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Abstract

Solid dispersion (SD) is the most promising approach for enriching the drug release of poorly soluble drugs. Atorvastatin
(ATR) is a lipid-lowering drug, but its low water solubility hinders its dissolution and effective treatment. In this study,
flaxseed gum (FSG) derived from Linum usitatissimum has been investigated as a potential carrier for SD formulations to
overcome solubility limitations. A modified hot extraction procedure was employed to isolate FSG, which was subsequently
characterised for its physical properties. Design of experiments was conducted using Response Surface Methodology (RSM),
with FSG concentration, solvent volume, and temperature as independent variables to optimize the SD formulation via the
solvent evaporation technique (SEV).

In contrast, the percentage of drug release in 30 minutes serves as the response variable. The formulations were assessed for
product quality parameters, and the optimized SD formulation was characterized physicochemically. 33.8 mg of FSG, 8 mL
of solvent (ethanol), and 42.5°C were identified as critical quality attributes through RSM. The optimized ATR-SDs
formulation exhibited 92% drug release in 30 minutes, 98% drug content, and 1.53-fold improved solubility than pure
ATS. Differential scanning calorimetry and x-ray diffraction analysis showed that the drug crystalline form transformed to an
amorphous state, while scanning electron microscopy images revealed increased porosity in SD. The current research has
demonstrated that the SD of ATR employing a natural carrier could be a promising formulation for enhancing solubility and
dissolution.

Keywords: Atorvastatin; Solid dispersion; Design of experiments; Linum usitatissimum; Solubility enhancement; Solvent
evaporation.

1. Introduction blood concentrations. Typically, this issue is addressed
by increasing the dosage, however, this approach is
associated with few limitations such as adverse
reactions, high treatment expenses, and patient non-

About 40% of approved drugs and nearly 90% of drug
candidates are poorly water-soluble [1]. The drug's low
solubility impairs its dissolution, resulting in inadequate
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compliance [2]. Methods that conventionally employed
to address the limitations of poorly water-soluble drugs
typically involve micronization, salt formation, the use
of surfactants, nanocarriers, and prodrugs [3-8]. Despite
their utility, these methods have inherent limitations.
SDs are the most effective in enhancement of solubility
by reducing particle size, expanding surface area,
improving wettability, and increasing the amorphous
state of the water-insoluble compound. Malkawi et al.
listed various marketed solid dispersion formulations
used for the treatment of conditions such as cancer,
immune-related disorders, and viral and fungal
infections [9]. Natural polymers are more attractive
carriers for solid dispersions because they are
biodegradable, break down into harmless substances,
allow controlled release of the drug, and exhibit minimal
side effects [10].

Numerous plant-derived pharmaceutical excipients
are widely used in the pharmaceutical industry [11].
Given that vegetable sources are sustainable and can be
cultivated and harvested in an environmentally friendly
manner, a reliable and ongoing supply of raw materials
is ensured. Substances derived from plants can pose
some challenges, including limited biosynthesis in small
guantities and complex structures that vary depending on
factors such as the plant's location and seasonal
fluctuations. Challenges include slow and expensive
isolation and cleaning process [12].

Natural gums comprise polysaccharides with a
significant number of sugar units, which are linked
together to create large molecules. Polysaccharides
exhibit hydrophilic properties, demonstrate robust
stability after absorption, and are enzymatically
degradable, characteristics that distinguish them from
synthetic polymers. Natural polysaccharides are suitable
for a range of biomedical applications due to their
biocompatibility, non-toxicity, low allergenicity,
biodegradability, and chemical flexibility [13, 14].
Consequently, Naturapolyceutics, a new concept,
enables the creation of a technology platform that
combines natural polymers and pharmaceuticals to
design and develop drug delivery systems [15].

FSG is extracted from linseed hulls by soaking the
seeds in distilled water. FSG is a complex polysaccharide
primarily composed of neutral and acidic fractions [16],
which play a crucial role in enhancing the solubility of
poorly soluble drugs in SD. The key chemical
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components responsible for this enhancement are:
arabinoxylans branched polysaccharides containing
arabinose and xylose units, which improve water
absorption and wettability [17]. Rhamnogalacturonans-
pectic polysaccharides contain rhamnose, galactose, and
uronic acids, which promote water retention and create a
hydrophilic environment. Mucilage & Galactomannans-
high molecular weight polymers form hydrated gels,
facilitating  drug  dispersion and  preventing
crystallization [18, 19]. FSG has been used in previous
studies as a thickening agent, in the formulation of bio-
composite hydrogel films, and in floating drug delivery
systems [20-22]. HMG-CoA reductase, a crucial enzyme
in cholesterol biosynthesis, is effectively inhibited by
ATS. ATS has a very low solubility in simulated gastric
medium, at less than 0.1 mg/mL, and its solubility is
extremely low in both distilled water (ranging from 0.11
to 0.2 mg/mL) and phosphate buffer pH 6.8 (with a
solubility range of 0.29-0.32 mg/mL) [23, 24]. ATS has
a low oral bioavailability of 12%, primarily due to its low
water solubility, crystalline structure, and hydrophobic
properties, as well as rapid removal of the drug from the
bloodstream during its initial passage through the gut
wall and the liver before it reaches systemic circulation.
The development of SDs enhances the solubility and
dissolution rate of solids and has been shown to increase
their bioavailability. ATS, when formulated in
supersaturated solutions, exhibits a strong tendency for
particles to stick together, impairing its wettability and
accelerating recrystallization during dissolution studies.
Currently, hydrophilic polymers are used as carriers in
solid dispersions due to their high hydrophilicity, water-
absorption capacity, and plasticizing effect [25].

The current study reports the optimization of
formulation parameters for the preparation of ATR-SDs
using a design of experiments (DoE). A central
composite design was used, with formulation factors as
independent variables and the critical quality attributes
(CQAs) of ATR-SDs as response variables. The
developed SD formulation was characterized for various
physicochemical properties and evaluated for in vitro
drug release.

2. Materials and methods

ATS was a gift from Hetero Drugs Pvt. Ltd., Ethanol
(Analytical grade), and other materials used in the
formulations were purchased from Merck Ltd., Mumbai.
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2.1. Extraction and characterization of FSG

First, the flax seeds are mixed with water at a 1:20 (w/v)
ratio. The mixture is then stirred for 0.5 to 8 hours at a
controlled temperature not exceeding 50°C. Following
stirring, the mucilage extract is separated from the solid
residue using filtration by a clean cloth or strainer. To
precipitate the mucilage from the concentrated solution,
it is treated with a mixture of 80% ethanol and water (1:4
v/v). After allowing the precipitate to stand for 1 hour at
a low temperature, and then collected by centrifugation
at 6000 rpm for 30 minutes. The collected precipitate is
dried and characterized [26].

2.2. Characterization of FSG [21, 25]
2.2.1. Percentage yield of FSG

The FSG yield was determined using Equation 1, and the
associated mean error was calculated for this process.

% ofyield _ Weight of mucilage in g %100 (1)

Weight of seedsing

2.2.2. Swelling index

One gram of FSG powder was precisely measured and
placed into a 100 mL stoppered measuring cylinder. The
initial volume of the powder in the measuring cylinder
was recorded. The volume was brought up to 100 mL
using distilled water. The gum sediment was then gently
agitated and placed in a sealed container for 24 hours at
a temperature consistent with room temperature and a
relative humidity typical of the ambient environment.
The volume of the gum sediment was recorded after 24
hours. The swelling ability of FSG was quantified using
the swelling index. The swelling index was represented
as a percentage and computed using the following

formula.

Ht-Ho
Sl= ——X 100 )

The initial height of the powder in the graduated cylinder

is denoted as Ho, while Ht represents the height taken up
by the swollen gum after 24 hours.

2.2.3. Viscosity measurement

The viscosity of a 1 % (w/v) FSG solution was measured
using a Brookfield LVDV+PRO viscometer in
accordance with USP guidelines.

2.2.4. Angle of repose

The angle of repose was determined using the funnel
method. The powder was funnelled after it had been

accurately weighed. The funnel's height was adjusted so
that its tip contacted the summit of the powder pile. The
powder was permitted to flow freely through the funnel
onto the surface [27]. The diameter of the powder heap
was determined, and the angle of repose was calculated
using the following equation:

tan(0) = g 3
H-Height of powder heap; R-Radius of powder heap.

2.2.5. Moisture sorption capacity

An experiment to investigate moisture sorption was
conducted in an incubator setting. A uniform layer of
powdered FSG was spread across a 9 cm-diameter petri
dish, with a total of 1 gram of the substance. The sample
was then maintained in an incubator at a 37+1°C for the
duration of 2 days. The sample's weight was monitored
before and after exposure to incubator temperature to
determine moisture sorption.

2.2.6. Hydration capacity

The hydration capacity was determined as follows. A
quantity of gum powder was measured and placed in a
15 mL centrifuge tube. Next, 10 mL of distilled water
was added, and the mixture was centrifuged for 10
minutes at 1,000 revolutions per minute. After
centrifugation, the blank centrifuge tube was removed
and inverted to discard the remaining liquid. The tube
that had been decanted was then weighed, and the
hydration capacity was determined using the equation
listed below.

Weight of the hydrated sample
HC = g Y p

Weight of dry sample

(4)

2.2.7. Density

The loose and tapped bulk densities of FSG were
measured. A calibrated measuring cylinder (10 mL
capacity) was filled with 2 gm of powdered gum, and the
initial volume was recorded. The cylinder was then
permitted to drop from a height of 2.5 cm onto a hard
surface at a 2-second interval. The tapping was continued
until no further change in volume was observed. The
LBD and TBD were calculated using the equation:

Weight of the powder
LBD =
Volume of the packing (5)
Weight of the powder
TBD = £ P (6)

- Tapped volume of the packing
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2.2.8. Compressibility

Compressibility index (Carr’s index) was determined by
using the following equation:

Carr’s index (%) = WXNO @)

TB

2.2.9. Basic physicochemical composition of FSG

Agqueous extract was prepared by suspending FSG
powder in distilled water. Crude protein, crude fat, total
carbohydrate, moisture, and ash contents of the isolated
gum were determined [12, 17, 28].

2.3. DoE optimization of preparation parameters for
ATR-SDs
2.3.1. Experimental design

Design Expert 12 (Stat-Ease Inc., Minneapolis) was used
to formulate ATR-SDs, selecting a three-factor, three-
level central composite design (CCD). The amount of
FSG (F1), solvent (ethanol) (F2), and temperature (F3)
were selected as three factors. % of drug release at 30

Table 2. CCD with 20 experimental runs
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minutes was taken as the response variable and shown in
Table 1 [29]. A trail of 20 experiments was constructed.
The results were analyzed using multiple regression.

Table 1. Variables selected for the three-level factorial design

Coded values

Factors Units +1 1
A: FSG Mg 10 50
B: Ethanol mL 1 15
C: Temperature °C 35 50

2.4. Preparation of SD using purified FSG as a carrier

SDs by SEV were made as per the experimental runs
developed by DoE shown in Table 2. A fixed amount of
ATR (10 mg) and varying amounts of carrier, as per the
design, were dissolved in the smallest possible volume
of methanol, then the solution was evaporated below
50°C to obtain a dry powder. Finally stored in a
dessicator.

Factor B: Solvent

Factor C: Temperature Y.,: % Release at

Run Factor A: FSG (mg) (mL) (C) 30minutes
1 30 8 425 89
2 50 15 35 78
3 50 1 50 75
4 10 1 50 70
5 30 8 425 88
6 30 8 35 83
7 50 1 35 72
8 33.8 8 425 92
9 30 8 425 88
10 30 8 425 89
11 30 15 425 85
12 10 8 42.5 79
13 10 15 50 73
14 50 15 50 74
15 10 1 35 71
16 10 15 35 75
17 30 8 425 89
18 30 8 50 82
19 30 1 42.5 80
20 50 8 425 78
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2.4.1. Characterization of SD

The flow behaviour of the prepared SD was evaluated.
Entrapment efficiency (%), the practical yield of
formulated SD, was determined [30].

2.4.1.1. Saturated solubility studies for SDs

Saturated solubility analysis of all the prepared SDs was
performed by adding 10 mL of water to an excess amount
of each SD. The prepared solution was placed in a shaker
for 48 hours at room temperature, and then the samples
were filtered using a 0.4 pm Whatman filter paper. The
dissolved drug concentration was measured by UV
spectrophotometry, and solubility was measured in
triplicate. Based on solubility, the solid dispersion ratio
of the drug with the polymer was selected for the
formulation of immediate-release tablet dosage forms.

2.4.1.2. Drug content

The resulting SDs were weighed (SDs equivalent to 100
mg of drug) and dissolved in 100 mL of distilled water
containing 1.5% tween 20. After the samples were
filtered, the amount of drug was measured at 241 nm
using spectrophotometry.

2.4.1.3. Dissolution studies

Using 0.1 M HCI (pH -1.2) as dissolution medium with
0.5% SLS (w/v) at 37 £ 0.5 °C and a type Il USP
dissolution test apparatus (Lab India, model- DS 8000)
run at 100 rpm, the dissolution rates of the SDs
equivalent to 100 mg of drug were determined. The
dissolving medium was removed in 5 mL aliquots at
different time intervals. The samples were analyzed
spectrophotometrically at 241 nm after appropriate
dilution. Surface morphology, drug carrier compatibility
studies, and DSC and XRD were determined for the SDs
showing high drug release.

2.4.1.4. Scanning electron microscopy (SEM)

All samples were taken with a scanning electron
microscope (SEM-Model: JOEL- JSM 5600). Samples
were placed over the stubs with double-sided carbon-
conductivity tape, and a thin layer of gold was coated over
the mounted samples using an automated sputter coater.
The treated SD sample was scanned according to standard
procedures at RUKSA Lab’s College of Veterinary
Science, SVVU, Rajendranagar, Hyderabad, India.

2.4.1.5. Differential scanning calorimetry (DSC)

The degree of change in the physical characteristics of
SDs was assessed using a DSC (Q100 TA Instrument,
Germany). Melting-point calculations were
automatically performed for the pure drug and for the
drug incorporated into the SD formulation.

2.4.1.6. Powder X-ray diffraction

The powder X-ray diffraction patterns of the samples
were collected with a Rigaku Miniflex diffractometer
(Rigaku Corporation, Tokyo, Japan) at 40 kV and 30
mA. The samples were analyzed over a 26 range of 5-45°
at a scanning rate of 2°/minutes using a CuKa radiation
source.

2.4.1.7. Compatibility studies of drug excipients using
Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of ATS and flaxseed gum used to
prepare SD were obtained. The FTIR spectra were
recorded by the KBr pellet method using the BRUKER
FTIR INVIVO spectrometer from Japan. The infrared
(IR) spectrum was recorded between 4000 cm™ and 400
cm™, The resultant spectrum was inspected for spectral
alterations and examined for distinctive peaks indicative
of the compound's functional group.

3. Results and Discussion
3.1. Extraction and characterization of FSG

The FSG was successfully extracted using the hot
extraction method (Figure 1a). The extract was
precipitated with ethanol (Figure 1b); the collected
precipitate was dried in a hot-air oven at below 50 °C
(Figure 1c). The dried extract was finely ground in a
mortar and pestle and then sieved. The obtained FSG was
characterized for the physical properties, and the values
were tabulated in Table 3.

Table 3 Characterization of flaxseed gum powder

S. No. | Parameters FSG

1 Percentage of yield 6.8%

2 Swelling index (%) 135.353+1.43

3 Viscosity (1% wi/v) 108.563+0.1908 (cps)

4 Angle of repose 31.42+2.088

5 Hydration capacity 2.423+0.0294

6 Density (1) bulk density 0.651+0.0721
(2) tapped density 0.788+0.0246

7 Carr’s index 12.823+0.288

8 Moisture sorption | 5.33+0.577
capacity (%)
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Figure 1. Mucilage obtained after hot extraction (a), precipitated by ethanol (b), dry powder (c)

The FSG obtained via the hot extraction method shows
optimal properties for SD formulations to use as carriers.
The FSG percentage yield is 6.8%. The ring formation at
the junction, following the addition of Molisch's reagent
and then sulphuric acid, indicated the presence of
carbohydrates in the extract. During the extraction
process, fats were removed by ethanol, whereas amino
acids and tannins were undetectable. It confirms the
purity of gum [31]. The hot extraction procedure resulted
in a 6.8% yield of gum. Linseed mucilage was separated
by precipitation with n-hexane, acetone, and menthol,
yielding 6.2, 6.5, and 7.0%, respectively. Linseed
mucilage generated a 3-9 % yield when ultrasonicated
[18]. Hot water extraction excludes the use of organic
solvents commonly used to precipitate the extract; hence,
toxicity associated with unwanted solvents is avoided.
Ethanol effectively extracted the gum by precipitating
the polysaccharides from the aqueous extract, thereby
reducing the solubility of hydrophilic components. The
swelling index, denoted by Sl, is a crucial parameter that
indicates a gum's capacity to absorb water and expand. A
135 percent swelling index for flaxseed gum indicates its
substantial water-retention capacity, making it effective
in improving the solubility of poorly soluble
medications.  The  presence  of  hydrophilic
polysaccharides in flaxseed gum enables optimal
moisture and hydration capacities. All other estimated
parameters of FSG were within optimal levels, making
FSG suitable for enhancing the solubility of poorly
soluble ATS. The solubility of ATS was increased from
310.2+0.23 pg/mL to 412.3+0.16 pg/mL through the use
of solvent evaporation in the SD technique. A solid
dispersion is an effective method for improving the
solubility and dissolution of poorly water-soluble
pharmaceuticals.

3.2. Basic physicochemical composition of FSG

Usually, a higher percentage of protein is found in gums,
but it’s worth noting that our reported method removed
protein to a much lower level, yielding 0.47%. The
differences in protein impurity levels could be due to
variations in the extraction and purification procedures
[32]. The moisture content of FSG was 8.1%. Flax gum
with diverse moisture content has been reported in the
literature [33]. The fat content of FSG was 0.4%; the
reduction in fat content is actually attributed to the gum
purity. The ash content was found to be 0.88%,
indicating low contamination from soil, sand, and other
inorganic matter. FSG was found to contain 88% of the
total carbohydrates. FSG is a polysaccharide, and the
percentage will vary with the extraction conditions [34].

3.2. Screening of SD formulation parameters by RSM

The amount of FSG, the volume of ethanol, and the
temperature were optimized statistically using RSM. A
central composite design was developed with three
factors at two levels each [29]. The experimental design
matrix and the results of CCD analysis are given in Table
4. The following regression equation (8) was obtained.

Drug release in 30 minutes (%)
(Y)=64.57+0.9000A+2.40B-0.8000C-9.18A%-3.68B2-
4.68C2-1.000AB+0.000AC-0.7500BC (8)

Y is the predicted % of drug release. The effects of
process parameters were demonstrated using analysis of
variance (ANOVA). The regression coefficients, P, and
F values are shown in Table 4. The model F value of
71.06 implies the model is significant. There is only a
0.01% chance that an F-value this large could occur due
to noise. P-values less than 0.05 indicate model terms are
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significant. In this case, B, A?, B?, C2 are significant
model terms. Values greater than 0.1000 indicate the
model terms are not significant. Model terms (A, B, C,
A2, B2, C2) were found to be significant at probabilities
less than 0.05, while model terms (AB, BC, AC) were
found to be non-significant at probabilities greater than
0.1. The predicted R? of 0.8170 was in reasonable
agreement with the adjusted R? of 0.9707, indicating the
model's adequacy in predicting the response. A signal-
to-noise ratio greater than 4.0 is desirable; in this case, it
is 22.169. The model can thus be employed to navigate
the design space, with a Lack of Fit F value of 0.637
indicating that the lack of fit is not significant compared
to the pure error.

A statistically insignificant lack of fit is a strong
indicator that the model equation is sufficient to predict
the % of drug release accurately. The coefficient of
variation (17.54% CV) indicated the precision and
reliability of the model. The interaction among the
components was demonstrated in Figure 2. Three-

dimensional (3D) and two-dimensional (2D) contour
plots are employed to investigate the interactions among
key variables influencing the % of drug release [35], as
they are straightforward and easy to interpret. Elliptical
shapes indicate interaction, while circular shapes
indicate no or moderate interaction between the factors
[36, 37]. Interactions between the FSG and temperature
and the FSG and solvent, as depicted in Figure 2 (al, a2,
b1, b2), were found to be elliptical, indicating substantial
interaction between them. The interaction between
solvent and temperature, as depicted in Figure 2 (c1, c2),
exhibited a circular pattern indicating no significant
impact on drug release. The combination of 33.8 mg of
FSG and 8 mL of ethanol at a temperature of 42.5 °C led
to a 92% release of the drug within 30 minutes. The
solvent evaporation method is effective due to the
molecular-level dispersion and amorphization of the
drug. Best solubility of 412.3+0.16 pg/mL and

dissolution rates were attained as a result of improved
interactions between the drug and the polymer.

c2

Figure 2. 3D surface and contour plots; Figure 2 (al&a2) revealed significant interaction between carrier (FSG) and solvent,
Figure 2 (b1&b?2) illustrated significant interaction of carrier and temperature, Figure 2(c1&c2) indicated moderate significant

interaction among solvent and temperature.
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Table 4 ANOVA for % of drug release in 30 minutes
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Source gum of df Mean Square F-value p-value
quares
Model 1247.69 9 138.63 71.06 <0.0001 significant
A-ATR:FSG 8.10 1 8.10 4.15 0.0089
B-SOLVENT 57.60 1 57.60 29.52 0.0003
C-TEMPERATURE 6.40 1 6.40 3.28 0.1002
AB 8.00 1 8.00 4.10 0.0704
AC 0.0000 1 0.0000 0.0000 1.0000
BC 4.50 1 4.50 2.31 0.1598
A? 231.84 1 231.84 118.84 <0.0001
B2 37.28 1 37.28 19.11 0.0014
c? 60.28 1 60.28 30.90 0.0002
Residual 19.51 10 1.95
Lack of Fit 16.68 5 3.34 5.89 0.6371 gg;ificant
Pure Error 2.83 5 0.5667
Cor Total 1267.20 19

3.3. Characterization of SDs

Flow properties or the critical quality attributes of
optimized SDs are within the acceptable limit with bulk
density 0.560+0.26 g/cc, tapped density 0.654+0.16 g/cc,
angle of repose 24.32+0.16, Carr’s index 12.82+0.33,
Hausner’s ratio 1.15+0.33. ATS-SDs achieved 99-100 %
of drug content with Okra gum [38]. Optimized SD was
further evaluated for % EE, % vyield, solubility, drug
content, and % drug released after 30 minute, and the
results are presented in Table 5.

Table 5 Characterization of SDs

Dissolutio
. % of
Prod | % | 96Yiel | oo\ inility | Drug | "(%)
uct EE d content aff[er30
minutes
sD |82 |92 412.3+0.16 | ¢ 92
pg/mL

3.3.1. SEM, DSC, XRD

SEM was employed to examine the surface morphology of
the optimized solid dispersion formulation. Figure 3
depicts the SEM report. The pure drug ATS surface
morphology was crystalline, as shown in Figure 3a,
whereas the optimized formulation showed an agglomerate
of ATS and did not show any crystallinity (Figure 3b). The
size of the formulated SDs ranges from 10 um to 64 um. A

scanning electron microscope image revealed that
amorphous  silver  dendrites  were  successfully
synthesised. The evaporation of the solvent can affect the
shape of the prepared solid dispersions, which may
subsequently impact in vitro dissolution rates of active
pharmaceutical substances, as noted in the research by Choi
and Park [39]. The results showed 98% vyield, 82%
entrapment efficiency, 96% drug content, and a 1.53-fold
increase in solubility compared to the pure drug.

: \

i3

r
Voys 2804 o 20 ]

Figure 3. Pure drug ATS (a); SD Formulation (b)
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DSC is a valuable analytical tool for examining the
thermal properties of both drugs and excipients, as well
as their potential interactions within pharmaceutical
formulations. Thermograms from differential scanning
calorimetry can be employed to characterise the melting
and crystallisation behavior of solid dispersions and the
pure drug (ATS), as shown in Figure 4. DSC
thermograms of the pure ATS drug showed two small,
broad endothermic peaks at 97.7°C and 199.5°C, which
represent water loss from the pure ATS. ATS have
reported having about 4-6% w/w of both loosely and
tightly bound water. Additionally, the DSC thermogram
of ATS showed a melting endothermic peak at 158°C.
The ATS-SD formulation did not exhibit the
characteristic endothermic melting peak of ATS at
158°C, suggesting that ATS was present in the
amorphous form in the optimized formulation. The
conversion of ATS from the ordered crystalline form to
the highly energetic disordered amorphous or
molecularly dispersed form within the optimized ATS-
SD formulation is beneficial for enhancing the ATS
solubility and dissolution rate [40].

30 o

20 ~ Atorvastatin SD

10 |

Heat flux (mWimg)

Atorvastatin pure drug

-10

T r r T T T T v y
40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 4. DSC thermograph of pure ATR and optimized SD
formulation

The XRD pattern of ATS displays a large number of
sharp, narrow, and intense peaks at diffraction angles of
9.01°, 18.18°, 22.32° and 23.9° indicating its high
degree of crystallinity as shown in Figure 5a. The XRD
spectra of FSG and SD are similar to those of a typical
amorphous material and lack distinctive peaks (Figure
5b & 5c¢). The XRD pattern shown by optimum
formulation indicates a decrease in the number of peaks,
likely due to a reduction in crystallinity, and features
broader peaks with lower intensity, suggesting a

transformation of the drug from a crystalline to an
amorphous form [41] (Figure 5c).

-------------

Figure 5. XRD Pattern of ATS (a), XRD Spectra of FSG (b),
XRD Spectra of optimized SD.

3.3.2. Drug-excipient compatibility studies

In FTIR analysis of pure atorvastatin calcium (Figure 6),
characteristic  stretching and bending vibrations
correspond to its functional groups. Here are the key
peaks with approximate wave numbers (cm™). The C=0
stretching 1680 cm™ of ATS was reduced in intensity
due to interaction with FSG. The O-H stretching 3300
cm™ may become broader and stronger, indicating
hydrogen bond formation in SD (Figure7). The C-O-C
(glycosidic linkages) peak at 1100 cm™ in FSG shifted
due to the incorporation of ATR. Pure atorvastatin
displayed a distinct peak at 3832 cm™, signifying N-H
stretching. The appearance of a peak at 2441 cm’
confirmed the existence of asymmetric O-H stretching
vibrations, whereas the peak at 2963 cm indicated the
presence of symmetric O-H stretching. Spectral analysis
reveals no alteration in the peak intensities of the drug
and excipients within the formulation. It can be
concluded that no interaction was observed between the
drug and the excipient.
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Figure 6. FTIR of Atorvastatin
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Figure 7. FTIR of solid dispersion.

In vitro dissolution profiles are consistent with those
of other hydrophobic molecules when formulated as
solid dispersion systems, as the transformation of the
crystalline form into an amorphous form results in
enhanced solubility and drug dissolution. The improved
wettability provided by the FSG enabled a higher drug
saturation concentration. The composition or ratio of
carrier to polymer is a critical factor influencing drug
encapsulation [23, 41]. Higher polymer concentrations
may have boosted drug encapsulation by increasing the
interaction between the drug and carrier. Similarly, there
is a highly significant variation in solubility and
dissolution of formulated solid dispersions due to
increased wettability, reduced particle size of the drug,
and reduced crystallinity of the SDs.

4. Conclusion

An aggregate of ATS-SD with FSG was formed by
incorporating ATS into the FSG's polysaccharide
network through solvent evaporation. Design of
experiments was conducted using Response Surface
Methodology (RSM) to optimize formulation parameters
for SDs. 33.8 mg of FSG, 8 mL of solvent (ethanol), and
42.5°C were identified as critical quality attributes
through RSM. The optimized ATR-SDs formulation
exhibited 92% drug release in 30 minutes, 98% drug
content, and 1.53-fold improved solubility than pure
ATS. Differential scanning calorimetry and Xx-ray
diffraction analysis showed that the drug crystalline form
transformed into an amorphous state, while scanning
electron microscopy images revealed increased porosity
in SD. The enhancement in drug release is attributed to

Bora R. et al. / IJPS 2026; 22 (1): 180- 191

improved wettability of the drug particles, a considerable
decrease in particle size during the formation of solid
dispersions, and the presence of an amorphous form of
ATS, as confirmed by DSC, FTIR, and XRD analyses.
Looking back, these solid dispersions were used to
develop a suitable solid dosage form formulation for
improved pharmaceutical application, ultimately leading
to desired release characteristics. The current research
has demonstrated that the SD of ATR employing a
natural carrier could be a promising formulation for
enhancing solubility and dissolution.
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