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Abstract

In this investigation, pinocembrin and galangin were efficiently extracted from the male
inflorescence of Populus alba L. x berolinensis K. Koch through an enzymatic pretreatment—
ultrasonic-assisted strategy (EP-UAS), and the feasibility of their pilot-scale application
was validated. The optimal parameters (ethanol volume fraction, cellulase dosage, incu-
bation temperature, incubation time, pH, liquid-solid ratio, ultrasonic irradiation power
during incubation, duty cycle, ultrasonic irradiation power and time during extraction)
affecting pinocembrin and galangin yields were systematically explored. The Box-Behnken
design (BBD) results provided optimal parameters for the EP-UAS process. Under the
optimal conditions, the actual yields of pinocembrin and galangin were 2158.33 = 0.13 ug/g
and 1257.96 £ 0.06 pg/g, respectively. Stability, recovery and reproducibility were deter-
mined under the above optimized conditions to evaluate the proposed EP-UAS method.
Moreover, laboratory-scale experimental results revealed that the conditions selected via
single-factor and response surface experiments were also applicable to pilot-scale produc-
tion, facilitating industrialization.

Keywords: male inflorescences of Populus alba L. x berolinensis K. Koch; ultrasonication;
pinocembrin; galangin; semi-pilot scale

1. Introduction

Populus alba L. x berolinensis K. Koch was cultivated by the Shelter Forest Research
Institute (Heilongjiang, China) in the 1980s, with Populus alba L. as the female parent and
Populus berolinensis K. Koch as the male parent [1]. P. alba x berolinensis is an excellent
heterozygous male poplar clone that is unique and has been widely promoted in fast-
growing and high-yield forests in more than 10 provinces and regions including Northeast
China, Northwest China and North China, owing to its excellent characteristics like a
short growth cycle, fast growth rate, strong overwintering ability, stress resistance and a
beautifying environment [2—4]. At present, the application of poplars generally focuses
on wood [5], and P. alba x berolinensis produces many male inflorescences 5 cm in length
that fall to the ground in April each year. This not only affects the appearance of cities and
human health, but also wastes P. alba x berolinensis resources.

Many chemical components, such as glycosides, flavanoids and phenols, have been
previously identified in the male inflorescences of Flos populi [6-8]. Research has shown
that the male inflorescence of Populus tomentosa Carriere has a relatively high flavonoid
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content, and the contents of several flavonoids including apigenin, pinocembrin, galan-
gin and chrysin have been determined via HPLC [9,10]. Therefore, we inferred that the
flavonoids pinocembrin or galangin may be the major components contributing to the ac-
tive effects of the male inflorescences of P. alba x berolinensis. The structures of pinocembrin
and galangin are presented in Figure 1. Some studies have indicated that pinocembrin
(5,7-dihydroxyflavanone) [11], a natural flavonoid, has various biological and pharmaco-
logical activities, including antibacterial, antithrombotic, anti-inflammatory and anticancer
activities [12,13]. Galangin (3,5,7-trihydroxyflavone) has recently attracted much attention
because of its prominent nontoxicity and pharmacological activities [14], including antiviral,
antiobesogenic, antimicrobial, anthypolipidemic, antioxidant, anticancer, inflammatory
response modulator and vasorelaxant properties [15-18].
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Figure 1. The molecular structures of pinocembrin and galangin.

Currently, conventional methods for extracting these active ingredients include sol-
vent extraction, maceration, heat reflux extraction and percolation, but these methods
usually have complex operating conditions, high costs, and long durations, in addition to
resulting in incomplete extraction and potentially causing environmental pollution [19].
Additionally, several advanced techniques have been employed such as supercritical fluid
extraction [20], ultrasonic-assisted extraction [21], microwave-assisted extraction [22], enzy-
matic hydrolysis [23] and accelerated solvent extraction [24]. Enzymatic hydrolysis requires
prolonged processing times and suffers from incomplete hydrolysis due to the poor perme-
ability of cellulase, a macromolecular enzyme. In contrast, studies have demonstrated that
ultrasound-assisted extraction represents an efficient and innovative approach for isolating
various bioactive components [7,25,26]. This technique offers significant advantages in-
cluding operational simplicity, reduced extraction time, lower solvent consumption, energy
efficiency, higher extraction yields and environmental friendliness.

The plant cell wall includes cellulose, hemicellulose and pectin, which hinder the
release and dissolution of small-molecule target compounds. Therefore, combining enzy-
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matic hydrolysis with ultrasonic extraction may serve as an effective strategy for enhancing
the extraction of these target components. Cellulase hydrolyzes and cleaves the glyco-
sidic bonds of polysaccharide macromolecules and flavonoid glycosides, facilitating the
extraction and dissolution of small-molecule target compounds. Simultaneously, cellulase
hydrolyzes flavonoid glycosides into their corresponding aglycones, significantly increas-
ing the yield of the desired components. Moreover, enzymatic methods can effectively
disrupt the cell wall, offering several advantages including high reaction sensitivity under
low-temperature and -atmospheric-pressure conditions, mild processing requirements,
reduced energy consumption and the generation of numerous high-value products [27].
On the basis of previous studies, most combined ultrasonication-enzymatic extraction
methods use organic solvents, followed by supernatant filtration after enzymatic hydrolysis
and the direct quantification of target components in the supernatant [28]. Water, as the
most ideal “green solvent”, has been employed for extracting polyphenols, flavonoids
and other bioactive compounds, thus reducing environmental pollution and potential safety
concerns [29]. However, owing to their varying physicochemical properties, the limited water
solubility of many bioactive compounds restricts the broader application of aqueous solvents
in green separation processes [30]. For example, flavonoid aglycones exhibit poor water
solubility, resulting in incomplete extraction from plant residues. In contrast, organic solvents
such as ethanol are more effective at extracting low-molecular-weight components, including
flavonoid aglycones. Nevertheless, enzymatic catalysis primarily occurs in the aqueous
phase, and ethanol addition can lead to enzyme deactivation. Thus, subsequent ethanol
extraction is often required to recover residual target compounds from the solid matrix.
The purpose of this study was to develop an efficient enzymatic pretreatment—
ultrasonic-assisted strategy (EP-UAS) technique for extracting pinocembrin and galangin
from the male inflorescences of P. alba x berolinensis. The optimal parameters affecting
pinocembrin and galangin yields were systematically studied. Parameters including the
linearity, limit of detection (LOD), limit of quantification (LOQ), reproducibility, stability,
recovery and precision (intra-day precision and inter-day precision) were determined under
the optimized conditions to evaluate the proposed EP-UAS approach, HPLC apparatus and
quantitative conditions. Moreover, a pilot-scale experiment was subsequently performed
under optimized conditions to verify the feasibility of the proposed EP-UAS technology.

2. Materials and Methods
2.1. Raw Materials and Reagents

Male inflorescences of P. alba x berolinensis were collected in April 2024 from Harbin,
Heilongjiang Province, China. The botanical identification was performed by Prof. Ail-
ing Ben (Nanjing Xiaozhuang University, China). The plant specimen was stored in the
herbarium of Key Construction Laboratories of Provincial Universities for the Resource
Utilization of Food and Drug Substances (specimen number: PB20240401). The morpho-
logical characteristics of the male inflorescences are presented in Figure 2. The materials
were dried in an oven at 80 °C for 24 h before being crushed, and the moisture content
was measured below 5%. Prior to experimentation, the raw materials were homogenized
via a mechanical disintegrator and subsequently filtered through a 60-mesh sieve. The
powdered samples were stored in airtight containers under cool, dry conditions for subse-
quent analyses. The moisture content of the processed inflorescences was determined to
be 6.59% (w/w). Authentic standards of pinocembrin and galangin (purity > 98%) were
obtained from Yuanye (Shanghai, China). Analytical-grade methanol, phosphoric acid,
and ethanol were procured from Aladdin (Shanghai, China). All the samples were filtered
before qualitative and quantitative HPLC analysis.
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Figure 2. Physical maps of the male inflorescences of Populus alba x berolinensis, P. alba x berolinen-
sis (a), the male inflorescences of Populus alba x berolinensis (b,c).

2.2. Ultraviolet Full-Wavelength Scanning of Standard/Reference Stock Solutions

The pinocembrin and galangin standard solutions were prepared at a concentration of
1.00 mg/mL and then placed in a 4 °C refrigerator. The two standard solutions were subse-
quently diluted 25 times for full-wavelength scanning via a Cary 100 ultraviolet and visible
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The full-wavelength
scanning results are shown in Figure 3b. They were then detected at wavelengths of 289
nm (pinocembrin) and 270 nm (galangin).
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Figure 3. HPLC results for pinocembrin and galangin in the extraction solution (a). Insert: UV full-
wavelength scanning of pinocembrin and galangin (b).

2.3. HPLC Apparatus and Quantitative Conditions

An Agilent 1260 Chromatography System (Agilent Technologies, Santa Clara, CA,
USA) was used to determine the pinocembrin and galangin contents. The detailed deter-
mination followed Chen’s method [31]. The HPLC chromatograms of pinocembrin and
galangin are presented in Figure 3. Pinocembrin and galangin were separated at 23.06 min
and 37.86 min, respectively.
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2.4. Enzymatic Pretreatment-Ultrasonic-Assisted Strategy
2.4.1. Laboratory-Scale Process

The laboratory-scale extraction process was performed via a KQ-250DB ultrasonic bath
coupled with a constant-temperature oscillating water bath (Kunshan Shumei Ultrasonic
Instrument Co., Ltd., Kunshan, China). The EP-UAS diagram showing the stages of the entire
process is presented Figure S1. Specifically, 0.5 g powder was weighed into a 25 mL conical
centrifuge tube, followed by the addition of a predetermined volume of cellulase solution. The
enzymatic hydrolysis was conducted under controlled temperature and duration conditions,
with intermittent ultrasonication applied at specified duty cycles. Following hydrolysis, the
reaction mixture was immediately filtered, and the filtrate volume was recorded. The residual
solid material was subsequently subjected to ethanol extraction, where absolute ethanol was
added to achieve the desired final concentration. Ultrasonic-assisted extraction was then
performed for a predetermined time period. The combined extracts were homogenized,
filtered and stored at 4 °C for the quantification of pinocembrin and galangin.

2.4.2. Semi-Pilot Scale Process

A semi-pilot-scale ultrasonic extractor device (TGCXN-2B, Beijing Hongxianglong
Biotechnology Co., Ltd., Beijing, China) was used in the extraction experiments to achieve
industrial production. The equipment configuration follows the schematic representation
provided in Chen’s study [31]. The equipment has a volume of 2 L and a motor power of
2 kW. The maximum ultrasonic irradiation power was 1200 W (ultrasonic power density
2.08 W/g). The raw materials were expanded 200 times at the semi-pilot scale according to
the previous study [32]; 100 g powder of male inflorescences of P. alba x berolinensis per
batch was placed in an ultrasonic container for extraction, and the material-liquid ratio was
consistent with that used in the laboratory experiments.

2.5. Box—Behnken Design of the RSM

Preliminary single-factor experiments informed the implementation of a Box-Behnken
design (BBD) to optimize extraction parameters and predict optimal yield conditions. With
the Design Expert 8.0 software, we employed three-level, three-factor response surface
methodology (RSM) to analyze variable interactions and optimize process conditions. Key
experimental parameters, including the dose of cellulase (X;: 10, 25, and 40 mg/g), incuba-
tion temperature (X5: 40, 50, and 60 °C) and incubation time (X3: 90, 120, and 150 min),
were selected for BBD to investigate their interaction influence on the yield of pinocembrin
and galangin. The yields of pinocembrin and galangin served as response variables.

2.6. Method Validation

The developed EP-UAS method and HPLC quantitative conditions still need to be
validated. The specific method validation parameters were determined according to
previous methods [32,33]. Stability and recovery studies of pinocembrin and galangin
were conducted using male inflorescence samples of P. alba x berolinensis powder extracted
under optimized conditions. Reproducibility was evaluated through quintuplicate analyses
(0.5 g samples per replicate).

3. Results and Discussion
3.1. Effect of the Ethanol Volume Fraction

As one of the major factors affecting the yields of pinocembrin and galangin, the
ethanol volume fraction varied from 0% to 90% in this study, while the other experimental
conditions were kept the same (cellulase dosage of 25 mg/mlL, incubation temperature
of 45 °C, incubation time of 150 min, pH of 5, liquid-solid ratio of 20 mL /g, ultrasonic
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irradiation power during incubation of 200 W, duty cycle of 16.67%, ultrasonic irradiation
power and time during extraction of 200 W and 10 min). Figure 4 shows that when it ranged
from 0% to 70%, the pinocembrin and galangin yields increased gradually. In contrast, the
yields decreased with increasing ethanol volume fraction, suggesting that 70% may be a
suitable concentration for extracting pinocembrin and galangin. The same trends have
also been reported in other studies on different ethanol volume fractions for the extraction
of flavonoids [34]. This observation indicates that 70% ethanol enhanced the extraction
efficiency of the two compounds from P. alba x berolinensis male inflorescences compared
with the other volume fractions. Ethanol can lower the dielectric constant of the extraction
solvent, thereby improving component solubility and mass transfer [35].
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Figure 4. Effect of the ethanol volume fraction on the extraction yields of pinocembrin and galangin,
values with different letters are significantly different (p < 0.05).

Moreover, when the ethanol volume fraction was relatively low, the yields of pinocem-
brin and galangin were lowest, at only 53.36 and 13.44 pug/mL, respectively, when the volume
fraction was 0. Sandra M. reported a similar phenomenon in which flavonoid extraction (ori-
entin) from Passiflora quadrangularis leaves was detected in all hydroalcoholic extracts, but was
not detected previously in aqueous extracts [10]. However, a higher ethanol volume fraction
also resulted in a lower extraction efficiency. This effect could be attributed to the poor water
solubility of pinocembrin and galangin, where higher ethanol concentrations induced cellular
dehydration and protein denaturation, thereby hindering component diffusion. Additionally,
water promoted plant material swelling, substantially increasing the matrix-solvent contact
area. The surface tension and viscosity of the solvent also play crucial roles in cavitation
dynamics during ultrasound-assisted extraction [36]. Finally, the relative polarity of 70%
ethanol promoted the extraction of pinocembrin and galangin, and was selected.

3.2. Effects of the Dose of Cellulase

The extraction of different doses of cellulase (0, 5, 10, 25, 50, and 100 mg/g materials)
was investigated, while the other experimental conditions were kept the same. As shown
in Figure 5a, within a certain range of doses of cellulose (0-25 mg/g), the pinocembrin and
galangin yields gradually increased, and the extraction efficiency was the highest when the
dose of cellulase was 25 mg/mL. As the dose of cellulase increased, the extraction efficiency
basically remained unchanged. In addition, the yields of pinocembrin and galangin were
only 1009 and 292.26 nug/mL, respectively, when the dose of cellulase was 0, which values are
557.92 and 542.45 pg/mL lower than the 25 mg/g dose of cellulase. As an essential structural
element of the primary cell walls of male inflorescences of P. alba x berolinensis, cellulose
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can be decomposed by cellulase at suitable temperatures and pH values [37,38]. The results
demonstrate that a cellulase concentration of 25 mg/mL optimized the extraction efficiency
for pinocembrin and galangin. Accordingly, a liquid-to-solid ratio of 25 mL/g was selected
for further processing to minimize solvent consumption and operational expenses.
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Figure 5. Effect of the dose of cellulase (a), incubation temperature (b), and incubation time (c) on the
extraction yields of pinocembrin and galangin, values with different letters are significantly different
(p < 0.05).

3.3. Effect of the Incubation Temperature

The incubation temperature, which is a critical element affecting the activity of cellulase
used in the enzymatic hydrolysis process, was necessary to ensure efficient extraction. The
extraction of incubation temperature (30, 40, 50, 60, 70 °C) was investigated, while the other
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experimental conditions were kept the same. The results shown in Figure 5b reveal that at
an opposite range of incubation temperatures (30-50 °C), a gradual increase in pinocembrin
and galangin was observed, and their yields reached a maximum plateau at 50 °C. The
dissolution of the target extract could be accelerated, and its viscosity could be reduced at
higher temperatures, which accelerated the entire enzymatic hydrolysis process. Instead,
the yield gradually decreased with increasing temperature, i.e., the incubation temperature
was greater than 50 °C. The observed effect likely stems from elevated temperatures promot-
ing flavonoid degradation (oxidation) or isomerization, because higher temperatures may
increase degradation and thus decrease the extraction yield [39]. Furthermore, a relatively
high incubation temperature would cause the cellulase or substrate to become denatured
and inactive, thus affecting the results. A similar result was reported when arabinoxylan
was extracted from wheat bran via ultrasound-assisted enzymatic hydrolysis extraction at
different temperatures [40]. In conclusion, an incubation temperature of 50 °C was chosen.

3.4. Effect of Incubation Time

A series of experiments were carried out with different incubation times (0, 30, 60, 120,
150, and 180 min) to examine the effect of incubation time on pinocembrin and galangin
extraction efficiency, while the other experimental conditions were kept the same. Figure 5c
shows a significant increase in pinocembrin and galangin contents with increasing incuba-
tion time (0-120 min), beyond which the yield did not obviously change with increasing
incubation time. A marked increase in pinocembrin and galangin was detected at 30 min,
and the yield reached a maximum plateau at 120 min. A longer incubation time can provide
sufficient time for ensuring that cellulase thoroughly hydrolyzes the cell wall. Therefore,
120 min would be an appropriate incubation time for use in the following experiments.

3.5. Effect of pH

pH was investigated by extracting the male inflorescences of P. alba x berolinensis
powders at various pH values (4.0, 4.5, 5.0, 5.5, and 6.0), while the other experimental
conditions were kept unchanged. In general, changes in pH cause the ionization of enzymes,
and then have various degrees of impact on their activity and structure because each
enzyme has a specific pH optimum. Figure 6a showed that the yields of pinocembrin and
galangin improved slightly as the pH increased, and the yield reached a maximum when
the pH was 5. However, a slight reduction in yield was observed as the pH continued to
increase. It was speculated that pH could affect the total net charge of enzymes. Optimal
pH control during enzymatic hydrolysis is essential for effective cell wall disruption and
maximal pinocembrin and galangin production, and suboptimal pH may cause enzyme
deactivation or protein denaturation [41]. Thus, a pH of 5 was a good choice.
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Figure 6. Effects of pH (a) and the liquid-solid ratio (b) on the extraction yields of pinocembrin and
galangin, values with different letters are significantly different (p < 0.05).

3.6. Effects of the Liquid-Solid Ratio

Several experiments on the effects of different liquid-solid ratios (10, 15, 20, 25, and
30 mL/g) on pinocembrin and galangin were carried out, while the other experimental
conditions were kept unchanged. As shown in Figure 6b, the yields of pinocembrin and
galangin rapidly improved in the range of 10-20 mL /g liquid-solid ratios, and subsequently
increased slightly as the liquid-solid ratio increased. Some similar trends have also been
presented in several studies [40,42], although the optimal value of the liquid-solid ratio
varies. Usually, a lower solvent volume contributes to insufficient extraction, which leads to
a reduction in the yield of pinocembrin and galangin. Nevertheless, when the liquid-solid
ratio exceeds a certain range of values, the sample and solvent are not mixed sufficiently
because more solid particles exist in the solution and might adsorb more solvent, resulting
in lower extraction yields [42]. Considering both the consumption of the experimental
materials and the yields of pinocembrin and galangin, a liquid-solid ratio of 20 mL/g was
adopted as the ideal condition for extraction.

3.7. Effects of the Ultrasound Irradiation Power on the Incubation Process

The ultrasonic irradiation power used in the incubation process is also a critical factor
affecting the enzymatic hydrolysis process, and several tests were performed with different
ultrasonic irradiation powers (100, 150, 200, and 250 W), while the other experimental
conditions were kept unchanged. Figure 7a shows that the yields of pinocembrin and
galangin were at their maximum when the ultrasonic irradiation power was 200 W. A
higher ultrasonic irradiation power was beneficial for increasing the degradation of the cell
walls of P. alba x berolinensis, which may be the major cause of the higher extraction yields
of pinocembrin and galangin.
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Figure 7. Effects of ultrasound irradiation power during the incubation process (a) and duty cycle (b)
on the extraction yields of pinocembrin and galangin, values with different letters are significantly
different (p < 0.05).

3.8. Effect of the Duty Cycle

Pinocembrin and galangin yields were evaluated under various duty cycles (0%,
8.33%, 16.77%, 25.00% and 33.33%) to assess operational parameter effects, while the other
experimental conditions were kept unchanged. Figure 7b shows that, compared with
that in the control treatment, a significant increase in the enzymatic hydrolysis process
was observed during the cycle treatment. The yields of pinocembrin and galangin were
maximized when the duty of the cycle was 16.67. In addition, no obvious change was
found in the yields of pinocembrin and galangin as the duty cycle increased further. This
effect likely results from enhanced enzymatic hydrolysis rates under ultrasonication, which
improved the mass transfer of enzyme macromolecules between the solid and liquid
phases [22]. Finally, a duty cycle of 16.67% was considered for the following experiments.

3.9. Effects of Ultrasound Irradiation Power on the Extraction Process

The ultrasonic irradiation power was investigated via the process of extraction under
various controlled ultrasonic irradiation powers (0, 100, 150, 200 and 250 W), while the
other experimental conditions were kept unchanged. Figure 8a clearly shows that differ-
ent degrees of ultrasonic irradiation were more conducive to the extraction efficiency of
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pinocembrin and galangin than was the control. When increasing the ultrasonic irradiation
power from 100 to 250 W, the yields of pinocembrin and galangin increased. Pinocembrin
and galangin yields peaked at 200 W, with no significant increase observed at higher ultra-
sonic power levels, which was attributed to the fact that ultrasonic treatment during the
extraction process of pinocembrin and galangin resulted in cavitations and the increased
diffusion of the solvent and target ingredients, which may affect the extraction efficiency
related to ultrasonic energy output [43], so the ultrasound irradiation power applied in the
extraction process for maximum yields of pinocembrin and galangin should be 200 W for

the experiments.
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Figure 8. Effect of ultrasonic irradiation power during the extraction process (a) and ultrasonic
irradiation time during the extraction process (b) on the extraction yields of pinocembrin and
galangin, values with different letters are significantly different (p < 0.05).

3.10. Effect of Ultrasound Irradiation Time on the Extraction Process

The ultrasound irradiation time was evaluated for the extraction of pinocembrin and
galangin within the range of 0-20 min, while the other experimental conditions were kept
unchanged. Figure 8b revealed that the yield of pinocembrin and galangin increased
significantly during the first 10 min of the ultrasonic irradiation process, and subsequently
improved with increasing ultrasonic irradiation time. Research has indicated that ultrasoni-
cation may increase enzyme activity [44]. In addition, the activity of the enzyme improved,
and the diffusion of particles or external solvents into the cells improved with increasing
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ultrasound irradiation time during the extraction process, which may have facilitated the
release of pinocembrin and galangin from plant cells and their dissolution in the external
solvent; consequently, a higher yield was obtained [45,46]. The experimental results reveal
that the optimal ultrasonic irradiation time in the extraction process for maximum yields of
pinocembrin and galangin should be 15 min for the experiments.

3.11. Parameter Optimization via Response Surface Methodology (RSM)

To optimize the effects of three process parameters (dose of cellulase, incubation tem-
perature, incubation time) on the yields of pinocembrin and galangin, a Box-Behnken design
(BBD) combined with RSM was used in the present work. A cellulase dose of 25 mg/g, an
incubation temperature of 50 °C, and an incubation time of 120 min were selected as the
central conditions of the BBD. The Box-Behnken design (BBD) for the actual experimental
values and predicted values for yields of pinocembrin and galangin are presented in Ta-
ble 1. Table 1 shows that the maximum yields of galangin (1255.93 pg/g) and pinocembrin
(2121.71 ug/g) were recorded under the experimental parameters of 25 mg/g cellulase, an
incubation temperature of 50 °C and an incubation time of 120 min. The lowest yields of
galangin (985.30 ug/g) and pinocembrin (1731.31 pg/g) were observed in the different tests.
Moreover, the yields of galangin (1250.17 pg/g) and pinocembrin (2113.03 pg/g) were also
high with 40 mg/g cellulase, an incubation temperature of 50 °C, and an incubation time of
150 min, without much variation compared with the highest yield, which contributed to the
similar stability of the enzyme within the tested temperature and time range [40].

Table 2 presents the quadratic model’s regression coefficients and variance analysis,
as determined by the BBD for extracting pinocembrin and galangin. The predicted model
F values of Y; and Y, were 37.73 and 15.43 pg/g, respectively, and their p values were both
less than 0.05, which indicats that the model was significant. Lack of fit is an important
index used to evaluate the reliability of the equation. The p values of Y7 and Y, for lack of fit
were 0.0663 and 0.2940 (>0.05), which implies that this regression equation could effectively
describe the relationships between different factors and response values. The factors with
p values less than 0.05, such as the linear coefficient (X5, X3), interactive coefficient (X53),
and quadratic coefficient (X»2) were significant in the Y; and Y, models. The credibility
analysis of the regression equations has revealed that the coefficient of determination
(R?) values for the predicted models of Y; and Y, were 0.9798 and 0.9520, respectively,
whereas the adjusted determination coefficient (R?) values for the predicted models of
Y7 and Y, were 0.9538 and 0.8903, respectively, which indicates that the model with the
predicted value is reliable, effective, and very suitable for processing the experimental
results, and that the experimental and predicted values had high degrees of correlation.
“Adeq precision” means the signal-to-noise ratio. The signal-to-noise ratios of Y; and Y,
were 18.28 and 13.22, respectively, which are greater than 4.0, indicating that the obtained
signals were adequate, thus presenting the same trend as Yang’s study [32].

After the three factors and levels were fitted and analyzed, the multivariate quadratic
regression equations between the yields of galangin (Y1) and pinocembrin (Y>) and the
independent variables of the dose of cellulase (X;), incubation temperature (X;), and
incubation time (X3) were obtained as follows:

Y, =1248.16 — 10.86 X; — 70.01 X + 13.09 X5 — 19.56 X1 X, + 2.88 X1 X3 + 24.02 X, X5 — 10.44 X;2 — 135.95 X,2 + 11.02 X532

Y, =2095.37 + 25.40 X; — 125.60 X, + 70.89 X5 + 56.25 X1 X + 9.52 X1 X3 — 11.29 X, X5 — 65.20 X;2 — 245.26 X,2 + 28.31 X52
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Table 1. Box-Behnken design (BBD) for the experimental values and predicted values for yields of galangin and pinocembrin.
Factor X; Factor X, Factor X3 Response 1 Response 2
Run  Dose of Cellulase = Incubation Temperature  Incubation Time  Predicted Galangin Yield  Actual Galangin Yield Predicted Pinocembrin Actual Pinocembrin Yield
(mg/g) O (min) (ug/g) (ng/g) Yield (ug/g) (ug/g)
1 10 40 120 1163.08 1179.63 1941.35 1933.74
2 40 40 120 1180.49 1182.51 1879.66 1927.96
3 10 60 120 1062.18 1060.15 1577.66 1731.31
4 40 60 120 1001.33 985.30 1740.96 1789.15
5 10 50 90 1249.38 1253.05 1971.70 2020.49
6 40 50 90 1221.90 1240.10 2003.47 2000.25
7 10 50 150 1269.80 1251.61 2094.44 2098.57
8 40 50 150 1253.84 1250.17 2164.29 2113.03
9 25 40 90 1204.17 1183.95 1921.84 1985.79
10 25 60 90 1016.11 1014.09 1693.22 1745.77
11 25 40 150 1182.31 1183.95 2086.20 2089.90
12 25 60 150 1090.32 1110.54 1812.42 1855.66
13 25 50 120 1248.16 1250.17 2095.37 2006.03
14 25 50 120 1248.16 1228.58 2095.37 2118.82
15 25 50 120 1248.16 1251.61 2095.37 2121.71
16 25 50 120 1248.16 1254.49 2095.37 2118.82
17 25 50 120 1248.16 1255.93 2095.37 2115.92
Table 2. Estimated regression coefficients and analysis of variance for the response surface quadratic model determined from BBD for galangin and pinocembrin extraction.
S Degree of Freedom Sum of Squares Mean Square F-Value p-Value ?
ource Galangin Pinocembrin Galangin Pinocembrin Galangin Pinocembrin Galangin Pinocembrin Galangin Pinocembrin
Model 9 9 124,559 464,642 13,840 51,627 37.73 15.43 <0.0001 * 0.0008 *
X1 1 1 944 5163 944 5163 2.57 1.54 0.1528 0.2542
X3 1 1 39,216 126,200 39,216 126,200 106.91 37.71 <0.0001 * 0.0005 *
X3 1 1 1370 40,202 1370 40,202 3.74 12.01 0.0945 0.0105 *
X1Xp 1 1 1531 12,655 1531 12,655 417 3.78 0.0804 0.0929
X1X3 1 1 33 362 33 362 0.09 0.11 0.7724 0.7517
X2 X3 1 1 2307 510 2307 510 6.29 0.15 0.0405 * 0.7079
X;2 1 1 459 17,902 459 17,902 1.25 5.35 0.3002 0.0540
X,2 1 1 77,816 253,269 77,816 253,269 212.14 75.67 <0.0001 * <0.0001 *
X532 1 1 511 3374 511 3374 1.39 1.01 0.2764 0.3488
Residual 7 7 2568 23,428 367 3347
Lack of fit 3 3 2068 13,317 689 4439 5.52 1.76 0.0663 0.2940
Pure error 4 4 500 10,112 125 2528
Cor total 16 16 127,127 488,071
o . Index mark Standard deviation Mean CV% Press R? Adjust R? Predicted R2  Adequacy precision
Credibility analysis of the Y, 19.15 1184.45 1.62 33,866.76 0.9798 09538 0.7336 18.28
& ! Y, 57.85 1962.59 2.95 228,868.46 0.9520 0.8903 0.5311 13.22

* 2 Significant at p < 0.05.
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The response surfaces were plotted in the Design Expert software, which demon-
strated the influences of three parameters (dose of cellulase, incubation temperature, and
incubation time) and their interactions on the yield of galangin and pinocembrin. Figure 9a
depicts the interaction effect of dose of cellulase (X;) and incubation temperature (Xy)
on galangin yield, which revealed that these two factors strongly influence the yield of
galangin and the curvature of the response surface. With increasing doses of cellulase and
incubation temperatures, the enzyme reaction rate increased, and the yield of galangin
increased significantly. A slight decrease in the yield of galangin was subsequently ob-
served when the dose of cellulase and incubation temperature increased further. Elevated
temperatures may induce enzyme denaturation by disrupting tertiary structures, thereby
reducing the yield of galangin [40]. Figure 9b shows the interaction effect of the dose of
cellulase (X;) and incubation time (X3) on the yield of galangin. The galangin yield did
not obviously improve even with increasing cellulase dose or incubation time. A higher
dose of cellulase and longer incubation time improved the yield of galangin. Figure 9¢
shows the interaction effect of the incubation temperature (X;) and incubation time (X3) on
the yield of galangin, as a result of which the yield gradually increased as the incubation
temperature increased and the incubation time increased, whereas a significant reduction
in the galangin yield was observed as the experiment progressed.
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Figure 9. Optimization of yields of pinocembrin and galangin via Box-Behnken design (BBD).
Interaction effect of the cellulase dose and incubation temperature on the yield of galangin (a);
interaction effect of the cellulase dose and incubation time on the yield of galangin (b); interaction
effect of the incubation temperature and incubation time on the yield of galangin (c); interaction effect
of the cellulase dose and incubation temperature on the yield of pinocembrin (d); interaction effect of
the cellulase dose and incubation time on the yield of pinocembrin (e); and interaction effect of the
incubation temperature and incubation time on the yield of pinocembrin (f).

Figure 9d shows the interaction effect of the dose of cellulase (X;) and incubation
temperature (X) on the yield of pinocembrin. With increasing cellulase and incubation
temperatures, the yield first increased but then decreased, and a similar variation tendency
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is presented in Figure 9a. The curves in Figure 9e were plotted to further explain the
interaction between two variables, which is similar to the 3D response surface in Figure 9b.
The optimum yield was observed at the average dose of cellulase and incubation time
without significant effects on the yield of pinocembrin. The yield of pinocembrin is shown
as a function of the dose of cellulase (X;) and incubation temperature (X;) in Figure 9f.
The yield increased with increasing combinations of factors; however, the impact of the
incubation temperature was slightly greater than that of the dose of cellulase.

For simultaneous pinocembrin and galangin yield maximization, the model-predicted
optimal parameters were as follows: 40 mg/g dose of cellulase, incubation temperature
of 46.30 °C, and 147.36 min incubation time. However, for practical convenience, the
actual parameter conditions are as follows: 40 mg/g dose of cellulase, 45 °C incubation
temperature, and 150 min incubation time. The yields of galangin and pinocembrin
predicted by the software were 1259.00 pug/g and 2158.85 pg/g, respectively. Under these
conditions, three sets of verification tests were carried out, and the extraction yields of
pinocembrin and galangin were 2158.33 & 0.13 pg/g and 1257.96 £ 0.06 pg/g, respectively.

3.12. Method Validation

The calibration curves of pinocembrin and galangin, namely, the relationships be-
tween their peak areas (Y) and concentrations (X), were generated via the standard ad-
dition method. The calibration curve regression equation for pinocembrin and galan-
gin was Ypinocembrin = (2.3054 £ 0.0499) x (0.2693 =+ 4.1346) (R? = 09981, n = 5),
Ygalangin = (46312 + 0.0614) x (1.9452 + 5.0787) (R? = 0.9993, n = 5), which indicates the
good linearity of the calibration curves for pinocembrin and galangin over the range of
0.01-2.50 mg/mL. The limits of detection (LODs) for pinocembrin and galangin were
determined to be 0.0036 mg/mL and 0.0059 mg/mL, respectively, while their correspond-
ing limits of quantification (LOQs) were 0.0197 mg/mL and 0.0176 mg/mL, respectively.
The stability and recovery studies have demonstrated that the EP-UAS extraction method
coupled with HPLC analysis achieved optimal recovery rates for both analytes.

The stability and recovery studies of pinocembrin and galangin standards were evalu-
ated under the following EP-UAS conditions: ethanol volume fraction of 70%, cellulase
dosage of 40 mg/mL, incubation temperature of 45 °C, incubation time of 150 min, pH of 5,
liquid-solid ratio of 20 mL/g, duty cycle of 16.67%, ultrasonic irradiation power during
incubation at 200 W, ultrasonic irradiation power during extraction at 200 W, and ultra-
sound irradiation time during extraction of 10 min. Table 3 shows that the average recovery
of the standard solution of pinocembrin and the recovery of the recovered concentration
after 7 days were 99.25% and 97.67%, respectively, whereas the average recovery of the
standard solution of galangin and the recovery of the recovered concentration after 7 days
were 98.64% and 96.93%, respectively. The results confirm that no thermal isomerization or
degradation occurred under the predicted operational parameters.

Method accuracy was assessed by spiking male inflorescences of P. alba x berolinensis
samples with pinocembrin and galangin standard solutions at low, medium and high
concentrations, followed by HPLC analysis. The measured pinocembrin and galangin
contents were used to calculate recovery rates, which were 99.15% and 98.93%, respectively,
as shown in Table 3, confirming the accuracy of the method. Method precision was con-
firmed by intraday and interday assays (RSD < 2%). Detailed precision data are provided
in Table 3, which support the reproducibility of the method.



Separations 2025, 12, 249 16 of 19

Table 3. Method validation studies.

Stability studies of pinocembrin and galangin standards under the following EP-UAS ? conditions: ethanol volume fraction of 70%, cellulase dosage of 40 mg/mL, incubation temperature of 45 °C, incubation time of
150 min, pH of 5, liquid-solid ratio of 20 mL/g, ultrasonic irradiation power during incubation of 200 W, duty cycle of 16.67%, ultrasonic irradiation power during extraction of 200 W and ultrasonic irradiation time
during extraction of 10 min.

Initial concentration =~ Recovered concentration after EP-UAS Recovered concentration after 7 days

Compounds (mg/mL) (mg/mL) RSD% (n = 3) Average recovery (%) (mg/mL) RSD% (n = 3) Average recovery (%)
Pinocembrin 0.1090 0.1080 0.98 99.25 0.1065 0.99 97.67
Galangin 0.1091 0.1082 0.97 98.64 0.1060 0.96 96.93
Recovery of pinocembrin and galangin from the male inflorescences of Populus alba x berolinensis
Sample Content of the sample (mg) Mass of added standard (mg) Mass of the sample analyzed with added standard (mg) Recovery (%)
Pinocembrin Galangin Pinocembrin Galangin Pinocembrin Galangin Pinocembrin Galangin
1 1.25 231 0.50 2.00 1.64 4.82 99.74 99.86
2 1.25 231 1.00 3.00 213 5.78 99.26 98.72
3 1.25 231 1.50 4.00 2.61 6.75 98.45 98.23
Average 99.15 98.93
Precision results as peak area of different determinations on 3 different days (pinocembrin 0.1090 mg/mL, galangin 0.1091 mg/mL (n = 3), acceptance limit RSD% < 2)
Sample Day 1 Day 2 Day 3
Pinocembrin Galangin Pinocembrin Galangin Pinocembrin Galangin
1 3688 4042 3636 4021 3617 4015
2 3680 4016 3621 4016 3602 3956
3 3566 4010 3510 3927 3524 3892
Mean 3645 4004 3589 3988 3581 3954
Standard deviation 68.24 45.21 68.83 52.89 49.93 61.52
RSD% 1.87 1.13 1.92 1.33 1.39 1.56

2 EP-UAS: Enzymatic pretreatment-ultrasonic-assisted strategy.
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3.13. Semi-Pilot-Scale Verification Experiment

The literature indicates that ultrasound-assisted extraction is a useful method that is
accepted by the industry, and is contributing to the development of small- or large-scale
methods in the phytopharmaceutical industry [32]. Therefore, in this study, to evaluate the
validity of the EP-UAS technique and scale-up verification tests (taking 100 g of powder,
n = 5) in a semi-pilot-scale device, three tests were performed at the optimal state to evaluate
the effectiveness of RSM under the optimum conditions (40 mg/g dose of cellulase, 45 °C
incubation temperature, 150 min incubation time). The final yields of pinocembrin and
galangin were 2158.25 + 0.22 ug/g and 1259.47 + 0.14 ug/g, respectively, which are similar
to the values predicted via RSM.

4. Conclusions

In this study, an efficient EP-UAS method was used for the extraction of pinocembrin
and galangin from male inflorescences of P. alba x berolinensis, which was investigated
via a series of single experiments and BBD to optimize the yields of pinocembrin and
galangin. The obtained optimum conditions were as follows: ethanol volume fraction of
70%, cellulase dosage of 40 mg/mL, incubation temperature of 45 °C, incubation time of
150 min, pH of 5, liquid-solid ratio of 20 mL/g, duty cycle of 16.67%, ultrasound irradiation
power during incubation of 200 W, ultrasound irradiation power during extraction of 200 W,
and ultrasound irradiation time during extraction of 10 min. Meanwhile, the proposed
EP-UAS method is a promising technique for the large-scale extraction of samples. Under
the optimum conditions, the satisfactory extraction yields of pinocembrin and galangin
were 2158.33 £ 0.13 pg/g and 1257.96 £ 0.06 pg/g, respectively. These experimental
results indicate that the extraction yield of pinocembrin and galangin can be significantly
improved under optimal conditions. The semi-pilot-scale extraction of pinocembrin and
galangin was previously realized in this study, and desirable yields of pinocembrin and
galangin were obtained. Despite this, the study has made some meaningful progress, but
there are also some limitations, such as the stability and cost of enzyme activity, the stability
of process conditions during pilot-scale expansion, and seasonal changes in raw materials.
These issues need further validation and resolution in practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12090249 /s1, Figure S1: Diagram of the enzymatic
pretreatment—ultrasonic-assisted strategy.
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