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1 Introduction

Genistein (GEN) is an isoflavonoid compound 
that is widely distributed in leguminous plants, 
including soybean, fructus sophorae, lobed kudzuvine 
root and their products [1]. It is the major component 
of soy isofl avones [2, 3]. GEN powder is yellow in color 
with chemical name of 5,7,4’-trihydroxyisoflavone 
(Fig.  1) ,  molecular  formula is  C 15H 10O 5 and 
molecular weight is 270.241 g/mol [4]. GEN has 
various biological activities, such as antibacterial, 
antioxidant, anti-inflammatory, and estrogen-like 
effects [1, 5, 6]. Genistein is non-toxic and has a wide 
range of potential applications in medicine, food and 
other fields [7]. Genistein can be used as a dietary 
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supplement to protect neurons and prevent cognitive 
impairment [8, 9]. However, the low water solubility 
and bioavailability of GEN limit its applications [10, 11]. 
Some researchers have developed some formulation 
strategies to enhance solubility and bioavailability, 
including solid dispersions [12], microemulsions [13], 
complexes [14, 15] and other formulations.

Fig. 1 Chemical structure of genistein

The solid dispersions (SD) are systems where 
a polymer matrix is used to disperse a desired 
hydrophobic compound in an amorphous/non-
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equilibrium state to improves the water solubility and 
stability of an active ingredient [16, 17]. Deeksha Shukla [18]  
employed spray-drying technology to prepare 
ferulic acid-leucine solid dispersions for treatment 
chemotherapy-induced cognitive impairment (CICI). 
The enhanced bioavailability through the preparation 
of chrysin solid dispersions was studied by Chenhui 
Wang [19], demonstrating efficacy in amelioration of 
hyperlipidemia in rat models. Syed Assim Haq [20]  
developed andrographolide solid dispersions, to 
enhance the solubility and improve dissolution rate 
of the poorly soluble component. Among them, the 
solubilization mechanism of SD may be due to the 
reduction of particle size, the transformation of its 
crystalline structure and a significant improvement in 
wettability, which are all factors that work together to 
improve the solubility [21, 22].

Therefore, the aim of this study was to prepare 
genistein solid dispersion (GEN-SD) by solvent 
evaporation method and suitable carrier materials 
were screened by saturation solubility method [19]. 
The formulation was optimized using one factor and 
orthogonal experiments, and the optimal preparation 
was characterized, evaluated and compared with GEN 
active pharmaceutical ingredient (API) and physical 
mixtures (PM). The antioxidant activities and stability 
were also evaluated. 

2 Materials and methods 

2.1 Materials

Genistein (purity > 97%) was purchased from 
Shanghai Maclin Biochemical Technology Co., Ltd 
(Shanghai, China). PVP K30 was acquired from 
Tianjin Bodi Chemical Co., Ltd (Tianjin, China). 
Distilled water was acquired from Hangzhou Wahaha 
Group Co., Ltd (Hangzhou, China). Ethanol was 
obtained from Tianjin Lian Longbohua Pharmaceutical 
and Chemical Co., Ltd (Tianjin, China). 2,2-Diphenyl-
1-picrylhydrazyl was purchased from Shanghai 
Maclin Biochemical Technology Co., Ltd (Shanghai, 
China). 2,2′-azinobis (3-ethylbenzothiazoline-6-
sulphonate was purchased from Shanghai Yien 

Chemical Technology Co., Ltd (Shanghai, China). 
Hydroxyl radical scavenging assay kit was purchased 
from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). 

2.2 Selection of carriers

The carrier material for genistein solid dispersion 
(GEN-SD) was selected based on the solubilizing 
evaluation of polyvinylpyrrolidone K30 (PVP K30), 
polyethylene glycol 4000 (PEG 4000), sucrose, inulin, 
and citric acid (CA) on genistein [23]. Excess GEN-SD 
powder prepared from different carriers was dissolved 
in equal volume of distilled water respectively. Then 
it was placed in an air bath thermostatic shaker 
(Jiangsu, China) at 37 ℃ and shaken at 100 r/min 
for 48 h. After centrifugation and filtration through 
a 0.45 μm microporous filter membrane, a clarified 
GEN-SD solution was obtained. The absorbance was 
measured at a wavelength of 260 nm using a UV 
spectrophotometer (Shanghai, China), and equilibrium 
solubility at 48 h was calculated according to a pre-
established standard curve. The standard curve of 
Genistein was linear in the range of 1-5 μg/mL (r = 
0.9999).

2.3 Preparation of GEN-SD and GEN-PM

The solvent evaporation method was employed 
to prepare GEN-SD. A specific ratio of GEN was 
mixed with the carrier in ethanol solution. The clear 
solution of GEN was transferred to a rotary evaporator 
(Zhengzhou, China) to remove excess ethanol 
after homogeneous mixing via ultrasonication. The 
obtained GEN-SD was dried and pulverized.

Genistein physical mixture (GEN-PM) was 
prepared by the grinding method. GEN and the carrier 
were weighed in specific proportions, placed together 
in a mortar and pestle, and thoroughly mixed to obtain 
GEN-PM.

2.4 Molecular docking
 
The molecular docking simulations of genistein 
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with PVP K30 was performed to elucidate the 
intermolecular interaction mechanisms between the 
GEN and PVP K30 in GEN-SD. The lowest-energy 
conformation generated by the AutoDock 4.2.6 system 
was identified as the optimal binding conformation 
between genistein and PVP K30.

2.5 In vitro dissolution studies

The in vitro dissolution test was conducted in 
the dissolution medium of phosphate buffer (pH 6.8, 
100 mL) at 37 ± 0.5 °C with an air bath thermostatic 
shaker at 100 rpm [24]. Each sample solution (5 mL) 
was collected at definite time of 5, 10, 20, 30, 40 and 
60 min and filtered through 0.45 μm microporous 
membranes. The equal volumes of dissolution medium 
was added at the same temperature. The absorbance of 
the filtrate was measured by UV method to calculate 
dissolution at each time point. 

2.6 Solubility test

The saturation solubility of GEN, GEN-PM 
and GEN-SD was studied. An excess of the sample 
was placed in a centrifuge tube, and the same volume 
of pH 6.8 phosphate buffer was added and mixed 
thoroughly, and shaken at 100 rpm for 48 h at 37 ℃ 
in an air bath thermostatic shaker to fully dissolve 
the sample [25]. The obtained solution was filtered 
through 0.45 μm microporous filter membrane and the 
absorbance of the subsequent filtrate was measured at 
260 nm.

2.7 Characterization of GEN-SD

2.7.1 Scanning electron microscope (SEM)

Conformational characterization of GEN, PVP 
K30, GEN-PM and GEN-SD powder was carried out 
using scanning electron microscopy (Zeiss, Germany). 
The sample is uniformly adhered to the conductive 
adhesive to make the sample (ETH = 3kV), and the 
sample surface is sprayed with gold and then tested. 

2.7.2 X-ray diffraction (XRD)

Crystalline characterization of GEN, PVP K30, 
GEN-PM and GEN-SD was carried out using X-ray 
diffractometer (Rigaku, Japan). All samples were 
placed in an X-ray diffractometer and scanned. The 
scanning conditions were: copper target, scanning 
range 5°-80°, test step size 0.02°, scanning speed  
5°/min.

2.7.3 Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC)

The relationship between the properties and 
temperature of GEN, PVP K30, GEN-PM and GEN-
SD was determined using TG-DSC simultaneous 
thermal analyzer (Netzsch, Germany). The samples 
were protected under a nitrogen atmosphere with a 
nitrogen flow rate of 50 mL/min. The samples were 
heated from 30 °C to 550 °C at a rate of 10 °C/min.

2.7.4 Fourier transform infraredspectroscopy (FT-IR) 

Fourier transform infrared spectroscopy allows 
the study of the interaction between GEN and PVP 
K30. GEN, PVP K30, GEN-PM and GEN-SD sample 
powders were analyzed by Fourier transform infrared 
spectroscopy (Thermo Fisher, America). The samples 
were mixed with potassium bromide at a 1:200 ratio, 
ground, pressed into flakes, and placed in an infrared 
spectrometer for scanning within the wavenumber 
range of 4000-500 cm-1.

2.8 Antioxidant studies

2.8.1 DPPH radical scavenging capacity

DPPH radical (2,2-Diphenyl-1-picrylhydrazyl) 
for evaluation of antioxidant level of GEN [26]. The 
DPPH ethanol solution, which exhibited a purple 
color, was mixed thoroughly with the sample. After 
reacting in the dark for 30 min, the UV absorbance of 
the mixture was measured at 517 nm. The following 
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formula was used to derive the DPPH radical 
scavenging rate of the samples:

DPPH radical scavenging capacity = [1 - (A2 - 
A1 / A0)] × 100% 					    (1)

Where, A0 is the absorbance of an equal amount 
of DPPH solution mixed with ethanol, A1 is the 
absorbance of an equal amount of sample solution 
mixed with ethanol, A2 is the absorbance of an 
equal amount of sample solution mixed with DPPH  
solution.

2.8.2 ABTS radical scavenging capacity

ABTS radical (2,2′-azinobis (3-ethylbenzothiazoline- 
6-sulphonate) is soluble in water and ethanol [27]. 
ABTS can produce blue-green free radicals, and the 
antioxidant capacity of a substance is judged by the 
change in UV absorbance. The ABTS radical cation 
solution was prepared by mixing equal volumes 
of ABTS aqueous solution (7 mM) and potassium 
persulfate solution (2.45 mM), followed by 12-hour 
incubation in the dark at 25 °C to allow complete 
oxidation. Appropriate amount of ethanol was used to 
dilute the ABTS base solution so that the absorbance 
at 734 nm was 0.70 ± 0.02, and the ABTS working 
solution was made. The ABTS working solution was 
mixed with the samples and left at room temperature 
away from light for 6 min and the absorbance was 
measured at 734 nm. The ABTS radical scavenging 
rate was derived using a calculation formula:

ABTS radical scavenging capacity = [1 - (A1 - 
A2 / A0)] ×100 100% 				    (2)

Where, A0 is the absorbance of ABTS working 
solution (3.9 mL) mixed with ethanol (0.1 mL), A1 is 
the absorbance of ABTS working solution (3.9 mL)  
mixed with sample solution (0.1 mL), A2 is the 
absorbance of ethanol (3.9 mL) mixed with sample 
solution (0.1 mL).

2.8.3 Hydroxyl radical scavenging capacity

The Fenton reaction is the most widely used 

chemical method for generating hydroxyl radicals 
(•OH) [28]. The amount of H₂O₂ is directly proportional 
to the quantity of •OH produced by the Fenton 
reaction. Upon coloration with Griess reagent, 
hydroxyl radicals form a violet-red product. The 
fading of this color after reaction with test compounds 
indicates antioxidant activity by scavenging the 
radicals. 

In this assay, a commercially available hydroxyl 
radical scavenging assay kit was utilized to assess 
the antioxidant properties of genistein. Solution 
preparation and measurements were performed 
according to the manufacturer’s instructions. The 
hydroxyl radical scavenging rate was calculated using 
the following formula:

Hydroxyl radical scavenging = (A2 - A3 / A2 - A1) 
× 100%						     (3)

Where, A1 is the absorbance of the blank group, 
A2 is the absorbance of the control group, and A3 is the 
absorbance of the test group.

2.9 Stability analysis

The stability of GEN and GEN-SD were 
evaluated by observing and recording the sample 
states, along with calculating the genistein content 
and retention rate, under three conditions: high 
temperature (60 ℃), high humidity (25 ℃, RH 
92.5%/75%), and light exposure (25 ℃, 4500 lx). The 
formula for calculating the retention rate is as follows:

Retention rate = w2 / w1 × 100%		  (4)

H e r e ,  w 2 i s  t h e  c o n t e n t  o f  t h e  s a m p l e 
after storage and w1 is the initial content of the  
sample.

2.9.1 High temperature stability

Appropriate amounts of GEN and GEN-SD 
were weighed into separate weighing flasks, evenly 
spread on the bottom to form a uniform layer with a 
thickness not exceeding 3 mm. The open weighing 
flasks were maintained at 60 °C, with samples 
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periodically collected at day 0, 5, and 10 to examine 
their appearance and content.

2.9.2 High humidity stability

Appropriate amounts of GEN and GEN-SD were 
weighed into separate weighing flasks, evenly spread 
on the bottom to form a uniform layer with a thickness 
not exceeding 3 mm. The open weighing flasks were 
stored in a desiccator at 25 ºC, RH 92.5% and RH 
75% for ten days and samples were taken periodically 
on days 0, 5 and 10 to examine their appearance, 
content and hygroscopicity. 

2.9.3 Light stability

Appropriate amounts of GEN and GEN-SD 
were weighed into separate weighing flasks, evenly 
spread on the bottom to form a uniform layer with a 
thickness not exceeding 3 mm. The weighing flasks 
were left open at a temperature of 25 ºC and a light 
intensity of 4500 lx for 10 days, and samples were 
taken periodically on days 0, 5, and 10 to examine 
their appearance and content.

2.10 Statistical analysis

All experiments were conducted in triplicate 
using a randomized design. Results are expressed as 
mean ± standard deviation (SD).

3 Results and discussion

3.1 Selection of carriers

The carrier was screened using saturated 
solubility of genistein (GEN) as the investigation 
index, and the results are shown in Fig. 2. Among 
them, polyvinylpyrrol idone K30 (PVP K30) 
demonstrated the best solubilizing effect with a 
saturated solubility of 61 μg/mL, which was superior 
to polyethylene glycol 4000 (PEG 4000), sucrose, 
inulin and citric acid (CA). Pre-tests confirmed 
that PVP K30 exhibited no inhibitory effect on 
genistein dissolution. According to the solubility 
and dissolution results, PVP K30 was selected as the 
carrier for the genistein solid dispersions (GEN-SD). 
PVP K30 is a water-soluble polymer with a high safety 
profile. It is often used as pharmaceutical excipient [29]. 

3.2 Formulation and process optimization of 
genistein solid dispersions

Based on the process flow, it was hypothesized 
that the anhydrous ethanol volume ratio (2:1, 4:1, 

6:1), ultrasonication time (15 min, 30 min, 45 min), 
drug-to-carrier mass ratio (1:5, 1:7, 1:9), and rotary 
evaporation temperature (30 ℃, 40 ℃, and 50 ℃) 
might have an effect on the preparation process and 
the final dissolution results of the solid dispersions 

Fig. 2 Solubility of GEN in water using solid dispersions prepared from different carriers. Different letters 
indicate significant differences between values (One way ANOVA, P < 0.05)
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(Table 1). Therefore, these four factors were selected 
as experimental variables. The cumulative dissolution 
percentage at 60 min served as the evaluation index, 
and the optimal prescription was screened through 
orthogonal test.     

The results are shown in Table 2. Although the 
dissolution of solid dispersions was higher at a drug-
to-carrier ratio of 1:9, excessive PVP K30 dosage 
can lead to increased formulation costs, result in 

excessively low drug loading capacity and high 
viscosity, which is unfavorable for the preparation 
of subsequent dosage forms. Based on the combined 
results of the above investigations, the optimal 
prescription of GEN-SD was determined as anhydrous 
ethanol volume ratio of 4:1; sonication time of 30 min; 
rotary evaporation temperature of 50 ℃; and drug-to-
carrier ratio of 1:7.

Table 1 Factor and level of orthogonal experiment

Table 2 L9 (3
4) Orthogonal experimental design and the results

Level
Factor

A B C D

Anhydrous 
ethanol volume ratio Ultrasonication time Rotary evaporation 

temperature
Drug-to-carrier mass 

ratio

1 2:1 15 min 30 ℃ 1:5

2 4:1 30 min 40 ℃ 1:7

3 6:1 45 min 50 ℃ 1:9

No.

Factor Cumulative 
dissolution in 60 

min (%)A B C D

1 3 2 3 1 73.54

2 3 3 1 2 71.92

3 2 1 3 2 76.85

4 2 3 2 1 73.23

5 2 2 1 3 75.19

6 1 3 3 3 76.54

7 1 1 1 1 66.04

8 3 1 2 3 73.46

9 1 2 2 2 76.12

K1 72.90 72.18 71.05 70.94

K2 75.09 74.95 74.27 74.96

K3 73.03 73.90 75.64 75.05

R 2.19 2.77 4.59 4.11

Prioritize factors C>D>B>A

Best combination A2 B2 C3 D3
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3.3 Molecular docking

The molecular docking results showed that 
strong hydrogen bonds were formed between the 
5-hydroxyl and 7-hydroxyl oxygen atoms of GEN and 
the carbonyl oxygen atoms in the PVP K30 polymer 
chain (bond lengths: 2.1-2.2 Å), with a binding free 
energy (ΔG) of -5.37 kcal/mol (Fig. 3A). The binding 
free energy (ΔG) can be used to evaluate the strength 
of interactions between molecules and polymers. 
Generally, a stable system has a ΔG value less than 
-5 kcal/mol. This indicates a strong binding tendency 
between GEN and PVP K30. The carbonyl groups in 
PVP K30 specifically bind to the hydroxyl groups of 
GEN through intermolecular hydrogen bonds, thereby 

significantly improving GEN stability and solubility.

3.4 In vitro dissolution studies

The dissolution curves are shown in Fig. 
3B. The cumulative dissolution of both GEN 
and GEN-PM did not reach 50.00%. However, 
after the preparation of GEN-SD, the cumulative 
dissolution reached 88.73%, indicating a significant 
improvement in dissolution performance. Typically, 
grinding reduces the particle size of GEN and 
increases the contact area. Thus, physical mixtures 
may also slightly enhance GEN dissolution [30, 31].  
The GEN-SD dissolution curves were fitted and the best 
fit model was found to be first-order (Table 3).

3.5 Solubility test

The saturation solubility results are displayed 
in Fig. 3C. The solubility of GEN and GEN-PM 
are lower than that of GEN-SD. The solubility of 
GEN-SD is 465 times higher than that of GEN. 

This enhancement may be attributed to  the uniform 
dispersion and amorphous-state saturation of genistein 
within PVP K30,  combined with  the uniform 
particle size and strong wettability of the prepared 
GEN-SD [32, 33], thereby increasing the solubility of  
genistein.

Table 3 Fitting of dissolution curves for GEN-SD

Model Equation R2

Zero-order kinetic y = 73.05 + 0.40x 0.1933

First-order kinetic y = 87.96 (1-e-0.37x) 0.9587

Higuchi y = 4.42x1/2 + 61.91 0.3673

Ritger-peppas y = 58.23x0.12 0.5328
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Fig. 3 A: The optimal conformation formed through molecular docking between genistein and PVP K30. B: 
Dissolution curves and C: solubility of GEN, GEN-PM, and GEN-SD. Different letters indicate significant 
differences between values (One way ANOVA, P < 0.05)

3.6 Characterization of GEN-SD

3.6.1 Scanning electron microscope (SEM)

The results are shown in Fig. 4. Scanning 
electron microscopy allows observation of the 
morphological characteristics of GEN, PVP K30, 
GEN-PM and GEN-SD. GEN exhibits a rod-shaped 
crystal structure. The carrier PVP K30 appears as 

spherical pellets with smooth surface, some of which 
are dented. The crystal structure of genistein and the 
spherical structure of PVP K30 remain visible in GEN-
PM, indicating that GEN and PVP K30 are simply 
physically mixed. GEN-SD displays an irregular, 
sharp-edged lamellar structure, and the characteristic 
structures of both PVP K30 and GEN disappear. This 
demonstrates that genistein is dispersed into PVP K30 
in an amorphous manner.

Fig. 4 SEM images of A: GEN (1.00 KX), B: PVP K30 (1.00 KX), C: GEN-PM (1.00 KX), D: GEN-SD (100 X)
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3.6.2 X-ray diffraction (XRD)

The XRD results of the samples are shown 
in Fig. 5A. GEN exhibited multiple distinct crystal 
diffraction peaks, indicating its well-crystallized 
nature. The weak intensity of PVP K30’s XRD peaks 
confirms its amorphous characteristic. The XRD 
pattern of the GEN-PM demonstrates a superposition 
of GEN and PVP K30 diffraction peaks, and the 
crystal peaks of genistein were clearly observed, but 
with reduced intensity. In contrast, the XRD pattern 
of GEN-SD reveals the complete disappearance of all 
genistein-related crystal peaks. These results confirm 
that GEN is molecularly dispersed within the PVP 
K30 carrier in an amorphous state, consequently 
exhibiting enhanced solubility [34].

3.6.3 Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC)

The TG and DTG curves of GEN, PVP K30, 
GEN-PM and GEN-SD are shown in Fig. 5B. The 
DTG curve of GEN did not show significant changed 
in the initial stage, whereas PVP K30, GEN-PM, and 
GEN-SD exhibited weak peaks at 65 °C. The TG 
curves indicated minimal mass loss for these three 
samples, likely attributed to the hygroscopic nature 
of PVP K30 in air, where the presence of PVP K30 
caused dehydration reactions [35]. As the temperature 
gradually increased, the samples began to decompose 
progressively. Significant endothermic peaks were 
observed for GEN, PVP K30, GEN-PM, and GEN-
SD at 347.9 °C, 433.0 °C, 432.3 °C, and 434.9 °C, 
respectively. The TG curves indicated that at 550 °C,  
the mass losses of these samples were 65.17%, 
82.13%, 70.56%, and 78.26%, which could be 
attributed to thermal decomposition. The crystalline 
structure of GEN contributed to its enhanced stability, 

resulting in the  lowest mass loss. GEN-PM retained 
the crystalline structure of GEN due to the simple 
mixing of GEN and PVP K30, exhibited  lower 
mass loss  compared to  PVP K30  and GEN-SD. 
Although genistein in the solid dispersion existed in 
an amorphous state, it  still exhibits higher thermal 
stability  than the water-soluble PVP K30, resulting 
in slightly lower mass loss compared to PVP K30.

The DSC curves of the samples are shown in 
Fig. 5C. GEN displays a sharp endothermic peak at 
301.2 °C due to its crystal structure [36]. PVP K30 
exhibits a faint broad peak at 67.5 °C. The DSC 
curve of the GEN-PM contains endothermic peak at 
301.2 °C for genistein, albeit with reduced intensity. 
Notably, no genistein endothermic peak is observed in 
the DSC curve of GEN-SD, indicating the transition 
of genistein from a crystalline to an amorphous 
state. These findings are consistent with the XRD 
results.

3.6.4 Fourier transform infrared spectroscopy (FT-IR)

The results are shown in Fig. 5D. The O-H and C=O 
stretching vibration peaks of GEN appear at wavenumbers 
3411 cm-1 and 1650 cm-1, respectively [12, 37, 38].  
The C-H and C=O stretching vibration peaks of PVP 
K30 are observed at wavenumbers 2973 cm-1 and  
1652 cm-1 [39, 40]. The infrared spectrum of the GEN-
PM exhibits characteristic stretching vibration peaks 
of both GEN and PVP K30, indicating that they had 
no chemical interactions, but rather a physical mixture. 
In contrast, in the GEN-SD, the O-H stretching 
vibration peak at 3411 cm-1 of GEN was weakened, 
broadened and red-shifted to 3436 cm-1, accompanied 
by diminished or absent characteristic PVP K30 
peaks. The reason may be that the functional groups in 
genistein react with PVP K30 and hydrogen bonds are 
formed between the GEN and PVP K30 [41].
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Fig. 5 A: XRD patterns, B: TG and DTG curves, C: DSC curves, D: FT-IR spectra of GEN, PVP K30, GEN-PM, 
and GEN-SD

3.7 Antioxidant studies

3.7.1 DPPH radical scavenging capacity

The DPPH radical scavenging results are shown 
in Fig. 6A. Ascorbic acid (VC) was more effective in 
scavenging DPPH radicals than GEN and GEN-SD at 
concentrations between 1.5 mg/mL and 7.5 mg/mL. 
With the gradual increase in concentration, the DPPH 
radical scavenging rate of GEN-SD increased from 
25.2% to 75.1% (IC50 = 3.454 mg/mL), which was 
significantly higher than that of GEN. PVP K30 has no 
antioxidant activity. Thus, the increase in antioxidant 
effect may be due to the transformation of GEN into an 
amorphous state, which increases the contact area with 
the oxides and improves the solubilization of GEN. 

3.7.2 ABTS radical scavenging capacity

The ABTS radical scavenging results are shown 
in Fig. 6B. The antioxidant capacity of both genistein 
and solid dispersions was lower than that of VC at 

the same concentration. PVP K30 had no antioxidant 
effect. The ABTS radical scavenging rate of GEN 
reached 52.1% at a concentration of 1.2 mg/mL 
with a more moderate increase. The ABTS radical 
scavenging rate of GEN-SD increased from 35.3% to 
64.1% (IC50 = 0.579 mg/mL). It was shown that the 
preparation as solid dispersions could improve the 
antioxidant capacity of genistein. By comparing the 
ABTS and DPPH radical scavenging tests, it could 
be found that the ABTS method is more sensitive 
than the DPPH method. It is possible that the spatial 
blockage of the DPPH radical site makes it more 
difficult for the substances to capture the free radicals, 
making it necessary to select a higher concentration of 
substances for the DPPH antioxidant assay [42].

3.7.3 Hydroxyl radical scavenging capacity

Fig. 6C displays the hydroxyl radical scavenging 
results. PVP K30 exhibited no significant antioxidant 
activity. The hydroxyl radical scavenging rates of 
GEN, GEN-SD, and the positive control (VC) all 
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increased progressively with concentration, yet their 
antioxidant activities remained lower than that of VC. 
Specifically, the scavenging rate of genistein rose 
from 33.15% to 75.7%, while that of the GEN-SD 
increased from 34.9% to 80.4% (IC50 = 0.29 mg/mL), 

indicating enhanced antioxidant capacity compared to 
pure GEN. These findings align with the results from 
DPPH and ABTS antioxidant assays, demonstrating 
that formulating genistein into a solid dispersion 
effectively improves its antioxidant activity. 

3.8 Stability analysis

3.8.1 High temperature stability

As shown in Fig. 7, no significant changes in 
the appearance of GEN were observed after 10 days 
at 60 ℃. However, according to Table 4, it could be 
seen that GEN was unstable at high temperatures, 
with the retention rate decreases gradually, and the 
final retention rate on the 10th day was only 82.48%. 
The appearance of the GEN-SD became darker after 
10 days, probably due to the recrystallization of a 
small portion of genistein [43]. The retention rate of 
GEN-SD was 93.93% on day 10 (Table 5), which was 
significantly higher than that of GEN. Thus, it was 

demonstrated that the preparation of GEN-SD could 
improve the stability of genistein at high temperatures.

3.8.2 High humidity stability

GEN did not show significant changes after 
10 days at 92.5% RH (Fig. 7). However, there was 
a significant change in the properties of GEN-SD. 
The GEN-SD changed from light yellow powder to a 
light yellow, transparent, sticky liquid, and increased 
weight. GEN-SD had low genistein content due to 
high moisture content, which may be attributed to the 
excessive moisture absorption of PVP K30 (Table 
5). The results of GEN-SD after 10 days of storage 
at 75% RH are shown in Fig. 7 and Table 5. A small 

Fig. 6 A: DPPH radical, B: ABTS radical, C: hydroxyl radical scavenging activity of different concentrations of 
GEN, GEN-SD, PVP K30, VC
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amount of agglomeration was observed in the GEN-
SD. The retention rate of GEN-SD was 91.15%, which 
was higher than that of GEN, indicating that there 
was a better protection of genistein when prepared as 
solid dispersions. Since GEN-SD are sensitive to high 
humidity, the GEN-SD should be stored in a dry place 
under seal [35].

3.8.3 Light stability

As shown in Fig. 7, there was no significant 
change in the properties of both GEN and GEN-SD 

after 10 days of storage at 4500 lx light intensity. The 
retention rate of GEN decreased to 84.89% on day 
10, indicating that GEN is more sensitive to light and 
therefore needs to be stored in dark conditions (Table 
4). The retention rate of GEN-SD after 10 days of 
storage was 92.27%, which was significantly higher 
than that of GEN (Table 5). It indicates that the GEN-
SD is more stable under light exposure. The improved 
stability may be attributed to the encapsulating effect 
of the solid dispersion preparation on GEN, which 
prevents direct exposure to intense light [44, 45]. 

Fig. 7 Stability of GEN and GEN-SD stored for 10 days

Table 4 Stability of GEN exposed to high temperature, high humidity and strong light

Index Time (d) Content (%) Retention rate (%) Hygroscopicity (%) Appearance

High temperature 
(60 ℃)

0 98.18 ± 0.73 100.00 \ Yellow powder

5 85.51 ± 2.57 87.10 ± 3.16 \ Yellow powder

10 80.98 ± 0.65 82.48 ± 1.08 \ Yellow powder

High humidity 
(92.5% RH)

0 99.32 ± 0.18 100.00 0 Light yellow powder

5 92.09 ± 1.29 92.72 ± 1.46 0 Light yellow powder

10 86.75 ± 1.22 87.34 ± 1.10 0 Yellow powder

High humidity 
(75% RH)

0 99.32 ± 0.18 100.00 0 Yellow powder

5 87.82 ± 0.89 88.43 ± 1.00 0 Yellow powder

10 86.59 ± 2.39 87.18 ± 2.24 0 Yellow powder

Strong light (4500 
lx)

0 98.56 ± 0.56 100.00 \ Yellow powder

5 87.77 ± 2.29 89.05 ± 2.14 \ Yellow powder

10 83.56 ± 1.59 84.89 ± 1.49 \ Yellow powder
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4 Conclusion

In this study, PVP K30 was the matrix for 
preparation of GEN-SD. Dissolution and solubility 
experiments showed that GEN-SD performed well 
in these two aspects, with significant improvement 
compared to GEN. The characterization and properties 
were clarified by SEM, XRD, DSC, FT-IR, which further 
revealed the intrinsic mechanism of the performance 
enhancement. The results of antioxidant experiments 
showed that the GEN-SD not only possessed good 
antioxidant ability, but also demonstrated significant 
inhibition of specific bacterial species. Stability studies 
indicate that it maintains stable performance under high-
temperature and light conditions, but requires avoidance 
of high-humidity environments. Through this study 
provides theoretical support for the further development 
and application of GEN. However, the toxicity, safety 
and bioactivity of genistein solid dispersion need to be 
evaluated in the future time. 
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