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ABSTRACT
Background: Conversion of poorly soluble drugs into amorphous solid dispersions using different

carriers is a formulation approach to improve solubility. Objective: The study investigates hot melt
extrusion as an approach for producing amorphous solid dispersions that contribute to solubility
enhancement. Methodology: Solid dispersions were hot melt extruded using two model compounds —
quercetin and resveratrol with different carriers. The resulting solid dispersions were analyzed for

Keywords solubility enhancement and characterized by various techniques. Results and Discussion: The solubility
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of solid dispersions was evaluated, revealing a 36-fold increase in the solubility of quercetin from 0.023
mg/ml to 0.823 mg/ml and a 97-fold increase in the solubility of resveratrol from 0.053 mg/ml to 5.125
mg/ml with soluplus as a carrier. Various characterization studies indicated the conversion of crystalline
forms of quercetin and resveratrol into their amorphous forms, which was confirmed by powder x-ray
crystallographic and scanning electron microscopic studies. In addition, the particle size reduction of
quercetin reduced from 1.53 pm to 0.48 um and resveratrol of 10.26 pm particle size was reduced to
0.22 pum in solid dispersions with soluplus as the carrier with decreased polydispersity index.
Conclusion: This research demonstrates hot melt extrusion as a practical approach for fabricating

amorphous solid dispersions.

INTRODUCTION
Almost all the drugs (90% that are under development process

and about 40% of marketed drugs) have the problem of poor
solubility, leading to poor absorption and bioavailability, which
in turn results in minimal or low therapeutic efficacy of the drug
[1]. Another major challenge in developing a poorly soluble drug
into a dosage form is its in vivo absorption, which depends on

the apparent solubility and dissolution rate of the drug in the
gastrointestinal tract. This can be addressed using a formulation
approach, such as creating an amorphous solid dispersion
(ASD). The dissolution rate of the drug can be enhanced due to
the higher kinetic solubility of ASD compared to its crystalline
form [2]. Formation of amorphous solid dispersions involves
mechanisms like supersaturation, where the drug is incorporated
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into a matrix of the polymer or the carrier at a concentration
higher than the solubility of the drug. Size reduction is another
mechanism where forced induction of the drug into the
polymeric carrier results in reduced particle size, increasing the
surface area and resulting in improved dissolution. Amorphous
solid dispersions are highly soluble than those of crystalline
forms of the drugs. Thus, amorphous solid dispersions can
increase solubility, enhance bioavailability, or both in some
instances [3].

Usually, ASDs formed by various methods are glassy and are
less thermodynamically stable than the crystalline forms during
storage. So, the manufacturing process employed in fabricating
ASDs plays a key role in determining the dispersion properties
[4]. Techniques like hot melt extrusion (HME) and spray drying
are mostly used for industrial scale production of ASDs. Yet, hot
melt extrusion is preferred over spray drying because of certain
advantages like fabrication of ASDs without employing any
solvents, better scalability, precise control of process
parameters, ease of handling and improving batch size, etc.,
resulting in employing HME more than that of spray, drying
techniques [5]. Various properties, such as the drug's tendency
to crystallize, glass transition, molecular mobility, drug-polymer
miscibility, etc., affect the stability of ASDs [6]. The
characteristics of amorphous solid dispersions based on
preparation technique may result in processing difficulties
during the formulation of solid dispersions into a dosage form.

In the process of extrusion during HME, ASD was formed due
to mechanical energy produced by rotating screws and barrel,
resulting in thermal energy which exerts on the physical mixture
and aids in the conversion of the blend into an amorphous solid
dispersion [7]. The hot melt extrusion technique is advantageous
because of its simple and continuous processing by online
monitoring, helping in commercialization. In certain cases, it is
challenging because of the characteristics of drugs or carriers to
employ the HME technique for amorphization, and by
pretreatment of the blend using any solvent or by employing
certain carriers that aid in proper melting and extrusion of the
blend, HME can be employed without affecting the nature of the
drug [8].

Various techniques can be employed in the preparation of
amorphous solid dispersions. HME was preferred over the rest
because of its advantages over existing traditional solubility
enhancement techniques, which include a continuous mode of

operation; no solvent is needed, even thermolabile compounds
can be used as the processing time at higher temperatures is
lesser than a minute, disperses the drug in a carrier at the
molecular level, etc. The limitations of existing methods include
the removal of solvent, separate steps for processing, chances of
crystallization because of solvent residues, the inability to apply
for thermolabile substances, etc. [9]. The stability of ASDs
prepared by amorphous solid dispersion mainly depends on the
interaction and bonding between the drug and the carrier [10].
Other parameters like processing parameters, moisture content,
and storage conditions also influence the stability of ASDs.

In the present work, quercetin and resveratrol were taken as
model compounds that are poorly water-soluble and were
studied for enhancement of solubility by amorphous solid
dispersion approach employing various carriers like soluplus,
kollidon VA 64, PVP K30, kolliphor P407, and P188 at a pre-
established ratio of drug: carrier using hot melt extrusion
technique. Various studies reported poor solubility of quercetin
and resveratrol along with poor
bioavailability, which encouraged the development of drug
delivery systems for these actives with enhanced solubility and
bioavailability.

confirmation of its

MATERIALS AND METHODS
Materials

Quercetin and resveratrol were used as model compounds,
which were purchased from Herbo Nutra Extracts Pvt. Ltd.; gift
samples of polymers like soluplus, PVP K30, kollidon VA64,
kolliphor P407, and P188 were obtained from BASF. All the
other reagents and chemicals employed were of high-grade

purity.

Methods

UV-Visible spectrophotometric method:

Primary stock solutions of 1mg/ml of quercetin in methanol and
resveratrol in ethanol were prepared. Later, secondary stock
solutions of concentration 100ug/ml were prepared using 1 ml
of the initially prepared stock solution and made up to 10 ml with
the respective buffer solution (hydrochloric acid buffer pH 1.2,
acetate buffer pH 4.5, phosphate buffer pH 6.8, phosphate buffer
pH 7.4, or distilled water).

Absorption maxima were observed by scanning the secondary
stock solutions from 800 to 200nm, and the spectra were
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recorded. Working standards of 2, 4, 6, 8, and 10ug/mi
concentrations of quercetin and 1, 2, 3, 4, and 5pg/ml
concentrations of resveratrol were prepared by taking 0.2, 0.4,
0.6, 0.8, and 1ml of quercetin secondary stock solution and 0.1,
0.2, 0.3, 0.4 and 0.5 ml of resveratrol secondary stock solution
respectively. The volume was made up to 10ml using various
buffers were prepared,
absorbances were recorded at respective absorption maxima, and
quercetin and resveratrol were calibrated.

and distilled water. Solutions

Solubility study

Solubility studies of pure quercetin, resveratrol, and fabricated
amorphous solid dispersions were carried out by equilibrium
solubility studies as per WHO Technical Report series 1019. The
highest therapeutic dose of the drug must be dissolved or mixed
with 250 ml of the respective solvent or buffer system in less
than or equal to 250 ml of the buffer. The highest therapeutic
dose of quercetin and resveratrol is 1000mg. An equivalent dose
was maintained by adding 100mg of pure quercetin and pure
resveratrol to 25 ml of buffer separately (in triplicate).

The solubility studies were carried out by constantly stirring the
solution for 24 hours using a rotary shaker at room temperature.
The resultant solution was filtered through Whatman filter
paper, and the filtrate was analyzed using a UV-visible
spectrophotometer against buffer as blank at respective
absorption maxima (Amax). The procedure was carried out using
above mentioned buffers and distilled water. Similarly, a 10mg
active equivalent dose of solid dispersions was added into 2.5ml
of distilled water (in triplicate), and after 24h shaking, solubility
was analyzed using a spectroscopic method developed earlier.

Preparation of Amorphous solid dispersions [11]

Solid dispersions were fabricated by hot melt extrusion
technique using OMICRON 10 PHARMA (Steer Engineering,
Bangalore, India) co-rotating twin screw extruder with a
diameter of 1.71mm. Bioactive (quercetin, resveratrol) and
carrier in different ratios (as given in Table 1) were mixed gently
in a glass mortar and pestle, and physical mixtures were made.

Physical mixtures were fed manually into the hopper of the
extruder, where barrel temperature was set at 80°C [12] for
quercetin mixtures, 110°C [13] for resveratrol physical mixtures,
and extruded with a screw speed of 75rpm. The products
obtained were stored at room temperature.

Table 1: Formulation table for solid dispersions by hot melt
extrusion

SNo | Code Composition

01 QS-HSD Quercetin: Soluplus (1:3)

02 QKv-HSD Quercetin: Kollidon VA 64 (1:3)
03 QKra7-HSD Quercetin: Kolliphor P407G (1:5)
04 RS-HSD Resveratrol: Soluplus (1:5)

05 RKri7-HSD Resveratrol: Kolliphor P407G (1:3)
06 RKrigs-HSD Resveratrol: Kolliphor P188G (1:5)
07 RP-HSD Resveratrol: PVP K30 (1:5)

H is for Hot melt extrusion, SD is for Solid dispersion, Q is Quercetin,

R is Resveratrol, S is Soluplus, Kv is Kollidon VA64, Krso7 is Kolliphor

P407G, Kriss is Kolliphor P188G, P is PVP K30

Preparation of physical mixtures [14]

The physical mixtures of quercetin and resveratrol with different
carriers in the same ratio as formulation composition were
prepared to evaluate various parameters and compare with hot
melt extruded ASDs. Accurately weighed amounts of drug and
carrier were taken into a mortar, triturated thoroughly, passed
through 60#, and kept for further analysis.

Fourier transform infrared spectroscopic studies (FTIR)
[14,15]

FTIR spectra of quercetin, resveratrol, polymers, their physical
mixtures, and solid dispersions were obtained using an
attenuated total reflectance (ATR) module of infrared
spectrophotometer (ATR-FTIR, Shimadzu, IRSpirit). The
spectra were then recorded in the 4000 cm-1 to 650 cm-1 range.

Differential scanning calorimetry (DSC) studies

DSC studies used a differential scanning calorimeter (DSC 60
plus, Shimadzu). All the samples were weighed, and 3-5mg of
each sample was taken and analyzed at 10°C/ min using an
empty pan as a reference. Pure quercetin, physical mixtures of
quercetin with carriers and their respective solid dispersions,
were analyzed in the range of 50°C to 350°C [16], and
resveratrol, physical mixtures of resveratrol with carriers and
solid dispersions from 30°C to 300°C or 450°C [15,17]. Soluplus,
kollidon VA64 and kolliphor P188G up to 300°C [18,19], PVP
K30 upto 200°C [20] and kolliphor P407G up to 350°C [21].

Particle size [22]
The mean particle size and polydispersity index (PDI) of pure
bioactive compounds, carriers, their physical mixtures, and
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amorphous solid dispersions were measured using dynamic light
scattering (DLS) method using a particle size analyzer
(LABINDIA Nano Plus).

Field Emission Scanning electron microscopy (FESEM)
studies [18]

The surface morphology of quercetin, resveratrol, carriers,
physical mixtures and amorphous solid dispersions was
examined using a scanning electron microscope (FEI, QUANTA
FEG 250). Samples were made conductive before analysis by
sputter coating with gold-palladium alloy, observed at 10 kV
accelerated voltage, and the images were taken.

Powder X-ray diffraction (XRD) analysis [14,23,24]

Powder XRD analysis of pure actives, carriers, physical
mixtures, and amorphous solid dispersions was carried out to
know about the crystallinity of the samples. XRD analysis was
performed using a BRUKER D8 Advance diffractometer at an
angle from 2° to 50° using Cu radiation with a wavelength 1.54
A° at 40 kV and 40 mA voltage and current, respectively, with a

speed of 2°/min, step size of 0.02° and counting time of 0.5
sec/step.

Statistical analysis [14]
Data was expressed as Mean + S.D. for three different
experiments. p<0.05 was considered statistically significant.

RESULTS AND DISCUSSION
UV-Visible spectrophotometric method

The absorption maxima of quercetin were 254 nm in pH 1.2 and
pH 4.5 buffers, 255 nm in phosphate buffers pH 6.8 and pH 7.4,
and 256 nm in distilled water. The absorption maxima of
resveratrol were 312 nm in pH 1.2, 4.5, and 7.4 buffers, 306 nm
in phosphate buffer pH 6.8, and 304 nm in distilled water.

Standard calibration was performed for quercetin and resveratrol
in all the mentioned buffers and distilled water. They were found
to be linear in Beer’s range of 2-10 pg/ml for quercetin, with
equations shown in Table 2, and 1-5 pg/ml for resveratrol, with
equations shown in Table 3, respectively.

Table 2: Calibration of quercetin in different buffers and distilled water

Buffer pH 1.2 pH 4.5 pH 6.8 pH 7.4 Distilled water
Conc Absorbance Absorbance Absorbance Absorbance Absorbance
(ng/ml) (at 254 nm) (at 254 nm) (at 255 nm) (at 255 nm) (at 256 nm)
2 0.069 + 0.001 0.0506 + 0.014 0.0597 + 0.023 0.0646 + 0.016 0.0933 £ 0.003
4 0.1337 + 0.027 0.1193 + 0.009 0.1288 + 0.017 0.1238 + 0.011 0.1764 + 0.026
6 0.1973 £ 0.019 0.1779 £ 0.021 0.1829 + 0.006 0.1849 + 0.009 0.2573 £ 0.018
8 0.262 £ 0.011 0.2559 + 0.011 0.2251 +0.012 0.243 £ 0.015 0.3203 £ 0.016
10 0.3333 £ 0.020 0.2999 + 0.026 0.3178 £ 0.021 0.3147 £0.019 0.3854 + 0.004
equation y=0.033x +0.0009 y=0.0311x-0.0047 y=0.0306x—-0.0004 y=0.031x+0.0002 y=0.0384x+0.0134

Table 3: Calibration of resveratrol in different buffers and distilled water

Buffer pH 1.2 pH 4.5 pH 6.8 pH 7.4 Distilled water
Conc Absorbance Absorbance Absorbance Absorbance Absorbance
(ng/ml) (at 312 nm) (at 312 nm) (at 306 nm) (at 312 nm) (at 304 nm)

1 0.1262 + 0.001 0.1550 + 0.015 0.1461 £ 0.019 0.1325 +0.011 0.0945 + 0.016

2 0.2661 + 0.012 0.2755 +0.011 0.2632 + 0.008 0.2559 + 0.024 0.2162 +0.022

3 0.4155 +0.010 0.4074 £ 0.021 0.3859 + 0.021 0.3998 + 0.021 0.3376 £ 0.014

4 0.5328 + 0.021 0.5122 +0.010 0.5095 + 0.017 0.5187 £ 0.010 0.4710 £ 0.019

5 0.6664 + 0.003 0.6920 + 0.013 0.6585 + 0.020 0.6591 + 0.017 0.5958 + 0.011

equation y =0.1343x - 0.0013 y = 0.1332x + 0.0072

y =0.1287x + 0.0054 y=0.1314x-0.0008 y =0.1209x - 0.0163
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Table 4: Solubility of quercetin and resveratrol in different buffers and distilled water

S. No Sample Solubility (ng/ ml)
01 Quercetin in hydrochloric acid buffer pH 1.2 10.2828 + 0.9872
02 Quercetin in acetate buffer pH 4.5 10.8789 £ 0.7113
03 Quercetin in phosphate buffer pH 6.8 16.9499 £ 0.4591
04 Quercetin in phosphate buffer pH 7.4 16.7527 £ 0.7930
05 Quercetin in distilled water 22.9688 + 2.7326
06 Resveratrol in hydrochloric acid buffer pH 1.2 28.5431 + 2.3361
07 Resveratrol in acetate buffer pH 4.5 17.0420 + 3.7605
08 Resveratrol in phosphate buffer pH 6.8 29.3447 + 7.4727
09 Resveratrol in phosphate buffer pH 7.4 28.6149 + 8.4940
10 Resveratrol in distilled water 52.6606 + 4.0960

Table 5: Solubilities of solid dispersions

S. No Formulation Code Composition Solubility (mg/ml)
01 QS-HSD Quercetin: Soluplus (1:3) 0.823 £ 0.077
02 QKv-HSD Quercetin: Kollidon VA 64 (1:3) 0.338 £ 0.033
03 QKrao7-HSD Quercetin: Kolliphor P407G (1:5) 0.664 + 0.087
04 RS-HSD Resveratrol: Soluplus (1:5) 5.125+0.126
05 RKTr07-HSD Resveratrol: Kolliphor P407G (1:3) 2412 £0.144
06 RKrigs-HSD Resveratrol: Kolliphor P188G (1:5) 2.056 £ 0.195
07 RP-HSD Resveratrol: PVP K30 (1:5) 0.722 £ 0.043

Solubility Studies:

Table 4 shows the solubilities of quercetin and resveratrol in
various buffers and distilled water. Both bioactives were more
soluble in distilled water, with solubilities of 0.023 mg/ml and
0.053 mg/ml for quercetin and resveratrol, respectively. As the
solubility of bioactives is high in distilled water, further
solubility studies were carried out in distilled water.

Fabrication of ASDs

Solid dispersions were fabricated using the hot melt extrusion
(HME) technique with soluplus, kollidon VA 64 as carriers
using quercetin in a 1:3 ratio, and with kolliphor P407G ina 1:5
ratio, resveratrol in 1:5 ratios with soluplus, kolliphor P188G,
PVP K30 and in 1:3 ratio with kolliphor P407G.

Resveratrol solid dispersions with 1:5 kolliphor P188G and 1:3
kolliphor P407G ratios were prepared and not proceeded further
as the product obtained was studied only for solubility and are
not feasible for further studies as they are physically unstable
(because of their semisolid consistency). All the other solid
dispersions were analyzed for solubility and stored at room
temperature for further analysis.

Figure 1: ASDs by HME - a,b represents proper ASDs of
quercetin and resveratrol with carriers, and c,d represents
ASDs of resveratrol with kolliphors that are semisolids

Solubility studies of ASDs
Equilibrium solubility studies of solid dispersions of quercetin
and resveratrol using various carriers in different ratios were
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carried out according to WHO protocol in distilled water. The
samples were analyzed at 256 nm and 304 nm, respectively. The
results are given in Table 5. Quercetin with soluplus exhibited
36 times higher solubility in solid dispersion, and resveratrol
solubility was enhanced 97 times with Soluplus by using the hot
melt extrusion technique. Of all the carriers employed in the
study, soluplus enhanced the solubility of bioactives to a higher
extent comparatively.

Fourier Transform InfraRed spectroscopic studies

8 ~W*’"“‘—*\/’——~:Tmm
s
£ QKv HSD
£
w
=
* w 2 LoD
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AT = Quercetin
T T T T
1000 2000 3000 4000

Wavenumber (cm™)

Figure 2: FTIR spectra of pure quercetin (Q), physical
mixtures (PM) and HME solid dispersions (HSD) with
soluplus (S), kollidon VA64 (Kv) and kolliphor P407G (Kr)

FTIR spectrum of quercetin solid dispersions showed peaks at
1100-1200 cm? of C-O stretching, broadening peak of
polyhydroxy stretching at 3300-3500 cm™t, C=0 absorption peak
between 1600-1700 cmt, 1400-1650 cm corresponding to C-C
stretching and benzene rings, peaks at 1400-1450 cm™?, 850-950
cm? indicates C-H bending and at 1250-1300 cm™ for C-O
stretching of ‘O’ present in the ring [25,26]. All the characteristic
peaks of pure quercetin extract were found in solid dispersions.

The FTIR spectrum of resveratrol showed peaks at 3250-3400
cm-1 (polyhydroxy stretching vibrations), 1450-1600 cm-1
(stretching vibrations because of the benzene ring), 1600-50 cm-
1 (aromatic double bonds), and 825-1050 cm-1 (bending
vibration of C=C-H, i.e., transolefinic bands [27].

Peaks of resveratrol pure extract were observed in solid
dispersions. The peaks of amorphous solid dispersions that
correspond to polyhydroxy groups slightly broaden, which
might be due to the possible interaction of the active with the
carrier.
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Figure 3: FTIR spectra of pure resveratrol (R), soluplus (S),
their physical mixture (PM) & HME solid dispersion (HSD)
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Figure 4: FTIR spectra of pure resveratrol (R), PVP K30 (P),
their physical mixture (PM) & HME solid dispersion (HSD)

DSC studies

DSC thermograms of bioactives, selected polymers, their
physical mixtures with bioactives, and hot melt extruded solid
dispersions were carried out. DSC thermogram of pure quercetin
revealed two endothermic peaks corresponding to dehydration at
127.26°C followed by sharp decomposition at 312.71°C [16].
Soluplus exhibited a broad endothermic peak at 60.64°C.
Kollidon VA64 revealed an endothermic peak at 56.43°C, and a
sharp endothermic peak of kolliphor P407G appeared at
56.37°C. Quercetin: soluplus physical mixture and solid
dispersion exhibited a peak around 62°C which corresponds to
glass-transition temperature of soluplus, and the sharp peak of
decomposition at 312.71°C was not observed in the physical
mixture, and a broad peak around 300°C representing
decomposition might indicate partial amorphization which
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indicates that the drug has been changing to amorphous [16,28].
DSC thermograms of quercetin-kollidon VVA64 physical mixture
and solid dispersion showed a broad endothermic peak at 58°C-
63°C which is the characteristic peak of kollidon VA64, a sharp
peak around 131°C in the physical mixture of a result of glass-
transition temperature, dehydration of quercetin and absence of
sharp decomposition peak at 312°C in the physical mixture and
solid dispersion reveals that the drug is being amorphized
[16,20]. Thermograms of quercetin-kolliphor P407G physical
mixture and solid dispersion had a sharp endothermic peak at
52°C-56°C indicating glass-transition temperature as well as the
specific peak of kolliphor P407G, an endothermic peak around
314°C followed by an exothermic peak in physical mixture
might represent the crystalline nature of quercetin and absence
of an endothermic peak at 312°C in solid dispersion after the
exothermic peak indicates that the nature of quercetin has been
changing to amorphous [16,21]. DSC thermogram of pure

resveratrol showed exothermic peak at 267.67°C [15]. Kolliphor
P188G was characterized by a sharp endothermic peak at
54.63°C, and PVP K30 showed a broad endothermic peak at
78.93°C. Resveratrol: soluplus physical mixture revealed two
peaks of which a broad endothermic peak at 61.75°C represents
the glass-transition temperature of soluplus and broad
endothermic peak at 280.23°C is of resveratrol. The peak at 59°C
in the thermogram of solid dispersion is the glass-transition
temperature of the soluplus, and the absence of a resveratrol
characteristic peak at 267.1°C states the amorphization of the
drug [15,28]. Thermograms of resveratrol-PVP K30 physical
mixture and solid dispersion had a broad endothermic peak at
65°C-79°C that characterizes PVP K30, a sharp glass-transition
peak around 150°C in physical mixture and absence of sharp
decomposition peak at 267°C in both physical mixture and solid
dispersion revealed that crystalline form of resveratrol was
converted to amorphous [15,20].
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Figure 7. DSC thermograms of a.
Resveratrol (R), b. PVP K30 (P), c. RP

physical mixture and d. RP HME solid
dispersion

50 100 150 200
Temp(°C)

Particle Size

Particle size analysis using the DLS method was carried out for
pure quercetin and resveratrol extracts, polymers, their physical
mixtures and fabricated amorphous solid dispersions were
reported in Table 6. The mean particle size of quercetin was 1.53
+ 0.08um with a poly-dispersity index (PDI) of 0.399; the least
particle size of quercetin was 0.48 + 0.06um with a 3.2-fold
decrease in quercetin and soluplus dispersion with a PDI of
0.314. Similarly, the mean particle size of pure resveratrol was

250 300

10.26 + 2.89um with a PDI of 0.971; the particle size of 0.22 +
0.09um with a PDI of 0.158 was observed with resveratrol and
soluplus solid dispersion which was 47 times lower than
resveratrol. A reduced polydispersity index value indicates that
the mixture contains almost similar-sized particles, i.e., uniform
particle size distribution, which interacts alike with the solvent
and results in high solubility. If the PDI values are higher, the
mixture contains particles of different sizes, which have varied
interactions with the solvent, making it less soluble.

Table 6: Particle size analysis by Dynamic light scattering (DLS)

Average particle Polydispersity
SNo Sample . . D10 (um) D50 (um) D90(um)
size (um) index (PDI)
01 Pure quercetin (Q) 1.53+0.08 0.399 0.91+0.01 1.13+0.01 19.11+ 1541
02 Pure resveratrol (R) 10.26 + 2.89 0.971 3.65+1.03 48.79 + 27.01 124.19 + 14.12
03 Soluplus 0.06 +0.00 0.046 0.05+0.00 0.06 £ 0.00 0.08+0.01
04 Kolliphor P407G 2.04+1.77 1.191 0.01+0.01 19.68 + 17.49 28.67 +17.23
05 Kollidon VA64 0.93+0.10 0.575 0.01+0.00 0.11+0.17 23.68 +4.82
06 PVP K30 1.77+£0.20 1.074 0.01+0.01 17.92 + 15.08 42.65 £ 16.22
07 QS PM 0.95+0.26 0.593 0.03+0.00 7.39+12.73 23.53+9.04
08 QS HSD 0.48 +0.06 0.314 0.04 +0.00 0.05+0.00 8.43+1.67
09 QKr PM 3.17+0.96 1.353 0.55+0.10 29.42 +4.35 44,78 £12.81
10 QKr HSD 2.57+0.17 1.305 0.27+0.01 24.68 + 2.02 34.13+£232
11 QKv PM 460+041 1.929 0.58+0.03 27.99 + 5.87 37.73+8.02
12 QKv HSD 1.60 £0.15 0.773 0.46 +0.01 18.47 £ 4.84 31.76 £ 2.25
13 RS PM 0.37+0.15 0.245 0.04 +0.00 0.04 +£0.00 455+ 453
14 RS HSD 0.22+0.09 0.158 0.05+0.00 0.09+0.01 1.62+2.44
15 RP PM 6.13 + 1.57 2.891 6.78+11.16 26.74 £ 0.57 35.02 £ 0.67
16 RP HSD 3.19+1.33 1.802 0.03+0.01 31.67+4.11 43.12+7.45
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FESEM studies

Scanning electron microscopic studies of pure quercetin,
resveratrol, polymers, their physical mixtures, and various solid
dispersions were carried out, and the micrographs were shown
in Figure 8. It was observed that pure quercetin, pure resveratrol,
QS PM, and RS PM depicted well-defined crystal structures of
the bioactive; in soluplus, QS HSD, and QKr HSD, the particles
were not seen indicating glassy solution-like texture; in kolliphor
P407G crystal structure disappeared and exhibited complete
spherical, smooth surface morphology; PVP K30, RS HSD, and
kollidon VA64 showed smooth irregular surface and in QKr PM,
QKv PM, QKv HSD, RP PM and RP HSD, the crystal structures
which are of bioactive appeared on the surface that are
embedded into the respective carriers and is with rough and
irregular shape [29].

Considering the Noyes-Whitney dissolution model, the drug's
surface area is directly proportional to its dissolution rate.
Similarly, reduced particle size has higher solubility due to the
availability of a larger surface area that can interact with the
solvent. Spherical particles have a higher surface area than
irregular particles, which have a better area than crystalline
forms. In this case, spherical and irregular particles with reduced
particle size resulted in higher solubility, which, in turn, helps in
the drug's better dissolution and bioavailability.

Powder XRD analysis [7,24,35]

Powder XRD analysis was used to study the crystallinity and
nature of bioactives in their pure forms, physical mixtures, and
fabricated solid dispersions. Pure quercetin is characterized by
sharp peaks at 10.86°, 12.53°, and 27.47°, indicating its
crystalline nature. Resveratrol pure extract exhibited a

crystalline nature depicted by characteristic peaks at 6.67°,
13.31°, 16.44°, 22.43°, 23.48°, 25.32° and 28.38°. Polymers like
soluplus, kollidon VA64, and PVP K30 were amorphous, and
kolliphor P407G exhibited two characteristic peaks at 19.27° and
23.41°,

Figure 8. SEM images of a.
pure quercetin, b. pure
resveratrol, c. QS HSD, d.
QKv HSD, e. QKr HSD, f.
RS HSD and g. RP HSD.

Using Soluplus as carrier, the three prominent characteristic
peaks of quercetin were observed in the physical mixture. Still,
only one peak was seen in solid dispersion with reduced
intensity, which may result in partial amorphization. In the case
of kollidon VAG64, the three main characteristic peaks of
quercetin were observed in the physical mixture and solid
dispersion but with reduced intensities, which might be due to
the dilution effect of the carrier. When kolliphor P407G was
employed as a carrier, the two prominent characteristic peaks of
polymer were observed in the physical mixture and solid
dispersion prepared with reduced intensities. The characteristic
sharp peaks of quercetin were not observed, indicating the
amorphization of the drug as shown in Figure 9. All the
characteristic peaks of pure resveratrol were observed with
minimal intensities in a physical mixture with soluplus and few
peaks with reduced intensities in solid dispersion by HME,
indicating conversion of crystalline form to amorphous form
(Figure 10). All the characteristic peaks of pure resveratrol were
observed with minimal intensities in a physical mixture with
PVP K30 and few peaks with reduced intensities in solid
dispersion by HME, indicating conversion of crystalline form to
amorphous form (Figure 11).
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This work focused on studying the hot melt extrusion technique
to increase solubility. Table 7 gives an overall summary of the
work that compares the bioactive compound before and after

HME. Soluplus was prioritized and mentioned, considering all
the studies.

Table 7: Comparison of properties of quercetin and resveratrol before and after HME

Parameter Quercetin Quercetin- soluplus HME SD Resveratrol | Resveratrol- soluplus HME SD
Solubility (mg/ml) 0.023 0.823 0.053 5.125
Particle size (um) 1.53 0.48 10.26 0.22
Polydispersity index 0.399 0.314 0.971 0.158

CONCLUSION
Among many techniques for producing amorphous solid

dispersions, this work explored the hot melt extrusion technique
using quercetin and resveratrol as model drugs employing
various carriers. ASDs of bioactives with pre-established drug-
to-carrier ratios were fabricated and characterized using
different methods like DSC, PXRD, etc.,, and solubility
assessment. The results demonstrated that hot melt extrusion
significantly improved the solubility of both quercetin and
resveratrol and crystalline forms were transformed into
amorphous forms, as confirmed by DSC thermograms and XRD
diffractograms.

There was a reduction in particle size and polydispersity index,
which contributed to enhanced solubility. This research
established HME as a useful approach for fabricating amorphous
solid dispersions. Further, this work can be studied for pilot
batches and optimization of pilot batches, which helps for
commercial scalability. In vivo studies can be performed based
on the work, as the selected bioactives have various therapeutic
and nutraceutical benefits.
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