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Abstract

In this study, for the first time, optimized phenolic compounds and antioxidant properties were derived from the extraction
process of Cortex fraxini (CFR) using response surface methodology. Four factors and three levels of Box-Behnken (BBD)
were used to study the extraction time (X,), extraction temperature (X,), ethanol concentration (X3), and solvent-material
ratio (X,). The analysis of variance (ANOVA) revealed that temperature and solvent-material ratio had a relatively large effect
on the response. The optimal combination of phenolic compounds and antioxidant activity was obtained with the optimal
conditions of X, =1.629 h, X,=53.367 C, X;=60.971% (v/v), and X, =45.582 mL/g under ultrasonic assisted extraction
(UAE). The experimental parameters were consistent with the predicted values. Caffeic acid, erucic acid, ferulic acid and
p-hydroxycinnamic acid and other 19 phenolic acids were characterized by high performance liquid chromatography-mass
spectrometry (HPLC-MS). The results of this study indicate that optimization of the extraction process is essential for the
accurately determined measurement of phenolic components and antioxidants in CFR for its industrial applications.

1 Introduction

Cortex fraxini (CFR) is the dried branch bark or dried bark
of the bitter toast ash tree, ash tree, sharp-leaved ash tree or
persistent ash tree of the family Myrtaceous, which grows
on mountain slopes, sparse forests and beside ditches. The
trunk, bark and flowers from CFR are all capable of being
used as medicinal herbs, but currently the bark is used more
extensively. CFR has a long history of use as a traditional
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Chinese herbal medicine in the treatment of heat relief, dry-
ing humidity, eyesight, and dysentery relief. In particular, it
possesses multiple bioactivities, including anti-inflammatory
(Liet al. 2019), antioxidant (Kaneko et al. 2003), and inhibi-
tion of melanin production (Masamoto et al. 2004), and it
is frequently used to treat diseases, such as hyperuricemia
(Wang et al. 2017), anticoagulant (Liang et al. 2017), athero-
sclerosis (Wang et al. 2022) and antidiabetic (Prabakaran and
Ashokkumar 2012). In addition, CFR was found to possess
abundant antioxidant components including coumarins and
polyphenolic compounds (Wang et al. 2011; Wu et al. 2007).
In a recent study, Wang et al. (2011) showed that the phenolic
compounds of CFR significantly inhibit linoleic acid peroxi-
dation more effectively than the same concentration of buty-
lated hydroxytoluene. Meanwhile, Li et al. (2015) reported
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the polyphenolic compounds of CFR exert neuroprotective
effects by inhibiting 6-hydroxydopamine (6-OHDA )-induced
reactive oxygen species production in rat pheochromocytoma
(PC12) cells. Therefore, the phenolic content of CFR and
its antioxidant properties are of interest to study, as it has
been little studied so far. Hence, it is a necessity to find a
fast, green and efficient extraction method to obtain a large
amount of antioxidant flavonoids and polyphenolic com-
pounds from CFR.

In the science of natural product isolation, disruption of
plant cell walls is a critical aspect in obtaining natural plant
secondary products of nutritional and utilization value. The
traditional extraction methods, including maceration, Soxhlet
extraction and distillation, have the disadvantages of being
time-consuming, high-energy consumption and low extrac-
tion yield (Zhou et al. 2017; Savic Gajic et al. 2019), which
would not satisfy the requirements of the development of green
industry. To overcome the drawbacks of traditional extraction
methods, the emphasis was placed on green extraction meth-
ods such as microwave (Liu et al. 2015), ultrasonic and super-
critical fluid extraction, which are low in energy consump-
tion, short in time, and high in efficiency (Yerena-Prieto et al.
2022). Further, considering both industrial cost and reduction
in active substance degradation, the ultrasonic extraction
method (UAE) seems to be a more attractive technique for bio-
active compounds extraction. UAE is based on the formation
of high-frequency ultrasonic waves that are capable of causing
cavitation effects through the process of solute expansion and
contraction cycles (Abreu-Naranjo et al. 2018). The cell wall
of the solid solute is destroyed during the cavitation cycle,
while the cavitation effect generates thermal energy to further
enhance solvent penetration and mass transfer, improving the
efficiency of extraction (Zivkovié et al. 2018; Sharmila et al.
2016). The extraction by using UAE was reported by Yang
et al. (2011) for coumarin contents from CFR, which increased
the release of active substances from CFR into the solution
effectively, reduced the degradation of active substances and
improved bioavailability. Similar conclusions were drawn by
Fu et al. (2014). Meanwhile, UAE is also commonly used for
extraction of flavonoids and polyphenols from different plants,
such as apricot (Kasapoglu et al. 2021), tamarillo fruit (Rohilla
and Mahanta 2021), and Cirsium setosum (Wang et al. 2019),
which proved that UAE possesses several advantages to be
widely accepted in the extraction process. However, there are
few reports about effective methods for extracting the flavonoid
content and phenolic content of CFR.

In addition, UAE is the process of releasing active sub-
stances into the extraction solvent. The content of flavonoids
and polyphenolic compounds obtained by UAE is usually
affected by various factors, such as extraction time, extrac-
tion temperature, solvent-material ratio, frequency, extrac-
tion solvent and its concentration, etc. Nevertheless, only the
effect of individual parameter changes on the output has been
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studied without considering the interactions between specific
parameters, resulting in the inability to explain the overall
effect of the factors on the response (Pandey et al. 2018; Feki
et al. 2021; Huang et al. 2021). Thus, there is a requirement
to establish multivariate statistical methods to optimize the
extraction process parameters. Response surface methodology
(RSM) is the most popular multivariate statistical method that
can be used to perform, modify, and optimize the independent
variables affecting the response in an experiment. RSM is a
multifactorial approach to reduce the number of experiments
and evaluate multiple parameters and interactions between
each other in a single experiment (Wang et al. 2020). At the
same time, RSM establishes a mathematical model for predic-
tion based on the statistics of data compatibility with polyno-
mial models (Sekhar et al. 2021). It has been widely used as
an optimization method for different extraction experiments of
polysaccharides, polyphenols, saponins, alkaloids, etc. (Teng
and Choi 2012; Yang et al. 2020; Pandey et al. 2018; Raza
et al. 2017). The Box-Behnken design (BBD) is convenient
to explore the linear effects, quadratic effects and interaction
effects of the extraction process (Feki et al. 2021).

To date, this study is the first attempt to optimize the UAE
conditions for total flavonoid content (TFC) and total phe-
nolic content (TPC) in CFR by BBD and to determine the
antioxidant activity. RSM was used to investigate the effects
and interactions of four factors: extraction time (X, ), extrac-
tion temperature (X,), the ethanol concentration (X3), and
solvent-material ratio (X,). High performance liquid chro-
matography-mass spectrometry (HPLC-MS) was applied to
the qualitative and quantitative analysis of phenolic acids in
CFR. This study contributes to further understanding of the
industrial applications and pharmacological activity analysis
of phenolic compounds in CFR.

2 Materials and methods
2.1 Materials

CFR was purchased from Jiangsu Provincial Hospital of
Traditional Chinese Medicine (Nanjing, China). The plant
materials were authenticated by Dr. Huang, College of
Chemical Engineering, Nanjing Forestry University (Nanjing
Forestry University — Herbarium No: 5563). Ferric chloride,
ferrous sulfate, sodium carbonate, sodium hydroxide,
hydrochloric acid, ethyl acetate and potassium persulfate
were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Ningbo, China). Methanol, acetonitrile, and acetic
acid were purchased from ANPEL. Trans-ferulic acid,
4-hydroxybenzoic acid, hydrocinnamic acid, trans-cinnamic
acid, vanillic acid, vanillin, gallic acid, phenylalanine,
catechin, epicatechin, p-hydroxycinnamic acid, benzoic
acid, protocatechualdehyde, 3,4-dihydroxybenzoic acid,
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caffeic acid, syringic acid, syringaldehyde, 4-hydroxy-3,5-
dimethoxycinnamic acid and salicylic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Gallic acid was
purchased from Aladdin (Shanghai, China). 2,2-diphenyl-1-
(2,4,6-trinitrophenyl) hydrazyl (DPPH) was purchased from
MACKLIN (Shanghai, China). Potassium ferricyanide and
Folin-Ciocalteu's phenol reagent were purchased from local
dealers.

2.2 Experimental design
2.2.1 Selection of variables

Different conditions have significant effects on the extraction
yield and phytochemical content, such as extraction time,
temperature, solvent-material ratio, solvent type, and solvent
concentration (Pandey et al. 2018). Generally, acetone,
ethyl acetate, methanol, ethanol and deionized water can
be selected based on their polarity for the extraction of
polyphenolic compounds. Owing to the green security and
efficient production of ethanol in the manufacturing process,
it was selected as the solvent in this experiment (Celli et al.
2015). According to previous work, bioactive compounds are
degraded when ultrasonic power exceeds 100 W (Chen et al.
2018). Therefore, the factors such as extraction temperature,
extraction time, ethanol concentration and solvent-material
ratio were selected as variables to comprehensively evaluate
the extraction yield by analyzing the total flavonoids content
(TFC), total phenol content (TPC), antioxidant activity
(DPPH) and total reducing power (TRP).

2.2.2 Experimental design

RSM is an extensively used technique in mathematical and
statistical research, which allows the design, optimization,
and evaluation of extraction processes. BBD model is
used for designing, building and interpretation of the
experiments. According to the single-factor experiment
model, a three-level, four-variable experimental design was
adopted to statistically optimize the extraction conditions of
polyphenols from CFR.

The BBD model consists of 29 trial runs, including the
24 factors and 5 central points, where the independent
variables were extraction time (X,;), extraction tempera-
ture (X,), ethanol concentration (X3), and solvent-mate-
rial ratio (X,). The effects of four independent variables
on four related responses Yygc, Yrpes Ypppys Y TrRp WETE
evaluated by BBD. The response surface to the design
experiment is shown in Table 1. The empirical model is
obtained through multiple regression analysis to evalu-
ate the data relationship between dependent variables and

independent variables. In order to predict the best point,
the fitting model adopts the following formula,

3 3 2 3
r=dgs TAX+ TAN + S 3 AN
i=1 i=1

i=1 j=it+1

where Y is the predictive response variable associated with
each three-level combination, and A, A;, A;;, and A;; are
the regression coefficients of intercept, linear, quadratic
term and cross product effect, respectively. X; and X; are
independent variables. The model evaluates the impact of
each independent variable on the response.

2.3 Extraction of CFR

The powdered sample (1 g) of CFR was mixed with
diffirent volumes (30~70 mL) of ethanol solution with
different concentrations (30~70%) in a 100 mL Erlenmeyer
flask and uniformly mixed with a vortex oscillator for
30 s. Subsequently, the mixture was fully extracted at
different extraction temperatures (30~70 °C) for different
time (0.5~2.5 h) by the UAE method. The variables of
extraction temperature, extraction time, solvent-material
ratio and ethanol concentration are given in Table 1,
respectively. Finally, the mixture was separated by a
centrifuge, and the collected supernatants were stored at
4 °C for further use. All experiments were carried out in
triplicate to ensure the repeatability of the experiment.

2.4 Total flavonoids content (TFC) analysis

TFC was measured based on the aluminum chloride
colorimetric procedure as described by Lucinskaité et al.
(2021). Briefly, a 5 mL volume of each eightfold diluted
sample and 0.3 mL sodium nitrite (5%, w/v) were added to
the test tube and incubated at room temperature for 6 min.
At the end of this period, 0.3 mL aluminum nitrate (10%,
w/v) was added to the test tube for additional 6 min at
room temperature. Following this, 4 mL sodium hydroxide
(4%, w/v) and 0.4 mL deionized water were added and
the absorbance spectrum of the mixture was measured at
510 nm after 15 min. TFC was quantified in triplicate.
The TFC was measured by the standard curve of rutin
equivalents (mg RE/g; y=0.2027x —0.1555, R?= 0.994),

xXVx8
TFC (mgge/8crr) = e

where x represents the extraction concentration of CFR; V

represents the volume of CFR; m represents the mass of
CFR.
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Table 1 Box-Behnken design (BBD) for the independent variables and corresponding response values

Runs Time (h) (X,) Temperature Ethanol Solvent-material TFC (mg RE/g) TPC (mg GAE/g) DPPH (%) TRP
(C) (Xy) concentration ratio (mL/mg) (X,) (absorbance
(%) (X3) value)
1 1.5 50 70 30 601.326 81.802 90.671 1.679
2 1.5 70 30 50 966.416 93.116 87.978 1.655
3 0.5 30 50 50 828.480 94.982 92.788 1.626
4 0.5 50 30 50 927.216 106.622 90.523 1.681
5 0.5 70 50 50 884.232 101.746 90.966 1.678
6 0.5 50 70 50 1016.280 102.521 92.211 1.634
7 1.5 50 70 70 709.193 90.611 88.423 1.593
8 1.5 30 50 30 472.849 59.264 88.121 1.655
9 2.5 50 50 30 521.717 75.804 89.621 1.641
10 1.5 50 50 50 984.160 106.266 92.830 1.738
11 1.5 70 50 30 602.506 72.837 87.801 1.648
12 2.5 50 70 50 1027.464 102.270 92.692 1.673
13 1.5 70 50 70 603.519 79.787 87.544 1.641
14 0.5 50 50 70 699.654 91.177 87.122 1.613
15 1.5 30 70 50 916.360 85.761 92.476 1.644
16 1.5 50 50 50 921.392 102.562 91.949 1.751
17 2.5 70 50 50 895.408 92.070 92.473 1.651
18 2.5 30 50 50 868.920 84.256 92.303 1.661
19 1.5 30 30 50 902.480 87.658 91.300 1.615
20 1.5 50 30 30 452.807 88.405 88.654 1.604
21 0.5 50 50 30 495.866 90.414 87.225 1.606
22 2.5 50 50 70 702.450 91.217 87.922 1.574
23 1.5 50 50 50 921.992 101.445 92.193 1.694
24 1.5 30 50 70 763.131 65.915 89.176 1.617
25 2.5 50 30 50 963.032 95.986 93.429 1.596
26 1.5 50 30 70 703.174 84.075 87.344 1.639
27 1.5 50 50 50 967.240 97.975 93.664 1.751
28 1.5 50 50 50 980.592 107.380 93.220 1.724
29 1.5 70 70 50 999.536 102.265 92.203 1.682

X, extraction time (h), X, Extraction temperature ('C), X; ethanol concentration (%), X, solvent-material ratio (mL/g), TFC Total flavonoids
content, TPC total phenolic content, DPPH 2,2-diphenyl-1-picrylhydrazyl radical scavenging ability, TRP total reducing power

2.5 Total phenolic content (TPC) analysis

TPC was measured based on the Folin-Ciocalteu pro-
cedure with minor modification (Vazquez et al. 2012).
Briefly, 0.2 mL of diluted CFR extract solution and 0.4 mL
of Folin-Ciocalteu’s reagent were mixed in the dark for
15 min; then 2.5 mL of Na,COj; solution (20% w/v) was
added and mixed evenly, and the resultant mixture was
diluted to 10 mL with deionized water and reacted for 1 h
in the dark. Finally, the absorbance spectrum of the mix-
ture was measured at 760 nm.

The TPC was measured by the standard curve of gallic
acid graph (mg GAE/g; y=1.0023x+0.1191, R>=0.998),
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xX VX8

TPC(mgcar/8crr) = "

where x represents the extraction concentration of CFR; V
represents the volume of CFR; m represents the mass of
CFR.

2.6 Antioxidant activity by DPPH assay

The scavenging activity of polyphenols to DPPH free radi-
cals was measured according to reported methods with some
modifications (Jung et al. 2016; Xiao et al. 2021). Briefly,
the extracted polyphenolic solution was first diluted to
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1.0~5.0 mg/mL by deionized water. Then, 2 mL of DPPH.-
ethanolic solution (0.1 mmol/L) was mixed with 0.5 mL of
the sample solution. The mixture was incubated at 37 °C
for 30 min in the dark prior to absorbance measurement at
517 nm. The scavenging activity to DPPH free radicals was
calculated according to the following equation,

i j) x 100%
A()

DPPH free radical scavenging activity = <1 -

where A; is the absorbance value of the sample with DPPH
solution, Aj is the absorbance of the mixture under identical
conditions to A; with distilled water instead of DPPH, A,
replace the sample solution with deionized water under the
same conditions as A;.

2.7 Total reducing power (TRP)

The total reducing power was determined based on a
previously reported method with minor modification
(Aroso et al. 2017). First, the extracted sample was diluted
with deionized water to prepare solutions with different
concentrations (1~5 mg/mL). Then, 1 mL of the sample
solution was mixed with 2.5 mL phosphate buffer solution
(2 mol/L, pH=6.6) and 2.5 mL of potassium ferricyanide
(1% v/w), which was reacted in a water bath at 50 °C for
20 min. 2.5 mL trichloroacetic acid (10% v/w) was added
to the cooled mixture and centrifuged. Finally, 5 mL of the
supernatant was evenly mixed with 5 mL of deionized water
and 1 mL of ferric chloride (0.1% v/w). The absorbance of
the mixed solution was measured at 700 nm.

2.8 Optimal condition and verification of the CFR

The optimized variables were kept at maximum value
(TFC, TPC, DPPH, TRP) based on the values obtained
using RSM. The optimized extraction conditions determine
all the responses. The effectiveness of the model will be
determined by comparing the experimental value with the
predicted value of CV%.

2.9 HPLC-MS analysis of polyphenols composition

Approximately 100 mg of CFR samples were treated with
2 mL of 4 M aqueous NaOH. The mixed solution was hydro-
lyzed at 40 °C for 2 h in a gas bath with shaking and pro-
tection from light. The pH value was adjusted to 2 by add-
ing 4 M aqueous HCI. The mixture was shaken with 2 mL
of n-hexane at room temperature for 20 min to remove the
n-hexane layer. Ethyl acetate (2 X2 mL) was used to extract
the aqueous layer, and the mixed extracts were concentrated
to nearly dry on a rotary evaporator at 35 °C under reduced
pressure. Prior to the analysis, the residue was dissolved in

200 pL of 50% methanol/water and transferred to insert-
equipped vials.

The polyphenols of CFR composition were characterized
according to the reported method with minor modifications
(Fu et al. 2021). The sample extracts were analyzed using an
UPLC—Orbitrap—MS system (UPLC, Vanquish; MS, QE).
The analytical conditions were as follows: UPLC: column,
Waters HSS T3 (50%2.1 mm, 1.8 pm); column temperature,
40 °C; flow rate, 0.3 mL/min; injection volume, 2pL; solvent
system, water (0.1% acetic acid): acetonitrile (0.1% acetic
acid); gradient program, 90:10 V/V at 0 min, 90:10 V/V
at 2.0 min, 40:60 V/V at 6.0 min, 40:60 V/V at 8.0 min,
90:10 V/V at 8.1 min, 90:10 V/V at 12.0 min.

HRMS data were recorded on a Q Exactive hybrid
Q-Orbitrap mass spectrometer equipped with a heated ESI
source (Thermo Fisher Scientific) utilizing the SIM MS
acquisition methods. The ESI source parameters were set as
follows: spray voltage, — 2.8 kV; sheath gas pressure, 40 arb;
aux gas pressure, 10 arb; sweep gas pressure, 0 arb; capillary
temperature, 320 ‘C; and aux gas heater temperature, 350 C.

2.10 Statistical analysis

All analyses were performed in triplicate, and data were
expressed as means + standard deviation (SD). The Design-
Expert software was used for experimental design calcula-
tion, data analysis and prediction. The data were analyzed
by analysis of variance (ANOVA, Pb 0.05). Comparisons of
means between multiple groups were performed using Dun-
can’s multiple range test. The result from HPLC acquired on
the Q-Exactive using Xcalibur 4.1 (Thermo Scientific), and
processed using TraceFinder™4.1 Clinical (Thermo Scien-
tific). Quantified data were output into Excel format.

3 Results and discussion
3.1 Fitting the model

The effects of UAE on the phenolic yields and antioxidant
properties in CFR were verified by RSM and BBD. The
experiments were randomly grouped as shown in Table 2.
ANOVA revealed the idealization of regression equation
and significance of the model by high F-value and low p
value (p <0.05). Lack of fit of each model was not signifi-
cant (p <0.05), demonstrating the relationship between inde-
pendent variables and dependent variables in the established
model. The values of determination coefficients (R?) for the
TFC, TPC, DPPH, TRP were as follows: 0.9754, 0.9507;
0.9126, 0.9286, respectively, the overall R? value is more
than 0.9, close to 1, indicating the significant correlation of
the experiment and the predicted value. In addition, the coef-
ficient of variation (CV < 10%) suggests a positive impact on
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Table 2 Regression coefficient (B), coefficient of determination (R?
and Rzadj) and F- value (model) and F-value (lack of fit) of the pre-
dicted second order polynomial models for polyphenolics and antioxi-
dant activities

Regression coefficients (f3)

TEC TPC DPPH TRP
Intercept, X,, 955.075 103.13 92.771 1.732
Linear
X, 10.605 -3.82"  0634° -0.003
X, 16.616 533"  —0.600" 0.011"
X, 29.586" 0.78 0.787" 0.009
X, 86.171" 285" —0380 —0.013"
Quadratic
X2 -20.532 121 —-0266  —0.049"
X,2 -36392"  —1246"" -0.785 -0.032"
X42 23.789 022  -0438  —0.042""
X2 —333.348" —1851"" -3.973"" —0.065"
Cross product
XX, -17316 0.26 0498  —0.016
XX, -6.158 2.60  —0.606 0.031"
XX, - 5.764 366 —0399  —0.019
X, X, 4.810 2.76 0.762 0.000
X, X, —-72.317" 0.074 —0.328 0.008
XX, - 35.625 328  -0234  -0030"
Ryved 0.876 0.774 0.557 0.747
R 0.975 0.951 0.913 0.929
R 0.951 0.901 0.825 0.857
F value (model) 39.714" 19.272°  10.447° 12,996
F value (lack 1.962 1.015 2.053 0.357

of fit)

X, extraction time (h), X, extraction temperature (‘C), X; ethanol
concentration (%, v/v), X, solvent-material ratio (mL/g), TFC total
flavonoids content, TPC total phenolic content, DPPH 2,2-diphenyl-
1-picrylhydrazyl radical scavenging ability, TRP total reducing
power, R> coefficient determination, Rzad/- adjusted coefficient
determination

Level of signification *p <0.05, **p <0.01, ***p <0.001

the experimental runs and a high reliability result. The three-
dimensional (3D) response surface graphs were generated
corresponding to the interaction of each response variable.

3.2 Effect of different variables on the extraction
of CFR

3.2.1 Effect of extraction variables on total flavonoid
content (TFC)

The model was extremely significant (p <0.0001) accord-
ing to the experimental data. Based on the linear effects of
ethanol concentration (X;), quadratic effects of temperature
(Xzz), and interaction of temperature X solvent-material
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ratio (X,X,) showed a significant effect (p <0.05) on the
TFC, and solvent-material ratio (X,) and X,> showed
an extremely significant effect on the TFC (p <0.0001)
(Table 2). TFC was remarkably major dependent on X,
X5, X,, X4? and extraction time according to the regression
coefficient (f). Based on the multiple regression analysis of
the experimental data, the prediction model equation using
the coefficients shown in Table 2 is

Yrpe = 955.08 + 10.61X, + 16.62X, + 29.59X;
+86.17X, — 7.32X,X, — 6.16X,X; — 5.76X, X,
+4.81X,X; — 72.32X,X, — 35.63X,X,
—20.53X] — 36.39X; + 23.79X — 333.35X

The lack of fitted insignificant value (F=1.96)
indicates that the model fitted the response to the CFR
impact variable with good prediction (R*=0.9754;
Radj2 =0.9509). The low degree of the coefficient of
variation (CV =5.03%) shows that the experimental data
values were of high precision and trustworthiness.

Ultrasound-assisted extraction had a significant effect
on the flavonoid content, and the solvent-material ratio
had a major role in the flavonoid concentration content
(»<0.0001). The possible reason for this result is based on
the mass transfer principle, where a concentration difference
is formed between the solid and the solvent, with increas-
ing the solvent-material ratio to enhance the contact area
between the solid raw material and the solvent (Zivkovié
et al. 2018), and reduce the viscosity of the solution, thereby
preventing the solution from reaching saturation in the low
concentration state (Hou et al. 2019; Wang and Zhou 2021).
Similarly, there was a significant (p < 0.05) positive effect of
the ethanol concentration, where the flavonoid compounds
in plants had a good affinity with lipophilic substances, and
they are stable regardless of their affinity with ethanol/water
(Mokrani and Madani 2016), which was also confirmed in
the present research.

Nonetheless, the interaction between extraction tempera-
ture and solvent material (X,X,) illustrated a significant
(p <0.01) effect. The extraction of yield of TFC increased
with increasing temperature and solvent material. At lower
temperatures and solvent material, the interaction was not
observed. However, the interaction of extraction tempera-
ture and solvent material increased the TFC as the tempera-
ture and the liquid ratio increased as also reported in other
research (Sirichan et al. 2022; Zheng et al. 2021). This can
be explained by the possibility that the increase in the tem-
perature and the solvent-material ratio contributed to the
penetration of the solvent into the plant cells and increased
the solubility (Belwal et al. 2016), while the increase in
temperature accelerated (Xu et al. 2013) the diffusion rate
and led to the increasing extraction yield (Fig. 1).
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Fig. 1 Interactive effect of extraction variables on total flavonoid con-
tent (TFC). Interactive effect of A extraction temperature and extrac-
tion time on extraction yields of TFC, B ethanol concentration and
extraction time on extraction yields of TFC, C solvent-material ratio
and extraction time on extraction yields of TFC, D ethanol concentra-

3.2.2 Effect of extraction variables on total phenolic
content (TPC)

The model was shown to be highly significant (p <0.0001)
as demonstrated by the experimental data. As shown in
Table 2, the linear effects of the solvent-material ratio
(X,) illustrated a significant (p < 0.05) effect on TPC, and
extraction time (X,), temperature (X,) suggested a highly
significant effects(p < 0.01) on TPC, and quadratic effects
of temperature (X22) and solvent-material ratio (X42) were
extremely significant (p <0.0001) on the TPC. TPC was
greatly dependent on X,, X,X,, X3X,, X, showing major
positive effect according to the regression coefficient
(p). Based on the multiple regression analysis of the
experimental data, the prediction model equation using
the coefficients shown in Table 2 is

Yrpe = 103.13 — 3.82X, + 5.33X, + 0.78X; + 2.85X,
+0.26X, X, + 2.6X, X5 + 3.66X, X, + 2.76X,X;
+0.074X,X, + 3.28X;X, + 1.21X; — 12.46X;
+0.22X7 — 18.51X;

1 -
o5 A: time

R1(TFC)

Do
30 05

D: material-to-liquid ratio

R1(TFC)

60

50
40 B: temperature

60
\/ =
C: concentration of ethanol

40
D: material-to-liquid ratio 3030

tion and extraction temperature on extraction yields of TFC, E sol-
vent-material ratio and extraction temperature on extraction yields of
TFC, F solvent-material ratio and ethanol concentration on extraction
yields of TFC

The lack of fitted insignificant value (F =1.01) indicates
that the model fitted the response to the CFR impact varia-
ble with good prediction (R*=0.9507; R,4;*=0.9013). The
low degree of the coefficient of variation (CV =4.02%)
affirms that the experimental data values have a high
degree of precision and reliability.

It can be observed that extraction time had a highly
significant effect (p <0.01) on the yield of CFR from the
ANOVA. With the increase in extraction time, the cavita-
tion effect and prolonged implosion time in the air bubbles
would cause rupture of plant cell walls, and improve the
quality transfer of solvent to plant cells (Zemouri-Alioui
et al. 2019; Wong et al. 2017). However, excessively long
extraction times can lead to degradation of the active sub-
stances and reduce the extraction efficiency (Fig. 2), as
reported in previous studies (Sharmila et al. 2016; Zhang
et al. 2019). Simultaneously, temperature also had a sig-
nificant effect on the extraction efficiency of total phenols,
and the extraction yield could be accelerated by the move-
ment and diffusion of substances (Chen et al. 2018).
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Fig. 2 Interactive effect of extraction variables on total phenolic con-
tent (TPC). Interactive effect of A extraction temperature and extrac-
tion time on extraction yields of TPC; B ethanol concentration and
extraction time on extraction yields of TPC, C solvent-material ratio
and extraction time on extraction yields of TPC, D ethanol concentra-

3.2.3 Effect of extraction variables on antioxidant activity
and total reducing power (TRP)

The model was verified to be highly significant (p <0.0001)
and reproduced in the experiment by analyzing the
experimental data (DPPH, TRP).

For scavenging DPPH free radicals, the linear effects
of extraction time (X), temperature (X,) and the ethanol
concentration (X;) showed a significant (p <0.05) effect on
antioxidant activity, and quadratic effects of solvent-mate-
rial ratio (X,°) demonstrated an extremely significant effect
(»<0.0001) on antioxidant activity (Table 2). The optimal
positive effect of X, temperature X the ethanol concentration
(X,X3), X, as well as extraction time X temperature (X;X,)
on antioxidant activity was shown based on the regression
coefficient (f). Based on the multiple regression analysis of
the experimental data, the prediction model equation using
the coefficients shown in Table 2 is

Ypppy = 92.77 4+ 0.63X, — 0.60X, + 0.79X; — 0.38X,
+0.50X, X, — 0.61X, X; — 0.40X, X, + 0.76X,X,
- 0.33X,X, — 0.23X;X, — 0.27X; — 0.78X;
- 0.44X; —3.97X;
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tion and extraction temperature on extraction yields of TPC, E sol-
vent-material ratio and extraction temperature on extraction yields of
TPC, F solvent-material ratio and ethanol concentration on extraction
yields of TPC

With respect to the TRP, the linear effects of temperature
(X,) and solvent-material ratio (X,), the interaction between
extraction time X the ethanol concentration (X;X5) and
the ethanol concentration X solvent-material ratio (X;X,)
showed a significant (p < 0.05) effect on antioxidant activity,
following by quadratic effects of all independent variable
revealed a significant effect (p <0.01) on antioxidant activity
(Table 2). The optimal positive effect of X5 on antioxidant
activity was shown based on the regression coefficient
(p). Based on the multiple regression analysis of the
experimental data, the prediction model equation using the
coefficients shown in Table 2 is

Yo = 1.73 = 0.003X, + 0.011X, + 0.009X; — 0.013X,
- 0.016X,X, + 0.031X,X; — 0.018X, X, — 0.004X,X,
+ 0.008X,X, — 0.03X;X, — 0.049X; — 0.032X;
— 0.042X7 — 0.065X;

The lack of fitted insignificant value (Fpppy=2.05;
F1pr =0.36) indicates that the model fitted the response
to the CFR impact variable with good prediction
(Rpppr> =0.9126, R,4;> =0.8253; Rygp” =0.9286,
Radj2=0.8571). The experimental data values with high
reliability and accuracy are determined from the low
degree of the coefficient of variation (CVpppy=1.04%;
CVirp=1.06%).
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By contrast, extraction temperature had a positive
effect on all reactions. The antioxidant activity was
inextricably linked to the TFC and TPC. Phenolic
compounds possess phenolic hydroxyl functional groups
on the benzene ring, resulting in antioxidant properties
that can inhibit or quench free radical reactions based
on their hydrogen atom supply capacity, solubility and
reducing power of chelating properties (Barreca 2021;
Abbas et al. 2017). TRP could be considered as a key
parameter of antioxidant performance, by supplying
electrons to reactive radicals to terminate free radical
chain reactions (Kandasamy and Aradhya 2014).

With increasing temperature, the scavenging ability
of radicals gradually increased until the maximum activ-
ity was reached. According to the reason pointed out
in previous reports (Chotphruethipong et al. 2017; Lin
et al. 2020) it is due to the strong correlation between
antioxidant activity and TPC, the increase in time and
temperature accelerates the solvent flow and extraction
speed (Fig. 3), allowing the extraction of TPC with higher
content in a short time (Benchikh et al. 2019) (Fig. 4),
indirectly improving the scavenging efficiency of DPPH
radicals (Yap et al. 2021; Yue et al. 2021).

>
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Fig.3 Interactive effect of extraction variables by DPPH. Interac-
tive effect of A extraction temperature and extraction time on extrac-
tion yields of DPPH, B ethanol concentration and extraction time
on extraction yields of DPPH, C solvent-material ratio and extrac-
tion time on extraction yields of DPPH, D ethanol concentration and

3.3 Optimization of extraction conditions
and validation

The optimal combination and conditions for the relationship
between the independent (extraction time, extraction
temperature, ethanol concentration and solvent-material
ratio) and dependent variables (TPC, TCF, DPPH and TRP)
were determined using response surface and Design-express
software. In the optimization of extraction conditions:
extraction time is 1.629 h, temperature of 53.364 °C, ethanol
concentration of 60.957% (v/v) and solvent-material ratio
of 47.7249.599 mL/g. All experiments were repeated three
times under optimal extraction conditions and the assay
(Table 3). The TFC and TPC models developed to optimize
the extraction of CFR conditions are adapted to this result,
so the method is repeatable, precise and reliable.

3.4 Identification and quantification
of the chemical composition by HPLC-MS
analysis

A total of 19 standards were used in this work which were
all detectable in the CFR. In Table 4 and Fig. 5, the type,
retention time (RT), mass-to-charge ratio (quan peak) and
concentration of each phenolic acid component in CFR

@

R3 (DPPH)

R3 (DPPH)

A

5" AN
7 30770 U matenai-o-iquid ratio

70 D: material-to-liquid ratio C: concentration of ethanol

extraction temperature on extraction yields of DPPH, E solvent-mate-
rial ratio and extraction temperature on extraction yields of DPPH, F
solvent-material ratio and ethanol concentration on extraction yields
of DPPH
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Fig.4 Interactive effect of extraction variables by TRP. Interactive
effect of A extraction temperature and extraction time on extrac-
tion yields of TRP, B ethanol concentration and extraction time on
extraction yields of TRP, C solvent-material ratio and extraction time

are provided. Phenolic acids can be classified into two cat-
egories, derived from benzoic and cinnamic acids, respec-
tively (Bicudo et al. 2014). In this study, 19 phenolic acids
were determined from the CFR as 12 hydroxybenzoic acid
(gallic acid, 3,4-dihydroxybenzoic acid, protocatechualde-
hyde, catechin, vanillic acid, syringic acid, l-epicatechin,
4-hydroxybenzoic acid, vanillin, syringaldehyde, salicylic
acid, benzoic acid) and 7 hydroxycinnamic acid (phe(l-
phenylalanine), caffeic acid, p-hydroxycinnamic acid,
4-hydroxy-3,5-dimethoxycinnamic acid, ferulic acid,
hydrocinnamic acid, trans-cinnamic acid). Among the
phenolic acids identified, the peak 7 at 5.54 min with a
negative molecular ion at [MS-H]* at an m/z of 179.04
showed the fragment identified as caffeic acid (553.31 pg/
mg, DW). Caffeic acid as the most abundant phenolic acid

Table 3 Experiment data for the validation of predicted value at opti-
mal extraction conditions

Dependent Experimental value Predicted value Std. error

variables

TFC (mg RE/g) 971485 +0.390  979.852 5.916

TPC (mg GAE/g)  103.801 + 5.965 104.024 0.158

DPPH (%) 93.178 £ 1.147 93.074 0.074

TRP (absorbance 1.611 +0.077 1.726 0.081
value)

@ Springer

on extraction yields of TRP, D ethanol concentration and extraction
temperature on extraction yields of TRP, E solvent-material ratio and
extraction temperature on extraction yields of TRP, F solvent-mate-
rial ratio and ethanol concentration on extraction yields of TRP

in CFR has a highly antioxidant capacity, with previous
studies (Dudylina et al., 2019) suggesting that caffeic acid
in the bark could be a healthy source of antioxidants. In
addition, based on the chromatogram peaks 14 and 15 at
6.67 min, 6.69 min and negative molecular ion at [MS-
H]* at an m/z of 223.06 and 193.05 were identified as
4-Hydroxy-3,5-dimethoxycinnamic acid (62.94 pg/mg,
DW) and ferulic acid (80.98 pg/mg, DW), respectively.
4-Hydroxy-3,5-dimethoxycinnamic acid has a high anti-
oxidant capacity equivalent to the caffeic acid (Miguez
et al. 2022). Ferulic acid is one of the most common acids
extracted from cinnamic acid, and it has been shown that
large amounts of ferulic acid can produce a mighty effect
on antiproliferative activity (Zduriska et al. 2018). Peaks
10, 3, 4 and 8 were corresponding to p-hydroxycinnamic
acid, 3,4-dihydroxybenzoic, protocatechualdehyde and
syringic acid, respectively, which were also higher in the
CFR, with the content of 26.92, 21.87, 20.35, 10.09 pg/
mg. In addition, there are small amounts of phenolic com-
pounds such as gallic acid, phe (I-phenylalanine) catechin,
vanillic acid, l-epicatechin, 4-hydroxybenzoic acid, vanil-
lin, syringaldehyde, salicylic acid, benzoic acid, hydrocin-
namic acid, and trans-cinnamic acid. This study confirmed
that the well-known components which may have potential
pharmacological effects in CFR have significant antioxi-
dant effects, and that high concentrations of cinnamic acid
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Table 4 HPLC_MS proﬁ.le of Analyte RT (time) Quan peak Concentration
the phenolic compounds in the (ng/mg, DW)
CFR

1 Gallic acid 1.70 169.01 0.65

2 Phe (I-phenylalanine) 1.92 164.07 0.04

3 3,4-dihydroxybenzoic acid 3.47 153.02 21.87

4 Protocatechualdehyde 4.76 137.02 20.35

5 Catechin 5.11 289.07 0.01

6 Vanillic acid 5.50 167.04 4.84

7 Caffeic acid 5.54 179.04 553.31

8 Syringic acid 5.71 197.05 10.09

9 l-epicatechin 5.77 289.07 0.08

10 p-hydroxycinnamic acid 6.38 163.04 26.92

11 4-hydroxybenzoic acid 6.43 136.02 9.55

12 Vanillin 6.42 151.01 9.14

13 Syringaldehyde 6.61 181.05 7.01

14 4-Hydroxy-3,5-dimethoxycinnamic 6.67 223.06 62.94

aciddimethoxycinnamic acid

15 Ferulic acid 6.69 193.05 80.98

16 Salicylic acid 6.95 137.02 0.98

17 Benzoic acid 7.22 121.03 1.43

18 Hydrocinnamic acid 8.11 149.06 0.61

19 Trans-cinnamic acid 8.17 147.05 2.64

derivatives, such as caffeic acid, 4-Hydroxy-3,5-dimethox-
ycinnamic acid and ferulic acid, conferred stronger anti-
oxidant capacity to CFR.
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Fig.5 HPLC-MS chromatograms of CFR phenolic acids: 1-gal-
lic acid; 2-phe (I-phenylalanine); 3-3,4-dihydroxybenzoic acid;
4-protocatechualdehyde; S-catechin; 6-vanillic acid; 7-caffeic
acid;  8-syringic acid; 9-l-epicatechin; 10-p-hydroxycinnamic
acid; 11-4-hydroxybenzoic acid; 12-vanillin; 13-syringaldehyde;
14-4-hydroxy-3,5-dimethoxycinnamic acid; 15-ferulic acid; 16-sali-
cylic acid; 17-benzoic acid; 18-hydrocinnamic acid; 19-trans-cin-
namic acid

4 Conclusion

In this study, a method to optimize the ultrasound-
assisted extraction of phenolic compounds and
antioxidant activity from Cortex fraxini was designed.
Optimal physicochemical properties were obtained for
4 variables: extraction time, extraction temperature,
ethanol concentration, and solvent-material ratio by
running 29 randomized experiments with response surface
methodology. In the case of optimal total flavonoid and
total polyphenol content, the optimal conditions for the
four parameters were: extraction time 1.629 h, extraction
temperature 53.364 °C, ethanol concentration (v/v)
60.957% and solvent-material 49.599 mL/g. Model
validation experimental results agreed with predicted
values. The main phenolic compounds in Cortex
fraxini are caffeic acid, erucic acid, ferulic acid and
p-hydroxycinnamic acid. In any case, the optimized
extraction method is advantageous for the extraction and
separation of phenolic compounds in Cortex fraxini, which
is useful for the pharmaceutical, food and cosmetic fields.
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