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Abstract: The biflavonoid extraction from ginkgo (Ginkgo biloba L.) leaves using solvent-based
extraction with 70% ethanol, alone and in combination with enzyme-assisted, ultrasound-assisted,
mechanical-assisted, and chemically assisted methods was investigated and the influence of extraction
duration was explored. The total content of polyphenols, flavonoids, and phenolic acids in the
extracts was determined spectrophotometrically, while individual biflavonoids were identified and
quantified using HPLC-DAD. Amentoflavone, bilobetin, ginkgetin, isoginkgetin, and sciadopitysin
were identified in all our extracts. Among these, sciadopitysin emerged as the most prevalent
biflavonoid with an amount above 1 mg g−1 dw, followed by isoginkgetin. Comparative analysis
of the extraction methods revealed that, except for chemically assisted extraction, similar levels of
compounds were obtained after 45 min of extraction. However, enzymatic (EAE) and mechanical-
assisted extraction (MAE) exhibited significantly higher individual (EAE: 19–41% higher; MAE:
22–67% higher) and total biflavonoid (EAE: 29% higher; MAE 50% higher) levels after just 5 min,
suggesting their potential to abbreviate extraction duration and facilitate the efficient retrieval of
target compounds. However, as extraction efficiency varies between individual biflavonoids, our
findings also underscore the importance of considering specific compounds and extraction kinetics in
the optimization of ginkgo leaf extraction processes.

Keywords: amentoflavone; assisted extraction; biflavonoids; bilobetin; ginkgo; ginkgetin; isoginkgetin;
sciadopitysin

1. Introduction

The ginkgo (Ginkgo biloba L.), often referred to as the “maidenhair tree”, is a living fossil
that has withstood the test of time for over 270 million years [1]. Revered for its unique fan-
shaped leaves and remarkable adaptability, this ancient tree has not only survived but has
also become a fascinating topic in modern research and wellness practice. Ginkgo extract,
derived from the leaves of the ancient ginkgo tree, has a rich history steeped in traditional
medicine and cultural significance [2]. This herbal remedy has endured through the
centuries, evolving from its roots in traditional Eastern medicine to a globally recognized
dietary supplement with a variety of potential health benefits [1,3]. The standardized
extract preparation of ginkgo leaves contains 24% flavonoids, 6% terpene trilactones (TTLs),
and less than 5 ppm ginkgolic acid [4]. To date, 110 different flavonoid structures have been
identified in a ginkgo, including flavonol and its glycosides, flavone and its glycosides,
flavanone and its glycosides, isoflavone and its glycosides, flavan-3-ols, biflavonoids and
biginkgosides [4]. Biflavonoids are dimeric structures of flavonoids that have recently
gained attention as antimicrobial, especially antiviral agents, and as molecules with the
potential for the prevention and treatment of cancer and neurological diseases [3,5]. The
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first characterized biflavonoid, ginkgetin, was isolated from ginkgo leaves and so far 13
different biflavonoids have been identified in a ginkgo, with amentoflavone, bilobetin,
ginkgetin, isoginkgetin, and sciadopitysin being the most abundant [3,6] (Figure 1).
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Flavonoids, a diverse group of polyphenolic compounds consisting of 6000 different
structures, are known for their strong antioxidant properties and numerous health bene-
fits [7]. However, the biological activity of flavonoids can vary considerably due to their
structure [7,8]. For example, biflavonoids have significantly lower antioxidant activity than
monomeric subunits, but higher neuroprotective potential [9]. The extraction of flavonoids
from plant sources requires careful optimization to increase both extraction efficiency and
yield without overtaxing resources [10]. Optimizing extraction processes for flavonoids
from plant sources is paramount for ensuring maximum yield, minimizing production
costs, and facilitating reliable results in research while maintaining product quality [11,12].
By carefully controlling extraction parameters, such as temperature and solvent choice,
the degradation of bioactive compounds is minimized, thus preserving their health bene-
fits [12]. Furthermore, optimized processes contribute to reducing environmental impact by
minimizing solvent usage and waste generation [13]. Selective extraction techniques enable
the isolation of specific compounds tailored to desired applications, thereby unlocking
the full potential of plant-derived compounds across various fields [12]. The extraction
technique used for flavonoids extraction may be divided into two groups: Conventional
techniques (maceration, reflux, and Soxhlet extraction) and modern techniques (extraction
by ultrasound, microwaves, pressurized liquid, supercritical fluid, enzyme assistance,
matrix solid-phase dispersion, etc.) [12]. Ultrasound-assisted extraction (UAE) uses high-
frequency sound waves to break down the cell walls and accelerate the release of bioactive
compounds from the plant material. In this method, the plant material is immersed in a
solvent and simultaneously sonicated with ultrasonic waves, creating cavitation that breaks
down the cell walls and facilitates the extraction of the compounds. UAE is known for
its ability to speed up processes, shorten extraction time, and increase yields. It is often
used to extract polyphenols, flavonoids, and essential oils [14–16]. In enzyme-assisted
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extraction (EAE), specific enzymes are used to break down the cell walls and release the
target compounds. It is selective, environmentally friendly, improves efficiency, and is
often used to extract polyphenols, polysaccharides, and proteins [17,18]. Mechanically
assisted extraction (MAE) uses mechanical force such as crushing or pressing to break
up the plant tissue and improve the release of the substances. It is simple, cost-effective,
and suitable for large-scale processes and is generally used for the extraction of oils and
lipophilic compounds [19,20]. In chemically assisted extraction (CAE), solvents or reagents
are used to dissolve and extract bioactive compounds. This versatile method can be tailored
to specific compounds and is efficient for the extraction of polyphenols, alkaloids, and
terpenoids from plant material on an industrial scale. Each of the mentioned technique
offer various advantages, which are selected based on the target compounds, the properties
of the plant material, and the desired extraction efficiency.

Over the years, numerous research endeavors have been dedicated to refining the
extraction methods for flavonoids from ginkgo leaves, with a predominant focus on total
flavonoids or monomeric flavonoids [21–27]. Information regarding the targeted extrac-
tion of biflavonoids from ginkgo leaves remains scarce. As per our current knowledge,
only one study [28] has addressed this issue. Lei et al. [28] optimized the extraction pro-
cess for four biflavonoids—bilobetin, ginkgetin, isoginkgetin, and sciadopitysin—from
ginkgo using ultrasonic-assisted ionic liquid extraction (UAILE). However, it is notewor-
thy that the authors did not specify the specific part of the ginkgo plant from which
the biflavonoids were extracted in their paper. Considering the significant pharmaco-
logical potential associated with biflavonoids and the accessibility of ginkgo leaves as
a cost-effective source of these compounds, our study aims to assess various extraction
techniques, including solvent-based extraction, enzyme-assisted extraction, ultrasound-
assisted extraction, mechanical-assisted extraction, and chemically assisted extraction, for
isolating biflavonoids from ginkgo leaves. We meticulously examined parameters such
as solvent composition and extraction duration to evaluate their impact on the content of
total phenolics, total flavonoids, total phenolic acids determined spectrophotometrically, as
well as the five most abundant flavonoids from ginkgo leaves—amentoflavone, bilobetin,
ginkgetin, isoginkgetin, and sciadopitysin—along with the total biflavonoid content using
HPLC-DAD analysis.

2. Materials and Methods
2.1. Plant Material and Extraction

Ginkgo leaves were collected from a ginkgo tree in an urban area in Croatia, air-dried,
and stored in a drying cabinet until analysis.

Solid–liquid extraction (SLE): Extracts were prepared by mixing 60 mg of dried and
ground ginkgo leaves with 2 mL of 70% ethanol. The samples were briefly mixed and placed
in an ultrasonic bath for 10 min, followed by 45 min in the rotator. This is a commonly
used method in our laboratory for the preparation of various plant extracts. At the end, the
samples were centrifuged and the supernatant was used for further analysis.

Enzyme-assisted extraction (EAE): 60 mg amount of dried and ground leaves were
mixed with 0.6 mL of 0.1 M acetate buffer pH 4 with 6% (v/v) enzyme (Viscozyme L
(Novozymes, Bagsvaerd, Denmark) a blend of beta-glucanases, pectinases, hemicellulases
and xylanases with declared activity ≥ FBGU/g. Each FBG is the amount of enzyme
required to hydrolyze β-glucans under the standard condition (30 ◦C, pH 5.0). The content
was briefly homogenized with a vortex and the enzymatic degradation of the lignocellulose
was carried out for 4 and 24 h at 50 ◦C and 200 rpm. After enzymatic treatment, 1.4 mL of
100% ethanol was added to the sample to obtain 70% ethanol in the sample. The procedure
that followed was the same as for solid–liquid extraction.

Ultrasound-assisted extraction (UAE): 60 mg amounts of dried and ground leaves were
mixed with 0.6 mL of distilled water. The content was briefly homogenized and treated
with ultrasound (Sonoplus HD 3100, Berlin, Germany, horn type SH 70 G, 20 kHz, Bandelin
GmbH, 62% amplitude) for 10 min with constant cooling. After the ultrasound treatment,
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1.4 mL of 100% ethanol was added to the sample to obtain 70% ethanol in the sample. The
procedure that followed was the same as for solid–liquid extraction.

Mechanically assisted extraction (MAE): 60 mg of dried and ground leaves were mixed
with 0.6 mL of distilled water followed by adding 120 mg of 4 mm glass beads to the sample.
The content was shaken at maximum speed of 600 rpm for 20 min. After the mechanical
treatment, 1.4 mL of 100% ethanol was added to the sample to obtain 70% ethanol in the
sample. The procedure that followed was the same as for solid–liquid extraction.

Chemically assisted extraction (CAE): 60 mg of dried and ground leaves were mixed with
0.5 mL of 0.1% TritonX solution and 10% NaClO solution. The samples were stirred for
48 h at 25 ◦C at 200 rpm. After chemical treatment, 1.4 mL of 100% ethanol was added to
the sample to obtain 70% ethanol in the sample. The procedure that followed was the same
as for solid–liquid extraction.

Schematically, extraction process is shown in Figure 2.
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Figure 2. Schematic representation of extraction process.

2.2. Determination of Total Polyphenols, Flavonoids and Phenolic Acids Content

Determination of total phenolic compounds was carried out through a colorimetric
reaction involving Folin–Ciocalteu reagent [29]. Absorbance readings at 765 nm were taken
after a 2 h incubation period. Gallic acid was employed for the calibration curve, and the
outcomes are presented as gallic acid equivalents per dry weight (µg GAE mg−1 dw).

For the determination of total flavonoids, the methodology outlined by Zhinshen
et al. [30], adapted to a reduced scale, was employed. The absorbance of the resulting
mixture was measured at 510 nm. Catechin was utilized for the calibration curve, and the
findings are expressed as catechin equivalents per dry weight (µg CE mg−1 dw).

Total phenolic acids were determined using Arnow’s reagent [31]. Absorbance read-
ings were taken at 505 nm. Caffeic acid served as the standard for constructing the cali-
bration curve, and the results were expressed as caffeic acid equivalents per dry weight
(µg CAE mg−1 dw).

2.3. Determination of Individual Biflavonoids Using HPLC-DAD

The analysis of individual biflavonoids, amentoflavone, bilobetin, ginkgetin, isoginkgetin,
and sciadopitysin, was performed utilizing an Agilent 1260 Infinity II High-Performance
Liquid Chromatography (HPLC) system (Agilent, Santa Clara, CA, USA) equipped with a
quaternary pump, autosampler, column compartment, and a diode array detector (DAD).
The acquisition and subsequent data processing were carried out employing the Agilent
OpenLAB CDS software (version 2.6, Agilent, Santa Clara, CA, USA). Chromatographic
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separation was achieved using a Zorbax 300Extend-C18 column (Agilent, Santa Clara, CA,
USA). Analysis parameters were similar to those published elsewhere [6]. Identification and
quantification were accomplished employing commercially available biflavonoid standards,
as previously detailed in our report where we also reported curve equation, R2, LOD, and
LOQ [6]. Results were expressed per dry weight (dw).

2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to examine the morphology of the
samples using a Tescan Vega 3 SEM (Tescan Brno S.R.O., Brno, Czech Republic) apparatus.
The samples were coated for 60 s in an argon plasma with a gold/platinum conductive
coating prior to scanning. A 10 kV voltage and a secondary electron (SE) detector were
utilized in the study.

2.5. Statistical Analysis

All extractions and measurements were conducted in at least in triplicate, and the
results are expressed as mean ± standard deviation (SD). All statistical analyses were
performed using XLSTAT Excel data add-on, version 2024.1. One-way ANOVA and subse-
quent multiple mean comparisons with Tukey’s HSD test were executed, and distinctions
between measurements were considered significant at p < 0.05.

3. Results
3.1. Influence of Pretreatment on Total Polyphenols, Flavonoids, Phenolic Acids and Individual and
Total Biflavonoids

In the initial phase of this research, the impact of various pretreatment processes (EAE,
MAE, CAE, and UAE) on the levels of total polyphenols, phenolic acids, and flavonoids
was analyzed. The findings from this investigation are shown in Figure 3.
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Figure 3. Influence of different pretreatment methods, enzyme-assisted for 4 h (EAE_4h), enzyme-
assisted for 24 h (EAE_24h), mechanical-assisted (MAE), chemically assisted (CAE), and ultrasound-
assisted (UAE), and time of extraction on the content of total polyphenols (a), total flavonoids (b) and
total phenolic acids (c) in comparison with commonly used solid–liquid extraction using 70% ethanol
(70 E). Values marked with different letters are significantly different at p < 0.05.

Overall, the pretreatment methods UAE, MAE, and EAE combined with 70% extraction
exhibited comparable outcomes in terms of total polyphenols and total flavonoids when
compared to extraction with 70% ethanol alone. However, regarding total phenolic acids,
extraction with 70% ethanol alone and MAE yielded the highest content, while CAE and
EAE proved to be less effective. Moreover, a comparison of the total polyphenols, total
flavonoids, and total phenolic acids obtained after 4 h and 24 h enzymatic treatments of
the sample showcased similar extraction efficiencies. Conversely, CAE extraction resulted
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in significantly lower yields for total polyphenols, flavonoids, and total phenolic acids
compared to other methods.

A similar trend across both individual (Table 1) and total biflavonoids (Figure 3) was
observed, where UAE, MAE, and EAE yielded comparable results, while CAE resulted
in lower amounts. The only exception was amentoflavone, which exhibited the highest
concentration, significantly surpassing extraction solely in 70% ethanol, MAE, and CAE in
an extract after EAE extraction over 24 h. Notably, in the analyzed sample, amentoflavone
appeared in the lowest concentration among the biflavonoids, whereas sciadopitysin
followed by isoginkgetin was the most abundant (Table 1).

Table 1. Influence of different pretreatment methods, enzyme-assisted for 4 h (EAE_4h), enzyme-
assisted for 24 h (EAE_24h), mechanical-assisted (MAE), chemically assisted (CAE), and ultrasound-
assisted (UAE), and time of extraction on the content of individual biflavonoids in comparison with
commonly used solid–liquid extraction using 70% ethanol (70 E). Values marked with different letters
are significantly different at p < 0.05.

70 E EAE_4 h EAE_24 h MAE UAE CAE

Amentoflavone
µg g−1 dw 64.36 ± 4.17 b 66.81 ± 2.77 ab 69.95 ± 2.77 a 64.08 ± 0.38 b 65.95 ± 1.84 ab 44.72 ± 7.03 c

Bilobetin
µg g−1 dw 163.89 ± 14.50 a 166.01 ± 3.14 a 172.22 ± 1.58 a 167.21 ± 0.97 a 177.36 ± 12.12 a 108.52 ± 23.73 b

Ginkgetin
µg g−1 dw 607.68 ± 50.29 a 627.45 ± 10.33 a 646.03 ± 7.37 a 622.57 ± 3.25 a 634.54 ± 9.23 a 466.39 ± 55.55 a

Isoginkgetin
µg g−1 dw 945.83 ± 90.12 a 974.23 ± 18.60 a 1007.06 ± 13.21 a 969.24 ± 4.69 a 994.31 ± 15.45 a 630.82 ± 123.53 b

Sciadopitysin
µg g−1 dw 1387.56 ± 105.51 a 1430.17 ± 21.34 a 1461.27 ± 105.51 a 1419.03 ± 6.87 a 1450.39 ± 18.57 a 1054.89 ± 99.93 b

The individual biflavonoid contents mirror those of total biflavonoids (Figure 4),
which ranged between 3169 and 3322 µg mg−1 dw in extracts prepared by all tested
methods except CEA, which yielded significantly lower amounts of total biflavonoids
(2305.33 ± 308.44 µg g−1 dw). Consequently, based on the obtained results, the CAE + 70%
ethanol and EAE + 70% ethanol (24 h) methods were excluded from further experiments.
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3.2. Influence of Extraction Time on Total Polyphenols, Flavonoids, Phenolic Acids and Individual
and Total Biflavonoids

In the second phase of the research, the impact of varying durations of the extraction
process with 70% ethanol on the levels of total polyphenols, phenolic acids, flavonoids, indi-
vidual biflavonoids (amentoflavone, bilobetin, ginkgetin, isoginkgetin, and sciadopitysin),
and total bioflavonoids was explored. The results for total polyphenols, total flavonoids,
and total phenolic acids can be observed in Figure 5.

Processes 2024, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. Influence of different pretreatment methods, enzyme-assisted for 4 h (EAE_4h), enzyme-
assisted for 24 h (EAE_24h), mechanical-assisted (MAE), chemically assisted (CAE), and ultrasound-
assisted (UAE), and time of extraction on the content of total biflavonoids in comparison with com-
monly used solid–liquid extraction using 70% ethanol (70 E). Values marked with different letters 
are significantly different at p < 0.05. 

3.2. Influence of Extraction Time on Total Polyphenols, Flavonoids, Phenolic Acids and  
Individual and Total Biflavonoids 

In the second phase of the research, the impact of varying durations of the extraction 
process with 70% ethanol on the levels of total polyphenols, phenolic acids, flavonoids, 
individual biflavonoids (amentoflavone, bilobetin, ginkgetin, isoginkgetin, and sciadopit-
ysin), and total bioflavonoids was explored. The results for total polyphenols, total flavo-
noids, and total phenolic acids can be observed in Figure 5. 

 
Figure 5. Dynamic change in total polyphenols (a), total flavonoids (b), and total phenolic acids (c) 
in extract of ginkgo leaves prepared with 70% ethanol. 

As illustrated in Figure 5, within the first 10 min, the majority of total polyphenols, 
flavonoids, and phenolic acids are extracted in 70% ethanol, reaching their peak content 
within 20 min under the tested material–solvent ratio. Additionally, the extraction dynam-
ics of biflavonoids, with results for individual (a–e) and total biflavonoids (f) were exam-
ined and presented in Figure 6. 

Figure 5. Dynamic change in total polyphenols (a), total flavonoids (b), and total phenolic acids (c) in
extract of ginkgo leaves prepared with 70% ethanol.

As illustrated in Figure 5, within the first 10 min, the majority of total polyphenols,
flavonoids, and phenolic acids are extracted in 70% ethanol, reaching their peak content
within 20 min under the tested material–solvent ratio. Additionally, the extraction dynamics
of biflavonoids, with results for individual (a–e) and total biflavonoids (f) were examined
and presented in Figure 6.
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The obtained results revealed a positive correlation between the duration of the ex-
traction process and the efficiency of extracting both individual and total biflavonoids
content. This was evidenced by the consistent increase in the content of all tested bi-
flavonoids within the extract. While intensive extraction occurred predominantly within
the first 10–20 min, performed experiments demonstrated a time-dependent increase in
biflavonoids throughout the 45 min duration, suggesting that prolonged extraction may
enhance biflavonoids content.

Furthermore, the extraction efficiency of total polyphenols, total flavonoids, and total
phenolic acids, along with individual and total biflavonoids, using assisted extraction
methods such as UAE, MAE, and EAE was explored. Morphological SEM analyses of
ginkgo leaf powder before and after extraction were also conducted (Figure 7). The results
unveiled distinct morphological alterations on the surface of the ginkgo leaf powder
induced by various treatments. Across all treated samples, microcracks and cellular-level
changes were observed, resulting in a visibly different surface structure of the sample.

A comparative analysis of assisted extraction efficiency, employing UAE, MAE, and
EAE, against extraction with 70% ethanol alone at both 5 min and 45 min durations was
conducted (Figure 8, Table 2). Consistent with earlier observations, after 45 min of extraction
using all three tested assisted methods, results comparable to those obtained using 70%
ethanol alone were observed. Additionally, at the 5 min mark, comparable results for total
polyphenols, flavonoids, and phenolic acids were observed.

Table 2. Comparison of the content of individual biflavonoids in extracts for different durations
(5 min and 45 min) of the solid–liquid extraction using 70% ethanol (70 E), ultrasound-assisted (UAE),
mechanical-assisted (MAE), and enzyme-assisted (EAE) extraction processes. Values marked with
different letters are significantly different at p < 0.05.

Amentoflavone
µg g−1 dw

Bilobetin
µg g−1 dw

Ginkgetin
µg g−1 dw

Isoginkgetin
µg g−1 dw

Sciadopitysin
µg g−1 dw

70 E
5 min 49.69 ± 0.58 d 99.21 ± 3.70 e 357.37 ± 13.49 e 486.72 ± 24.81 d 866.35 ± 26.68 d

45 min 64.36 ± 4.17 ab 163.90 ± 14.5 ab 607.68 ± 50.30 ab 945.83 ± 90.12 a 1387.56 ± 105.51 a

UAE
5 min 56.82 ± 1.59 c 124.89 ± 5.55 de 439.37 ± 21.24 de 632.18 ± 37.92 cd 999.26 ± 72.14 cd

45 min 65.95 ± 1.84 a 177.36 ± 12.12 a 634.54 ± 9.23 a 994.31 ± 15.45 a 1450.34 ± 18.57 a

MAE
5 min 59.07 ± 0.70 bc 133.89 ± 1.09 cd 467.50 ± 7.23 cd 684.37 ± 11.44 bc 1061.32 ± 19.88 c

45 min 64.08 ± 0.38 ab 167.21 ± 0.98 ab 622.57 ± 3.25 a 969.24 ± 4.69 a 1419.03 ± 6.87 a

EAE
5 min 60.39 ± 1.94 bc 150.83 ± 11.24 bc 538.48 ± 40.63 bc 812.89 ± 74.21 b 1223.56 ± 30.96 b

45 min 66.81 ± 2.77 a 166.01 ± 3.14 ab 627.45 ± 10.33 a 975.23 ± 18.60 a 1430.17 ± 21.30 a

However, assisted extraction (UAE, MAE, and EAE) exhibited higher amounts of
amentoflavone, bilobetin, ginkgetin, isoginkgetin, sciadopitysin, and total biflavonoids
compared to extraction with 70% ethanol alone at the 5 min mark (Table 2, Figure 9).

At 5 min, both EAE and MAE resulted in significantly higher amounts of total bi-
flavonoids compared to extraction with 70% ethanol alone (Figure 9). This suggests
that the tested assisted extraction methods may effectively reduce the extraction time
for biflavonoids.
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letters are significantly different at p < 0.05.

4. Discussion

In recent years, traditional extraction methods have undergone a significant trans-
formation, giving way to modern techniques meticulously designed to reduce reliance
on organic solvents and streamline extraction processes [32]. These innovations are un-
derpinned by a dual commitment to enhancing efficiency and promoting environmental
sustainability. In this study, SLE, EAE, UAE, MEA, and CAE were compared. Different
treatments induced varied morphological changes on the surface of ginkgo leaf powder
(Figure 7), aligning with the existing literature findings [33]. The analysis of SEM photos
(Figure 7) of ginkgo leaf powder before and after the application of various extraction
methods revealed significant changes in morphological structure. While the structure of
the powder before treatment was smooth with adjacent holes of the cell wall arranged
densely, the surface of ginkgo leaf powder was damaged severely after the treatments.
After the mechanical and ultrasound treatment many cracks appeared on the samples due
to cavitation and mechanical friction. When it comes to samples treated with enzymes, lots
of new holes appeared and adjacent holes were loosely arranged like in the results reported
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by Zhang et al. [34]. In the sample treated with 70% ethanol, no significant morphological
change was noticed.

Among all evaluated assisted methods, except CAE, comparable amounts of total
polyphenols and total flavonoids were obtained, significantly higher than those from CAE
(Figure 3). Furthermore, extracts prepared with CAE exhibited significantly lower total
phenolic acids content compared to those from SLE with 70% ethanol and UAE and MAE,
indicating the superior efficiency of the latter methods. Thus far, it has been reported that
mechanochemical-assisted extraction (MCAE), employing 21% solid reagent (NaHCO3)
followed by milling, enhances the content of both total flavonoids and monomeric ones
in ginkgo extracts [26]. Conversely, in contrast to our findings, CAE yielded significantly
lower amounts and was not investigated further regarding extraction time. For EAE
in our study, a blend of beta-glucanases, pectinases, hemicellulases, and xylanases was
employed, which did not yield higher amounts of total polyphenols, flavonoids, and
phenolic acids than in an extraction using just 70% ethanol for 45 min. This contrasts with
the findings by Chen et al. [24], who reported increased total flavonoid content in ginkgo
leaves pretreated with cellulose and pectinase compared to the control without enzymes.
Han et al. [23] also highlighted the significant role of enzymes like polygalacturonase
and β-glucosidase in flavonoid extraction. UAE is often recommended in the literature
for extracting total flavonoids from ginkgo leaves [35,36], and presented results show
comparable efficacy after 45 min as with extraction using 70% ethanol alone. However, as
evident from Figure 8, UAE yielded statistically similar results after 5 min as after 45 min,
suggesting accelerated extraction of total polyphenols, flavonoids, and total phenolic acids.
The literature data showed the beneficial effects of UAE also for extracting other compounds
from ginkgo leaves such as polysaccharides [37,38] and ginkgolides [39]. Also, UAE has
shown promising results for extraction compounds such as terpene lactones from ginkgo
seeds [40]. Similar to UAE, in our experiments MAE demonstrated comparable results
for total polyphenols, flavonoids, and phenolic acids after 5 min and 45 min, indicating
accelerated extraction with this method as well. In the case of extraction with 70% ethanol
alone, the majority of total polyphenols, flavonoids, and phenolic acids were extracted
within the first 20 min, after which the amount plateaued (Figure 5). The literature varies
regarding extraction times for these compounds from ginkgo without assisted extraction,
with Cui et al. [41] performing extractions for 4 h by shaking ginkgo leaves material on
a laboratory rotary shaker with different solvents, reporting the highest amounts of total
polyphenols and flavonoids in ethanol and methanol extracts. Kobus et al. [42] used
maceration for 16 h hours for total flavonoid extraction, but results obtained in our study
suggest that such prolonged extraction may not be necessary.

While measurements of total polyphenols, flavonoids, and phenolic acid content are
commonly used for optimizing flavonoid extraction from ginkgo leaves [22,26,35,36,41,42],
these methods are known to lack specificity [43]. Considering the diverse chemical struc-
tures of flavonoids, it is imperative to evaluate the extraction efficiency of each individual
compound. In this study, we focused on a less studied group of flavonoids—biflavonoids,
specifically the five most abundant biflavonoids in ginkgo leaves [6]. In all the extracts ana-
lyzed, amentoflavone, bilobetin, ginkgetin, isoginkgetin, and sciadopitysin were identified.
Sciadopitysin was the most abundant, followed by isoginkgetin, which is consistent with
the literature data [6,21,28,44]. Similar to total polyphenols and flavonoids, UAE, MAE,
and EAE yielded comparable results, while CEA resulted in lower amounts of individ-
ual (Table 1) and total biflavonoids (Figure 4) after 45 min of extraction. The exception
was amentoflavone, which showed significantly higher amounts in extracts after EAE for
24 h compared to extraction in 70% ethanol alone, MAE, and CEA. This suggests that
the localization of amentoflavone within plant tissue/cells benefits from applied enzyme
treatments, enhancing its extraction. According to the literature data and MALDI imaging,
amentoflavone is localized in the outer part of leaves/tissues [44,45]. Time significantly
influences the extraction of all biflavonoids when using only 70% ethanol without pretreat-
ments; a constant increase in individual as well as total biflavonoid content over a 45 min
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period, with the highest increase occurring in the first 10 min was observed in this study
(Figure 6). With assisted extractions (UAE, MAE, and EAE), longer extraction durations
also resulted in higher amounts of all individual and total biflavonoids (Table 2, Figure 9).
However, similar to the results for total polyphenols, flavonoids, and phenolic acids, higher
amounts of all biflavonoids in extracts prepared with pretreatments compared to those
without at the 5 min mark were observed. Significantly higher amounts were observed,
especially for MAE and EAE. According to the results of this study, these techniques reduce
extraction time, enabling the extraction of the highest amounts of biflavonoids in a shorter
period using these methods. This aligns with the existing literature, where these techniques
are acknowledged as green extraction methods due to their ability to shorten extraction
duration and thereby decrease processing costs [20,46]. According to our results, UAE
demonstrated higher total and individual biflavonoids content after 5 min of extraction
compared to extraction with 70% ethanol alone. However, this increase was statistically
significant only for amentoflavone. Lei et al. [28] reported that ultrasonic-assisted ionic
liquid extraction may be utilized for extracting four biflavonoids from ginkgo: bilobetin,
isoginkgetin, ginkgetin, and sciadopitysin. Similar to our findings, they noted sciadopitysin
as the most abundant biflavonoids, followed by isoginkgetin and ginkgetin, with bilobetin
being the least abundant. Our findings concerning individual biflavonoids underscore
slight variability in extraction dynamics and kinetics due to their diverse chemical struc-
tures (Table 2) which is consistent with the finding of Lei et al. [28]. Consequently, for
extraction optimization, it is preferable to employ methods capable of identifying individ-
ual compounds rather than relying on nonspecific techniques that measure the total content
of compounds within a group, as is commonly seen in the literature.

5. Conclusions

In recent years, advancements in extraction techniques have aimed to enhance effi-
ciency and environmental sustainability by minimizing reliance on organic solvents. In
this study, various assisted extraction methods, including SLE, EAE, UAE, MAE, and CAE
were compared focusing on ginkgo leaf powder. Distinct morphological changes induced
by different treatments, consistent with previous research, were observed. Except for CAE
extraction, comparable levels of total polyphenols and flavonoids were obtained, surpass-
ing those from CAE. UAE showed comparable efficiency to SLE after 45 min, while EAE
and MAE demonstrated higher efficiency after 5 min of extraction. Time significantly influ-
enced extraction efficiency, particularly for biflavonoids, with the highest increase observed
within the first 10 min. As per our results, assisted extraction methods such as EAE and
MAE may reduce extraction time, facilitating efficient extraction of target compounds. This
marks the initial report on biflavonoids, and we advocate for further studies delving into
the kinetics of each assisted extraction method and its impact on specific biflavonoids. This
study also underscores the importance of considering specific compounds and extraction
dynamics when optimizing extraction processes for ginkgo leaves.
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