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ABSTRACT

Background: One of the emerging solutions for facing the solubility as well as dissolution issues
of poorly soluble drugs is formulation approach by dispersing drugs in hydrophilic carriers.
Objectives: Present study aims in enhancing the solubility of resveratrol by amorphous solid
dispersion technique. Materials and Methods: Solid dispersions were prepared by microwave
irradiation where the irradiation time and the drug: carrier ratios were optimized using Design of
Experiments by the effect of these critical parameters on solubility as a response variable. Results
and Discussion: Solubility of the fabricated amorphous solid dispersions were analyzed and
optimized at 1:5 drug: carrier ratio with an irradiation time of 5 min. Different characterization
techniques like infrared spectroscopy, particle size, differential scanning calorimetry etc., were
performed in order to study and prove the process of amorphization. The results of powder X-ray
diffraction studies, scanning electron microscopic studies certainly highlighted the conversion
of crystalline form of resveratrol into an amorphous form along with reduced particle size of 41
times in solid dispersion than that of pure resveratrol. Conclusion: With the present work, it can
be concluded that microwave irradiation is an absolute approach in preparation of amorphous
solid dispersions.
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INTRODUCTION

Many drugs have poor absorption because of low solubility and
are usually better absorbed in upper parts of small intestine.'
Because of the poor solubility and less dissolution rate of BCS
class IT and class IV drugs, dissolution is the parameter which
becomes a challenging task during formulation of a dosage form.?
Conversion of drugs into solid dispersions by the aid of inert
carriers is a promising technique which is easily manufacturable
and feasible in order to address the poor solubility problem
with practically insoluble or very slightly soluble drugs.' Solid
dispersions are mixture of two components which are mostly a
hydrophilic polymer matrix with one or more hydrophobic drugs.
Formulation of solid dispersions of poorly soluble drugs is one
of the methods of choice to improve solubility even at industrial
level.* In an amorphous solid dispersion, the drug usually gets
miscible with the polymer at a molecular level resulting in
enhancing dissolution or absorption compared to crystalline
form of the drug.*
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Amorphous stabilized approaches increase the solubility
of bioactive and actives by overcoming the crystal lattice
energy yielding a non-crystalline, amorphous form which
is thermodynamically metastable than the crystalline form
resulting in enhancement of both solubility and bioavailability.”
Various methods used for manufacturing of Amorphous Solid
Dispersions (ASDs) include: simple fusion; hot melt extrusion;
electrospinning; microwave irradiation; solvent methods like
solvent evaporation, spray drying, freeze drying, supercritical
fluid etc; hot melt encapsulation; melt agglomeration; vacuum
drying and rotary evaporation.*” Use of hydrophilic polymers
as carriers during dispersions prevents recrystallization of drugs
in amorphous solid dispersions as they are supersaturated. So,
wise selection of carrier is needed in order to prepare effective
amorphous solid dispersions.'

Various carriers that can be employed in fabrication of amorphous
solid dispersions include synthetic polymers (PVP, PVP-VA, PVA
etc.,) natural polymers (HPMC, HPC, HPMCP, HPMC-AS etc.,)
and other naturally occurring dispersants (corn starch, trehalose,
inulin etc.,).® Soluplus™ is one of the carrier/polymers that is
extensively being studied for its solubility enhancing as well as
matrix forming ability.” Soluplus chemically is a graft co-polymer
of polyvinyl caprolactam-PVA-PEG. Soluplus is a feasible
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polymer to hold a hydrophobic drug as it contains a lipophilic
core.'” Other carriers that are widely used in the preparation
of solid dispersions include polyvinylpyrrolidone, poloxamer
407 ie., Pluronic® which is a non-ionic block copolymer
of polyoxyethylene-polyoxypropylene having solubilizing
effect.! The drawback of amorphous forms is that they are
thermodynamically unstable when compared to crystalline forms
and so they are converted into amorphous solid dispersions
which are stable because of polymer systems employed during
their fabrication.”? Thermodynamic solubility (which states the
amount of the drug substance dissolves) have a significant role
in determining solubility of poorly soluble compounds as well as

plays a key role in dissolution of the drug.?

Amorphization of certain drugs by various techniques including
microwave irradiation have physical instability issue because
of the nature of drug and polymers employed. The drug will
recrystallize which can be overcome by in situ amorphization
technique where the drug will be formulated as such in crystalline
form and the formulation before administration (may be hours,
days or weeks if travelling) will be amorphized in situ. It helps
in conversion of drug in crystalline nature into amorphous
form with no physical stability issues throughout the shelf-life
period. For few drugs like tibolone, microwave irradiation of its
physical mixture even though didn’t change the crystalline nature
of drug into amorphous form, still resulted in reduced particle
size which enhanced dissolution than that of solid dispersions
containing larger crystalline particles of drug that are prepared
by conventional methods."

Employing higher concentrations of carriers during preparation of
solid dispersions makes it easy to formulate and when microwave
irradiation method is employed, as the waves penetrate through
the samples, there will be better contact and interaction between
the drug and carrier polymers. Adding poloxamer as an aid helps
in enhancing solubility providing synergistic effect by expediting
the release. Because of hydrophilic nature on the surface of the
carrier, they get in contact rapidly with the dissolution medium
and resulting in better drug release from the dispersions than
from the pure drug. Microwave irradiation results in collisions
between the molecules producing molecular movement at faster
rate and helps in amorphization of drug.!

Resveratrol is one of the widely used polyphenolic phytochemicals
that is synthesized by various plants and is usually found naturally
in berries, grapes etc. It possesses several properties and is able
to exhibit anti-oxidant, cardioprotective, anti-inflammatory
activities along with improvement of cognitive behaviour."
Various studies reported poor solubility of resveratrol along with
confirmation of its poor bioavailability; which encouraged in
developing drug delivery systems of resveratrol with enhanced
solubility and bioavailability.'® The present study focussed on
solubility enhancement of resveratrol using hydrophilic carrier
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by amorphous solid dispersion approach using microwave
irradiation technique. Fabrication and development of amorphous
solid dispersions was optimized for irradiation time and amount
of carrier by Design of Experiment (Design-Expert) software.

MATERIALS AND METHODS

Materials

Resveratrol was used as model compound which was purchased
from Herbo Nutra Extracts Pvt. Ltd., Polymers were obtained as
gift samples from BASF and Evonik, all the other chemicals used
were of high-grade purity.

Methods
UV-visible spectrophotometric method

Primary stock solution of concentration 1 mg/mL i.e., 1000 pg/
mL was made by dissolving 10 mg of pure resveratrol in 10 mL
of ethanol. Then a secondary stock solution of concentration 100
pg/mL was made by taking 1 mL of primary stock solution and
making up to 10 mL using respective buffer solution (hydrochloric
acid buffer pH 1.2 or acetate buffer pH 4.5 or phosphate
buffer pH 6.8 or phosphate buffer pH 7.4 or distilled water).
Absorption maximum was observed by scanning the solutions
of concentration 100 pg/mL (i.e., secondary stock solution) from
800 nm to 200 nm and the spectrum was recorded. 0.1, 0.2, 0.3,
0.4 and 0.5 mL of secondary stock solution was pipetted out into
volumetric flasks and solutions of concentrations 1, 2, 3, 4, 5 pg/
mL respectively and by making up the volume to 10 mL using
various buffers and distilled water, solutions were prepared,
absorbances were recorded at respective absorption maxima and
calibration of resveratrol was carried out.'

Solubility study

Solubility studies of pure resveratrol and fabricated amorphous
solid dispersions were carried out by equilibrium solubility
studies as per WHO protocol. The highest therapeutic dose of
the drug must be dissolved or mixed with 250 mL of respective
solvent or the buffer system. The highest dose of resveratrol is
1000 mg. An equivalent dose was maintained by adding 100
mg of pure resveratrol into 25 mL of buffer (in triplicate). The
solubility studies were carried out by constant stirring of the
solution for 24 hr using rotary shaker and the solution was
filtered using Whatman filter paper and the filtrate was analyzed
using UV spectrophotometer against buffer as blank at respective
absorption maxima (A ). The procedure was carried out using
hydrochloric acid buffer, acetate buffer, two phosphate bufters of
pH 1.2,4.5,6.8,7.4 respectively and in distilled water. Similarly, 10
mg resveratrol equivalent dose of solid dispersion was added into
2.5 mL of distilled water (in triplicate) and after 24 hr shaking,
solubility was analyzed using spectroscopic method developed
earlier."”
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Experimental Design
Selection of carrier

In order to narrow down the tedious process of analyzing the
solubility of individual physical mixtures and to know about the
feasibility with the polymer, a quick profiling of solubility study by
taking different ratios of bioactive:carrier (1:1, 1:3, 1:5 and 1:10)
using different polymers like soluplus, eudragit L100-55, eudragit
RS100, kolliphor P188G, kolliphor P407G, kollidon 90F, kollidon
VA64, crospovidone XL10, PVP K30 and betadex was done along
with pure active in order to mimic the conditions of solubility
testing studies. The physical mixtures were taken and mixed with
respective solvent, followed by sonication for 30 min. The volume
of solvent taken was according to equilibrium solubility protocol
as per WHO. The solutions were filtered using whatmann filter
paper and the filtrate (diluted if necessary) was analyzed using
UV-visible spectrophotometer and thermodynamic solubilities
were determined in distilled water, hydrochloric acid buffer pH
1.2, acetate buffer pH 4.5, phosphate buffers pH 6.8 and 7.4.'78

Formulation and optimization by DoE

The concentration/amount of drug in the prepared solid
dispersions was kept constant (1 part) and the amount of the
carrier was varied from 1 to 10 parts (1, 5 and 10). Based on
the review of literature and preliminary studies, two critical
parameters i.e., drug: carrier ratio (1:1 to 1:10) and microwave
irradiation time (5 min-15 min) were chosen for the study. A full
factorial design with two factors at three levels i.e., 3? factorial
design was selected and a total of 9 experiments were performed.
Solubility (mg/mL) was selected as response which is Critical
Quality Attribute (CQA) for the DoE design.'? The design space
is shown in Table 1.

Preparation of ASDs

Microwave irradiated amorphous solid dispersions were
prepared in different ratios of resveratrol to soluplus.'>"* Physical
mixtures of different mass ratios were taken into microwave safe
container and subjected to microwave irradiation at 900 W power

in a microwave oven (Morphy Richards Model 27CGF). Only one
sample was irradiated at a time with varying time intervals. The
obtained product after irradiation was pulverized, sieved using
60# and stored for further studies.

Resveratrol and soluplus were mixed in different ratios according
to the DoE design. Amorphous solid dispersions were fabricated
with varying drug (resveratrol): carrier (soluplus) ratios like 1:1,
1:5 and 1:10 for different time intervals like 5 min, 10 min and 15
min according to the runs provided in the design using Design
Expert 13 trial version.

Preparation of physical mixture

The physical mixture of resveratrol with soluplus with same ratio
as that of optimized formulation was prepared to evaluate various
parameters and to compare with that of microwave irradiated
amorphous solid dispersion. Accurately weighed drug and carrier
were taken in a mortar, triturated thoroughly, sieved using 60#
and stored for further analysis.'

Fourier Transform Infrared spectroscopic studies
(FTIR)

FTIR spectra of pure resveratrol, soluplus, Resveratrol-Soluplus
Physical Mixture (R-S PM) and optimized formulation i.e.,
Resveratrol-Soluplus Microwave Irradiated Solid Dispersion (R-S
MISD) were obtained using Attenuated Total Reflectance (ATR)
module of infrared spectrophotometer (ATR-FTIR, Shimadzu,
IRSpirit). Then the spectra were recorded over the range of 4000
cm! to 650 cm ™M

Differential Scanning Calorimetry (DSC) studies

DSC studies of pure resveratrol, soluplus, physical mixture i.e.,
R-S PM and optimized formulation i.e., R-S MISD were carried
out using DSC calorimeter (Shimadzu, DSC 60 Plus) to study the
thermal behaviour of samples. Empty pan was used as a reference
and all the samples of 3-5 mg each were packed in individual
aluminium pans and were scanned at the rate of 10°C/ min in the
range of 30°C to 300°C under nitrogen atmosphere."'>*!

Table 1: 32 factorial design space and effect of critical parameters on solubility.

B: Ml time (min)

Run # A: Drug: Carrier (ratio)

1 1 5
2 5 10
3 5 5
4 10 5
5 1 10
6 5 15
7 1 15
8 10 10
9 10 15
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R1: Solubility (mg/mL)
0.697
2.613
2.759
2.751
0.589
2.589
0.594
2.335
1.905
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Particle size

The average particle size and Polydispersity Index (PDI) of
pure resveratrol, soluplus, resveratrol-soluplus physical mixture
and optimized formulation of resveratrol-soluplus MISD were
determined by Dynamic Light Scattering (DLS) method using
LABINDIA Nano Plus particle size analyzer."

Field Emission Scanning Electron Microscopy
(FESEM) studies

Surface morphology of pure resveratrol, soluplus, R-S PM and
R-S MISD were studied using scanning electron microscope
(FEI, QUANTA FEG 250). The samples were subjected to sputter
coating with gold and palladium alloy prior to analysis in order
to make samples conductive and the images were observed at 10
kV accelerated voltage.!

Powder X-ray Diffraction (XRD) analysis

Powder XRD analysis of pure drug, carrier, physical mixture
and optimized amorphous solid dispersion were carried out to
know about the crystallinity of the samples. XRD analysis was
performed using BRUKER D8 Advance diffractometer using Cu
radiation (A=1.54 A°) at a voltage of 40 kV and a current of 40 mA
from 2° to 50° 20 angle at a rate of 2°/min with a step size of 0.02°
and counting time of 0.5 s/step."'>"?

Statistical analysis

Design Expert software trial version 13 was used for optimization
of amorphous solid dispersions. ANOVA and numerical as well
as graphical optimization were done in order to know the effect
of independent variables on solubility. Data was expressed as
Mean#S.D. for three different experiments. p<0.05 was considered
to be statistically significant.>°

RESULTS AND DISCUSSION

UV-visible spectrophotometric method

Absorption maxima of resveratrol was found to be at 312 nm in
hydrochloric acid buffer pH 1.2; at 312 nm in acetate buffer pH
4.5; at 306 nm in phosphate buffer pH 6.8; at 312 nm in phosphate
buffer pH 7.4 and 304 nm in distilled water. Standard calibration
was performed for resveratrol in various buffers i.e., hydrochloric
acid buffer pH 1.2, acetate buffer pH 4.5, phosphate buffer pH 6.8,
phosphate buffer pH 7.4 and distilled water and were found to be
linear in the Beer’s range of 1-5 ug/mL and the calibration curve
was shown in Figure 1.

Solubility Studies

Solubilities of resveratrol in various buffers and distilled water
were determined and found to be 28.5431 + 2.3361 pg/ml in
pH 1.2 buffer, 17.0420 + 3.7605 ug/ml in pH 4.5 acetate buffer,
29.3447 + 7.4727 pg/ml and 28.6149 + 8.4940 pg/ml in pH
6.8 and 7.4 buffers respectively, and 52.6606 + 4.0960 ug/ml
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in distilled water. Resveratrol was found to be more soluble in
distilled water which is 0.053 mg/mL. As solubility of resveratrol
is high in distilled water, further solubility studies of amorphous
solid dispersions were carried out in distilled water.

Selection of carrier

Solubility studies of physical mixtures of resveratrol using various
carriers in different ratios were carried out and the samples were
analysed in hydrochloric acid buffer pH 1.2 and acetate buffer pH
4.5 and phosphate buffer pH 7.4 at 312nm; phosphate buffer pH
6.8 at 306nm; distilled water at 304nm respectively.

Based on the values, the carriers with following ratios were
selected for studies:

Resveratrol 1:5 Soluplus,

Resveratrol 1:5 Kolliphor P188G,

Resveratrol 1:3 Kolliphor P407G,

Resveratrol 1:5 PVP K30.

As the solubilities of microwave irradiated solid dispersions
of kolliphor and PVP was less than 1mg/mL and also the solid
dispersions of kolliphor were physically unstable during the
process of microwave irradiation, kolliphors were not considered
further.

Taking all these into consideration, soluplus was found to be more
promising carrier. Hence, soluplus was considered for further
studies using DoE and the ratio was optimized using the software.

Formulation and optimization by DoE

Solubility results of experiments performed according to design
were given in Table 1. Fit summary of the response was analyzed
and quadratic model was suggested with predicted R? of 0.9599
which is in reasonable agreement with the adjusted R* of 0.9911
and an adequate precision of 30.045 indicating adequate signal
to noise ratio. Analysis of variance was performed to evaluate
critical parameters affecting on solubility of amorphous
solid dispersions. Both the factors individually as well as in
combination i.e., two-way interaction have shown significant
effect as depicted in Table 2. It was observed that there is very
significant increase in solubility of drug with increase in amount
of carrier and microwave irradiation time though resulted in
increase in solubility, had less impact. The coeflicients of critical
parameters were as in the equation below:

Solubility=-0.153563+0.972408% Drug: Carrier - 0.021586xMI
time-0.008471xDrug: Carrier * MI time-0.063491xDrug:
Carrier’+0.001473xMI time®

The 3D surface plot effect of drug: carrier ratio and microwave
irradiation time on solubility is shown in Figure 2a. The model
was found to be statistically significant and the plot showing
predicted vs actual values of the model was given in Figure 2b.
Numerical and graphical optimization of the design was carried
out and the overlay plot showing graphical optimization of the
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design was given in Figure 2c. Subsequent to optimization, post
analysis of the design was carried out at confirmation location
#1 with drug: carrier ratio 1:5 and microwave irradiation time
of 5 min and 3 runs were performed and solubilities were found
to be 2.732 mg/mL, 3.015 mg/mL, 2.836 mg/mL; and analyzed
depicting the model is robust as data mean observed was 2.86
mg/mL which is very close to the predicted mean i.e., 2.84 mg/
mL confirming that the design and model were significant and
optimized. The design was optimized numerically with lower
limit of solubility of 1 mg/mL and graphical optimization was
carried out to obtain an overlay plot. Post analysis was done after
optimization of design using confirmation location at 1:5 drug:
carrier ratio at 5 min microwave irradiation.

Solid dispersions were prepared by Microwave Irradiation (MI)
technique using domestic microwave oven with Soluplus as
carrier using resveratrol in ratios of 1:1, 1:5 and 1:10 as per the
runs in design expert. All the solid dispersions were analyzed for
solubility and stored at room temperature for further analysis.
Optimized amorphous solid dispersion was used for further
studies along with physical mixture.

Fourier Transform Infrared spectroscopic studies
(FTIR)

FTIR spectrum of pure resveratrol extract showed broad peak at
3250-3400 cm™ corresponding to polyphenolic groups, stretching
vibrations because of benzene ring exhibited peaks at 1450-1600
cm’’, peaks at 1600-1650 cm™ are due to aromatic double bonds

Table 2: Estimated effect of critical parameters on solubility (Response 1).

ANOVA for selected factorial (Quadratic) model
Analysis of variance table: (Sum of squares-Type llI-Partial)

Source Sum of Squares d,  Meansquare F-value p-value*
Model 7.47 5 1.49 179.87 0.0006 Significant
A-Drug: Carrier 435 1 435 523.94 0.0002
B-MI time 0.2243 1 0.2243 27.00 0.0138
AB 0.1459 1 0.1459 17.56 0.0248
A? 3.21 1 3.21 386.50 0.0003
B? 0.0027 1 0.0027 0.3265 0.6077
Residual 0.0249 3 0.0083
Cor Total 7.50 8
* - p-values less than 0.05 indicate model terms are significant.
Standard calibration curve of Resveratrol in various buffers
0.8
—pH12
w7 ¥=0.1343x -0.0013
0.6 —pH4S
¥=0.1332x + 0.0072
¢ 05
g pH6S
S 04 ¥ =0.1287x + 0.0054
2
203 pH74
¥ =0.1314x - 0.0008
L —Distilled water
¥ =0.1209x - 0.0163
0.1

Concentration (ng/ml)

Figure 1: Standard calibration curve of resveratrol in various buffers.
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Response: Solubility (mg/mi) 3D Surface
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Figure 2a: 3D surface plot showing effect of drug: carrier ratio and microwave irradiation time on solubility.
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Figure 2b: Plot showing predicted vs actual values of the model.
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and at 825-1050 cm™ which indicates trans olefinic bands i.e.,
bending vibration of C=C-H.*»* The characteristic peaks of
resveratrol were clearly observed in spectra of physical mixture as
well as amorphous solid dispersion as depicted in Figure 3.

Differential scanning calorimetric studies

All the thermograms were shown in Figure 4. DSC thermogram
of pure resveratrol showed exothermic peak at 267.67°C.
DSC thermogram of soluplus exhibited a broad endothermic
peak at 60.64°C. DSC thermogram of R-S PM and R-S MISD
showed a broad endothermic peak around 61°C indicating
the glass-transition temperature of the soluplus and broad
endothermic peak at 280.23°C of resveratrol in thermogram of R-S
PM and the absence of sharp endothermic peak in thermogram
of R-S MISD indicates amorphization of drug.'®**

Particle Size

The average particle size of pure resveratrol was found to be
10.26+2.89 uM with PDI of 0.971; solid dispersion of resveratrol
and soluplus possessed 41 times lower particle size and the

average particle size, PDI. D10, D50 and D90 of all the samples
were given in Table 3.

FESEM studies

From scanning electron micrographs as in Figure 5, it was
observed that pure resveratrol and R-S PM depicted well defined
crystal structure of drug; in soluplus and R-S MISD, the particles
were not clearly seen indicating glassy solution like texture
indicating amorphous nature and dispersion of drug in the

carrier in case of solid dispersion.>*

Powder XRD analysis

Resveratrol pure extract exhibited crystalline nature depicted by
characteristic peaks at 6.67°, 13.31°, 16.44°, 22.43°, 23.48°, 25.32°
and 28.38°. Soluplus was found to be amorphous in nature.
Few peaks of resveratrol were observed in R-S PM representing
the crystalline nature of drug in the physical mixture. In R-S
MISD, there is no sharp peak at any of the diffraction angle
where distinct crystalline peaks of resveratrol were observed as
in Figure 6 indicating the amorphous nature of the drug rather

Table 3: Particle size analysis by Dynamic Light Scattering (DLS).

D10 (uM) D50 (uM) D90 (uM)
3.65+1.03 48.79+27.01 124.19+14.12
0.05+0.00 0.06+0.00 0.08+0.01
0.04+0.00 0.04+0.00 4,55+4.53
0.04+0.00 0.05%0.00 0.06%0.00

Sl. Sample Average particle  Polydispersity
No. size (uM) Index (PDI)
01 Pure resveratrol 10.26+2.89 0.971
02 Soluplus 0.06+0.00 0.046
03 R-SPM 0.37£0.15 0.245
04 R-S MI SD 0.25%0.12 0.171
@ Design Points 15
13
= 11—
c
é ° Solubility: 1]
=
@ 9

Overlay Plot

Solubility: 2.759]

A: Drug: Carrier (ratio)

Figure 2c: Overlay plot showing graphical optimization of design.
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Figure 4: DSC thermograms of a. Resveratrol, b. Soluplus, c. Physical mixture and d. Optimized
ASD

than its crystalline form.? The intensities of peaks were reduced in
the range of 8 to 166-fold at various 28 values. The intensities at
6.67°,13.31°, 16.44°, 22.43°, 23.48°, 25.32° and 28.38° are 156151,
27977, 96687, 10647, 6014, 22760 and 11032 for pure resveratrol
and 941, 794, 1153, 1339, 723, 582 and 912 for solid dispersion
respectively. The reduction in intensities of peaks in the physical
mixture and solid dispersions indicated the conversion of
crystalline form of the drug into an amorphous form.

DISCUSSION

Resveratrol, a crystalline natural bioactive compound, was used
as a model drug in this study. Resveratrol has low solubility issue
along with its poor bioavailability. As evident in the literature, the
solubility of resveratrol was 5.6 pg/mL and the third generation

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2, Apr-Jun, 2025

solid dispersion prepared with the addition of surfactant showed
a 2-fold higher solubility than the solid dispersion without
surfactant and the solubility increased 8-fold when poloxamer
was added instead of soluplus alone as a carrier.*® Amorphous
solid dispersions of resveratrol were prepared by microwave
irradiation using different carriers and optimized with soluplus
as an effective carrier, which increased the solubility of resveratrol
by 54-fold. The use of microwave irradiation has been reported
in the literature as a method to prepare solid dispersions at a
power of 900 W.*” Considering the same, critical quality attributes
such as irradiation time and drug: carrier ratio, this method was
optimized using factorial design.

The disappearance of endothermic peak in the thermogram
and peaks in the diffractogram confirmed the conversion of
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582

Figure 5: SEM images of a. pure resveratrol, b. soluplus, c. R-S PM and d. R-S MISD.

—— RS MISD
— RS PM
—— Soluplus
—— Resveratrol

10 20 30 40 50
26 (°)
Figure 6: XRD patterns of pure resveratrol, soluplus, R-S PM and R-S MISD.
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crystalline form of the resveratrol into an amorphous form. The
literature indicates that the use of microwave radiation in the
preparation of solid dispersions can convert the crystalline form
of a drug into an amorphous or microcrystalline form.*® This
study showed a decrease in the intensity of the peaks, which was
reduced by a factor of 166 at certain characteristic diffraction
angles, confirming the possibility of amorphization of resveratrol.
The images from scanning electron microscope clearly depicted
the morphology of pure resveratrol extract which appeared as
glass crystals which are not seen in the micrograph of the solid
dispersion. The dissolution behaviour exhibited spring effect and
this was achieved by 41-fold reduction in the particle size in the
solid dispersion compared to extract.

CONCLUSION

With the present work, it can be concluded that microwave
irradiation is an absolute approach in preparation of amorphous
solid dispersions. Work was carried out using resveratrol
as a model drug with soluplus as a carrier. Optimization of
drug: carrier ratio as well as irradiation time was done using
Design Expert (DoE). The amorphous solid dispersions
yielded by microwave irradiation were superior in solubility
and the optimized formulation was characterized by various
characterization techniques like FTIR, PXRD, DSC, SEM etc.,
and the results of various studies proved successful conversion of
crystalline form of drug into an amorphous form with reduced
particle size and poly-dispersity index. The work depicts the use
of microwave irradiation technique in enhancing the solubility
of poorly soluble compounds by amorphous solid dispersion
approach.
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ABBREVIATIONS

ASDs: Amorphous solid dispersions; BCS: Biopharmaceutical
classification system; PVP: Polyvinyl pyrrolidone; PVP-VA:
Polyvinyl pyrrolidone-vinyl acetate; PVA: Polyvinyl alcohol;
HPMC: Hydroxypropyl methyl cellulose; HPC: Hydroxypropyl
cellulose; HPMCP: Hydroxypropyl methyl cellulose phthalate;
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HPMC-AS: Hydroxypropyl methyl cellulose acetate succinate;
PEG: Polyethylene glycol; WHO: World Health Organization;
DoE: Design of Experiments; CQA: Critical quality attribute;
UV: Ultraviolet; FTIR: Fourier Transform InfraRed; ATR:
Attenuated total reflectance; R-S PM: Resveratrol-Soluplus
physical mixture; MISD: Microwave irradiated solid dispersion;
DSC: Differential scanning calorimetry; PDI-Polydispersity
index; DLS: Dynamic light scattering; FESEM: Field emission
scanning electron microscopy; XRD: X-ray diffraction; PXRD:
Powder X-ray diffraction; ANOVA: Analysis of variance; S.D:
Standard deviation; MI: Microwave irradiation.

SUMMARY

Poor solubility of drugs is one of the leading problems in current
pharmaceutical industries during formulation development
and optimization. The present study demonstrates the use of
microwave irradiation technique to design an amorphous solid
dispersion which exhibited nearly 50-fold increase in solubility
of resveratrol. Irradiation time and drug: carrier ratio were
optimized using Design Expert. The optimized amorphous solid
dispersion exhibited good solubility, reduced particle size and
confirmed conversion of crystalline form of resveratrol into an
amorphous form by FESEM, DSC and PXRD studies.

REFERENCES

1. Alruwaili NK, Zafar A, Imam SS, Alharbi KS, Alshehri S, Elsaman T, et al. Formulation of
amorphous ternary solid dispersions of dapagliflozin using PEG 6000 and Poloxamer
188: solid-state characterization, ex vivo study and molecular simulation assessment.
Drug Dev Ind Pharm, 2020;46(9):1458-67. DOI: 10.1080/03639045.2020.1802482

2. Zafar A, Alruwaili NK, Imam SS, Alsaidan OA, Alkholifi FK, Alharbi KS, et al. Formulation
of genistein-hp B cyclodextrin-poloxamer 188 ternary inclusion complex: Solubility
to cytotoxicity assessment. Pharmaceutics, 2021;13(12):1997. https://doi.org/10.339
0/pharmaceutics13121997

3. Kumari L, ChoudhariY, Patel P, Gupta GD, Singh D, Rosenholm JM, et al. Advancement
in Solubilization Approaches: A Step towards Bioavailability Enhancement of Poorly
Soluble Drugs. Life, 2023;13(5):1099. https://doi.org/10.3390/life13051099

4. Nguyen HT, Van Duong T, Jaw-Tsai S, Bruning-Barry R, Pande P, et al. Fed-and
Fasted-State Performance of Pretomanid Amorphous Solid Dispersions Formulated
with an Enteric Polymer. Mol Pharm, 2023;20(6):3170-86. https://doi.org/10.1021/ac
s.molpharmaceut.3c00174

5. https://www.americanpharmaceuticalreview.com/
Featured-Articles/114950-Effective-Formulation-Development-Strategies-for-
Poorly-Soluble-Active-Pharmaceutical-Ingredients-APls/

6. Mishra DK, Dhote V, Bhargava A, Jain DK, Mishra PK. Amorphous solid dispersion
technique for improved drug delivery: basics to clinical applications. Drug Deliv
Transl Res., 2015;5:552-65. DOI: 10.1007/s13346-015-0256-9

7. Benes M, Pekarek T, Beranek J, Havlicek J, Krejcik L, Simek M, et al. Methods for the
preparation of amorphous solid dispersions-A comparative study. J Drug Deliv Sci
Technol, 2017;38:125-34. https://doi.org/10.1016/j.jddst.2017.02.005

8. Deng-Guang Yu, Jiao-Jiao Li, Gareth R. Williams, Min Zhao. Electrospun amorphous
solid dispersions of poorly water-soluble drugs: A review. Journal of Controlled
Release, 2018;292:91-110.

9. Mona Basha, Abeer Salama and Shereen H. Noshi. Soluplus® based solid dispersion
as fast disintegrating tablets: A combined experimental approach for enhancing the
dissolution and antiulcer efficacy of famotidine. Drug Development and Industrial
Pharmacy, 2020;46(2):253-63.

10. HussainT, Paranthaman S, Rizvi SM, Moin A, Gowda DV, Subaiea GM, et al. Fabrication
and characterization of paclitaxel and resveratrol loaded soluplus polymeric
nanoparticles for improved BBB penetration for glioma management. Polymers,
2021;13(19), 3210. https://doi.org/10.3390/polym13193210

11. Gulsel Yurtdas-Kirimlioglu. Development and characterization of lyophilized
cefpodoxime proxetil-Pluronic® F127/polyvinylpyrrolidone K30 solid dispersions
with improved dissolution and enhanced antibacterial activity. Pharmaceutical
development and technology, 2021;26(4):476-89.

583



Sai, et al.: Solubility Enhancement of Resveratrol by Microwave Irradiation

20.

. Kumar S, Linehan B, Tseng YC. A new combination approach of Cl jet and

QESD to formulate pH-susceptible amorphous solid dispersions. Int J Pharm,
2014;466(1-2):368-74. http://dx.doi.org/10.1016/j.jpharm.2014.03.042

. Doreth M, Hussein MA, Priemel PA, Grohganz H, Holm R, de Diego HL, et al.

Amorphization within the tablet: Using microwave irradiation to form a glass
solution in situ. Int J Pharm, 2017;519(1-2):343-51. http://dx.doi.org/10.1016/j.ijpha
rm.2017.01.035

. Yan Y, Yang H, Xie Y, Ding Y, Kong D, Yu H. Research progress on Alzheimer's disease

and resveratrol. Neurochem Res,
511064-020-03007-0

2020;45:989-1006. https://doi.org/10.1007/

. Han G, Wang B, Jia M, Ding S, Qiu W, Mi Y, et al. Optimization and evaluation of

resveratrol amorphous solid dispersions with a novel polymeric system. Math Biosci
Eng, 2022;19(8):8019-34. DOI: 10.3934/mbe.2022375

. Deore NB, Bakliwal AA. Optimization and validation of resveratrol using analytical UV

method development. J. Pharm. Sci. and Res., 2019;11(5):2024-27.

. WHO Technical Report Series_1019. Annex 4. Protocol to conduct equilibrium

solubility experiments for the purpose of Biopharmaceutical Classification
System-based classification of active pharmaceutical ingredients for biowaiver. WHO
expert committee on specifications for pharmaceutical preparations, 53rd report,
2019.

. Lorena de Sousa Rosa, Flavia Dias Marques-Marinho, Silmara Leoncio Braga,

Jacqueline de Souza. Equilibrium solubility study to determine fexofenadine
hydrochloride BCS class and challenges in establishing conditions for dissolution
profiles applied to suspension. Braz. J. Pharm. Sci., 2020;56:17737.

. Alshehri S, Imam SS, Altamimi MA, Hussain A, Shakeel F, Elzayat E, et al. Enhanced

dissolution of luteolin by solid dispersion prepared by different methods:
physicochemical characterization and anti-oxidant activity. ACS Omega
2020,5(12);6461-71. https://dx.doi.org/10.1021/acsomega.9b04075

Ansari KA, Vavia PR, Trotta F, Cavalli R. Cyclodextrin-based nanosponges for delivery

of resveratrol: in vitro characterisation, stability, cytotoxicity and permeation study.
AAPS PharmSciTech, 2011;12(1):279-86. DOI: 10.1208/512249-011-9584-3

21.

22.

23.

24.

25.

26.

27.

28.

Pawar JN, Shete RT, Gangurde AB, Moravkar KK, Javeer SD, Jaiswar DR, et al.
Development of amorphous dispersions of artemether with hydrophilic polymers
via spray drying: Physicochemical and in silico studies. Asian J Pharm Sci,
2016;11(3):385-95. https://doi.org/10.1016/j.ajps.2015.08.012

Nishihira VS, da Silva Fernandes L, Mortari SR, Raffin RP, Rech VC. Characterization
of Resveratrol/Hydroxipropyl-B-Cyclodextrin inclusion complex for subsequent
application in hyperglicemic rats. Disciplinarum Scientia| Naturais e Tecnoldgicas.
2013;14(1):67-72.

ShiY, Ye F, Lu K, Hui Q, Miao M. Characterizations and bioavailability of dendrimer-like
glucan nanoparticulate system containing resveratrol. J Agric Food Chem,
2020;68(23):6420-9. https://doi.org/10.1021/acs.jafc.0c01315

Alshahrani SM, Lu W, Park JB, Morott JT, Alsulays BB, Majumdar S, et al.
Stability-enhanced hot-melt extruded amorphous solid dispersions viacombinations
of Soluplus® and HPMCAS-HF. AAPS PharmSciTech, 2015; 14(4): 824-34.DOI: 10.1208/
512249-014-0269-6

Fan W, Zhu W, Zhang X, Xu Y, Di L. Application of the combination of ball-milling and
hot-melt extrusion in the development of an amorphous solid dispersion of a poorly
water-soluble drug with high melting point. RSC Advances. 2019;9(39):22263-73.
DOI: 10.1039/C9RA00810A

Te’ofilo Vasconcelos, Fabiola Prezotti, Francisca Araujo, Carlos Lopes, Ana Loureiro,
Sara Marques, Bruno Sarmento. Third-generation solid dispersion combining
Soluplus and poloxamer 407 enhances the oral bioavailability of resveratrol.
International Journal of Pharmaceutics. 2021;595:120245. https://doi.org/10.1016/j
.ijpharm.2021.120245

AlshehriS, Shakeel F, Ibrahim M, Elzayat E, Altamimi M, Shazly G, et al. Influence of the
microwave technology on solid dispersions of mefenamic acid and flufenamic acid.
PLoS ONE. 2017;12(7):e0182011. https://doi.org/10.1371/journal. pone.0182011

J. KerC, S. SrCiC and B. Kofler. Alternative Solvent-Free Preparation Methods for
Felodipine Surface Solid Dispersions. Drug Development and Industrial Pharmacy.
1998;24(4):359-63.

Cite this article: Sai LS, Dasankoppa FS, Sholapur HN, Sagare RD. Design and Characterization of Microwave Irradiation Assisted Amorphous Solid Dispersion
of Resveratrol. Indian J of Pharmaceutical Education and Research. 2025;59(2):574-84.

584

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2, Apr-Jun, 2025



