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ARTICLE INFO ABSTRACT
Keywords: Silymarin (SL) is a water-insoluble flavonoid used in the treatment of different diseases, but its
Silymarin therapeutic activity is limited due to its low solubility. So, in the present study, SL solid disper-
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sions (SDs) were developed using different carriers like Kollidone VA64 (KL), Soluplus (SP), and
Poloxamer 188 (PL) by solvent evaporation (SE), microwave irradiation (MI), and freeze-drying
(FD) methods. The phase solubility and saturation solubility studies were assessed to estimate the
stability constant as well as the carrier effect. The dissolution studies were performed for prepared
SL-SDs (binary and ternary) to select the optimum SL-SDs. The selected SL-SDs (F5, F9) were
further characterized for infrared spectroscopy (IR), nuclear magnetic resonance (NMR), differ-
ential scanning calorimeter (DSC), scanning electron microscope (SEM), and X-ray diffraction
(XRD). Finally, the comparative cell viability assay (lung cancer cell line) was performed to
evaluate the change in activity after the formulation of SDs. The phase solubility and solubility
study results displayed marked enhancements in solubility. The dissolution study findings showed
significant enhancement in drug release from ternary solid dispersions (F7-F9) > ternary physical
mixture (PM3) > binary solid dispersions (F1-F6) > binary physical mixture (PM1, PM2) in
comparison to free SL. A greater release was observed from ternary SDs due to the addition of PL
in the formulation, which had a synergistic effect on increasing the solubility. IR and NMR spectra
revealed no chemical interaction between SL, KL, and PL. DSC, XRD, and SEM all confirmed the
transformation of crystalline SL into amorphous SL. The cell viability assay demonstrated
significantly enhanced results from ternary solid dispersion (F9) compared to free SL. Based on
the study results, it can be said that SL-SDs are an alternative way to deliver drugs orally that can
improve solubility and have anti-cancer activity.

1. Introduction

Drug solubility substantially impacts bioavailability, with around 70 % of recently discovered drugs showing poor solubility [1].
Amorphization is a technique for increasing the solubility of weakly water-soluble drugs, resulting in increased bioavailability.
Amorphous compounds are classified as either pure drugs or solid dispersions (SDs), in which the active component is dispersed in a
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carrier. SDs are further categorized into four types based on the carrier used: a crystalline carrier, a polymeric carrier, a carrier with
surface activity, and those that use controlled release or swellable/water-insoluble polymers [2]. The amorphous form of many poorly
water-soluble drugs can enhance many folds in apparent solubility and quicker dissolution [3].

SD formulations are prepared with a hydrophobic drug and a hydrophilic carrier. There were several types of carriers used to
disperse the drug, such as polyvinylpyrrolidone, polyethylene glycol, hydroxypropyl methylcellulose, soluplus, kolliphore, kollidone,
and poloxamer [4,5]. The different polymers used to prepare SDs displayed different physicochemical properties. So, the selection of
carriers is very critical to preparing a stable formulation. The polymeric carrier must be inert and compatible with the active in-
gredients. The ideal characteristic of a carrier must be that it should protect the drug from recrystallization in supersaturation con-
ditions [6]. The carrier must have a high glass transition temperature (Tg) value, which may help enhance the SDs stability at room
temperature [7,8]. Recently, the use of surface-active agents as a carrier system has led to reduced interfacial tension, enhanced
wettability, and the solubilization of drugs via micelle formation [4,6,9]. The use of a single polymer may not be able to form stable
SDs, so the formation of ternary SDs using the drug with two carriers could mitigate the solubility and stability of the formulation. It
can enhance many-fold dissolution and bioavailability compared with binary solid dispersions [10,11]. The use of two carrier systems
in SDs formulation showed synergistic effects in solubilization [10,12], maintenance of the supersaturated state, reduction of mo-
lecular mobility [10], and formation of drug-polymer-polymer interactions [13,14]. The polymers used in this study are hydrophilic in
nature and widely reported in the formulation of binary as well as ternary solid dispersions. Soluplus (SP) is a hydrophilic, biode-
gradable, biocompatible, and nano-ionic polymer having a molecular weight between 90 and 1,40,000 g/mol. It is made up of
polyethylene glycol, polyvinyl acetate, and polyvinyl caprolactam [15]. Its 1-methyl-2-pyrrolidone hydrogen bond acceptor group is
responsible for hydrogen bonding [5].

It has a bifunctional property (matrix polymer for solid solution and solubilizer) and is widely used in the formulation of the fourth
generation of solid dispersion [16]. It has a slightly surface-active agent property and can be useful to maintain the supersaturation of
poorly soluble drugs in the gastrointestinal tract [17]. Kollidone VA64 (KL) is a hydrophilic carrier made up of a blend of two
monomers, N-vinylpyrrolidone and vinyl acetate, in a ratio of 6:4 [18]. It contains two hydrogen bond acceptors from the carbonyl
group of the pyrrolidone ring, as well as vinyl acetate [19]. There are various advantages, like good flowability, faster extruder feeding,
and extruding at 220 °C without degradation. It also has a low water content and foaming property, which reduces the risk of drug
hydrolysis. It can also be used in combination with surfactants to improve the solubility of poorly soluble drugs [20,21].

Numerous reports on the usage of poloxamer (PL) in the formulation of SDs with different drugs have been published [22,23,24]. It
has an amphiphilic structure as a result of having an ethylene oxide hydrophilic core and polypropylene oxide hydrophobic core blocks
organized in a triblock pattern. For the solubilization of drugs that are slightly water-soluble, it aids in the formation of micelles and
liquid crystalline phases with increased hydrophilicity. The drug particle is either attached to the micelle-forming polymer or solu-
bilized within the micelle’s core [25].

Silymarin (SL: Supplementary Fig. 1) is a flavonoid, which is a type of bioactive compound that has a wide range of therapeutic uses
[26]. It is a lipophilic molecule that belongs to the biopharmaceutical classification system (BCS) class II drugs. It has poor solubility
(50-430 pg/mL) and low bioavailability (23-47 %) due to the first-pass effect [27,28]. Despite the therapeutic benefits of SL, it is used
at high doses (280-1000 mg) and has limited absorption properties [28]. To increase SL solubility and bioavailability, several oral
formulation strategies [29], like solid dispersions [28,30,31], and the cyclodextrin complex [32], have been tried. Due to its low
solubility and permeability, high metabolism, and fast excretion, its bioavailability is limited [33]. A solid dispersion of silymarin using
D-tocopherol polyethylene glycol 1000 succinate as a carrier was prepared by the freeze-drying method. The prepared solid dispersion
depicted a marked enhancement in water solubility (23-fold). The used carrier displayed a great solubilizing agent [28]. A
silymarin-loaded self-emulsifying system was prepared using tween 20, HCO-50, and transcutol. The prepared system enhanced the
oral bioavailability of silymarin by about 16-fold [34]. In another delivery system, solid lipid nanoparticles were prepared and
evaluated for bioavailability enhancement. They have reported a 2.8-fold increase in oral bioavailability [35]. Different lipid-based
formulations, like liposomes, proliposomes, and PEGylated liposomes, were developed using phospholipid and cholesterol. The
developed formulations displayed high encapsulation efficiency and oral bioavailability [36-38].

Till now, there has been no literature published on silymarin solid dispersion using KL, SL, and PL as carriers. So, from the above
literature, we have designed the primary objective of this study to prepare silymarin solid dispersions using various carriers. The
prepared formulations were evaluated for in-vitro release, saturation solubility, morphological features, drug-polymer interaction, and
cell viability study (lung cancer cell line, A549) to evaluate the effect of prepared solid dispersions. Finally, a molecular docking study
was also performed to support the findings of the in vitro cell line evaluation.

2. Materials

Silymarin (SL, purity 99 %) was procured from Sigma Aldrich, St. Louis, Missouri, United States. Kollidone VA 64 (KL), Soluplus
(SP) and Poloxamer 188 (PL) were purchased from Badische Anilin-und Sodafabrik (BASF SE), 67056 Ludwigshafen, Germany and
Alfa Aesar Ward Hill, Massachusetts (MA), United States. Lung cancer cell line (A549) were obtained from the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). Analytical grade chemicals and solvents were used in this study.

2.1. Experimental

2.1.1. Phase solubility study
The phase solubility studies for binary (SL-KL and SL-SP) and ternary (SL-KL-PL) samples were carried out according to the Higuchi-
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Connors procedure [39]. A separate aqueous solution (25 mL) of KL and SL (0-6 mM) was prepared in the volumetric flask. An excess
amount of SL was added to the volumetric flask. For the ternary mixture, a separate solution of KL was prepared with a fixed con-
centration of PL (2 %, w/w). The mixtures were agitated for 72 h at 25 °C in a thermostatic water bath (Grant Instrument Ltd., LSB18,
Cambridge, United Kingdom). After completion of the study, 2 mL aliquots were withdrawn from each volumetric flask and then
filtered. The filtrate was diluted further before measurement. The concentration of SL in each filtrate was measured by a UV spec-
trophotometer (UV 1601 PC, Shimadzu, Kyoto, Japan) at 280 nm. The phase solubility graphs were plotted between the drug and
carrier concentrations. The slope of each composition was calculated graphically. The slope value of the phase solubility diagram and
the free drug solubility data were added to equation (1) to calculate the apparent stability constant [40].
slope

- (1 = slope) m

So = Solubility of pure SL.

2.2. Formulation of solid dispersion

2.2.1. Solvent evaporation technique

The binary (F1, F2) and ternary solid dispersions (F7) were made using the solvent evaporation method [10]. The detailed
composition of the prepared SDs is shown in Table 1. The formulations were developed by weighing an amount of SL. The carrier (KL or
SL) was dissolved in ethanol (10 ml). The solutions were sonicated for the complete solubilization of ingredients. The solutions were
transferred to a round-bottom flask and fixed to the rotary evaporator equipment. The evaporation was done at 50 °C at a reduced
pressure. The flask was rotated at 100 rpm, and the samples were run until the complete removal of organic solvent took place. The
flask was removed and kept in the desiccator overnight for moisture removal. The samples were scraped from the flask and dried at
40 °C for 24 h. The dry product was then passed through sieve No. 80. For ternary SDs, poloxamer was added to the drug and carrier
solution, and the same procedure was applied to prepare solid dispersion. For further use, the dry binary and ternary solid dispersion
were preserved in desiccators containing desiccating substances in airtight vials.

2.3. Microwave irradiation technique

The binary (F3, F4) and ternary solid dispersions (F8) were prepared by the microwave irradiation method using single carriers and
carrier blends [41]. The composition of prepared SDs is shown in Table 1. The free SL and carrier (KL or SP) were gently mixed, and this
mixture was irradiated at 600 W for 12-15 min in a microwave oven (Samsung ME0113M1, Malaysia). One sample was placed in the
beaker individually and irradiated. The samples were liquified after the irradiation treatment, and the final temperature was noted.
The samples were removed and kept at room temperature to cool down. The solidified samples were pulverized to form powder and
then sieved. Similarly, the ternary SD was prepared by adding PL to the binary powder mixture. After that, the same procedure was
followed for irradiation, and the temperature was noted. The collected samples were stored in an airtight vial with desiccating agents
for further use.

2.4. Freeze-drying technique

The different ratios of drug and carrier were used to prepare SL solid dispersions with single carriers (KL and SP) as well as carrier
blends (KL and PL), as shown in Table 1. The pure SL was dissolved in methanol, and the carriers were dissolved in water [42]. Both
solutions were mixed together, and the organic solvent was evaporated by keeping it in a vacuum dryer at 50 °C. The aqueous solution
was collected and further kept on a thermostatic magnetic plate in the water bath. The samples were frozen in the refrigerator, and then

Table 1

Formulation composition of Silymarin solid dispersions using different methods.
Code SDs Method SL (Molar) KL (Molar) SL (Molar) PL (%, w/w) Working condition
F1 Binary SE 1 3 Solvent evaporated at 50 °C
F2 Binary SE 1 3 Solvent evaporated at 50 °C
F3 Binary MW 1 3 Irradiated for 14 min
F4 Binary MW 1 3 Irradiated for 14 min
F5 Binary FD 1 3 freeze drying at —55 °C
F6 Binary FD 1 3 freeze drying at —55 °C
F7 Ternary SE 1 3 2 Solvent evaporated at 50 °C
F8 Ternary MW 1 3 2 Irradiated for 12 min
F9 Ternary SD 1 3 2 freeze drying at —55 °C
PM1 Binary 1 3 NA
PM2 Binary 1 3 NA
PM3 Ternary 1 3 2 NA

SE: Solvent evaporation; MI: Microwave irradiation; FD: Freeze drying; PM: Physical mixture; SDs: Solid dispersion; SL: Silymarin; KL: Kollidone
VAG64; SL: Soluplus; PL: Poloxamer.
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the samples were kept in a vacuum chamber for 24 h) for freeze drying at —55 °C (Alpha 1-2 LD Plus, Martin Christ, Germany). The
dried samples were collected in a glass vial and kept in a desiccator for further characterization. The ternary SDs were prepared by
adding PL to the KL solution, and then the procedure was followed as for binary SDs. Finally, the freeze-dried binary (F5-F6) and
ternary solid dispersions (F9) were collected, transferred in airtight glass vials, and stored for further characterization.

2.5. Physical mixture

The binary physical mixture (PM1, PM2) and ternary physical mixture (PM3) were formed by grinding in pastel and motor in a
fixed ratio, as shown in Table 1. SL: KL was physically pulverized and combined for even blending. The ternary physical mixture was
prepared with the addition of PL to the binary physical mixture. The powder samples were uniformly mixed and triturated to get a
homogenized product. The physical mixtures categorized as binary physical mixtures (PM1, PM2) and ternary physical mixtures (PM3)
were collected for further evaluation.

2.6. Dissolution study

The free SL and prepared samples (binary physical mixture (PM1, PM2), binary solid dispersion (F1-F6), ternary physical mixture
(PM3), and ternary solid dispersion (F7-F9)) were evaluated for release study. The study was performed by using the apparatus (Distek
2500; North Brunswick, NJ) at a temperature of 37 + 0.5 °C. Equivalent to 5 mg of SL, the physical mixtures (PM1-PM3) and binary as
well as ternary solid dispersions (F1-F9) were filled into empty capsules and added to the phosphate buffer with tween 80 (pH 6.8,
volume 900 mL, 100 rpm) as dissolution medium. SL-containing dissolution media was collected from the flask at a fixed time (5, 10,
15, 30, 45, 60, 75, 90, and 120 min) and replaced with an equal volume to maintain a uniform release condition. The collected,
released content is diluted and then filtered for analysis using a UV spectrophotometer at 288 nm [43].

2.7. Solubility study

Solubility was performed by taking an excess amount of each sample [free SL, physical mixture (PM1, PM2, PM3), binary solid
dispersion (F1-F6), and ternary solid dispersion (F7-F9)]. The samples were transferred to a volumetric flask containing distilled water
(25 mL). The volumetric flasks containing the aqueous dispersion of SL were shaken on a water bath shaker for 72 h. The samples were
collected, diluted, and then filtered to remove the solid content. SL content was analyzed using a spectrophotometer [5].

2.8. Infrared spectroscopy

The drug-carrier interaction and formation of solid dispersion were performed by FTIR (ATR-FTIR, Bruker Alpha, Germany). The
samples of free SL, KL, PL, binary physical mixture (PM1), binary solid dispersion (F1-F6), ternary physical mixture (PM3), and ternary
solid dispersion (F7-F9) were scanned in the range of 4000-400 cm ™. The scanned characteristic peaks of pure samples (SL, KL, and
PL) were compared with the physical mixture and solid dispersions to observe the peak position and intensity [43].

2.9. Nuclear magnetic resonance

The investigation was conducted in order to assess the formation of solid dispersion using the drug (SL) and carriers (KL and PL). It
is also used to evaluate the interaction between the drug and the carrier. The produced physical mixture and solid dispersions were
analyzed individually to determine the distinctive changes in spectra [44,45]. Using an NMR scanner (Bruker; Software Top Spin 3.2,
Switzerland), the components were scanned. The samples were prepared using deurated dimethyl sulfoxide (DMSO) as the solvent.

2.10. Scanning electron microscopy

To look at the surface features of free SL, carrier (KL), binary physical mixture (PM1), binary solid dispersion (F5), ternary physical
mixture (PM3), and tertiary solid dispersion (F9) [42], a scanning electron microscope (JOEL, Tokyo, Japan) was used. The study was
performed by spreading the samples over the holder. The photomicrographs of each sample were taken at 15 kV accelerating potential
and low vacuum.
2.11. X-ray diffraction study

The change in drug crystallinity was assessed using an X-ray diffractometer (Ultima IV diffractometer, Rigaku, Japan). Each sample
(free SL, KL, ternary physical mixture (PM3), and ternary solid dispersion (F9)) was taken and placed on the sample holder. The
diffraction pattern of each sample was compared to check for changes in the diffraction angle and position. The study was performed
with a scanning speed of 10°/min [46].

2.12. Differential scanning calorimetry

The free SL, carrier, binary physical mixture (PM1), binary solid dispersion (F5), ternary physical mixture (PM3), and ternary solid
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dispersion (F9) were scanned using the instrument (DSC; Mettler Toledo, Parkway Columbus, OH). The samples (5 mg) were heated in
a sealed aluminum pan over a temperature range of 30-300 °C. The study was performed with a supply of nitrogen, and the blank pan
was kept as a reference. The thermograms of free SL and KL were compared with the thermograms of physical mixtures and solid
dispersions to confirm changes in drug properties.

2.13. Cell viability study

The in vitro cell viability study was performed using the lung cancer cell line (A549) [44,47]. The different concentrations of free SL
and silymarin ternary solid dispersion (F9) were prepared and treated with the developed cell lines. The samples were evaluated for in
vitro efficacy, and the results were compared. The MTT assay method was applied to evaluate its efficacy. The cells were grown in
96-well plates with 15,000 cells per well in Dulbecco-modified Eagle media (10 % fetal bovine serum). To complete the process of cell
growth, the cells were placed in an incubation chamber for 24 h. CO; (5 %) flowed continuously to support the growth. To assess cell
viability, the free SL and SL-SD (F9) were added to the well. To metabolize the MTT by the living cells, the samples were incubated in
an incubator for 4 h. The media was removed from each well, and then DMSO was added to dissolve the formazan. The measurement
was carried out at 570 nm, with DMSO serving as a blank. The cell viability percentage was calculated for free SL and silymarin ternary
solid dispersion (F9)

2.14. Simulation study

We used the X-ray crystal structure of caspase-3 (CAS329306) and 4-methyl-benzenesulfonamide (MB) from the Protein Data Bank
(PDB code: 2XYG) to figure out its structure. Auto Dock Tools version 1.5.6 (La Jolla, CA, USA) were used to dock the ligands and the
estrogen receptor (ER). Both the receptor and the ligands were protonated. Both the protein and the ligand atoms received the default
charges and energy values. The grid box of binding affinity for each of the ligand atom kinds was generated, and autogrid was then
utilized to draw its path.

2.15. Statistical analysis

The mean + SD was used to present all the data. Tukey Kramer test and one-way analysis of variance (ANOVA) were utilized for
statistical analysis. Statistical significance was considered for p values below 0.05. Graph pad prism was used to calculate statistical
analysis.

3. Results
3.1. Phase solubility

It is used to determine the solubilizing ability of the carrier as well as the thermodynamic behavior between the drug and carrier.
The phase solubility diagrams of binary (KL or SP) and ternary systems (KL and PL) are shown in Fig. 1. The solubility of SL was linearly
enhanced with the increase in carrier concentration, showing the solubilizing power of the carrier. The apparent stability constant (Ks)
value was calculated, and the data revealed higher Ks values for binary as well as ternary systems. The binary systems SL-SP and SL-KL
showed stability constant values of 267 M~! and 535 M}, respectively, whereas the ternary system (SL-KL - SP) depicted 1439 M ",
The ternary system showed about a 2.6-fold and 5.3-fold enhancement in stability constant values compared to the binary systems of

—+—SL-KL ~+-SL-SP SL-KL-PL
y=00751x+0.1375 v =0,039x+0.1577 y=0.1794x+0.152

o e b = = =
IS 2N % =Y N kS
H

Concentration of SL (mM)

.
%

=4
=3

Concentration of carrrier (mM)

Fig. 1. Phase solubility study of Silymarin with Kollidone VA64 (SL-KL), Silymarin with Soluplus (SL- SP), Silymarin with Kollidone VA64 and
poloxamer (SL-KL-PL). Data from the triplicated study are presented as mean + SD.
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SL-SP and SL-KL.

3.2. Dissolution study

It is performed to check the effect of using polymers alone as well as in blends on the SL release. The different binary and ternary
physical mixtures (PM1, PM2, PM3) and binary and ternary solid dispersions (F1-F9) prepared by solvent evaporation (SE), micro-
wave irradiation (MI), and freeze drying (FD) were evaluated. The release data was compared with the free SL and shown in Fig. 2. A
significant (p < 0.01) difference in the release pattern was observed among all samples in 120 min. The release data shown in the
pattern is as follows: F6>F5>F3>F4>F2>F1>PM2>PMI1. The free SL depicted a poor release profile, with a maximum release of
32.34 + 3.7 % in the tested 120 min. The binary physical mixture (PM1, prepared with KL) showed an enhanced (*, p < 0.05) drug
release profile with a maximum drug release of 44.32 + 3.7 % at the same time. The binary physical mixture (PM2, prepared with SP)
showed a higher (***, p < 0.001) drug release of 50.12 + 3.7 % than free SL and a non-significant (ns) difference in the release
compared to the physical mixture (PM1). An increase in release was observed due to the slight reduction in crystallinity of SIL by the
grinding process in the presence of polymers. In the case of binary SDs prepared with SP by solvent evaporation (F1), microwave
irradiation (F3), and freeze drying (F5), there was a significant enhancement (***, p < 0.001) in drug release compared to free SL. The
binary solid dispersions F1, F3, and F5 displayed 65.41 + 2.9 %, 83.11 + 4.3 %, and 90.57 + 3.6 %, respectively, in 120 min. The other
polymer used to prepare binary SDs is KL, and it showed a significantly (***, p < 0.001) higher drug release profile than the SDs
prepared with SP (F1, F3, F5). The formulations F2, F4, and F6 showed a maximum drug release of 74.26 + 2.8 %, 89.85 + 3.1 %, and
99.1 + 4.2 % in the 120-min study.

The SDs prepared with KL polymer were selected as optimized SDs, and further poloxamer (PL) was added as a ternary substance.
With the addition of PL, the ternary SDs showed highly significant (***, p < 0.001) changes in the SL release profile (Fig. 3). All the SDs
release the SL within 60 min, so the addition of PL as a ternary substance acts as a synergistic carrier with KL. The drug release profile of
ternary solid dispersions (F7, F8, and F9) was compared with the ternary physical mixture (PM3). A significant (***p < 0.001) dif-
ference in the release profile was observed in SDs in comparison to PM3. PM3 depicted 87.83 + 3.8 % drug release in 120 min, which is
highly significantly (p < 0.001) enhanced than the binary physical mixture (PM1: 44.09 + 2.8 %, PM2: 50.85 + 3.3 %). SD prepared
by SE and MI methods demonstrated a maximum drug release of 100.84 + 3.9 % and 100.48 + 4.2 % in 60 min. The maximum drug
release was achieved in about two-fold less time than the binary SDs. In the case of SD prepared by the FD method (F9), the maximum
SL release was achieved in 45 min only (100.13 + 2.2 %). It also releases about 60 % of the drug in the initial 10 min, whereas the
samples F7 and F8 release about 50-55 % of the drug.

3.3. Saturation solubility

The aqueous solubility of free SL was found to be 72.48 + 6.8 pg/mL, which is closer to the reported value [48]. Fig. 4 displays that
the solubility in water was enhanced (***p < 0.001) for both the binary (F1-F6) and ternary SDs (F7-F9). The binary SDs (F1, F2)
prepared by SE (1167 + 9.8 and 1101 + 15.32 pg/mL) and MW (F3, F4) methods (1234 + 18.7 pg/mL and 1197 + 21.9) depicted
about a 16- to 17-fold (***p < 0.001) increment in water solubility. But SDs (F5, F6) prepared by the FD method showed a more
significant effect on SL solubility than the SDs prepared by the SE and MW methods. It showed a 22-fold (***p < 0.001) enhancement
in solubility with a value of 1654.74 + 18.4 pg/mL and 1561 + 21.7 pg/mL. The formulation prepared with KL showed the highest
saturation solubility of SD prepared by the freeze-drying method. The SDs prepared with the polymer KL were further modified with
the addition of PL, and their saturation solubility was assessed. It revealed that the sample (F7) prepared by SE (2146 + 19.4 pg/mL;

——Free SL =—PM1—+PM2 —+F1-—+F2 —F3 —F4 —F5—F6
120

o
S

®
S

'
o

Cumulative SL release (%)
(=)
o

0 15 30 45 60 75 90 105 120
Time (min)

Fig. 2. Drug release of free SL, binary physical mixture (PM1, PM2) and binary solid dispersions (F1-F6). Data from the triplicated study are
presented as mean + SD.
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Fig. 3. Drug release profile of ternary physical mixture (PM3) and ternary solid dispersions (F7-F9). Data from the triplicated study are presented as
mean £ SD.

(***p < 0.001), MI method (F8, 2342 + 19.8 pg/mL; ***p < 0.001), and FD (F9, 3350 + 17.1 pg/mL; (***p < 0.001) methods showed
a about 30-45 folds increment in solubility than the free SL. Among the three SDs prepared with PL by different methods, the sample
prepared by the FD method (F9) showed the maximum water solubility (1.5-fold; **p < 0.01) than other ternary SDs (F7 and F8).

3.4. Infra-red spectroscopy

The delineated FT-IR frequencies designated for silymarin (free SIL), carriers (KL, PL), binary and ternary physical mixtures (PM3),
binary solid dispersion (F5), and ternary solid dispersion (F9) are shown in Fig. 5 and Supplementary Table 1. The illustrated peak of
the free SL for the hydroxyl moieties was depicted at 3430.24 cm ™!, and aromatic C-H stretching vibration was observed at 2933.66
cm™L. The carbonyl and C-O-C peaks were observed at 1628.60 and 1456.66 cm ™!, respectively. The carrier KL showed the stretching
vibrations were depicted at 3432.03 and 2944.01 cm™!, which may be due to the higher number of hydroxyl groups [49]. It also
exhibited peaks for vinyl acetate at 1738.12 cm ™. The peaks for the carbonyl group of the pyrrolidone ring were found at 1650.57
cm ™. Another carrier PL, a hydroxyl stretching vibration, was depicted at 3486.79 cm 1. The C-H and G-O—C stretching vibrations
were observed at 2874.85 and 1096.20 cm ™! [50]. It revealed the similarity of the pure SL stretching vibrations of hydroxyl groups in
the ternary physical mixture at 3434.02 cm ™!, whereas the formulations F5 and F9 depicted vibrations at 3416.23 cm ™! and 3414.72
em ™}, respectively. This concludes that the peak for PM3 and free SL exhibited almost the same values. To draw your attention, the
vibrational peak for the hydroxyl group exhibited a vast change in their peak values for formulations F5 and F9 as compared to the free
SL. There was a slight difference in the peak values for C-H stretching vibration for both F5, F9, and PM3 as compared with the free SL.
The peaks for the carriers (KL and PL) in formulations F5, F9, and PM3 also exhibited a slight change in their vibrational frequency.

3200

EES
ko

ns
2800 Mo 'Iu'l
2400 ‘} -[—
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3.5. Nuclear magnetic resonance

The proton NMR spectroscopy was performed in order to strengthen our findings in concordance with the IR findings (Fig. 6 and
Supplementary Table 2). The free SL showed that the proton NMR values for the deshielded hydroxyl group exhibited a definite
deshielded singlet at § 11.90 ppm for C-5, C-7, and C-20. The peaks for C-3 and C-23 hydroxyl groups were observed at § 10.9 ppm. The
multiplet peaks were depicted for aromatic hydrogens at § 5.05-7.09 ppm. The singlet peak for the methoxy group was observed at §
3.78 ppm for the pure drug. The samples F5, F9, and physical mixture (PM3) do not exhibit any hydroxyl group peaks for the free SL.
The methoxy peaks of the free SL were observed with an insignificant change in their chemical shift values. The carrier (PL) showed the
peaks at § 3.40-3.41 ppm for F5 [51], but a drastic change in the peak values was observed in F9 and PM3, with the values at §
3.41-3.51 ppm. The samples F5, F9, and PM3 also exhibited similar chemical shift values at § 3.17 ppm for N-CH; of the pyrrolidone
ring and § 2.08 ppm for the acetate group, respectively. Apart from this, other peaks were also observed for PM3 in the range of § 2-3
ppm. These peaks were not observed for formulation F5 and F9 spectral values.

3.6. Scanning electron microscope

The change in the surface morphology of free SL was evaluated after the addition of used carriers in the binary physical mixture
(PM1), binary solid dispersion (F5), ternary physical mixture (PM3), and ternary solid dispersion (F9) shown in Fig. 7. The free SL was
found in crystalline form; the particles were of elongated shape. The image of KL was found to be in an amorphous shape. The binary
physical mixture (PM1) and ternary physical mixture (PM3) samples showed a slight change in the surface morphology of SL due to
grinding with the carrier KL and PL. In the case of binary solid dispersion (F5) and ternary solid dispersion (F9), the images showed
greater amorphization of particles.

3.7. X-ray diffraction

The study was performed to evaluate the change in crystallinity of SL after incorporating it into binary and ternary SD (Fig. 8). A
significant change was observed in the peak height and peak position using the carrier KL and PL in the prepared SDs. The free SL
showed a high intensity 2theta value at 22.3 (249), 24.4 (269), 38.01 (4920), and 44.28 (1785). The carrier KL showed 2 theta peaks
near 12 and 22 [52]. In the physical mixture PM3, there was a slight change in peak position and peak intensity of 19.04 (282), 23.28
(206), 38.04 (4737), and 44.24 (2114) due to the grinding of free SL. It showed low-intensity peaks of drug particles, and the drug
particle morphology was slightly changed into an amorphous form in the presence of carriers [53]. In the case of binary solid
dispersion (F5), the drug particle peak intensity was reduced and merged with the carrier (KL) peak. But in the case of ternary solid
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dispersion (F9), more amorphization of SL was observed.

3.8. Differential scanning calorimetry

The DSC thermograms of free silymarin (SL), kollidone (KL), poloxamer (PL), binary solid dispersion (F5), ternary physical mixture
(PM3), and ternary solid dispersion (F9) are presented in Fig. 9. The thermogram of free SL demonstrated a sharp peak at 143.98 °C,
which corresponds to its melting point [54]. The carriers KL and PL showed their melting points at 75.78 °C and 56.88 °C, respectively
[55]. When a melting peak is broad or absent, it is apparent that the drug has been completely or partially dissolved in the carrier [52].
The binary solid dispersion (F5) and ternary physical mixture (PM3) displayed broad peaks at 74.11 °C and 53.1 °C, respectively. There
is a significant change in the melting point observed for the free SL. A small peak at 163 °C was found in the sample ternary physical
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Fig. 9. DSC image of Silymarin (SL), Kollidone VA64 (KL), Poloxamer (PL), ternary physical mixture (PM3), binary solid dispersion (F5), ternary
solid dispersion (F9).
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mixture (PM3) due to the presence of free SL on the surface of the carrier. In the case of ternary solid dispersion (F9), no peak of SL was
found due to complete solubilization in the carrier and conversion into an amorphous form [53].

3.9. Cell viability

The free SL was tested against the lung cancer cell line, and the results were compared with the prepared ternary solid dispersion
(F9) as displayed in Fig. 10. The study was performed for 24 and 48 h, and then the cell viability was calculated. There was a significant
variation in the result that was observed at higher concentrations and showed concentration-dependent activity. The study was
performed between the 12.5 and 1000 pM concentrations, and at lower concentrations (12.5 pM and 25 pM), a non-significant (ns)
variation in the activity was observed. Both samples had a lesser effect on the tested cell line. After 24 h, the ternary solid dispersion
(F9) had a much stronger effect (***p < 0.001) than free SL after 48 h. At 24 h, it showed cell viability of 83.1 + 7.1 % (25 pM, ns), 71.6
=+ 6.3 % (50 pM, ns), 55.3 £ 4.9 % (100 pM, ***p < 0.001)), 41.2 £ 3.8 % (250 pM, (***p < 0.001), 31.8 + 3.2 % (500 pM, (***p <
0.001), 22.3 + 1.8 % (750 pM, (***p < 0.001) and 11.3 + 1.8 % (1000 pM, ***p < 0.001). As the concentration of SL increases, cell
viability also increases. The free SL showed cell viability of 86.6 + 4.7 % (25 pM), 79.9 + 7.1 % (50 pM), 71.3 £+ 5.8 % (100 pM), 63.4
+ 9.6 % (250 pM), 57.9 £ 6.2 % (500 pM), 45.3 + 3.2 % (750 pM), and 31.6 + 6.2 % (1000 pM). At initial 12.5 pM and 25 uM
concentrations, there was a non-significant (ns) difference in the activity observed from both free SL and ternary solid dispersion (F9).
At higher concentrations (250 pM, 500 pM, 750 pM, and 1000 pM), a significant (***p < 0.001) enhancement in the cell viability was
observed (1.4-fold, 1.8-fold, 2.1-fold, and 2.6-fold), respectively. The same samples were also evaluated at 48 h, and no significant
changes in cell viability were observed. The prepared ternary solid dispersion (F9) showed cell viability of 87.1 + 5.9 % (25 pM), 76.6
+ 4.8 % (50 pM), 63.3 + 5.1 % (100 pM), 55.2 + 3.9 % (250 pM), 36.5 + 6.1 % (500 pM), 28.3 + 3.2 % (750 uM), and 19.3 + 2.7 %
(1000 pM). There was a non-significant (ns) difference in the activity observed at 48 h compared to 24 h, but significantly (***p <
0.001) better than the free SL at 48 h. In the case of free SL, slightly better activity was found at 48 h than at 24 h. The different
concentrations of 25 pM (87.1 + 8.1 %), 50 pM (74.2 + 9.4 %), 100 pM (68.3 + 6.7 %), 250 pM (58.4 + 6.2 %), 500 pM (51.9 + 7.2
%), 750 pM (37.3 £ 5.3 %), and 1000 pM (25.6 + 3.8 %) From the results, it was observed that the free SL displayed enhanced (**p <
0.01) activity at 48 h rather than 24 h. Whereas, ternary solid dispersion (F9) demonstrated significantly (***p < 0.001) better results
at 24 h than at 48 h. The free SL showed the maximum effect at 1000 pM concentration at both time points, whereas the ternary solid
dispersion depicted similar activity at 500 pM concentration. It was seen that ternary solid dispersion increased activity by 1.9 times
(**p < 0.01) at the highest concentration of 1000 uM. The ICs values of both samples were calculated at both time points, i.e., 24 h
and 48 h. At 24 h of the treatment, the ICsg of F9 and free SL were calculated and found to be 171.45 £+ 5.2 pM and 678.7 + 8.5 pg/mL,
respectively. After 48 h of treatment, the ICs( values of free SL and F9 were found to be 321.4 + 9.4 pg/mL and 548.9 + 12.7 pg/mL,
respectively. The ICsg value was found to be 3.95 folds (24 h) and 1.7 folds (48 h) less (***p < 0.001) than the free SL. The value of ICsg
was also found to be time-dependent.

3.10. Simulation study

As per the in vitro study result, the molecular docking was cast off to manifest silymarin (flavolignans) interaction with caspase-3
receptors by inhibiting ERd. The docked confirmation of SL and MB with the caspase-3 receptor can be visualized (Fig. 11A). The
binding affinity score of pure SL was found to be —5.03 kcal/mol as compared to the ligand MB, which exhibited a binding score of
—4.52 kcal/mol at the receptor. SL has the potential to bind amino acid residues from receptors since this compound has three hy-
drophobic regions: two hydrogen bond receptors (red) and one hydrogen bond donor (green). Further, SL formed three hydrogen
bonds with the amino acid residue Ala162 having bond lengths of 2.045, 2.161, and 2.106 A, whereas MB formed only one hydrogen
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Fig. 10. Cell viability study results of free SL and ternary solid dispersion (F9) at 24 h and 48 h against lung cancer cell line (A549). Data from the
triplicated study are presented as mean + SD.
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bond with Arg 164 having a bond length of 1.98 f\, respectively (Fig. 11B and Supplementary Table 3).
4. Discussion

In the current study, silymarin solid dispersions were prepared using the Kollidone VA64, Soluplus, and Poloxamer as carriers. The
formulations were prepared by microwave irradiation, solvent evaporation, and freeze-drying methods. The phase solubility was
performed for binary as well as ternary systems. The binary system depicted the higher stability constant, but the addition of a ternary
substance (poloxamer) showed a significant (***p < 0.001) effect on the stability constant value. The graph was found to be AL-type,
with a linear increase in carrier leading to an increase in the solubility of the drug. The higher stability constant value leads to greater
sample stability. This result suggests that the carrier has a significant effect on the solubility enhancement. The in vitro drug release of
the prepared SIL-SDs was performed. The binary and ternary SDs showed a significant enhancement in drug release compared to the
free SL. The method of preparation also played an important role in drug release enhancement. The highly significant drug release
(***, p < 0.001) was found in the formulation prepared by the freeze drying method due to the higher amorphization of SL achieved
than other methods. There are many other reasons for higher drug release from polymer KL-based binary SDs than SP-used SDs. The
higher solubility of SL in the SD formulations is due to the particle size reduction, greater wettability, and conversion to amorphous
form from crystalline form [6,56]. This increase in drug release from the polymer KL may be attributed to the adsorption of drug
particles, which prevents the development of drug particle size [5]. The formation of intermolecular bonds, particularly hydrogen
bonds between the carbonyl functional group of pyrrolidone and vinyl acetate, may also play an important role [4]. The addition of
surfactant (PL) to the SD formulation lowers the level of supersaturation, reducing drug precipitation while enhancing drug dissolution
[42]. It prevents nucleation as well as thermodynamic crystal development, and it serves as both an amphiphilic surfactant and a
polymeric carrier [57]. It helps to create micelles and incorporate hydrophobic drugs into the micellar core [6,58,59], leading to
enhanced drug solubility. The IR study results show that there is no chemical interaction between the drug and the carrier. To make our
investigation more prominent, we have performed proton NMR spectroscopy. Hence, with the above findings, it can be concluded that
the formation of a stable solid dispersion takes place with free SL and carriers. The SEM study depicted that the formed particles were
amorphous and irregular in shape. The presence of carrier blends (KL and PL) and the method of preparation (freeze drying) converted
the particles into an amorphous shape. From the results, we can conclude that there is a greater conversion of amorphous shapes in
solid dispersions, and these findings were supported by the solubility study and dissolution data [55]. In the case of the XRD study, the
characteristic peak of SL was completely diminished due to higher wettability and particle size reduction. The used carriers (KL and PL)
exhibited complete transformation of the drug into the amorphous form. It also suggests the formation of stable ternary solid dispersion
through van der Waals interactions and/or hydrogen bonding between SL, KL, and PL. Silymarin and its formulations were evaluated
against different cancer cell lines. The prepared silymarin solid dispersion showed higher cytotoxicity due to the quicker release of SL
and higher cellular internalization into the tumor cells. The findings of this study were also supported by the findings of different
silymarin studies.

Silymarin nanoparticles showed enhanced cell viability activity against breast and lung cancer cells [59]. The effect of the
silymarin-Sn complex was also evaluated against the SW480 cell line [26]. It showed a reduction in cell viability by inducing cell death.
It also displayed that the prepared formulation induces cell cycle arrest and the expression of apoptotic genes. The silymarin-HSA
nanoplex was also evaluated against the LPS-treated cells [60]. The cells pre-treated with silymarin-HSA noncomplex recovered
cell viability and decreased the ROS level and corresponding apoptosis more significantly than free silymarin. It was more potent and
effective in suppressing the proliferation of lung cancer cell lines [61]. IC5y was also found to be low for the prepared silymarin solid
dispersion (F9). It reduces the growth of cells as well as the ICsq values by triggering apoptosis. The molecular docking study also
supported the findings of the cell line study. It showed the proposed mechanism of action through a simulation study between the drug
(SL) and receptor (caspase-3). SL shows the anticancer effect of the activation of the caspase-3 receptor. An earlier study reported that
flavonoid (SL) is a suitable candidate for preventing lung cancer by activating the caspase-3 activator [62]. According to the current
investigation, the flavonoid SL may have the potential to be developed as an anticancer drug delivery system for the treatment of lung
cancer. Further research is required to determine how SL affects other pathways, such as malignancy and a cell’s capacity to invade
other organs.

5. Conclusion

Silymarin-loaded binary and ternary solid dispersions (SDs) were prepared by different methods using kollidone VA64, soluplus,
and poloxamer. The phase solubility and saturation solubility results showed a significant enhancement in the solubility of silymarin.
The maximum drug release was achieved from the SDs prepared with Kollidone VA64 by the freeze-drying method, and further
poloxamer was added to prepare ternary SDs. IR and NMR spectral analyses confirm no interaction between drug and carrier, as well as
the formation of solid dispersion. DSC, SEM, and XRD results demonstrated the conversion of crystalline SL into an amorphous form,
which supports the enhancement in solubility. The cell viability data showed significantly better activity from ternary SD (F9) than free
SL at both time points (24 h and 48 h). The simulation study results displayed a good binding affinity score for pure SL as compared to
the ligand MB at the receptor. From the study results, it has been concluded that silymarin solid dispersion is an alternative oral
delivery system for solubility enhancement and in vitro anti-cancer activity.

13



F.A. Alkathiri et al. Heliyon 10 (2024) e23221

AW
{h

i R

o AN
R
i

XN
]
o

4 "'A\,, ﬁ ;P‘Mb,

b

R

)

IR l{“')d’»,«mh»
4%“7;'}{!,‘:/&”.“!

Ibsiotines

T Y4y VoY

{0t ‘wy K 0y, y/"

e
S\
‘\ >

25
X4

o=

~
S

A

=
=

52

=

=

=
TR

s

o ay;

A=z

7

Fig. 11. A-B: (A). Docked Conformation of Silymarin and MB observed in Caspase-3 receptor (PDB ID: 2XYG); Silymarin- Magenta; MB- orange
color; Receptor-rainbow color as mesh). (B). Silymarin depicting 3 Hydrogen bonds (dotted line) at 2.045, 2.161 & 2.106 A with Ala 162 amino acid
residue whereas MB formed one hydrogen bond (dotted line) at 1.98 A with Arg 164 amino acid residue of the receptor.)
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