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A B S T R A C T

Salt-assisted heat treatment is considered an effective way to enhance the bioactivities of flavonoids in Flos 
Sophorae Immaturus tea (FSIt). Herein, sodium chloride (NaCl)- and potassium chloride (KCl)-assisted heat 
treatment was employed to process FSIt, the components, xanthine oxidase (XO) inhibitory activity, and 
degradation or conversion kinetics of FSIt flavonoids were recorded. Results showed that KCl-assisted heat 
treatment significantly increased the XO inhibition rate of FSIt from 28.05 % to 69.50 %. The de-glycosylation of 
flavonoids was the crucial reason for enhancing XO inhibitory activity. Notably, KCl exhibited a better catalytic 
effect on the de-glycosylation reaction than NaCl. Meanwhile, conversion kinetics showed that the generation 
rate of quercetin, kaempferol, and isorhamnetin reached the maximum at 180, 160, 160 ◦C, respectively. 
Furthermore, the established artificial neural network model could accurately predict the changes of FSIt fla
vonoids during salt-assisted heat treatment. Thus, KCl can be used as a valuable food processing adjuvant to 
enhance the bioactivities of food materials.

1. Introduction

Flos Sophorae Immaturus tea (FSIt) is consumed as a functional 
beverage in China, which derives from the dried flower buds of Sophora 
japonica L. (Gong, Fan, Wang, & Li, 2023). FSIt is rich in various 
phenolic compounds, mainly composed of flavonoids, including rutin 
(RU), narcissoside (NA), kaempferol-3-O-rutinoside (KAr), etc. (Wang 
et al., 2020). Moreover, various studies confirmed that FSIt exhibited 
antioxidant, antiviral, analgesic, anti-hyperuricemia, and hemostasis 
properties (He et al., 2016; Huo et al., 2023). Multiple studies also 
showed that plant polyphenols exhibited a good impact on human and 
animal health, such as antidiabetic (Abduallah, Ahmed, Bajaber, & 
Alalwiat, 2023), antimicrobial (Dalal, Kunte, Oblureddy, & Anjali, 2023; 
Saleh, Ramadan, Elmadawy, Morsi, & El-Akabawy, 2023), immuno
modulatory (Abbas & Alkheraije, 2023), improved spermatozoa quality 
(Bebas, Gorda, & Agustina, 2023), protective effect of DNA damage, 
nephrotoxicity and biochemical parameters (Turan et al., 2023), etc. 

However, polyphenols in plant materials exposed a series of disadvan
tages, such as poor water solubility, low bioavailability, and poor pro
cessing stability, which limited their effective bioactivities 
(Premathilaka, Rashidinejad, Golding, & Singh, 2022). Therefore, re
searchers are attempting to improve the bioactivities of polyphenols 
through heat treatments. Yu et al. (2020) found that ultrasound (600 W, 
30 min) and heat treatments (150 ◦C, 30 min) enhanced the anti- 
tyrosinase ability of polyphenols from Asparagus, which might attri
bute to the newly formed compounds of 2-hydroxy-3-(3-hydroxy-4- 
methoxy-phenyl)-propionic acid 4-(2,3-dihydroxy-propyl)-phenyl 
ester. Xie et al. (2022) reported that steam explosion (1.6 MPa, 90 s) 
significantly increased the bio-accessibility, antioxidant, and antidia
betic capacity of polyphenols from hulless barley, which might be 
caused by the evaluated polyphenol content through processing. 
Meanwhile, our previous research also found that hydrothermal treat
ment (>160 ◦C, 90 min) can lead to the degradation or conversion of 
polyphenols in FSIt, thereby significantly improving its xanthine oxidase 
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(XO) inhibitory activity (Li, Gong, Li, & Fan, 2023). Thus, increasing the 
content or improving the composition of polyphenols through heat 
treatment was a feasible approach to improve the bioactivities of poly
phenols. However, the existing processing method also possessed dis
advantages, such as a low polyphenol conversion rate and high 
processing loss. Although there have been studies indicating that rutin 
can be converted into quercetin through thermal degradation. Unfor
tunately, there is a lack of relevant studies on promoting efficient con
version of flavonoids through processing. Therefore, it is a meaningful 
topic to find a high-efficiency catalyst that can assist the conversion of 
polyphenols through heat treatment.

Stir-frying with salt, also called “Yanzhi” in China, is a traditional 
processing method for food materials and Chinese medicine. The 
traditional “Yanzhi” process involves soaking the materials in sodium 
chloride and assisting with heat treatment (Li et al., 2021). Accumu
lating evidence confirmed that stir-frying with salt could enhance the 
bioavailability and promote the conversion of phenolic acids, flavo
noids, saponins, and other compounds, which was an effective way to 
enhance their bioactivities (Chen et al., 2018; Mubaiwa, Fogliano, 
Chidewe, & Linnemann, 2019). Doniec, Florkiewicz, Socha, and 
Filipiak-Florkiewicz (2021) indicated that boiling with the addition of 
sodium chloride (NaCl) and potassium chloride (KCl) significantly 
decreased the polyphenols content in Brassica vegetables, especially 
caffeic acid. Our previous experiments found that KCl combined with 
heat treatment significantly enhanced the XO inhibitory activity of FSIt 
compared with single heat treatment, but its mechanism was still un
clear. XO is the key rate-limiting enzyme to control the generation of 
uric acid in the body. Studying the impact of the processing method on 
the XO inhibitory activity of FSIt exhibits great application value for the 
development of anti-hyperuricemia food derived from FSIt.

Therefore, the present study aims to maximize the functional char
acteristics of FSIt by improving the traditional processing technique 
“Yanzhi”. The effect of NaCl/KCl-assisted heat treatment on the XO 
inhibitory activity and content of FSIt flavonoids was investigated. The 
mechanism of salt-assisted heat treatment improved the XO inhibitory 
activity of FSIt was clarified by tracking the changes in the FSIt flavo
noid composition. Meanwhile, the degradation or conversion kinetic 
model was also created to evaluate the half-life, reaction constant, and 
activation energy of FSIt flavonoids. Furthermore, an artificial neural 
network (ANN) model was established to predict the change of FSIt 
flavonoid composition during salt-assisted heat treatment, thereby 
accurately predicting the processing conditions of FSIt with strong XO 
inhibitory activity. Overall, the directed conversion of flavonoids has 
broad application prospects in achieving precise nutrition rich in poly
phenolic raw materials.

2. Materials and methods

2.1. Materials

Dried FSIt was purchased from Hebei Anguo Yao Yuan Trading Co., 
Ltd. (Baoding, China). RU, KAr, NA, Quercitrin (QUi), Hyperoside (HY), 
Quercetin (QU), Kaempferol (KA), Isorhamnetin (IS), and XO (9.1 u/mg) 
were acquired from Yuanye Biological Technology Co., Ltd. (Shanghai, 
China), and the purity of standard flavonoids was ≥98 %. Xanthine, 
NaCl, and KCl were obtained from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China).

2.2. Preparation of FSIt flavonoids extract

Firstly, the dried FSIt and NaCl or KCl solution was mixed in a ratio of 
1:2, and the salt concentrations were 2.5 %, 5 %, and 10 % (w/w), 
respectively. The mixture was kept at room temperature for 2 h, then the 
surface moisture of FSIt was removed by absorbent paper. Secondly, the 
heat treatment was performed using a hot air oven (Binder, Neckarsulm, 
Germany) at 180 ◦C for 60 min (Li, Gong, Li, & Fan, 2023a). The sun- 

dried FSIt was assigned as control group 1 (CG1), and the FSIt dried at 
180 ◦C for 60 min without salt soaked was assigned as control group 2 
(CG2). Thirdly, the dried FSIt was smashed and passed through an 80 
mesh-sieve, and the flavonoids of samples were extracted using 70 % (v/ 
v) ethanol at a solid-liquid ratio of 1:400. The extraction was performed 
by a magnetic stirrer (IKA, Staufen, Germany) at 300 rpm for 40 min, 
then the mixture was centrifuged at 6000 rpm for 10 min, and the su
pernatant was collected. The residues were extracted three times. 
Finally, the supernatant was merged and evaporated by a rotary evap
orator (IKA, Staufen, Germany) at 55 ◦C. The samples were re-dissolved 
to 100 mL with methanol and placed at 4 ◦C until analysis.

2.3. Determination of flavonoids

The total flavonoid content (TFC) and total polyphenol content 
(TPC) were determined by the aluminum chloride colorimetric method 
and Folin-Ciocalteu method, respectively (Chao & Fan, 2023). The 
flavonoid composition was analyzed by the HPLC method according to 
our previous study (Li, Gong, Li, & Fan, 2023b).

2.4. Determination of the XO inhibition rate

An HPLC instrument (Shimadzu, Kyoto, Japan) equipped with a C18 
column (4.6 mm × 250 mm × 5 μm) and UV detector was employed to 
measure the XO inhibition rate according to the previous study with 
minor revisions (Liu et al., 2020). Briefly, the mixture comprised of 50 
μL sample solution (from 0 to 1.0 mg/mL), 50 μL xanthine solution (1.0 
mM), and 800 μL phosphate buffer solution (100 mM, pH 7.4) were 
incubated at 37 ◦C for 5 min, then 100 μL XO solution (0.036 u/mL, 
dissolved in 100 mM phosphate buffer solution) was added and incu
bated at 37 ◦C for 30 min, finally 125 μL 12 % HClO4 (aq, w/w) was 
added to terminate the reaction. The uric acid content of the sample was 
analyzed by the HPLC method after passing through a 0.22 μm water 
syringe filter. The liquid chromatography conditions were as follows: 
solvent A (water containing 0.1 % phosphoric acid) and solvent B 
(methanol) eluted at an equal gradient of 85:15; wavelength, 292 nm; 
column temperature, 30 ◦C. The phosphate buffer solution was used as 
the negative control group. The XO inhibitory activity was calculated as 
follows: 

XO inhibition rate (%) = 100%×
Cnc − Cs

Cnc
(1) 

where the Cnc and Cs denote the uric acid content of negative control 
group and sample group, respectively.

2.5. Model experiment of flavonoids conversion

A UPLC-QTOF-MS (Waters, Milford, USA) instrument equipped with 
a C18 column (2.1 mm × 150 mm × 1.7 μm) was employed to identify 
the degradation products of RU, QUi, HY, KAr, and NA after salt-assisted 
heat treatment (Zhang, Li, Fan, & Duan, 2020). The liquid chromatog
raphy conditions were as follows: solvent A, water containing 0.1 % 
acetic acid; solvent B, acetonitrile; flow rate, 0.3 mL/min; elution was 
performed with 2 % B for 1 min, from 2 % to 20 % B in 7 min, from 20 % 
to 30 % B in 7 min, from 30 % to 80 % B in 1 min, from 80 % to 100 % B 
in 1 min, from 100 % to 2 % B in 3 min. The mass spectrometer con
ditions were as follows: mode, negative-ion; mass, 50–1500 Da; cone, 
30 V; collision energy, 25 eV; de-solvation temperature, 400 ◦C; source 
temperature, 100 ◦C; de-solvation gas (N2) flow rate, 700 L/h. The 
conversion rates (Rc) of flavonoids were calculated by the Eq. (2): 

Rc (%) = 100%×
Cn

Ci
(2) 

where the Cn and Ci denote the newly formed and initial flavonoids 
content, respectively.

J. Li et al.                                                                                                                                                                                                                                         Food Chemistry: X 24 (2024) 101854 

2 



2.6. Degradation and conversion kinetics of flavonoids

The kinetics of the primary flavonoids in FSIt during salt-assisted 
heat treatment at different times (from 30 to 150 min) and tempera
tures (from 140 to 220 ◦C) were evaluated using a first-order kinetic 
model (Abi-Khattar et al., 2022). 

ln
Ct

C0
= − kt (3) 

where C0 denotes the initial flavonoids content, Ct denotes the flavo
noids content at t time, t represents the reaction time (min), k represents 
the reaction constant (min− 1).

Moreover, the half-life (t1/2) and activation energy (Ea) were 
calculated according to Eqs. (4)–(5) (Kim, Kim, & Kim, 2022): 

t1/2 = −
ln0.5

k
(4) 

lnk = lnK0 −
Ea

RT
(5) 

where T represents the absolute temperature (K), K0 represents the pre- 
factor, R equal to 8.314 × 10− 3 (kJ/mol⋅K).

2.7. ANN modelling

An ANN model was established and trained with the “pytorch” 
network library in the Python programming language (Ulger & Delik, 
2023). The structure of ANN was comprised of input layer, multiple 
hidden layers, and output layer. In this model, the heating temperature 
and time of salt-assisted heat treatment were assigned as input layers, 
and the flavonoids content were assigned as output layers. The dataset 
was randomly divided into three groups including training (70 %), 
validation (15 %), and testing (15 %). The model was created by 
learning and verifying on the training and validation groups, thereby 
adjusting hyper-parameters and parameter weights for best prediction 
results, then evaluating on the testing group to provide the final per
formance metrics. The parameters of ANN model were as follows: acti
vation, relu; learning rate, dynamic self-adapting with the maximum of 
0.1; hidden layer, 4; maximum number of iterations, 1000; solver, 
optimizer adamw. The root mean square error (RMSE) and correlation 
coefficient (R2) values were employed to evaluate the established ANN 
model performance (Chao & Fan, 2023; Patruni & Rao, 2023). 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(
Ya − Yp

)2
√

n
(6) 

R2 = 1 −

∑n
i=1

(
Ya − Yp

)2

∑n
i=1(Ya − Ym)

2 (7) 

where the Ya, Yp, Ym denote the actual, prediction, and mean values of 
the neural network, respectively; n denotes the number of input sample.

2.8. Statistical analysis

The experimental data were analyzed by Origin (version 2018) and 
SPSS (version 24) software, and expressed as mean ± standard deviation 
(SD) in at least three independent experiments. The statistical signifi
cance was calculated by One–way variance method (ANOVA) and pre
sented as p < 0.05 (Li et al., 2023a).

3. Results and discussion

3.1. XO inhibitory activity of FSIt

Our previous study verified that the XO inhibition rate of flavonoids 

in FSIt were significantly enhanced after heating at 180 ◦C for 30–150 
min (Li et al., 2023a). Therefore, heat treatment was a feasible approach 
to enhance the XO inhibitory activity of FSIt. Herein, the salt was 
innovatively combined with heat treatment to further enhance the XO 
inhibitory activity of FSIt. As shown in Fig. 1A, NaCl or KCl-assisted heat 
treatment significantly increased the XO inhibition rate from 28.05 % 
(CG1) to 65.17 % (5 % NaCl added) or 69.50 % (5 % KCl added), 
respectively. Compared to the CG2 group, both KCl and NaCl exhibited a 
significant promoting effect on the XO inhibitory activity of FSIt, espe
cially KCl. The enhanced XO inhibitory activity of FSIt was closely 
related to its flavonoid content and composition. The NaCl/KCl-assisted 
heat treatment caused an increase in the dissolution rate of flavonoids in 
FSIt, which might be one of the reasons for improving the XO inhibitory 
activity (Bai et al., 2021). In addition, the flavonoid composition of FSIt 
might change after NaCl/KCl-assisted heat treatment, and the structure 
of flavonoids significantly affected their XO inhibitory activity (Lin, 
Zhang, Liao, Pan, & Gong, 2015; Singh et al., 2019).

NaCl and KCl are usually used as spices to enhance the flavor of 
dishes. In traditional Chinese dietary habits, salt was added in the final 
stage of cooking to prevent its decomposition and preserve the original 
flavor. Interestingly, this study found that NaCl and KCl could serve as 
catalysts to improve heat treatment efficiency. Similar studies showed 
that graphene oxide improved the thermal efficiency of microwave 
(MW) irradiation, resulting in a high conversion rate of RU into QU 
(Sasaki et al., 2023). Overall, NaCl and KCl may serve as effective cat
alysts for the degradation and conversion of flavonoids during heat 
treatment, thereby affecting the flavonoid composition of FSIt and 
enhancing its XO inhibitory activity. However, their complex mecha
nisms still need further verification.

3.2. Flavonoids contents of FSIt

The TPC and TFC were measured to elucidate the dominant mech
anism of increased XO inhibitory activity. As shown in Fig. 1B and C, 
compared to CG1 and CG2, the TPC and TFC showed a significant 
downward trend after salt-assisted heat treatment, which was opposite 
to the change in XO inhibitory activity. The correlation analysis results 
also showed a significant negative correlation between TFC (− 0.64), 
TPC (− 0.79) and XO inhibition rate (Fig. 1D). This phenomenon pre
cisely verified that the degradation and conversion of flavonoids caused 
by salt-assisted heat treatment was the dominant reason for improving 
XO inhibitory activity.

The flavonoids in FSIt mainly consisted of RU, HY, QUi, QU, KAr, KA, 
NA, and IS (Li et al., 2023a). Thus, these flavonoids contents variation 
were tracked to further investigate the mechanism of flavonoid 
composition that affected XO inhibitory activity (Fig. 2). Compared to 
CG1, heat treatment significantly reduced the content of RU, HY, QUi, 
KAr, NA, and significantly increased the content of QU, KA, IS. Mean
while, according to the molecular structure of flavonoids (Fig. 2 insert), 
RU, QUi, and HY were equal to QU added a glycosidic bond, KAr was 
equal to KA added a glycosidic bond, and NA was equal to IS added a 
glycosidic bond. Therefore, it could be speculated that there were three 
pathways for the changes in these primary flavonoids: (1) RU, HY, and 
QUi degraded and converted to QU, (2) KAr degraded and converted to 
KA, (3) NA degraded and converted to IS. The de-glycosylation of fla
vonoids with glycosidic bonds during heat treatment has been 
confirmed by previous studies. Kim and Lim (2017) reported that rutin 
was converted to isoquercetin and quercetin at 171.4 ◦C for 10 min. 
Another study found that cyanidin-3-glucoside and cyanidin-3- 
rutinoside exhibited the highest degradation rate at 125 ◦C, but the 
degradation products were not identified (Sui, Yap, & Zhou, 2015). Most 
studies found that the occurrence of de-glycosylation required appro
priate heating conditions (temperature and time). However, the loss of 
flavonoids during the de-glycosylation process was often ignored, and 
low conversion rates caused a decrease in the bioactivities of the final 
product.
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Thus, suitable reaction catalysts were also one of the ways to 
improve the efficiency of de-glycosylation except for heating tempera
ture and time. After heat treatment (180 ◦C for 15 min) combined with a 
kind of catalyzer (graphene oxide prepared by Tour’s method), the RU 
conversion rate reached 98.8 % and QU yield reached 81.9 % according 
to the previous study (Sasaki et al., 2023). Interestingly, after combining 
salt and heat treatment, the degradation of RU, HY, QUi, KAr, and NA 
was more significant, while the increase of QU, KA, and IS was more 
pronounced. Compared to CG2, 5 % KCl-assisted heat treatment 
increased the degradation rate of RU from 42.87 % to 72.99 %, HY from 
36.19 % to 47.03 %, QUi from 33.12 % to 41.60 %, KAr from 71.08 % to 
83.35 %, NA from 48.30 % to 80.40 %. Conversely, the QU content 
increased from 22.05 to 38.32 mg/g, KA content increased from 2.02 to 
2.65 mg/g, and IS content increased from 7.84 to 9.90 mg/g. Moreover, 
KCl exhibited stronger effect on flavonoids content than NaCl. Dhla
kama, Chawafambira, and Tsotsoro (2022) showed that monovalent 
salts (NaCl, NaHCO3) promoted the solubilization of flavonoids in 
Baobab (Adansonia digitata L.) seeds, thereby enhancing their antioxi
dant activity. Similar study also found that ammonium sulfate-co- 
assisted microwave method exhibited a higher extraction rate and a 
richer variety of polyphenols in the extraction of grape seed polyphenols 
(Jia, Fu, Deng, Li, & Dang, 2021). However, more studies are needed to 
confirm the phenomenon of salt assisted de-glycosylation of flavonoids. 
Importantly, the present study indicated that KCl was a good catalyst for 
promoting the degradation and conversion of flavonoids during heat 
treatment.

3.3. Degradation of primary flavonoids

To further demonstrate that de-glycosylation was the primary reason 
for enhancing XO inhibitory activity, the degradation processes of RU, 
HY, QUi, KAr, and NA during salt-assisted heat treatment were simu
lated. The newly formed products were identified and presented in 
Fig. 3A–E and Table S1. The degradation products of RU, HY, and QUi 
showed a [M-H]− of 301, which was identified as QU, as well as the 
degradation products of KAr and NA were identified as KA and IS, 
respectively. Meanwhile, the promotion effect of NaCl and KCl on the 
de-glycosylation of flavonoids was compared by calculating their con
version rates. As shown in Fig. 3A1–E1, KCl presented the highest con
version rate in the degradation process of RU (27.04 %), KAr (16.74 %), 
and NA (21.56 %). Moreover, KCl exhibited the same advantages in the 
degradation process of HY (28.69 %). However, the conversion rate of 
four flavonoids was not significantly improved by NaCl. This phenom
enon demonstrated that KCl was a strong catalyst for promoting the 
degradation of 3–O–rutinoside and 3–O–galactoside, followed by NaCl. 
Interestingly, NaCl exhibited a better conversion rate in the degradation 
process of QUi than KCl, indicating that the monovalent salt ions 
possessed specificity for the decomposition of three glycosidic bonds 
(3–O–rutinoside, 3–O–galactoside, and 3–O–rhamnoside). NaCl solution 
exhibited well dielectric properties and significantly affected heat con
duction efficiency during heat treatment (Xiao & Tang, 2021). However, 
our previous experiments found that high concentrations of NaCl (10 % 
added) and KCl (10 % added) did not accelerate the heating efficiency 
(Fig. 2), which might attribute to the threshold between ion concen
tration and thermal conductivity, excessively high ion concentration did 

Fig. 1. Effects of salt-assisted heat treatment on XO inhibition rate (A), total polyphenols content (B), total flavonoids content (C) of Flos Sophorae Immaturus tea 
extract. Correlation analysis of XO inhibition rate, total polyphenols content, total flavonoids content, and primary flavonoids content (D). Different letters in the 
same graph indicate significant differences (p < 0.05).
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not further improve its thermal conductivity efficiency (Xiao & Tang, 
2021). In addition, the atomic radius of K+ and Na+ were different, 
resulting in different kinds and sizes of forces when interacting with 
cellulose, flavonoids and other substances, thereby affecting the effi
ciency of de-glycosylation of flavonoids (Yang et al., 2020).

3.4. Changes in XO inhibitory activity of simulated flavonoids

To further clarify that the de-glycosylation of five flavonoids was the 
primary reason for enhancing XO inhibitory activity of FSIt, the XO in
hibition rates of five flavonoids before and after salt-assisted heat 
treatment were measured. As shown in Fig. 3A2–E2, the XO inhibitory 
activities of RU, HY, QUi, KAr, and NA after KCl-assisted heat treatment 
were significantly higher than that of CG1 and CG2 groups, indicating 
that the newly formed compounds of QU, KA, and IS exhibited stronger 
XO inhibitory activity. Meanwhile, the results of correlation analysis 
showed a positive correlation between QU, KA, IS and XO inhibition 
rate, while the content of RU, HY, QUi, KAr, NA was negatively corre
lated with XO inhibition rate (Fig. 1D). The XO inhibitory activity of 

flavonoids is significantly correlated with their structure. The C6-C3-C6 
structure and the C2 = C3 double bonds of flavonoids were advanta
geous for XO inhibitory activity. However, the methylation, hydroxyl
ation, and bulky sugar substitutions of flavonoids were unfavorable for 
XO inhibitory activity (Lin et al., 2015). Meanwhile, the quantity and 
position of hydroxyl groups on the benzene ring also affected the XO 
inhibitory activity of flavonoids (Xie et al., 2017). Overall, the de- 
glycosylation of flavonoids caused by salt-assisted heat treatment is a 
feasible approach to enhance XO inhibitory activity.

3.5. Degradation and conversion kinetics of flavonoids

The kinetic parameters and curves were carried out to explore the 
degradation and conversion characteristics of flavonoids in FSIt (Fig. 4
and Table 1). The degradation and conversion curves of flavonoids fitted 
by the first-order kinetic model showed a good linearity in the range of 
140–220 ◦C. The k values of RU and HY reached maximum at 200 ◦C, 
and the k values of QUi reached maximum at 180 ◦C, while t1/2 showed 
an opposite trend, indicating that RU, HY, and QUi reached the 

Fig. 2. Effects of salt-assisted heat treatment on the content of primary flavonoids (A, rutin; B, hyperoside; C, quercitrin; D, kaempferol–3–O–rutinoside; E, quercetin; 
F, narcissoside; G, kaempferol; H, isorhamnetin) in Flos Sophorae Immaturus tea extract. Different letters in the same graph indicate significant differences (p < 0.05).
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maximum degradation rate at these conditions. Meanwhile, the gener
ation rate of QU reached the maximum at 180 ◦C with the k value of 
− 0.0050. Similarly, the maximum degradation rate of KAr and NA 
reached the maximum at 200 ◦C, while the maximum generation rate of 
KA (k = − 0.0042) and IS (k = − 0.0038) was 160 ◦C. Interestingly, under 
the same conditions, the degradation rates of RU, KAr, and NA during 

KCl-assisted heat treatment were higher than those of ultrasound- 
assisted heat treatment, as well as the generation rates of QU, KA, and 
IS exhibited a similar trend (Li et al., 2023a). This phenomenon further 
indicated that KCl might enhance the conversion rate by accelerating the 
degradation and conversion of flavonoids during the heat treatment. In 
addition, the activation energy was calculated to evaluate the 

Fig. 3. Liquid chromatograms, conversion rate, and XO inhibition rate of rutin (A, A1, A2), hyperoside (B, B1, B2), quercitrin (C, C1, C2), kaempfer
ol–3–O–rutinoside (D, D1, D2), narcissoside (E, E1, E2) before and after salt-assisted heat treatment. Different letters in the same graph or curve indicate significant 
differences (p < 0.05).
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degradation rates of different flavonoids, and the smaller the activation 
energy indicated the lower the initiation reaction energy and the faster 
the reaction rate (Abi-Khattar et al., 2022). As shown in Table 1, HY and 
QUi exhibited faster reaction rates, followed by NA, KAr, and RU, 
implying that the degradation rates of 3–O–rutinoside, 3–O–galactoside, 
and 3–O–rhamnoside were different. Previous studies found that the 
degradation rate of cyanidin–3–glucoside at 110 ◦C was the fastest, 
followed by cyanidin–3–rutinoside, cyanidin–3–sophoroside, cyani
din–3–glucorutinoside (Verbeyst, Crombruggen, Van der Plancken, 
Hendrickx, & Van Loey, 2011). Similar studies also showed that the 
degradation rates of three flavonoids under 130 ◦C heat treatment were 
as follows: Quercetin–3–O–rutinoside (k = 0.1590) > Luteo
lin–7–O–glucoside (k = 0.0744) > Nar
ingenine–7–O–rhamnosidoglucoside (k = 0.0019). The presence of a 
double bond in the C-ring might be the reason that querce
tin–3–O–rutinoside was more sensitive to temperature than nar
ingenine–7–O–rhamnosidoglucoside, and additional energy was needed 
to break it (Chaaban et al., 2017). Meanwhile, the different molecule 
structure and glycosylation sites also induced different binding energy 
(Ali et al., 2019). Additionally, a degradation trend was observed when 
QU and KA were treated at 180 ◦C for more than 90 min, while IS also 
showed degradation trend at 160 ◦C for more than 90 min. All flavonoids 
showed significant degradation trend at 200 ◦C, indicating that appro
priate heat treatment time and temperature were crucial factors in 
improving the generation rate of QU, KA, and IS.

3.6. ANN model construction

The effect of heat treatment on the flavonoids of FSIt mainly 
depended on time and temperature. However, suitable heat treatment 
conditions could not be determined through a few experiments, 
including various combinations such as low-temperature with long-term 
treatment or high-temperature with short-term treatment. Therefore, 
this study introduced ANN to predict the changes in FSIt flavonoids 
during KCl-assisted heat treatment. ANN is a nonlinear mathematical 
model constructed by simulating the processing mechanism of the 
human brain nervous system for complex information (Yu, Zheng, & Lin, 
2022). Based on network topology knowledge, it possessed unique 
knowledge representation and adaptive learning ability, and exhibited 
good optimization and prediction ability in practical applications (Ciric, 
Krajnc, Heath, & Ogrinc, 2020). Therefore, a network was generated and 
comprised of one input layer (temperature, time), four hidden layers, 
and one output layer (RU, HY, QUi, QU, KAr, KA, NA, IS) (Fig. 5A). The 
number of hidden layers and prediction accuracy of the network were 
significantly correlated with training time, fault tolerance, and gener
alization ability. Too few hidden layers induced a decrease in general
ization ability and prediction accuracy. On the contrary, excessive 
hidden layers induced convergence falling into local minima. Moreover, 
the number of neurons in each layer also significantly affected the 
prediction accuracy (Patruni & Rao, 2023). Therefore, the optimal 
model was established through multiple iterations with 4 hidden layers, 
and 128, 256, 256, and 128 hidden neurons per layer, respectively.

The ANN model tended to stabilize with the number of iterations 

Fig. 4. First-order kinetics plots of rutin (A), hyperoside (B), quercitrin (C), quercetin (D), kaempferol–3–O–rutinoside (E), kaempferol (F), narcissoside (G), and 
isorhamnetin (H) contents in Flos Sophorae Immaturus tea extract treated at different temperatures.
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increasing. The lowest RMSE for training, validation, and testing groups 
were 1.86, 1.82, and 1.30, respectively (Fig. 5B). The error of the model 
presented a normal distribution with the average value of 0, and the 
error of most values was within ±0.5 (Fig. 5C). The R2 between actual 
and predicted flavonoids content by ANN model were 0.9989 for RU, 
0.9989 for HY, 0.9971 for QUi, 0.9943 for QU, 0.9915 for KAr, 0.9945 
for KA, 0.9739 for NA, 0.9214 for IS (Fig. 5D). The model established 
through ANN presented a lower RSME, and the predicted results 
possessed a good correlation with the actual values, indicating that the 
ANN model possessed good predictive stability and ability (Kashyap, 
Riar, & Jindal, 2020). Thus, ANN was a promising approach to analyze 
and predict the changes in flavonoids content of FSIt during salt-assisted 
heat treatment.

4. Conclusion

Overall, salt-assisted heat treatment was confirmed to be an effective 
processing method for enhancing the XO inhibitory activity of FSIt. KCl 
could serve as catalysts to effectively promote the de-glycosylation of 
flavonoids during heat treatment. There were three main pathways for 
the de-glycosylation of flavonoids in FSIt: (1) the 3–O–rutinoside of RU, 
KAr, and NA degraded and converted to QU, KA, and IS; (2) the 
3–O–galactoside of HY degraded and converted to QU; (3) the 
3–O–rhamnoside of QUi degraded and converted to QU. The newly 
generated QU, KA, and IS exhibited better XO inhibitory activity than 
their glycosylation compounds, which might be the primary mechanism 
by which salt-assisted heat treatment enhances the XO inhibitory ac
tivity of FSIt. In addition, KCl was a more effective de-glycosylation 
catalyst than NaCl. KCl can replace NaCl in food industry, which is 
beneficial for humans who limit sodium intake. Moreover, KCl also 
possesses the industrial benefits of improving food texture, regulating 
acid-base balance, and preserving freshness. The degradation of flavo
noids in FSIt during KCl-assisted heat treatment followed a first-order 
kinetic model, and appropriate heating time and temperature were the 
critical factors for promoting the conversion of flavonoids. A promising 
strategy for predicting the flavonoids content of FSIt was further 
established through the ANN model. This study provides a theoretical 
basis and technical support for the processing of FSIt products with good 
XO inhibitory activity.
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Table 1 
Kinetics parameters of flavonoids degradation or generation during heating 
treatment.

Compound Conditions R2 t1/2 

(min)
Ea (kJ/ 
mol)

Rutin 140 ◦C, 0–150 
min

0.9855 140.31 39.03

160 ◦C, 0–150 
min

0.9417 119.10

180 ◦C, 0–150 
min

0.9792 56.40

200 ◦C, 0–150 
min

0.9957 23.10

220 ◦C, 0–150 
min

0.9536 32.22

Hyperoside 140 ◦C, 0–150 
min

0.9742 193.62 16.38

160 ◦C, 0–150 
min

0.9910 123.56

180 ◦C, 0–150 
min

0.9321 119.51

200 ◦C, 0–150 
min

0.9899 104.39

220 ◦C, 0–150 
min

0.9874 170.31

Quercitrin 140 ◦C, 0–150 
min

0.9896 285.25 14.54

160 ◦C, 0–150 
min

0.9833 113.82

180 ◦C, 0–150 
min

0.9759 113.82

200 ◦C, 0–150 
min

0.9620 122.68

220 ◦C, 0–150 
min

0.9647 121.39

Quercetin 140 ◦C, 0–150 
min

0.8915 − 183.37

160 ◦C, 0–150 
min

0.9733 − 175.04

180 ◦C, 0–90 
min

0.9979 − 138.63

180 ◦C, 
90–150 min

0.8864 127.42

200 ◦C, 0–150 
min

0.9891 46.18

220 ◦C, 0–150 
min

0.9417 38.27

Kaempferol–3–O–rutinoside 140 ◦C, 0–150 
min

0.9538 172.00 35.76

160 ◦C, 0–150 
min

0.9776 122.03

180 ◦C, 0–150 
min

0.9829 54.15

200 ◦C, 0–150 
min

0.9958 31.10

220 ◦C, 0–150 
min

0.9694 42.52

Kaempferol 140 ◦C, 0–150 
min

0.9864 − 180.04

160 ◦C, 0–150 
min

0.9693 − 166.22

180 ◦C, 0–90 
min

0.9649 − 203.27

180 ◦C, 
90–150 min

0.8952 1318.82

200 ◦C, 0–150 
min

0.9591 138.63

220 ◦C, 0–150 
min

0.9451 67.23

Narcissoside 140 ◦C, 0–150 
min

0.9928 170.31 29.48

160 ◦C, 0–150 
min

0.9969 80.60

180 ◦C, 0–150 
min

0.9620 76.00

200 ◦C, 0–150 
min

0.9811 31.51

Table 1 (continued )

Compound Conditions R2 t1/2 

(min)
Ea (kJ/ 
mol)

220 ◦C, 0–150 
min

0.9738 49.30

Isorhamnetin 140 ◦C, 0–150 
min

0.9591 − 209.41

160 ◦C, 0–90 
min

0.8506 − 184.84

160 ◦C, 
90–150 min

0.9096 294.96

180 ◦C, 0–90 
min

0.8132 − 258.64

180 ◦C, 
90–150 min

0.9161 133.30

200 ◦C, 0–150 
min

0.9876 76.09

220 ◦C, 0–150 
min

0.9408 40.61
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