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Introduction:Propolis is a beneficial bioactive foodwith rich polyphenols content.

Nowadays, an increasing interest is attracted to the extraction of polyphenols

from raw propolis. This study utilized the novel ultrasound-assisted approach for

polyphenol extraction from Chinese propolis, aiming to improve its extraction

yield and reveal the relevant mechanisms via extraction kinetic study as well as

the compositional and structural analysis.

Methods: The optimum ultrasound-assisted extraction conditions were

optimized according to the total phenolic content and total flavonoids

content. Compositional and structural analysis were conducted using high

performance liquid chromatography-quadrupole-time of flight tandem mass

spectrometry, high-performance liquid chromatography, Fourier-transform

infrared spectroscopy (FT-IR) and scanning electron microscope (SEM).

Results and discussion: The optimum ultrasound-assisted extraction conditions

were as follows: ratio of liquid to solid, 60:1; ultrasound power, 135 W; ultrasound

duration, 20 min. Under the optimum conditions, the antioxidant activities of the

extract were increased by 95.55% and 64.46% by 2,2-diphenyl-1-picrylhydrazyl

radical scavenging ability assay and 2,2’-azino-bis (3-ethylbenzothiazoline-

6-sulfonic acid) radical scavenging ability assay, respectively, compared to

those obtained by traditional maceration. The second-order kinetics model

was employed to study the extraction process; it was found that ultrasound

significantly accelerated the extraction of propolis and increased the maximum

extraction volume of phenolic compounds. The qualitative and quantitative

analysis of polyphenol compositions showed that ultrasound did not change

the polyphenol types in the extract but it significantly improved the contents of

various flavonoids and phenolic acids such as galangin, chrysin, pinocembrin,

pinobanksin and isoferulic acid. Likewise, the FT-IR analysis indicated that the types

of functional groups were similar in the two extracts. The SEM analysis revealed

that the ultrasound-assisted extraction enhanced the contact areas between

propolis and ethanol by breaking down the propolis particles and eroding the

propolis surface.
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1. Introduction

Propolis, a functional food with various health benefits, is widely used in the
manufacturing of candy, beverages, and nutrient supplements (Oses et al., 2016). In
nature, it is collected by bees from plant spores or trunks and processed by secretions
from maxillary glands and wax glands (Kurek-Gorecka et al., 2022). As a mixture
of resin, wax, essential oil, bee pollen and other organic compounds (Kurek-Gorecka
et al., 2022). Propolis from different plant origins, geographical origins and species
of bees usually shows varied compositions (Cui et al., 2022). It can be divided into
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5 types based on different plant origins: Populus, Baccharis,
Clusia, Macaranga and Mediterranean (Cui et al., 2022). Populus-
type propolis is the most widely distributed all over the world
(especially in the temperate zone) with main origins including
China, Canada and Australia (Bankova, 2005). The main bioactive
compound in Populus-type propolis is polyphenols (Cui et al.,
2022). As a family of bioactive organic compounds with one or
more hydroxyl groups attached to aromatic rings, polyphenols
can be divided into flavonoids, phenolic acids, stilbenoids, and
lignans according to their chemical structures (Samec et al.,
2021). According to our previous research (Zhang et al., 2014),
flavanols without B-ring substituents [e.g. caffeic acid phenethyl
ester (CAPE), chrysin, galangin, pinobanksin and pinocembrin] are
the predominant bioactive compounds in Populus-type propolis,
which have revealed valuable pharmacological activities such as the
antioxidant (Shao et al., 2021), anti-inflammatory (Olgierd et al.,
2021), antibacterial (Jin et al., 2022) and anticancer activities (Jiang
et al., 2020b).

To maximize the health benefits of Populus-type propolis, an
increasing interest is attracted to the extraction of polyphenols from
raw propolis in recent years. The most commonly-used extraction
method is maceration extraction, where the extraction yield and
productivity mainly depend on the type of solvents and the
conditions of extraction (e.g. extraction duration, temperature and
extraction times) (Stanciauskaite et al., 2021). However, because
of the prolonged extraction time and the high consumption of
chemical solvents, maceration extraction is gradually replaced by
the novel extractionmethods such as ultrasound-assisted extraction
(Xu et al., 2021), microwave-assisted extraction (Hamzah and Leo,
2015) and supercritical CO2 extraction (Saito et al., 2020). Amongst
these methods, ultrasound-assisted extraction has shown unique
advantages such as the short processing time, high extraction yield
and low maintenance cost (Xu et al., 2021) and thereby has become
a research interest in recent years.

Ultrasound is the sound waves with a frequency higher
than 20 kHz (Wen et al., 2018). During the ultrasound-assisted
extraction, the energy transferred to the solvent induces the
formation, growth, and collapse of cavitation bubbles, resulting
in high-velocity inter-particle collisions and perturbation in
microporous particles as well as the accelerated eddy and internal
diffusions (Chemat et al., 2017). These mechanical effects of
ultrasound in turn cause the breakdown of particles, peeling and
erosion phenomena and hence, the improved extraction rate and
yield (Shirsath et al., 2012; Oroian et al., 2020b). However, high-
intensity ultrasound could also induce the formation of various
free radicals, which could react with polyphenols (e.g. quercetin)
leading to numerous undesirable reactions such as oxidation,
addition, polymerization and decomposition (Liao et al., 2015).
Therefore, it is important to optimize the ultrasound conditions
during polyphenol extraction.

Despite the effectiveness of ultrasound in bioactive compounds
extraction, very few studies have applied ultrasound to the
extraction of polyphenols from propolis. Oroian et al. (2020a)
applied an ultrasonic bath to the extraction of the Romania
propolis (a Populus-type propolis) and optimized the extraction
conditions by Box-Behnken design experiments. It was found
that the highest extraction yield was obtained at an ultrasound
power of 100W, 70% solvent concentration and 58◦C for 30min.

However, the extraction process using the probe sonicator is not
reported yet. Besides, recent studies in this field mainly focus
on the extraction yield of propolis, while little information can
be found on the antioxidant activity and structural properties
of propolis extracts. In order to establish an ultrasound-assisted
method using a probe sonicator and fill up the knowledge gap
of the antioxidant/structural properties of propolis extracts, the
solid-to-liquid ratio, ultrasound power and ultrasound duration
were optimized according to the total phenolic content (TPC)
and total flavonoids content (TFC) of the extracts using a probe
sonicator. Kinetic studies were carried out to illuminate the
relevant mechanisms of ultrasound extraction. Furthermore, to
reveal the techno-functional advantages of ultrasound extraction,
the qualitative and quantitative analysis of the polyphenol
compositions, primary structures and microstructures of the
propolis extracts obtained by the traditional maceration and
ultrasound extraction were investigated and compared, with
the aid of high performance liquid chromatography (HPLC),
high performance liquid chromatography-quadrupole time of
flight mass spectrometry (HPLC-Q-TOF-MS/MS), Fourier-
transform infrared spectroscopy (FTIR) and scanning electron
microscope (SEM).

2. Materials and methods

2.1. Materials

Chinese raw propolis was provided by Jiangsu Beevip
Biotechnology Co., Ltd (Jiangsu, China). Folin ciocalteu’s phenol
reagent was purchased from Shanghai Yuanye Bio-Technology
Co., Ltd (Shanghai, China). Methanol and acetic acid were of
HPLC grade and supplied by Sigma Aldrich (St. Louis, MO, USA).
Standards including gallic acid, rutin, caffeic acid, p-coumaric acid,
ferulic acid, 3,4-dimethoxycinnamic acid, pinobanksin, naringenin,
quercetin, kaempferol, apigenin, pinocembrin, caffeic acid benzyl
ester, chrysin, CAPE and galangin were of HPLC grade and
obtained from Sigma Aldrich (St. Louis, MO, USA).

2.2. Maceration extraction of propolis

The raw propolis was crushed by a grinder and screened by
a 20-mesh sifter to obtain the propolis powder, which was then
dissolved in 40mL of 80% ethanol at ratios of 1:20, 1:40, 1:60, 1:80
and 1:100 (w/v), respectively. The propolis samples were leached
at 40◦C for 20min and centrifuged at 8800 rpm for 10min. After
that, the ethanol extracts were kept at 4◦C for 12 h and centrifuged
at 8800 rpm for 10min to ensure the removal of beeswax. The final
solution was collected for further analysis.

2.3. Ultrasound-assisted extraction of
propolis

Ultrasound treatment was carried out on a probe sonicator with
a maximum output power of 900W and an operating frequency
of 22 kHz (JY92-IIDN, Ningbo Scientz Biotechnology Co., Ningbo,
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China). Propolis and 80% ethanol (1:60, w/v) were mixed in a
cylinder reactor with external circulation. Then, ultrasound probe
with a diameter of 6mm was immersed in the solutions at a
depth of 2 cm. Temperature of the system was kept at 40◦C by
a low-temperature thermostat bath (DC1006, Team win, China).
After subjected to different ultrasound powers (0, 45, 90, 135, 180,
225, and 270W) and durations (0, 5, 10, 15, 20, and 25min), the
resulting mixture was centrifuged at 8800 rpm for 10min and
the supernatant was collected. The ethanol extracts were kept at
4◦C for 12 h and then centrifuged at 8800 rpm for 10min to
ensure the removal of beeswax. The final solution was collected for
further analysis.

2.4. Measurement of TPC

TPC was determined by a modified Folin-Ciocalteau method
(Ainsworth and Gillespie, 2007). Briefly, 120 µL of samples
were mixed with 800 µL of 1M Folin-Ciocalteau reagent. After
incubating for 1 h in dark, 72 µL of 1M sodium bicarbonate
were added and the mixture was kept for another 15min in dark.
The absorbance of the mixture was measured at 765 nm using
a BioTek Synergy HTX multimode microplate reader (BioTek
Instruments, Inc., German). Gallic acid was used as a standard at
the concentration ranging from 0 to 200µg/mL. The results were
expressed as “mg gallic acid/g”.

2.5. Measurement of TFC

TFC was determined by an aluminum ion chromogenic
method with slight modifications (Zhang et al., 2017). Briefly, 100
µL of samples were mixed with 30 µL of 10% aluminum nitrate.
After standing for 6min, 30 µL of 5% sodium nitrite was added
and kept for another 6min. Then, 400 µL of 4% sodium hydroxide
and 440 µL of 80% ethanol were added. The absorbance of the
mixture was measured at 510 nm using a BioTek Synergy HTX
multimode microplate reader (BioTek Instruments, Inc., German).
Rutin was used as a standard at the concentration ranging from 0
to 1000µg/mL. The results were expressed as “mg rutin/g”.

2.6. Assay of the antioxidant activities

2.6.1. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging ability assay

The DPPH assay was conducted as described by Taheri
et al. (2014). DPPH stock solution was dissolved in ethanol
at a concentration of 3 mg/mL and stored at 4◦C. The stock
solution was then diluted with ethanol to achieve an absorbance
of 0.70 ± 0.02 at 517 nm to obtain the DPPH working solution.
Subsequently, 100 µL of samples were mixed with 100 µL of
DPPH working solution and the mixture was incubated for 15min
at room temperature in dark. The absorbance was measured at
517 nm using a BioTek Synergy HTXmultimode microplate reader
(BioTek Instruments, Inc., German). Trolox was used as a standard
and the results were expressed as “mg trolox/g”.

2.6.2. The 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging ability assay

The ABTS assay was determined as reported by Chen et al.
(2016) with some modifications. Briefly, 176 µL of 140mM
potassium persulfate were mixed with 10mL of 7mM ABTS and
the mixture was kept in dark for 16–24 h to obtain ABTS stock
solution. It was then diluted with ethanol to achieve an absorbance
of 0.70 ± 0.02 at 734 nm to obtain the ABTS working solution.
Subsequently, 20 µL of samples were mixed with 180 µL of ABTS
working solution and the mixture was incubated for 2min at room
temperature in dark. The absorbance was measured at 734 nm
using a BioTek synergy HTXmultimodemicroplate reader (BioTek
Instruments, Inc., German). Trolox was used as a standard and the
results were expressed as “mg trolox/g”.

2.7. Extraction kinetic study

The solid-liquid extraction procedure of bioactive compounds
was supposed to abide by the second-order kinetics mode (Yang
et al., 2019; Natolino and Porto, 2020; Fu et al., 2021), where the
dissolution rate of the extract can be described as follows (Bhadange
et al., 2022):

dCt
dt

= k (Cs − Ct)
2 (1)

where Ct is the TPC or TFC of the extract at a specific time t (mg
mL−1), Cs is the saturated total phenolic or flavonoid concentration
(mg mL−1), and k is the rate constant of extraction processes (mL
mg−1 s−1).

Under the boundary conditions (t = 0 to t and Ct = 0 to Ct),
the equation (1) could be integrated and rearranged as follows:

Ct =
C2
s kt

1 + Cskt
(2)

t
Ct

=
1 + Cskt

C2
s k

=
1

C2
s k

+
t
Cs

=
1
h
+

t
Cs

(3)

where h is the initial extraction rate where t and Ct approach 0 (mg
mL−1 s−1). The k, Cs and h could be determined from the linear
fitting curve of t/Ct vs. t.

2.8. HPLC- Q-TOF-MS/MS and HPLC
analysis

The compositions of propolis extracts were qualitatively
analyzed by AB Sciex Triple TOF 5600+ series (AB Sciex, USA).
The HPLC analysis was conducted according to our previous study
(Jiang et al., 2020a). Briefly, the propolis sample was dissolved in
methanol at 5 mg/mL and filtered through a 0.22µm membrane
for further analysis. Separation was carried out on the Sepax HP-
C18 column (150 mm∗4.6mm, 5µm) at 30◦C with a detection
wavelength of 310 nm. The injection volume was 2 µL and the
flow rate was 1 mL/min. A solvent system consisting of solvent A
(methanol) and solvent B (ddH2O with 0.1% acetic acid) was used
with the following gradient: 0min, 25%A; 30min, 55%A; 60min,
80% A; 70min, 95% A; 80min, 25% A. The samples were detected
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at 280 nm. For MS/MS detection, the negative mass spectroscopy
conditions were as follows: nitrogen gas was used as drying gas with
a flow of 9 L/min at 350◦C. The nebulizer was set at 35 psi. The ion
spray voltage floating and collision energy was set at 4000V and
135V, respectively. The mass range was from 100 Da to 1000 Da.

The compositions of propolis extracts were quantitatively
analyzed by Agilent 1200 Series system (Agilent Technologies,
USA) according to the HPLC analysis procedures as described
above. Caffeic acid, p-coumaric acid, ferulic acid, isoferulic
acid, 3,4-dimethoxycinnamic acid, pinobanksin, naringenin,
quercetin, kaempferol, apigenin, pinocembrin, caffeic acid benzyl
ester, chrysin, CAPE and galangin were dissolved in methanol
as standards.

2.9. FT-IR analysis

The propolis samples were measured using a Nicolet 5700
FT-IR spectrometer (Thermo Fisher Scientific, MA, USA) with a
frequency range of 4000–400 cm−1 at a resolution of 4 cm−1 for 32
scans. The result was recorded by Omnic 9.0 (Nicolet, MA, USA).

2.10. SEM analysis

The surface morphology of propolis samples was measured by
a high-resolution field emission SEM (SU8010, Hitachi, Japan) at
an acceleration voltage of 3 kV. Briefly, after samples were fixed on
a conductive adhesive tape, gold was sprayed on the surface in a
vacuum environment. The morphology of samples was observed at
magnifications of 1000×.

2.11. Statistic analysis

All experimental data were presented as mean ± standard
deviation (SD) of data in triplicate. The significant differences
between different treatments (P < 0.05) were determined by
Duncan’s multiple range test in one-way ANOVA using SPSS
statistical software (IBM corporation, NY, USA). Graphs were
plotted using Prism software (GraphPad Software, CA, USA).

3. Results and discussion

3.1. E�ects of the liquid-to-solid ratio on
the extraction yield and antioxidant
activities of propolis extracts

In a cost-efficiency industrial process, it is important to
maximize the extraction yield while minimizing the consumption
of solvent (Xie et al., 2019). Meanwhile, a proper liquid-to-solid
ratio is also essential for accelerating the extraction process as well
as achieving a high extraction yield. As Chinese propolis consists
of 13.99–55.63% of polyphenols and 6.34–45.49% of flavonoids
(Jiang et al., 2020a), in this study, the TPC and TFC were used as
indicators for the extraction yield of propolis. Figures 1A, B show
the TPC and TFC of the propolis extracts with the liquid-to-solid

ratio ranging from 20:1 to 100:1 (v/w), respectively. As shown in
Figure 1, when the liquid-to-solid ratio was increased from 20:1 to
60:1, both TPC and TFC of propolis extract were elevated, achieving
the maximum values of 54.91± 0.24mg gallic acid/g and 191.26±
2.96mg rutin/g, respectively, possibly attributed to the increased
contact areas between ethanol and propolis (Mousavi et al., 2022).
However, when the liquid-to-solid ratio was increased from 60:1
to 100:1, the TPC was slightly decreased while the TFC almost
remained unchanged, which indicated that the enhancement of the
solvent did not increase the dissolution of the target product when
the propolis-to-liquid ratio reached to a specific value (Mousavi
et al., 2022). Similar variation trends toward different liquid-to-
solid ratios were also observed for the extraction processes of
green tea (Luo et al., 2020) and passion fruit (Wang et al., 2021).
In this study, a liquid-to-solid ratio of 60:1 proved an optimum
extraction ratio.

Figures 1C, D show the antioxidant activity of the propolis
extracts at different liquid-to-solid ratios as assessed by DPPH
and ABTS assay, respectively. The radical scavenging ability of
the extracts at different liquid-to-solid ratios can be seen to
show a similar variation trend compared to those of the TPC
and TFC. The correlation among TPC, TFC and antioxidant
activities was also evaluated by Pearson’s correlation analysis.
Strong positive correlation was found in TPC, TFC, DPPH and
ABTS with the correlation coefficient ranging from 0.875 to 0.969
(Supplementary Table S1). These results showed that the higher
the content of bioactive ingredients, the stronger the antioxidant
activity (Yang et al., 2023). A previous study suggested that
polyphenols were the major bioactive components in propolis
to exert antioxidant activity (Jiang et al., 2020a). In addition
to polyphenols, some other constituents in propolis also show
antioxidant activity, such as the hydrocarbon (Chi et al., 2020)
and amyrin (Kocot et al., 2018). Therefore, these substances in
propolis extract together contributed to the antioxidant activity
of propolis in this study. The maximum antioxidant activities as
assessed by DPPH and ABTS assays were obtained at a liquid-to-
solid ratio of 60:1 and determined to be 101.77 ± 3.03mg trolox/g
and 130.12 ± 0.83mg trolox/g, respectively. Similarly, antioxidant
activity was also observed in Beijing propolis: 75% ethanol extract
from propolis was considered as the strongest antioxidant, with
142.18 µg trolox/g as measured by the DPPH assay and 150.00 µg
trolox/g as measured by the ABTS assay (Sun et al., 2015).

3.2. E�ects of the ultrasound power on the
extraction yield and antioxidant activities of
propolis extracts

Ultrasound-assisted extraction is regarded as a green and
efficient extractionmethodwhich can enhance the yield of bioactive
compounds by destroying the structure of target food matrices
(Liao et al., 2021). Theoretically, ultrasound could improve local
energy dissipation and enhance mass transfer, improving the
diffusion of target products in the processing system (Oroian et al.,
2020b). The mechanical shear forces and free radicals generated
from cavitation could destroy the structures of the raw materials,
which could enhance the exposure of more bioactive compounds
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FIGURE 1

E�ect of liquid-to-solid ratio on TPC (A), TFC (B) of propolis extracts and their antioxidant activities meassured by DPPH (C) and ABTS (D) assays.

Di�erent superscripts indicate significant di�erences as estimated by Duncan’s multiple range test (P < 0.05).

and in turn, lead to a steadier extraction process (Liao et al.,
2021). As a crucial factor that determines the cavitation effects of
ultrasound, ultrasound intensity plays a vital role in determining
the extraction yield. As illustrated in Figure 2, the extraction yield
of propolis differed at different ultrasound powers ranging from
0 to 225W. As the ultrasound power increased from 0 to 135W,
the TPC and TFC increased by 26.38 and 94.42%, respectively. In
a certain range of energy input, the increased ultrasound power
and the subsequent more intense cavitation phenomenon would
amplify the destructive effect on propolis matrices and improve
the diffusion of phenolic compounds, resulting in an elevated
extraction yield (Liu et al., 2022). In this study, the highest TPC
and TFC values were observed at an ultrasound power of 135W,
beyond which the TPC and TFC turned to a slight decrease. This
could be attributed to the degradation of polyphenols with excessive
energy input (Liao et al., 2015). In addition, large numbers of
free radicals generated from intense ultrasound conditions could
induce the degradation of polyphenols, resulting in decreased
TPC and TFC (Wang et al., 2020). Furthermore, an energy
attenuation effect would also take place under an intense ultrasonic
field, which entrained too much air into the reactor leading to
lowered cavitational activity (Ugarte-Romero et al., 2007). These
trends were in agreement with the previous studies on ultrasound
extraction of flavonoids from Sophora japonica (Liao et al., 2015)
and punicalagin from pomegranate peel (Liu et al., 2022). Liu
et al. (2022) reported that the extraction yield of punicalagin was
increased as the ultrasound power was increased from 500 to
650W, and then decreased with further power input.

Figures 2C, D show the antioxidant activity of the propolis
extracts at different ultrasound powers as assessed by DPPH and
ABTS assay, respectively. Following a similar trend, the DPPH
and ABTS radical scavenging abilities were increased when the
ultrasound power was increased from 0 to 135W, and achieved
the maximum values of 118.45 ± 0.35mg trolox/g and 175.18 ±

0.71mg trolox/g, respectively. Our result was related to previous
study. Yuan et al. (2019) reported that in the extraction of
raw propolis of same weight, ultrasound extraction yielded more
bioactive compounds with much higher antioxidant activities. As
mentioned above, these phenomena were attributed to a series
of mechanical and free radical effects generated from ultrasound
cavitation. In conclusion, the optimum ultrasound power for the
extraction of propolis was 135 W.

3.3. E�ects of ultrasound duration on the
extraction yield and antioxidant activities of
propolis extracts

The extraction yield of propolis at an ultrasound power of
135W for different times ranging from 0 to 40min is shown in
Figure 3. The TPC and TFC of ultrasound-assisted extracts were
significantly higher than those of traditional maceration extracts
at each treatment time, indicating that ultrasound significantly
accelerated the extraction of polyphenols from propolis. As
ultrasound duration was increased from 0 to 20min, the TPC
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FIGURE 2

E�ect of ultrasound power on TPC (A), TFC (B) of propolis extracts and their antioxidant activities meassured by DPPH (C) and ABTS (D) assays

(extraction time: 20min). Di�erent superscripts indicate significant di�erences as estimated by Duncan’s multiple range test (P < 0.05).

and TFC were increased by 84.16 and 67.13%, respectively. An
increased ultrasound duration could further soften and disrupt
structures of propolis, which in turn enhanced solvent diffusion
into propolis and contributed to higher TPC and TFC (Zainal
et al., 2021; Mousavi et al., 2022). However, when the duration
increased from 20min to 30min, TPC only increased by 2.74%,
while TFC kept unchanged; when the duration further increased to
40min, TPC kept unchanged, while TFC significantly reduced. This
trend was consistent with the ultrasound extraction of Romania
propolis, where the TFC and TPC were increased in the first 30min
and then slightly decreased in the following 15min (Oroian et al.,
2020a). These results indicated that a proper treatment time is
important for bioactive compound extraction. As supported by
previous studies (Liao et al., 2015; Liu et al., 2022), the prolonged
ultrasound duration can lead to the degradation of flavonoids and
phenolic acids resulting in a decreased yield. Similar observations
were reported for the ultrasound extraction of punicalagin from
pomegranate peel (Liu et al., 2022), where the punicalagin yield was
significantly increased as the ultrasound duration increased from
0min to 30min, and then decreased from 30 to 50 min.

Effects of ultrasound duration on DPPH and ABTS radical
scavenging activities are shown in Figures 3C, D. When the
ultrasound duration was increased from 0 to 20min, the DPPH
and ABTS radical scavenging abilities were increased and achieved
the maximum values of 162.99 ± 0.35mg trolox/g and 156.59
± 5.28mg trolox/g, respectively. Afterwards, the decline in
antioxidant activity of propolis extracts at longer ultrasound
duration (20–40min) was possibly due to the degradation of
flavonoids and phenolic acids in propolis (Liao et al., 2015; Liu et al.,

2022). Similar results were reported for the ultrasound-assisted
extraction of Ferulago angulate and their antioxidant activity
(Mousavi et al., 2022). Considering the productivity, the ultrasound
duration for extraction of propolis was selected at 20 min.

3.4. Extraction kinetic study

In order to investigate the relevant mechanisms of ultrasound-
assisted extraction, kinetic studies of extraction processes were
carried out. Figure 4 shows the second-order extraction kinetics
of propolis with maceration and ultrasound-assisted extraction
and Table 1 lists the corresponding saturated concentration (Cs),
initial extraction rate (h), rate constants (k) and the correlation
coefficients (R2). As can be seen, the extraction yield of
phenolic compounds during both maceration and ultrasound-
assised extraction fitted well with the second-order rate model
with all correlation coefficients higher than 0.96. The Cs of TPC
and TFC in ultrasound-assisted extraction were 41.49 and 36.07%
higher than those in maceration extraction, indicating that the
ultrasound treatment could promote the dissolution of more
bioactive compounds (Fu et al., 2021). Furthermore, as shown in
Table 1, h and k of TPC and TFC were also significantly increased
with ultrasound treatment, which demonstrated a remarkably
higher extraction rate under an ultrasonic field. The similar results
were also observed for catechin extraction from Syzygium cumini,
where the values of h and k of the extraction conducted in an
ultrasound bath was 461.20 and 37.70% higher than in a stirred

Frontiers in Sustainable FoodSystems 06 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1131959
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Peng et al. 10.3389/fsufs.2023.1131959

FIGURE 3

E�ect of ultrasound duration on TPC (A), TFC (B) of propolis extracts and their antioxidant activities meassured by DPPH (C) and ABTS (D) assays

(ultrasound power: 135W). Di�erent superscripts on the same curve indicate significant di�erences as estimated by Duncan’s multiple range test (P <

0.05); “*” indicates significant di�erence as estimated by Duncan’s multiple range test (P < 0.05) between maceration extract and ultrasound extract.

FIGURE 4

The second-order extraction kinetics of propolis extraction with maceration and ultrasound-assisted approach. (A) TPC; (B) TFC.

TABLE 1 Parameters of the second-order rate model of propolis extraction with maceration and ultrasound-assisted extraction.

Methods Cs (mg mL−1) h (mg mL−1 s−1) k (mL mg−1 s−1) R
2

TPC Maceration extraction 0.6076 0.0072 0.0196 0.9855

Ultrasound-assisted extraction 0.8272 0.0452 0.0660 0.9973

TFC Maceration extraction 2.4137 0.0132 0.0022 0.9613

Ultrasound-assisted extraction 3.4118 0.2582 0.0222 0.9997
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FIGURE 5

Total ion chromatogram of maceration extract and ultrasound extract. (A) Standard; (B) maceration extract; (C) ultrasound extract.
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TABLE 2 Ion fragment parameters of propolis extraction.

Number Retention time (min) m/z Characteristic MS/MS ions Compound

1 8.021 180.15 134 135 89 Caffeic acid

2 12.637 164.04 119 117 93 p-Coumaric acid

3 14.529 194.06 178 134 133 Ferulic acid

4 16.568 194.05 178 134 133 Isoferulic acid

5 23.548 208.21 103 3,4-Dimethoxycinnamic acid

6 30.793 285.78 267 253 139 Pinobanksin-5-methyl-ether

7 33.433 272.07 271 253 197 Naringenin

8 41.502 286.04 239 185 151 Kaempferol

9 43.612 270.04 226 150 118 Apigenin

10 52.337 256.07 256 214 172 Pinocembrin

11 54.316 270.1 270 134 Caffeic acid benzyl ester

12 55.498 314.07 271 253 209 Pinobanksin-3-o-acetate

13 60.582 284.10 136 135 134 Caffeic acid phenethyl ester

14 60.637 270.05 269 169 Galangin

reactor (Bhadange et al., 2022). In conclusion, ultrasound could
accelerate the extraction process as well as promote the dissolution
of target components, leading to a higher yield of target products
(Zainal et al., 2021; Mousavi et al., 2022).

3.5. Qualitative and quantitative analysis of
phenolic compounds in propolis extracts

As mentioned above, the strong antioxidant activity of propolis
mainly depends on its abundant polyphenol contents (Jiang et al.,
2020a). Flavonoids and phenolic acids are the most prevalent
polyphenol compounds in the Chinese propolis. The basic structure
of flavonoids is a C6-C3-C6 unit, including a benzoic ring and
a phenylpropane (Kurek-Górecka et al., 2013). In this study,
HPLC-Q-TOF MS/MS was carried out to qualitatively analyze
the unknown flavonoids and phenolic acids in propolis. Figure 5
shows the total ion chromatogram of the maceration extract
and the ultrasound extract, and Table 2 summarizes the main
polyphenols in the propolis extract. The fragment ion peaks and
retention times of compounds 1–5, 7–11 and 13–14 were consistent
with standards, which were identified as caffeic acid, p-coumaric
acid, ferulic acid, isoferulic acid, 3.4-dimethoxycinnamic acid,
naringenin, kaempferol, apigenin, pinocembrin, caffeic acid benzyl
ester, CAPE and galangin. A fragment ion peak at [m/z]− 253 that
corresponds to [M-H2O]− was considered the typical fragment ion
peak of pinobanksin (Gardana et al., 2007). For compound 6, the
ion fragments at [m/z]− 267 of [M-H2O]− and [m/z]− 253 of [M-
H2O-CH3]− were captured, which were identified as pinobanksin-
5-methyl-ether. In previous research, pinobanksin-5-methyl-ether
was also identified in Italy propolis (Gardana et al., 2007) and
Chinese red propolis (Zhang et al., 2022). Compound 12 could be
assigned as pinobanksin-3-O-acetate due to the ion fragments with
[m/z]− 271 of [M-COOH]− and [m/z]− 253 of [M-H2O-COOH]−,

which was also reported to have been detected in Chinese propolis
(Sun et al., 2015).

In addition to the qualitative analysis, HPLC was also applied
to provide a quantitative analysis of the contents of polyphenols
in propolis extracts. The HPLC chromatograms of propolis
compositions of the propolis extracts prepared with maceration
or optimized ultrasound treatment are shown in Figure 6, and the
contents of phenolic compounds were calculated and are illustrated
in Table 3. Based on the results of HPLC-Q-TOF MS/MS analysis,
a total of 14 typical polyphenol standards were used for analysis. As
shown in Figure 6, ultrasound treatment did not change the types
of polyphenols in propolis, which was in line with the reported
ultrasound extraction of phenolic compounds from fresh olives
(Deng et al., 2017). Although sonochemistry effects were able to
cause the degradation of polyphenols (Liao et al., 2015), the mild
ultrasound conditions used in this study might just produce a small
number of free radicals and thus minimized the negative effects.
Furthermore, as shown in Table 3, it was notable that the contents
of polyphenols in Chinese propolis were significantly increased
by 17.29–29.06% in ultrasound extracts compared with those in
maceration extracts, which was in line with their higher TFC and
TPC as illustrated in Sections 3.2 and 3.3. As mentioned above,
the collapse of cavitation bubbles caused agitation of the reagent
in the reactor, which could enhance the mass transfer and increase
the extraction yield (Shirsath et al., 2012). A similar phenomenon
was also reported for the extraction of polyphenols from Picea

abies bark, where the contents of p-coumaric acid in the ultrasound
extract were increased by 617.07% compared with the maceration
extract (Chmelová et al., 2020).

As shown in Table 3, galangin, chrysin and pinobanksin were
the most abundant substances in propolis extract. The contents
of galangin, chrysin and pinobanks in ultrasound extracts were
36.70, 29.60 and 37.76%, respectively, higher than in those in
maceration extracts. The increase in the extraction yield of
polyphenol monomers probably contributed to the enhancement
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FIGURE 6

High performance liquid chromatograms of maceration extract and ultrasound extract. (A) Standard; (B) maceration extract; (C) ultrasound extract. 1.

Ca�eic acid; 2. p-Coumaric acid; 3. Ferulic acid; 4. Isoferulic acid; 5. 3,4-Dimethoxycinnamic acid; 6. Pinobanksin; 7. Naringenin; 8. Quercetin; 9.

Kaempferol; 10. Apigenin; 11. Pinocembrin; 12. Ca�eic Acid Benzyl Ester; 13. Chrysin; 14. Ca�eic acid phenethyl ester; 15. Galangin.
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TABLE 3 The content of common compounds of maceration extract and ultrasound extract.

Compound Retention time (min) Concentration (µg/mg propolis)

Maceration extract Ultrasound extract

Caffeic acid 9.30 0.465± 0.029 0.562± 0.018∗

p-Coumaric acid 13.94 0.689± 0.036 0.845± 0.020∗

Ferulic acid 15.90 0.242± 0.013 0.298± 0.007∗

Isoferulic acid 17.82 0.637± 0.035 0.779± 0.017∗

3,4-Dimethoxycinnamic acid 24.57 1.229± 0.061 1.547± 0.026∗

Pinobanksin 32.49 3.037± 0.141 3.936± 0.046∗

Naringenin 34.15 0.140± 0.004 0.175± 0.016∗

Quercetin 36.08 0.844± 0.035 1.129± 0.052∗

Kaempferol 44.26 0.447± 0.021 0.604± 0.012∗

Apigenin 46.57 1.067± 0.047 1.420± 0.016∗

Pinocembrin 50.67 6.040± 0.276 8.080± 0.124∗

Caffeic acid benzyl ester 53.21 1.915± 0.089 2.699± 0.115∗

Chrysin 58.16 7.116± 0.480 9.803± 0.175∗

Caffeic acid phenethyl ester 59.01 0.602± 0.026 0.808± 0.012∗

Galangin 60.30 21.384± 1.012 29.233± 0.320∗

∗Indicates significant difference as estimated by Duncan’s multiple range test (P < 0.05) between maceration extract and ultrasound extract.

FIGURE 7

Fourier transform infrared spectroscopy spectra of maceration extract (S1) and ultrasound extract (S2).

of antioxidant activities in ultrasound extracts (as discussed in
Section 3.3). Galangin is a kind of polyhydroxy flavone with a
hydroxyl group located in positions 3, 5 and 7. During scavenging
superoxide, the H atom from hydroxyl moieties located in position
3 and position 5 could associate with superoxide (Caruso et al.,
2022). In addition, the antioxidant activity of galangin was proved
in rodent models of cadmium-induced renal damage (Arab et al.,

2022) and streptozotocin-induced diabetic cardiomyopathy in vitro
(Abukhalil et al., 2021). Two kinds of derivatives of pinobanksin,
i.e., pinobanksin-5-methylether and pinobanksin-3-o-acetate, were
identified in propolis extract. The antioxidant mechanisms of
pinobanksin include hydrogen atom transfer and electron transfer
(Zheng et al., 2018). Besides, a previous study reported that
pinobanksin derivatives which attached ester group with different
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FIGURE 8

Scanning electron microscopy graphs of maceration extract (a), ultrasound extract (b), and propolis residues from maceration extraction (c) and

ultrasound extraction (d) with the magnification of 1000× (A) and 20000× (B).
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alkyl chains also retained strong antioxidant activity (Zheng et al.,
2018). The antioxidant ability of chrysin, the primary component
of the propolis extract in this study, was attributed to substituents
in ring A (Naz et al., 2019).

As shown in Table 3, ultrasound treatment significantly
enhanced the extraction yield of polyphenols, indicating the
great potential of ultrasound in producing highly-bioactive
propolis extract.

3.6. FT-IR analysis

The FT-IR analysis was adopted to further identify the
functional groups present in propolis extracts. As shown in
Figure 7, a broad peak at 3,377 cm−1 for both ultrasound extract
and maceration extract were correlated with -OH wagging which
was particular to phenolic groups (Sillero et al., 2020; Bao et al.,
2021). It is well known that the location and the number of -OH
group determine the antioxidant capacity of polyphenols (Heim
et al., 2002). Therefore, the wide and intense peak in propolis
extract could be a reason for its strong antioxidant activities. The
peak at 2925 cm−1 was assigned to the stretching vibration of C-H
in aromatic methoxy groups, methyl and methylene groups of side
chains (Sillero et al., 2020; Bao et al., 2021). The peak at 2851 cm−1

was attributed to C=O in aromatic rings (Heidari et al., 2019).
Peaks at 1,640 cm−1, 1,513 cm−1 and 1,451 cm−1 were correlated
with C=O stretching (Bao et al., 2021), C=C stretching vibration
in aromatic rings (Heidari et al., 2019) and the vibration of
aromatic skeleton (Sillero et al., 2020); their existence suggested that
polyphenols are the main component of propolis extract. The peaks
between 921 and 700 cm−1 were attributed to the vibrational modes
of C-OH in carbohydrate (Laaroussi et al., 2023). Furthermore, the
position of the peaks for the maceration and the ultrasound extracts
did not show too much of a difference, indicating that the types
of the functional groups were similar, which was in line with the
HPLC analysis (Section 3.4). However, the slight differences in the
intensities of some peaks were possibly due to the degradation of
some components. Similar results were also observed for the FT-IR
spectra of the bioactive compounds from blue butterfly pea flowers
extracted by ultrasound and conventional methods (Mehmood
et al., 2019).

3.7. Surface morphology of the extracts

In this study, SEMwas used to assess the surface morphology of
the propolis extracts and propolis residues obtained by maceration
and ultrasound-assisted extraction. As shown in Figures 8A, B,
compared to the maceration extract, the ultrasound extract showed
smaller and more uniformly-distributed particles. Likewise, as
shown in Figures 8c, d after maceration extraction, the surfaces of
the residue powders were intact and relatively smooth; however,
the powders were broken into smaller fragments after ultrasound-
assisted extraction. This was attributed to the breakage of particles
induced by ultrasound shear forces and instantaneous high
pressures (Shirsath et al., 2012). Also, as shown in Figures 8b, d
ultrasound cavitation also caused erosion on the surface of both

the extracts and the residues, which could increase the contact area
between the propolis surface and the solvent leading to a higher
yield. Similar results were also observed for the SEM micrographs
of ultrasound-extracted Millettia speciosa Champ (Zhao et al.,
2017), where the Millettia speciosa Champ. powder was destroyed
into smaller fragments after being treated with ultrasound at 500W
for 15 min.

4. Conclusion

In summary, this study utilized the ultrasound-assisted
approach to extract polyphenols from the Chinese propolis. The
results showed that the highest TPC and TFC of the extract
were obtained at a solid-to-liquid ratio of 60:1, an ultrasound
power of 135W, and an ultrasound duration of 20min, where the
extract also showed the highest antioxidant activities. The kinetic
study showed that ultrasound significantly increased the saturated
concentration (Cs), initial extraction rate (h) and rate constants (k)
of the extraction process, indicating that ultrasound could not only
accelerate the extraction process but also increase the maximum
extraction volume of phenolic compounds. The qualitative analysis
of phenolic compounds in propolis extracts demonstrated that
ultrasound did not change the types of polyphenol compositions in
the propolis extract; while the quantitative analysis revealed that the
contents of polyphenols such as isoferulic acid, galangin, chrysin
and pinocembrin in the ultrasound extract were much higher than
those in the maceration extract. The FT-IR analysis indicated that
the types of functional groups were similar in the two extracts. SEM
analysis showed that ultrasound treatment led to the erosion on the
surface of propolis and the breakdown of propolis particles, which
were the possible mechanisms for the improved extraction yield.
The results suggested that a mild ultrasound-assisted extraction is
a promising approach for propolis extraction with high efficiency
and short extraction time.
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