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Genistein, a bioactive isoflavone, offers therapeutic potential but is hindered by poor water solubility, limiting its
oral bioavailability. This study aimed to enhance genistein’s solubility by developing solid dispersion (SD) and
formulating them into tablets. The SDs were prepared using the solvent evaporation method with polyethylene
glycol 4000, poloxamer 407, and crospovidone (XPVP) as carriers. A Box-Behnken design optimized the
formulation, yielding a significant increase in solubility to 181.12 pg/ml, closely matching the predicted value.
Characterization studies, including differential scanning calorimetry, attenuated total reflectance-Fourier
transform infrared spectroscopy, and powder X-ray diffraction, confirmed the conversion of genistein from
a crystalline to an amorphous state without interaction with carriers, contributing to improved solubility and
dissolution profile. The optimized genistein-SD was further developed into tablets, demonstrating effective
drug release. Genistein-SD tablets containing XPVP showed faster disintegration and higher genistein release
than those with sodium starch glycolate. Stability testing under long-term and accelerated storage conditions
confirmed the retention of genistein content (>96.61%) over 3 months in both the optimized genistein-SD
and genistein-SD tablets. These tablets offer a promising genistein oral delivery approach, supporting further
pharmaceutical development.
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INTRODUCTION

Genistein, a natural isoflavone abundant in soybeans
and other leguminous plants [1], exhibits numerous biological
activities, including anti-inflammatory [2], antioxidant [3],
anticancer [4], antibacterial [5], and antiviral effects [5]. These
attributes suggest its potential therapeutic utility across various
conditions. However, genistein is classified under class II of the
Biopharmaceutics Classification System due to its poor water
solubility (0.029 mg/ml) [6], which limits its oral bioavailability.
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In rats, the oral bioavailability of genistein at doses of 4, 20,
and 40 mg/kg was found to be 38.58%, 24.34%, and 30.75%,
respectively [7]. Low bioavailability can reduce drug efficacy
and increase variability in patient responses.

Various methods have been employed to enhance the
delivery of genistein, such as nanoparticle [8], microparticle
[9], micelle [10], microemulsion [11], cocrystal [12], and solid
dispersion (SD) [6]. SD-based formulations are particularly
noteworthy because it has been successfully used to enhance
the solubility of many drugs (such as itraconazole, tacrolimus,
lopinavir/ritonavir, etravirine, and vemurafenib), resulting in
products approved by the US FDA [13]. Additionally, SD is
a simple and cost-effective method [14—16]. This technique
generally involves dispersing one or more active substances in
an inert carrier to form an amorphous solid. The amorphous
form of the drug in SD enhances solubility by eliminating
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the need to disrupt crystalline lattices, and using hydrophilic
polymers as inert carriers improves wettability [14,17].

The genistein-SD was previously developed using a
single carrier, polyvinylpyrrolidone K30. The SD formulation,
with a 1:7 ratio of genistein to polyvinylpyrrolidone K30,
exhibited a 482-fold increase in drug release at 60 minutes
compared to pure genistein [6]. Pharmacokinetic studies in
rats further demonstrated that the C__ and AUC,, of the SD
formulation were 6.86-fold and 2.06-fold higher, respectlvely,
than those of pure genistein [6]. In this study, a co-carrier
system was used to develop genistein-SD, consisting of three
carriers: polyethylene glycol (PEG 4000), poloxamer 407 (P
407), and crospovidone (XPVP). PEG 4000, a hydrophilic
and biocompatible polymer [18], has been used as a carrier
in SD to enhance the solubility of poorly water-soluble drugs
[15,19,20]. P 407, a non-ionic surfactant, has also been used
as a carrier [21,22] and can enhance the solubility of poorly
water-soluble drugs by improving their wettability [14,21,23].
XPVP particles surrounding drug particles decrease
aggregation, facilitating rapid contact with the dissolution
medium and thereby enhancing solubility [24]. Co-carrier
systems that combine polymers and surfactants can enhance
drug solubility and stabilize the drug’s amorphous state
[25]. Response surface methodology (RSM) was previously
used to develop and optimize the genistein-SD formulation
[26,27]. A well-developed predictive model from RSM can
assist formulation optimization by estimating results without
additional experiments. If accurately developed, such a
model allows predicted values to align with experimental
values closely. Within RSM, the Box-Behnken design (BBD)
is widely used, as it identifies the most favorable response
and optimizes the formulation by establishing the optimal
relationship between influential variables. Additionally, this
design enables the investigation of the effects of independent
variables on the target response [28].

The main objectives of this study were to develop
and characterize both genistein-SD and genistein-SD tablets.
Genistein-SDs were prepared using the solvent evaporation
method with three previously mentioned carriers. BBD
was implemented to evaluate the effects of the amount of
each carrier and their interactions on solubility to maximize
genistein’s solubility. The optimal formulation was selected
for further evaluation, including assessments of flowability
and characterization using attenuated total reflectance-
Fourier transform infrared (ATR-FTIR), differential scanning
calorimetry (DSC), and powder X-ray diffraction (PXRD),
followed by development into genistein-SD tablets with two
different formulations. The tablets were evaluated for weight,
thickness, diameter, hardness, friability, and disintegration time.
Finally, in vitro dissolution and stability studies were conducted
on the optimal genistein-SD formulation and two formulations
of the genistein-SD tablets.

MATERIALS AND METHODS

Materials

The materials used in this study, along with their
suppliers and locations, are summarized in Table 1.

Chromatographic method for quantification of the genistein
and its validation

The quantification of genistein in SD and tablets was
conducted using high-performance liquid chromatography
(HPLC) with diode-array detection (UltiMate 3000, Thermo
Scientific, MA, USA) equipped with a VWD-3400 RS detector,
WPS-3000SL autosampler, LPG-34003D solventdelivery pump,
and TCC-3000SD column compartment. Chromatographic
separation was achieved using a VertiSep™ C18 column (250
x 4.6 mm, 5 pm) from Vertical Chromatography Co., Ltd.
(Nonthaburi, Thailand), with the column temperature maintained
at 27°C = 3°C. The isocratic mobile phase system comprised
solvent A (1% acetic acid) and solvent B (70% acetonitrile and
1% acetic acid), with a flow rate set at | ml/minute. Detection
was performed at a wavelength of 260 nm. A 20 pl sample
injection volume was employed for the analysis. The retention
time for genistein was about 5.8-5.9 minutes (Fig. S1). The
mean peak areas for each concentration were calculated from
three determinations. The standard curve, generated by plotting
concentrations against peak areas, demonstrated good linearity
across the 3.13 to 100 pg/ml (Fig. S2), with a correlation
coefficient (%) of 1.000. The limit of detection and limit of
quantification were 0.34 and 1.03 pg/ml, respectively. The
method’s accuracy was assessed, and the recovery percentage
for genistein ranged from 100.22% to 102.66%. The relative
standard deviation for assessing repeatability ranged from
0.28% to 0.32%, and for intermediate precision, it ranged from
0.25% to 0.26%. The accuracy and precision were evaluated
according to the International Council for Harmonization of
Technical Requirements for Pharmaceuticals for Human Use
(ICH) guideline titled “Validation of Analytical Procedures”.
The detailed evaluation protocol and results are provided in
Tables S1 and S2.

Optimization of SD formulation using RSM

The required quantities of genistein powder (GP),
PEG 4000, and P 407 were dissolved in absolute ethanol to
obtain a clear solution, and the required quantity of XPVP was
then dispersed into the solution. The solvent was removed by
evaporation, and the resulting product was dried at 40°C for 12
hours in a vacuum oven. The dried product was sieved through
mesh n0.40 (sieve size opening of 0.42 mm). Each formulation
of the SD was prepared with the composition ratios shown in
a column of actual values in Table 2, with the genistein of 1%
wiw.

The study employed the BBD, a 3-level (-1, 0, +1)
factorial design within RSM, to optimize the solubility of
genistein in SD. The investigation focused on three independent
variables: the quantity of PEG 4000 (X,), the quantity of P 407
(X,), and the quantity of XPVP (X,). Specific levels were set
for each variable: X at 1, 4.5, and 8; X, at 0.25, 2.625, and
5; and X, at 0.25, 1.625, and 3. The dependent variable was
genistein’s solubility (Y) (Table S3). The BBD was selected
for its efficiency and suitability, as it enables the identification
of the most favorable response while reducing the number
of experimental runs compared to a full factorial design. In
optimizing genistein-SD formulations, BBD facilitates the
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Table 1. Materials used in this study.

Materials

Suppliers

Locations

Genistein reference standard (99% purity)
Genistein bulk powder (purity >95%)
Polyethylene glycol 4000

Poloxamer 407

LGC Labor GmbH
Xi’an Natural Field Bio-Technique Co., Ltd.
P.C. Drug Center Co., Ltd.

Augsburg, Germany
Xi’an, China
Bangkok, Thailand

Crospovidone (Polyplasdone™ XL-10) Ashland Wilmington, USA
Microcrystalline cellulose (AceCel 102) Sigachi Industries., Ltd. Hyderabad, India
Spray-dried monohydrate lactose (SuperTab 11SD) DFE Pharma Goch, Germany

Colloidal silicon dioxide (Cab O Sil)
Sodium starch glycolate
Magnesium stearate

Acetonitrile (HPLC grade)
Methanol (HPLC grade)

Absolute ethanol (analytical grade)
Glacial acetic acid (analytical grade)

Deionized water

Chanjao Longevity Co., Ltd.

Peter Greven Asia SDN. BHD.
RCI Labscan

Bangkok, Thailand

Penang, Malaysia

Bangkok, Thailand

Table 2. BBD of independent variables and response.

Independent variables

Response or

Runs Coded values Actual values Y (ng/ml)
X, X, X, X, X, X,
(% wiw) (% wiw) (% wiw) (% wiw) (% wiw) (% wiw)
1 -1 1 0 1 5 1.625 91.03 +£0.47
2 0 -1 -1 4.5 0.25 0.25 0.33+£0.06
3 0 0 0 4.5 2.625 1.625 18.54 +0.88
4 0 -1 1 4.5 0.25 3 0.11+0.14
5 0 1 1 4.5 5 3 84.89 +1.50
6 1 -1 0 8 0.25 1.625 0.10+0.01
7 -1 0 -1 1 2.625 0.25 57.51+1.39
8 -1 -1 0 1 0.25 1.625 0.20+0.15
9 1 1 0 8 5 1.625 52.20+1.20
10 1 0 -1 8 2.625 0.25 8.02+0.73
11 0 0 0 4.5 2.625 1.625 20.92+£3.95
12 -1 0 1 1 2.625 3 76.76 + 1.75
13 0 1 -1 4.5 5 0.25 61.21 +1.96
14 0 0 0 4.5 2.625 1.625 18.28 + 1.66
15 1 0 1 8 2.625 3 11.23+£1.20
16 0 0 0 4.5 2.625 1.625 18.71 £0.35
17 0 0 0 4.5 2.625 1.625 18.92 +1.25

The response values were reported as mean = SD (n = 3).

identification of optimal amounts of carriers (PEG 4000, P 407,
and XPVP) to achieve maximum solubility. Additionally, it
allows for examining both individual and combined effects of
carriers on solubility.

Using a BBD, 17 experimental runs (formulations)
were conducted to assess genistein’s solubility across various
formulations (Table 2). Data analysis utilized Design-Expert®

software version 13.0.5.0, which fitted a quadratic model and
employed analysis of variance (ANOVA) to determine the
significance of each factor (p < 0.05). Response surface plots
were generated to visually represent the relationships between
the independent variables and the response.

The genistein-SD formulation was optimized to
maximize Y using numerical and graphical techniques from the
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software. Optimum values for X, X,, and X, were identified,
and the maximum Y was predicted. Validation involved
preparing SD with the selected X, X,, and X, values, followed
by testing the genistein’s solubility. The theoretical prediction
from the software was compared to the experimental result, with
prediction accuracy calculated using the following equation:

Prediction accuracy (%) = (Experimental value/
Predicted value) x 100. (1)

Determination of genistein content

The genistein content was determined to ensure the
quantity of genistein in each SD (17 formulations and optimized
formulation). The SD was weighed 10 mg into a volumetric
flask, and absolute ethanol was added to dissolve the genistein
from the SD. The solution was made up to volume with absolute
ethanol and then filtered through a 0.45 um nylon syringe filter.
The assay was conducted using HPLC, as described in Section
“Chromatographic method for quantification of the genistein
and its validation”. Each sample was analyzed in triplicate, and
the results were reported as mean & SD.

Determination of solubility

The solubility of genistein in each SD (17 formulations
and optimized formulation) was determined. An excess amount of
sample was dispersed in 10 ml of 0.1 M phosphate buffer (pH 6.8)
and continuously shaken for 48 hours at 30°C in a shaking incubator.
The sample was centrifuged and then filtered through a 0.45 um
nylon syringe filter to keep the solution, which was analyzed using
HPLC as as described in Section “Chromatographic method for
quantification of the genistein and its validation”. Each sample
was performed in triplicate. The results were used for formulation
optimization.

Preparation of a physical mixture (PM) of genistein and carriers

The PM is a crucial control for evaluating the
performance and benefits of SD formulations compared to
straightforward drug-carrier mixtures. The PM was prepared by
mixing the GP of 1% w/w with PEG 4000, P 407, and XPVP
at an optimized ratio of 1.034, 4.992, and 3, respectively. The
obtained PM was stored in a desiccator for further experiments.

Characterization of optimized SD

DSC analysis

Thermal analysis of GP, PEG 4000, P 407, XPVP, PM,
and optimized SD was performed using a differential scanning
calorimeter (DSC-8000, PerkinElmer, Shelton, Connecticut,
USA). Approximately 5 mg of each sample was sealed in an
aluminum pan, with an empty pan used as a reference. DSC
thermograms were recorded at a heating rate of 10°C/minute
from 25°C to 350°C under a nitrogen atmosphere with a 20 ml/
minute flow rate.

ATR-FTIR spectroscopy analysis

ATR-FTIR spectroscopy analysis of GP, PEG 4000,
P 407, XPVP, PM, and optimized SD was performed using an
FTIR spectrometer (Tensor 27, Bruker, Hong Kong, China),

coupled with ATR accessory, over a range of 4,000—400 cm™!
with a resolution of 4 cm™" and 32 scans.

PXRD analysis

The crystalline or amorphous state of GP, PEG 4000,
P 407, XPVP, PM, and optimized SD was analyzed by a powder
X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan) using
a Cu Ko radiation at a voltage of 40 kV and current of 40 mA.
The diffractograms were measured over a 26 range of 5° to 60°
with a scanning speed of 2°/minute and a step size of 0.02°.

Flowability study of optimized SD

Bulk density and tapped density

The bulk and tapped densities of optimized SD were
determined according to the method in a general chapter 616 of
United States Pharmacopeia (USP). The SD of mass (m) 100 g
was filled into a 250 ml graduated cylinder without compacting.
The untapped volume (V,) was measured for bulk density, and
the bulk density was calculated from the formula m/V . After
that, to obtain the tapped density, the cylinder with 100 g sample
was placed on the tapped density testers (PT-TD300, Pharma
Test, Hainburg, Germany). Mechanically tap 500 times first and
read the volume (V ), then tap 750 times and read the volume
(V,5)- If the difference between V, jand V , is<2ml, V  is
the final tapped volume (V). If the difference between V_ and

V.5 18 > 2 ml, repeat the tapping in increments of 1,255(())0taps
until the difference between succeeding measurements is <2 ml;
the latest volume is the V. The tapped density was calculated
using the formula m/V_. The measurements of each density

were done in triplicate.

Compressibility index (CI) and Hausner ratio (HR)

CI and HR were calculated using the bulk density
(p,,,) and tapped density (pmppe ») by the following equations:

CI = [(ptapped - pbulk)/ ptapped] x 100 (2)
HR = ptapped/ pbulk. (3)
Angle of repose

The angle of repose was measured by the fixed cone
diameter method. The optimized SD was poured through a fixed
funnel with a 10 mm orifice to form a cone until the diameter
(d) of the cone reached 7.5 cm. The height (h) of the cone was
measured. The measurement was done in triplicate, and the
angle of repose was calculated using the following equation:

Angle of repose = tan™! (2h/d) 4)

Formulations of genistein-SD tablets and characterization

Formulations of genistein-SD tablets were developed
based on the flowability results of the genistein-SD powder,
shown in Table 3. Spray-dried monohydrate lactose and
colloidal silicon dioxide were incorporated to enhance the
powder mixture flowability. Formulations F1 and F2 were
designed with different disintegrants (XPVP and sodium starch
glycolate) to investigate their disintegration abilities.
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Table 3. Composition and physical characteristics of 25 mg genistein SD tablet formulations.

Formulations (mg/tablet)

Compositions

F1 F2
geiliisstzi;l-zsstpgc;wder (equivalent to 250.65 250.65
Microcrystalline cellulose 190 190
Spray-dried monohydrate lactose 70 70
Magnesium stearate 15 15
Colloidal silicon dioxide 5 5
XPVP 120 0
Sodium starch glycolate 0 120
Total weight 650 650

Physical characteristics

Appearance

Weight (mg) 652.70 + 3.50 647.80 + 3.39
Thickness (mm) 5.88+£0.02 5.75+0.02
Diameter (mm) 12.07 £ 0.03 12.06 +0.02
Hardness (kp) 6.54 £0.56 6.39 £0.46
Friability (%) 0.16 £ 0.05 0.19+0.04
Disintegration time (minute) 11.69 +1.38 20.15+2.37

The data were expressed as mean + SD (The number of samples differs for each test.).

Weighed quantities of genistein-SD powder and all
ingredients, except magnesium stearate, were individually
sieved through mesh no.18 (sieve size opening of 1.04 mm)
to break powder aggregates. All materials were then mixed
geometrically for 10 minutes. Subsequently, the weighed
quantity of the lubricant, magnesium stearate, was sieved
through a mesh no.40 (sieve size opening of 0.42 mm) and
mixed with the previous materials for 3 minutes to prepare the
mixture for compression. Finally, the obtained mixture was
compressed into 650 mg biconvex tablets of 12 mm diameter
using an electric single punch tableting machine (CMTI2,
Charatchai Machinery, Bangkok, Thailand).

The genistein-SD tablets characterization includes
weight, thickness, diameter, hardness, friability, and
disintegration time. Twenty tablets of each formulation were
randomly taken at intervals from the beginning to the end of
the compression process and then weighed individually. The
tablet’s thickness, diameter, and hardness were evaluated
after weighing, which was carried out using a 3-in-1 hardness,
diameter, and thickness tester (PTB 311E, Pharma Test,
Hainburg, Germany). The data were presented as mean = SD
(n=20).

The tablet friability was determined using a tablet
friability tester (RT-125, Rocknet Siam, Bangkok, Thailand).
Whole tablets weighing close to 6.5 g were randomly selected

from each formulation, dusted off, and placed in a drum that
rotated at a fixed speed (25 rpm) for 4 minutes. Loose dust was
then removed from the tablets and accurately weighed again.
Tablet friability was computed as the weight loss percentage,
which should not exceed 1.0%.

The disintegration test was conducted using the
disintegration tester (DIST-3, Pharma Test, Hainburg,
Germany). Six tablets of each formulation were placed
separately into separate tubes of the basket-rack assembly, and
then the disintegration tester’s disks were put. The medium
tested was 900 ml of 0.1 M phosphate buffer (pH 6.8) with
maintaining temperature at 37°C + 2°C. The disintegration
time of each tablet was recorded and reported as mean + SD
(n=06).

Dissolution studies of optimized SD and genistein-SD tablets

The dissolution testing of GP, PM, optimized SD, and
SD tablets (F1 and F2) was performed strictly according to the
procedures outlined in the general chapter 711 of USP. This
testing used a dissolution tester (Varian VK-7010, Agilent
Technologies, Ontario, Canada) equipped with a paddle
apparatus. All samples contained genistein equivalent to 25
mg. Each sample was immersed in 900 ml of 0.1 M phosphate
buffer (pH 6.8) containing 1% w/v sodium lauryl sulfate,
maintained at 37°C £ 0.5°C, with a stirring speed set at 50 rpm.
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A 1-ml sample solution was withdrawn at a predetermined
time (0, 5, 10, 15, 30, 60, 120, and 180 minutes). After each
withdrawal, an equal volume of preheated fresh medium
was added to the dissolution vessels to maintain a constant
volume. The withdrawn sample solutions were filtered through
a 0.45 pum nylon syringe filter, and the concentration of
genistein was determined using HPLC as described in Section
“Chromatographic method for quantification of the genistein
and its validation”. Dissolution experiments for each sample
were performed in triplicate.

Stability studies of optimized SD and genistein-SD tablets

The stability studies were evaluated according to
the ASEAN Guideline on Stability Study of Drug Product
[29]. The optimized SD and genistein-SD tablets (F1 and F2)
were stored in tight, light-resistant containers under long-term
conditions [30°C + 2°C and 75% + 5% relative humidity (RH)]
and accelerated conditions (40°C £ 2°C and 75% =+ 5% RH) for
3 months. Genistein content was measured monthly over this
period. Each sample was analyzed in triplicate, and the results
were reported as mean + SD.

All the results obtained were compared using a one-
way ANOVA followed by the least significant difference test.
The p-values lower than 0.05 indicated a statistically significant
difference between groups.

RESULT AND DISCUSSION

Optimized formulation of SD using RSM

This study aimed to enhance the solubility of
genistein by optimizing the SD formulation. To achieve this, a
BBD was utilized with 17 experimental runs. The independent
variables included the amount of PEG 4000 (X), the amount
of P 407 (X)), and the amount of XPVP (X,), and the results
of the dependent variable are shown in Table 2. The ANOVA
demonstrated a significant model with an F-value of 146.05
and a p-value of less than 0.0001. This result indicates a
high probability that the investigated independent variables
influenced the observed solubility (Table 4). X, X,, and the
quadratic term for X, (X)) were identified as significant
model terms, whereas X, and the interaction between the
amount of P 407 and the amount of XPVP (X X,) were not
significant (p-value = 0.9089 and 0.0743, respectively).
Despite the significant lack of fit (F-value = 67.38, p-value =
0.0005), indicating some discrepancies between the model and
certain data points, the overall fit statistics were strong. The
experimental data exhibited an outstanding fit, as evidenced
by the model R* value of 0.9852 and the adjusted R* value of
0.9784. Moreover, the predicted R? value of 0.9560 was in
reasonable agreement with the adjusted R* value.

Based on the regression equation in Table 4 and Figure
S3, the coefficient for P 407 (X,) is positive, indicating that
increasing its concentration significantly enhances genistein’s
solubility. Conversely, PEG 4000 (X,) exerts a negative effect,
though it is less pronounced than other factors. The impact
of XPVP (X)) on solubility was found to be insignificant.
According to the model, the optimal SD formulation of genistein
contains 1.034% w/w of PEG 4000, 4.992% w/w of P 407, 3%

Table 4. Analysis of RSM model variance (ANOVA) for genistein’s

solubility.

Source Genistein’s solubility (¥)

Sum of squares F-value p-value
Model Reduced quadratic model

91.60 146.05 <0.0001

X, 3.32 26.45 0.0003
X, 73.39 585.09 <0.0001
X, 0.0017 0.0137 0.9089
XX, 0.4876 3.89 0.0743
X? 14.40 114.82 <0.0001
Residual 1.38
Lack of fit 1.37 67.38 0.0005
Pure error 0.0116
Cor total 92.98
Parameters used for the adequacy check of the model and coded equations
Std. Dev. 0.3542
Mean 2.20
C.V. % 16.08
R 0.9852
Adjusted R? 0.9784
Predicted R? 0.9560
Equation In (Solubility) = —1.22920 — 0.183999 (X) +

2.81795 (X,) — 0.291304 (X,) + 0.106912 (X,X,) -
0.326929 (X,2)

wiw of XPVP, and 1% w/w of GP. The experimental validation
of the predicted optimal conditions was carried out, resulting
in a predicted solubility of 186.39 ng/ml and an experimental
solubility of 181.12 pug/ml. The prediction accuracy between
the predicted and experimental solubility was determined
to be 97.17%, thereby validating the reliability of the model
predictions.

The interactions between factors are shown in the
3D response surface plots (Fig. 1). The PEG 4000 and P 407
interaction (X X,), as shown in Figure 1A, shows that as the
amount of P 407 increases, the solubility appears to increase
but can be influenced by the amount of PEG 4000; solubility
seems to decrease when PEG 4000 increases. Interestingly,
an increase for P 407 above a certain point does not result
in any further increase in solubility. The PEG 4000 and
XPVP interaction (X, X,), as shown in Figure 1B, shows that
increasing XPVP tends to increase solubility. However, it can
be interfered with the amount of PEG 4000, as higher levels
of PEG 4000 are associated with reduced solubility. The P
407 and XPVP interaction (X,X,), as shown in Figure 1C,
shows that as the amount of P 407 increases, the solubility
appears to increase but can be influenced by the amount of
XPVP, with the solubility being highest when the amount
of XPVP is the highest. However, these interactions did not
significantly affect the solubility. Therefore, the co-carrier
system used in this study did not synergize to improve
solubility significantly.
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Solubility (pg/mL)

Solubility (pg/mL)

Solubility (ng/mL)

Figure 1. The 3D response surface plots of the relationship between (A) the amount of PEG 4000 and the amount of P 407 (X, X,), (B) the amount of PEG 4000 and
the amount of XPVP (X X,), and (C) the amount of P 407 and the amount of XPVP (X X.).

Determination of genistein content

As shown in Table S4, the genistein content in each
SD formulation ranged from 98.09% + 0.87% to 100.89% =+
0.36%. The results indicate that all SD formulations contain

nearly 100% of the genistein.

Characterization of SD

DSC analysis

The DSC thermal behaviors of the GP, PEG 4000, P
407, XPVP, PM, and optimized SD are shown in Figure 2A.
The GP, PEG 4000, and P 407 exhibited a sharp endothermic
peak at 304°C, 65°C, and 60°C, respectively, corresponding

to their melting point [6,30-32]. XPVP has not exhibited
any sharp peak due to its amorphous nature. The PM and SD
exhibited similar thermograms, showing a broad endothermic
peak at 54°C and 55°C, respectively, which indicate the
melting of both PEG 4000 and P 407. The melting occurred
at a temperature lower than their typical melting temperature,
suggesting the possible formation of a ecutectic mixture.
Importantly, the endothermic peak of GP disappears in both
the PM and SD. The absence of the GP peak in the PM is likely
due to the carrier dilution effect [6,27]. In contrast, in the SD,
it is attributed to the transition of genistein from its crystalline
to amorphous form, as confirmed by the PXRD results.
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Figure 2. Characterization results of GP, PEG 4000, P 407, XPVP, PM, and optimized SD; (A) DSC thermograms, (B) FTIR spectra,

and (C) X-ray diffractograms.

ATR-FTIR spectroscopy analysis

As shown in Figure 2B, the spectrum of GP displays
characteristic peaks at 3,406 and 1,647 cm™', corresponding to
the stretching of O-H and C=0, respectively [6,12,33,34]. PEG
4000 and P 407 exhibited similar spectra due to the identical
functional groups in their structures. The characteristic peaks at
2,883 and 2,881 cm™! correspond to the stretching of C-H, and at
1,095 and 1,099 cm™' correspond to the C-O stretching for PEG
4000 and P 407, respectively [35,36]. XPVP exhibited a spectrum
with characteristic peaks at 2,954 and 1,649 cm™, corresponding
to the stretching of C-H and C=0, respectively [24].

The spectra of PM and optimized SD appear to be a
sum of all components in the formulation, with no significant
shifting of any peaks. The presence of the peaks at 3,408
and 1,649 cm™', which are the characteristic peaks of the GP,

indicated no molecular interaction between genistein and
carriers.

PXRD analysis

The diffractograms of GP, PEG 4000, P 407, XPVP,
PM, and optimized SD are shown in Figure 2C. GP exhibited
many sharp peaks, reflecting its crystalline nature. The peaks at
20 values of 7.44°, 12.66°, 15.90°, 17.94°, 28.58°, and 29.30°
appeared in the diffractogram of PM with lower intensity,
indicating that there was no alteration of genistein’s crystallinity
in the PM. The decrease in peak intensity is due to the high
proportion of carriers in the formulation [27,37,38]. However,
these peaks are absent in the diffractogram of optimized SD.
These results indicate that the preparation of SD in this study
can alter the crystallinity of genistein from the crystalline to
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Figure 3. Genistein release profiles from (A) GP, PM, and optimized SD and (B) genistein-SD tablets. The data were reported as mean + SD (n = 3).

Table 5. Results of flowability assessment of optimized SD.

Batch  Bulk Tapped CI HR Angle of
no. density density repose
(g/ml) (g/ml)
1 0.41 0.51
2 0.42 0.52 19.34+0.58 1.24+0.01 37.19+0.31
3 0.41 0.51

Values of CI, HR, and angle of repose were reported as mean + SD (n = 3).

amorphous form, thereby justifying the increased solubility and
improved dissolution profile.

Flowability study of optimized SD

As shown in Table 5, the CI, HR, and angle of repose
values of each batch are approximately the same, with each
value consistently being classified as fair level following a
general chapter 1174 of USP. Consequently, the SD powder
should be slightly improved flowability to efficiently flow
from the hopper into the die and prevent tablet weight variation
during the tableting step. This is the reason for adding free-
flowing diluent and glidant in tablet formulations.

Characterization of Genistein-SD tablets

Genistein-SD tablets were investigated using the direct
compression process, and their physical characteristics are
shown in Table 3. Two formulations, F1 and F2, were evaluated,
with the difference being the disintegrant used—XPVP in F1
and sodium starch glycolate in F2. Both formulations produced
white to off-white tablets, round-shape, and biconvex with
beveled edges. They exhibited similar physical characteristics,
including weight, thickness, diameter, hardness, and friability.
The tablets weighed approximately 650 mg, with a diameter of
about 12 mm and a thickness of approximately 5.82 mm. The
hardness was around 6.46 kp, and the weight loss percentage in
the friability test was less than 0.18% for all formulations. These
results indicate that the tablets possess adequate mechanical
strength and low friability, meeting the official limits. Notably,
the disintegrant significantly affected the disintegration time,

with XPVP in F1 resulting in faster disintegration than sodium
starch glycolate in F2. XPVP in the tablet markedly decreases
the interfacial tension between genistein SD and the medium,
leading to rapid water absorption and swelling, creating a
wicking action that quickly breaks apart the tablet [39].

Dissolution studies

The dissolution profiles of GP, PM, and optimized SD
were investigated using a dissolution apparatus type 2 with 0.1
M phosphate buffer (pH 6.8) containing 1% w/v sodium lauryl
sulfate as the dissolution medium. As shown in Figure 3A, GP
exhibited a poor dissolution rate, with only 25.56% and 41.39%
of the drug released after 60 and 180 minutes, respectively.
This poor solubility in aqueous solution can be attributed to the
naturally low solubility of genistein [6].

In contrast, the SD exhibited significantly higher drug
release than the GP at all time points, with 56.16% and 68.87%
of genistein released from the SD after 60 and 180 minutes,
respectively. Notably, the amount of genistein released from the
SD after 60 minutes was approximately 2.2 times greater than
that of the GP. In this study, genistein SDs were prepared using
PEG 4000, P 407, and XPVP. The dispersion of genistein within
the hydrophilic matrix of PEG 4000 allows for rapid contact
with the dissolution medium, thereby enhancing genistein’s
solubility and dissolution rate [15,19]. P 407 acts as a wetting
agent and a solubilizer, reducing surface tension and increasing
the solubility and dissolution rate [14,21,23]. XPVP surrounds
the drug particles, decreasing aggregation, which results in
rapid contact with the dissolution medium and better wetting
of their surface [24]. These factors collectively promote a more
efficient dissolution process for genistein-SD.

The dissolution behavior of PM was slightly better
than that of GP, with 41.34% of genistein released from the PM
within 60 minutes. The PM was prepared by simple mixing, so
genistein remained crystalline. In contrast, in the SD, the drug
was converted into an amorphous state, as confirmed by PXRD
observations. These results demonstrate that the SD approach
is necessary for enhancing the dissolution rate and extent of
genistein.
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Table 6. The genistein content of the optimized SD and genistein-SD tablet (F1 and F2).

Genistein content (%)

Testing time Optimized SD F1 F2

30°C £ 75%RH 40°C + 75%RH 30°C £ 75%RH 40°C £ 75%RH 30°C £ 75%RH 40°C = 75%RH
Initial 99.99 £+ 1.09 100.29 +0.72 99.34 £ 1.96
1 month 10041 £ 1.10 99.14+1.13 99.07 + 1.54 100.10 £ 1.18 101.63 £2.11 101.36 £ 1.25
2 months 99.48 + 1.94 98.26 +2.56 99.37 +1.87 98.25 +1.56 100.09 + 1.54 98.61 £2.31
3 months 99.51+1.26 96.61 + 1.37 99.25+2.11 97.20 + 1.56 99.85 +1.98 97.76 + 1.88

The results were reported as mean + SD (n = 3).

The release profiles of genistein from SD tablets
are shown in Figure 3B. Genistein was released slower than
SD because the tablets needed to disintegrate into smaller
fragments before dissolving. However, the amount of genistein
released from tablet formulation F1 was nearly identical to that
from the SD, with 66.56% released from F1 and 68.87% from
the SD after 180 minutes. Tablets are commonly used as oral
dosage forms due to their convenience in handling, storage, and
transport. Their simple design, easy swallowing, and potential
for less frequent dosing enhance patient compliance with
prescribed treatments.

As expected, F1, which contains XPVP, exhibited
a faster drug release rate and extent than F2, which contains
sodium starch glycolate. After 15 minutes, the drug release from
F1 was 27.68%, compared to 10.09% from F2. By the end of the
test, drug release from F1 reached 66.56%, while F2 achieved
55.65%. These results are consistent with the disintegration test,
which showed that F1 had a faster disintegration time. XPVP’s
high-wicking capacity quickly pulls water into the tablet
structure, causing rapid disintegration. It swells extensively
upon contact with water, aiding in the quicker breakup of the
tablet into smaller fragments and facilitating faster drug release
[40]. Additionally, its highly porous structure increases surface
area and enhances water absorption, contributing to faster
disintegration and dissolution [41]. The superior properties of
XPVP significantly enhance the disintegration and drug release
rates, making it a preferable choice over sodium starch glycolate
for this formulation.

Stability studies

The data of the stability studies is summarized in
Table 6. The optimized SD and genistein-SD tablets (F1 and
F2) were stable at 30°C + 75% RH for up to 3 months, with the
genistein content remaining in the range of 99.25%-99.85%.
At 40°C £+ 75% RH at 3 months, the genistein content in the
optimized SD, genistein-SD tablet (F1 and F2) remained at
96.61%, 97.20%, and 97.76%, respectively. Comparison of
genistein content between 30°C and 40°C at 3 months found
that genistein content in optimized SD and genistein-SD tablets
(F1 and F2) at 40°C significantly lower than 30°C (p-values
were 0.006, 0.045, and 0.042, respectively). Therefore, higher
temperatures may accelerate the degradation of the genistein.

CONCLUSION

This study demonstrated that SD is an effective strategy
for enhancing genistein’s solubility and dissolution profile using

the solvent evaporation method with PEG 4000, P 407, and XPVP
as carriers. BBD optimization resulted in an optimized formulation
comprising 1.034% w/w PEG 4000, 4.992% w/w P 407, 3%
w/iw XPVP, and 1% w/w genistein, achieving an experimental
solubility of 181.12 pg/ml with a model’s prediction accuracy
of 97.17%. The carriers that significantly affected genistein’s
solubility in this study’s model were P 407 and PEG 4000. P 407
had a positive effect, while PEG 4000 had a less pronounced
but negative effect. Additionally, interactions between carriers
affected genistein’s solubility, though these effects were not
statistically significant. Characterization of optimized SD using
DSC, ATR-FTIR, and PXRD confirmed the transformation of
genistein from a crystalline to an amorphous state, and in vitro
dissolution studies showed superior dissolution profiles for
optimized SD and genistein-SD tablets (F1) compared to the PM
and GP. Stability studies further demonstrated high retention of
genistein content under long-term and accelerated conditions
over three months, supporting the potential for pharmaceutical
development. However, in vivo bioavailability studies under
physiological conditions are essential to confirm these findings.
Additionally, exploring alternative carriers may provide further
improvements and reveal potential synergistic interactions.
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