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Extracting polyphenolic bioactive compounds from Pinus elliottii needles, a forestry residue, promises economic
and environmental benefits, however, relevant experimental data are lacking. Herein, a comprehensive inves-
tigation of the polyphenolic composition of pine needles (PNs) was carried out. Ultrasound-Assisted Extraction
(UAE) was applied to extract the polyphenolic compounds of pine needles. The optimal conditions of extracts
were determined by Response Surface Methodology (RSM). The maximum total phenolic content (TPC) of
40.37 mg GAE/g PNs was achieved with solid-liquid ratio of 1:20, 60 % ethanol, and 350 W for 25 min at 45 °C.
Polyphenolic extracts showed antioxidant activity in scavenging free radicals and reducing power (DPPH, ICso
41.05 pg/mL; FRAP 1.09 mM Fe?*/g PNs; ABTS, ICso 214.07 pg/mL). Furthermore, the second-order kinetic
model was also constructed to describe the mechanism of the UAE process, with the extraction activation energy
estimated at 12.26 kJ/mol. In addition, 37 compounds in PNs were first identified by UHPLC-Q-Exactive Orbitrap
MS/MS, including flavonoids and phenolic acids. The results suggest that Ultrasound-Assisted is an effective
method for the extraction of natural polyphenolic compounds from pine needles and this study could serve as a

foundation for utilizing phenolics derived from PNs in the food and pharmaceutical industries.

1. Introduction

Pinus genus consists of approximately one hundred and twenty spe-
cies, growing in a wide range of Asia, Europe, and North America, many
of which are quite harsh and extreme [1]. Pinus elliottii is a highly
economically valuable species within the Pinus genus, characterized by
its rapid growth, high resin production, and resilience [2,3]. Its wood is
used in both the timber and pulp industries, and the exuded turpentine
from pine is an important raw material for food, pharmaceuticals, and
chemicals. Pine needles (PNs) the leaves of Pinaceae plants from the
main residue of pine trees are fast-growing, naturally stocked, widely
distributed, and harvested throughout the year. In 2018, the yearly net
yield of pine needles in the Western Himalayan region alone was 67.99
million tons. However, most of the pine needles are discarded directly,
and highly flammable waste PNs are mostly responsible for forest fires,
which cause significant harm to flora, fauna, and forest land and emit
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greenhouse gas into the atmosphere [4]. Currently, only a small per-
centage have been processed into manufactured products, such as pine
needle powders added to food, pine needle tea, and pine needle bever-
ages. The low utilization rate leads to a significant waste of resources.
Numerous studies have shown that pine needles are of high nutritional
and medicinal value with abundant protein, vitamins, minerals, and
essential oils [5-9]. However, previous studies have primarily examined
the PNs’ volatile components, with no published report specifically
addressing the analysis, identification, antioxidant activity, and TPC of
polyphenolic compounds in PNs.

Polyphenolic compound is a type of natural active substance
extracted from plants including Pinus genus, which belong to the main
products of secondary metabolites [10]. It is present in the leaves, the
bark and the fruit and exhibits valuable biological properties with po-
tential health benefits effects and bioactivity as high value-added com-
pounds, such as antioxidant, anti-inflammatory, and antimicrobial
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activities [11]. So it is a beneficial natural antioxidant source for use in
food additives, cosmetic ingredients, or as precursors for the pharma-
ceutical industry [12].

The traditional method for polyphenolic compound extraction is
Conventional Solvent Extraction (CSE), which often intensifies mass
transfer by heating, causing the polyphenolic compound to be released
into the solvent water [13]. Nonetheless, Ultrasound-Assisted Extraction
(UAE) is an eco-friendly method that reduces the time of extraction,
solvent volume, and energy input compared to CSE [14]. UAE primarily
facilitates the release of soluble compounds from the plant by inducing
cavitation that damages the cell walls, improves mass transfer, and en-
ables the solvent to access cell contents [15]. However, the application
of UAE involves the interaction of multiple factors. So, it is important to
optimize the extraction conditions by Response Surface Methodology
(RSM) increasingly utilized to design multivariate experiments to reduce
the number of analyses required in the optimization process, resulting in
richer and more precise results than traditional full factorial experi-
ments [16-18]. In addition, physical or empirical kinetic models have
been used to describe the mechanism of the solid-liquid extraction
process [19].

The extraction of PNs’ polyphenolic compounds, a forestry residue,
has many economic and environmental benefits and good prospects in
high-end bioactive utilization. Salzano de Luna et al. reported the results
of three extraction methods (conventional maceration, microwave-
assisted extraction, UAE) for Pi nds pi nea needle extracts [20]. How-
ever, much of the relevant data is currently lacking, including the types
of polyphenolic compounds found in pine needles, the extraction
methods and efficiencies, and the kinetic model of the extraction, which
is essential for the industrial exploitation of the extraction process.

The objective of this work was a comprehensive study of pine needles
(pinus elliottii). The extraction conditions of polyphenolic compounds
from pine needles (pinus elliottii) were optimized by RSM. A second-
order extraction dynamics model was created to analyze the impact of
temperature on the extraction process. The antioxidant capacity of PNs
extraction was evaluated by DPPH, FRAP, and ABTS. The polyphenolic
compounds were identified by UHPLC-Q-Exactive Orbitrap MS/MS. The
research results are intended to provide a foundation for future appli-
cations of polyphenolic compounds from pine needles (Pinus elliottii) in
the field of food and pharmaceuticals.

2. Materials and methods
2.1. Raw material and solvents

Fresh pine needles (Pinus elliottii) were purchased from Wuzhou,
Guangxi Zhuang Autonomous Region, China. Fresh pine needles were
frozen at —4 °C. For use, they were first cut into approximately 2 cm long
pieces. Then it was placed in a blast drying oven (DHG-9030A) at 45 °C
for 24 h. Finally, placed in a pulverizer (FW100, Taisite Instrument Co.,
Tianjin, China) for 5 min. They were pulverized into powder and sieved
by a 60-mesh screen.

Gallic acid, Rutin, DPPH (2,2-diphenyl-1-picrylhydrazyl), Vitamin C
(L-Ascorbic acid), Folin-Ciocalteu’s phenol reagent, Pyrogallol, TPTZ
(2,4,6-Tri(2-pyridyl)-s-triazine), ABTS (2,2-azino-bis(3ethyl-
benzothiazoline-6-sulfonic acid)) were purchased from Macklin Com-
pany (Shanghai, China). The other chemical reagents were of analytical
grade.

2.2. Ultrasound-assisted extraction of polyphenolic extract

A sample of crushed pine needles (1 g) is placed in a centrifuge tube
(polypropylene, 50 mL, round bottom) and mixed with an appropriate
volume of aqueous ethanol solution. Centrifuge tubes containing sam-
ples are sonicated in a sonication unit at different power, time, and
temperature. All samples were placed in the fixed position of the ul-
trasound bath (KQ-500DB, China). Each sample was repeated three
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times. Parameters were adjusted according to the parameter settings of
Single-factor and RSM experiments. After UAE, the mixture was placed
in a high-speed centrifuge (TG16K-II, DONGWANG INSTRUMENT,
China) and spun at 10,270 g for 10 min. The resultant supernatant was
collected, diluted to 100 mL, and then stored at a temperature of —4 °C.

2.3. Single-factor experimental and RSM based on CCD experimental
design

Single-factor experiments were conducted using various power levels
(250, 300, 350, 400, 450 W), temperatures (25, 35, 45, 55, 65 °C),
ethanol concentrations (40, 50, 60, 70, 80 %), solid-liquid ratios (1:X,
X =5, 10, 15, 20, 25), and times (10, 15, 20, 25, 30 min) (Table 1).

Design-Expert 13 was used to establish Response Surface Method-
ology (RSM) based on Central Composite Design (CCD) for investigating
the Ultrasound-Assisted Extraction process of PNs’ polyphenolic com-
pounds. Table 2 displays the outcome of the RSM process. RSM was
designed to explore four independent factors with TPC as the response
variable.

2.4. Total phenolic and flavonoid contents of PNs extracts

The total phenolic content (TPC) within the supernatant of the PNs
extracts was assessed using the Folin-Ciocalteu method in accordance
with the adjustments of Fatima et al. [21]. Initially, 20 pL supernatant
was diluted to 1mL and 1 mL of Folin-Ciocalteu solution was then
added. Following a 3-minute incubation period, 3 mL of 10 % NayCOs3
solution was added. The combination was then kept away from light and
left to stand for 40 min before measurement. The content and standard
curve were calculated by measuring the absorbance at 765 nm with a
UV-visible spectrophotometer (UV-2600, SHIMADZU, Japan). The re-
sults were presented as milligrams of gallic acid equivalents (GAE) per
gram of pine needles (mg GAE/g PNs).

The total flavonoid content (TFC) was determined in the PNs extracts
(supernatant) using Wang et al.’s method with little adjustments
[22,23]. The 50 pL sample solution was diluted to 2 mL and then mixed
with 0.15mL 5% NaNO; solution and 2 mL of deionized water. The
mixture was shaken thoroughly and left for 6 min after adding 0.15 mL
10 % AI(NOs3)3 solution. Then, 2.0 mL of 4 % NaOH solution was added,
and the mixture was shaken thoroughly and left to stand for 15 min,
protected from light. The absorbance was measured at a wavelength of
510 nm with 60 % ethanol employed as a blank control, and subsequent
calculations were made for both content and standard curve. The results
were presented as milligrams of rutin equivalent (RE) per gram of pine
needles (mg RE/g PNs).

2.5. Kinetic modeling

The extraction kinetic model refers to the second-order extraction
kinetic model [24-26]. Assume that the extraction process is as follows.

Pinus needle(s) + 60% ethanol(l)—pinus needle(s) + polyphenol compounds
+ 60% ethanol(aq)
@

And assume that (1) the extractable fraction distributes evenly within
the solid (2) the solid is well distributed in the extraction solvent, and (3)
a constant diffusion coefficient for the extractable fraction.

The leaching rate of polyphenols from the pine needle can be
expressed as Eq (2):

dcz 2
-=k(Cs — C 2
7 =kCs =€) @

Ct (mg GAE/mL) is the concentration of PNs’ polyphenolic at t (min).
Cs (mg GAE/mL) is the concentration of polyphenolic in the super-
natant at saturation.
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Table 1
Single dependent variables of extraction conditions experimental design.
Single factor Power (W) Temperature (°C) Ethanol Concentration (%) Solid-liquid ratio (1:X) Time (min)
Power 250,300,350, 400,450 45 60 15 20
Temperature 350 25,35,45, 55,65 60 15 20
Ethanol concentration 350 45 40,50,60, 70,80 15 20
Solid-liquid ratio 350 45 60 5,1015, 20,25 20
Time 350 45 60 20 10,15,20, 25,30
k (mL/mg-min) is the extraction rate constant.
Table 2 . . . ko (mL/mg-min) is the thermal independent factor.
CCD with responses of the dependent variables to extraction conditions. . . o .
Ea (J/mol) is extraction activation energy.
Run  Power A Temperature B Solid-liquid Time D TPC (mg R (8.314 J~m0171~K) is the gas constant.
W o cax (min) GAE/g PNs) T (K) is the absolute liquid phase extraction temperature.
1 1(400) -1(35) 1(20) 1(25) 36.98 Taking Ink as the x-axis coordinate and 1/T as the y-axis coordinate,
2 —2(250)  0(45) 0as) 00) 32.72 the resulting equation can be linearized Eq (7), always resulting in the
3 -1(300) -1 1 -1(15) 34.72 . L
4 1 1 1 1 37.02 thermal independent factor (ko) and the activation energy (Ea).
5 0(350) 0 0 0 40.37 _Ea\ 1
6 -1 -1 -1(10) -1 31.98 Ink = Inko + (_) — @
7 0 2(65) 0 0 36.44 R )T
8 1 -1 -1 1 34.86
9 -1 1 1 -1 35.78 To determine the agreement between predicted and measured data, the
o 1 1 1 1 37.66 R-squared (R?) was utilized. The R? equation is shown in Eq (8).
11 0 —2(25) 0 0 33.8
12 1 1 -1 -1 32.53 2
n ~
13 -1 1 -1 -1 33.27 Yo (yf - y,->
14 0 0 0 -2(10)  32.09 R=l-— (8)
15 0 0 0 0 40.1 > i =)
16 0 0 0 0 40.83
17 1 -1 -1 -1 30.92 Here n corresponds to the count of samples. y; denotes the actual
12 8 g g 5(30) 2;22 measured data of the sample. y; refers to the model-fitted data of the
20 0 0 _2(5) 0 35.61 sample, and yzrepresents the average of all experimental data. The
21 1 1 1 1 34.08 standardized R“ falls between 0 and 1 with higher values indicating a
22 1 -1 1 -1 32.84 stronger correlation between the measured and the model-fit data.
23 -1 1 -1 1 34.66
24 2(450) 0 0 0 31.95
25 -1 1 1 1 38.07 2.6. Antioxidant activity of PNs extracts
26 1 1 -1 1 35.76
27 0 0 0 0 39.16 . . .
28 0 0 2025) 0 40.66 2.6.1. DPPH radical scavenging capacity assay '
29 0 0 0 0 39.45 The method of Zhang et al. was used to assess the scavenging ca-
30 1 1 1 -1 33.81 pacity of PNs extracts (supernatant) for DPPH radicals with minor

k (mL/mg-min) represents the constant for the rate of second-order
extraction.

The extracted kinetic constants were calculated using the formula Eq
(2), integrating under the boundary conditions (C; = 0-t and t = 0-t), and
expressed as either a formal equation Eq (3) or a linear equation Eq (4).

C?kt

C=1Tcm ®

t 1 t 1 t
a—@‘i’a—ﬁ‘i’a (4)

h (mL/mg-min) is the starting extraction rate at which C; and t tend to 0.
TPC at any given moment can be expressed as Eq (5) after
rearrangement.

t

C =
Pt

)

Ql~

s

when plotting with °t" as the x-axis coordinate and 't/C,’ as the y-axis
coordinate, the slope of the line is given by 1/C;, and the intercept by
1/h. This provides the second-order extraction rate constant.

According to Arrhenius Equation Eq (6), the rate constant rises as the
temperature increases.

—E
k = koexp (R—Ta> 6)

modifications [27]. The supernatant was initially diluted 20 times. Af-
terwards, the DPPH reagent was combined with the diluted samples
(3mL + 1 mL) at room temperature, then the combination was incu-
bated in the dark for 30 min. The free radical scavenging assay was
checked at 520 nm wavelength while utilizing Vitamin C and Trolox as
positive control. The formula Eq (9) was used to calculate the DPPH
radical scavenging activity:

Ai —Ap
A

DPPH radical scavenging rate % = { 1
0

} x 100 9

Ag represents the DPPH absorbance value when no sample is present.
A; denotes the solution’s absorbance value to DPPH. A;jg denotes the
solution’s absorbance value when DPPH is absent.

For the Single-factor experiment, standard curves were established
using different concentrations of vitamin C or Trolox solutions instead of
samples. The obtained results were quantified in grams of Vitamin C
equivalency per gram of pine needles (mg VC/g PNs).

2.6.2. Ferric reducing antioxidant power assay (FRAP)

The PNs extracts’ ability to remove Fe>* was assessed by the FRAP
method of Martinez-Patino et al. with minor modifications [28]. The
FRAP solution (2.5 mL, preheated to 37 °C) was combined with the su-
pernatant (0.5 mL) and immersed in a water bath(37 °C, 30 min), and
then measuring the absorbance of FeSO4, which was used as a reference
compound, at 593 nm. Quantifying the antioxidant activity by following
a standard curve and expressing it as mM Fe®"/g pine needles. As a
positive control, Vitamin C and Trolox were utilized.
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2.6.3. ABTS assay

The PNs extracts’ ability to reduce ABTSe+ was assessed using the
ABTS method outlined by Sridhar & Charle but with certain modifica-
tions [29]. ABTS working solution was prepared by combining equal
amounts of K,S,0g solution (2.6 mM) and ABTS (7.4 mM) and main-
taining the mixture with no exposure to light for 12-16h at room
temperature. The absorbance of ABTS working solution should reach
0.68 +£0.02 by diluting with Ethanol. Next, combine 2.5mL ABTS
working solution (diluted) with 0.5 mL either various concentrations of
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the sample, ascorbic acid or Trolox solution. Incubate the mixture in the
dark for 6 min at RT and the photometrics were taken at 750 nm. The
ABTS radical scavenging activity was calculated by Eq (10):

Ai — A()

0

x 100% (10)

ABTS radical scavenging rate(%) =

Ag denotes the absorbance value of ABTS without the PNs extracts. A;
represents the absorbance value of the PNs extracts to ABTS.

100 100
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Fig. 1. Single dependent variables of extraction conditions experimental design on tpc and dpph: power (a), temperature (b), ethanol concentration (c), solid-liquid
ratio (d), and time (e).
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2.7. UHPLC-Q-Exactive Orbitrap MS/MS analysis of polyphenolic
compounds

2.7.1. Chromatographic conditions

Chromatographic conditions Refer to V. Gonzalez de Peredo et al.
with appropriate modifications [30]. Column: ACQUITY UPLCBEH C18
column (50 mm x 2.1 mm, 1.7 pm); column temperature: 30 °C; mobile
phase: 0.1 % formic acid in water (A)-methanol (B); gradient elution:
0 ~ 2min, 5% B; 2 ~ 13 min, 5% B-95 % B; 13 ~ 14 min, 95 % B-100 %
B; 14 ~ 16 min, 100 % B; 16 ~ 16.1 min, 100 % B-5% B; 16.1 ~ 19 min,
5% B; flow rate was 0.3 mL/min; injection volume was 2 pL.

2.7.2. Mass spectrometry conditions

Mass spectrometry was performed using Q-Exactive Orbitrap MS/MS
(Thermo Fisher Scientific, America). The ion source was heated elec-
trospray (HESI, 350 °C), and the samples were acquired in Full MS/dd-
MS/MS scanning mode, with a primary scanning resolution of 70,000, a
secondary scanning resolution of 17,500, and a scanning range of m/z
50-1500; the positive and negative ion detection modes were used, with
a transfer capillary temperature of 320 °C; the sheath gas was 35 psi, and
the flow rate of auxiliary gas was 10 psi spray voltage of 3.0 kV.

2.8. Statistical analysis

The experiments were replicated three times, and the average value,
accompanied by the standard deviation (SD), was documented for trial.
ANOVA was utilized to analyze the data, and significance was deter-
mined at a P-value below 0.05. Design Expert 13 was used to perform the
statistical analyses, while Compounds Discovery 3.1 was employed to
interpret the mass spectral outcomes. The graphs were plotted using
Origin 2021.

3. Results and discussion
3.1. Single-factor experiments for optimization of extraction conditions

The study conducted single-factor experiments to determine the ef-
fects of various influencing factors on TPC and DPPH. Results can be
seen in Fig. 1.

3.1.1. Influence of sonication power on the extraction of polyphenolic
compounds from PNs

Asillustrated in Fig. 1a, as ultrasound power (250-350 W) increased,
TPC and DPPH also increased gradually but tapered off when the power
exceeded 350 W. This phenomenon was noted in the extraction of
phenolic compounds from okra [31]. Nipornram et al. mentioned in
their paper that low-power sonication treatment accelerates the de-
livery, spread, and dissolution of intracellular polyphenolic compounds,
resulting in increased extraction rates [32]. Additionally, they indicated
that higher power can cause the collapse of cavitation vesicles, gener-
ating higher pressure that strengthens the degradation of polyphenolic
compounds.

3.1.2. Influence of sonication temperature on the extraction of polyphenolic
compounds from PNs

The results depicted in Fig. 1b indicate that sonication temperature
has a positive effect in the range of 25-45 °C and total phenolic content
decreased sharply above 45 °C. Heating can enhance extraction rates by
potentially disrupting the cell structure, resulting in fragmentation of
both the cell wall and membrane. Meanwhile, as the temperature in-
creases, the solvent’s viscosity and surface tension decrease. And high
temperatures impact the strength of cavitation, resulting in reduced
extraction efficiency [33]. Furthermore, a study by Setyaningsih et al.
showed that cinnamic acid, catechins, stilbenes, and flavonols were less
stable in ultrasound-assisted extraction and started to degrade after
50°C [34]. However, the extraction temperature did not significantly
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impact DPPH radical scavenging activity in this study. This may be
because raising the extraction temperature beyond a certain threshold
can cause the polyphenolic compounds extracted at lower temperatures
to degrade, as well as decompose residual polyphenolic compounds that
remain in the plant matrix [35].

3.1.3. Influence of ethanol concentration on the extraction of polyphenolic
compounds from PNs

Ultrasound-assisted extraction in ethanol solution promotes efficient
diffusion of polyphenolic compounds [36]. Therefore, the concentration
of ethanol used greatly affects the extraction process. Fig. 1c¢ shows that
the TPC generally increases with the percentage of ethanol in water, up
to a concentration range of 40-60 %. However, beyond 60 %, the TPC
decreases sharply. The ethanol and water blend proved more effective
than the single solvent system for extracting polyphenolic compounds.
In the extraction of polyphenolic compounds from coconut skin, Yang
et al. used ultrasound-assisted extraction and compared the effect of
different solvents (50 % acetone, 50 % ethanol, acetone, ethanol, and
water) on the extraction [37]. Luo et al. also reported that the extraction
rate of polyphenolic compounds tended to increase and then decrease
with increasing ethanol concentration, reaching a peak at 50 % ethanol
concentration [38]. Whereas, DPPH did not change significantly at
40-70 % and decreased extremely rapidly after further increasing the
ethanol concentration. The above phenomena indicate that the poly-
phenolic compounds extracted from different plants exhibit different
polarities. Ibukunoluwa Fola et al. suggested that aqueous ethanol had
higher extraction efficiency attributed to the following two reasons: the
presence of ethanol creates a concentration gradient depending on the
amount of ethanol, which promotes the solvent’s diffusion into the so-
lute and thus enhances mass transfer; water helps to swell the solute
while ethanol disrupts the bonding between the solutes and plant matrix
[39]. Therefore, 60 % ethanol was selected for extraction.

3.1.4. Influence of solid-liquid ratio on the extraction of polyphenolic
compounds from PNs

It appears that an increase in the solid-liquid ratio(1:X) from 5 to 20
increased TPC. However, TPC decreased slightly with higher solid-
-liquid ratios. Increasing the solid-liquid ratio can enhance the yield of
the active compound by increasing the concentration difference be-
tween the outside and inside of the cell, thus improving the mass transfer
rate [40]. However, at higher solid-liquid ratios, this effect weakens
because mass transfer depends mostly on the feedstock quantity [41].
Changes in DPPH could be attributed to variations in the polyphenolic
compounds content, given that the trend of DDPH parallels that of TPC.

3.1.5. Influence of sonication time on the extraction of polyphenolic
compounds from PNs

From Fig. le, it is observed that increasing the extraction time from
10 to 25 min leads to an increase in TPC, while a further increase in time
to over 25min causes a decrease in TPC. Sun et al. in Kudingcha
extraction of polyphenols found a gradual increase in phenolic content
from 20 to 60 min and after 60 min the phenolic content started to
decrease [42]. However, the activity of DPPH did not change signifi-
cantly with extraction time.

3.2. Results and analysis of RSM models for UAE

Since UAE results from the interaction of several factors, it is crucial
to study the interaction and the strength of each factor’s effects. To
further optimize the extraction effect, power, temperature, time, and
solid-liquid ratio were selected for RSM on TPC under a fixed ethanol
concentration of 60 %.

3.2.1. Optimization of extraction parameters by RSM
The significance of the second-order multinomial equation fitted to
the experimental data was estimated by Analysis of Variance (ANOVA).



S. Zhang et al.

The F-test revealed a model F-value (57.24), with a P-value
(P <0.0001), indicating that the model was highly significant. Addi-
tionally, the coefficient of determination R? (0.982) was nearly 1,
indicating a strong correlation between the predicted and actual values.

The model’s lack of fit test resulted in an F-value (0.243) and a p-
value (0.973). P > 0.05, indicating the insignificance of the misfit term
and affirming the accuracy of the mathematical model for calculating
TPC. With an R> (0.982), the model accuracy is considered good.
Additionally, the corrected coefficient of determination (Razdj = 0.965)
indicates a satisfactory correlation between the predicted and actual
values values. The coefficient of variation (CV < 10 %), indicates high
reproducibility and precision of the model.

3.2.2. Analysis of 3D response surface

According to the F-values, it’s apparent that the extraction condi-
tions affecting TPC are in the order of D (time)>C (solid-liquid
ratio) > B (temperature) > A (power). This indicates that temperature
time, and solid-liquid ratio are the primary factors influencing UAE
extraction. According to Table 3, the significant factors in multinomial
equation are the linear terms B, C, and D, as well as the quadratic term of
AD.

The second-order multinomial equation expression was as follows:

Yrpe = —109.26703 +0.517771A + 1.21998B + 1.14837C + 1.72292D
+0.000023AB — 0.001095AC +0.001770AD — 0.000775BC
—0.002150BD + 0.004800CD — 0.000775A% — 0.012415B?
—0.019508C? — 0.050658D?

(1)

To determine the effect of independent variables on the TPC of PNs
extracts, two variables were altered within the experimental range, and
the third variable was kept consistent. This approach was followed to
obtain a 3D plot of the interaction (Fig. 2). The obtained response sur-
face plots tool shows significant changes, indicating that the factor
changes have a significant effect on TPC. The contours of the response
surface plots for power and time were significantly elliptical and the P-
value (<0.05) indicates that the interaction between time and power has
a significant impact on TPC extraction.

Different factors affected the TPC with varying intensity. At constant
solid-liquid ratio and time (Fig. 2a), too low or too high power and
temperature resulted in a decrease in TPC extraction. The value pro-
gressively increased as power and temperature rose, peaking at 350 W
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and 45 °C respectively. Then TPC started to decrease. This may be due to
the fact that power and temperature extraction produce the same effect;
increasing power and increasing temperature increases the rate of mass
transfer, but high power and high temperature in turn lead to poly-
phenol decomposition. At constant temperature and time (Fig. 2b), TPC
first increases and then decreases with increasing power. For the solid-
to-liquid ratio, TPC always reaches a maximum value at 1:20 regard-
less of the power, and TPC remains essentially constant as the solid-
-liquid ratio increases. This could be because the concentration
difference effect on mass transfer is no longer significant when the sol-
id-liquid ratio reaches 1:20. Mass transfer at this point is determined by
the raw material amount. In the case of constant power and time
(Fig. 2d), the same phenomenon is observed.

When examining the power and temperature over time (Fig. 2c, e), it
becomes clear that they have comparable response surface plots. This
similarity suggests that the effects resulting from their interactions are
alike at that particular time. The RSM plots (Fig. 2f) showing the vari-
ation of TPC concerning the solid-liquid ratio and time indicate a con-
stant TPC value for solid-liquid ratios greater than 1:20 and that
increasing the time at the same solid-liquid ratio results in an increase
followed by a decrease in TPC.

The model expression of TPC was designed to obtain the optimal
extraction conditions, power 350 W, 45°C, solid-liquid ratio 1:20,
25 min, and the maximum TPC under the optimal extraction conditions
was 40.37 + 0.14 mg GAE/g PNs. This method enhanced 21 % compared
to the conventional extraction method (33.13 + 0.39 mg GAE/g PNs).
Chmelova et al. reported a TPC of 11.06 + 0.00 mg GAE/g dry matter
from Picea abies bark [43]. Maimoona et al. reported the number of
polyphenols in Pinus roxburghii bark and Pinus wallichiana bark as
1331 +0.24 mg GAE/100 g dry matter and 510 + 1.81 mg GAE/100¢g
dry matter [44]. Compared with the polyphenols extracted from Picea
abies bark, Pinus roxburghii bark, and Pinus wallichiana bark, PNs
possessed excellent phenolic content, suggesting the pine needle is a
good source of natural polyphenol.

3.3. Kinetic model

The obtained data underwent processing and were plotted according
to the second-order kinetic model. Mathematical regression analysis of
the data at each temperature (Table 4) was utilized to calculate various
kinetic parameters, such as the saturation extraction concentration, the
extraction rate constant, and the initial extraction rate. The accuracy of

Table 3
ANOVA for fitted second-order multinomial models.
Source Sum of Squares df Mean Square F-value P-value
Model 249.96 14 17.85 57.24 < 0.0001 significant
A-Power 1.38 1 1.38 4.43 0.0525
B-Temperature 7.50 1 7.50 24.06 0.0002
C- solid-liquid ratio 34.85 1 34.85 111.72 < 0.0001
D-Time 50.93 1 50.93 163.27 < 0.0001
AB 0.0020 1 0.0020 0.0065 0.9368
AC 1.20 1 1.20 3.84 0.0688
AD 3.13 1 3.13 10.04 0.0064
BC 0.0240 1 0.0240 0.0770 0.7852
BD 0.1849 1 0.1849 0.5928 0.4533
CD 0.2304 1 0.2304 0.7387 0.4036
A? 102.99 1 102.99 330.17 < 0.0001
B? 42.27 1 42.27 135.53 < 0.0001
c? 6.52 1 6.52 20.92 0.0004
D? 43.99 1 43.99 141.04 < 0.0001
Residual 4.68 15 0.3119
Lack of Fit 1.53 10 0.1530 0.2430 0.9727 not significant
Pure Error 3.15 5 0.6297
Cor Total 254.64 29 R? 0.9816
Std. Dev. 0.5585 Adjusted R? 0.9645
Mean 35.83 29 Predicted R? 0.9476
C.V. % 1.56 Adeq Precision 22.9406
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Table 4

Parameters of the secondary kinetic model.
Temperature @ A=1/ B=1/ Cs=1/ h=1/ k=h/(Cs)? R?
(K) Cs h B (mg/ A g/

g) (mgemin))

298 3.04 0.77 1.3 0.33 0.19 0.970
308 2.13 0.71 1.41 0.47 0.2 0.981
318 1.76 0.69 1.45 0.57 0.27 0.982

the secondary kinetic model’s fit for all experimental data was deter-
mined by its mathematical regression coefficient (R2 > 0.95). The cor-

relation between the temperature and the kinetic parameters’ fit is
evident.

3.3.1. Kinetic analysis

The obtained data from UAE were analyzed and the second-order
kinetic model was plotted. Mathematical regression analysis of the
data at each temperature identified kinetic parameters including Cs, k,
and h. The mathematical regression coefficients (R? > 0.96) allowed the
fit of the secondary kinetic model to be determined for all the
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experimental data. Temperature strongly influences the kinetic
parameters.

Eq (4) implies that k and h are bounded solely by (C?). Thus, the
relationship between 1/T and Inh was established for the extraction of
total polyphenols using 60 % ethanol, as shown in Eq (12):

—2604.76

h=2.10-10°
exp T

R =0.978 12)
The concentration-time relationship can be determined by plotting
saturation concentration (Cs) against time using the equation given in
Eq (13):

Cs = 0.0074T —0.89 R? = 0.921 lek))

The equations show nearly identical slopes, suggesting that the con-

centration at saturation in the solvent rises at the same rate as temper-

ature. When extracting a 60 % v/v aqueous ethanol solution, applying h

to Eq (5) results in the following relationship of C; with temperature and

time: Eq (14):

C = d 14
2.1:10-exp 22436 — (

___r
0.(}074T—0.86)

3.3.2. Activation energy coefficient

According to the linearized Arrhenius equation, when plotting Ink
against 1/T, the rate constant rises as the temperature increases. With
knowledge of ko and k, Arrhenius’ law can be used to determine the
activation energy Ea. Eq. (15) gives the total polyphenol when the
ethanol concentration is at 60 % v/v.

—12,256.95

k = 27.68 exp S314T

R* =0.994 15)
The positive activation energy value (12.26 kJ-mol~?) achieved for the
uae process of pine needles polyphenols indicates that the process is a
heat-absorbing reaction and that diffusion controls the extraction pro-
cess. [45,46]. The value obtained falls within the documented range of

activation energies (Ea) for extracting bioactive compounds from
biomass via solid-liquid extraction.

3.3.3. Validity of model development

The total concentration of phenolic compounds was determined
using Eq (14). Comparison was made between the experimental findings
and those validated by a second-order model developed within a

1.5+
A A
~
=)
‘\E 1.0 +
=
<
&)
%JJ 298 K-experimental
N, e 308 K-experimental
o 0351 A 318 K-experimental
» 298 K-model
=308 K-model
318 K-model
0.0 + T T T T Y Y |

10 15 20 25 30 35
Time (min)

Fig. 3. Comparison of calculated and experimental values of TPC concentra-
tions in pine needles by UAE.
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temperature range of 298-328K (Fig. 3). The model accurately
accounted for both experimental and calculated datasets, validating the
relationship and its suitability for the intended purpose.

3.4. Antioxidant activity of pine needle extraction from Pinus elliottii
needles

Because Pinus elliottii needles are rich in polyphenols, this means that
as a food or nutrient, the determination of their antioxidant activity is
crucial. A single assessment of antioxidant activity has limitations, so
three assessment methods (DPPH, FRAP, ABTS) were utilized to assess
the antioxidant activity of polyphenolic extracts from pine needles.

DPPH radical scavenging assays have been widely used to evaluate
antioxidants due to their good stability and reproducibility. In the DPPH
assay, polyphenol compounds can provide hydrogen that reduces the
DPPH radical to DPPH-H, so they are used to evaluate antioxidant
scavenging activity. As depicted in Fig. 1, the solid-liquid ratio signifi-
cantly impacted the antioxidant activity of pine needles, while power,
temperature, time, and ethanol concentration had a lesser effect. In
terms of ICso for DPPH, PNs was 41.05 + 0.48 pg/mL, while VC was
33.41 +£0.12 pg/mL and Trolox was 23.91 +0.13 pg/mL. Li et al. re-
ported an ICsp of 0.139 mg/mL for the DPPH scavenging capacity of the
eucalyptus leaf [47]. Compared with VC and the polyphenols extracted
from the eucalyptus leaf, the antioxidant capacity of the polyphenols
extracted from pines needles is just below VC and much higher than
eucalyptus, suggesting the pines needles have great potential in DPPH
scavenging capacity.

The FRAP assay measures the antioxidant capacity of PNs extracts
through their ability to reduce Fe3*. The measured FRAPs for PNs® ex-
tracts, VC, and Trolox were 1.09+0.01 mM Fe2+/g PNs,
16.98+0.37mM Fe?'/g VC, and 7.77+0.66mM Fe?'/g Trolox,
respectively. Agarwal et al. reported a FRAP of 13.71 £ 0.75mg VC/g
dw for Scots pine and 16.16 + 2.40 mg VC/g dw for Norway spruce [48].
After calculation, the antioxidant capacity of PNs was 64.19 mg VC/g
PN, four times that of Scots pine and five times that of Norway spruce.

ABTS-radicals are positively charged and can obtain electrons from
antioxidant molecules to form stable neutral molecules. The ABTS dia-
mmonium salt reacts with K»S0g resulting in the creation of stabilized
ABTS:, with a maximum absorption at 750 nm, so the antioxidant ac-
tivity can be assessed by measuring the scavenging ability of the
ABTS-radicals. The ICsg value for PNs > ABTS radical scavenging ability
was 214.07 £+ 0.26 ug/mL, Whereas the IC50 values of antioxidant ac-
tivity of VC and Trolox were 10.38 + 0.82 ug/mL, 22.1 £+ 0.39 pg/mL,
respectively. This may be related to the content of polyphenols in pine
needles. Li et al. reported that the eucalyptus leaf has the ABTS radical
scavenging capacity with ICso of 0.111 mg/mL [47]. Compared to the
eucalyptus leaf, the ABTS radical scavenging capacity of pine needles is
only half that of eucalyptus leaves, because The free radical scavenging
ability was related to polyphenols [49].

By evaluating the antioxidant capacity of PNs and comparing it with
the results of VC and other studies, the study revealed that the poly-
phenolic extract of PNs exhibits potential as a natural antioxidant.

3.5. Qualitative analysis of polyphenolic extracts by UHPLC-Q-Exactive
Orbitrap MS

UHPLC-Q-Exactive Orbitrap MS/MS was utilized for characterizing
the primary polyphenolic compounds in pine needles. Fig. 4 shows the
UHPLC-Q-Exactive Orbitrap MS/MS analysis of the extracted com-
pounds (CSE, UAE) using positive and negative ionic modes of the total
ion current diagram (TIC) of negative and positive ionic modes. Com-
pounds were identified by the resolution of Full MS/dd-MS/MS mass
spectra and the determination of the exact mass number of molecular
ions and fragments by UHPLC-Q-Exactive Orbitrap MS/MS, and the
obtained data were analyzed by comparison with the McCloud database.
37 polyphenolic compounds form were identified in UAE extract
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Fig. 4. Full ion chromatography analysis of PNs exacts (UAE and CSE) in negative and positive ionic mode.

Table 5
Characterization of polyphenolic compounds (UAE) from pine needles by UHPLC-Q-Exactive Orbitrap MS/MS in positive and negative ionic mode.
Compound no. RT (min) Formula Adduct (m/2) m/z Title
Flvonoid and its derivtives
5 5.958 C15H1406 [M—H]! (289.07187) 290.0791 Catechin
9 9.249 C21H20011 [M—H] ! (447.09354) 448.1008 Trifolin
8~ 8.609 Cz1H22010 [M—H]"! (433.11414) 434.1214 7-Hydroxy-2-(4-hydroxyphenyl)-4-oxo-3,4-dihydro-2H-chromen-5-yl p-D-glucopyranoside
11~ 11.127 C16H1405 [MfH]71 (285.0769) 286.0842 Poriol
16~ 14.439 Ca3H320, [M—H] ! (339.23254) 340.2398 2,2'-Methylenebis(4-methyl-6-tert-butylphenol)
Compound no. RT (min)  Formula Adduct (m/z) m/z Title
10~ 9.693 Ca2H26010 [M—H] ! (449.1457) 450.1529  3,5-Dihydroxy-2-[3-(4-methoxyphenyl)propanoyl]phenyl §-D-glucopyranoside
7 8.584 C15H1206 [M—H] ! (287.05618) 288.0635 2,4,6-Trihydroxy-2-(4-hydroxybenzyl)-1-benzofuran-3(2H)-one
13~ 11.863 Ci6H1604 [M—H] ' (241.08669)  242.0941  Equol
4+ 6.832 Ci16 Hi4 O7 [M+H]*! (319.08162) 318.0743 Padmatin
5" 7.342 Cy6 H14 Og [M+H]*! (303.08679)  302.0795  (2R,3R)-3,5-dihydroxy-2-(4-hydroxyphenyl)-7-methoxy-3,4-dihydro-2H-1-benzopyran-4-
one
7" 7.664 Ci5 H12 O [M+H]*! (305.06589) 304.0586 Taxifolin
9" 8.518 C15 Hip O7 [M+H]*! (303.05014) 302.0428 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one
12+ 8.922 Ci5 H10 O7 [M+H]"! (303.05014) 302.0428 Quercetin
14" 8.991 Ca1 Hyo 011 [M+H]*! (449.10853) 448.1012 Trifolin
15" 9.054 Ci6 Hi2 O7 [M+H]*! (317.06592) 316.0586 Rhamnetin
17+ 9.99 C30 Hae 013 [M+H]"! (595.1452) 594.1379  Tiliroside
19+ 10.972 Ci6 Hi2 O [M+H]*! (301.0705) 300.0632 Kaempferide
Compound no. RT (min) Formula Adduct (m/2) m/z Title
8" 7.681 Ci5 Hi2 Os [M+H]*! (273.07605) 272.0687 Naringeninchalcone
11" 8.663 Cis Hyg Os [M+H]*! (275.09155) 274.0842 Phloretin
18" 10.782 C16 H14 Os [M-+H]"! (287.09164) 286.0843 Sakuranetin
20" 10.988 Ci5 Hi2 O4 [M+H]*! (257.08094) 256.0736 Pinocembrin
21+t 11.659 C16 H14 O4 [M+H]*! (271.09676) 270.0894 (2R)-5-hydroxy-7-methoxy-2-phenyl-3,4-dihydro-2H-1-benzopyran-4-one
Other phenols
1 0.54 C7H1206 [M—H] ! (191.05515) 192.0625 D-(-)-Quinic acid
3 4.062 C13H1609 [M—H] ! (315.07239) 316.0797 Gentisic acid 5-0-1%-glucoside
4~ 5.894 C16H180g [M—H] ! (337.09296) 338.1002 3-O-p-Coumaroyl quinic acid
12~ 11.812 C14H2502 [M—H] ! (221.15417) 222.1614 2,5-di-tert-Butylhydroquinone
1t 0.545 C, Hyp Og [M+H] " (193.07085) 192.0635 D-(-)-Quinic acid
2+t 5.475 Cg Hg O3 [M+H]*! (137.05994) 136.0526 4-Methoxybenzaldehyde
Compound no. RT (min) Formula Adduct (m/2) m/z Title
3t 5.877 C; Hg O3 [M-+H]*! (139.03915) 138.0318 3,4-Dihydroxybenzaldehyde
6" 7.598 Ci14 Hi12 03 [M+H]"! (229.08612) 228.0788 cis-Resveratrol

Tindicates positive ion scan result, ~ indicates negative ion scanning results.
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(2R)-5-hydroxy- '7'n'1ét'hoxy 2-phenyl-3 4-dihydro-2H-1-benzopyran-4-one
Ry 2,456=H,R3=CH3
Naringenin 4'-o-glucoside Ry 5 3 4 6=H,Rs=4'-0-glucoside
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Padmatin Ry 5 6=OH,R5 4=H,R3=CHj3
Folerogenin Ry s=OH,R; 4 6=H,R3=CH3
Taxifolin Ry 5 6=OH,R5 3 4=OH.
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Fig. 5. Structures of major polyphenolic compounds extracted from pine needles.

(Table 5) and 32 polyphenolic compounds form were identified in CSE
extract (Table S1). Furthermore, Fig. 5 illustrates the elaborate struc-
tures of the compounds.

Only the identification process of UAE extracts is described here.
Sixteen polyphenolic compounds were obtained and analyzed in the
negative ion mode (Table 5). Compound 1 was found to have ionic
fragments [M-H]™' m/z 191.055, [M-H20] ~!' m/z 157.01,
[M—2H +K] ! 228.99, [2M—H] ! 383.12, [2M + FA-H] ! 429.13 at
its RT 0.54 min. [M—H] ! m/z 191.055 were analyzed by performing
MS? and comparing with the McCloud database, the characteristic
fragments [M—COOHI™! m/z 147.03, [M—2*H,0]"! m/z 157.01,
[M—COOH—HZO]’1 m/z 129.02 were analyzed to coincide, the rest of
the ionic fragments were judged to be D-(-)-Quinic acid by comparing
with the spectra in the McCloud library. Compound 2 was found to be
[M-H]"! m/z 173.044, [M+Cl]! 209.02, and [2M-H] '347.098
fragments by full MS at RT 0.64 min, and was analyzed by MS? for
[M—H]"! m/z 173.044, and compared with the mzcloud database and
analyzing the matched characteristic fragments m/z 155.03
(IM—H201™1), 143.09, 137.02 ([M—2*H0] 1), 129.01 ([M—COOH] ™),

10

111.04 ([M—COOH-H,0]"1), 99.01, 83.04 and 73.02, therefore the
compound was determined to be 3,4,5-trihydroxycyclohex !-ene™!-
carboxylic acid. Compound 3 was found to be [M—H]’1 m/z 315.07 by
full MS at RT 4.062 min, and was analyzed and compared to MS? by
performing MS? on the [M—H]™! m/z 315.07 McCloud database and
analyzed the matching characteristic fragments m/z 315.07, 153.01,
152.01, 109.02, 108.02, 71.01, so the compound was judged to be
Gentisic acid 5-0-12-glucoside. Compound 4 was found to be a Gentisic
acid 5-O-iz-glucoside by full MS at RT for 5.894 min. [M—H]"! m/z
337.093 was analyzed by MS? of [M—H] ! m/z 315.07 comparing with
MzCloud database and analyzed the matching characteristic fragments
m/z 191.05, 163.04, 119.04, 59.01 so the compound was judged as 3-O-
p-Coumaroyl quinic acid.

Compound 5 was found to have ionic fragments [M—H]"! m/z
289.07, [M—H-H,0] ! 271.06, [M+FA-H]"! 335.08, [M+Cl]*
325.05, [M7H+TFA]71403.06, [2M-H]"! 579.15 by full MS at RT
5.958 min. [M—H]~! m/z 315.07 was analyzed by MS? comparing with
MzCloud database, and analyzed the matching characteristic fragments
m/z 289.07, 271.06, 245.08, 205.05, 203.07, 179.03, 151.03, 137.02,
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125.02, 123.04, 109.02, so the compound 5 was judged to be Catechin.
Compound 6 was found at RT 8.155 min by full MS and its [M—H] " m/z
479.08 was analyzed by MS2. Compared with the McCloud database, the
analyzed matches were characterized by fragments m/z 317.03 ([Myr-
icetin]), 316.02 ([Myricetin—H]_l), 178.99, 137.02, 50.01, 161,04
([Galactose-H]’l), so the compound 6 was judged to be myricetin 3-O-
beta-D-galactopyranoside. Similarly, compound 9 was judged to be
Trifolin. Compound 8 was found to be [M—H]"!m/z 433.11 by full MS
at RT 8.609 min. Performing MS? on [M—H] ! m/z 433.11 to compare
with the McCloud database, and analyzing the matched feature frag-
ments m/z 313.07, 271.06 ([Naringenin-H] !),151.00, etc., so the
compound 8 was judged to be Naringenin 4-o-glucoside.Similarly, other
flavanones11,16 were identified as Poriol, 2,2-Methylenebis(4-methyl-
6-tert- butyl phenol).

Compound 10 was found to have ionic fragments M—H]"! m/z
449.14, [M+Cl]™! m/z 485.12 by full MS at RT 9.693 min, and
analyzed by MS? for [M—H]"! m/z 49.14 comparing to the McCloud
database and analyzing the coincident characteristic fragments m/z
287.09 ([M- glucopyranoside—H]_l),193.04,181.05,93.03([Phen01—
HI™Y, so the compound 10 was judged to be 1-(2,6-Dihydroxy-4-
methoxyphenyl)—3—phenylpropan’1—one. Synonymously compound 7
was judged to be Maesopsin.

The results in the positive ion mode were analyzed and a total of 21
polyphenolic compounds were obtained (Table 5). Compound 1 was D-
(-)-Quinic acid and was identified similarly to the negative ion. Com-
pound 2 was found to have ionic fragments [M+H]+1 m/z 137.05,
[2M + H]™ m/z 273.11 by full MS at RT 5.474 min, and was analyzed
by MS? for [M -+ H]*™! m/z 137.05 comparing with the McCloud data-
base, and analyzed for the coincident characteristic fragments m/z
122.03 ([M—CH,]™), 109.06 ([M—CO]*Y), so the compound 2 was
determined to be 4-Methoxybenzaldehyde. Compound 3 was found to
have ionic fragments [M + H] *1m/2139.03 by full MS at RT 5.877 min,
and was analyzed by MS2. [M+H]+1 m/z 139.03 was analyzed to
compare the McCloud database and found the matching characteristic
fragments m/z 111.04 ([M—CO]™1), 93.03 ([M—CO—OH]*Y), so the
compound 3 was judged to be 3,4-Dihydroxybenzaldehyde.

Compound 6 was found to have ionic fragments M +HI™ m/z
229.08 by full MS at RT 7.598 min, and was analyzed by MS2. [M +H]*!
m/z 229.0 was analyzed comparing to the MzCloud database and
analyzing the matching characteristic fragments m/z 211.07 ([M—OH)),
135.04 ([M+H-CeHs-OHI™), 119.04 ([[M +H-CeHs-2*OH] ™),
107.04 ([M- CgH3-2*OH-C]), 91.05 ([M—CgH3—2*OH-2*C]), so the
compound 6 was judged to be cis-Resveratrol.

Compounds 4,5,7 were judged to be dihydroflavonols. The difference
between compounds 4 and 7 is that the hydroxyl group of compound 4
has an H replaced by CHs. The MS? mass spectra of compound 7 showed
fragments of m/z 287.05 and 259.06, while the MS? mass spectra of
compound 4 showed fragments of m/z 301.07 and 273.01, and by
comparing with the database, compound 4 was judged to be Padmatin,
and compound 7 was judged to be Taxifolin, and the difference between
compound 5 and compound 4 was that compound 5 had one less ben-
zene ring, which matches with the MS? fragments m/z 285.07 and
257.08, so compound 5 was judged to be Folerogenin.

Compounds 9,10,12,14,15,17,19 were judged to be flavonols
because the fragments of m/z 303.04 were found in MSZ, and they were
judged to have the same body structure. Among them, compounds 10
and 12 both had similar fragments, while compound 10 had a fragment
of glucoside residue with m/z 145.09, and finally compared with the
McCloud database, compound 9 was judged to be 2-(2,4-dihydroxy
phenyl)-3,5,7-trihydroxy-4H-chromen-4-one, compound 10 was Quer-
cetin-3p-D-glucoside, compound 12 was Quercetin, compound 14 was
Trifolin, compound 15 was Rhamnetin, compound 17 was Tiliroside,
and compound 19 was Kaempferide. Compounds 8,11 were judged to be
chalcogenides. Compounds 8,11 were judged to be chalcones, and
similar fragments m/z 273.07 (chalcone body fragments) and m/z
107.04 (methylphenol fragments) were found in the MS? plot, and it was

11
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finally judged that Compound 8 was Naringeninchalcone and Com-
pound 11 was Phloretin.

Compounds 13,16 were judged to be flavonoids, where Compound
16 was the product of the substitution of Compound 13, and Compound
19 was Kaempferide. Compounds 8,11 were judged to be Chalcones,
with Compound 16 being the product of the substitution of Compound
13. 13 was substituted, and after comparison with the McCloud data-
base, compound 13 was judged to be Luteolin, and compound 16 was 2-
Hydroxy-3-(5-hydroxy-7,8-dimethoxy-4-oxo-4H-chromen-2-yl)phenyl
B-D- glucopyranoside. Compounds 18,20, and 21 were judged to be
flavanones because of similar fragments in the MS? spectra then
compared with the McCloud database, compound 18 was judged to be
Sakuranetin, compound 20 was Pinocembrin, and compound 21 was
(2R)-5-hydroxy -7-methoxy-2-phenyl-3,4-dihydro-2H-1-benzopyran-4-
one.

All of the above results, verified by Compounds Discovery 3.1 (trial
version), match the McCloud database by more than 85 %.

Upon comparison of the polyphenol compounds in the CSE and UAE
extracts, the CSE extracts had fewer species and lower content than the
UAE extracts. A majority of the polyphenol compounds between CSE
and UAE were similar, with only a few differences. This result could be
attributed to ultrasound-assisted extraction, as it was found to be more
effective in releasing polyphenol compounds from the cells. Also in the
case of ultrasound-assisted, some polyphenol compounds degraded. This
is the explanation for the variance in polyphenol compounds present in
the extracts. The advantage of UAE over CSE is that a better extraction in
terms of content and species can be achieved at the same time.

4. Conclusion

This study systematically examined the best optimal to extract
polyphenols from pine needles, the identification of 37 polyphenolic
components, and the antioxidant activity, and established an extraction
kinetic model. Compared with CSE, ultrasound-assisted extraction
effectively enhanced the extraction efficiency and extraction effect. The
antioxidant activity of the extracts was determined to show that pine
needles have pine needle polyphenol extracts with potential as natural
antioxidants. Second-order kinetic modelling of temperature and time
on phenolic content suggests that the UAE process is diffusion-
controlled. With these results, we can have a comprehensive under-
standing of the whole process of polyphenolic extraction from pine
needles and the related properties of the extracts, which provides a new
way for the utilization of pine needles as forestry residues, and also
provides a theoretical foundation for further exploration into the
nutrition and consumption of pine needles.
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