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Abstract
The present study is focused on the use of solid dispersion technology to triumph over the solubility-related problems of bex-
arotene which is currently used for treating various types of cancer and has shown potential inhibitory action on COVID-19 
main protease and human ACE2 receptors. It is based on comparison of green locust bean gum and synthetic poloxamer as 
polymers using extensive mechanistic methods to explore the mechanism behind solubility enhancement and to find suitable 
concentration of drug to polymer ratio to prepare porous 3rd generation solid dispersion. The prepared solid dispersions were 
characterized using different studies like X-ray diffraction (XRD), thermal gravimetric analysis (TGA), scanning electron 
microscopy (SEM), Brunauer-Emmett-Teller (BET), differential scanning calorimetry (DSC), and particle size analysis 
in order to determine the exact changes occurred in the product which are responsible for enhancing solubility profiles of 
an insoluble drug. The results showed different profiles for particle size, solubility, dissolution rate, porosity, BET, and 
Langmuir specific surface area of prepared solid dispersions by using different polymers. In addition to the comparison of 
polymers, the BET analysis deeply explored the changes occurred in all dispersions when the concentration of polymer was 
increased. The optimized solid dispersion prepared with MLBG using lyophilization technique showed reduced particle size 
of 745.7±4.4 nm, utmost solubility of 63.97%, pore size of 211.597 Å, BET and Langmuir specific surface area of 5.6413 
m2/g and 8.2757 m2/g, respectively.
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Introduction

Inadequate solubility of a therapeutically effective drug can 
hinder or even prevent drug development, yet the number 
of poorly soluble drugs is dramatically surging, leaving 
gaps in the development pipelines. Solubility also affects 
the optimization of the manufacturing process and reduces 

the effectiveness of the drug. Several approaches have been 
reported in the literature to amplify the solubility and bio-
availability of poorly water-soluble drugs such as chemi-
cal modification, alteration of solvent composition, use of 
carrier system, and physical modification including solid 
dispersion method [1, 2]. Solid dispersion is one of the best 
alternatives to many other strategies in increasing solubility 
of poorly soluble drugs as it offers a variety of processing 
and excipient options that enhances the operational flex-
ibility while formulating oral drug delivery systems [1–3]. 
Also, in solid dispersions, the poorly soluble drug some-
times gets transform into amorphous form in amorphous 
polymer matrix and possesses higher metastable energy state 
which leads to enhanced solubility and bioavailability of 
compound [4, 5]. Improvement in the wettability of the drug 
(which is improved by direct contact with the hydrophilic 
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matrix), particle size reduction, increased surface area, and 
transformation from crystalline to amorphous state has been 
considered as the key mechanism for enhancing dissolution 
and bioavailability of any drug by formation of dispersions 
[6, 7].

In the last decade, the rate of occurrence of cancer has 
surged drastically and it has become the major cause of 
mortality around the world. Globally, the pervasiveness 
of malignancy has broadened; just in the USA, around 
18,98,160 individuals endured cancer in 2021 [8]. Among 
anti-cancer drugs, Bexarotene (BEX) belongs to a retinoic 
acid family and is a profoundly selective and blood-brain 
barrier permeable RXR agonist [9]. It acts by inducing cell 
differentiation, apoptosis, and inhibiting metastasis [10]. 
Food and Drug Administration (FDA) approved BEX for 
treating cutaneous lymphoma [11–14]. BEX molecule was 
also found to be neuroprotective against myriad of neuro-
logical diseases, for instance, Alzheimer’s disease, traumatic 
brain injury, and ischemic stroke [15–17]. Additionally, it 
shows promising inhibitory effect against non-small cell 
lung cancer (NSCLC), ER-negative breast cancer, and pros-
tate cancer [18]. BEX has shown a synergistic effect with 
Docetaxel in Castrate-resistant prostate cancer inhibiting 
cyclinB1 and CDK1 expression levels [19]. Recently, this 
drug has also been found to be effective against COVID-19 
virus (SARS-CoV-2) [20–22].

Due to poor fluid solvency of BEX, less proportion of 
drug gets absorbed following oral administration [23]. 
Hence, in order to improve the oral bioavailability of BEX, 
the current study is emphasized to prepare solid dispersion 
of this drug and to determine the mechanism behind the 
solubility enhancement effect resulted by formation of solid 
dispersions by Brunauer-Emmett-Teller (BET) surface area 
analysis, thermal gravimetric analysis (TGA), powder X-Ray 
diffraction study (XRD), differential scanning calorimetry 
(DSC), scanning electron microscopy (SEM), and particle 
size analysis studies.

Materials and Methods

Materials

Bexarotene was obtained as a gift sample from Apicore 
Pharmaceuticals Pvt. Ltd. Wilson Laboratories Mumbai, 
Maharashtra, supplied the locust bean gum polymer. Sigma 
Aldrich, Mumbai, Maharashtra, provided the poloxamer 
188. Ethanol and methanol were purchased from S.D. Fine 
Chemicals, Mumbai. Dimethyl sulfoxide was purchased 
from Thermo Fisher Scientific Pvt. Ltd. Mumbai. Di-sodium 
hydrogen phosphate dihydrate and sodium dihydrogen 
orthophosphate dihydrate were purchased from Merck Life 
Science Pvt. Ltd. Mumbai and Hi-Media laboratories Pvt. 

Ltd. Mumbai, respectively. HPLC grade acetonitrile and 
methanol were purchased from Merck Life Science Pvt. 
Ltd. Mumbai. All other compounds were of analytical grade.

Modification of Locust Bean Gum Polymer

Before using Locust Been Gum (LBG) as a polymer, it 
was modified to improve its efficacy in solid dispersions 
to enhance the solubility of BEX. The method described 
by Murali et al. [24] was used to prepare modified locust 
bean gum (MLBG). In this method, the powdered LBG was 
first heated in a hot-air oven (Decibel, Chandigarh, India) at 
120°C for 2 h. The prepared MLBG was then sieved (100 
mesh) and stored in an airtight container at 25°C [5, 6]. 
The viscosity of both MLBG and LBG was determined by 
a viscometer. Swelling index, hydration capacity, moisture 
sorption capacity, angle of repose, and Carr’s index of both 
polymers were also evaluated [5, 24].

Solubility Studies

In various solvents, solubility of BEX was determined. In 10 
ml of each solvent, an excess quantity of BEX was added in 
screw-capped vials, and vials were then kept on a water bath 
shaker (NSW-125; Narang Scientific Works, New Delhi, 
India) at 37 ± 1°C for 48 h [3, 25]. The solutions were fil-
tered through membrane filters (Millipore Corp., Billerica, 
MA, USA) of pore size 0.45 μm and analyzed by UV-VIS 
spectrophotometer (UV1900, Shimadzu).

Drug Excipient Compatibility Studies

The compatibility of the drug and polymer used within 
systems while designing solid dispersions should be deter-
mined. It is, therefore, necessary to confirm that under 
experimental conditions (40 ± 5°C and 75 ± 5% RH) for 
3 months, the drug does not show any incompatibility with 
the polymer. The appropriate amount of drug was mixed 
separately with the polymers poloxamer 188 (POLO) and 
MLBG in a 1:5 ratio, sieved, and packed into dried vials. 
The vials were kept under above mentioned conditions and 
then examined at regular intervals to determine discolora-
tion, clump formation, and liquefaction. In addition, FTIR 
spectra of drug, polymers, and physical mixtures were also 
recorded to analyze drug excipient compatibility [5].

Formulation Preparation

Lyophilization (Freeze‑Drying Method)

The freeze-drying method was used to prepare the solid 
dispersion. Phase I was prepared by dissolving BEX in suf-
ficient quantity of ethanol. Similarly, in phase II, polymers 
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were dissolved separately in water, and both phases were 
mixed separately with individual drug solutions. Ethanol 
was then evaporated, and the resulted solution was frozen 
in a deep freezer (RQFV-265; REMI Elektrotechnik, Mum-
bai, India) at −80°C and was then lyophilized in a freeze 
dryer (LyoQuest-55; Azbil Telstar Technologies, Terrassa, 
Spain) at a temperature of −40°C and a vacuum of 0.200 
mbar. Then freeze-dried mass was sieved through sieve no. 
60 and stored in a desiccator [5, 26].

High‑Performance Liquid Chromatography Method

A validated HPLC method was used for quantitative analysis 
of BEX. In brief, used HPLC system was lined with SPD-
20A/20AV UV spectrophotometric detector, LC-20AT sol-
vent supply unit, a Lichrospher C18 (5 mm), 4.6x250 mm 
column (Shimadzu Corporation, Kyoto, Japan). The system 
was accelerated with an isocratic flow of acetonitrile and 
methanol (50:50 v/v) at 1 ml/min. A 15-μL sample was 
injected by autosampler and monitored at a wavelength of 
260 nm. The calibration curve was linear and had a correla-
tion coefficient (R2 > 0.9996) for 0.25–16 μg/ml concentra-
tion range [27, 28].

Characterization of Solid Dispersion Formulation

Drug Content and Percentage Yield

The percentage yield of solid dispersion was calculated in 
order to determine the losses incurred during the lyophiliza-
tion process. Drug content was then quantified from prepared 
solid dispersions by dissolving solid dispersions equivalent 
to 10 mg of BEX according to the yield in ethanol. To obtain 
the theoretical concentration of 10 μg/ml, it was then diluted. 
The solution was filtered through membrane filters, and drug 
concentration was analyzed using HPLC. According to the 
final weight of solid dispersions obtained, the percentage 
yield of each formulation was determined using the follow-
ing Eq. (1) [7, 29].

Solubility of Prepared Solid Dispersions

The formulation equivalent to 20 mg of drug was added in 
screw-capped vials containing 10 ml of distilled water to 
quantify the solubility of prepared solid dispersions. Now, 
sealed vials were placed on an isothermal water bath shaker 
(NSW-125; Narang Scientific Works, New Delhi, India) 
at 37 ± 1°C for 48 h [30]. The samples were centrifuged, 
and the supernatant was filtered using a membrane filter 

(1)

Percentage yield =
Practical weight of solid dispersion

Theoretical weight of solid dispersion
× 100

(Millipore Corp., Billerica, MA, USA) of pore size 0.45 
μm. It was then diluted with triple distilled water and ana-
lyzed using HPLC.

In Vitro Drug Release Study

The dissolution studies of BEX and prepared solid disper-
sions using MLBG and POLO (equivalent to 5 mg of BEX) 
were performed at 100 rpm using dissolution apparatus (DS 
8000; LABINDA, Navi Mumbai, India) in a hemispherical 
bottomed dissolution vessel in 900 ml of distilled water at 
37 ± 0.5°C using USP type II apparatus (paddle type). At 
appropriate time intervals, aliquots of 5 ml were withdrawn 
and replaced with fresh dissolution medium [4, 26]. The 
samples were filtered using a membrane filter of pore size 
0.45 μm (Millipore Corp., Billerica, MA, USA) and quanti-
fied using HPLC.

Mechanistic Studies

Particle Size

The particle size of the solid dispersions was analyzed using 
a particle size analyzer. The samples were dispersed in tri-
ple distilled water, diluted, and subjected to particle size 
analyzer (Zetasizer Nano ZS Malvern Instrument Ltd., UK) 
to determine size at 25.0 ± 0.1°C. The polydispersity index 
was also characterized by this method, which measures uni-
formity in size distribution [31]. The analysis was done in 
triplicate.

Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) can be used as deter-
mining factor for weight gain/loss of the samples due to 
different factors. Weight gain predicts the adsorption or 
oxidation, and weight loss predicts decomposition, desorp-
tion, dehydration, desolvation, or volatilization [32, 33]. For 
testing, 3 mg of sample was taken and analyzed in pierced 
aluminum pan at temperature range of 25 to 1000°C and a 
heating rate of 10°C/min using an automatic thermal gravi-
metric analyzer (HITACHI STA7200) [34].

Attenuated Total Reflection‑Fourier‑Transform Infrared 
Spectroscopy

The Fourier transform infrared (FT-IR) spectra of drug, 
POLO, MLBG, prepared solid dispersions, and their respec-
tive physical mixtures was recorded using FTIR spectro-
photometer (Perkin Elmer 92035). In the frequency range 
of 4000 cm-1 to 400 cm-1, the spectrum was captured at an 
average of 64 scans [35, 36].
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Differential Scanning Calorimetry

The phase transition of BEX and solid dispersions was ana-
lyzed by differential scanning calorimetry (DSC) (HITACHI 
DSC7020) at temperature range of 30 to 300°C, operated 
at a heating rate of 10°C/min under nitrogen atmosphere 
with a flow rate of 40 ml/min. Accurately weighed sample 
(~1.5–2.0 mg) was placed in a sealed pin-holed aluminum 
pan and empty aluminum pan was used as a reference. The 
stability of the baseline was checked prior to each measure-
ment [37, 38].

X‑Ray Diffraction

X-ray diffraction was employed to confirm the nature of 
drug, carriers, and solid dispersions. A powder X-Ray dif-
fractometer (Rigaku diffractometer) was employed to carry 
out XRD at an angle of 2θ ranging from 0° to 80° with 
scanning speed of 4°/min, step size of 0.02° and step time 
of 18.7 min using CuKα (λ = 1.54 Å) emission of radiation 
as an X-ray source. The apparatus was operated at a voltage 
of 40 kV and a current of 45 mA [39, 40]. A Ni filter was 
employed for the radiation, and data was collected using a 
flat holder in Bragg Brentano geometry.

Scanning Electron Microscopy

The surface morphology of drug, POLO, MLBG, and pre-
pared solid dispersions was examined using a scanning elec-
tron microscope (SUPRA-55; Zeiss, Germany) with 20 μm 
aperture, operated at an accelerating voltage of 10 kV under 
reduced pressure [41]. The powder sample was sprinkled 
directly over the brass stub with double-sided adhesive tape. 
Further, the samples were coated with gold (approximately 
5 nm) under vacuum for 100 s at 30 W, and the stubs were 
observed under SEM [42].

Brunauer‑Emmett‑Teller

In order to investigate surface area and porosity, prepared 
dispersions were subjected to Brunauer-Emmett-Teller 
(BET) analysis (Micromeritics ASAP 2020, USA). The sam-
ple was weighed and then degassed at 50°C for 200 min on 
degas port of ASAP 2020. After completion of degassing, 
the measurements were performed at 77 K. [43–45].

Stability Studies

To investigate the stability of prepared BEX-MLBG and 
BEX-POLO solid dispersions, samples were exposed to 
40°C and 75% RH for 180 days. After the completion of 
this period, the dissolution studies of the stored samples 
were carried out. Moreover, the solid dispersion samples 

were analyzed by differential scanning calorimetry (DSC), 
and X-ray diffraction (XRD) studies to determine whether 
there was any kind of recrystallization of product. The find-
ings were compared with results of freshly prepared solid 
dispersions [46, 47].

Statistical Analysis

The data is presented as the mean ± standard deviation of 
three sets of results. Analysis of variance (ANOVA) fol-
lowed by Tukey’s test (Sigma stat 3.5; STATCON) was used 
to examine the statistical difference between solubility and 
dissolution efficiency. Statistical significance was defined as 
a value of p <0.05.

Results

Preparation of Modified Locust Bean Gum

To enhance the efficacy of LBG in improving the solubil-
ity of BEX, it was modified to reduce the viscosity without 
altering any other parameters. The viscosity of LBG and 
MLBG was measured at different shear rates to observe the 
difference, and the findings are showed in Table I. There is a 
significant difference in viscosity between LBG and MLBG 
at a shear rate of 40 s-1 with the value of 1255 ± 15 cps and 
140.3 ± 1.6cps, respectively, which shows that the viscosity 
of the polymer decreased 9-fold as a result of modification.

Solubility Studies

Before the preparation of solid dispersions, the solubility 
of BEX was determined in different solvents and the results 
are shown in Table II, indicating very poor solubility of 
0.00018± 0.0002 mg/ml in distilled water.

Table I   Characterization of LBG and MLBG

Parameter Shear rate (s-1) LBG MLBG

Viscosity (cps) 10 1898 ± 25 191 ±1.6
20 1635 ± 17 170.2 ± 1.8
30 1420 ± 19 155.6 ±1.5
40 1255 ± 15 140.3 ± 1.6

Swelling index (%) 1480 ± 13 1311 ± 13
Hydration capacity 2.9 ± 0.04 2.95 ± 0.03
Moisture sorption capac-

ity
7.1 ± 0.15 13.11 ± 0.23

Angle of repose 37.1 ± 0.7 36.9 ± .09
Carr’s index (%) 21.9 ± 0.5 20.94 ± 0.7
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Preparation of Solid Dispersions

Solid dispersions were then prepared in different drug to-
polymer ratios ranging from 1:1 to 1:5 using MLBG and 
POLO as the carrier. The composition of all prepared solid 
dispersions of BEX using the lyophilization method is given 
in Table III: Drug content of all the formulations was found 
to be in the range 96.1 ± 1.3 to 99.1 ± 1.1%.

Solubility of Solid Dispersions

The solubility of all the formulations was determined in 
distilled water, and the results are shown in Table III. As 
the drug-to-polymer ratio was increased, it was found that 
the drug solubility also increased significantly in a linear 
fashion, with no substantial difference observed after 1:4 for 
POLO and MLBG. However, when the ratio was increased, 
the percentage yield was decreased in case of dispersions 
prepared with POLO.

In Vitro Drug Release Study

The results of dissolution profiles of BEX, prepared 
solid dispersions (BEX-MLBG(1:1), BEX-MLBG(1:2), 

BEX-MLBG(1:3), BEX-MLBG(1:4), BEX-MLBG(1:5), 
BEX-POLO(1:1), BEX-POLO(1:2), BEX-POLO(1:3), 
BEX-POLO(1:4), and BEX-POLO(1:5)), are shown in 
Fig. 1a, b. In comparison to the solid dispersions, BEX 
has the lowest dissolution rate. With increasing amount 
of MLBG and POLO (with MLBG BEX-MLBG(1:1) < 
BEX-MLBG(1:2) < BEX-MLBG(1:3) < BEX-MLBG(1:4) 
< BEX-MLBG(1:5), ; with POLO BEX-POLO(1:1) < 
BEX-POLO(1:2) < BEX-POLO(1:3) < BEX-POLO(1:4) 
< BEX-POLO(1:5)), solid dispersions showed enhanced 
dissolution.

Mechanistic Studies

Particle Size

The particle size of solid dispersion of the drug-to-pol-
ymer ratio of 1:4, as shown in Table III, prepared using 
lyophilization process, was 515.2 ± 4.2 and 745.7 ± 4.4 
nm for POLO and MLBG, respectively. In addition, dif-
ferent other experiments were also performed to support 
the results of these two optimized formulations developed 
with different polymers.

Table II   Solubility of BEX in 
Different Solvents

S.No. Solvent system Solubility (mg/ml) ± S.D Reported value 
(mg/ml)

Reference

1. Ethanol 8.83± 0.51 10 [48]
2. Methanol 7.54± 0.82 -
3. DMSO 62.48± 1.31 65 [48]
4. Distilled water 0.00018± 0.0002 0.00024 [27]
5. Phosphate buffer pH 6.8 0.00016± 0.0002 0.00019 [27]

Table III   Composition and Characterization of Prepared Solid Dispersion

Compositions Characterization

Polymer Formulation code Drug carrier 
ratio

% yield % drug content Particle size Solubility mg/ml PDI

BEX - - - - 0.00018 -
BEX-POLO1 1:1 92.5±0.8 96.1±1.3 825.0±7.1 0.00162 0.302±21.3
BEX-POLO2 1:2 85.2±1.2 96.9±1.4 721.8±9.1 0.00206 0.401±18.9

POLO BEX-POLO3 1:3 82.9±1.1 97.5±1.1 694.1±3.5 0.00272 0.376±11.1
BEX-POLO4 1:4 79.5±0.9 98.4±1.0 515.2±4.2 0.00356 0.448±14.1
BEX-POLO5 1:5 73.6±1.0 99.1±1.1 471.5±5.3 0.00361 0.396±10.8
BEX-MLBG1 1:1 94.7±0.8 96.3±1.8 918.3±7.1 0.00153 0.089±8.8
BEX-MLBG2 1:2 95.0±1.1 97.1±1.1 875.9±6.5 0.00211 0.115±11.0

MLBG BEX-MLBG3 1:3 94.1±1.2 96.8±1.4 795.3±7,1 0.00284 0.101±10.9
BEX-MLBG4 1:4 95.1±1.4 99.0±1.2 745.7±4.4 0.00340 0.042±15.9
BEX-MLBG5 1:5 95.4±0.9 97.1±1.7 605.8±5.3 0.00344 0.095±11.8
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Fig. 1   a  In vitro dissolution profile of BEX, solid dispersions of 
BEX with MLBG at 1:1(BEX-MLBG(1:1), 1:2(BEX-MLBG(1:2), 
1:3(BEX-MLBG(1:3), 1:4(BEX MLBG(1:4), 1:5(BEX-MLBG(1:5). 

b In vitro dissolution profile of BEX, solid dispersions of BEX with 
POLO at 1:1(BEX-POLO(1:1), 1:2(BEX-POLO(1:2), 1:3(BEX-
POLO(1:3), 1:4(BEX-POLO(1:4), 1:5(BEX-POLO(1:5)

Fig. 2   TGA thermograms of 
a BEX, b MLBG, c BEX-
MLBG, d POLO, and e BEX-
POLO
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TGA​

The TGA thermogram of BEX (Fig. 2a) showed two mass 
loss events within temperature range of 161 to 223°C, 
with approximately 5.4% mass loss and within tempera-
ture range of 226 to 281.7°C, with almost 99% mass loss. 
MLBG (Fig. 2b) showed the total mass loss in three events. 
The first event occurred in the temperature range of 27.2 to 
200.04°C, wherein the mass loss was 12.25%. The gradual 
mass loss occurred in the second event, within the tempera-
ture range of 210 to 322.12°C, wherein, the mass loss was 
around 64.34%. In the third event, the mass loss was slow, 
within the temperature range of 323 to 1012°C, approxi-
mately a mass loss of 98.2% occurred. In the thermogram 
of BEX-MLBG (Fig. 2c) solid dispersion, 10.8% mass loss 
took place in the first event within the temperature range of 
27 to 100.9°C, 62.14% mass loss was observed in the second 
event within the temperature range of 248 to 305°C, and the 
third event occurred slowly within the temperature range of 
305 to 803.20°C with approximately 88% mass loss. The 
TGA thermogram of POLO (Fig. 2d) exhibited a degrada-
tion process in the temperature range of 202 to 316.5°C, 
where the mass loss was approximately 4%, and in the tem-
perature range of 327 to 414°C, about 98.9% mass loss was 
found. In the BEX-POLO (Fig. 2e) solid dispersion, within 
the temperature range of 47 to 151°C, 4% mass loss, and in 
the temperature range of 315.1 to 416°C, an approximately 
94.65% mass loss occurred.

ATR‑FTIR

The FTIR spectrum of pure BEX, POLO, MLBG, physical 
mixtures, and solid dispersions prepared with both polymers 
is shown in Fig. 3. Pure BEX FTIR spectra (Fig. 3a) exhib-
ited characteristic peaks at 2922.2 cm -1 for the C-H stretch 
of alkane, 2668.8 cm-1, and 2542 cm-1 for O-H stretch of 
carboxylic acid, 1818 cm-1 for C=O stretch of anhydride, 
1677.3 cm-1 for stretch of C=O, and 1425 cm-1 for C-O 
monomer. In the spectra of MLBG (Fig. 3b), characteris-
tics peaks at 3324.8 cm-1 for O-H stretch, 2922 cm-1 for 
C-H stretch of alkane, 1640 cm-1 ring stretch of mannose 
and galactose, 1379 cm-1 for symmetrical stretch of -CH2 
and C-OH, and 1013 cm-1 for stretch of CH2OH. In physi-
cal mixture of BEX-MLBG (Fig. 3c), the change in peaks 
was observed at 3213 cm-1 for O-H stretch, 2661 cm-1 and 
2534 cm-1 for -OH stretch of carboxylic acid, 1826 cm-1 for 
C=O stretch of anhydride, 1669 cm-1 for C=O, 1610 cm-1 
for ring stretch of mannose and galactose, and 1416 cm-1 
for C-O stretch. The spectra of BEX-MLBG (Fig. 3d) solid 
dispersion showed change in wavelength at 3302 cm-1 for 
O-H stretch. Some peaks of BEX were superimposed by 
peaks of MLBG due to concentration factor. The spectra of 
POLO (Fig. 3e) exhibited characteristics peaks at 2877 cm-1 

for stretch of aliphatic -CH, 1341 cm-1 for stretch of inplane 
-O-H, and 1095 cm-1 for stretch of C-O. In physical mix-
ture (Fig. 3f) and solid dispersion (Fig. 3g) of BEX-POLO, 
the characteristics peaks of BEX and POLO were retained, 
which indicate the absence of interactions.

DSC

The DSC thermograms of BEX, polymers, physical mixture, 
and solid dispersions are shown in Fig. 4. The DSC thermo-
gram of drug (a) showed a sharp melting endothermic peak 
at 225.9°C and enthalpy of fusion was 132 mJ/mg, which 
specifies its crystalline nature. The thermogram of MLBG 
(b) exhibited an endothermic peak at 93.2°C, the onset at 
81.6°C, endset at 114.2°C, and enthalpy of fusion was 269 
mJ/mg. The gap between onset and endset was 34°C, which 
indicate its amorphous nature. In thermogram of physical 
mixture of BEX and MLBG, the endothermic peaks of both 
compounds shifted to 223.8°C and 107.4°C, respectively. 
The MLBG endothermic peak shifted to higher tempera-
ture as well as onset and endset also shifted to 86.6°C and 
147.8°C, respectively, even gap between onset and endset 
also increased. In the solid dispersion of BEX-MLBG, the 
endothermic peak of MLBG shifted more towards higher 
temperature than physical mixture at 115.4°C. As in ther-
mogram of POLO, the endothermic peak was observed at 
55°C and enthalpy was 138 mJ/mg. In physical mixture of 
BEX-POLO, the endothermic peak of BEX shifted towards 
lower temperature at 217°C and endothermic peak of POLO 
also shifted toward lower range at 54.3°C. In solid disper-
sion of BEX-POLO, endothermic peaks shifted more than 
its physical mixture as BEX endothermic peak shifted at 
163.5°C and POLO endothermic peak shifted at 50.8°C and 
enthalpy also changed towards lower side.

X‑Ray Diffraction

X-ray diffraction (XRD) diffractogram of pure drug, carri-
ers, and solid dispersions is shown in Fig. 5. The XRD of 
pure BEX displayed highly intensive peaks at 2Ɵ values of 
11.20, 12.30, 14.30, 18.40, and 22.980. In the diffractogram of 
POLO, two sharp peaks were observed at 2Ɵ values of 190 
and 23.20, which indicate its crystalline nature. The high-
intensity peaks of BEX diminished significantly in the case 
of solid dispersions prepared with POLO. However, in the 
case of solid dispersion prepared with MLBG, these char-
acteristic peaks vanished, which suggested the suppression 
of drug’s crystallinity by forming amorphous solid disper-
sions. The above results indicate the amorphization of BEX 
through the formation of solid dispersions, which signifi-
cantly improve solubility.
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SEM

The results of XRD were again verified with SEM studies. 
The micrograph of BEX reveals crystals with a rectangular 
shape predominance (Fig. 6a), correlating with the XRD 
data. The MLBG and POLO exhibited spherical surfaces 
(Fig. 6b, d). The image of BEX-MLBG (Fig. 6c) displayed 
an amorphous surface with no evidence of surface crystal. 
The image of formulation BEX-POLO (Fig. 6e) showed 

amorphous surface as compared to BEX-MLBG but seems 
less porous.

BET

BET analysis of drug and solid dispersion was carried 
out to analyze the porosity and specific surface area. This 
study uses the nitrogen gas adsorption/desorption isotherms 
method for analyzing the specific surface area, Langmuir 

Fig. 3   FTIR spectrum of 
a BEX, b MLBG, c BEX-
MLBG PM, d BEX-MLBG, 
e POLO, f BEX-POLO PM, and 
g BEX-POLO
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specific surface area, and porosity, and the observed spectra 
of solid dispersions and drug are shown in Fig. 7.

The quantity adsorbed was negative in both the isotherm 
linear and isotherm log absolute plots (Fig. 7), demonstrat-
ing that there was no gas adsorption with either BEX (Ia, 
Ib) or BEX-POLO (IIa, IIb), which indicates their imperme-
able characteristics. However, these plots were positive in 
the case of BEX-MLBG, showing a permeable or porous 
characteristics in increasing order with increase in drug-to-
polymer ratio as shown in BEX-MLBG (1:3) (IIIa and IIIb), 
BEX-MLBG (1:4) (IVa and IVb), and BEX-MLBG (1:5) 

(Va and Vb). Furthermore, the BET specific surface area 
and Langmuir specific surface increased with increasing 
drug-to-polymer ratio. However, the pore size increased as 
the drug-to-polymer ratio was increased upto 1:4 and then 
sudden decrease was observed in 1:5, but the adsorption 
continued to increase as shown in Table IV.

Stability Studies

The dissolution profiles of optimized BEX-MLBG 
(AI) and BEX-POLO (AII) solid dispersions stored at 

Fig. 4   A The DSC thermogram of (a) BEX, (b) MLBG, (c) BEX-MLBG (PM), and (d) BEX-MLBG (SD). B The thermogram of (a) BEX, (b) 
POLO, (c) BEX-POLO (PM), and (d) BEX-POLO (SD)
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accelerated conditions for 180 days were found to be 
almost similar to freshly prepared solid dispersions, as 
shown in Fig. 8. In the DSC thermograms of solid disper-
sion BEX-MLBG (BII), the endothermic peaks of MLBG 
and BEX were observed at 115.4°C and 220.6°C, respec-
tively, even after storage at accelerated conditions show-
ing no significant difference in the endothermic peaks of 
freshly prepared solid dispersion (BI). Interestingly, in 
the BEX-POLO (BIV) solid dispersion, the crystallinity 
further diminished after storage, because the endothermic 
peaks of POLO and BEX were shifted toward lower tem-
perature at 48.5°C and 160°C, respectively, which were 
50.5°C for POLO and 163.5°C for BEX initially and also 
the enthalpy of fusion was almost half as compared to 
freshly prepared solid dispersion. Further, these findings 
were confirmed by the XRD study. In the diffractogram of 
BEX-MLBG (CII), no significant changes were observed 
after 180 days of storage at accelerated conditions. How-
ever, in the case of BEX-POLO solid dispersion, the 
intensity of peaks at 2Ɵ values of 190 and 23.20 signifi-
cantly decreased to half when analyzed after 180 days as 
compared to fresh solid dispersions.

Discussion

The selection of a suitable polymer during the preparation 
of solid dispersions has considerable impact on the quality 
of final product. Due to this, solid dispersions were prepared 
using two polymers, wherein, LBG as green polymer and 
POLO as synthetic polymer were used to examine the effect 
of selection of a polymer on the solubility enhancement and 
overall impact on final formulation. As in the previous study 
reported by Singh et al. [5], the solid dispersion prepared 
by lyophilization possessed smaller size than that of other 
method. It is well established fact that smaller particles have 
large surface area to form contact with medium than that of 
larger particles, which results in higher dissolution rate [49]. 
Also, in a study by Singh et al. [5], solid dispersion with 
lyophilization technique showed better percentage release 
and dissolution efficiency than other techniques. This might 
be due to the formation of porous and fluffy products by the 
lyophilization technique, which increases the surface area 
and hence the surface free energy, resulting in increased 
solubility and dissolution [5, 6].

Fig. 5   The diffractogram of a BEX, b MLBG, c BEX-MLBG, d POLO, and e BEX-POLO
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Hence, in order to investigate further and to determine 
the exact changes that occurred in the product by using 
same polymer and technique, we prepared the dispersions 
of another drug which possess anti-cancer activity and is 
recently reported to be effective against COVID-19 virus. 

LBG used as a green carrier showed different viscosity 
profiles before and after modification with a value of 1255 
± 15 and 140.3 ± 1.6 cps, respectively, due to its differ-
ent chemical moieties interactions. This may be due to 
the reason that it is a neutral polysaccharide comprised of 

Fig. 6   Scanning electron microscope images of a BEX, b MLBG, c BEX-MLBG, d POLO, and e BEX-POLO
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Fig. 7   A The isotherm linear plot between quantity adsorbed vs. rela-
tive pressure, (Ia) BEX, (IIa) BEX-POLO (1:4), (IIIa) BEX-MLBG 
(1:3), (IVa) BEX-MLBG (1:4), (Va) BEX-MLBG (1:5). B The iso-
therm log absolute plot between quantity absorbed vs. absolute pres-
sure, portrays (Ib) BEX, (IIb) BEX-POLO (1:4), (IIIb) BEX-MLBG 

(1:3), (IVb) BEX-MLBG (1:4), (Vb) BEX-MLBG (1:5). C The iso-
therm pressure composition between absolute pressure vs. weight % 
N2, portrays (Ic) BEX, (IIc) BEX-POLO (1:4), (IIIc) BEX-MLBG 
(1:3), (IVc) BEX-MLBG (1:4), (Vc) BEX-MLBG (1:5)
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mannose and galactose units and hence classified under the 
category of galactomannans [50] and chemically it consists 
of (1-4)-linked β-D-mannose backbone and (1-6)-linked 
α-D-galactose side chains [50–52]. The mannose to galac-
tose ratio for gums varies depending on the source, although 
values stated for LBG are normally in the range of 3.2–4.0 
[53–55]. The side chain of galactose tends to impede molec-
ular interactions and hence change in galactose lead to dif-
ferences in functional characteristics of LBG, for example, 
solubility, viscosity, and gelation. LBG has a random and 
ordered blockwise distribution of galactose [55]. It is con-
sidered that interactions occurring between the unsubstituted 
smooth mannan sequences due to its numerous -OH groups 
make “hyperentanglements,” which leads LBG to deviate 
from the usual concentration-dependent viscosity, result-
ing in higher viscosity at lower concentrations than many 
other galactomannans [56, 57]. This functionality of LBG 
was decreased by depolymerization on gentle heating [5, 
24]. Additionally, LBG has a higher activation energy for 
degradation than other galactomannans, which is assumed 
to be related to its greater ability to interact in solution [58].

The physical mixtures of drug with both the polymers 
(POLO and MLBG) showed no sign of discoloration, clump 
formation, and liquefication for a period of 3 months. Then, 
the solid dispersions were prepared and characterized for 
different parameters to analyze the basic mechanism for 
enhancing solubility of a drug. In case of solid dispersions 
prepared with MLBG, as the drug-to-polymer ratio was 
increased, the solubility improved significantly. Moreo-
ver, with increase in drug-to-polymer ratio, the porosity 
increases, which further increases the surface area and hence 
increases the solubility by capillary and other mechanisms 
[49]. Furthermore, increasing the drug-to-polymer ratio after 
1:4, there was no significant difference observed in solubility 
and in vitro dissolution profiles.

In case of solid dispersions prepared with POLO, the 
percentage yield decreased as the drug-to-polymer ratio 
increased and there was no significant increase in solubility 

after 1:4. This decrease in % yield was observed due to poly-
mer which is sticky in nature [5]. Hence, drug-to-polymer 
ratio of 1:4 was shown to be optimal. In the case of solid 
dispersions made with MLBG, this effect of polymer on per-
centage yield was not observed, but there was significant 
enhancement in solubility. So, to compare the polymers at 
same ratios, we optimized drug:polymer ratio of 1:4 [5].

Then, the dissolution studies of all the formulations were 
carried out. It was observed that with increasing amount 
of MLBG and POLO, solid dispersions showed enhanced 
dissolution. The optimized dispersions were then character-
ized further to verify the results of solubility and dissolution 
studies. In TGA analysis, it was observed that the solid dis-
persions prepared with MLBG polymer showed minor fluc-
tuations in mass loss, indicating increased thermal stability 
of dispersion at higher temperature when the percentage of 
mass loss were compared among both optimized dispersions, 
which might be due to interactions. TGA thermograms of 
BEX-polymer systems, indicated that the presence of BEX 
has minimal effect on the thermal profile of the polymeric 
carriers, a characteristic that strongly implies a favorable 
interface between drug and polymers [59–61].

Furthermore, the ATR-FTIR investigation was carried 
out which showed the changes in peaks wavelength in 
physical mixtures and solid dispersions which indicates the 
interactions between drug and polymers. The major change 
occurred in peak of BEX-MLBG solid dispersion at wave-
length of 3302 cm-1 for -OH stretch which might be due to 
inter and intramolecular hydrogen bonding of MLBG [35, 
62, 63]. However, in the case of BEX-POLO solid disper-
sion, no key changes were observed [50].

In DSC thermograms of solid dispersions, a little shift 
in the endothermic peak of the drug with lower intensity 
revealed that the drug had changed from crystalline to an 
amorphous state [5, 23, 38, 64, 65]. Further XRD study also 
confirmed the transformation of the crystalline drug into an 
amorphous form in solid dispersion. As in XRD pattern, 
BEX showed sharp peak at 2Ɵ values of 11.20, 12.30, 14.30, 
18.40, and 22.980 indicating the crystalline nature of BEX 
[66]. MLBG diffractogram showed no sharp peak which 
indicates its amorphous nature. In case of solid dispersion 
prepared by MLBG, also there was no sharp peak, which 
indicates the amorphous nature of solid dispersion. Transfor-
mation of a crystalline state into an amorphous state results 
in enhancement of solubility [6]. In case of POLO, two sharp 
peaks were observed at 2Ɵ values of 190 and 23.20, which 
revealed its crystalline nature. The solid dispersion BEX-
POLO diffractogram also displayed two peaks at 2Ɵ values 
of 190 and 23.20, but the peak of BEX was not observed [67, 
68]. Moreover, these two peaks have less intensity than those 
of POLO, which demonstrate decrease in the crystallinity 
of the system. To further investigate, SEM was carried out, 
which supports the XRD results as BEX displayed crystals 

Table IV   BET Specific Surface area, Langmuir Specific Surface Area 
and Pore Size

Samples BET specific 
surface area 
(m2/g)

Langmuir specific 
surface area 
(m2/g)

Pore size
(Å)

BEX _________ _________ _________
BEX-POLO _________ _________ _________
BEX-MLBG 

(1:3)
3.4528 4.4968 65.882

BEX-MLBG 
(1:4)

5.6413 8.2757 211.597

BEX-MLBG 
(1:5)

8.1954 10.9539 116.660
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with a rectangular shape predominance [18]. Micrographs 
of MLBG and POLO revealed their spherical surfaces. The 
images of solid dispersion prepared using MLBG showed 
an amorphous surface and formation of a fluffy and porous 
matrix, while in the case of BEX-POLO, the solid dispersion 
is less porous. Porosity increases the solubility and dissolu-
tion by capillary mechanism. When it comes to drug loading 
and in vitro dissolution release, pore size and volume have a 
greater impact than surface area [69].

These results were further determined using BET analy-
sis. In the case of solid dispersion of BEX-MLBG, as the 
drug-to-polymer ratio increased, the adsorption in the iso-
therm linear plot as well as isotherm log absolute increased, 
which indicates its permeable characteristic. Moreover, 
as drug-to-polymer ratio was increased, pore size also 
increased, which results in high specific surface area, and 
hence solubility and drug release increased. But in case 
of BEX-MLBG (1:5), no significant changes observed in 
drug release profiles [70]. Furthermore, as the drug-to-pol-
ymer ratio increased, the pore size increased linearly, but 
the results were contradicting in BEX-MLBG (1:5) as its 
pore size values were lower than BEX-MLBG (1:4) [71]. 
However, in case of BEX-MLBG (1:5), the adsorption, BET 
specific surface area, and Langmuir specific surface area 
values were higher than BEX-MLBG (1:3) and BEX-MLBG 
(1:4). The BET analysis results showed that the solid dis-
persion BEX-MLBG (1:5) has smaller pore size but high 
specific surface area, which indicate that pores population 
might have increased due to increase in polymer concen-
tration which would have increased specific surface area. 
So, it predicts that, changes in pore size/pore population 
(as in the case of BEX-MLBG (1:5)) play a key role on 
the overall release kinetic and behavior of solid dispersions 
[69]. It can be inferred from the results of BET analysis that 
solid dispersion with drug to polymer ratio of 1:4 or above 
can be a good candidate for 3rd generation solid dispersions. 
Moreover, amorphous and porous solid dispersions are good 
candidates for 3D tablet printing [72, 73].

Then, the stability of prepared solid dispersions was 
determined under accelerated conditions for 180 days. The 
dissolution profile was found to be almost similar after stor-
age. Moreover, the DSC thermograms of solid dispersion 
BEX-MLBG (BII) displayed no evidence of recrystalliza-
tion. But in the case of BEX-POLO (BIV), the endothermic 
peaks were shifted towards the lower temperature and the 

enthalpy of fusion also decreased, which might indicate the 
further reduction in crystallinity upon storage. Further, these 
findings were confirmed by the XRD study; no changes were 
observed in the diffractogram of BEX-MLBG solid disper-
sion. However, the polymer peaks were less intense after 
storage period of 6 months in the case of BEX-POLO, which 
suggests that the crystallinity of the polymer was decreased 
and the findings are in accordance with the literature, where 
POLO has been proved to avoid retrogradation after storage 
[46, 47, 74].

Conclusion

It can be concluded from the above findings that the type 
of carrier has a considerable impact on the overall release 
kinetics of solid dispersions. Different parameters used to 
characterize prepared dispersions indicated that the crystal-
linity of product was reduced. BET analysis proved that the 
solid dispersion with drug to polymer ratio 1:4 or above can 
be a suitable candidate for 3rd generation solid dispersions. 
Also, BEX is reported to show dose-dependent response and 
is well tolerated drug which is also used in combination 
with other drugs to treat various diseases. Hence, for better 
patient compliance, BEX-MLBG combined solid dispersion 
at drug: polymer ratio of 1:4 or above could be potential 
candidate for 3D tablet printing for personalized medicine 
purposes.
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