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Introduction: Brazilin (BRZ), a major bioactive constituent of Caesalpinia sappan, exhibits promising anticancer activity but suffers
from extremely poor aqueous solubility, limiting its oral bioavailability and therapeutic efficacy. Drug solubility is a critical
determinant of absorption and therapeutic efficacy, so strategies to enhance the solubility of BRZ are essential. Amorphous solid
dispersions (ASDs) have been widely employed to enhance the solubility and dissolution behavior of poorly soluble compounds. This
study aimed to develop and characterize ASDs of BRZ using polyvinylpyrrolidone (PVP) as a polymer carrier, to investigate
molecular interactions through in silico docking, and to evaluate their physicochemical properties, dissolution behavior, physical
stability, and antiproliferative activity.

Methods: ASDs of BRZ with PVP were prepared using the solvent evaporation method with drug-to-polymer weight ratios of 1:1,
1:3, and 1:5. The formulations were characterized using powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC),
and Fourier-transform infrared (FT-IR) spectroscopy. Solubility, in vitro dissolution, and antiproliferative activity against DU145
prostate cancer cells were evaluated. Physical stability was evaluated over 30 days under dry (25 °C/0% RH) and humid (25 °C/90%
RH) storage conditions using PXRD to detect any possible recrystallization.

Results: PXRD and DSC analyses confirmed the complete amorphization of BRZ within the ASD matrix, as evidenced by the
disappearance of crystalline diffraction peaks and characteristic melting endotherms. FT-IR spectroscopy, supported by in silico
studies, revealed hydrogen bond formation between the hydroxyl group of BRZ and the carbonyl group of PVP. The BRZ:PVP (1:5)
formulation achieved a 5.7-fold increase in solubility compared to crystalline BRZ. Dissolution testing showed a characteristic spring-
and-parachute profile, with ASDs maintaining supersaturation for a prolonged period. Moreover, enhanced antiproliferative activity
against DU145 cells was observed for BRZ ASDs, with the lowest ICs, value of 14.02 pg/mL at a 1:5 ratio, compared to 20.12 pg/mL
for crystalline BRZ. Stability testing showed that all ASDs maintained their amorphous form under dry storage conditions for 30 days,
whereas samples stored at 90% relative humidity exhibited recrystallization.

Conclusion: BRZ ASDs using PVP effectively improved solubility, dissolution profile, and antiproliferative activity. The formula-
tions demonstrated good stability under dry storage conditions but were sensitive to high humidity. These findings suggest that ASDs
represent a promising strategy for enhancing the therapeutic potential of poorly soluble natural anticancer compounds.
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Introduction

Drug solubility is an important factor in drug absorption and medication effectivity. Improving the solubility and
maintaining the supersaturation of poorly water-soluble drugs are crucial for enhancing their oral bioavailability.'
Drug substances with low water solubility are becoming increasingly common in pharmaceutical development; however,
their limited solubility often results in poor bioavailability when administered orally.”>> Several formulation strategies
have been widely explored to enhance the solubility of poorly water-soluble compounds. These include salt formation,
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co-solvent systems, inclusion complexation (such as cyclodextrin complexes), lipid-based formulations, and nanotech-
nology-based approaches, including nanoparticles and solid lipid carriers. Each method offers distinct advantages;
however, their applicability depends on the physicochemical characteristics of the drug molecule.®

To enhance the dissolution and oral bioavailability of poorly water-soluble drugs, amorphization is one of the most
effective pharmaceutical approaches available.” Amorphous drug formulations, characterized by their high Gibbs free
energy, offer significant potential for enhancing drug delivery. This is attributed to their capability to form supersaturated
aqueous solutions of drugs with low water solubility. In such a supersaturated state, drug absorption across biological
membranes increases due to the elevated thermodynamic activity that surpasses the drug’s inherent solubility.®
Amorphization is considered a highly effective approach to enhance the dissolution rate and bioavailability of drugs
with low water solubility. Unlike their crystalline forms, amorphous drugs possess a disordered molecular arrangement
and elevated free energy, which contribute to improved solubility in water.” However, amorphous drugs are thermo-
dynamically unstable and prone to recrystallization during storage or upon contact with water, making them challenging
to use as standalone components in solid formulations.

To address this, excipients are often incorporated to prevent recrystallization. One effective strategy is the use of
amorphous solid dispersions (ASDs), where the drug is embedded within a polymer matrix to maintain its amorphous
state.'® Intermolecular interactions between the drug and polymer in ASDs contribute to enhanced solubility and
dissolution rates while also improving the physical stability of the drug.'" These strong interactions effectively prevent
the recrystallization of amorphous drugs, highlighting the importance of selecting an appropriate polymer carrier.
A suitable polymer not only facilitates the transformation of a crystalline drug into its amorphous form but also stabilizes
the dispersion by reducing molecular mobility and increasing the glass transition temperature (7, g).lz In silico molecular
docking can provide mechanistic insight into hydrogen bond formation and non-covalent interactions between BRZ and
PVP, supporting the rational design of ASDs and complementing experimental evaluations. Such integration of
computational and experimental approaches remains limited for BRZ, highlighting the novelty of the present study.

This study aims to explore the interaction mechanisms between brazilin (BRZ) and a polymer at the molecular level,
and how these interactions influence key pharmaceutical properties such as dissolution behavior and physical stability.
BRZ, a promising anticancer agent, was chosen as a model for poorly water-soluble drugs due to its low solubility and
limited oral bioavailability. Polyvinylpyrrolidone (PVP) was selected as the polymer carrier, given its widespread use in
ASDs formulations and its proven efficacy in preventing drug recrystallization both during storage and upon dispersion
in aqueous environments.'*'* In vitro cytotoxicity, dissolution, homogeneity, and apparent solubility were all improved
by the successful preparation of amorphous solid dispersions based on PVP."> PVP has been reported to be particularly
effective in inhibiting drug crystallization and forming a stable amorphous matrix, thereby enhancing the dissolution
rate.'®

BRZ is the main compound in Caesalpinia sappan that has potential as an anticancer agent, but its solubility is very
low, resulting in low bioavailability. BRZ is soluble in organic solvents, has a boiling point above 150°C, and is used at
relatively low concentrations, making it suitable for ASDs preparation using the solvent evaporation technique.'’
Amorphous solid dispersions not only improve the solubility and oral bioavailability of poorly water-soluble anticancer
drugs, but also enhance their pharmacokinetic profiles, leading to improved therapeutic efficacy and safety.’

In this research, BRZ ASDs were developed utilizing PVP through the solvent evaporation technique. The resulting
formulation was characterized using analytical instruments including X-ray Diffraction (XRD), Differential Scanning
Calorimetry (DSC), and Fourier Transform Infrared Spectroscopy (FTIR). Additional evaluations will include solubility
testing, entrapment efficiency, dissolution studies, physical stability assessments, and antiproliferative activity testing
against DU145 prostate cancer cells. To our knowledge, studies on BRZ ASDs remain limited, particularly those
integrating physicochemical characterization with biological performance evaluation. The novelty of this work lies in
the development of a PVP-based BRZ ASD using solvent evaporation and the simultaneous assessment of drug-polymer
interactions, dissolution behavior, physical stability, and antiproliferative activity. This integrated evaluation provides
a comprehensive understanding of both formulation performance and molecular mechanisms, highlighting the potential
of PVP-based ASDs for enhancing the oral bioavailability and therapeutic efficacy of poorly water-soluble anticancer
compounds.
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Materials and Methods

Materials

BRZ and PVP K30 were purchased from Chengdu Biopurify Phytochemicals (Sichuan, China) and JH Nanhang Life
Sciences Co., Ltd. (Zhejiang, China), respectively. Methanol, acetonitrile (HPLC grade), and potassium dihydrogen
phosphate were obtained from Merck (Darmstadt, Germany). Potassium bromide (KBr) was used for FTIR analysis.
Dimethyl sulfoxide (DMSO), MTT reagent, and other cell culture reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Phosphate buffer solutions were prepared using analytical-grade reagents. All chemicals and
solvents were of analytical grade and used without further purification. The chemical structures of BRZ and PVP are
shown in Figure 1.

In silico Study

The 3D structures of BRZ and PVP monomer were retrieved from the PubChem database. Molecular docking simula-
tions were performed to investigate the interaction between BRZ and PVP using AutoDock 4.2."%'" Before docking,
ligand and receptor preparations were carried out using AutoDockTools version 1.5.6, including the addition of polar
hydrogens, Gasteiger charges, and the conversion of structures into the required PDBQT format. The docking grid box
was set to 40 x 40x40 points with a grid spacing of 0.375 A, centered at coordinates x = 0.123, y = 0.069, and z = 0.172.
The genetic algorithm (GA) parameters were configured with 100 independent runs, a maximum of 2,500,000 energy

evaluations, and 27,000 generations per run. Docking results were analyzed based on binding energy and interaction

types.

Preparation of ASDs

ASDs were prepared using the solvent evaporation method. BRZ and PVP were dissolved in methanol at drug-to-
polymer weight ratios of 1:1, 1:3, and 1:5. The resulting solutions were evaporated using a Buchi Rotavapor-R (Buchi
Corp., New Castle, DE, USA) attached to a water bath (BM200, Yamato Scientific America, Santa Clara, CA, USA)
maintained at 30 °C. The residues were dried at 30 °C for 72 hours in an oven to obtain dry ASD powders.

Powder X-Ray Diffraction
PXRD patterns were collected using a Kristalloflex diffractometer (Bruker D8 Advance, Siemens, Berlin, Germany) with
the following settings: 40 kV, 40 mA, Cu target with Ni filter, scanning rate of 1°/min, and a 26 range of 10-40°.

Differential Scanning Calorimetry (DSC)
DSC measurements were performed using a Shimadzu DSC-60 Plus (Kyoto, Japan). Samples (3—5 mg) were sealed in
aluminum pans and scanned from 0 to 280 °C at a heating rate of 10 °C/min under a nitrogen purge of 20 mL/min.

Figure | Chemical structure of (A) BRZ and (B) PVP K30 (ChemDraw).
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Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using a Shimadzu Prestige-21 spectrometer (Kyoto, Japan). Each sample (1-2 mg) was
mixed with 200-250 mg of KBr, ground, and compressed into a pellet under 60 psi. Spectra were recorded in the
4000400 cm ' range.

Solubility Studies

The crystalline and amorphous solubility of BRZ was determined in 50 mM phosphate buffer (pH 7.4) at 37 °C. Excess
amounts of each sample were shaken for 48 hours, filtered through 0.45 pm membranes, and analyzed by HPLC after
dilution with the mobile phase. Phosphate buffer at pH 7.4 was selected to simulate physiological conditions relevant to
systemic circulation and to enable comparison with dissolution and antiproliferative studies conducted under near-
physiological environments.

HPLC Analysis

HPLC analysis was performed using an Agilent system equipped with an Eclipse Plus C18 column (4.6 x 150 mm, 5 um)
maintained at 30 °C. The mobile phase consisted of methanol:water (95:5, v/v) at a constant flow rate, with detection at
254 nm. The injection volume was 20 pL. Calibration curves were constructed in the concentration range of 4—128 pg/
mL, showing good linearity (R* > 0.999). The limit of detection (LOD) and limit of quantification (LOQ) were
determined based on signal-to-noise ratios of 3:1 and 10:1, respectively. The analytical method was adapted from
previously reported procedures for BRZ with minor modifications.

Entrapment Efficiency
The entrapment efficiency study was conducted to evaluate the extent of drug incorporation within the polymeric matrix
and to assess the influence of drug-to-polymer ratio on formulation efficiency and content uniformity.

Entrapment efficiency was determined by dissolving each ASDs sample in methanol to achieve a BRZ concentration
of 100 ug/mL. After stirring for 30 minutes, the solutions were filtered (0.45 pm), diluted with acetonitrile, and analyzed
by HPLC.

Entrapment efficiency(%)=(Measured concentration/Theoretical concentration) x 100.

In vitro Dissolution

Dissolution studies were performed using USP Apparatus II (paddle method). ASD powders equivalent to 40 ug/mL of
BRZ were directly dispersed into 500 mL of phosphate buffer (pH 7.4) at 37 °C. The medium was stirred at 150 rpm,
a commonly used condition for poorly soluble compounds to ensure uniform dispersion without excessive hydrodynamic
effects. Samples (5 mL) were withdrawn at predetermined intervals (1-150 min), filtered through 0.45 um membranes,
diluted with acetonitrile, and analyzed by HPLC.

Storage Stability

Physical stability of ASDs was tested under two conditions for 30 days: (a) 25 °C/0% RH in a desiccator with silica gel,
and (b) 25°C/90% RH using a desiccator with saturated potassium nitrate. PXRD was used to evaluate changes in
crystallinity post-storage.

Cancer Cell Inhibition Assay

The cytotoxicity of BRZ and its ASDs was assessed using the MTT assay on DU145 (prostate cancer) and Vero (normal)
cell lines. Cells (3 x 10%/well) were seeded in 24-well plates and incubated for 24 h at 37 °C in a 5% CO, atmosphere.
Media were replaced with fresh media containing BRZ or ASDs. After 48 h, MTT (0.5 mg/mL) was added and incubated
for 4 h. Formazan crystals were dissolved in 1000 pnL. DMSO and absorbance was read at 595 nm using an ELISA reader.
Cell viability was calculated as a percentage of control absorbance. Untreated cells served as the negative control, while
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vehicle-treated cells were used as solvent controls. The effect of PVP alone was also evaluated at equivalent concentra-
tions and showed no significant cytotoxicity within the tested range.

Results
In silico Study
Molecular docking between BRZ and the PVP polymer was performed using AutoDock 4.2, with 100 docking runs
conducted to identify the optimal binding configuration based on interaction affinity. All predicted conformations
clustered into a single group (cluster rank = 1), indicating a consistent binding orientation. The minimum binding free
energy was —2.71 kcal/mol, with an average value of —2.63 kcal/mol. Visualization in both 3D and 2D formats (Figure 2)
revealed a hydrogen bond between the hydroxyl (-OH) group of BRZ’s aromatic ring and the carbonyl (C=0) group of
a PVP monomer unit. The hydrogen bond distance was measured at 2.1 A, which falls within the typical range for stable
hydrogen bonds (1.5-3.2 A).%°

In addition, several hydrophobic interactions, including pi—alkyl and pi-sigma types, were identified between the
aromatic rings of BRZ and the alkyl chains of PVP, with interaction distances ranging from 2.6 A to 4.6 A.?' Such
interactions contribute significantly to complex stabilization, particularly in polymer-based drug delivery systems, by
enhancing the affinity between active molecules and the polymer matrix.*

The critical role of non-covalent forces, such as hydrogen bonding and hydrophobic interactions, in stabilizing
molecular complexes has been extensively reported. Hydrogen bonds are key in dictating molecular orientation and

Brazilin PVP

- == H-Bond
- == Hydrophobic Pi-Sigma
Hydrophobic Pi-Alkyl

Figure 2 3D and 2D visualization of BRZ and PVP interactions after molecular docking simulation.
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complex formation, whereas hydrophobic interactions promote molecular alignment through water exclusion, thereby
strengthening the overall stability of the complex.'’

In comparison with the previous findings on the interaction between BRZ and PVP, hydrogen bonding also occurred
at the carbonyl group, with a bond length of approximately 1.54 A and a binding energy of —1.5 kcal/mol.® In contrast,
the BRZ-PVP complex exhibited a binding energy of —2.71 kcal/mol, indicating a slightly stronger interaction, though
still weak relative to strong drug—target bindings. These results suggest that PVP interacts with BRZ through both
hydrogen bonding and hydrophobic forces, supporting its potential as an excipient in pharmaceutical formulations, such
as nanoparticles or drug delivery matrices. Furthermore, these interactions imply that BRZ can be dispersed or
encapsulated within a PVP matrix without undergoing covalent modification. These in silico findings provide mechan-
istic insight into the molecular interactions between BRZ and PVP, supporting the enhanced solubility, stability, and
antiproliferative activity observed experimentally, and highlighting the novelty of integrating computational predictions
with experimental evaluations in BRZ ASD development.

Powder X-Ray Diffraction

PXRD analysis revealed distinct diffraction peaks for crystalline BRZ, whereas PVP exhibited a halo pattern, indicative
of its amorphous nature (Figure 3). Similar diffraction peaks were present in BRZ obtained via solvent evaporation,
suggesting that the compound remained crystalline, likely due to its pronounced tendency to recrystallize.

In contrast, the physical mixture of BRZ with PVP exhibited distinct diffraction peaks in the PXRD profiles.
Conversely, BRZ formulated as an ASDs BRZ with PVP via solvent evaporation displayed a halo pattern without
detectable diffraction peaks across all weight ratios, confirming that amorphous ASDs BRZ can be successfully obtained
through this method.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis was used to confirm the transformation of BRZ from a crystalline to an
amorphous form. The crystalline BRZ exhibited an endothermic melting peak at approximately 250 °C, corresponding to
its melting point (Figure 4). This peak was absent in all BRZ-PVP amorphous solid dispersions (ASDs) across the tested
weight ratios after heating, indicating successful amorphization in the presence of PVP. Furthermore, the DSC data
suggest that even at a 1:1 ratio, the polymer content was sufficient to stabilize the amorphous BRZ. Combined PXRD and
DSC results confirm that the solvent evaporation method effectively produced BRZ-PVP ASDs. As shown in Figure 4,

10 20 30 40 50 60 10 20 30 40 50 60
2 Theta (°) 2 Theta (°)

Figure 3 X-ray diffraction pattern of BRZ:PVP amorf solid dispersion (left) and physical mixture (right). (a) BRZ, (b) PVP, (c) BRZ:PVP (l:1), (d) BRZ:PVP (1:3), (¢) BRZ:PVP
(1:5).
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Figure 4 DSC curves of BRZ and BRZ-PVP ASDs with various weight ratios. (a) BRZ:PVP (1:5), (b) BRZ:PVP (1:3), (c) BRZ:PVP (l:1), (d) BRZ.

the characteristic melting peak of crystalline BRZ at around 250 °C disappears in the BRZ-PVP ASD systems at different
weight ratios (1:5, 1:3, and 1:1), indicating successful amorphization.

Fourier-Transform Infrared Spectroscopy (FTIR)
BRZ possesses several key functional groups that influence its chemical behavior (Figure 5). The hydroxyl (-OH) groups
attached to the aromatic ring contribute to polarity and hydrogen-bonding capacity, while methoxy (-OCHj3) substituents

Transmittance (%)
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Figure 5 FTIR spectra of BRZ, PVP, and BRZ-PVP with various weight ratios. (a) BRZ, (b) PVP, (c) BRZ-PVP (I:1), (d) BRZ-PVP (1:3), (e) BRZ-PVP (I:5).
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present in certain derivatives interact with the aromatic system, enhancing solubility in polar solvents.?® Its conjugated
aromatic ring system further increases molecular stability and imparts distinctive optical properties. Interaction with PVP
was evidenced by a shift in wave number, consistent with hydrogen bond formation between BRZ’s hydroxyl groups and
the carbonyl groups of PVP. This interaction suggests that PVP facilitates improved solubility of BRZ by forming a more
stable and soluble complex.

Solubility Studies

The solubility test was conducted to evaluate the relative hydrophobicity between the polymer and the model compound.
The equilibrium solubility of BRZ was measured in 50 mM phosphate buffer (pH 7.4) at 37 °C. The crystalline form of
BRZ, where the molecules predominantly exist in the un-ionized state, exhibited an equilibrium solubility of 9.88 +
0.2211 pg/mL, indicating extremely poor aqueous solubility. As shown in Table 1, the presence of PVP markedly
enhanced solubility. In other words, the solubility of amorphous BRZ increased proportionally with higher polymer
concentrations in the ASDs. This observation is consistent with previous findings reporting that PVP improves drug
solubility through a solubilization effect.”’

At 48 hours, the 1:5 BRZ-to-PVP ratio achieved a 5.7-fold increase in solubility compared to the pure compound,
suggesting a sustained improvement over extended periods. The enhancement can be attributed to drug solubilization,
reducing the solute’s thermodynamic activity, allowing amorphous drug solubility to be increased by adding solubilizing
agents such as polymers.”**> The solubility improvement of BRZ in the presence of PVP may involve multiple
mechanisms, including complex formation with PVP, transformation from a crystalline to an amorphous state, reduction
in particle size, and self-assembly into nanomicelles. Previous reports also indicate that the BRZ-PVP complex facilitates
the encapsulation of hydrophobic molecules within its core, thereby enhancing aqueous solubility.’*?” Nevertheless,
amorphization is likely the primary factor for solubility enhancement, as earlier studies showed that PVP alone exerts
only a minor effect on thermal equilibrium solubility, particularly at concentrations above 2000 pg/mL.®

The solubility of crystalline and amorphous BRZ in phosphate buffer is presented in Table 1.

Entrapment Efficiency (EE)

This study was conducted to assess the influence of the ASD (drug-to-polymer amorphous dispersion) ratio on the
entrapment efficiency of BRZ using PVP as the polymer. The findings revealed a decreasing trend in AUC, concentra-
tion, and entrapment efficiency as the polymer content in the formulation increased.

The entrapment efficiency of BRZ-PVP was determined for all prepared formulations by dispersing the samples in
methanol. The results demonstrate that BRZ was effectively incorporated into PVP resulting in a high concentration
within the ASDs system.

The entrapment efficiency of BRZ amorphous solid dispersions is shown in Table 2

The results indicated that the lowest entrapment efficiency was obtained at an ASDs BRZ ratio of 1:1 (70.99 +
0.42%), with a progressive increase at ratios of 1:3 (87.50 + 0.62%) and 1:5 (89.86 + 0.38%). This increase can be
attributed to variations in the interaction between BRZ and the PVP polymer. At a 1:5 ratio, the polymer content appears
sufficient to establish an optimal entrapment network through hydrogen bonding and van der Waals interactions, thereby
enhancing trapping efficiency.

Table | Crystalline (Scg) and Amorphous (S, g) Solubility of
BRZ (B) in 50 mM Phosphate Buffer at pH7.4

Sample ScB Sa B Sa B/Sc B
ASD BRZ:PVP (I:1) | 9.88 £ 0.22 | 44.5] + 0.47 4.5
ASD BRZ:PVP (1:3) | 9.88 £ 0.22 | 51.66 + 0.61 5.2
ASD BRZ:PVP (1:5) | 9.88 £ 0.22 | 56.13 + 0.47 5.7
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Table 2 Entrapment Efficiency (EE) of BRZ Amorphous Solid Dispersion

Sample x| x2 x3 Mean EE (%) | SD | RSD
ASD BRZ:PVP (I:1) | 7I.11 | 71.34 | 70.53 70.99 042 | 2%
ASD BRZ:PVP (1:3) | 86.91 | 87.46 | 88.14 87.50 0.62 | 2%
ASD BRZ:PVP (1:5) | 89.62 | 89.66 | 90.30 89.86 038 | 2%

In vitro Dissolution

The dissolution behavior of BRZ in ASD was evaluated in 50 mM phosphate buffer (pH 7.4) at 37 °C under non-sink conditions
(Figure 6). The crystalline form of BRZ dissolved slowly, reaching only about 40 pg/mL. In comparison, BRZ-PVP ASD
showed enhanced dissolution relative to the crystalline material, presenting a spring—parachute profile typical of amorphous
formulations. This indicates that BRZ-PVP ASD disperses well in the medium; however, the concentration gradually decreased
over time due to recrystallization. The higher concentration observed for the ASDs sample can be explained by the greater
amorphous solubility compared to the crystalline state. Under humid conditions, water uptake lowered the glass transition
temperature (Tg) of BRZ i ASDs, thereby facilitating recrystallization.

Furthermore, the sticky mass detected in ASDs BRZ under humidified environments is likely associated with the
samples being in a supercooled liquid state. The generally low dissolution of both crystalline and amorphous forms may
also be influenced by their poor wettability, although this assumption still requires verification through additional
experiments.

Statistical analysis revealed significant differences in dissolution performance between crystalline BRZ and all ASD
formulations (p < 0.05). Among the tested ratios, the 1:5 BRZ:PVP formulation exhibited the highest dissolution rate,
demonstrating superior performance compared to the other groups.

Storage Stability
The formulation of BRZ as an amorphous solid dispersion with PVP exhibited halo patterns even after 30 days of storage
at 25 °C under both 0% and 90% relative humidity (RH) conditions, as shown in Figure 7. This stability may be

—e—Brazilin —e—ASD Bra-PVP (1:1) ASD Bra-PVP (1:3) ASD Bra-PVP (1:5)
35 -
30 = N
d +
= | T
5 1 .
=20 A
c
S
®
§ 15 4 :f 7 T
[
[}
(@]
5 .
0« r y y . . y :
0 20 40 60 80 100 120 140
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Figure 6 Dissolution profiles of each sample in 50 mM phosphate buffer (pH 7.4) at 37 °C (n = 3, mean SD).
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Figure 7 PXRD patterns of BRZ, PVP, and Brz-PVP with various weight ratios after storage at 25°C 0% RH (left) and 90% RH (right). Brz = brazilin, PVP =
polyvinylpyrrolidone, ag = ASD Brz:PVP (1:5) 0 day, by = ASD Brz:PVP (1:3) 0 day, co = ASD Brz:PVP (l:1) 0 day, a; = ASD Brz:PVP (I:5) 7 days, b; = ASD Brz:PVP
(1:3) 7 days, c; = ASD Brz:PVP (I:1) 7 days, a3 = ASD Brz:PVP (I:5) 30 days, b3o = ASD Brz:PVP (1:3) 30 days, c3o = ASD Brz:PVP (I:1) 30 days.

attributed to the self-assembly of the system into nanomicelles, which could hinder water penetration and interaction with
BRZ within the PVP matrix.

The appearance of characteristic diffraction peaks after storage under high humidity conditions indicates partial
moisture-induced recrystallization. Water absorption can plasticize the amorphous system, reduce the glass transition
temperature, and increase molecular mobility, thereby facilitating crystal nucleation and growth. This phenomenon is
commonly observed in amorphous pharmaceutical systems exposed to elevated humidity. The PXRD patterns of BRZ-
PVP ASDs remained largely amorphous after storage at 25 °C under both 0% RH and 90% RH conditions, indicating the
physical stability of the ASD systems.

Cancer Cell Inhibition Assay

The amorphous solid dispersion formulation of BRZ with PVP demonstrated a marked enhancement in antiproliferative activity
against DU 145 prostate cancer cells compared to crystalline BRZ.*® Antiproliferative assay results revealed a significant
improvement in the activity of the solid dispersion relative to the pure crystalline form, showing a positive correlation between
increased solubility and enhanced biological performance. The ICs, values were 16.63 pg/mL for the ASDs BRZ:PVP (1:1)
formulation, 15.33 pg/mL for the ASDs BRZ:PVP (1:3) formulation, and 14.02 pg/mL for the ASD BRZ:PVP (1:5) formulation.
All ASD formulations exhibited higher antiproliferative activity than pure BRZ crystals, which had an ICsq of 20.12 pg/mL.
Among these, ASDs BRZ:PVP (1:5) showed the greatest solubility enhancement and the strongest biological effect.” Improving
the bioavailability of poorly water-soluble anticancer drugs could also enhance their pharmacokinetics, efficacy, and safety.'’
This study highlights the potential of BRZ in ASDs formulations, particularly at a 1:5 ratio, as a promising candidate for a more
effective and selective anticancer agent. Statistical analysis demonstrated that ASD formulations significantly enhanced
antiproliferative activity compared to crystalline BRZ (p < 0.05), with the 1:5 formulation showing the most pronounced effect.
As shown in Figure 8, BRZ-PVP amorphous solid dispersions exhibited enhanced anticancer activity against DU-145 cells
compared with pure BRZ.
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Discussion

Enhancing drug solubility is a crucial strategy for improving therapeutic efficacy. The amorphous form of a compound
provides higher free energy than its crystalline counterpart, resulting in superior solubility.>* BRZ, a natural compound
with promising antiproliferative activity, particularly against prostate cancer, suffers from low solubility that limits its
oral bioavailability and clinical effectiveness. Transforming BRZ into an amorphous solid dispersion can significantly
increase its dissolution and bioavailability.

Amorphous drugs face thermodynamic instability and a high tendency to recrystallize. Solid dispersions using
hydrophilic polymers, such as polyvinylpyrrolidone (PVP) K30, are widely employed to stabilize amorphous drugs by
preventing nucleation and crystal growth. In this study, solvent evaporation was used to produce BRZ-PVP solid
dispersions at weight ratios of 1:1, 1:3, and 1:5. PVP was selected because of its strong hydrogen-bonding capacity,
hydrophilicity, and chemical stability.

Physicochemical characterization confirmed successful amorphization. PXRD patterns showed broad halos without
any diffraction peaks, indicating the absence of crystalline domains. DSC thermograms revealed the disappearance of
sharp melting endotherms, confirming the transformation into the amorphous state. FTIR spectra demonstrated significant
shifts in hydroxyl and carbonyl bands, confirming hydrogen-bond formation between BRZ and PVP. The molecular
docking study predicted the formation of a hydrogen bond between the -OH group and the C=0 PVP at a distance of 2.1
A, which confirms the FTIR result by the shift in the number of wavelengths in the same functional group. Both methods
consistently identify hydrogen bonds as the main interaction mechanisms responsible for increasing the solubility and
stability of complexes in amorphous solid dispersion systems. The mechanism of increased solubility of BRZ formulated
with PVP involves the transformation from a crystalline form to an amorphous one, which increases free energy and
accelerates the solubility of the compound in a liquid solvent. This amorphization process is evidenced by PXRD
analysis, which shows the disappearance of crystalline peaks in BRZ after formulation, indicating that the crystalline
structure has transformed into an amorphous state. This is further supported by DSC testing results, which show no
significant endothermic peaks in the BRZ-PVP formulation, confirming that BRZ is in an amorphous state. The
amorphous structure, which has higher free energy compared to the crystalline form, allows this compound to dissolve
more easily in liquid media. The addition of PVP to the formulation not only plays a role in transforming the crystalline
form into amorphous, but also stabilizes the compound, preventing its return to the crystalline form and enhancing its
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Figure 9 Schematic lllustration Comparing Crystalline and Amorphous Solid Dispersions for Enhanced Therapeutic Effect against Cancer Cells.

solubility. This is in line with previous studies that show that polymers like PVP can bind active molecules through
hydrogen bonds, improving their solubility and stability in pharmaceutical formulations.**

Dissolution studies revealed a typical “spring and parachute” effect, which is characteristic of successful amorphous
solid dispersions. The initial rapid dissolution (spring) generated supersaturation, while the presence of PVP maintained
this state (parachute) by inhibiting nucleation and crystal growth. The 1:5 ratio formulation exhibited the most sustained
improvement in solubility, maintaining up to a 5.7-fold increase after 48 hours.

Although all formulations exhibited an amorphous state, polymer content plays a crucial role in maintaining super-
saturation during dissolution. Lower polymer ratios (1:1 and 1:3) may provide insufficient inhibition of nucleation and
crystal growth, leading to faster recrystallization and reduced apparent solubility. Similar observations have been reported
in previous amorphous solid dispersion systems, where higher polymer fractions improved dissolution stability and
sustained supersaturation.

Antiproliferative assays against DU145 prostate cancer cells demonstrated significantly enhanced activity for the
amorphous solid dispersions compared to crystalline BRZ. This improvement reflects the combined effects of increased
solubility, prolonged supersaturation, and potentially preferential uptake of drug—polymer complexes by cancer cells.
Figure 9 illustrates the proposed mechanism by which BRZ-PVP amorphous solid dispersions improve dissolution and
subsequently enhance the anticancer activity compared with crystalline BRZ.

Conclusion

This study successfully produced BRZ in the form of a stable amorphous solid dispersion with PVP polymer using the
solvent evaporation method. FTIR analysis and molecular docking confirmed the formation of hydrogen bonds between
BRZ and PVP, which is key to stabilizing the system. The resulting solid dispersion increased BRZ solubility by 5.7-fold
compared to BRZ crystals through the “spring and parachute” mechanism, which maintains supersaturation over an
extended period. The increased solubility also enhances the antiproliferative activity against prostate cancer cells, with an
ICsq value of 14.02 pg/mL. This indicates that the solid dispersion formulation improves not only the physicochemical
properties, but also the biological activity of BRZ. Stability testing over 30 days under various temperature and humidity
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conditions demonstrated that the solid dispersion remains stable without recrystallization. This makes the solvent
evaporation method worthy of further development as a strategy to enhance BRZ’s potential as an anticancer agent. In
conclusion, amorphous solid dispersions of BRZ with PVP effectively improve solubility, sustain supersaturation, and
enhance antiproliferative activity. This formulation strategy offers a promising approach for developing more effective
anticancer agents from poorly soluble natural compounds.
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