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Dicaffeoylquinic acids (diCQAs) are found in a variety of edible and medicinal plants with various biological
activities. An important issue is the low stability of diCQAs during extraction and food processing, resulting in the
degradation and transformation. This work used 3,5-diCQA as a representative to study the influence of different
parameters in ultrasonic treatment on the stability of diCQAs, including solvent, temperature, treatment time,
ultrasonic power, duty cycle, and probe immersion depth. The generation of free radicals and its influence were

investigated during the treatment. The stability of three diCQAs (3,5-diCQA, 4,5-diCQA and 3,4-diCQA) under
the certain ultrasonic condition at different pH conditions was evaluated and found to decrease with the increase
of pH, further weakened by ultrasonic treatment. Ultrasound was found to accelerate the degradation and
isomerization of diCQAs. Different diCQAs showed different pattern of degradation and isomerization. The
stability of diCQAs could be improved by adding epigallocatechin gallate and vitamin C.

1. Introduction

Caffeoylquinic acid derivatives (CQAs) are widely distributed in
nature, which have been claimed to have various biological effects. The
most common CQAs is 5-CQA (chlorogenic acid), but there are isomers
of other structures in plants. Dicaffeoylquinic acids (diCQAs), such as
3,4-diCQA, 3,5-diCQA and 4,5-diCQA, can also be found [1,2]. How-
ever, the degradation and transformation of CQAs in the processing are
great challenges in their application [3]. The presence of light and the
change of temperature and pH cause the degradation and isomerization
of CQAs. DiCQAs are much more unstable than mono-CQAs [4]. Dawi-
dowicz & Typek [5] studied the transformation of CQAs during coffee
bean roasting process. A decrease of the amount of mono-CQAs and
diCQAs was found with the increase of roasting time and temperature.
Such chemical transformation processes of CQAs may actually occur
during their extraction from plant sources and subsequent product
processing, which may change or destroy the bioactivity and quality of
final products [6].

Ultrasound, as a non-thermal technology, is well-known to achieve
the objective of sustainable ‘“‘green” chemistry. The physical and

chemical effects induced by ultrasonic cavitation have been used to
improve the efficiency of various processes in food industry, such as
extraction, freezing/thawing, homogenization/emulsification, and
filtration [7]. It has been widely used in innovative food processing of
fruits, vegetables, juices, and other products for cooking, cutting,
foaming, separation, and degassing [8]. Ultrasound was successfully
used to extract CQAs from sweet potato peels. Increasing ultrasonic
power intensified the sonochemical hydrolysis of 3,4-diCQA [9].

In our previous study, the effect of ultrasound on the stability of
mono-CQAs has been studied [10,11]. However, the transformation
pattern of diCQAs in ultrasonic system has not been studied yet. The
present work therefore studied the degradation and isomerization
pattern of there diCQAs (3,5-diCQA, 4,5-diCQA and 3,4-diCQA) under
ultrasound. The effects of different treatment conditions including sol-
vents, time, temperature, ultrasonic power density, probe immersion
depth and duty cycle on the stability of diCQAs were also evaluated.
Epigallocatechin gallate (EGCG) and vitamin C (VC) as two common
antioxidants were added to help stabilize three diCQAs. The degradation
kinetics of three diCQAs were conducted at different pH conditions.
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2. Materials and methods
2.1. Materials

The standard of three diCQA isomers (3,5-, 4,5-, and 3,4-diCQA)
(purity > 99%), puerarin (purity > 99.71%) and EGCG (purity >
99.78%) were purchased from Chengdu Must Biotechnology Co., Ltd.
(Chengdu, China). Ascorbic acid (VC) was purchases from Shanghai
Aladdin Co., Ltd. (Shanghai, China). Terephthalic acid (TPA) and 2-
hydroxyterephthalic acid (TPA-OH) were obtained from Sigma-Aldrich
Chemical Co., Ltd. (Shanghai, China). Chromatographic grade acetoni-
trile and methanol were purchased from Merck KGaA company
(Darmstadt, Germany). All other reagents used were of analytical grade
or purer.

2.2. Ultrasonic treatment

The solutions of 3,5-, 3,4- and 4,5-diCQA with a concentration of 0.1
mg/mL (30 mL) were taken into brown cylindrical glass bottles (diam-
eter: 2.6 cm, height: 9.5 cm), and then treated by a probe ultrasonic
processor at 22 kHz (JY92-IIDN, Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, China). During the ultrasonic treatment, the bottle was put in a
thermostatic water bath to control the temperature.

Different solvent (absolute methanol, absolute ethanol, water, 50%
(v/v) methanol in water, and 50% (v/v) ethanol in water), temperature
(10, 20, 30, 40, 50, and 60 °C), treatment time (10, 20, 30, 40, 50, and
60 min), ultrasonic power density (3, 6, 9, 12, 15, and 18 W/mL), duty
cycle (0, 16.7, 33.3, 50, 66.7, 83.3, and 100%) and probe immersion
depth (1, 2, 3, 4, 5, and 6 cm) were studied during ultrasonic treatment.
The probe immersion depth was defined as the distance from the liquid
level to the bottom of the ultrasonic probe. The duty cycle is the ratio of
the ultrasonic on time to the total time. Each variable was carried out
while maintaining the other variables fixed. The experiments were
conducted in triplicate. After ultrasonic treatment, samples were fil-
trated through 0.22 pm-filter and detected using HPLC.

2.3. Quantification of three diCQAs

The analysis of diCQAs was performed on an Agilent 1260 series
HPLC system equipped with a UV detector and a Phenomenon Luna-C18
column (250 mm x 4.6 mm, 5 pm). The filtrated sample (10 pL) was
injected into the HPLC system and eluted by acetonitrile (A) and 0.1%
phosphoric acid (B) at a flow rate of 0.8 mL/min with the gradient
program as follows: 0-8 min, 15% A; 8-12 min, 15%-30% A; 12-16 min,
30% A; 16-20 min, 30%-15% A; 20-25 min, 15% A. The detection
wavelength was 330 nm. The column temperature was kept at 35 °C.
Calibration curves for three diCQA isomers in the concentration range of
0.03-0.2 mg/mL were established and used to calculate the isomers’
contents in samples.

2.4. Measurement of hydroxyl radicals (*OH)

The production of *OH was measured by monitoring the formation of
TPA-OH from the reaction of TPA and *OH as described by Deng et al.
[12]. TPA solution (10 pmol/L) was prepared using 50% methanol in
water (v/v). Then, 0.2000 mg 3,5-diCQA was dissolved in 30 mL TPA
solution. The mixture was then treated by ultrasound with different time
(10, 20, 30, 40, 50, and 60 min). Afterwards the fluorescence intensity of
generated TA-OH was measured at 326 nm as an excitation wavelength
and at 432 nm as an emission wavelength. TPA solution without 3,5-
diCQA was used as reference.

2.5. Degradation kinetics of diCQA at different pH

The solution of diCQA (3.88 mmol/L, 2 mL), in 50% (v/v) methanol,
was mixed with 25 mL buffer of different pH (0.1 M acetate buffer, pH
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4.69; 0.1 M phosphate buffer, pH 7.06; 0.1 M phosphate buffer, pH 7.96;
0.1 M Tris-HCl buffer, pH 9.22). The mixture was then treated by ul-
trasound as the following conditions: ultrasonic power density 15 W/
mL, temperature 40 °C, duty cycle 66.67%, and probe immersion depth
2 cm. During the treatment, 100 pL reaction solution was taken out at 0,
10, 30, 60, 90, 120, 150, 180, and 210 min, then mixed with 100 pL
puerarin (internal standard, 0.2 mg/mL in 50% (v/v) methanol) and 800
pL mobile phase (0.1% phosphoric acid-acetonitrile, 4:1). After
completely mixing, samples were analyzed as previously described in
2.3. The sample treated at the same condition without ultrasound was
analyzed in the same way as control.

The degradation kinetics of diCQAs at different pH conditions were
fitted by Weibull model [13]:

C:/Co = exp|—(kt)"]

where C; is the concentration of diCQA at t min, Cy is the initial con-
centration, k is the reaction rate constant, n is a shape constant (n > 1,
the function is an increasing function (the degradation rate increases
with time); n < 1, the function is a decreasing function (the degradation
rate decreases with time); n = 1, the function satisfies the exponential
distribution (the equation is equivalent to a simple first-order kinetic
model).

According to above equation, the degradation parameters k and n
can be calculated by nonlinear least square fitting with origin2019
software (OriginLab, MA, USA). Afterwards, the degradation half-life
(t1,2) was calculated as follow:

ty = (0.693)" Jk

2.6. Protective effect of EGCG and VC

The solution of diCQAs (3.88 mmol/L, 5 mL) in 50% (v/v) methanol,
was mixed with 20 mL buffer of different pH as mentioned above. Then
2 mL antioxidant (EGCG or VC) was added to reach the final molar
concentration ratio of the antioxidant and diCQAs at 2:1, 1:1 and 1:2.
After that, the mixed sample was treated by ultrasound.

2.7. Statistical analysis

Experiments for each treatment were conducted in triplicate. The
experimental data was processed by SPSS 22.0 (SPSS Inc., Chicago, IL,
USA) and represented as mean value + standard deviation. Duncan
analysis of variance was used to assess the significance of differences
between treatments. Significance levels were tested at p < 0.05.

3. Results and discussion
3.1. Effect of different treatment conditions on the stability of 3,5-diCQA

3.1.1. Solvent

The selection of solvent is an important factor affecting the extrac-
tion efficiency, which is related to the solubility of targeted compounds
and the penetration power of solvent into the matrix [14]. In addition to
the influence on the extraction efficiency, the solvent also affects the
intensity of ultrasonic cavitation [15]. Water, water-based organic-
aqueous solvents, and organic solvents are commonly used in the
extraction of bioactive compounds. Therefore, as a representative, 3,5-
diCQA dissolved in absolute methanol, 50% (v/v) methanol, absolute
ethanol, 50% (v/v) ethanol, and water was treated by ultrasound (15 W/
mL) at 40 °C for 50 min with a duty cycle of 66.7% and a probe im-
mersion depth of 3 cm. The result is shown in Fig. 1a.

As shown in Fig. 1a, 3,5-diCQA was degraded most severely in water,
followed by 50% ethanol. The ultrasonic stability of 3,5-diCQA
decreased with the increase of water content in the solvent. It has
been reported that CQAs are more unstable in methanol than in 50%
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Fig. 1. Effect of different conditions on the degradation of 3,5-diCQA.

methanol, which is inconsistent with the results of this work 4. This is
because the stability of CQAs with ultrasonic treatment may be different
from that without ultrasonic treatment because of the effect of acoustic
cavitation. Acoustic cavitation, also described as sonochemical effect, is
generated with the formation, growth and collapse of acoustic bubbles.
Different solvent carries the combined effect of viscosity, vapor pressure
and surface tension that may influence sonochemical effect. The solvent
with low vapor pressure, high viscosity, and high surface tension
generally has high threshold for cavitation, because more energy is
needed to overcome the intermolecular force in the liquid to form
bubbles. However, once cavitation begins, the solvent with lower vapor
pressure, higher viscosity, and higher surface tension forms stronger
cavitation [16]. Water shows the lowest vapor pressure, highest vis-
cosity, and highest surface tension in the five solvents, so the most
intense cavitation was generated in water system, which led to the most
degradation of 3,5-diCQA. Besides the formation of highly reactive
radical species during cavitation also attack 3,5-diCQA. Water in the
system can participated the generation of reactive radicals, thus causing
more damage to 3,5-diCQA. Consequently, in order to clarify the
degradation mechanism of diCQAs by ultrasound, water was selected as
the solvent for subsequent experimental research.

3.1.2. Treatment time

To investigate the influence of ultrasonic time, 3,5-diCQA, dissolved
in water, was treated by ultrasound (15 W/mL) at 40°C with a duty cycle
of 66.7% and a probe immersion depth of 3 cm for different time. As
shown in Fig. 1b, with the increasing time, the 3,5-diCQA content
decreased sharply within 10 min at first, then slowly until 50 min. The
content of 3,5-diCQA increased slightly at 60 min, which may result
from the transformation of diCQAs isomers. It indicates that the pro-
longed ultrasonic attack will continuously increase the degradation
degree of 3,5-diCQA until reach the limitation. Similar results have been
reported that the degradation induced by ultrasound was limited
because of the energy attenuation under high-intensity or long-time
ultrasound irradiation [17].

3.1.3. Temperature
The effect of temperature on the stability of 3,5-diCQA (in water)

was studied under 15 W/mL ultrasonic treatment for 50 min using a
duty cycle of 66.7% and a probe immersion depth of 3 cm. As shown in
Fig. 1c, different temperature affected the ultrasonic degradation of 3,5-
diCQA. When treating samples below 40 °C, the degradation degree of
3,5-diCQA caused by ultrasound was small. The most severe degradation
occurred at 40 °C. The degradation of 3,5-diCQA was alleviated when
the processing temperature exceeding 40 °C. The change of the degra-
dation of 3,5-diCQA under ultrasound caused by different temperatures
may be resulted from three aspects: the influence of temperature on the
stability of 3,5-diCQA; the influence of temperature on ultrasonic effect;
both of the former two. The thermal stability of CQAs (mono-CQAs and
diCQAs) aqueous solution in boiling water has been studied. During
heating, diCQAs could isomerize to each other and degrade to mono-
CQAs, caffeic acid and the compounds with the formula of C15H140¢
[18]. Nevertheless, the stability of diCQAs below 100 °C has been hardly
studied. Li et al. [19] reported that the higher the heating temperature
(45-105 °C), the more the content of chlorogenic acids decreased. With
the increase of temperature, the degradation of diCQA could be more
intense. In contrast, however, the intensity of ultrasonic cavitation de-
creases with increasing temperature. This is because a cushioning effect
on collapse, attributing to the vapor pressure increases due to the tem-
perature rise [20]. Therefore, due to the dual effects of temperature and
ultrasound, the most serious degradation of substances in the experi-
ment occurred at 40 °C.

3.1.4. Ultrasonic power density

Ultrasonic power density plays a very important role on ultrasonic
cavitation. To clarify its effect on the stability of 3,5-diCQA, the aqueous
solution of 3,5-diCQA was treated by ultrasound with different power
density at 40°C for 50 min using a duty cycle of 66.7% and a probe
immersion depth of 3 cm. As shown in Fig. 1d, with the increase of ul-
trasonic power density, the retention of 3,5-diCQA gradually decreased
until reaching 15 W/mL and then increased. Generally, the increase of
ultrasonic power density will increase the intensity of ultrasonic cavi-
tation. When the ultrasonic power density exceeded 15 W/mL, the
cavitation bubbles may grow too big to collapse or collapse weakly,
resulting in a reduction in the cavitation effect [21]. In addition, too
many bubbles adsorbed on the surface of the ultrasonic probe may
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hinder the transmission of ultrasonic waves [22].

3.1.5. Duty cycle

Duty cycle of ultrasonic treatment decides the exposure time to the
irradiation in one cycle, varied based on the on/off time. The aqueous
solution of 3,5-diCQA was treated by ultrasound (15 W/mL) at 40°C for
50 min with a duty cycle of 66.7% and a probe immersion depth of 3 cm
using different duty cycle. The degradation of 3,5-diCQA first increased
and then decreased with the increase of duty cycle (Fig. 1e). The content
of 3,5-diCQA reached the minimum at the duty cycle of 66.7%. It is
known that periodic on-off switching of ultrasound, named as pulse
ultrasound, is a way to intense acoustic cavitation. Pulsed ultrasound
can prevent the formation of excessive cavitation bubbles and bubble
aggregation, and reduce the acoustic field attenuation caused thereby.
Owing to the limited pulse time, the partial growth and dissolution of
cavitation bubbles may provide bases for the bubbles in the next cycle,
generating stronger and more stable cavitation [23]. Under the same
cycle time, lower duty cycle means shorter effective ultrasonic time and
longer pulse interval. On the one hand, it reduces the total energy input
of ultrasound, on the other hand, it causes bubble dissolution in a long
pulse interval, which is not conducive to cavitation effects. Furthermore,
the excessive duty cycle leads to the excessive bubble formation,
creating a barrier to dissipative energy transfer and resulting in lower
cavitation effects [24]. From the foregoing, the effect of duty cycles on
the ultrasonic degradation of 3,5-diCQA can be explained.

3.1.6. Probe immersion depth

The immersion depth of the ultrasonic probe is tightly related to the
propagation, attenuation and reverberation of ultrasound [25]. Chang-
ing the probe immersion depth from 1 cm to 6 cm, the 3,5-diCQA so-
lution (in water) was treated by ultrasound (15 W/mL) at 40°C for 50
min with a duty cycle of 66.7% and a probe immersion depth of 3 cm.
The effect of probe immersion depth was studied and the results are
shown in Fig. 1f. As the probe immersion depth increasing from 1 cm to
3 cm, the degradation of 3,5-diCQA increased. When the probe im-
mersion depth is shallow, the emitting surface of the ultrasonic wave is
far from the bottom of the vessel. The cavitation intensity is known to
decrease exponentially on moving away from the probe and vanish at a
certain distance [26]. Therefore, the ultrasonic energy cannot reach the
liquid at the bottom and cannot be evenly distributed to the whole
system, attributed to the attenuation of ultrasonic wave. Flow pattern of
the liquid caused by acoustic streaming and reflection, so as the extent of
mixing in the reactor is dependent on the distance of probe immersed in
the solution. Better mixing occurs at a medium depth [27]. As the probe
immersion depth increased to 3 cm, better mixing happened with some
reflection of ultrasonic wave from the bottom of the reactor, which also
improve the cavitational activity [28]. Consequently, the highest
degradation of 3,5-diCQA was found. With the continuous increase of
probe immersion depth (from 4 cm to 6 cm), the probe is getting closer
to the bottom of the container, the ultrasonic wave hits the container
during transmission, causing severe attenuation and forming standing
wave because of the complex characteristics of wave irradiation and
reflection [29]. Therefore, the degradation effect was weakened at the
high probe immersion depth. Cao et al. [30] conducted the physical field
simulation of ultrasound with different probe height (80-10 mm). They
found that the solution affected by the acoustic wave has the largest
range when the distance between probe and glass bottom was 40 mm,
indicating the best effect of ultrasonic radiation. An optimum immersion
depth needs to be selected so as to get maximum ultrasonic effects.

3.2. Evaluation of radicals

To clarify the mechanism of ultrasonic degradation of diCQAs, the
free radical content in the ultrasonic system was monitored and showed
in Fig. 2. The concentration of TPA-OH generated in ultrasonic system
can be used to represent the free radical yield. The TPA-OH
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concentration increased along with the ultrasonic time, indicating an
accumulation of free radicals during sonication (solid column in Fig. 2).
However, less TPA-OH was generated in the ultrasonic system with 3,5-
diCQA, and its concentration showed no obvious variation law with time
(patterned column in Fig. 2). It can be inferred from the above result that
the existence of 3,5-diCQA consumed the generated free radicals in the
ultrasonic system and made it unable to react with TPA. CQAs have been
reported to have the ability to scavenge peroxyl radical, hydroxyl
radical, and singlet oxygen [31]. The process of scavenging free radicals
is also the process of oxidative degradation of CQAs. Krimmel et al. [32]
studied the OH-radical induced degradation of chlorogenic acid and
found that *OH cleaved the phenolic glycoside bond and released caffeic
acid from chlorogenic acid. Therefore, it can be concluded that one
cause of ultrasonic degradation of diCQA is the free radical formed by
cavitation.

3.3. Degradation and transformation of three diCQAs at different pH

The degradation and transformation of 3,5-diCQA with and without
ultrasonic treatment were evaluated at pH 9.22, 7.96, 7.06 and 4.69, as
shown in Fig. 3. The ultrasonic conditions were as follow: ultrasonic
power density 15 W/mL, temperature 40 °C, duty cycle 66.67%, and
probe immersion depth 2 cm. The change of 3,5-diCQA content was
described according to Weibull model and the kinetic parameters were
accordingly calculated and listed in Table 1.

As shown in Fig. 3, the content of 3,5-diCQA with and without ul-
trasonic treatment showed the similar decrease pattern. The content of
3,5-diCQA descended sharply in the first 30 min and then the descent
rate slowed down. As the pH increased from 4.69 to 9.22, the degra-
dation constant k of 3,5-diCQA without ultrasonic treatment increased
from 7.8E—4 to 2.9E—2, the degradation half-life decreased from 130 h
to 7.50 h. confirming the intensification of 3,5-diCQA degradation.
Within three hours of treatment time, the degradation ratio of 3,5-
diCQA reached about 55% at pH 4.69, while about 85% at pH 9.22.
At the same pH condition, ultrasound accelerated the degradation of
3,5-diCQA with higher k value and lower t;,2 value (Table 1). The
degradation constant k of 3,5-diCQA increased about 48%, 50%, 50%,
and 19% at pH 9.22, 7.96, 7.06 and 4.69 after ultrasonic treatment.

Furthermore, the contents of total CQAs (Fig. 3), two isomers of
diCQAs (Fig. 3) and three mono-CQAs (Fig. 4) were also measured at
different pH conditions. The degradation ratio of total CQAs at pH 9.22
and 7.96 (around 55%) was higher than that at pH 7.06 (35%) and 4.69
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Fig. 3. The transformation and degradation kinetics of 3,5-diCQA at pH 9.22 (A), 7.96 (B), 7.06 (C), and 4.69 (D).

Table 1
Degradation kinetic parameters of 3,5-diCQA, 4,5-diCQA and 3,4-diCQA at different pH.
Parameters pH 9.22 pH 7.96 pH 7.06 PH 4.69
CK us CK us CK us CK us
3,5-diCQA k 2.9E-2 4.3E-2 1.8E—-2 2.7E-2 6.0E—3 9.0E-3 7.8E—4 9.3E—4
n 0.293 0.292 0.236 0.241 0.247 0.272 0.195 0.183
t1/2/h 7.50 4.97 8.56 5.79 26.7 21.7 130 92.9
R2 0.999 0.991 0.994 0.991 0.999 0.999 0.977 0.977
4,5-diCQA k 2.2E-2 3.6E-2 1.0E-2 1.5E-2 3.0E-3 6.0E-3 4.6E—-7 4.9E-7
n 0.295 0.264 0.324 0.329 0.284 0.334 0.097 0.091
t1/2/h 9.83 5.12 26.4 17.6 64.6 41.5 2.14E+5 1.50E+5
R? 0.998 0.991 0.994 0.998 0.992 0.995 0.960 0.982
3,4-diCQA k 2.9E-2 4.7E-2 2.3E-2 3.4E-2 1.2E-2 1.7E-2 1.6E-7 3.6E-7
n 0.252 0.242 0.239 0.251 0.245 0.269 0.076 0.066
t1/2/h 5.93 3.33 6.80 4.99 13.1 10.9 1.69E+5 3.22E+4
R? 0.997 0.996 0.984 0.997 0.989 0.989 0.998 0.999

(40%). Moreover, the total CQAs content were higher than those of 3,5-
diCQA in the same system, which indicating the formation of other CQAs
during the treatment. As indicated in Fig. 4, the amount of mono-CQAs
produced increased with the increasing alkalinity of the system, which
was consistent with the decrease of 3,5-diCQA content. There was no
mono-CQAs detected at pH 4.69. Among the three mono-CQAs detected
during treatment, 3-CQA was the most abundant, followed by 4-CQA
and 5-CQA. Meanwhile, 3-CQA was the first detected, then 5-CQA and
4-CQA. In the sample without ultrasonic treatment, 5-CQA can’t be
detected until the time reached 30 min at pH 7.96 and 7.06. At pH 9.22,
the time when 5-CQA can be monitored was advanced to 15 min. 4-CQA
started to be detected much later (90 min at pH 7.06, 60 min at pH 7.96
and 9.22). It can be inferred from the above results that, diCQAs could
degrade to mono-CQAs. The main degradation product of 3,5-diCQA
was 3-CQA. But the 3-CQA will also be converted to 4- and 5-CQA in
the process. With ultrasonic treatment, the time at which 4-CQA began
to be detectable was advanced from 30 min (pH 9.22 & 7.96) and 60 min

(pH 7.06) to 15 min. The initial detectable time for 5-CQA also advanced
from 15 min to 5 min (pH 7.96 & 7.06) by ultrasound. Thus, in general,
ultrasonic treatment increased the content of mono-CQAs and advanced
their detection time, illustrating that ultrasound could accelerate the
degradation of 3,5-diCQA.

Besides degradation, diCQAs has been reported to undergo isomer-
ization with each other [33]. At pH 4.69 (Fig. 3D), two isomers, 4,5- and
3,4-diCQA were found in relatively small amounts (lower than 10%). In
the first 30 min, almost no 4,5-diCQA were detected in both of the
sample with and without ultrasonic treatment. By inference, 3,5-diCQA
is more likely to isomerize to 3,4-diCQA. The effect of ultrasound on the
formation of isomers was not obvious. The possible reason is that 3,5-
diCQA showed a good stability at pH 4.69. With increasing pH, the
contents of isomers increased obviously. At pH 7.06 and 7.96, the con-
centration of 3,4-diCQA was slightly higher than that of 4,5-diCQA, but
at pH 9.22, the concentration of 4,5-diCQA was higher. It is due to the
easier isomerization of 3,5-diCQA to 3,4-diCQA. However, under strong
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Fig. 4. The generation of mono-CQAs during the treatment of 3,5-diCQA at pH 9.22 (a), 7.96 (b), and 7.06 (c).

alkaline conditions (pH 9.22), 3,4-diCQA was less stable than 4,5-
diCQA, and degraded more seriously, resulting in a lower content.
Higher isomer contents were detected in samples with ultrasonic treat-
ment, indicating that ultrasound promoted the isomerization of 3,5-
diCQA.

The degradation and transformation of 4,5-diCQA and 3,4-diCQA are
displayed in Fig. S1 & S3. The generation of mono-CQAs are shown in
Fig. S2 & S4. The kinetic parameters are listed in Table 1. The stability of
4,5-diCQA and 3,4-diCQA was decreased with increasing pH value.
Under the same condition, samples with ultrasonic treatment showed
higher k value and lower t;,7 value, indicating the ultrasonic-enhanced
degradation of 4,5- and 3,4-diCQA. In general, similar to 3,5-diCQA, 4,5-
and 3,4-diCQA were degraded into mono-CQAs and isomerized to other
diCQA isomers during the treatment.

At pH 4.69, 4,5- and 3,4-diCQA were relatively stable, so the
degradation products mono-CQAs were not detected (Fig. S2 & S4).
Generally, the contents of mono-CQAs increased with the increasing pH,
demonstrating the steadily serious degradation of 4,5- and 3,4-diCQA.
The main degradation products of 4,5-diCQA and 3,4-diCQA were 5-
CQA and 3-CQA, respectively. Compared with samples without ultra-
sonic treatment, the contents of mono-CQAs detected in samples with
ultrasonic treatment were significantly higher, confirming that ultra-
sound caused more degradation products to be generated and promoted
the degradation of diCQAs.

As shown in Fig. SID & Fig. S3D, the quantities of isomers were
relatively low at pH 4.69 (lower than 15%), which means the weak
isomerization of 4,5- and 3,4-diCQA at this condition. During the
treatment of both 4,5- and 3,4-diCQA, 3,5-diCQA accounted for a larger
fraction of the two generated isomers. This suggests that both 4,5-diCQA
and 3,4-diCQA are inclined to isomerize to 3,5-diCQA. Additionally,
ultrasound slightly enhanced the isomerization of 4,5- and 3,4-diCQA
under neutral and alkaline conditions.

As described in Fig. 3, S1, and S3, three diCQAs have different
degradation rates. Comparing the degradation kinetics of the three
diCQAs (Table 1), it is found that the degradation constant k of 3,4-
diCQA was the largest, followed by 3,5-diCQA and 4,5-diCQA under
the same pH condition. In other words, the order of stability of the three

diCQAs is 4,5-diCQA > 3,5-diCQA > 3,4-diCQA.

3.4. Effect of EGCG and VC

In order to reduce the degradation of diCQAs, EGCG and VC were
added into the system. Afterwards, the degradation and transformation
of three diCQAs after adding EGCG and VC were analyzed. Fig. 5 shows
the content change of 3,5-diCQA and total CQAs during treatment, as
well as the formation of two isomers (3,4- and 4,5-diCQA) when adding
different amount of EGCG. Fig. 6 shows the generation of corresponding
mono-CQAs degraded from 3,5-diCQA. Based on Weibull model, the
kinetic parameters are listed in Table 2.

According to the data shown in Table 2, the degradation constant (k)
decreased and the half-life time (t;,2) increased after adding EGCG
during both ultrasonic and non-ultrasonic treatment, which indicates
that EGCG can effectively protect 3,5-diCQA. The protective effect was
influenced by the dose of EGCG and pH. At pH 9.22, the addition amount
of EGCG at 1:1 (the molar ratio of EGCG and 3,5-diCQA) reduced the
degradation constant k by 66% for the control and 75% for the ultra-
sonic sample, extended t;,» by 3.9 times for the control and 4.4 times for
the ultrasonic sample, achieving the optimal protective effect on 3,5-
diCQA under this condition. At the rest pH conditions, the protective
effect of EGCG on 3,5-diCQA increased with the increase of EGCG dose.
EGCG is a strong antioxidant due to due to the existence of the hydroxyl
groups, which has been found to protect gardenia yellow pigment [34]
and p-carotene [35]. EGCG can be prone to oxidative decomposition to
protect the target substance. The protective effect of EGCG was much
more obvious at pH 4.69 and 7.06, compared to that at pH 7.96 and
9.22. It is due to the decreased stability of EGCG in alkaline solution
[36]. Furthermore, with the addition of EGCG, the difference between
degradation constant (k) under ultrasonic and non-ultrasonic conditions
was reduced, showing a better protective effect of EGCG under ultra-
sound. It is because the potential ability of EGCG to scavenge free rad-
icals, including hydroxyl radicals and peroxyl radicals [37]. The
existence of EGCG counteracted part of the ultrasonic attack induced by
free radical effect against 3,5-diCQA.

To further explore the mechanism of the protective effect of EGCG,
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Fig. 5. Effect of different dose of EGCG (EGCG:3,5-diCQA = 2:1 (A, D, G, J), 1:1 (B, E, H, K), 1:2 (C, F, I, L)) on the stability of 3,5-diCQA with and without ultrasound
at pH 9.22 (A, B, C), 7.96 (D, E, F), 7.06 (G, H, I) and 4.69 (J, K, L).
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Fig. 6. Effect of different dose of EGCG (EGCG:3,5-diCQA = 2:1 (a, d, g), 1:1 (b, e, h), 1:2 (c, f, i)) on the formation of mono-CQAs with and without ultrasound at pH

9.22 (a, b, ¢), 7.96 (d, e, ), and 7.06 (g, h, i).

the formation of two isomers and mono-CQAs were evaluated and
shown in Figs. 5 & 6. Combined with the results displayed in Figs. 3 & 5,
it can be seen that the addition of EGCG affected the isomerization of
3,5-diCQA differently at different pH and dose. At alkaline pH (pH 9.22
& 7.96), high dose of EGCG (2:1 & 1:1) increased the amount of two
isomers (3,4-diCQA and 4,5-diCQA), while low dose of EGCG inhibited
the formation of isomer. At pH 7.06 & 4.69, the addition of EGCG
showed repression of the isomerization. Besides, the inhibition of
degradation of 3,5-diCQA to mono-CQAs was much stronger at alkaline
conditions (pH 9.22 & 7.96), obtained by comparing Figs. 4 & 6. That’s
why EGCG still played a protective role on 3,5-diCQA even if the
isomerization was promoted at certain conditions. It suggests that EGCG
can prevent the decrease of 3,5-diCQA concentration by inhibiting its
decomposition and isomerization, depending on pH environment.

The effect of VC on the stability of 3,5-diCQA were also measured.
The corresponding results are shown in Figs. S5 & S6. The kinetic pa-
rameters obtained by Weibull model are listed in Table 2.

As shown in Table 2, the degradation constant (k) decreased and the
half-life time (t;,2) increased after adding VC in samples with and

without ultrasonic treatment, revealing the improved stability of 3,5-
diCQA by adding VC. At pH 4.69, the optimum addition amount of VC
was 1:1 (the molar ratio of VC and 3,5-diCQA), which reduced the
degradation constant k by 78% for the control and 81% for the ultra-
sonic sample, extended t; /2 by 3.5 times for the control and 4.5 times for
the ultrasonic sample. At the rest pH conditions, the optimal protective
effect of VC occurred at the dose of 2:1 (the molar ratio of VC and 3,5-
diCQA). VC has been reported to prevent phenolic acids from degrada-
tion. It serves as reducing agent that can stabilize the substances and
recycle their free radical form [13,38]. Similar mechanism may involve
in the protective effect of VC on diCQAs.

In addition, VC was found to inhibit the isomerization of phenotypic
catechins, and the higher the concentration of VC, the stronger inhibi-
tion of isomerization [39]. Comparing Fig. 3 & S5, it can be seen that
with the increasing addition amount of VC, the concentration of two
isomerization products decreased slightly. Comparing Fig. 4 & S6, the
presence of VC effectively reduced the formation of mono-CQAs, indi-
cating a reduced degradation of 3,5-diCQA.

In terms of the contents of generated diCQAs (products of
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Table 2
Effects of EGCG and VC on the degradation kinetic parameters of 3,5-diCQA.
Additive Content Parameters pH 9.22 pH 7.96 pH 7.06 pH 4.69
CK us CK us CK us CK us
None k 2.9E-2 4.3E-2 1.8E-2 2.7E-2 6.0E-3 9.0E-3 7.8E—4 9.3E-4
n 0.293 0.292 0.236 0.241 0.247 0.272 0.195 0.183
t1/2/h 7.50 4.97 8.56 5.79 26.7 21.7 130 92.9
R? 0.999 0.991 0.994 0.991 0.999 0.999 0.977 0.977
EGCG 1:2 k 1.7E-2 2.2E-2 1.7E-2 2.5E-2 3.0E-3 4.0E-3 7.0E—4 7.7E—4
n 0.349 0.269 0.232 0.216 0.273 0.249 0.214 0.211
t1/2/h 16.8 8.47 8.51 7.35 65.1 43.2 175 157
R? 0.996 0.998 0.995 0.995 0.995 0.995 0.990 0.993
1:1 k 1.0E—-2 1.2E-2 1.2E-2 1.4E-2 2.0E-3 3.0E-3 2.2E—4 2.2E—4
n 0.427 0.400 0.329 0.313 0.281 0.280 0.238 0.222
ti/2/h 36.4 26.9 21.0 17.0 127 63.4 701 599
R? 0.996 0.973 0.993 0.994 0.998 0.991 0.981 0.978
2:1 k 1.1E-2 1.6E—2 1.0E-2 1.2E-2 1.0E-3 1.0E-3 1.9E-4 2.1E—4
n 0.375 0.388 0.334 0.293 0.320 0.275 0.271 0.268
ti/2/h 26.8 19.7 26.1 17.6 226 177 1.03E+3 887
R? 0.995 0.998 0.996 0.994 0.992 0.989 0.991 0.988
VvC 1:2 k 2.5E-2 3.2E-2 1.9E—-2 3.0E-2 3.0E-3 3.0E-3 6.3E—4 7.5E—4
n 0.255 0.247 0.260 0.250 0.272 0.246 0.260 0.250
ti/2/h 6.93 5.02 9.26 5.52 70.9 46.6 283 221
R? 0.997 0.994 0.995 0.994 0.984 0.995 0.996 0.998
1:1 k 1.8E-2 2.7E-2 1.5E-2 2.2E-2 2.0E-3 4.0E-3 1.7E-4 1.7E-4
n 0.267 0.262 0.316 0.287 0.295 0.287 0.272 0.262
t1/2/h 10.6 6.70 16.6 9.58 90.1 53.5 1.12E+3 1.04E+3
R? 0.998 0.997 0.997 0.996 0.994 0.993 0.994 0.996
2:1 k 1.6E—-2 2.4E-2 1.0E-2 1.7E-2 2.0E-3 5.0E-3 2.5E—4 2.5E—4
n 0.261 0.258 0.276 0.302 0.293 0.301 0.233 0.220
t12/h 11.5 7.21 19.3 13.7 98.8 44.0 580 514
R? 0.990 0.992 0.998 0.998 0.995 0.993 0.999 0.998

isomerization) and mono-CQAs (degradation products), the inhibition of
VC on degradation and isomerization of 3,5-diCQA was weaker than that
of EGCG except at pH 4.69. This is consistent with the results of
degradation kinetics shown in Table 2 that the addition of EGCG led to a
smaller rate constant k and a longer half-life time t;,2. Moreover, unlike
EGCG, the addition of VC did not narrow the degradation difference of
3,5-diCQA with and without ultrasonic treatment. It reveals that VC has
little protective effect on 3,5-diCQA degradation caused by ultrasonic
attack.

The effects of EGCG and VC on 4,5- and 3,4-diCQA were also
analyzed and shown in Figs. S7-S14. The kinetic parameters are listed in
Table S1 & S2. The results were similar with those of 3,5-diCQA. Both
EGCG and VC can enhance the stability of 4,5- and 3,4-diCQA. The effect
of VC strengthened by increasing its concentration at all pH conditions,
while the effect of EGCG increased by the increasing concentration at pH
9.22, 7.96 and 7.06. EGCG showed better protective effect on 4,5- and
3,4-diCQA at pH 4.69 and 7.06, while VC showed better protective effect
on 4,5- and 3,4-diCQA at alkaline pH (pH 9.22 & 7.96), which is
different with that on 3,5-diCQA. At neutral and acidic condition, the
presence of VC caused significantly less degraded products of 4,5- and
3,4-diCQA compared with EGCG.

4. Conclusion

In general, changes of the solvent, treatment time, temperature, ul-
trasonic power density, ultrasonic duty cycle and probe immersion
depth would affect the degradation of 3,5-diCQA. The stability of three
diCQAs were decreased with the increase of pH at order of 4,5-diCQA >
3,5-diCQA > 3,4-diCQA. During the treatment, diCQAs would isomerize
to each other and degrade to mono-CQAs, which can be accelerated by
ultrasonic treatment. Generally, 3,5-diCQA is more likely to isomerize to
3,4-diCQA, while 4,5-diCQA and 3,4-diCQA are more preferentially
isomerized to 3,5-diCQA. The dominant degradation product of 3,5- and
3,4-diCQA was 3-CQA, while the main degradation product of 4,5-
diCQA was 5-CQA. EGCG and VC effectively prevented the loss of diC-
QAs during processing. Our study provided the fundamental research on

the degradation pattern of three diCQAs with and without ultrasound.
The parameters optimization is suggested before the processing of diC-
QAs. The acidic system environment is more conducive to the stability of
diCQAs. Some protective agents can be used to enhance the stability of
diCQAs, and reduce ultrasonic damage. The study is beneficial to the
application of ultrasound in diCQAs extraction and processing.
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