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Featured Application

Fallen yellow ginkgo leaves, typically treated as waste in urban and landscaped areas,
can be valorized as a sustainable and non-invasive source of pharmacologically relevant
biflavonoids. Their high content of sciadopitysin, ginkgetin, isoginkgetin, and related
compounds makes them suitable for development into standardized extracts or purified
fractions with potential applications in pharmaceuticals, nutraceuticals, and functional
foods. Moreover, the utilization of naturally shed leaves reduces environmental waste
while avoiding disruption of the ginkgo tree’s physiological cycle, offering a scalable and
eco-friendly raw material supply for bioactive product development.

Abstract

Ginko (Ginkgo biloba L.) is a widely distributed ornamental tree that produces large quanti-
ties of leaves annually, turning golden yellow in autumn due to chlorophyll degradation
and carotenoid retention. While green ginkgo leaves and standardized extracts have been
extensively studied, senescent and naturally fallen leaves remain only scarcely investigated,
despite representing a substantial biomass resource. In this study, we analyzed yellow
ginkgo leaves collected directly from trees and those naturally shed at four time points
during autumn. We determined pigment composition, total polyphenols, flavonoids, phe-
nolic acids, and the concentrations of five major biflavonoids. Chlorophylls decreased
progressively in tree-collected leaves, whereas carotenoid levels remained stable or slightly
elevated. Polyphenolic compounds were more abundant in fallen leaves. Biflavonoid
profiling revealed the presence of amentoflavone, bilobetin, ginkgetin, isoginkgetin, and
sciadopitysin, with sciadopitysin as the most abundant. Total biflavonoid content reached
up to 8 mg/g dw, with higher levels in fallen leaves compared to those collected from
the tree. These findings highlight yellow ginkgo leaves, particularly fallen ones, as a sus-
tainable and non-invasive source of pharmacologically relevant biflavonoids. However,
further research is needed to optimize eco-friendly extraction strategies and to evaluate
safety aspects.

Keywords: ginkgo; biflavonoids; yellow leaves; sustainable resource utilization

1. Introduction

Flavonoids are one of the most widespread and structurally diverse classes of plant
polyphenols, fulfilling essential roles in pigmentation, UV protection, defense, and sig-
naling. Their structural core, derived from the phenylpropanoid pathway, allows for
numerous chemical modifications that expand diversity and modulate function. Beyond
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monomeric forms, flavonoids also undergo dimerization, producing a unique group of
compounds collectively referred to as biflavonoids. According to the review article by
He et al. [1], more than 592 biflavonoids have been structurally elucidated and may show a
wide range of pharmacological activities, including anti-inflammatory, antioxidant, antibac-
terial, antiviral, antidiabetic, antitumor, and cytotoxic properties. Moreover, biflavonoids
have demonstrated promising activity in experimental and preclinical models related to
neurodegenerative diseases such as Alzheimer’s and Parkinson’s [2-4]. The dimerization of
flavonoids significantly extends their functional landscape. For example, biflavonoids are
better acetylcholinesterase, c-amylase and «-glucosidase inhibitors than their monomeric
subunits, which indicates their potential role in the prevention of neurodegenerative dis-
eases and diabetes [5].

Unlike monomeric flavonoids, which are widely distributed across the plant kingdom,
biflavonoids are comparatively rare and not universally present in all plant species [1].
Their exact distribution remains incompletely characterized, as systematic surveys across
taxa are still limited. Current evidence suggests that biflavonoids occur sporadically
in certain lineages, often with taxonomic or ecological significance. Some examples of
biflavonoid sources include Selaginella (Lycophytes) [6], Hypericum (Clusiaceae) [7], and
Juniperus (Cupressaceae) [8], where they contribute to structural diversity, antimicrobial
activity, and chemical defense.

Biflavonoids were first isolated from yellow ginkgo (Ginkgo biloba L.) leaves, which
remains one of the best-known and most extensively studied sources; in this species, char-
acteristic 3/,8”-linked biflavones such as amentoflavone, bilobetin, ginkgetin, isoginkgetin,
and sciadopitysin have been identified [9]. The standardized G. biloba preparation, EGb761,
contains 24% ginkgo flavonoids and 6% terpene trilactones (TTLs) and has long been used
in the treatment of asthma, bronchitis, ischemia, arteriosclerosis, and rheumatism [10].
Yellow ginkgo leaf extracts may exhibit stronger biological activity than those from green
leaves [11-15]. Our recent report shows higher accumulation of biflavonoids in yellow
leaves [16], and yellow ginkgo leaves contain higher amounts of terpene trilactones bilob-
alide and ginkgolides B and C [17]. Therefore, senescent yellow ginkgo leaves may repre-
sent a valuable source of biflavonoids with potential pharmaceutical applications.

Given the large size of many ginkgo trees and their wide distribution across the
globe in urban parks, streetscapes, and landscaped areas, the annual leaf fall represents
a substantial amount of biomass. At present, these fallen ginkgo leaves are generally
managed as green waste and are removed and discarded without further utilization.
Although there have been reports suggesting alternative applications, for example, the
use of ginkgo leaf biomass in biochar production [18], the vast majority of leaves remain
unexploited and are ultimately treated as waste.

In this study, we investigated the potential of yellow ginkgo leaves, both those collected
directly from the tree and those naturally senesced and fallen, as a source of valuable
phytochemicals, with particular emphasis on biflavonoids. While ginkgo leaves are well
known to contain a wide range of metabolites with pharmacological significance [19], to
the best of our knowledge, no previous studies have specifically addressed the presence,
concentration, or stability of biflavonoids in senescent or fallen leaves. Assessing this
overlooked biomass could open new opportunities for sustainable resource utilization,
help reduce organic waste in urban environments, and support the development of novel
bioactive compounds from a currently neglected natural source.

To this end, we analyzed seasonal changes in biflavonoid content in yellow ginkgo
leaves by determining pigment concentration, total polyphenols, flavonoids, phenolic acids,
and the concentrations of five major biflavonoids—amentoflavone, bilobetin, ginkgetin,
isoginkgetin and sciadopitysin. Both tree-collected and naturally fallen leaves were ex-
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amined at four different time points during autumn, providing insight into how leaf
senescence and natural abscission influence the accumulation and preservation of these
pharmacologically relevant compounds.

2. Materials and Methods
2.1. Chemicals and Instruments

For this research, the following equipment and reagents were employed. Ginkgo leaves
were freeze-dried using a LIO-5PLT (KAMBIC, Ljubljana, Slovenia), and the resulting mate-
rial was ground to a fine powder with a Bead Ruptor 12 (Omni International, Kennesaw,
GA, USA). Plant material was weighed on an analytical balance (Adam Equipment, Maid-
stone, United Kingdom). Extractions were carried out with 70% ethanol (GRAM-MOL,
Zagreb, Croatia) employing an ultrasonic bath (DU-100, Argo Lab, Carpi, Italy), followed
by mixing on a mechanical rotator (Bio RS-24, Biosan, Riga, Latvia) and a vortex mixer (V-1
plus, Biosan, Riga, Latvia). The extracts were then clarified by centrifugation (LMC-4200R,
Biosan, Riga, Latvia). For the determination of chlorophylls and carotenoids, acetone was
used as the extraction solvent (GRAM-MOL, Zagreb, Croatia). UV-VIS measurements were
performed on a spectrophotometer (ONDA TOUCH UV-21, China). For the determination
of polyphenolic compounds, the following chemicals were used: gallic acid 98% (Acros
Organics, Shanghai, China), caffeic acid > 98% HPLC grade (Sigma Aldrich, St. Louis,
Missouri, MO, USA), (+)-catechin hydrate (Sigma Aldrich, St. Louis, Missouri, MO, USA),
Folin—Ciocalteu’s reagent (Sigma Aldrich, Buchs, Switzerland), sodium carbonate (T.T.T.,
Sveta Nedelja, Croatia), aluminum chloride hexahydrate (Thermo Fischer Scientific, Kandel,
Germany), hydrochloric acid 36.5% (Kemika, Zagreb, Croatia), sodium hydroxide (T.T.T,
Sveta Nedelja, Croatia), sodium nitrite (Kemika, Zagreb, Croatia), sodium molybdate
(VI) dihydrate (Sigma Aldrich, St. Louis, Missouri, MO, USA), and methanol (Kemika,
Zagreb, Croatia). Biflavonoid quantification was carried out on an Agilent 1260 Infin-
ity II high-performance liquid chromatography system (Agilent, Santa Clara, CA, USA)
equipped with a diode array detector (DAD). The mobile phase consisted of acetonitrile
(>99.9% UHPLC gradient grade; Fischer Scientific, Taipei City, Taiwan), ultrapure water,
and formic acid (98-100%; Sigma Aldrich, Darmstadt, Germany). HPLC-grade standards
of amentoflavone, ginkgetin, isoginkgetin, bilobetin, and sciadopitysin (PhytoLab, Vesten-
bergsgreuth, Germany) were prepared as stock solutions in pure dimethyl sulfoxide (Fisher
Scientific, Loughborough, UK).

2.2. Leaves Collection and Storage

Ginkgo autumn leaves were collected in 2022; leaves from trees as well as fallen leaves
were collected at four different time points (Table 1).

Table 1. Date of sampling of leaves from tree and fallen leaves.

Leaves from Trees Fallen Leaves

L. 3 October 2022 24 October 2022
II. 18 October 2022 2 November 2022
III. 2 November 2022 7 November 2022
Iv. 7 November 2022 21 November 2022

Leaf material was collected from an alley of ginkgo trees (46°09'20” N; 16°49'46" E)
located in the city of Koprivnica, Croatia. Sampling was carried out on five ginkgo trees
of the same age (approximately 30 years), which nevertheless differed in the onset and
intensity of leaf yellowing and abscission (Figure 1). In this study, some trees completed leaf
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fall by mid-October, while in others the final leaf drop occurred as late as late November,
so this is the reason why we collect samples at different time points, since the complete leaf
drop occurs in one tree in less than 24 h.

Figure 1. Different dynamics of ginkgo leaf yellowing in late October.

Immediately after collection, leaf samples were stored at —80 °C until lyophilization.
Freeze-drying was carried out for 48 h at approximately —-102 °C under a pressure of
0.3303 mBar. The lyophilized material was then ground into a fine powder using a bead
mill, which served as the starting material for subsequent extractions.

2.3. Determination of Pigment Content

For the quantification of chlorophylls and carotenoids in autumn ginkgo leaves, the
method of Lichtenthaler and Buschmann [20] was applied. Approximately ten milligrams
of finely ground leaf powder was weighed and extracted with 1 mL of pure acetone.
The extracts were centrifuged, and the resulting supernatant was collected for analysis.
Absorbance was measured at three wavelengths: 661.6 nm, 644.8 nm, and 470 nm. Pigment
concentrations were calculated using the equations specific for pure acetone and results are
expressed as micrograms per gram of dry weight (ng/g dw) of lyophilized leaf powder.

2.4. Determination of Polyphenolic Compounds

The determination of phenolic compounds included the measurement of total polyphe-
nols, total flavonoids, total phenolic acids, and five major 3/,8”-biflavones from autumn
ginkgo leaf extracts. Extract preparation was performed as follows: 60 mg of finely ground
leaf powder was weighed for each sample and extracted with 2 mL of 70% ethanol. The
extraction solvent and isolation protocol were selected based on our previously published
work [16]. The mixture was vortexed briefly and then placed in an ultrasonic bath for
10 min at room temperature. Subsequently, the samples were mixed on a rotary mixer
for 45 min and centrifuged at 4000 rpm for 10 min at room temperature. The resulting
supernatant was collected and used for further analyses.

2.4.1. Total Polyphenols

Total polyphenol content was assessed using a modified Folin-Ciocalteu method [21].
In brief, 200 uL of ginkgo leaf extract was combined with 1580 puL of distilled water and
100 uL of Folin—Ciocalteu reagent, followed by the addition of 300 uL of saturated sodium
carbonate solution. The mixture was incubated at room temperature for 2 h, and absorbance
was then recorded at 765 nm. Quantification was performed against a calibration curve
(y = 0.0011x, R? = 0.99) prepared with gallic acid in a range 0-2000 mg/L, and results
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are expressed as gallic acid equivalents per milligram of dry weight (ug GAE/mg dw) of
lyophilized leaf powder.

2.4.2. Total Flavonoids

The total flavonoid content was determined following the method described by
Zhishen et al. [22]. In short, 200 pL of extract was combined with 800 uL of distilled
water, after which 60 pL of 5% sodium nitrite (NaNO,) solution was added to initiate the
reaction. Following a 5 min incubation, 60 pL of 10% aluminum chloride (Al,Cl3) solution
was introduced, and after an additional 6 min, 400 puL of 1 M sodium hydroxide (NaOH)
was added. The absorbance was then measured at 510 nm. Quantification was performed
using a catechin (0-500 mg/L) calibration curve (y = 0.0023x, R? = 0.99), and results are
reported as catechin equivalents per milligram of dry weight (ug CE/mg dw) of lyophilized
leaf powder.

2.4.3. Total Phenolic Acids

The total phenolic acid content was assessed using the Arnow reagent method [23].
Briefly, 300 pL of extract was combined with 300 pL of distilled water, 100 puL of 0.5 M
hydrochloric acid (HCI), and 100 pL of Arnow’s reagent (sodium nitrite and sodium molyb-
date dihydrate). This was followed by the addition of 100 uL of 1 M sodium hydroxide
(NaOH) and 100 pL of distilled water. Absorbance was then recorded at 505 nm. Quan-
tification was carried out using a calibration curve (y = 0.0074x, R? = 0.98) constructed
with caffeic acid (0-250 mg/L), and results are expressed as caffeic acid equivalents per
milligram of dry weight (ug CAE/mg dw) of lyophilized leaf powder.

2.4.4. Biflavonoid Profiling

The major 3/,8”-biflavones (amentoflavone, bilobetin, ginkgetin, isoginkgetin, and
sciadopitysin) in ginkgo leaf extracts were determined following the method of Juréevié
Sangut and Samec [16]. Detection and quantification were performed using an Agilent
1260 Infinity II high-performance liquid chromatography (HPLC) system (Agilent, Santa
Clara, CA, USA) equipped with a diode array detector (DAD). Both samples and standards
were injected at a volume of 10 pL. Prior to injection, ginkgo extracts were filtered through
polytetrafluoroethylene (PTFE) syringe filters with a pore size of 0.45 pm.

Standard stock solutions (1 mg/mL) were prepared in pure DMSO, and serial dilutions
with pure methanol yielded final concentrations of 1, 10, 50, and 100 pg/mL. Chromato-
graphic detection was carried out at 330 nm, and data acquisition and processing were
performed using Agilent OpenLab CDS software (version 2.6). Identification of the five
biflavones was based on the comparison of UV-Vis spectra and retention times between
sample peaks and their respective standards. Quantification was performed using calibra-
tion curves, and concentrations are expressed as micrograms per milligram of dry weight
(ug/g dw) of lyophilized leaf powder. Chromatographic separation was performed using
a Zorbax 300Extend-C18 column (150 x 4.6 mm, 3.5 pm; Agilent, Santa Clara, CA, USA)
maintained at 40 °C. The mobile phase consisted of 0.1% formic acid in water (A) and
acetonitrile (B), with a multistep linear gradient program applied for analyte elution at a
constant flow rate of 1.0 mL/min over a 45 min run. The gradient elution profile was as
follows: 0 min 98% A, 10 min 79% A, 15 min 77% A, 20 min 75% A, 25 min 64% A, 30 min
62% A, 35 min 51% A, 40 min 25% A, 43 min 8% A, and 45 min 98% A.

2.5. Statistical Analysis

Leaf sampling was performed on five ginkgo trees, each serving as an independent
biological replicate. All measurements were conducted in at least three technical replicates,
and results are presented as mean =+ standard deviation. Statistical analyses were carried
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out using PAST software (version 4.15) [24], applying one-way ANOVA followed by Tukey’s
post hoc test. Differences were considered statistically significant at p < 0.05, with values
followed by different letters indicating statistically significant differences.

3. Results
3.1. Pigment Content

The content of green pigments, chlorophyll a, chlorophyll b and total chlorophylls as
well as total carotenoids is shown in Table 2.

Table 2. The contents of chlorophyll a, chlorophyll b, total chlorophylls and total carotenoids in
yellow leaves collected from trees and fallen leaves at four time points. Values are presented as mean
=+ SD and expressed as pug/g dw.

Leaves from Trees

Chla Chlb Total Chls Total Car

(ng/gdw) (ng/gdw) (ug/gdw) (ng/gdw)
I 611.87 +19.432 10542 +8.752 71729 £28.032  66.70 + 4.63 9
I 232.96 4 9.03 P 52,67 + 6728 2856241119  63.77+7.794
11 98.95+12.15°4 8792 4+20.70% 186.87 +£32.84°d  90.95+0.78 ¢
v 126.09 + 4.41 ¢ 91.94 +£5372  218.03+9.37P 10548 +1.38P

Fallen leaves

Chla Chl b Total Chls Total Car

(ng/g dw) (ng/g dw) (ng/g dw) (ng/g dw)
I 5725+ 7579 6320410142 12044 +17.704  110.61 +1.56P
Il 56.63 4+ 10.18¢ 8722 +£16.452  143.85 + 26544  143.47 +2.08?
11 63.88 + 13419 9349 +29702 15737 +43.00¢4 7327 +0.854
v 68.86 +14.2849¢  69.61 +£20972 13847 + 35264  153.26 4 1.08 2

Statistical significance was determined at p < 0.05, and values marked with different letters denote statistically
significant differences.

As expected, the contents of chlorophyll a, chlorophyll b, and total chlorophyll gradu-
ally decreased in leaves collected from trees from the beginning of sampling (I) to the end
of the growing season (IV), reflecting the typical physiological response to senescence. In
fallen leaves, although no longer photosynthetically active, chlorophylls were still detected;
their levels remained relatively stable across the different collection time points but were
significantly lower than in leaves collected directly from the trees. In leaves from the tree,
carotenoid content increased with time, and in fallen leaves at three time points, the content
was higher than in leaves from the tree.

3.2. Polyphenolic Compounds Content
3.2.1. Total Polyphenols, Flavonoids and Phenolic Acids

The content of total polyphenols (TP), total flavonoids (TF) and total phenolic acids
(TPA) in analyzed yellow ginkgo leaves is shown in Table 3.

In general, the total contents of polyphenols, flavonoids, and phenolic acids were
higher in fallen leaves compared to those collected directly from the tree, although the
collection date had a significant influence. The highest total polyphenol and flavonoid
content was detected in leaves from the tree sampled at the second sampling date (II). The
highest polyphenol, flavonoid and phenolic acid content was observed in fallen leaves
collected at the first sampling date (I).



Appl. Sci. 2025, 15, 11436 7of 13

Table 3. The content of polyphenols (TP), total flavonoids (TF) and total phenolic acids (TPA) in
yellow ginkgo leaves collected from the tree and fallen leaves.

Leaves from Trees

TP TF TPA
(ug GAE/mg dw) (ng CE/mg dw) (ng CAE/mg dw)
I 33.52 +0.50 8 410 +0.264 0.95 +0.01°¢
Il 4591 +0.324 5.26 +0.17 1.00 + 0.04 ©
I 41.85 4 0.40 © 5.01 4+ 0.17 < 1.07 4+ 0.13 be
v 38.60 +£0.23 ¢ 4744+ 0.10d 1.19 + 0.04 be
Fallen leaves
TP TF TPA
(ug GAE/mg dw) (ng CE/mg dw) (ng CAE/mg dw)
I 62.52 +2.412 62.52 +2.412 62.52 +2.412
IT 58.80 + 1.01P 58.80 + 1.01P 58.80 + 1.01P
I 3828 +0.16f 3828 +0.161 3828 +0.16f
v 49.49 +0.81° 49.49 +0.81°¢ 49.49 +0.81°

Statistical significance was determined at p < 0.05, and values marked with different letters denote statistically
significant differences.

3.2.2. Biflavonoids

In all collected samples of yellow ginkgo leaves, we especially focused on the determi-
nation of five major biflavonoids, amentoflavone, bilobetin, ginkgetin, isoginkgetin and
sciadopitysin, using HPLC-DAD. Representative chromatograms with all five biflavonoids
peaks are shown in Figure 2.

ursAjidopens

Response[mAU]

unadyurd
= urja3yurost

unaqoqq

~ dUOAR[JOJUIWIE

Figure 2. Yellow ginkgo leaf extract chromatogram recorded at 330 nm.

All five biflavonoids were detected in every sample, although their levels varied
depending on the collection date and leaf type. The results are presented in Table 4.
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Table 4. The content of individual biflavonoids (ng/g dw), amentoflavone, bilobetin, ginkgetin,
isoginkgetin and sciadopitysin, in yellow ginkgo leaves from trees and fallen leaves.

Leaves from Trees

I i I v
Amentoflavone ~ 48.82 4 14.22P 49.94 +13.25b 57.69 + 22.85 bd 55.43 +17.67°
Bilobetin 469.77 & 124.24° 49459 £ 151.56 P 526.82 =+ 220.06 P 519.16 & 179.52 b
Ginkgetin 1022.66 & 177.51 P 1133.47 23531 1091.05 & 452.31 b 1170.72 + 229.13 °

Isoginkgetin 117225 +280.80 4 1234.57 4 340.23 bed 1137.08 + 697.23 b 1278.48 +392.13 2
Sciadopitysin  2060.55 4 278.71°  2242.87 4 360.21 b¢ 2394.96 + 465.57 2 2346.62 -+ 392.29 be

Fallen leaves

I I I v
Amentoflavone  88.20 & 1.86 2d 102.20 4 16.38 2 67.11 + 0.47 b¢ 92.29 4 1.07 ¢
Bilobetin 870.99 4+ 19.99 @ 915.22 4 28.89 2 656.23 4+ 3.39 851.95 + 17.32 2
Ginkgetin 1675.26 4 35.86 1497.30 + 57.26 20 1350.85 + 11.13 20 1324.33 4 20.35 20
Isoginkgetin  2006.11 + 42252 1962.37 4 26.58 2 1599.52 4 11.69 1896.62 4 39.60 24
Sciadopitysin  2994.26 + 60.67 2738.20 + 32.41 ¢ 2685.81 + 23.45 ¢ 2707.69 + 42.57 ¢

Statistical significance was determined at p < 0.05, and values marked with different letters denote statistically
significant differences.

In all analyzed samples, the most abundant biflavonoid was sciadopitysin, followed
by isoginkgetin and ginkgetin. Bilobetin and amentoflavone were consistently present
at concentrations below 1000 pg/g dw. All fallen leaf samples showed a higher amount
of biflavonoids, which is also evident from the content of total biflavonoids presented in
Figure 3.
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Figure 3. Total biflavonoid content in yellow ginkgo leaves collected from trees and fallen leaves.
Statistical significance was determined at p < 0.05, and values marked with different letters denote
statistically significant differences.

The total biflavonoid content ranged from 4774.05 to 5370.40 pg/g dw in leaves
collected from the tree and from 6359.52 to 7634.82 pg/g dw in fallen leaves, indicating
that fallen leaves contain higher levels of biflavonoids.

4. Discussion

Ginkgo is a well-known ornamental plant that turns golden yellow in autumn. This
color change results from the loss of green pigments (chlorophylls) [25-27], as is evi-
dent also from our results in Table 2 by their gradual decrease over time in leaves col-
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lected from the trees. According to Tang et al. [27], chlorophyll degradation in ginkgo
involves enzyme chlorophyllase, whose activity is highest in green leaves and signifi-
cantly declines during the process of leaf yellowing. Since fallen leaves are no longer
photosynthetically active, their chlorophyll content is, as expected, very low (Table 2).
In contrast, the carotenoid content in our samples is stable and even higher in fallen
leaves. Zhang et al. [28], Yang et al. [25] and Li et al. [29] reported comparable amount of
carotenoids in ginkgo leaves collected during October and November. Several studies have
reported that the yellow coloration of ginkgo leaves is associated with their carotenoid
levels [28,30], but exact mechanisms are still under investigation, with particular attention
in recent years to combining transcriptomic and metabolomics data [26,29-31]. Carotenoids
represent a diverse group of biologically active phytochemicals, and their potential health
effects are mainly attributed to pronounced antioxidant and singlet oxygen-quenching
activities [32]. Epidemiological studies consistently indicate that higher dietary intake
and elevated tissue concentrations of carotenoids are associated with a lower incidence
of various chronic disorders, including cardiovascular disease, type 2 diabetes mellitus,
obesity, neurodegenerative conditions, and several forms of cancer [32].

According to our findings, yellow ginkgo leaves represent a significant source of
polyphenolic compounds (Tables 3 and 4, Figure 3). The total concentrations of polyphe-
nols, flavonoids, and phenolic acids were higher in fallen leaves than in those collected
directly from the trees (Table 3). This pattern is likely related to the degradation of com-
plex polyphenolic structures after leaf abscission, which leads to the release of simpler
monomeric compounds that can be more readily detected using the applied analytical
methods. Postharvest degradation of plant cell walls results from the activity of cell wall-
degrading enzymes, leading to the depolymerization of polyphenolic compounds. Con-
sequently, this may manifest as an apparent increase in total polyphenolic content, a phe-
nomenon also documented in previous studies [33]. Polyphenolic compounds constitute
one of the principal biologically active components of ginkgo extracts [34,35]. Liu et al. [19]
summarized information about ginkgo biologically active compounds published from
2015 to 2020 and found that in ginkgo 110 flavonoids were reported with unambiguous
structures. These compounds include 52 flavonol glycosides, seven flavonols, 14 flavone
glycosides and five flavones, two flavanones and one flavanone glycoside, two isoflavones
and one isoflavone glycoside, four flavan-3-ols, 13 biflavonoids, and nine biginkgosides.
In recent years, biflavonoids, naturally occurring flavonoid dimers, have gained increas-
ing attention due to their diverse pharmacological potential [13,36-39]. In our study, we
quantified biflavonoids in yellow ginkgo leaves, comparing samples collected directly from
trees with those naturally fallen to the ground (Table 4, Figure 3). Across all samples, we
identified amentoflavone, bilobetin, ginkgetin, isoginkgetin, and sciadopitysin. This profile
is consistent with previous reports, which describe these compounds as the predominant
biflavonoids in ginkgo leaves [9,40,41]. Among the identified biflavonoids, sciadopitysin
was the most abundant in all our analysed samples, in agreement with some literature
data [42,43]. However, other studies have reported isoginkgetin [44] or ginkgetin [45] as
the dominant biflavonoid, suggesting that environmental conditions, plant age, or seasonal
factors may influence biflavonoid composition.

Our quantitative analysis revealed that the total biflavonoid content reached up to
8 mg/g dry weight (dw) in yellow leaves (Figure 3), confirming that ginkgo leaves are a
valuable natural source of these compounds. Previous studies also showed that yellow
gingko leaves are more abundant in biflavonoids than green ones [16,40]. Interestingly, we
observed even higher concentrations of biflavonoids in fallen leaves compared to leaves
still attached to the tree (Table 4, Figure 3). This finding highlights the potential of utilizing
naturally shed leaves as a sustainable and non-invasive source of biflavonoids. By harvest-
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ing fallen leaves, it may be possible to obtain substantial quantities of pharmacologically
relevant compounds without disrupting the normal physiological cycle of the ginkgo tree.
However, further studies are needed to optimize extraction protocols for the efficient iso-
lation of biflavonoids from fallen ginkgo leaves. Previously, Shen et al. [46] reported a
protocol for large-scale, targeted isolation of biflavonoids with high purity from industrial
ginkgo exocarp using two-dimensional chromatography, although their methodology was
not specifically applied to leaf-derived biflavonoids. In our earlier research, we explored the
potential of green extraction techniques [47], including deep eutectic solvents (DESs) [48],
as sustainable approaches for biflavonoid isolation. While these methods show promise,
additional optimization is required to improve yield, selectivity, and scalability. At the same
time, there are some concerns regarding the direct use of yellow ginkgo leaves in traditional
preparations such as infusions or wine due to the presence of potentially undesirable con-
stituents [49]. For example, Horbowicz et al. [17] reported that the concentrations of major
terpene trilactones ginkgolides B and C and bilobalide were significantly higher (higher
than recommended values) in the leaf blades of naturally senesced yellow leaves compared
with green leaves. Therefore, further studies are necessary to assess the safety, efficacy, and
suitability of such applications, while also developing reliable purification strategies to
ensure that ginkgo-derived products meet both pharmacological and safety standards.

5. Conclusions

Our study demonstrates that yellow ginkgo leaves, both collected from the tree and
naturally senesced, represent a valuable source of biologically active phytochemicals.
Pigment analysis confirmed chlorophyll degradation and carotenoid persistence as key
features of leaf yellowing, consistent with previous reports. Polyphenolic and biflavonoid
contents were higher in fallen leaves, with sciadopitysin identified as the most abundant
biflavonoid across all samples. The total biflavonoid concentration, reaching up to 8 mg/g
dw, positions ginkgo leaves among significant natural sources of these pharmacologically
important compounds.

Importantly, the higher levels detected in naturally fallen leaves suggest a sustainable
opportunity for their use in biflavonoid production without interfering with the physiolog-
ical cycle of the tree or generating unnecessary biomass waste. This finding supports the
concept of valorizing ginkgo leaf litter as an underutilized resource in urban and landscape
environments. Nevertheless, further studies are required to: (i) optimize extraction and
purification protocols, particularly using green technologies; (ii) clarify variability in bi-
flavonoid composition due to environmental or seasonal factors; and (iii) rigorously assess
the safety of preparations from yellow leaves, with particular attention to potential risks
such as microbial contamination, mycotoxins, chemical degradation, and variability in
quality. Addressing these aspects will be critical for the safe and efficient utilization of
fallen ginkgo leaves as a renewable source of bioactive compounds for pharmaceutical,
nutraceutical, and functional applications.
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