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A B S T R A C T

Rationale: Due to a broad spectrum of anticancer potential, quercetin (Qu) has attracted substantial attention. 
However, its biological application is hindered by poor water solubility and low bioavailability. Amorphous solid 
dispersion (ASD) technology has emerged as an effective formulation strategy to overcome these limitations by 
converting crystalline drugs into a high-energy amorphous state and improving molecular dispersion within 
suitable polymeric carriers.
Aim: To develop and characterise ASDs of Qu for enhanced anticancer properties.
Methods: ASDs of Qu were developed using PVP K30 at varying weight ratios, (Qu:PVP): ASD1 (1:9), ASD2 (1:4), 
and ASD3 (1:2.3). The amorphous nature, molecular interactions, thermal stability, and relaxation dynamics of 
ASDs were characterised using scanning electron microscope (SEM), differential scanning calorimetry (DSC), X- 
ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA), and 
broadband dielectric spectroscopy (BDS). The biological efficacy of the optimized formulation is assessed 
through antiproliferative studies using breast cancer cell lines, MDA-MB-231 and MCF-7.
Results: SEM images showed the transformation of crystalline Qu into amorphous structures in the prepared 
ASDs, while Qu remained visible in the physical mixture. XRD showed amorphization of Qu in ASD1 and ASD2, 
identifying 1:9 and 1:4 ratios as optimal. However, ASD2 exhibited a mild tendency toward recrystallization. 
Pure Qu showed poor solubility (0.53 μM in water, 17.32 μM in ethanol), whereas ASDs significantly improved it 
(22.81–25.83 μM in water, 50.13–99.24 μM in ethanol). TGA showed Qu degradation at 375 K with major 
decomposition at 620 K (52% residue), whereas ASD1 degraded at 526.5 K and 820 K with 38.41% residue, 
indicating enhanced stability. DSC showed ASD1’s glass transition at 395 K. BDS revealed a primary relaxation 
following VFT behaviour (Tg ≈ 438 K, fragility index 116) and a secondary Arrhenius-type relaxation (activation 
energy 49.5 kJ/mol). ASD1 demonstrated significantly enhanced antioxidant and anti-inflammatory activities 
compared to pure quercetin in water. In the DPPH assay (2–10 µM), ASD1 in water showed 24% inhibition at 
10 µM, compared with 3% for Qu in water, whereas Qu in DMSO reached 65%. In the superoxide scavenging 
assay (20–100 µM), ASD1 achieved 37% inhibition at 100 µM compared to 10% for Qu in water (58% in DMSO). 
Similarly, in the nitric oxide scavenging assay, ASD1 exhibited 28% inhibition at 100 µM, whereas Qu in water 
showed only 1.2% (51% in DMSO), confirming markedly improved bioactivity due to enhanced solubility and 
molecular dispersion. Cytotoxicity studies demonstrated that ASD1 exhibited lower IC₅₀ values in ethanol against 
MDA-MB-231 (40.54 ± 0.55 μM vs 75.45 ± 3.4 μM for Qu) and MCF-7 (39.08 ± 0.55 μM vs 35.9 ± 1.28 μM for 
Qu), confirming its enhanced efficacy over pure quercetin.
Discussion: The results suggest that PVP K30-based ASDs enhance the physicochemical and biological properties 
of Qu. The increased solubility and thermal stability of ASD1 contributed to its superior antiproliferative activity 
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against TNBC cells. The intermediate fragility index observed by BDS supports its physical stability. Overall, 
ASD1, with the optimum drug-to-polymer ratio (1:9), shows strong potential as a formulation strategy to 
overcome Qu’s biopharmaceutical limitations in cancer therapy.
Conclusion: The development of ASDs of Qu with PVP K30 significantly enhanced its solubility, thermal stability, 
and antiproliferative activity. These results support the potential of amorphous dispersion as a viable strategy to 
improve the therapeutic utility of poorly soluble anticancer compounds like Qu in breast cancer management.

1. Introduction

Quercetin (Qu), one of the most abundant plant-derived dietary 
flavonoids widely distributed in fruits and vegetables. Accumulating 
evidence suggests that quercetin is a promising functional food for the 
prevention and management of lifestyle-related diseases [1] including 
cancer [2]. Quercetin is cytotoxic to various cancer types, shows cell 
cycle arrest, and induces apoptosis [3] in various cancer cells including 
breast cancer [4]. Chemically, quercetin is 3,3′,4′,5,7-pentahydroxy
flavone, a typical three-ring structure (A, B, and C rings) with five hy
droxyl (OH) groups, which may undergo glycosylation to form various 
derivatives of quercetin [5–7]. In vivo studies shown that quercetin re
duces tumours and improves survival in tumour-bearing mice [8] and 
reported to overcome multidrug resistance [9,10]. Co-treatment with 
quercetin significantly potentiated doxorubicin cytotoxicity in breast 
cancer cells by increasing intracellular drug accumulation and sup
pressing HIF-1α and P-glycoprotein expression [11].

Quercetin has been shown to suppress breast cancer stem cell pro
liferation, self-renewal, and invasiveness by downregulating key 
tumorigenic markers like ALDH1A1, CXCR4, MUC1, and EpCAM [12]. It 
induces apoptosis and inhibits proliferation in both ER-positive and 
triple-negative breast cancer cell models, including cells [13]. Mecha
nistically, quercetin modulates major oncogenic pathways, including 
Akt/mTOR/PTEN signalling [14], suppresses Twist-mediated survival 
pathways [15], and inhibits PKCδ/ERK/AP-1-dependent MMP-9 acti
vation, thereby reducing tumour invasion and progression [16]. Beyond 
direct cytotoxicity, quercetin enhances antitumor immunity by pro
moting T-cell and NK-cell infiltration and inhibits myeloid-derived 
suppressor cells and tumour-associated macrophages [17]. Notably, 
the quercetin-derived microbial metabolite DOPAC has been reported to 
potentiate CD8⁺ T-cell–mediated antitumor immunity via 
NRF2-dependent mitophagy [18]. In vivo studies also demonstrate 
reduced tumour progression and the mitigation of cancer-associated 
hepatic inflammation and fibrosis [19]. Collectively, these findings po
sition quercetin as a promising multitargeted natural agent for breast 
cancer management.

However, its clinical translation remains limited by poor biophar
maceutical properties including high crystalline structure and strong 
intermolecular hydrogen bonding which make quercetin extremely poor 
aqueous solubility and bioavailability [20]. Studies using radiolabeled 
quercetin in rats have shown that only 20% of the administered dose is 
absorbed [21], and nearly 93% of quercetin undergoes metabolic con
version within one hour after oral administration at a dose of 
10 mg/200 g body weight [22]. Quercetin undergoes extensive first-pass 
metabolism and is subject to active efflux by P-glycoprotein transporters 
in the intestinal epithelium, leading to very low oral bioavailability 
[23]. Because of its high permeability but low aqueous solubility, 
quercetin is classified as a BCS class II drug. Therefore, improving its 
solubility could make it an ideal candidate for drug development [24].

To address these limitations, multiple delivery approaches have been 
investigated. Nano-based systems including cyclodextrin inclusion 
complexes, polymeric nanoparticles, micelles, and solid lipid nano
particles have shown improved dissolution and pharmacokinetics 
exposure of quercetin [25]. PEGylated liposomes have demonstrated 
enhanced solubility and greater cytotoxicity in cervical cancer models 
[26], while zein-based nanoparticles and β-lactoglobulin encapsulation 
systems have improved stability, bioaccessibility, and controlled release 

behaviour [26]. Additionally, pharmaceutical excipients and bio
enhancers such as TPGS, sodium oleate, and piperine have been 
explored to inhibit efflux transporters and metabolic enzymes, thereby 
improving intestinal absorption. However, many of these 
nanoemulsion-based systems suffer from practical limitations, including 
high surfactant requirements, formulation complexity, potential 
long-term safety concerns, and relatively low drug-loading capacity 
issues.

Amorphous solid dispersion (ASD) technology has undergone sub
stantial evolution since its introduction in the early 1960s, progressing 
from simple binary drug–polymer systems to sophisticated multi- 
component architectures [33]. In ASD formulations, the API is stabi
lized in a high-energy amorphous state within a polymeric matrix, which 
markedly elevates the apparent solubility and dissolution rate relative to 
the corresponding crystalline form [34]. The clinical utility of ASDs is 
underscored by the approval of 48 drug products incorporating ASDs by 
the U.S. Food and Drug Administration between 2012 and 2023, span
ning therapeutic areas including antiviral, antineoplastic, and metabolic 
indications. The most commonly employed polymeric carriers in 
approved ASD products are polyvinylpyrrolidone-vinyl acetate copol
ymer (PVPVA/copovidone, 49%) and hydroxypropyl methylcellulose 
acetate succinate (HPMCAS, 30%), prepared predominantly by spray 
drying or hot melt extrusion [35].

Recent structural advances in ASD design include: (i) ternary systems 
combining a drug, polymer, and surfactant (e.g., poloxamer 188, TPGS), 
which enhance supersaturation maintenance and reduce recrystalliza
tion risk under humid storage conditions [36,37]; (ii) 
cellulose-derivative carriers such as HPMCAS, carboxymethylcellulose 
acetate butyrate (CMCAB), 6-carboxycellulose acetate butyrate (CCAB), 
and cellulose acetate suberate (CASub), which offer pH-triggered release 
and superior crystallization inhibition via strong hydrogen bond in
teractions with the drug [38]; (iii) co-amorphous systems (CAMS) in 
which a drug is co-amorphized with a small-molecule co-former such as 
an amino acid, flavonoid, or organic acid, circumventing the limitations 
of polymeric carriers and often conferring synergistic biological activity 
[39,40]; and (iv) nanosized amorphous solid dispersions (NASDs) that 
combine amorphous state benefits with nanoparticle-mediated perme
ability enhancement [41]. Computational tools including machine 
learning, molecular dynamics simulations, and Flory–Huggins interac
tion parameters have further rationalized polymer–drug pairing and 
minimized trial-and-error in ASD development [42].

In the context of natural anticancer compounds, ASD technology has 
been applied with notable success to flavonoids including curcumin, 
naringenin, and quercetin (Qu), which share the limitation of extreme 
crystalline stability and poor aqueous solubility [43]. For quercetin 
specifically, PVP K30-based ASDs prepared by solvent evaporation at a 
1:9 (Qu:PVP) weight ratio have demonstrated dissolution rates of 
approximately 95% within 120 min, compared to only ~19% for crys
talline quercetin [44]. Studies employing HPMCAS, cellulose acetate 
butyrate blends, and PVP have further confirmed that the choice of 
carrier critically determines both the extent of crystallization inhibition 
and the release kinetics of quercetin, with PVP K30 offering the most 
favorable balance of wettability and supersaturation maintenance [38]. 
Building on this established framework, the present study aimed to 
develop and systematically characterize PVP K30-based ASDs of quer
cetin at varying drug-to-polymer ratios, and to evaluate the impact of 
amorphization on physicochemical stability and antiproliferative 
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efficacy in breast cancer cell lines.
Therefore, there remained a compelling need for a simpler and 

scalable strategy to enhance the solubility and bioavailability of quer
cetin. In the present study, amorphous solid dispersions (ASDs) of Qu 
were developed by entrapping it within a polymer matrix of PVP K30, a 
biocompatible and biodegradable polymer, with the aim of enhancing 
its aqueous solubility and therapeutic efficacy. A key objective was to 
identify the optimum drug-to-polymer ratio that ensured a stable 
amorphous form of Qu without recrystallization. The formulations were 
characterized using differential scanning calorimetry (DSC), X-ray 
diffraction (XRD), fourier-transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA), and broadband dielectric spectros
copy (BDS) to confirm the amorphous nature, physical and thermal 
stability, molecular dynamics, glass transition phenomena, and molec
ular interactions between Qu and PVP. In addition, the antioxidant and 
anti-inflammatory potential of the optimized formulation were evalu
ated through in vitro DPPH radical scavenging, superoxide dismutase 
activity, and nitric oxide scavenging assays. The enhancement in bio
logical activity was further assessed through in vitro antiproliferative 
studies against MCF-7 and MDA-MB-231 breast cancer cell lines using 
the MTT assay, to determine the therapeutic potential of the optimized 
ASD formulation.

2. Materials and methods

2.1. Chemicals

Quercetin hydrate (Qu) with a molecular weight (MW) of 302.24 g/ 
mol was obtained from Tokyo Chemical Industry (Japan). PVP K30, with 
a MW of 30,000 g/mol, was sourced from Himedia (India). Ethanol and 
DMSO (MW 78.13 g/mol) were purchased from Merck (India). All 
chemicals used in this study were of analytical grade with a purity of 
99.99% and were used without further purification.

2.2. Cell-lines

The human breast cancer cell lines, MCF-7 and MDA-MB-231, were 
obtained from the National Centre for Cell Science (NCCS), Pune, India. 
The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; 
Gibco, Thermo Fisher Scientific, USA) supplemented with 10% heat- 
inactivated fetal bovine serum (FBS), streptomycin (100 μg/mL), and 
penicillin (100 U/mL). The cultures were maintained at 37 ◦C in a hu
midified incubator with 5% CO2.

2.3. Preparation of ASDs

The amorphous ASD of Qu was prepared by entrapping it in polymer 
matrices of PVP-K30 in varying drug-to-polymer ratios (w/w; 1:9 
(10:90), 1:4 (20:80), and 1:2.3 (30:70)). All ASDs were prepared using 
the solvent evaporation technique. Briefly, Qu and the PVP were 
weighed according to the predefined drug-to-polymer ratios for ASD1, 
ASD2, and ASD3, and then dissolved separately in 50 mL of ethanol in 
two beakers to prepare 1 g of ASD. The solutions were magnetically 
stirred at 60◦C for 2 h to ensure complete dissolution of Qu and PVP, 
then the two solutions were mixed in a beaker, followed by further 
stirring at 70◦C for an additional 2 h to obtain a clear and homogeneous 
solution. The solvent was then removed using a rotary evaporator, and 
the resulting residue was dried overnight in a hot-air vacuum oven to 
remove residual solvent. The dried solid dispersions were stored in 
airtight containers with silica gel until further analysis. The physical 
mixture (PM) was prepared by accurately weighing Qu and the polymer 
carrier in a 1:1 (w/w) ratio, then blending them thoroughly in a mortar 
and pestle at 303 K to obtain a uniform mixture. The prepared PM was 
stored in an airtight container until further characterization.

2.4. Scanning electron microscopy

The surface morphology of quercetin (Qu), the polymer (PVP), and 
the prepared amorphous solid dispersions (ASDs) was examined using a 
field emission scanning electron microscope (FE-SEM) (Hitachi S-4800 
Field Emission Scanning Electron Microscope). The samples were 
mounted on aluminum stubs using double-sided conductive carbon tape 
and sputter-coated with a thin layer of platinum to improve electrical 
conductivity and minimize surface charging during analysis. The ob
servations were performed under high vacuum at an accelerating 
voltage of 3.0 kV with a working distance of approximately 8 mm. Mi
crographs were obtained at a magnification of 17,000 × , with a scale 
bar of 2 µm, to evaluate the surface morphology and structural charac
teristics of the samples.

2.5. X-ray diffraction

X-ray diffraction patterns of the samples Qu, PM and three formu
lated ASDs (ASD1, ASD2 and ASD3) were taken in a RIGAKU X-ray 
diffractometer with a Ni filter and with a rotating anode and CuKα ra
diation (1.5406 Å) from 10 to 80 (2θ angle).

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the samples Qu, PM and three formulated ASDs 
(ASD1, ASD2 and ASD3) were recorded using KBr disc as in range 
3500–400 cm− 1 of JASCO FTIR-4100 spectrophotometer.

2.7. Thermogravimetry

The temperature-dependent behavior of Qu and the prepared ASD1 
was investigated using thermogravimetric analysis (TGA) on the Q500 
apparatus from TA Instruments. The analysis was conducted under a 
nitrogen gas (99.999%) atmosphere at a 50 mL/min constant flow rate. 
The experimental setup included alumina pans, and the heating rate was 
set at 10 K/min, with a temperature range from 283 K to 873 K [45,46].

2.8. Differential scanning calorimetry

The phase transitions of the ASD1 formulation were analyzed using 
Temperature-Modulated Differential Scanning Calorimetry (TMDSC) on 
a DSC Q2000 (TA Instruments) equipped with a refrigerated cooling 
system. The sample was placed in an aluminium crucible pan with a hole 
in its lid. The instrument was calibrated for both temperature and 
enthalpy using indium standards. The glass transition temperatures 
were determined at the onset of the corresponding [45,46].

2.9. Broadband dielectric spectroscopy

The dielectric measurements of ASD1 were carried out using Novo
control GMBH Alpha dielectric spectrometer, in a wide frequency range 
from 10− 1Hz to 107 Hz from deep glassy state to 473 K. The temperature 
was controlled by a Novocontrol Quatro Cryosystem temperature 
controller with temperature stability better than 0.1 K. Dielectric mea
surements were recorded on heating immediately after quench cooling a 
parallel plate cell made of stainless steel. The diameter was measured 
using screw gauge and silica spacers were used in between the samples 
to maintain gap between electrodes [45,47,48].

2.10. Solubility study

Solubility studies were conducted to assess the enhancement of Qu's 
solubility in the prepared ASDs. A calibration curve for Qu was first 
established using DMSO by preparing a 50 mM stock solution and 
measuring absorbance at 355 nm. Subsequently, solutions of Qu and 
their ASDs were prepared in a 1 mg/mL concentration using water and 
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ethanol. After equilibration, the samples were filtered through a 0.4 µm 
hydrophilic membrane filter to remove undissolved particles, and the 
absorbance of the filtrates was measured at room temperature 298 K. 
The concentration of dissolved Qu was subsequently calculated using a 
previously established calibration curve.

2.11. Antioxidant assays

2.11.1. DPPH radical scavenging assay
The free radical scavenging activity of Qu, ASD1 formulation, and Qu 

in DMSO was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) 
assay. A freshly prepared 0.1 mM DPPH solution was prepared in 
methanol and stock solutions of Qu in water, ASD1 in water, and Qu in 
DMSO were prepared and appropriately diluted to obtain final con
centrations ranging from 2 to 10 µM. Briefly, varying volumes of the 
sample solutions (2–10 μL) were adjusted to a final volume of 1 mL of 
freshly prepared 0.1 mM DPPH solution. The reaction mixtures were 
vortexed gently and incubated in the dark at room temperature for 
20 min to prevent photo-degradation of DPPH. After incubation, the 
absorbance was measured at 517 nm using a UV–Visible spectropho
tometer. The percentage of DPPH radical scavenging activity was 
calculated using the following equation: 

% Inhibition =
Abscontrol − Abssample

Abscontrol
× 100 

Where Abscontrol is the absorbance of the DPPH solution without sample, 
Abssample is the absorbance in the presence of test sample. All experiments 
were performed in triplicate (n = 3), and results were expressed as mean 

± SEM [49,50].

2.11.2. Superoxide radical scavenging (SO) activity assay
SO activity was determined based on the inhibition of nitro blue 

tetrazolium (NBT) reduction by superoxide radicals generated in a 
riboflavin–light system. The reaction mixture (final volume 3.0 mL) 
consisted of 50 mM phosphate buffer (pH 7.8), 75 µM NBT, 0.1 mM 
EDTA, and an appropriate volume of the sample. The reaction was 
initiated by the addition of 2 µM riboflavin and the tubes were exposed 
to incandescent light (15–20 W) for 15 min to induce superoxide radical 
formation. A control containing all reagents except the sample was 
prepared simultaneously, along with a non-illuminated blank for back
ground correction. The reduction of NBT to blue formazan was 
measured spectrophotometrically at 560 nm. SO activity was expressed 
as percentage inhibition of NBT reduction using the formula: 

% Inhibition =
Abscontrol − Abssample

Abscontrol
× 100 

where Abscontrol represents the absorbance of the illuminated control and 
Abssample represents the absorbance in the presence of the test sample. 
One unit of SOD activity was defined as the amount of enzyme required 
to produce 50% inhibition under the assay conditions. All experiments 
were performed in triplicate (n = 3), and results were expressed as mean 

±SEM.

2.12. Anti-inflammatory assays

The anti-inflammatory activity of the samples was evaluated by 
measuring nitric oxide (NO) scavenging activity using the sodium 
nitroprusside–Griess reagent method. Sodium nitroprusside in aqueous 
solution at physiological pH spontaneously generates nitric oxide, which 
reacts with oxygen to form nitrite ions. These nitrite ions were quanti
fied using Griess reagent. Briefly, 2 mL of 10 mM sodium nitroprusside 
prepared in phosphate-buffered saline (PBS, pH 7.4) was mixed with 
different concentrations of the test samples. The reaction mixture was 

incubated at room temperature under light for 2 h. After incubation, 
0.5 mL of the reaction mixture was mixed with 0.5 mL of Griess reagent 
(composed of 1% sulfanilamide, 0.1% N-(1-naphthyl) ethylenediamine 
dihydrochloride, and 2% phosphoric acid). The mixture was allowed to 
stand for 10 min at room temperature for color development. The 
absorbance of the resulting chromophore was measured at 540 nm using 
a UV–Visible spectrophotometer. A control containing sodium nitro
prusside without sample was prepared simultaneously.

The percentage inhibition of nitric oxide production was calculated 
using the following formula: 

% Inhibition =
Abscontrol − Abssample

Abscontrol
× 100 

where Abscontrol represents the absorbance of the control reaction and 
Abssample represents the absorbance in the presence of the test sample.

All experiments were performed in triplicate (n = 3), and results 
were expressed as mean ± standard deviation (SD) [51,52].

2.13. Cytotoxicity analysis

The 5000 cells per well of, MCF-7 and MDA-MB-231 were seeded 
with 100 μL of DMEM medium in each well of a 96-well plate. After 
24 h, the medium was replaced, and the cells were treated with varying 
concentrations of Qu and ASD1 in different solvents at 37◦C for 3 days. A 
blank, containing complete culture medium without cells, was also 
maintained. After incubation, photographs were taken using an inverted 
microscope (Carl ZEISS, Oberkochen, Germany) equipped with a 
binocular phototube and an integrated HD camera (Primovert HDcam, 
5 MP). Subsequently, 100 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) solution was added to each well and 
incubated for 4 h. The resulting formazan crystals were then dissolved 
by replacing the medium in each well with 100 μL of DMSO. The 
absorbance of the formazan-dissolved solution was measured at 570 nm 
using a microplate reader (BioTek, USA) [50–54].

The biocompatibility of the PVP polymer was evaluated using an in 
vitro cytotoxicity assay with HEK-293 cells. Cell morphology under 
control conditions and after treatment with Lpm (10 μM) and PVP 
polymer (100 μM) was examined microscopically. Representative im
ages are provided in Supplementary Figure S8.

2.14. Statistical analysis

All in vitro experimental data are presented as mean ± standard error 
of the mean (SEM) from at least three independent experiments (n = 3). 
Statistical significance was determined using a One-Way Analysis of 
Variance (ANOVA) to compare the means across different concentration 
groups. To identify specific differences between each experimental 
treatment (Qu in ethanol, Qu in DMSO, ASD1 in water, and ASD1 in 
ethanol) and the control group (Qu in water), a Dunnett’s post-hoc test 
was performed. This test was chosen specifically to compare multiple 
treatment arms against a single reference control. The threshold for 
statistical significance was set at p < 0.05. In the figures, degrees of 
significance are indicated as follows: p < 0.05 (*), p < 0.01 (**), 
p < 0.001 (***), p > 0.05, was considered not significant (ns).

3. Results and discussion

3.1. Morphology

Fig. 1 illustrates the SEM images of Qu, PM, and prepared ASDs. Pure 
Qu (Fig. 1.a) exhibits a well-defined needle-shaped crystalline 
morphology with smooth surfaces and sharp edges, indicating its highly 
crystalline nature. These elongated crystals confirm the highly crystal
line nature of quercetin, which is consistent with its poor aqueous sol
ubility. The presence of regular crystal facets indicates a well-ordered 
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molecular arrangement. In the physical mixture (Fig. 1.b), the crystal
line quercetin particles can still be distinguished from the polymer 
flakes, indicating that no structural transformation has occurred. In 
ASD1 (Fig. 1.c), the original needle-shaped crystals of quercetin are no 
longer clearly visible. Instead, the particles appear as irregular, aggre
gated flakes with rough surfaces, suggesting that quercetin has been 
partially dispersed within the polymer matrix. ASD2 (Fig. 1.d) shows a 
more homogeneous and smooth flake-like morphology with almost 
complete disappearance of crystalline quercetin structures. The absence 
of sharp crystal edges suggests successful molecular dispersion of 
quercetin in the PVP matrix, indicating a higher degree of amorphiza
tion compared to ASD1. In ASD3 (Fig. 1.e), some plate-like crystalline 
fragments reappear along with the polymer matrix, suggesting partial 
recrystallization or incomplete dispersion of quercetin. Compared with 
ASD2, the presence of these crystalline features indicates lower amor
phous stability.

3.2. Amorphization and optimal drug loading in ASDs

The XRD patterns of PVP, Qu, PM, ASD1, ASD2, and ASD3 are pre
sented in Fig. 2. Pure PVP exhibited a typical amorphous diffraction 
pattern characterized by broad diffuse halos centered around 2θ ≈ 10◦

and 20◦, confirming the absence of long-range crystalline order in the 
polymer matrix. In contrast, pristine Qu showed a highly crystalline 
nature with sharp diffraction peaks at 2θ values of 10.75◦, 12.47◦, and 
27.43◦, in good agreement with previously reported data [55]. These 
characteristic crystalline peaks were also clearly observed in the phys
ical mixture (PM), indicating that simple blending did not alter the 
crystalline structure of Qu.

Notably, the diffraction patterns of ASD1 and ASD2 were dominated 
by the amorphous halos of PVP, while the characteristic crystalline 
peaks of Qu completely disappeared, suggesting successful amorphiza
tion and homogeneous molecular dispersion of Qu within the PVP K30 
matrix. However, in ASD3, a weak diffraction peak reappeared at 2θ 

Fig. 1. SEM micrographs of (a) Qu, (b) PM, (c) ASD1, (d) ASD2, and (e) ASD3 obtained at 17,000 × magnification (scale bar = 2 µm).
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= 27.43◦, indicating partial recrystallization of Qu at higher drug 
loading. Therefore, the XRD results demonstrate that ASD1 and ASD2 
provide optimal drug loading conditions, where Qu remains in a fully 
amorphous state, which is expected to improve physical stability and 
enhance potential bioavailability.

3.3. FTIR

The interactions between PVP K30 and Qu in the solid dispersion 
systems were examined using FTIR analysis, spanning a wavelength 
range from 4000 to 500 cm⁻¹ (Fig. 3) and the characteristic peaks were 
tabulated in Tables 1 and 2. Pure Qu exhibited a broad absorption band 
around 3485 cm⁻¹ corresponding to O–H stretching vibrations. The 
characteristic carbonyl (C––O) stretching vibration appeared at 
approximately 1732 cm⁻¹ , while aromatic C––C stretching vibrations 
were observed in the region of 1658 cm⁻¹ and C-H bending at 
1464 cm⁻¹ . Additional bands in the range of 1284 cm⁻¹ were attributed 

to C–O stretching and phenolic bending vibrations by aromatic ring 
deformation at 735 cm− 1, aromatic deformation at 649 cm− 1, skeletal 
vibration at 576 cm− 1 and ring deformation at 521 cm− 1 confirming the 
chemical integrity of Qu [56].

The PM displayed a superposition of characteristic peaks from both 
Qu and the polymer carrier, with no significant peak shifts or intensity 
changes. Almost all peaks of Qu at 3458, 3430, 1655, 1598, 1289, 735, 
576 and 520 cm− 1 were retained in the PM. In addition, C-O stretching 
was observed at 1318 cm− 1 from the PVP-Qu overlap. In contrast, all 
ASDs (ASD1, ASD2, ASD3) exhibited noticeable spectral modifications. 
Aromatic C––C stretching vibrations of Qu at 1658 cm⁻¹ were retained in 
PM at 1655 cm⁻¹ , confirming the absence of structural alteration during 
physical mixing. In contrast, these bands shifted to lower wavenumbers 

Fig. 2. X-ray diffraction patterns of pure Qu; PM; solid dispersions ASD1, 
ASD2, ASD3.

Fig. 3. FTIR spectra of pure Qu; PM; solid dispersions ASD1, ASD2, ASD3.

Table 1 
Summary of the mechanism of action of Qu against TNBC.

Mechanism Description Key Pathways Ref

Apoptosis 
induction

Promotes programmed cell 
death

↑ Caspase − 3, 
Caspase-9, ↓ Bcl-2

[27]

Inhibition of cell 
proliferation

Halts cell cycle progression and 
suppresses growth

↓ Cyclins, CDKs; 
G1 or G2/M arrest

[28]

Signalling 
pathway 
modulation

Disrupts pro-survival and 
proliferative signalling 
pathways

↓PI3K/Akt/ 
mTOR, MAPK/ 
ERK, NF-kB

[29]

Anti-metastatic 
activity

Reduces migration and invasion 
by affecting extracellular matrix 
remodelling and EMT

↓ MMP-2.MMP-9; 
↓ Vimentin, N- 
cadherin

[30]

Antioxidant / 
anti- 
inflammatory

Neutralises oxidative stress and 
inflammation, contributing to 
tumour regression

↓ROS, COX-2, 
iNOS

[31]

Cancer stem cell 
inhibition

Targets and depletes TNBC 
cancer stem cell population

↓ Notch, Wnt/ 
β-catenin 
pathways

[32]

Table 2 
Comparison of characteristic FTIR absorption bands of Qu, PM, and ASDs (ASD1, 
ASD2, ASD3).

Qu 
(cm⁻⁻¹)

PM 
(cm⁻⁻¹)

ASD1 
(cm⁻⁻¹)

ASD2 
(cm⁻⁻¹)

ASD3 
(cm⁻⁻¹)

Assignment

3485 3458 — — — O–H stretching (free 
hydroxyl)

3434 3430 3414 3412 3436 H-bonded O–H 
stretching

1732 — 1667 1866 1668 C––O stretching
1658 1655 1612 1612 1599 Aromatic C––C 

stretching
1464 1598 1522 1522 1515 C–H bending
1429 — 1407 ​ — Aromatic ring 

vibration
1384 — 1384 1384 1396 Phenolic O–H bending
1284 1289 ​ 1263 — C–O stretching
— ​ ​ ​ ​ C–O stretching 

(polymer + Qu 
overlap)

— 1318 1321 ​ 1318 C–O stretching 
(polymer + Qu 
overlap)

— — — ​ 1230 C–O–C stretching
— 1200 1170 1170 1165 Ether linkage 

stretching
— 1088 1093 — — Polymer backbone 

vibration
— 1005 1015 1015 1015 C–O stretching
735 735 733 722 — Aromatic ring 

deformation
673 — — — — Out-of-plane bending
649 — 636 604 636 Aromatic deformation
576 576 572 — 598 / 

572
Skeletal vibration

521 520 — — — Ring deformation 
mode
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in ASD formulations (1612 cm⁻¹ in ASD1 and ASD2, and 1599 cm⁻¹ in 
ASD3), indicating reduced crystallinity and enhanced molecular disor
der. Similarly, the C–H bending vibration at 1464 cm⁻¹ in pure Qu 
shifted to 1522 cm⁻¹ in ASD1 and ASD2 and 1515 cm⁻¹ in ASD3, 
reflecting changes in the molecular environment due to polymer–drug 
interactions. The aromatic ring vibration band of Qu at 1429 cm⁻¹ was 
either reduced or disappeared in ASD samples, while the phenolic O–H 
bending vibration at 1384 cm⁻¹ was retained with minor shifts 
(1384–1396 cm⁻¹) in solid dispersions. These changes further indicate 
partial disruption of Qu’s crystalline lattice without chemical degrada
tion. The C–O stretching vibration of Qu at 1284 cm⁻¹ showed slight 
shifting and peak suppression in ASD formulations (1263 cm⁻¹ in ASD2), 
suggesting interaction of oxygen-containing functional groups with the 
polymer carrier.

In the fingerprint region, polymer-related overlapping bands 
appeared at 1318–1321 cm⁻¹ , confirming the coexistence of polymer 
and Qu within the solid dispersion matrix. Ether linkage stretching vi
brations observed at 1200 cm⁻¹ in PM shifted to 1170 cm⁻¹ in ASD1 and 
ASD2 and 1165 cm⁻¹ in ASD3, indicating conformational changes in the 
polymer network induced by drug incorporation. Additional C–O 
stretching vibrations at 1005–1015 cm⁻¹ were retained in all ASD for
mulations, suggesting the chemical stability of Qu.

The low-frequency region (800–500 cm⁻¹), associated with aromatic 
ring deformation and skeletal vibrations, also showed noticeable 
changes. The aromatic ring deformation peak at 735 cm⁻¹ shifted 
slightly to 733 cm⁻¹ in ASD1 and 722 cm⁻¹ in ASD2, while skeletal vi
brations at 576 cm⁻¹ shifted to 572–598 cm⁻¹ in ASDs. The disappear
ance or broadening of several low-frequency peaks in solid dispersions 
further confirms loss of long-range crystalline order and formation of an 
amorphous phase [29].

3.4. Enhanced Qu solubility

Studies suggest that Qu exhibits an amphipathic behaviour because 
of the hydroxyl groups that make up the polar portion and the phenyl 
rings that form the hydrophobic part of the molecules [57]. These 
compounds have variable properties depending on the charge density of 
their hydrophilic and hydrophobic components, including their aqueous 
solubility and resulting antioxidant capacity. The solubility of Qu de
pends on the temperature, pH [58] and nature of the solvent, also 
structural features, and thermodynamic properties of the compound 
[59] etc., Qu’s aqueous solubility at 20◦C has been reported to be less 
than 0.01 g/L [60]; however, precise solubility measurements remain 
limited in the literature. Up to 80◦C, the aqueous solubility of Qu 
dihydrate was comparable to that of anhydrous Qu. The solubility of Qu 
dihydrate in water was 1.5–2.5 times greater than that of Qu anhydrous 
at temperatures exceeding or equal to 100 ◦C

In this study, the solubility of pure Qu in water and ethanol was 0.53 
and 17.32 μM. The solubility of ASDs in the ratio (ASD1, ASD2, and 
ASD3) was 25.83, 22.62, and 22.81 μM in water and 50.13, 69.67, and 
99.24 μM in ethanol, respectively. All of the formulations showed an 
increase in drug solubility in ethanol compared to pure Qu. The 
enhanced absorbance of ASDs, particularly in ethanol, demonstrates 
improved solubility and dispersion of Qu compared to its native form in 
water, as illustrated in Fig. 4 and summarised in Table 3.

3.5. Thermal gravimetric properties

Based on the combined evaluation of XRD and solubility studies, 
ASD1 was selected as the optimized formulation for further detailed 
thermal and physicochemical characterization. ASD1 exhibited com
plete suppression of Qu crystalline peaks without any indication of 
recrystallization, along with a significant enhancement in aqueous sol
ubility, which is critical for improving oral bioavailability. In contrast, 
ASD3 showed partial recrystallization behavior (exhibited the reap
pearance of a characteristic crystalline peak at 2θ = 27.43), while higher 

drug-loading formulations also pose increased risks of physical insta
bility. In addition, solubility studies revealed that ASD1 provided a 
substantial improvement in Qu solubility compared to pure Qu and the 
physical mixture, particularly in aqueous medium, which is critical for 
oral bioavailability. While ASD2 and ASD3 showed higher solubility in 
ethanol, the aqueous solubility enhancement achieved by ASD1 was 
considered more relevant for pharmaceutical application and formula
tion performance. Considering these factors, as well as the high cost and 
experimental complexity associated with advanced thermal analyses, 
subsequent investigations were focused primarily on ASD1.

3.5.1. Thermogravimetric (TGA) Analysis
There have been reports of three distinct polymorphs of quercetin 

hydrates showing melting at 317, 318, and 323 ◦C and mass losses of 
endo-crystalline solvent (water) at 82, 105, and 119 ◦C. There have been 
reports of decomposition occurring at temperatures between 340 and 
350 ◦C, which is marginally higher than the melting temperature [57]. 
Many comparable melting point values have been reported in other 
quercetin studies, such as 315◦C with a heat of fusion of 51.08 kJ/mol 
and a glass transition at 108◦C [58], 322◦C with a heat of fusion of 
41.5 kJ/mol [59], and, most recently, 323◦C [60].

From the TGA graph in Fig. 5, the dashed line (representing Qu) 
shows this initial loss beginning around 375 K (≈102◦C), stabilizing 
near 410 K (≈137◦C). This aligns with the literature, which cites 
endothermic peaks and water loss in this temperature range. A second 
decomposition event occurs around 620 K (≈347◦C), with approxi
mately 52% of the material remaining, which matches previous reports 
of thermal degradation near 340–350◦C. In contrast, the ASD1 formu
lation shows a clear rightward shift in the TGA curve (solid line). No 

Fig. 4. Calibration curve showing the linear relationship between absorbance 
at 355 nm and Qu and ASD’s concentration in various solvents: water, ethanol 
and DMSO. Qu in DMSO (black squares) was used to establish the standard 
curve (y = 0.00945x + 0.0229, R² = 0.97857).

Table 3 
Concentration of Qu dissolved and corresponding absorbance values for pure Qu 
and prepared ASDs at various ratios ASD1 (1:9), ASD2 (2:8), and ASD3 (3:7) in 
water and ethanol. Measurements were recorded at λ= 355 nm.

S. No. Drug Concentration of Qu (μM) Absorbance

1 Qu in Water 00.53 0.145
2 Qu in Ethanol 17.32 0.188
3 ASD1 in Water 25.83 0.266
4 ASD1 in Ethanol 50.13 0.495
5 ASD2 in Water 22.62 0.236
6 ASD2 in Ethanol 69.67 0.681
7 ASD3 in Water 22.81 0.237
8 ASD3 in Ethanol 99.24 0.961
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initial mass loss is observed in the 300–400 K range, confirming the 
absence of water. The first significant weight loss occurs at 253.38◦C 
(≈526.5 K), resulting in a 9.51% loss. The major decomposition step 
occurs at 547.84◦C (≈820 K), with 38.41% residue. This indicates 
improved thermal stability in ASD1 compared to pure Qu, likely due to 
reduced moisture and increased matrix protection.

3.5.2. Differential scanning calorimetry
Notably, since the degradation temperature is close to the melting 

point of Qu, quench cooling was avoided in order to trace the glass 
transition temperature Tg of Qu accurately; only ASD1 will be focused 
on from here onwards. The DSC thermogram of ASD1 exhibits a distinct 
glass transition temperature (Tg) at 395 K, as indicated by a step change 
in both the total heat flow (black curve) and the reversible heat flow 
(blue curve) in Fig. 6. The presence of a single, well-defined Tg suggests 
the formation of a homogeneous amorphous phase without any evidence 
of phase separation. The absence of sharp endothermic or exothermic 
peaks further confirms the lack of crystallinity, indicating complete 
amorphization of the formulation. The reversible heat flow profile, 
derived from modulated DSC, isolates the Tg as a purely thermodynamic 
event, removing kinetic contributions and reinforcing the thermal sta
bility of the ASDs.

3.6. Molecular dynamics

The dielectric behaviour of ASD1 was monitored using BDS across 19 
temperatures from 293 to 473 K in steps of 10 K, over a wide frequency 
range from 10-1 Hz to 107 Hz, to elucidate the macroscopic behaviour of 
ASD. Fig. 7 depicts the temperature dependent behaviour of dielectric 
loss during the quench cooling after heating scan to 473 K the sample 
and to remove water /moisture for selected frequencies (isochronal plots 
at 1.89 Hz, 9.69 Hz, 4.96 ×103 Hz and 2.54 ×105 Hz). Two relaxations 
processes are observed, one process with high dielectric strength 
emerging around 400 K and a weak broad process in the lower tem
perature region over 300–400 K.

The spectral induced polarization loss current is manifested by 
frequency-dependent behaviour of dielectric loss. This phenomenon is 
also called the ‘low-frequency dielectric dispersion and absorption’ of 
the electrical conductivity (or its inverse, the electrical resistivity). So 
far, no unique physical–chemical model has been developed to describe 
the frequency dispersion; therefore, the most used approach is to fit the 
experimental data based on phenomenological models.

This dielectric behaviour at 19 temperatures is modelled by a series 
of modified Cole-Cole type equations, one of the commonly used 
phenomenological models with a term that accounts for the contribution 
of electrode effect (EE) (Figure S5, S6 and S7 in supplementary material) 
at higher temperatures [61]. For the temperatures in the range (1): 
T = 433, 443, 453, two Cole-Cole dielectric function for intrinsic 
dielectric processes with intrinsic bulk resistivity ρb and non-intrinsic 
Cole-Cole type of electrode (E) polarization is identified as: 

ϵ∗(ω) = 1
M∗(ω)

=
1

iωC0Z∗(ω) =
1

iωϵ0ρ∗(ω)
=

σ∗(ω)
iωϵ0

=
1

iωϵ0
(ρb + E)− 1

+ ϵ∞ + d1 + d2, (1) 

where ε*(ω)= ε′(ω)− iε′′(ω) is the complex permittivity, Z*(ω) is the 
complex impedance, C0= ε0A/d is the geometric capacitance of the 
empty sample cell, with ε₀ as vacuum permittivity, A is electrode area, 
and d as sample thickness, σ*(ω) is the complex conductivity, ε0 is the 
vacuum permittivity (≈ 8.854 × 10⁻¹² F/m), ε∞ is the high-frequency 
limit of permittivity, M*(ω)= 1

ε∗(ω)
is the complex electric modulus [62]. 

d1 =
Δε!

1 + (iωτ1)
α1 , τ1 = R1C1 

d2 =
Δε2

1 + (iωτ2)
α2 , E =

ρe

1 + (iωτe)
αe , τe = ReCe, τ2 = R2C2, ω = 2πf .

Fig. 5. Thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of Qu dihydrate (dashed line) and ASD1 formulation (solid line).

Fig. 6. DSC curve of Qu, total heat flow black line and reversible heat flow in 
blue line from TMDSC, obtained during heat at 5 ◦C/min.
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Δϵ1 = (ϵs − ϵ∞)1, τ1, α1 and Δϵ2 = (ϵs − ϵ∞)2, τ2, α1, α2 represents 
the dielectric parameters corresponding to α and β relaxation process, 
respectively. For the temperatures in the range (2): T = 323–423 K with 
ΔT = 10 K and for T = 463 K, 473 K, d2= 0. For the temperatures in the 
range (3): T = 293–313 K with ΔT = 10 K, 1

iωϵ0
(ρb + E)− 1

= 0, and 
d2= 0. Hence, from this depiction, there are two relaxations in ASD1; 
one α process due to cooperative motion of the Qu and PVP, while the 
other may be due to local motion in the glassy state of ASD1, which can 
be named as β process. The fit parameters are extracted, and the values 
obtained for all 19 set temperatures and the results are provided in 
supplementary Table S1 with magnitude fit quality χ2, a test that mea
sures how a model compares to actual observed data. Fit results show 
excellent agreement with measured dielectric dispersion and absorp
tion, and these are shown in Fig. 8(a)-(b), respectively. For further 
dielectric data representations and detailed analyses on equivalent cir
cuits (Figure S1), the other representations of real and imaginary parts of 
measured data and fitting i.e., M∗(ω) in Figure S2, σ∗(ω) in Figure S3, and 
log(tan(δ)) in Figure S4.a, ϕ in Figure S4.b, and fitting details in 
Figure S6 refer to the supplementary materials.

The real and imaginary parts of dielectric data of ASD1 on heating 
from 293 K to 473 K with a difference of 10 K were displayed in Fig. 8.a- 
b for 19 different temperatures. At high temperatures, especially when 
samples melt, in lower frequencies, a sudden hike in the dielectric 
strength was observed in Fig. 8.a, which may be due to EE. This EE 
masks the relaxation process in the dielectric spectra. In Fig. 8.b, a weak 
broad relaxation can be visible at the higher frequency side. As the 
temperature increases, these relaxations shift to higher frequencies; this 

may indicate a secondary relaxation.
Fig. 9 depicts the temperature dependence of relaxation times of all 

process in ASD1. The magenta data points in the high-temperature re
gion exhibit nonlinear behaviour in the relaxation map, characteristic of 
the α-relaxation process due to cooperative motion of miscible Qu and 
PVP. However, the blue data points also show a linear dependence with 
two slopes, which may be attributed to the local segmental motion of the 
ASD. The τβ relaxation was modelled using the equation: τβ =

Fig. 7. Temperature dependent a) dielectric loss and b) conductivity spectra against temperature at four selected frequencies; 1.89 Hz (red circles), 9.69 Hz (blue 
squares), 4.96 × 103 Hz (magenta up triangles) and 2.54 × 105 Hz (orange down triangles) for ASD1 (10:90; Qu:PVP); data taken from isothermal measurements.

Fig. 8. Frequency-dependent dielectric response of the optimized ASD1 (Qu+PVP) formulation measured during heating from 293 K to 473 K with a temperature 
interval of 10 K over the frequency range of 10⁻² to 10⁷ Hz in log–log scale: (a) real part (ε’) showing the α-relaxation process, and (b) imaginary part (ε”) representing 
the secondary relaxation process related to localized dipolar dynamics. Symbols represent experimental data, while solid lines correspond to simultaneous fitting of 
ϵ́ (f) and ϵ́ʹ(f)″ using the proposed model described in Eq. (1).

Fig. 9. The temperature dependence of the relaxation times of α and β process.
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τ∞exp
(

Ea
RT

)

, where, Ea is the activation energy, R is the universal gas 

constant and T is the absolute temperature. The relaxation times display 
three distinct regimes: a linear Arrhenius-like behaviour at lower tem
peratures 333 K to 423 K, characterized by an activation energy of Ea 
= 49.5 kJ/mol, suggesting localized dipolar motions; a super-Arrhenius 
increase in τ near the glass transition (433 K to 453 K); and a non- 
Arrhenius trend attributed to cooperative molecular motions in ASD1. 
The non-Arrhenius τα can be described by the Vogel-Fulcher-Tammann 
(VFT). The VFT equation captures the dramatic increase in relaxation 
time as the system approaches the glass transition temperature and is 
expressed as: [63,64]

τ(T) = τ0exp
(

A
(T − T0)

)

where, τ(T) represents the relaxation time at temperature T, τ0 is the 
pre-exponential factor, A is a parameter related to the apparent activa
tion energy, and T0 is the Vogel temperature—often interpreted as the 
temperature at which the relaxation time would diverge. The obtained 
parameters by fitting the experimental data to the VFT model are A, 
τ0 and T0 and provide insight into the cooperative molecular dynamics 
occurring near the glass transition region. The fragility index m can be 
calculated to further characterize the system's glass-forming behavior. 
This index quantifies how sharply the relaxation time increases as the 
system approaches the glass transition temperature (Tg). A higher 
fragility index (m>80) indicates a more dramatic increase in relaxation 
time, characteristic of fragile glass-formers, whereas lower values 
(m<50) suggest a stronger, more Arrhenius-like behaviour [43–46]. 
Mathematically, the fragility index m is defined as the slope of log10τ 
with respect to the reduced temperature Tg

T evaluated at T = Tg as follows 
[65,66]

m =

⎛

⎜
⎜
⎝

dlog10 τ

d
(

Tg
T

)

⎞

⎟
⎟
⎠

T= Tg

=
A

(
Tg − T0

)2
Tg

ln10 

The glass transition temperature (Tg) is evaluated from the relaxa
tion map as Tg = 438 K, the temperature at which the relaxation time (τ) 
reaches 100 s, which is indicated by a pink star in the map. The fragility 
was calculated from the VFT parameters using the expression for m, as 
stated in the theoretical modelling section, and is found to be 116. This 
steepness index indicates a moderate to high temperature dependence of 
molecular mobility near the glass transition temperature. It is crucial to 
store the formulation at a temperature significantly below its glass 

transition temperature (Tg) to ensure long-term physical stability, 
minimize molecular mobility, and prevent recrystallization. In the pre
sent study, the observed high Tg of the formulation indicates sufficient 
thermal stability, allowing storage at ambient (room) temperature 
without compromising its amorphous nature. This contributes to an 
extended shelf life and maintains the desired physicochemical proper
ties over time.

3.7. Antioxidant activity

3.7.1. DPPH radical scavenging activity
The DPPH assay depicted in Fig. 10.a, demonstrated a concentration- 

dependent increase in radical scavenging activity for all samples 
(2–10 µM). However, significant differences were observed among the 
formulations.

At 2 µM, Qu in water showed minimal inhibition (~0.5%), whereas 
ASD1 in water exhibited slightly higher activity (~3.6%), and Qu in 
DMSO showed ~12.69% inhibition. With increasing concentrations, the 
difference became more pronounced. At 6 µM, Qu in water achieved 
~1% inhibition, while ASD1 in water showed ~16%, compared to 
~40% for Qu in DMSO. At the highest concentration (10 µM), Qu in 
water showed ~3% inhibition, ASD1 in water ~24%, and Qu in DMSO 
reached ~65% inhibition. The improved activity of ASD1 in water 
compared to pure Qu in water can be attributed to enhanced solubility of 
Qu in the amorphous solid dispersion (ASD). Due to poor aqueous sol
ubility, free Qu in water remains partially undissolved, limiting the 
number of available antioxidant molecules to interact with DPPH radi
cals. In contrast, ASD1 increases molecular dispersion of Qu, thereby 
increasing the number of bioavailable Qu molecules in solution. This 
enhanced molecular availability directly correlates with increased 
hydrogen-donating capacity and higher radical scavenging efficiency.

3.7.2. Superoxide radical scavenging activity
Similar trends were observed in the superoxide radical scavenging 

assay (20–100 µM) depicted in Fig. 10.b. The activity increased dose- 
dependently across all groups. At 20 µM, Qu in water showed ~2.4% 
inhibition, whereas ASD1 in water exhibited ~6.8%, and Qu in DMSO 
showed ~10%. At 60 µM, Qu in water reached ~4.42%, ASD1 in water 
increased to ~25%, and Qu in DMSO achieved ~35%. At 100 µM, Qu in 
water demonstrated ~10% inhibition, while ASD1 in water significantly 
improved to ~37%, and Qu in DMSO reached ~58%. The marked 
enhancement in ASD1 is again attributed to increased aqueous solubility 
and improved molecular dispersion. Superoxide scavenging requires 
effective interaction between Qu hydroxyl groups and reactive oxygen 
species. In aqueous medium, limited dissolution restricts this interaction 

Fig. 10. In vitro antioxidant activity of Qu and ASD1 formulations. (a) DPPH radical scavenging activity of Qu in water, ASD1 in water, and Qu in DMSO at the 
concentrations of 2–10 µM. (b) Superoxide radical scavenging activity of Qu in water, ASD1 in water, and Qu in DMSO at the concentrations of 20–100 µM. Data are 
presented as mean ± SD (n = 3). Statistical significance is indicated as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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for pure Qu. ASD1 enhances drug wettability and reduces crystallinity, 
leading to improved dissolution and increased availability of active 
antioxidant moieties.

3.8. Anti-inflammatory activity

The anti-inflammatory potential of Qu and the ASD1 formulation 
was assessed using the nitric oxide (NO) scavenging assay. The percent 
of inhibition graph is depicted in Fig. 11. All samples demonstrated 
concentration-dependent nitric oxide scavenging activity. However, 
significant differences were observed among the formulations, as 
observed in DPPH. At lower concentration (20 µM), Qu in water 
exhibited minimal inhibition (~0.12%), whereas ASD1 in water showed 
higher inhibition (~3.17%), indicating improved availability of active 
molecules. Qu in DMSO demonstrated slightly higher inhibition (~17%) 
due to complete solubilization. At intermediate concentrations (60 µM), 
Qu in water showed moderate inhibition (~0.6%), while ASD1 in water 
significantly increased inhibition to ~15.7%. In contrast, Qu in DMSO 
reached ~31% inhibition.

At the highest concentration tested (10 µM), Qu in water demon
strated approximately ~1.2% inhibition, whereas ASD1 in water 
exhibited markedly enhanced activity (~28). Qu in DMSO showed the 
highest inhibition (~51%), serving as the solubility-maximized refer
ence. The enhanced nitric oxide scavenging activity of ASD1 compared 
to pure Qu in water can be directly attributed to improved aqueous 
solubility and increased molecular dispersion of Qu in the amorphous 
solid dispersion. Poorly soluble crystalline Qu limits the number of free 
hydroxyl groups available to neutralize reactive nitrogen species. In 
contrast, ASD1 enhances dissolution, thereby increasing the number of 
bioavailable Qu molecules capable of interacting with and scavenging 
nitric oxide radicals.

3.9. Anti-proliferative activity

ASD1 was selected as the representative formulation for cytotoxicity 
evaluation on the basis of its superior physicochemical performance 
among the prepared ASDs. MCF-7 and MDA-MB-231 are two widely 
used human breast cancer cell lines that represent distinct molecular 
subtypes of breast cancer. MCF-7 cells are hormone receptor–positive 
(ER⁺), whereas MDA-MB-231 cells are classified as triple-negative breast 
cancer (TNBC), lacking estrogen receptor (ER), progesterone receptor 

(PR), and HER2 expression. Because TNBC does not express these three 
receptors, it is more aggressive and difficult to treat with conventional 
targeted therapies. Due to their contrasting biological characteristics, 
the combined use of MCF-7 and MDA-MB-231 provides a robust in vitro 
platform for evaluating novel anticancer agents across different breast 
cancer subtypes. In particular, MDA-MB-231 cells are valuable for 
studying therapies that can bypass receptor-mediated pathways, while 
MCF-7 cells help assess responses in hormone-responsive tumors.

3.10. MDA-MB-231 cell

The Fig. 12 illustrates a dose-dependent inhibition of MDA-MB-231 
cell growth by Qu and its ASD1. The percentage of inhibition were 
plotted in Fig. 13.a. Qu in water (cyan) exhibited the least cytotoxicity, 
attributed to its poor aqueous solubility with inhibition percentages 
remaining below 25% even at the highest concentration. While Qu in 
ethanol (green) and ASD1 in water (yellow) showed moderate inhibi
tion. The percentage inhibition was notably enhanced in the formulated 
ASD1; the efficacy of ASD1 in water reached 45% and ASD1 in ethanol 
(red bars) exhibited the highest cytotoxic effect in all concentrations, 
reaching nearly 90% inhibition at 100 μM. This enhancement of the 
antiproliferative effect of ASD1 in water and ethanol suggests that the 
formulation not only improved the solubility and dispersion of Qu but 
also significantly enhanced its bioavailability and cytotoxic potential. 
Notably, the superior performance of ASD1 in ethanol over Qu in DMSO 
highlights the efficiency of the amorphous dispersion approach in 
improving the therapeutic efficacy of poorly water-soluble natural 
compounds like Qu in aggressive.

The calculated IC₅₀ values of Qu and prepared ASD1 in different 
solvents were tabulated in Table 4. The IC₅₀ of pure Qu in water (203.27 
± 0.5* μM, obtained from extrapolation of fitting) was not achieved 
even at 100 μM, reflecting its extremely poor aqueous solubility. In 
contrast, Qu in DMSO demonstrated the highest potency among the non- 
formulated forms, with IC₅₀ values of 62.3 ± 1.16 μM, highlighting 
DMSO’s ability to enhance bioavailability through solubilization. 
Ethanol moderately improved efficacy 75.45 ± 3.4 μM for MDA-MB- 
231.

The ASD1 formulation significantly improved cytotoxicity in 
aqueous and ethanolic media. While the IC₅₀ of ASD1 in water most 
probably reach 106 ± 3.7* μM. Notably, ASD1 in ethanol achieved IC₅₀ 
value of 40.54 ± 0.55 μM, outperforming pure Qu in both ethanol and 
DMSO against MDA-MB-231 cell line. These results clearly demonstrate 
that the ASD1 formulation enhances the cytotoxic potential of Qu, likely 
by improving solubility, dispersibility, and cellular uptake, thereby of
fering a promising approach for developing more effective anticancer 
therapies against aggressive breast cancers. This superior performance 
of ASD1 underscores the critical role of amorphous formulation in 
improving solubility, cellular uptake, and overall bio efficacy of hy
drophobic natural compounds such as Qu. These findings support the 
potential of ASD1 as a promising therapeutic candidate for cancer 
treatment.

3.10.1. MCF-7 cell line
Fig. 14 illustrates the morphological changes observed in MCF-7 

breast cancer cells treated with Qu and its ASD1 formulation across 
different solvent systems, water, ethanol, and DMSO, at increasing 
concentrations of 20, 60, 80, and 100 μM, as visualized under 10X 
phase-contrast microscopy and their percentage of inhibition were 
plotted in Fig. 13.b.

Upon treatment, progressive dose-dependent morphological alter
ations of cells were evident across all formulations, including cell 
rounding, shrinkage, loss of confluence, and detachment from the cul
ture surface, indicative of cytotoxic activity.

Qu in water exhibited the least morphological disruption, consistent 
with its poor aqueous solubility, even at 100 μM. Qu in ethanol induced 
moderate morphological changes, with reduction in cell density at 

Fig. 11. In vitro anti-inflammatory activity evaluated by nitric oxide (NO) 
assay. Percentage inhibition of NO production by Qu and ASD1 in water, and 
Qu in DMSO at varying concentrations (e.g., 20–100 µM). Data are presented as 
mean ± SD (n = 3). Statistical significance is indicated as p < 0.05 (*), 
p < 0.01 (**), and p < 0.001 (***).
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Fig. 12. Microscopic images taken at a magnification of 10X showing morphological changes in MDA-MB-231 breast cancer cells treated with increasing concen
trations (20, 60, 80, and 100 μM) of different formulations. Row: vehicle (water) control, Qu in DMSO, Qu in ethanol, ASD1 in ethanol, Qu in water, ASD1 in water.
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higher concentrations. Qu in DMSO demonstrated comparatively 
greater cytotoxic and morphological effects among the non-formulated 
variants, reflecting DMSO-mediated solubilization enhancing drug 
availability to cells. Notably, ASD1 formulations produced markedly 
superior morphological disruption relative to their respective pure Qu 
counterparts. ASD1 in ethanol caused progressive and pronounced cell 
loss, rounding, and detachment across all concentrations, with near- 
complete disruption of the monolayer at 100 μM. ASD1 in water, 
while showing lesser activity compared to the ethanolic form, demon
strated visibly greater cytotoxic morphological changes than pure Qu in 
water, reflecting the formulation's capacity to improve aqueous dis
persibility and cellular exposure.

The IC₅₀ values calculated from the MCF-7 viability data are pre
sented in Table 3. Pure Qu in water failed to achieve an IC₅₀ within the 
tested concentration range of up to 100 μM (IC₅₀ estimated at 409.88 
± 0.56* μM), underscoring its limited aqueous solubility and conse
quent poor cytotoxic potency. Qu in ethanol and DMSO yielded IC₅₀ 
values of 35.9 ± 1.28 μM and 32.04 ± 1.13 μM, respectively, with 
DMSO again demonstrating the highest potency among non-formulated 
groups due to its solubilizing effect. Similarly, ASD1 in water did not 
reach IC₅₀ within 100 μM (IC₅₀ estimated at 104.72 ± 1.29* μM), yet 
showed a meaningful improvement over pure Qu in water, indicating 
partial but significant enhancement in aqueous dispersibility and 
cellular uptake. ASD1 in ethanol achieved an IC₅₀ of 39.08 ± 0.55 μM, 
outperforming pure Qu in both ethanol and water, and approaching the 
potency of Qu in DMSO, which is particularly significant given that 
ethanol represents a more biologically relevant and pharmaceutically 
acceptable solvent system than DMSO. These findings collectively 
demonstrate that ASD1 substantially enhances the antiproliferative 

efficacy of Qu in MCF-7 cells, likely through improved solubility, 
wettability, and cellular bioavailability conferred by the ASD approach.

4. Conclusion

The study demonstrated that formulating Qu as ASD with PVP 
effectively addresses its inherent limitations like poor solubility, low 
bioavailability, and instability, characteristic of BCS Class IV drugs. 
Among the tested ratios, ASD1 (1:9; Qu:PVP) exhibited optimal per
formance, as confirmed by physicochemical analyses including DSC, 
SEM, XRD, FTIR, TGA, and BDS. XRD confirmed complete amorphiza
tion in ASD1, while solubility studies showed a significant enhancement 
from 0.53 μM in water for pure Qu to 25.83 μM for ASD1. TGA and DSC 
results indicated improved thermal stability and a distinct glass transi
tion at 395 K, supported by dielectric spectroscopy, which further 
revealed dynamic stability with a fragility index of 116. The antioxidant 
and anti-inflammatory assays demonstrated markedly higher inhibition 
with ASD1, 24% vs 3% (DPPH, 10 µM), 37% vs 10% (superoxide, 
100 µM), and 28% vs 1.2% (NO, 100 µM) compared to quercetin in 
water, highlighting enhanced molecular availability, improved solubil
ity, and superior bioactivity achieved through amorphization. Impor
tantly, cytotoxicity studies on MCF-7 and MDA-MB-231 cells 
demonstrated markedly higher inhibition with ASD1, approximately 
90% in ethanol and 45% in water, compared to Qu alone, this 
enhancement may be attributed to increased molecular availability of 
quercetin in ASD1 due to improved solubility and dispersion. These 
findings suggest that ASD offers a promising strategy to harness the 
anticancer potential of poorly soluble natural compounds like Qu in 
breast cancer, including aggressive TNBC treatment.
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Fig. 13. In vitro cytotoxic activity of Qu and ASD1 formulations in different solvents (water, ethanol, DMSO) against a) MDAMB-231 and b) MCF-7 breast cancer cell 
lines as measured by MTT assay. The percentage of inhibition is plotted against increasing concentrations of Qu ranging from 20 to 100 μM.

Table 4 
IC₅₀ values (μM) of Qu and its optimized ASD1 formulated in different solvent 
systems against MDA-MB-231 and MCF-7 breast cancer cell lines, determined by 
MTT assay. Data are expressed as mean ± SEM (n = 3).

Sl.No Sample MDA-MB-231 cell line MCF-7 cell line

IC50 Values (μM) IC50 Values (μM)

1 Qu in water 203.27 ± 0.5* 409.88 ± 0.56*
2 Qu in ethanol 75.45 ± 3.4 35.9 ± 1.28
3 Qu in DMSO 62.3 ± 1.16 32.04 ± 1.13
4 ASD1 in water 106 ± 3.7* 104.72 ± 1.29*
5 ASD1 in ethanol 40.54 ± 0.55 39.08 ± 0.55

* IC₅₀ values were determined by linear fitting of the dose–response data and 
extrapolation of the fitted curve. The corresponding plots are provided in the 
Figure S9 in supplementary material.
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