+1
+1
2.0
X1: volume of ethanol, X2: amount of SYLOID® 244 FP (S244)
*Values are expressed as mean ± SD, n=3

Solubility (mg/ml)*
3.02×10-1 ± 0.0040

4.2.6.3. Drug content uniformity
Twenty tablets were weighed and crushed in a mortar. The powder equivalent to 100 mg of ATC was
dissolved in 100 ml of phosphate buffer (pH 6.8) to obtain a 1000 μg/ml solution. The solution was shaken
periodically and kept for 24 h for salvation of drug completely. The mixtures were filtered, appropriately
diluted, and absorbance was measured at λmax 250 nm against blank reference. The drug content in each tablet
was calculated using the standard calibration curve of atorvastatin in phosphate buffer pH 6.8.
4.2.6.4. In-vitro dissolution studies
In vitro drug releases study of the tablets was carried out using USP – type I dissolution apparatus
(Basket type). The dissolution medium, 900 ml, phosphate buffer (pH 6.8) was placed into the dissolution flask
maintaining the temperature at 37±0.5ºC. One tablet was placed in each flask of dissolution apparatus. The
apparatus was allowed to run at rpm of 75 for 2 h. Samples (2 ml) were withdrawn after every
0,5,10,15,20,25,30,45,60 min interval. Samples were filtered through 10 μm filter. The fresh dissolution medium
was replaced every time to maintain sink condition. The collected samples were analyzed at 250 nm using UV
visible spectrophotometer (SHIMADZU, V-630, Japan).
4.2.6.5. Mathematical Model
Following statistical model incorporating interactive and polynomial terms was used to evaluate the
responses (equation 1):
Yi=ß0 + ß1 X1 + ß2 X2 + ß3 X1X2 + ß4 X12+ ß5 X22+ ß6 X1 X22+ ß7 X2 X12 … (eq. 1)
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where Yi is the level of response variable; βi is the regression coefficient; X 1, and X2 stand for the main effect;
X1X2 is the interaction terms of the main effects; and X12, and X22 are quadratic terms of the independent
variables that are used to simulate the curvature in the designed space.
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