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A B S T R A C T

Amomum tsaoko is an important homologous medicinal and food plant, and its fruit is rich in flavonoids.
However, few studies have reported the preparation and bioactivity of flavonoids in A. tsaoko (ATF). In this
study, the optimal conditions for ultrasound-assisted extraction of ATF were identified through response surface
optimization. HPD300 was identified as the best resin for the purification of ATF, as it exhibited a Freundlich
model-conformative adsorption isotherm. Among the different concentrations of ethanol, 20 % and 30 % resulted
in higher flavonoid purity (>90 %) and stronger antioxidant and α-glucosidase inhibition activities. A widely
targeted metabolomics assay revealed that the relative abundance of flavonoids in a mixture of 20 % and 30 %
ethanol eluates was greater than 73 %, which mainly contained (+)-epicatechin, isoquercitrin, astragalin
kaempferol-3-O-rutinoside, and procyanidin B2. These findings provide a theoretical basis for the in-depth
development and potential use of ATF in the functional food, cosmetic and pharmaceutical industries.

1. Introduction

Amomum tsaoko Crevost et Lemarie is a perennial evergreen clump-
ing herb in the genus Cardamom of the ginger family (Zhang et al.,
2022). It produces fruits with a special rich spicy flavor that can remove
fishy and dingy flavors and increase appetite. A. tsaoko fructus (AT) is a
Chinese food flavoring “one of the five spices”. Notably, AT is also
among the most prevalent species in China’s medicinal and food ho-
mologous resources. It is included in the Chinese Pharmacopoeia and is
known to have several pharmacological effects, including the promotion
of warming in the body, strengthening of the stomach, elimination of
food, and regulation of breathing (Zhang et al., 2014). The distribution
of AT is primarily concentrated in the provinces of Yunnan, Guangxi,
and Guizhou in China (Wu et al., 2023). However, the AT industry is
currently characterized by a relatively short industrial chain and a lack
of deep processing, which results in the production of low-value-added

products. The vast majority of ATs are used only as spices, and there is a
notable absence of research and development on the medicinal value of
ATs.

In recent years, with the gradual deepening of research on AT,
certain progress has been made in the study of its chemical composition
and pharmacological activity. To date, scientists have isolated more
than 300 compounds from AT, which can be categorized into flavonoids,
terpenoids, phenylpropanoids, diphenylheptanes, aromatic substances,
and others (Cai et al., 2021; Yang et al., 2022). Among these, flavonoids
are the main components of AT, which have been demonstrated to
function as excellent antioxidants, effectively scavenging free radicals
associated with a variety of diseases (Andrade et al., 2018). Addition-
ally, they have been shown to significantly inhibit the activity of
α-glucosidase, which plays a role in regulating blood glucose levels and
thus preventing diabetes mellitus (Li, Yang, et al., 2023). These findings
underscore the importance of isolating, extracting, and evaluating the
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functional properties of flavonoids in AT for the comprehensive utili-
zation of AT resources.

The conventional extraction techniques for flavonoids include im-
mersion, decoction, Soxhlet extraction, and other methods. However,
these approaches are unable to meet the increasing demand for the
separation and extraction of flavonoids (Chávez-González et al., 2020).
Ultrasonic-assisted extraction (UAE) is based on the solution extraction
method, whereby the cavitation effect generated by ultrasonication is
harnessed to create cavitation air cannons within the extraction solu-
tion. Detonation of the shockwaves results in disintegration of the plant
cell wall, thereby increasing the solubility of the target components (Qin
et al., 2023). In practical applications, UAE has the potential to extract
active compounds effectively from spices while preserving the structural
integrity of flavonoids (Teng et al., 2019). However, the greater the
degree of substance fragmentation resulting from the stronger the
cavitation effect of ultrasound, the greater is the potential for precipi-
tation of some impurities, which may affect the efficiency of flavonoid
extraction (Tian et al., 2019). Therefore, it is necessary to optimize the
UAE conditions rationally to achieve the optimal flavonoid yield. Mac-
roporous resins (MRs) are widely utilized, cost-effective, and environ-
mentally benign purification methods for industrial production. MR has
been applied to the isolation and purification of a variety of active in-
gredients, including plant flavonoid compounds (Wang et al., 2022).
However, studies on the isolation of flavonoids from AT using MRs in
conjunction with UAE are scarce. The search for an optimal method for
the preparation of AT flavonoids is highly valuable for the advancement
and utilization of AT resources.

In this study, we employed a combined UAE and MR method for the
preparation of total flavonoids from AT. The optimal preparation pro-
cess conditions were determined, and different ethanol concentrations
with high flavonoid contents were obtained. The antioxidant and
α-glucosidase inhibitory activities of the elutions were subsequently
evaluated in vitro, and the chemical composition of the highly active
elutions was elucidated through the use of a widely targeted metab-
olomics assay. These findings may provide a foundation for future
functional and pharmacological studies and the comprehensive utiliza-
tion of AT.

2. Materials and methods

2.1. Chemicals and materials

Dried AT was procured from Gongshan County, Yunnan Province,
where any damaged or suboptimal specimens were excluded. The AT
was then subjected to a crushing process in our lab and subsequently
passed through a 40-mesh sieve. The standard for rutin was obtained
from Dalian Meilun Biotech Co., Ltd. (Dalian, China). All MRs were
procured from Beijing Solarbio Science & Technology Co., Ltd. Table S1
presents the physical properties of all MRs in this work.

UP H2O was prepared using an ultrapure water system (Purifier,
Shanghai, China), and all other chemicals and solvents employed in this
work were of analytical grade.

2.2. Optimization of the UAE process for extracting flavonoids from AT

2.2.1. Preparation of the ethanol extract of AT
The AT powder (40-mesh) was weighed and combined with a spec-

ified volume of an ethanol solution, which was then soaked and
extracted using ultrasonic waves. The extract was then centrifuged at
4000 rpm for 15 min, after which the volume of the supernatant was
adjusted to the original volume to obtain the ethanol extract of AT
(ATEE).

2.2.2. Determination of flavonoid contents in extracts
The colorimetric method of NaNO3-Al(NO3)3-NaOH (Lin et al., 2014)

was employed for the determination of flavonoids in different extracts. A

standard curve was constructed using rutin as the standard, resulting in
the linear regression eq. Y = 6.6827× + 0.0105, R2 = 0.9993. The yield
of flavonoids in the AT extracts was then calculated according to eq. (1).

Y(%) =
N× C× V
M× 1000

×100% (1)

Y is the flavonoid yield (%); C is the concentration of flavonoids (mg/
mL), which is calculated according to the standard curve equation; N is
the dilution of extracts; V is the volume of determinate extracts (mL);
and M is the mass of AT powder (g).

2.2.3. Single-factor experiments
The flavonoids were extracted by soaking AT powder in 60% ethanol

at a material–liquid ratio of 1:25 (w/v), and the effects of soaking time
(0.5, 1.0, 1.5, 2.5, 4.5, 8.5, 12, and 24 h) on the extraction of flavonoids
from AT were investigated. Once the optimal soaking time was identi-
fied, a series of experiments were conducted to investigate the impact of
various factors on the extraction rate of flavonoids in AT (ATF). These
factors included the ethanol concentration (40 %, 50 %, 60 %, 70 %, 80
%), solid–liquid ratio (1:15, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45, 1:50),
ultrasonic power (120, 140, 160, 180, 200 W), ultrasonication time (10,
20, 30, 40, 50, 60 min), and ultrasonication temperature (25, 35, 45, 55,
65, 75 ◦C), with each factor being investigated sequentially.

2.2.4. Response surface optimization experiments
A Box–Behnken response surface design was employed to optimize

the extraction conditions for ATF. The material–liquid ratio (A), ultra-
sonic power (B), ultrasonic time (C), and ultrasonic temperature (D)
were investigated for their effects on the ATF (Table 1).

2.3. Process optimization of ATF purification by MRs

2.3.1. Pretreatment of MRs
All MRs were first soaked in 95 % ethanol for 12 h, followed by

washing with UP H2O until they were odorless; subsequently, all MRs
were soaked in 5 % sodium hydroxide for 4 h, followed by washing with
UP H2O until they were neutral; finally, they were soaked in 5 % hy-
drochloric acid for 4 h and washed with UP water until they were
neutral. The activated MRs were immersed in UP H2O and maintained in
reserve.

2.3.2. Screening of MRs
Adsorption/desorption tests were conducted on ten MRs. The acti-

vated MRs were accurately weighed and placed in a 250 mL conical
flask, to which 100 mL of ATEE was added. The conical flask was then
shaken for 24 h at 25 ◦C and 140 r/min. After adsorption equilibrium
was reached, all the MRs were retained and washed thoroughly with UP
water, and then 100 mL of 80 % ethanol was added and desorbed by
shaking for 24 h (25 ◦C, 140 r/min). The adsorption rate, adsorption
capacity, desorption rate, and desorption capacity were calculated using
eqs. (2), (3), (4), and (5), respectively.

Adsorption rate : A(%) =
C0V0 − CeVe

C0V0
×100% (2)

Adsorption capacity : Qe =
C0V0 − CeVe

m
(3)

Table 1
Factors and levels employed in the Box–Behnken response surface design.

Levels Factors

A: Solid–liquid
ratio (w/v)

B:Ultrasonic
power (W)

C:Ultrasonic
time (min)

D:Ultrasonic
temperature (◦C)

− 1 1:30 160 40 60
0 1:35 180 50 65
1 1:40 200 60 70
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Desorption rate : D(%) =
CdVd

C0V0 − CeVe
×100% (4)

Desorption capacity : Qd(%) =
CdVd

m
(5)

The adsorption and desorption rates, designated A and D (%),
respectively, are dependent upon the concentrations of ATF before
adsorption, at adsorption equilibrium, and in the desorption solution,
designated C0, Ce, and Cd (mg/mL), respectively; V0, Ve, and Vd (mL)
represent the volumes of the solution prior to adsorption, at the time of
adsorption, and following desorption, respectively. Qe and Qd (mg/g)
represent the equilibrium adsorption and desorption amounts, respec-
tively; finally, m (g) denotes the wet weight of the MRs.

2.3.3. Adsorption kinetics
ATEE containing 2.0 mg/mL flavonoids was prepared and mixed

with 5 g of pretreated MRs. The adsorption capacity of the MRs was
determined at different adsorption times by shaking at 140 rpm at 25 ◦C.
The adsorption processes of MRs were analyzed using the pseudo-first-
order, pseudo-second-order, and intraparticle diffusion model,
respectively.

Pseudo − first − order kinetic model : ln(Qe − Qt) = lnQe − k1t (6)

Pseudo − second − order kinetic model :
t
Qt

=
t
Qe

+
1

k2Qe
(7)

Intraparticle diffusion model : Qt = k3t
1
2 +M (8)

Qe and Qt represent the adsorption capacities at equilibrium and at
time t, respectively; K1, K2, and K3 denote the rate constants for the
pseudo-first-order model, pseudo-second-order model, and intraparticle
diffusion model, respectively. M denotes the constant in the intraparticle
diffusion model.

2.3.4. Adsorption isotherms
ATEE with varying concentrations (0.4–3.2 mg/mL) was prepared

and combined with 5 g of MRs. Adsorption was performed by shaking at
140 rpm at 25, 35, and 45 ◦C, respectively, and the adsorption capacity
of the MRs was determined using the Freundlich and Langmuir models.

Langmuir model :
Ce

Qe
=

Ce

Qm
+

1
kLQm

(9)

Freundlich model : lnQe =
1
n
lnCe + lnkF (10)

where Qm (mg/g) is the theoretical maximum adsorption capacity; kL
(mL/mg) is the Langmuir model constant; n and kF are the Freundlich
equation constants; and kF reflects the adsorption capacity.

2.3.5. Optimization of process conditions for purification of ATF by
screened MR

A specific concentration of ATEE was prepared, and the pH was
adjusted by the addition of either an HCl solution (1 mol/L) or a NaOH
solution (1 mol/L). This procedure was followed by the addition of 5 g of
resin and shaking for 8 h at 25 ◦C with a shaking speed of 140 rpm. Once
equilibrium had been reached, the resin was loaded onto the column in a
wet state and poured into solutions of ethanol at concentrations ranging
from 10 % to 100 %. Each solution was then eluted until the solution
became colorless. The volume of elution at each ethanol concentration
was recorded, and the ATF content in the elution solution at each con-
centration was determined.

2.4. In vitro evaluation of bioactivities

2.4.1. Antioxidant activity
FRAP, DPPH, ABTS and hydroxyl radical-scavenging assays were

used to determine ATEE before purification, as were the ATF fractions
obtained by elution with ethanol at 10 % to 50 % concentrations ac-
cording to Vo et al. (2023) and Maduwanthi and Marapana (2021). Vc
was also used as a positive control.

2.4.2. α-Glucosidase activity inhibition assay
An α-glucosidase activity inhibition assay was performed to deter-

mine ATEE before purification, and ATF fractions were obtained by
elution with 10 % to 50 % ethanol according to the methods of Dao et al.
(2021). Acarbose was also used as a positive control.

2.5. Phytochemical composition determination using widely targeted
metabolomics

The lyophilized powders of the 20 % and 30 % ethanol elutions were
completely mixed, and the flavonoid content was determined using the
NaNO3-Al(NO3)3-NaOH colorimetric method and submitted to Shanghai
Biotree Biomedical Science and Technology Co. Ltd. for widely targeted
metabolomics analysis. Briefly, a total of 10 mg of lyophilized ATF
powder was combined in a centrifuge tube with 2 small steel balls and
500 μL of extract (methanol:water, volume ratio of 1:2). After a series of
pretreatment steps, the mixture was passed through an EXIONLCS sys-
tem (SCIEX) for high-performance liquid chromatography (HPLC) to
separate the target components. A Waters UPLC liquid chromatography
column (Acquity UPLC HSS T3, 2.1 mm * 100 mm, 1.8 μm) was utilized.
Liquid chromatographic phase A was an aqueous solution containing
0.1 % formic acid, while phase B was acetonitrile. A Sciex QTrap 6500+
(Sciex Technologies) was used for assay development. SCIEX Analyst
Work Station software (version 1.6.3) was used for MRM data acquisi-
tion and processing. MS raw data files (wiff) were converted to TXT
format using the MS Converter. An in-house R program and database
were used for peak detection and annotation.

2.6. Statistical analysis

The data are expressed as the means ± standard errors of the means
(SEMs). Analysis of variance was conducted using the statistical soft-
ware package SPSS 26.0 (SPSS Inc., Chicago, IL, USA). Statistical anal-
ysis of the results was conducted using analysis of variance (ANOVA)
with Duncan’s test. The statistical significance of the differences be-
tween the means of each factor was determined at P < 0.05. The
Box–Behnken response surface design was conducted using Design
Expert 8.0.6 software (StatEase®, Minneapolis, USA). GraphPad Prism
8.0 software was used for plotting and linear regression analysis, with
the objective of obtaining kinetic-related parameters and IC50 values.

3. Results and discussion

3.1. Optimization of the ATF extraction conditions

3.1.1. Single-factor experiments
The results of single-factor experiments for ATF extraction are shown

in Fig. 1. As the soaking time increased, the flavonoids continuously
precipitated, and the flavonoid content in the soaking solution tended to
stabilize after 12 h of soaking (Fig. 1A). Therefore, a soaking time of 12 h
was used. As illustrated in Fig. 1B and C, the flavonoid yields initially
increased but then decreased as the ethanol concentration and solid-
–liquid ratio increased. The highest flavonoid yield was obtained when
the ethanol concentration was 60 % and the solid–liquid ratio was 1:35
(w/v), with yields of 2.91 % and 3.11 %, respectively. An appropriate
ethanol concentration and solid-to-liquid ratio may provide conditions
such as appropriate polarity and an opportunity for solvent contact for
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the dissolution of more flavonoids from AT powder (Liao et al., 2021).
The ultrasound parameters also had a notable influence on the

flavonoid yield. The ATF yield increased with increasing ultrasonic
power, ultrasonication time and ultrasonication temperature. However,
when these ultrasonic parameters reached a certain threshold, the yield
of flavonoids tended to stabilize following an increase, or even decrease
(Figs. 1D to 1F). The underlying cause of this phenomenon might be that
when these ultrasound parameters were below the threshold, an in-
crease in power resulted in a stronger cavitation effect, which in turn led
to faster breakdown and precipitation of the flavonoids. Moreover, an
increase in temperature also facilitated the diffusion of flavonoids,
whereas an increase in ultrasonication time was conducive to the
accumulation of these molecules. However, when the threshold value
was exceeded, the amount of flavonoids released and diffused into the
solvent reached a maximum. Excessively high ultrasonic power, tem-
perature and time generate excessive energy, which may result in the
destruction or degradation of some flavonoids (Tian et al., 2019).
Therefore, the optimized ATF extraction conditions obtained from the
single factor experiments were an ethanol concentration of 60 %, a
solid–liquid ratio of 1:35 (w/v), an ultrasonication power of 180 W, an
ultrasonication time of 50 min, and an ultrasonication temperature of
65 ◦C.

(A) Soaking time, (B) ethanol concentration, (C) solid–liquid ratio,
(D) ultrasonic power, (E) ultrasonic time and (F) ultrasonic temperature.
The presence of different letters indicates that the observed differences
are statistically significant (P < 0.05). Conversely, the absence of letters
indicates that the observed differences are not statistically significant (P
> 0.05).

3.1.2. Response surface optimization experiments
A multivariate quadratic regression model was developed using data

from Table S2 to establish a regression model for the extraction process
parameters. The regression equation is presented in eq. (12).

Y = 3.12+0.099 A+0.040B+0.017C+0.083D − 0.040AB
+0.022 AC+0.075 CE+0.090 BCE − 0.12BD − 0.10CD
− 0.067A2–0.028B2–0.20C2–0.069D2

(12)

where Y, A, B, C and D denote the flavonoid yield (%), materi-
al–liquid ratio, ultrasonic power, ultrasonication time and ultra-
sonication temperature, respectively.

As shown in Table S3, the F value of the quadratic regression model
was 22.55, with a P value of less than 0.01, indicating a highly signifi-
cant level. The lack of fit was not significant (P > 0.05), and the results
indicated that the regression equation was well fitted. Furthermore, the
model showed a high degree of fit, with a decision coefficient of R2 =

0.9575 and an adjusted decision coefficient of RAdj
2 = 0.9151. This

observation indicated a strong correlation between the predicted and
actual results, confirming the suitability of the model for analysis.

As illustrated in Fig. 2 and Fig. S1, the contours of AD, BC, BD, and
CD were elliptical, indicating that the interaction between the two
variables had a significant effect on the flavonoid yield (Wen, Zeng,
et al., 2023). Moreover, the 3D response surfaces for A exhibited steeper
slopes than those for B, C, and D (Figs. 2A to 2C). The B slope was steeper
than the C slope (Fig. 2J), and the D slope was steeper than the B and C
slops (Fig. 2K and L). In general, the influence order of each factor on the
flavonoid yield was A > D > B > C.

(A) Solid–liquid ratio and ultrasonic power, (B) solid–liquid ratio and
ultrasonic time, (C) solid–liquid ratio and ultrasonic temperature, (D)
ultrasonic power and ultrasonic time, (E) ultrasonic power and ultra-
sonic temperature, and (F) ultrasonic time and ultrasonic temperature.

3.1.3. Model validation
Through response surface design optimization, the optimal process

conditions for flavonoid extraction were identified as a material–liquid
ratio of 1:38.08, an ultrasonic power of 163.23 W, an ultrasonic time of
46.51 min, and an ultrasonic temperature of 69.44 ◦C. These conditions
yielded the highest predicted flavonoid yield, reaching 3.31 %.
Considering the feasibility of practical operation, three validation tests
were conducted under the following process conditions: a materi-
al–liquid ratio of 1:39 (w/v), an ultrasonic power of 160W, an ultrasonic
time of 47 min, and an ultrasonic temperature of 69 ◦C. The actual
measured flavonoid yield was 3.33 %, which was in close agreement
with the predicted value. These results indicated that the process con-
ditions optimized by the response surface model were accurate and
reliable. Additionally, the flavonoid content of the ultrasound extract

Fig. 1. Effects of a single factor on the flavonoid yield from AT.
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was determined to be 21.71 %. In previous studies, response surface
methodology was employed to optimize the optimal extraction condi-
tions for the ultrasound-assisted extraction of perilla leaf flavonoids (Li,
Lin, et al., 2023) and Murraya exotica flavonoids (Wen, Liu, & Mai,
2023). The required ultrasound energy exceeded 200 W, the dosage of
material and liquid was high, and the extraction rate was 1.0 % or less.
However, in this study, the amount of ethanol used was conserved, the
energy consumption was reduced, and the extraction efficiency was
effectively improved to 3.33 %. These findings indicated that the ul-
trasonic extraction conditions employed effectively increased the
flavonoid content.

3.2. Separation and purification of ATF by MRs

3.2.1. Selection of MRs
MRs are capable of reversibly adsorbing external organic matter,

with the main driving forces being hydrogen bonding and van der Waals
forces, and their adsorption performance is closely related to the specific
surface area, pore size, and polarity (Li & Chase, 2010). As illustrated in
Fig. 3, the adsorption/desorption capacities of the various MRs differed,
with the less polar MRs exhibiting particularly high adsorption

capacities. Compared with the other MRs, the nonpolar MRs X-5,
HPD100, HPD300, and HP-20 presented greater adsorption/desorption
capacities for ATF. A comparison of the physical properties of the MRs in
Table S1 reveals that HPD300 resin has the smallest average pore size
and the largest specific surface area, and exhibits superior adsorption
and desorption capacity compared with the other MRs (Guo et al.,
2015). The specific surface areas of X-5 and HPD100 are comparable;
however, X-5 exhibits a larger average pore size and a stronger affinity
for adsorbatemolecules, potentially resulting in a diminished desorption
capacity relative to that of HPD100, HPD300, and HP-20. Furthermore,
the market prices of X-5, HPD100, HPD300 and HP-20 are comparable,
with HPD300 occupying a middle position. HPD300 is a macroporous
resin that has been widely used in industry and is distinguished by a long
service life, which allows it to sustain satisfactory adsorption outcomes
after two or three regenerations. Ultimately, HPD300 displays the most
robust combined adsorption/desorption capacity and potential for
practical large-scale applications, thus qualifying it as a candidate for
the separation and purification of ATF.

3.2.2. Adsorption kinetics
Adsorption kinetic studies were conducted on the four MRs (X-5,

HPD100, HPD300 and HP-20) with stronger adsorption properties. As
shown in Fig. S2A, the quantities of the different MRs all increased with
adsorption time. The adsorption capacity of ATF on the MRs rapidly
increased during the initial 120 min, with the adsorption curves grad-
ually becoming smooth after 360 min. Upon reaching equilibrium, the
adsorption rate of HPD300 was the highest, followed by X-5, HPD100
and HP-20. This phenomenon might be attributed to HPD300 having the
largest specific surface area, thereby allowing ATF to bind to a greater
number of adsorption sites (Wang & Guo, 2020).

The adsorption mechanism of different MRs on ATF was described
using the pseudo-first-order and pseudo-second-order models. As shown
in Figs. S2B and S2C, the linear fit of the pseudo-second-order model
exhibited a greater degree of accuracy than that of the pseudo-first-order
model. As evidenced by the regression coefficient R2, the pseudo-
second-order model demonstrated a markedly superior fit compared
with the pseudo-first-order model (Table 2). Additionally, the theoret-
ical maximum adsorption capacity, Qe(cal), of the pseudo-second-order
model was found to be more closely aligned with the experimental
value, Qe(exp), than that of the pseudo-first-order model, Qe(cal). It could
be concluded that the pseudo-second-order kinetic model was more

Fig. 2. The 3D response surface plots illustrating the influence of various parameters on flavonoid yield.

Fig. 3. Comparison of the adsorption and desorption performances of ten MRs.
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suitable for describing the adsorption of ATF by X-5, HPD100, HPD300,
and HP-20. These results indicated that the adsorption of ATF by
HPD300 occurred as a multilayer adsorption process.

To ascertain whether internal diffusion represented the limiting step
in the adsorption rate, the intraparticle diffusion model was employed
for the purpose of fitting the adsorption data (Wu et al., 2009). As shown
in Fig. S2D, the fitted curve of Qt versus t1/2 exhibited a three-segment
linear relationship, indicating that three successive steps regulated the

adsorption process (Boparai et al., 2011). Furthermore, the curves
generated by X-5, HPD100, HPD300, and HP-20 did not pass through the
origin (M ∕= 0), indicating that the rate-limiting step was not only
intraparticle diffusion but also boundary layer diffusion during the
adsorption process (Shin & Kim, 2016). HPD300 exhibited the highest
rate constant (k3 = 1.4131), indicating that ATF diffused more readily
within this resin than in the other resins, resulting in a faster rate of
adsorption of ATF. The adsorption process was faster and more efficient,
reflecting the advantages of adsorption by HPD300. In summary,
HPD300 was the most suitable resin for ATF adsorption.

3.2.3. Adsorption isotherms and thermodynamics
As depicted in Fig. 4A, under adsorption conditions of 25 ◦C, 35 ◦C,

and 45 ◦C, the adsorption capacity of the same concentration of ATF on
the HPD300 resin exhibited a sequential decline, indicating that an in-
crease in temperature was detrimental to the adsorption of ATF on the
HPD300 resin. Both the Langmuir and Freundlich models demonstrated
a superior ability to describe the adsorption process of HPD300 on ATF
(Figs. 4B-4C). However, the linear correlation coefficient R2 of the
Freundlich model was greater than that of the Langmuir model
(Table 3). These findings implied that the Freundlich model was more
appropriate for elucidating the adsorption process of ATF by HPD300.

As shown in Table 3, the kL value decreased from 0.2528 to 0.2389
mL/mg, whereas the kF value decreased from 2.3579 to 2.1891 mL/mg
when the adsorption temperature increased from 25 to 45 ◦C. The
adsorption of ATF by HPD300 is a nonspontaneous exothermic process,
and high temperatures are detrimental to the adsorption of the HPD300
resin (Shen et al., 2022). In this study, the 1/n values at 25, 35, and 45 ◦C
were observed to be within the range of 0.1 to 0.5, indicating that the
adsorption process of ATF by HPD300 was spontaneous within this
temperature range. However, an increase in temperature from 25 to

Table 2
Equations and parameters of the kinetic model.

Model MRs Kinetic
Equation

Parameters

R2 k1 Qe(cal) Qe(exp)

The pseudo-
first-order
model

X-5

ln(Qe-Qt)
=

− 0.0041 t
+ 2.6880

0.7480 0.0041 14.70 38.46

HPD100

ln(Qe-Qt)
=

− 0.0041 t
+ 2.7760

0.8242 0.0041 16.05 37.54

HPD300

ln(Qe-Qt)
=

− 0.0037 t
+ 2.9880

0.7880 0.0037 19.85 39.58

HP-20

ln(Qe-Qt)
=

− 0.0039 t
+ 2.8180

0.7918 0.0039 16.74 36.76

R2 k2 Qe(cal) Qe(exp)

The pseudo-
second-
order model

X-5
t/Qt =

0.0249 t +
0.6605

0.9996 0.0009 40.24 38.46

HPD100
t/Qt =

0.0256 t +
0.7757

0.9999 0.0008 39.11 37.54

HPD300
t/Qt =

0.0236 t +
1.0004

0.9993 0.0006 42.32 39.58

HP-20
t/Qt =

0.0258 t +
0.8959

0.9997 0.0007 38.77 36.76

R2 k3 M

Intraparticle
diffusion
model

X-5
Qt =

1.257 t1/2

+ 13.57
0.712 1.2571 13.57

HPD100
Qt =

1.194 t1/2

+ 13.16
0.7389 1.1944 13.16

HPD300
Qt =

1.413 t1/2

+ 10.75
0.7800 1.4131 10.75

HP-20
Qt =

1.247 t1/2

+ 11.45
0.7634 1.2472 11.45

Fig. 4. (A) Adsorption isothermal curves, (B) Langmuir model, and (C) Freundlich model for the purification of ATF on HPD300 at temperatures of 25 ◦C, 35 ◦C,
and 45 ◦C.

Table 3
Adsorption isotherm model fitting to regression equations and adsorption pa-
rameters at different temperatures.

Model T/
(◦C)

Equations Parameters

R2 kL Qm

Langmuir

25
Ce/Qe =

0.0112Ce+0.0441
0.8218 0.2528 89.61

35 Ce/Qe =

0.0114Ce+0.0483
0.9851 0.2363 87.64

45
Ce/Qe =

0.0127Ce+0.0530 0.9619 0.2389 78.99

R2 kF 1/n

Freundlich

25
lnQe =

0.4241lnCe+3.0770 0.9786 21.6932 0.4241

35 lnQe =

0.4570lnCe+2.9890
0.9979 19.8658 0.4570

45 lnQe =

0.4568lnCe+2.8940
0.9946 18.0654 0.4568
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45 ◦C resulted in a corresponding increase in the 1/n value, indicating a
gradual hardening of the adsorption process. Overall, an adsorption
temperature of 25 ◦C was more suitable for the purification of ATF by
HPD300.

3.2.4. Optimization of the process conditions for ATF preparation by
HPD300

The adsorption ability of HPD300 was found to be significantly
influenced by the concentration of ATF. As shown in Fig. 5A, the
adsorption capacity of HPD300 gradually increased with increasing
concentration, whereas the adsorption rate reversed. Upon reaching a
concentration of 2.79 mg/mL, the flavonoid molecules were observed to
occupy the unabsorbed sites on HPD300, resulting in a gradual slowing
of the increase in adsorption capacity and a concomitant decrease in the
adsorption rate (Wang et al., 2022).

The pH value can influence the surface charge characteristics of the
MRs and the degree of ionization of the adsorbed molecules, thereby
determining the strength of the resin’s adsorption capacity (Yang et al.,
2024). As shown in Fig. 5B, the pH of the sample significantly influenced
the performance of HPD300. The results demonstrated that a lower pH
value (1.0–3.0) resulted in a better adsorption capacity than a higher pH
value (6.0–8.0). This phenomenon might be attributed to the reduced
interaction between HPD300 and ATF at higher pH values (Wang &
Wang, 2019). At a pH value of 2.0, the HPD300 resin exhibited the
greatest adsorption rate and adsorption capacity of 83.64 % and 49.24
mg/g, respectively.

The application of an appropriate resin–liquid ratio was conducive to
purification. As the sample volume increased, the adsorption of ATF by
HPD300 gradually increased, as shown in Fig. 5C, reaching a plateau at a
resin–liquid ratio of 1:20. In contrast, the adsorption rate exhibited an
inverse trend. When the quantity of resin is considerable, the resin ad-
sorbs the majority of the flavonoid molecules present in the sample so-
lution, resulting in a relatively high adsorption rate; conversely, the
average number of flavonoid molecules adsorbed per resin particle is
relatively low, resulting in a reduced adsorption capacity (Hou et al.,
2019). In summary, the sample concentration was determined to be
2.79 mg/mL, the pH value was set at 2.0, and the resin–liquid ratio was
established at 1:20.

In addition, the impact of elution conditions on ATF purification was
also investigated. Given the disparate chemical properties of flavonoids
with varying structures and states of existence, separate 0 % to 100 %
ethanol solutions (v/v) were prepared for elution, with each ethanol
concentration eluted until colorless. As illustrated in Fig. 5D, an increase
in the elution flow rate resulted in a more asymmetrical change in the
flavonoid content curve and greater consumption of ethanol (Xie et al.,
2016). A flow rate of 3 BV/h resulted in the consumption of approxi-
mately 2 to 3 BV more ethanol than 0.75 BV/h and 1.5 BV/h. Although
0.75 BV/h consumed the least amount of ethanol, it required the longest
elution time, approximately two to four times longer than the 1.5 BV/h
and 3 BV/h flow rates. The elution of flavonoids fromHP300 was largely
achieved with a solution of 0 % to 50 % ethanol. Consequently, the
concentration of flavonoids in the eluate was determined, and the per-
centage of flavonoids was calculated, as illustrated in Fig. 5E. The
flavonoid contents of the fractions eluted at 1.5 BV/h were all above 50
%, with the highest contents observed in the fractions eluted with 20 %
and 30 % ethanol, at 91.42 % and 90.68 %, respectively. Accordingly,
the optimal elution flow rate was identified as 1.5 BV/h, and the
requisite volumes for the ethanol concentration range of 0 % to 50 %
were 2.3 BV, 6.7 BV, 16.7 BV, 14.3 BV, 8.5 BV, and 3.3 BV, respectively.
In the preceding study, the flavonoid content of Euphorbia hirta L. pu-
rified with HPD-300 resin increased from 6.32 % to 28.8 % (Wen Y., Liu
M., & Mai X., 2023). In comparison, the ATF content increased signifi-
cantly from 21.71 % to more than 90 % before and after isolation and
purification in the present study. These findings indicated that the HPD-
300 resin was effective for isolating and purifying ATF.

The impacts of sample concentration (A), pH (B), and the resin-
–liquid ratio (C) on the adsorption rates/capacities were investigated.
Additionally, the influence of flow rates on changes in volume required
(BV) and the ATF content (mg) under elution conditions (D), wherein
each ethanol gradient was eluted to colorless, was examined. Finally, the
flavonoid content was evaluated by elution from 0 % to 50 % ethanol
(E).

3.3. Antioxidant and hypoglycemic activities

As shown in Figs. 6A to 6D, the radical scavenging capacity and iron

Fig. 5. Optimization of adsorption/desorption conditions for the purification of ATF by HPD300.
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ion reduction capacity were positively correlated with increasing con-
centrations of flavonoids. In this instance, the antioxidant capacity of the
30 % ethanol elution mixture was found to be greater than that of Vc,
followed by the 20 % ethanol elution mixture, whereas the crude extract
and 50 % ethanol elution mixture presented a weaker antioxidant ca-
pacity. This findings might be associated with the distinct contents and
chemical compositions of flavonoids in various concentrations of
ethanol (Cui et al., 2022). Furthermore, a comparison of the IC50 values
for DPPH, ABTS, and ⋅OH in Table 4 revealed that the antioxidant ca-
pacity of the fraction followed the order of 30 % > 20 % > 40 % > 10 %
> 50 % > ATEE. The antioxidant capacities of the 20 % and 30 %
fractions were greater than those of the other fractions.

The inhibition of α-glucosidase activity by each elution mixture is
plotted in Fig. 6E. The 30 % ethanol mixture demonstrated the most
potent inhibitory effect on α-glucosidase activity. The IC50 values of each
elution in the α-glucosidase reaction system were calculated separately
(Table 4), revealing that the inhibitory effect on α-glucosidase activity
was strongest in the 30 % ethanol mixture, followed by the 20 % ethanol
mixture, 40 %, 10 %, and 50% ethanol mixture, and finally ATEE. These
results were consistent with the flavonoid content observed in each
ethanol elution and the results of the antioxidant activity determination,

indicating that 20 % and 30 % ethanol might represent the optimal
elution dose for the purification of flavonoids in AT by HPD300.
Consequently, 20 % and 30 % ethanol elution could be employed in
future investigations of ATF.

(A) FRAP values; (B) DPPH, (C) ABTS, and (D) hydroxyl radical
scavenging rate; (E) α-glucosidase inhibition rate. The ATF-rich fractions
were obtained by eluting with different concentrations of ethanol (10 %,
20 %, 30 %, 40 % and 50 %).

3.4. Phytochemical analysis of the purified ATF

Given that the 20 % and 30 % ethanol-eluting fractions had higher
flavonoid contents (>90 %, Fig. 7A) and better biological activities, we
analyzed the phytochemical compositions of the mixtures of the 20 %
and 30 % ethanol-eluting fractions using plant-wide targeted metab-
olomics. A total of 1257 compounds were identified, which could be
broadly categorized into flavonoids, polyphenols, alkaloids, phytohor-
mones, terpenoids, benzenes, keto acids, fatty acyls, vitamins, nucleo-
tides, and others (Fig. 7B and C). Flavonoids presented the highest
relative abundance (73.83 %) and were primarily composed of
(+)-epicatechin (24.94 %), isoquercitrin (14.02 %), astragalin (7.66 %),
kaempferol-3-O-rutinoside (6.84%), procyanidin B2 (5.51%), and other
substances (Fig. 7D, Table S4).

Flavonoids are a class of active substances that play important roles
in traditional Chinese medicine and phytochemistry. They have been
shown to possess a range of beneficial properties, including antioxidant,
antibacterial, anti-cell degeneration, anticancer, hypoglycemic and
hypolipidemic effects. Flavonoids are employed as the primary active
ingredients in a range of existing functional products, including propolis
(Irigoiti et al., 2021), bee bread (Aksoy et al., 2024) and soy products
(Hu et al., 2020), with the objective of promoting health. Among these
epicatechin (Jug et al., 2021), isoquercitrin (Heřmánková-Vavříková

Fig. 6. Radical scavenging activity and α-glycosidase inhibitory activity of different ethanol elutions and ATEE before purification.

Table 4
IC50 values for DPPH, ABTS, hydroxyl radical, and α-glucosidase.

Sample DPPH(mg/
mL)

ABTS(mg/
mL)

⋅OH(mg/
mL)

α-glucosidase(U/
mL)

ATEE 0.0710 0.0190 0.0456 0.0161
10 % 0.0304 0.0118 0.0372 0.0113
20 % 0.0298 0.0086 0.0233 0.0054
30 % 0.0251 0.0090 0.0294 0.0034
40 % 0.0282 0.0161 0.0337 0.0078
50 % 0.0354 0.0148 0.0339 0.0144
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et al., 2017) and astragalin (Li et al., 2017) have been reported to possess
effective free radical scavenging properties, likely due to the high
number of hydroxyl groups present in their molecular structures
(Nagarajan et al., 2020). Quercetin, rutin and catechin have high
reducing capacities for ferric ions and inhibit hemolysis caused by high
Fe2+ concentrations (Cherrak et al., 2016). In addition, epicatechin,
kaempferol-3-O-rutinoside and rutin significantly inhibit α-glucosidase
(Calzada et al., 2017; Hua et al., 2021; Uysal et al., 2016). Flavanols,
flavonols and isoflavones reduce the risk of T2DM (Yi et al., 2023).
Furthermore, investigation of the pharmacological activities of AT
showed that flavonoid molecules are effective in alleviating the symp-
toms of loperamide-induced functional constipation, exhibiting superior
anti-inflammatory efficacy (Hu et al., 2023). Concurrently, catechin and
epicatechin, extracted from the AT, were observed to markedly inhibit
the production of NO in mouse RAW 264.7 cells (Choi et al., 2018). The
findings of these previous studies not only validated the results of the
present study regarding the in vitro antioxidant and hypoglycemic ac-
tivities of ATF but also indicated that further research and development
of ATF are warranted.

(A) Flavonoid content before (ATEE) and after purification (mixture
of 20 % and 30 % ethanol elution); (B) TIC plots of 20 % and 30 %

ethanol elution mixture, with the top ten compounds noted in the figure;
(C) the top 10 classifications; and (D) the relative abundance of the top
ten compounds. Data are expressed as the means ± SEMs (n = 3).

4. Conclusion

In this work, we developed an efficient method for the extraction and
purification of ATF, as well as an in vitro evaluation of the antioxidant
and α-glucosidase inhibitory activities of ATF extracts. The optimal
extraction conditions were determined to be ethanol concentration of
60 %, a material-to-liquid ratio of 1:39 (w/v), and ultrasonic power,
time, and temperature of 160 W, 47 min, and 69 ◦C, respectively. The
flavonoid yield of ATEE reached 3.33 %. The purification of ATF via
HPD300 was more efficient than that of the other MRs. Furthermore, its
adsorption isotherm was found to conform to the Freundlich adsorption
model. Under the optimized HPD300 adsorption conditions, different
fractions with relatively high flavonoid contents could be separated
using different concentrations (0 % to 50 %) of ethanol for elution. The
flavonoid contents of the 20 % and 30 % ethanol elutions were greater
than 90 %, indicating enhanced antioxidant and α-glucosidase inhibi-
tion abilities. The 20 % and 30 % ethanol elutions contained mainly

Fig. 7. The main chemical components of ATF based on widely targeted metabolomics.
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flavonoids such as epicatechin, isoquercitrin, echinacoside, kaempferol-
3-O-rutinoside, proanthocyanidin B2, and rutin. These findings provide
a theoretical basis for the efficient preparation of ATF and the in-depth
development and utilization of AT resources.

CRediT authorship contribution statement

Zelin Huang: Writing – original draft, Visualization, Validation,
Software, Methodology, Investigation, Data curation. Yan Zhao:
Writing – original draft, Validation, Supervision, Software, Methodol-
ogy, Investigation, Funding acquisition. Weixing Yang: Methodology,
Data curation. Lu Lang: Investigation, Data curation. Jun Sheng: Su-
pervision, Resources. Yang Tian: Writing – review & editing, Supervi-
sion, Software, Methodology, Funding acquisition, Data curation.
Xiaoyu Gao: Writing – review & editing, Supervision, Resources,
Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This research was funded by the Xingdian talent plan of Yunnan
Province (Young Talents Project, 2022-0255), the scientific research
fund of Yunnan Provincial Department of Education (2024J0478) and
the Yunnan Province-City Integration Project (202302AN360002).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fochx.2025.102177.

Data availability

Data will be made available on request.

References

Aksoy, A., Altunatmaz, S. S., Aksu, F., Tokatlı Demirok, N., Yazıcı, K., & Yıkmış, S.
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