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Gymnosperms are recognized as rich sources of phenolic constituents, particularly biflavonoids, which
exhibit a wide range of biological activities, including antioxidant, anti-inflammatory, and anticancer
effects. However, conventional extraction techniques such as maceration and Soxhlet extraction are
often limited by prolonged extraction times and high solvent consumption. In this study, traditional
extraction methods were systematically compared with modern techniques, namely microwave-assisted
extraction (MAE) and ultrasound-assisted extraction (UAE), for the recovery of phenolic compounds from
the leaves of Dioon edule Lindl. (D. edule) cultivated in Egypt. Among the evaluated methods, UAE
afforded the highest total phenolic content (11.28 mg gallic acid equivalents GAE g~ dry plant matter
(DM)), total flavonoid content (8.56 mg rutin equivalents RE g~* DM), and antioxidant activity (37.1%
DPPH radical scavenging activity, ICso = 151.25 ng mL™). Based on these findings, the UAE was further
optimized using response surface methodology (RSM), considering temperature, extraction time, and
solvent-to-plant material ratio as critical variables. Under the optimized conditions (80 °C, 100 min, 50:
1 mL g™, the extraction yield increased by 27%, while phenolic and flavonoid contents increased by 15%
and 33%, respectively. Antioxidant activity was significantly enhanced, with DPPH inhibition increasing to
58.2% and ICso decreasing to 75.6 pg mL™% In addition, antibacterial and cytotoxic activity assays
consistently supported the superiority of UAE. Chromatographic separation of the optimized UAE extract
led to the isolation of five bioactive biflavonoids, identified as 7,4’,7',4” -tetra-O-methylamentoflavone (1,
isolated from dichloromethane fraction (DCM)) and total methanolic extract), isoginkgetin (2, DCM
fraction), sciadopitysin (3, ethyl acetate (EtOAc) fraction), amentoflavone (4, EtOAc fraction), and
kayaflavone (5, total methanolic fraction). Structural elucidation was achieved through comprehensive
spectroscopic analyses and comparison with reported data. These compounds were obtained in higher

yields compared with previous reports based on conventional extraction methods. Therefore, the study
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Accepted 13th March 2026 provides a systematic evaluation and statistical optimization of UAE for phenolic recovery from D. edule,

coupled with phytochemical profiling and preliminary biological assessment. The findings indicate that
DOI: 10.1039/d6ra00755d optimized UAE conditions enhance extraction efficiency and phenolic recovery relative to the tested

rsc.li/rsc-advances conventional approaches.

1. Introduction plant matrices.”> Conventional extraction techniques, such as
solvent extraction, Soxhlet extraction, hydrodistillation, and
Phenolic compounds play an essential role in the prevention pressing methods, are widely applied; however, they are often
and management of chronic diseases, such as cardiovascular ~associated with several drawbacks, including long extraction
diseases, diabetes, neurodegenerative disorders and certain times, high solvent consumption, degradation of thermolabile
cancers.' The extraction process represents a critical initial step compounds, low extraction efficiency, and potential solvent
in the isolation and recovery of these bioactive compounds from  residues in the final extract.®
In recent years, increasing attention has been directed
toward alternative extraction approaches that enhance effi-
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emerged as effective methodologies for improving mass trans-
fer and extraction performance.*

MAE is an efficient technique used to enhance the extraction
of bioactive compounds from medicinal plants by utilizing
microwave energy to heat solvents and plant materials. This
method accelerates the extraction process, often resulting in
higher yields and reduced extraction times compared with
conventional methods. For instance, a study on Panax quin-
quefolius L. showed that MAE increased the extraction yields of
the nine rare ginsenosides significantly compared with the
conventional method (as the extraction yields with MAE were at
least 10 times higher than those with heat reflux).’

Similarly, the UAE has gained substantial interest as an efficient
and sustainable extraction technique. The enhanced extraction
efficiency of UAE is primarily attributed to acoustic cavitation,
which leads to cell wall disruption and facilitates the release of
intracellular compounds into the extraction solvent. Compared to
traditional methods, UAE offers several advantages, including
reduced extraction time, lower solvent consumption, and
improved recovery of phenolic compounds. For instance, UAE (26
kHz, 200 W) achieved a polyphenol yield of 4016 mg gallic acid
equivalents GAE 100 g ' DM from saffron floral biomass,
surpassing MAE (800 W), which yielded 3108 mg GAE 100 g~ ' DM.®

Despite these advantages, the efficiency of both MAE and
UAE is highly dependent on operational parameters such as
extraction time, temperature, power, solvent composition, and
solvent-to-solid ratio.”® Therefore, systematic optimization is
essential to maximize extraction efficiency while preserving
compound stability.

Response surface methodology (RSM) represents a robust
statistical tool for modeling and optimizing multivariable
systems. By evaluating the interactions between selected inde-
pendent variables, RSM enables the development of predictive
models while minimizing experimental runs.**®

Gymnosperms represent an evolutionarily ancient group of
seed plants that differ structurally and chemically from angio-
sperms. Several gymnosperm families, particularly Cycadaceae
and Zamiaceae, are recognized as rich sources of phenolic
compounds, especially flavonoids and biflavonoids, which
exhibit diverse biological activities including antioxidant, anti-
microbial, anti-inflammatory, and anticancer effects.”*** Inter-
estingly, amentoflavone has shown various biological and
pharmacological effects, including antioxidant, anti-cancer,
anti-inflammatory, antimicrobial, and antiviral.** In addition,
Bilobetin, sciadopitysin and 7,4,7"4"”  tetra-O-methyl
amentoflavone enhance differentiation osteoblast suggesting
their therapeutic potential in osteoporosis.*

Although UAE combined with RSM has been widely applied
in angiosperm species, fewer studies have systematically eval-
uated extraction strategies and statistical optimization in
biflavonoid-rich gymnosperms. Moreover, the influence of
optimized extraction conditions on both phenolic recovery and
the isolation profile of major biflavonoids has not been exten-
sively explored in Dioon edule Lindl.

Therefore, the present study aimed to provide a systematic
comparison between conventional extraction techniques (macer-
ation and Soxhlet) and modern approaches (MAE and UAE) for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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phenolic recovery from D. edule Lindl. leaves cultivated in Egypt.
The most efficient method was further optimized using RSM to
evaluate the effects of temperature, extraction time, and solvent-
to-solid ratio. In addition, the optimized extract was subjected
to phytochemical investigation to characterize the major bi-
flavonoids and assess the impact of optimized conditions on their
recovery. This approach integrates extraction comparison, statis-
tical modeling, and phytochemical profiling to better understand
phenolic extraction behavior in a gymnosperm matrix.

2. Materials, apparatus, and
methodology

2.1. Materials and chemicals

All solvents, including absolute methanol (MeOH), di-
chloromethane (DCM, CH,Cl,), and ethyl acetate (EtOAc), were
of analytical grade. Sodium carbonate (Na,COs), sodium nitrite
(NaNO,), and sodium hydroxide (NaOH) were also of analytical
grade. Aluminum chloride (AICl;), Folin—-Ciocalteu reagent, 1,1-
diphenyl-2-picrylhydrazyl (DPPH), gallic acid, rutin, di-
methylsulfoxide (DMSO), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), ciprofloxacin, doxorubicin, and
sorafenib were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Ascorbic acid was obtained from Rasayan
Laboratories (OPC) Pvt. Ltd (India).

Fetal bovine serum (FBS) and RPMI-1640 medium were ob-
tained from GIBCO (UK). The mammary gland breast cancer
cell line (MCF-7) was procured from the American Type Culture
Collection (ATCC) through the Holding Company for Biological
Products and Vaccines (VACSERA), Cairo, Egypt.

Microbial strains, including Staphylococcus aureus (ATCC
6538) and Pseudomonas aeruginosa (ATCC 27853) were obtained
from ATCC, Silica gel 60 and precoated thin-layer chromatog-
raphy (TLC) silica gel sheets G F,5, were purchased from E.
Merck (now Merck KGaA, Darmstadt, Germany), while Sepha-
dex LH-20 (Sigma-Aldrich Chemical Co., USA) and a-naphthol
(Sigma Chemical Co., St. Louis, USA) for Molisch’s reagent.

In addition, the authentic compounds used in this study
were kindly provided by Dr Walaa Negm (Department of Phar-
macognosy, Faculty of Pharmacy, Tanta University, Egypt).
These compounds had been previously isolated and identified
in her PhD work using chromatographic and spectroscopic
analyses ("H-NMR, "*C-NMR, and MS), and their identities were
confirmed by comparison with reported literature data.*®

2.2. Equipment and apparatus

A Soxhlet extraction apparatus, a sonication water bath
(Transsonic T 460H, Elma, Germany), a microwave extraction
system (MARS, CEM, California, USA), and a rotary evaporator
(IKA RV10, Wilmington, NC, USA) were used for extraction and
solvent removal. Absorbance measurements were performed
using a UV-visible spectrophotometer (UV-1800, Shimadzu,
Japan) and a microplate reader (Anthos Zenyth 200RT, Harvard
Bioscience, MA, USA). Thin-layer chromatography (TLC) anal-
ysis was carried out using a UV cabinet (ENF-260C/FE, Spec-
troline, Spectronics Corporation, Westbury, NY, USA).
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Infrared spectra were recorded using an FT-IR spectrometer
(FT/IR-6100, Jasco, Japan). Nuclear magnetic resonance (NMR)
spectra were obtained using Bruker spectrometers operating at
400 and 600 MHz. In addition, HRMS measurements were
carried out on a Waters Acquity UPLC coupled to a Waters QTof
Premier mass spectrometer.

Analytical LC-MS analyses were conducted on a Waters
system equipped with a 2767 autosampler, a 2545 pump, and
a Phenomenex Kinetex C18 column (2.6 pm, 100 A, 4.6 x 100
mm) fitted with a Phenomenex Security Guard precolumn (Luna
C5, 300 A). The mobile phase was delivered at a flow rate of 1.0
mL min~ ' using a 15 min linear gradient from 10% to 90%
acetonitrile (0.045% formic acid) in water (0.05% formic acid).
Detection was carried out using a Waters 2998 diode array
detector (210-600 nm), a Waters 2424 evaporative light scat-
tering detector (ELSD), and a Waters SQD-2 mass detector
operating in both ES(+) and ES(—) modes (m/z 100-1000).

2.3. Plant collection and identification

D. edule Lindl. was collected from El Abd Garden at 68 km from
the desert Cairo-Alexandria Road, Egypt, in August 2022. The
plant specimen was kindly identified by Dr Esraa E. Ammar,
lecturer of plant Ecology, Botany department, Faculty of
Science, Tanta University. A plant specimen has been archived
at the Department of Pharmacy, Tanta University with a voucher
number PGG-016 for D. edule Lindl. The leaves of the plant were
dried at room temperature (25 £ 2.0 °C), followed by one week
in an oven at 40 °C, then reduced to a fine powder, and finally
stored in a tightly closed amber colored containers in a refrig-
erator (4 °C) until further investigations.

2.4. Plant extractions

2.4.1. Conventional extraction methods

2.4.1.1. Maceration. The dried powdered leaves of D. edule
Lindl. (300 g) were extracted by cold maceration with MeOH (5
x 1.5 L, each for 48 h) at room temperature. The combined
methanolic extracts were concentrated under reduced pressure
at 40 °C using a rotary evaporator until dryness. The experiment
was repeated twice to confirm reproducibility under the same
extraction conditions."”

2.4.1.2. Soxhlet. Another portion of the dried powdered
leaves of D. edule Lindl. (100 g) was extracted using a Soxhlet
apparatus with MeOH (500 mL) until exhaustion at 70 °C. The
methanolic extract was then concentrated under reduced pres-
sure at 40 °C using a rotary evaporator until dryness. The
experiment was repeated twice to verify reproducibility under
the same conditions.*®

2.4.2. Modern extraction methods

2.4.2.1. UAE. The dried powdered leaves of D. edule Lindl.
(10 g) were extracted for 2 h with 500 mL of 80% v/v MeOH at
room temperature using a sonication water bath. The resulting
suspension was filtered, and the residue was re-extracted under
identical conditions. The experiment was repeated twice to
confirm reproducibility under the same experimental
parameters.”
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2.4.2.2. MAE. This extraction was carried out using an open-
system microwave apparatus (MARS, 240 V/50 Hz). The dried
powdered leaves of D. edule Lindl. (10 g) were extracted with
200 mL of MeOH for 5 min at a power of 800 W. The extraction
temperature was maintained at 65-70 °C, taking into account
the boiling point of methanol (64.7 °C).*

2.5. Sample preparation for phytochemical and biological
assays

All extracts obtained from different extraction techniques and
optimized UAE conditions were dried and stored at 4 °C until
analysis. For phytochemical and biological evaluation, each
extract was accurately weighed and reconstituted in DMSO to
prepare a stock solution (1 mg mL™"). Serial dilutions were
freshly prepared when required. All assays, including TPC, TFC,
antioxidant, antibacterial, and cytotoxic activities, were per-
formed under identical experimental conditions to ensure
reliable comparison, reproducibility, and proper data normali-
zation among the different samples.

2.6. Estimation of the total flavonoid content (TFC)

TFC was determined using the colorimetric method described
by*® with some modifications. About 25 pL of the extract (the
residue was reconstituted in DMSO (1 mg mL ") was mixed with
100 pL of distilled water followed by the addition of 10 pL of 5%
NaNOQO, solution. After 6 min, 15 pL of a 10% AICl; solution was
added and allowed to stand for another 5 min before 50 pL of
4% NaOH solution and 50 pL distilled water were added. The
absorbance was recorded immediately at 510 nm using
a microplate reader. A calibration curve was constructed using
rutin (300, 250, 200, 150, 100, and 50 ug mL ") (Fig. S1). Results
were expressed as mg rutin equivalent per g dried plant Material
(mg RE g~ ' DM).

2.7. Estimation of the total phenolic content (TPC)

TPC was determined using Folin-Ciocalteu reagent as previ-
ously described*® with some modifications. About 10 pL of
extract, after reconstitution of the residue in DMSO at 1 mg
mL~', were mixed with 40 pL of Folin-Ciocalteu reagent,
previously diluted 10-fold with distilled water, and allowed to
stand at room temperature for 5 min; 50 pL of 20% sodium
carbonate solution were added to the mixture. After 90 min at
room temperature, absorbance was measured at 750 nm using
a microplate reader. A calibration curve was constructed using
Gallic acid (300, 250, 200, 150, 100, and 50 pg mL ™) (Fig. S2).
Results were expressed as mg gallic acid equivalent per g dried
plant material (mg GAE g~ ' DM).

2.8. Antioxidant activity

The free radical scavenging activity of plant extracts was
measured by DPPH " using the method described by ref. 21 and
22 with some modifications. Briefly, 1 mL of 0.1 mM solution of
DPPH’ in MeOH was added to 3 mL of extract solution at
different serial concentrations (12.5-100 pg mL ™). The mixture
was shaken vigorously and allowed to stand at room temperature

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for 30 min. The absorbance was measured at 517 nm afterwards
in microplate reader. Lower absorbance of the reaction mixture
indicated higher free radical scavenging activity. The radical
scavenging activity was measured using eqn (1).

DPPH radical scavenging effect (%) = 100 — [((4do — A1)/ Ap)
x 100] (1)

where A, was the absorbance of the control reaction and 4, was
the absorbance in the presence of the sample. Ascorbic acid
(vitamin C) was used as positive control measured as 16.81 +
0.10 ug mL ™" (ICso).

2.9. Antibacterial activity assay

The antibacterial activity of D. edule Lindl. Extracts obtained
using four different extraction techniques were tested against
Gram-positive bacteria (Staphylococcus aureus) and Gram-
negative bacteria (Pseudomonas aeruginosa) using the method
described by reference with some modifications.> Each extract
was dissolved in DMSO to prepare a solution with a concentra-
tion of 1 mg mL~". Sterile paper discs (5 mm diameter, What-
man filter paper) were prepared and sterilized by autoclaving.
The discs were soaked in the desired concentration of the
extract solution and aseptically placed in Petri dishes contain-
ing nutrient agar medium (20 g agar, 3 g beef extract, and 5 g
peptone) seeded with S. aureus and P. aeruginosa. The Petri di-
shes were incubated at 36 °C for 24 h, and the inhibition zones
were recorded. Each extract was tested in triplicate. The anti-
bacterial activity of a standard antibiotic (Ciprofloxacin) was
also evaluated using the same procedure, concentration, and
solvent. The percentage activity index of the extracts was
calculated using eqn (2).

% Activity index =

Zone of inhibition by test compound (diametre(mm))
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a 96-well plate at a density of 1.0 x 10* cells well . At 37 °C for
48 h under 5% CO,. After incubation, the cells were treated with
different concentrations of extracts and incubated for 24 h.
Afterwards, 20 uL of MTT solution at 5 mg mL ™' was added and
incubated for 4 h. DMSO in a volume of 100 uL was added into
each well to dissolve the purple formazan formed. The colori-
metric assay is measured and recorded at an absorbance of
570 nm using a microplate reader. Doxorubicin and Sorafenib
were used as standard anticancer drugs for comparison. The
percentage of viable cells was determined according to eqn (3).

A(treated)

100 3)

The percentage of cell viability obtained at different extract
concentrations was plotted against the corresponding loga-
rithmic concentrations to determine the concentration of the
extract required to inhibit cell viability by 50% (ICso) and the
cytotoxic effect was assessed according to the classification of
Hossan and Abu Melha.*®

2.11. Extraction optimization

Experimental design and optimization were performed using
Design-Expert software (Version 11, Stat-Ease Inc., Minneapolis,
MN, USA). A three-factor, three-level Box-Behnken response
surface methodology (BBD-RSM) was employed to optimize the
extraction conditions of phenolic compounds from D. edule
Lindl. The selected independent variables were extraction
temperature (4; °C), extraction time (B; min), and solvent-to-
plant material ratio (C; mL g '). The ranges investigated of
these parameters were chosen based on previously published
studies concerning the extraction of phenolic compounds from
various plant materials.>**® Three variation levels were consid-
ered (Table 1). % Yield, TPC, and TFC were set as the responses.

2.10. Cytotoxic activity

The cytotoxic activity was carried out according to the reported
procedures for the four different extracts of D. edule Lindl.
against selected cell line using the MTT colorimetric assay.**
The assay was carried out using seven different concentrations
(1.56, 3.125, 6.25, 12.5, 25, 50 and 100 ug mL ") of the total
methanol extracts of D. edule Lindl. against the MCF-7 cell line.
This assay is based on the reduction of the yellow tetrazolium
salt (MTT) to an insoluble purple formazan product by the
mitochondrial succinate dehydrogenase enzyme present in
metabolically active cells. The cell line was cultured in RPMI-
1640 medium with 10% fetal bovine serum. Antibiotics added
were 100 units mL ™" penicillin and 100 ug mL ™" streptomycin
at 37 °C in a 5% CO, incubator. The cell lines were seeded in

© 2026 The Author(s). Published by the Royal Society of Chemistry

Zone of inhibition by standard(diametre(mm))

x 100 2)

A total of 17 experimental runs, including five replicates at
the center point (Table 2), were performed to develop a predic-
tive model and optimize the extraction of phenolic compounds.
The experimental data obtained were fitted to a second-order
polynomial regression equation (eqn (4)):

Table 1 Experimental factors and their coded levels used in the Box—
Behnken design

Coded levels

Factors Symbols -1 0 +1

Extraction temperature (°C) A 20 50 80
Extraction time (min) B 30 75 120
Solvent-to-plant material ratio (mL g"") C 30 40 50

RSC Adv, 2026, 16, 16290-16309 | 16293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00755d

Open Access Article. Published on 24 March 2026. Downloaded on 4/7/2026 12:26:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Table 2 Box-Behnken experimental design matrix and corresponding response values

Actual variables Observed values
Extraction temperature Extraction time Solvent-to-plant material

(4; °C) (B; min) ratio (C; mL g™ ") % Yield TPC* TFC?
80 30 40 11.84 8.42 7.09
50 75 40 11.88 8.313 6.85
50 75 40 11.94 8.44 7.03
20 30 40 2.84 1.836 1.22
20 120 40 6.92 4.488 3.12
50 75 40 11.94 8.211 6.48
50 120 50 13.88 9.614 7.7
80 75 50 17.42 12.954 11.8
50 30 30 7.6 4.998 3.55
80 120 40 14.28 10.251 8.8
50 30 50 10.08 6.707 4.95
20 75 50 7 4.539 3.179
50 120 30 11.54 7.395 5.44
50 75 40 11.28 7.905 6.48
50 75 40 10.46 7.344 6.05
80 75 30 11.48 7.982 6.48
20 75 30 5.94 3.851 2.69

“ TPC was expressed as mg GAE g~ ' DM. b TFC was expressed as mg RE g~ DM.

3 3 303
Y =6, + Z B X + Z Binxe + Z Z Binxix,

{i=1} {i=1} {i=1} {=1}

(4)

In this model, Y represents the measured response, (, denotes
the intercept term, while 8;, 8;;, and §;; correspond to the coef-
ficients of the linear, quadratic, and interaction terms, respec-
tively; X; and X; indicate the independent variables. The
statistical significance of the regression terms was assessed
using analysis of variance (ANOVA). Insignificant terms were
removed from the model to improve its predictive performance.
The adequacy of the fitted model was evaluated using the
coefficient of determination (R*), the F-value of the model, and
the lack-of-fit (LOF) test at a significance level of p = 0.05. Model
reliability was further verified by comparing R* and adjusted R
values. Three-dimensional response surface plots and contour
plots were generated based on the developed regression models
to illustrate the effects of the extraction variables.

2.12. Ramp function and ¢-test

The validity of the polynomial model was examined using a ramp
function optimization approach, and the predicted values were
statistically compared with the experimental results using

Table 3 Condition for the ramp function graph

Student’s t-test. Two sets of extraction conditions were randomly
generated from the developed model, different from those
included in the RSM design, and were used to verify the agree-
ment between predicted and experimental responses (Table 3).
The desirability function was set to 1.00. All validation experi-
ments were performed in duplicate (n = 2), and the obtained data
were statistically analyzed using Student’s t-test with IBM SPSS
Statistics for Windows (version 26.0, Armonk, NY: IBM Corp.).

2.13. Phytochemical study of D. edule Lindl. leaves

For the phytochemical study of D. edule Lindl. leaves, 600 g of
the dried powder were extracted through UAE at the optimized
conditions producing the highest TPC, i.e., at a temperature of
80 °C, an extraction time of 100 min, and a solvent-to-plant
material ratio of 50 mL g ' with 80% v/v MeOH. The
combined methanolic extract was concentrated under reduced
pressure at 40 °C to afford 100 g crude extract. The crude extract
was suspended in water and fractionated using n-hexane, DCM,
EtOAc, and n-butanol saturated with water to yield 10, 22, 2.5,
and 0.6 g, respectively (Scheme 1).

Approx. 7 g of the DCM fraction were subjected to a silica gel
column chromatography (@ 3.3 x 66 cm, 200 g silica) using

Extraction conditions % Yield TPC* TFC?
Temperature Time Solvent-to-plant
Run (°C) (min) material ratio (mL g~ ") Observed Predicted Observed Predicted Observed Predicted
1 80 116 50 16.92 17.70 12.30 12.90 10.80 11.40
2 80 100 50 17.53 17.60 12.90 13.04 11.42 11.71

¢ TPC was expressed as mg GAE g~ ' DM. b TFC was expressed as mg RE g~' DM.
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Dried powder of D.edule Leaves

600 g

UAE

Methanol extract Residue
(100 g)

n-Hexane
10

MeOH residue suspended in methanol &DW(1:1)
Fractionation with n-Hexane

Aqueous Layer

Fractionation with CH,Cl,

CH,CL, Fraction
22¢g

EtOAc Fraction

Scheme 1 Extraction and fractionation steps of D. edule leaves.

a gradient elution method starting with DCM, then increasing
polarity using MeOH. The collecting fractions (30 mL) were
screened by TLC to give six fractions (F1 to F6). Fraction F1 (1.6
2) eluted with 4% MeOH in DCM was obtained as a precipi-
tating powder. F1 precipitate (160 mg) was subjected to a silica
gel column (@ 1 x 15 c¢m, 5 g silica) using a gradient elution
method starting with DCM, then increasing polarity using
EtOAc in 2% increments to yield three subfractions (F1-1 to F1-
3). The subfraction F1-1 (35 mg) was purified on a Sephadex LH-
20 (@ 1.5 x 25 cm, 10 g) using MeOH (HPLC grade) to give
compound 1 (13.8 mg). The subfraction F1-3 (42 mg) was also

© 2026 The Author(s). Published by the Royal Society of Chemistry

Aqueous Layer

Fractionation with EtOAc

Aqueous Layer
25¢g

Fractionation with
n- Butanol

[ n-butanol Fraction] Aqueous Layer

0.6¢g

purified using a Sephadex LH-20 (@ 1.5 x 25 c¢m, 10 g) using
MeOH (HPLC grade) to afford compound 2 (15 mg) (Scheme 2).

In addition, 2.5 g of the EtOAc fraction were subjected to
a silica gel column chromatography (@ 3 x 60 cm, 80 g silica)
using a gradient elution method starting with DCM, then
increasing polarity using methanol. The collecting fractions (30
mL) were screened by TLC to give five fractions (F 1:5). F1
(59 mg, eluted with 2% MeOH in DCM) was re-
chromatographed on a Sephadex-LH-20 column (@ 1.5 X
25 cm, 10 g) using MeOH (HPLC grade) to yield compound 3 (4
mg). F4 (120 mg, eluted with 6% MeOH in DCM) was re-
chromatographed over silica gel column (¢ 1 x 15 cm, 5 g

RSC Adv, 2026, 16, 16290-16309 | 16295
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Scheme 2 Column chromatography of dichloromethane (DCM) fraction of D. edule Lindl. leaves.

silica) eluted isocratically with 5% MeOH in DCM to give
compound 4 (23 mg) (Scheme 3).

To confirm the reproducibility of the optimized extraction
conditions, an additional batch of D. edule Lindl. leaves (100 g)
was extracted using UAE under the same optimized conditions.
The combined methanolic extract was concentrated under
reduced pressure at 40 °C to afford 16.5 g crude extract. Upon re-
dissolving in a small amount of MeOH, yellow amorphous
powder (2.5 g) was precipitated. TLC of this precipitate after
dissolving in DCM revealed four spots. Column chromatog-
raphy (@ 3 x 60 cm, 80 g silica) was carried out using a gradient
elution method starting with n-hexane and increasing polarity
using EtOAc in 5% increments to afford five subfractions (F1:

16296 | RSC Adv, 2026, 16, 16290-16309

5), fraction volume was (25 mL). AlCl; spray reagent was used
for detection. F1 (50 mg, eluted with 15% EtOAc in DCM) was re-
chromatographed on Sephadex-LH-20 column (@ 1.5 x 25 cm,
10 g) using MeOH (HPLC grade) to yield compound 1 (32 mg),
which is the same as that previously isolated from DCM frac-
tion. F3 (14 mg, eluted with 25% EtOAc in DCM) was also
purified on Sephadex-LH-20 column (¢ 1.5 x 25 cm, 10 g) using
MeOH (HPLC grade) to yield compound 5 (8 mg) (Scheme 4).

2.14. Statistical analysis of the data collected

Data were collected, tabulated, and statistically analyzed.
Descriptive statistics were expressed as number (n), percentage
(%), mean (x), and standard deviation (SD). Replicate numbers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Column chromatography of the ethyl acetate (EtOAc) fraction of D. edule leaves.

were as follows: preliminary screening of extraction methods (n
= 2), RSM optimization (17 experimental runs including five
replicates at the center point), and model verification experi-
ments (n = 2). Variability was reported as standard deviation
(SD) and represented as error bars in the relevant figure.
Inferential statistical analysis included one-way ANOVA to
compare quantitative variables among more than two normally
distributed groups, followed by Tukey’s post hoc test for
multiple pairwise comparisons. A one-sample ¢-test was applied
to compare the experimental values with the predicted
responses from the model. Differences were considered statis-
tically significant at p < 0.05. All statistical analyses were per-
formed using IBM SPSS Statistics for Windows (Version 26.0,
IBM Corp., Armonk, NY, USA; released 2019).

3. Results and discussion

3.1. Extraction yield, TPC, and TFC

Medicinal plants and their extracts are rich in various secondary
metabolites. Some of these compounds exhibit beneficial
pharmacological effects, while others can affect the overall
activity of the extracts either positively or negatively. Therefore,
extraction methods for medicinal plants are designed to

© 2026 The Author(s). Published by the Royal Society of Chemistry

maximize the concentration of desired metabolites while
minimizing unwanted or harmful substances. The levels of
secondary metabolites obtained in the extracts are influenced
by their physicochemical characteristics, the solvents used, the
extraction techniques applied, and multiple parameters specific
to each extraction method.? In this work, the conventional
methods of D. edule Lindl. extraction were compared with two
different modern extraction methods to select the most suitable
method to be optimized. The extraction efficiency of the
different techniques was evaluated in terms of extraction yield,
TPC, TFC, and antioxidant activity. Table 4 presents the yield,
TPC, TFC, and DPPH of D. edule Lindl. extracts that were ob-
tained using four different extraction techniques, namely
maceration, Soxhlet, UAE and MAE. The comparative results are
also illustrated in Fig. 1.

The extraction yield was calculated as the ratio between the
mass of the dried plant material and the mass of the obtained
extract. Among the tested techniques, the highest yield was
obtained using UAE (13.75%), followed by MAE (11.25%),
Soxhlet extraction (8.86%), and maceration (6.63%). Similarly,
UAE of D. edule Lindl. produced the highest TPC (11.28 mg GAE
g~ ' DM), followed by MAE (9.48 mg GAE g ' DM), Soxhlet
(7.24 mg GAE g~ ' DM), and maceration (4.61 mg GAE g~ DM).

RSC Adv, 2026, 16, 16290-16309 | 16297
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Scheme 4 Column chromatography of the precipitate of total crude extract of D. edule Lindl. leaves after redissolving in MeOH.

Table 4 Extraction yield, total phenolic content (TPC) and total flavonoid (TFC) of D. edule Lindl. extracts obtained using different extraction

techniques®

Extraction method Yield (% w/w)

TPC (mg GAE g ' DM) TFC (mg RE g~ ' DM)

Maceration 6.63 + 0.74
Soxhlet 8.86 + 0.47°
UAE 13.75 4 0.35°¢
MAE 11.25 + 0.349

4.61 £ 0.41° 3.33 & 0.15°
7.24 £+ 0.21° 5.08 + 0.01°
11.28 4 0.39° 8.56 & 0.13¢
9.48 + 0.17¢ 6.78 £ 0.12¢

“ The results are expressed as the mean of two replicates (n = 2) + SD; one-way ANOVA with Tukey's post hoc, p < 0.05. Means followed by different
letters are significantly different according to Tukey s multiple range comparison.

Moreover, TFC ranged from 3.33 to 8.56 mg RE g~ ' DM, with the
highest value also observed for UAE. The results of the present
study indicate that UAE achieved superior extraction efficiency
for phenolic compounds and flavonoids compared with the
other tested methods (Table 4). These findings are consistent
with previous reports**> comparing the extraction efficiency of
UAE, MAE, and maceration for medicinal plants. The enhanced
extraction efficiency of UAE can be attributed to acoustic cavi-
tation, which disrupts plant cell walls, enhances solvent

16298 | RSC Adv, 2026, 16, 16290-16309

penetration, and improves mass transfer
compounds into the extraction medium.*

In addition to improving extraction yield, TPC, and TFC, UAE
demonstrated clear practical advantages over conventional
techniques. The UAE process required significantly shorter
extraction time and lower solvent consumption compared with
maceration and Soxhlet extraction, contributing to reduced
energy input and operational costs.

of phenolic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Extraction yield (% w/w), total phenolic content (TPC, mg GAE g~ DM) and Total flavonoid content (TFC, mg RE g~* DM) of Dioon edule Lindl.
extract obtained using different extraction techniques. The results are expressed as the mean of two replicates (n = 2) &+ SD; one-way ANOVA with
Tukey's post hoc, p < 0.05. Means followed by different letters are significantly different according to Tukeys multiple range comparison.

3.2. Antioxidant activity of D. edule extracts

Polyphenols are recognized as potent natural antioxidants due to
their ability to participate in redox reactions, which are facilitated
by resonance stabilization within their phenyl rings.” Antioxidant
properties of natural compounds can be initially assessed by
measuring the DPPH scavenging activity, and the mechanism is
based on the ability of antioxidants to donate hydrogen atoms or
electrons to the DPPH radical, resulting in its reduction.** The
DPPH radical scavenging activities of D. edule Lindl. extracts
obtained using different extraction methods are summarized in
Table 5. Among the tested methods, UAE exhibited the highest %
inhibition (37.1%), followed by MAE (32.5%), Soxhlet extraction
(28.63%), and maceration (12.6%). The corresponding ICs,
values further confirmed these results, with UAE showing the
lowest ICso (151.25 pg mL '), indicating the strongest radical
scavenging activity among the tested extracts, followed by MAE
(186.15 pg mL™ "), Soxhlet (193.45 pg mL "), and Maceration
(232.85 pug mL ™). Ascorbic acid was used as a positive control
and showed an ICs, of 16.81 + 0.10 pug mL™".

The observed antioxidant activity, as measured by the DPPH
assay, was associated with the higher TPC and TFC obtained for
the UAE extract. Several studies have reported similar correla-
tions between increased phenolic and flavonoid contents and

Table 5 Preliminary evaluation of antioxidant potential of Dioon edule
Lindl. extracts using the DPPH assay“

DPPH
% Inhibition ICs5o
Extraction method at conc. 100 ug mL ™" (ug mL™Y)

Maceration 12.6 + 1.10% 233.85 + 0.15%
Soxhlet 28.63 £ 0.76° 193.54 + 0.09°
UAE 37.10 =+ 0.49° 151.25 + 0.09°
MAE 32.50 + 0.73¢ 186.15 + 0.09¢

“ The results are expressed as a means of two replicates (n = 2) + SD;
one-way ANOVA with Tukey's post hoc, p < 0.05. Means followed by
different letters are significantly different according to Tukeys
multiple range comparison.

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhanced radical scavenging capacity, suggesting that these
compounds may play an important role in antioxidant potential.
For example, UAE of phenolic compounds from Corchorus oli-
torius (T8 variety, Tiliaceae) leaves resulted in significantly higher
DPPH radical scavenging activity in parallel with increased TPC
and TFC compared to conventional extraction methods.**

3.3. Antibacterial activity

Staphylococcus aureus is one of the major causes of morbidity
and mortality worldwide, while Pseudomonas aeruginosa is an
opportunistic pathogen responsible for severe infections,
particularly in immuno-compromised individuals. Both patho-
gens have high antibiotic resistance, which highlights the need
for new antimicrobial agents.

Therefore, the antibacterial activities of D. edule Lindl.
extracts obtained using different extraction methods were
preliminarily assessed using disc diffusion. D. edule Lindl.
extracts showed variable antibacterial activities depending on
the extraction method (Table 6).

UAE showed the highest inhibition zones against both S.
aureus (16 £ 0.15 mm) and P. aeruginosa (14.8 £+ 0.1 mm), fol-
lowed by MAE, Soxhlet and maceration. The enhanced anti-
bacterial activity observed for the UAE extract may be related to
the improved extraction efficiency and higher recovery of
phenolic and flavonoid compounds. Similar trends have been
reported in previous studies, where UAE improved the extrac-
tion of antimicrobial phytochemicals from plant materials. For
example, flavonoids extracted from Cyclocarya paliurus (Batalin)
Iljinskaja. using ultrasound-assisted extraction exhibited
stronger antibacterial activity compared to those obtained by
conventional methods.** Likewise, ultrasound-derived extracts
of Erodium glaucophyllum L. demonstrated enhanced antimi-
crobial activity against several pathogenic microorganisms.*

3.4. Cytotoxic activity

Polyphenols have been widely reported to exhibit anticancer-
related activities, which are partly attributed to their antioxi-
dant properties and modulation of oxidative stress. The

RSC Adv, 2026, 16, 16290-16309 | 16299
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Table 6 Antibacterial activity of Dioon edule Lindl. extracts obtained through different extraction methods”

P. aeruginosa

S. aureus

Extraction technique Diameter of IZ* (mm)

% Activity Index

Diameter of IZ* (mm) % Activity Index

Maceration 4.9 & 0.40% 21.4 &+ 1.70 8.5 £ 0.55% 35.5 + 1.30
Soxhlet 8.3 + 0.15° 36.3 + 0.66 10.3 4+ 0.1° 42.9 + 0.23
UAE 14.8 + 0.10° 64.5 + 0.25 16 + 0.15¢ 67.3 + 0.50
MAE 12.05 =+ 0.03¢ 52.4 + 0.15 13.2 + 0.14¢ 55.1 + 0.37
Ciprofloxacin 23 + 0.02 100 =+ 0.05 24 + 0.1 100 + 0.25

“ The results are expressed as a mean of two replicates (n = 2) + SD; one-way ANOVA with Tukey’s post hoc, p < 0.05. Means followed by different
letters are significantly different according to Tukey’s multiple range comparison.

structural diversity of these compounds enables interactions
with reactive species and multiple cellular targets involved in
cell survival and proliferation.’”**

In the present study, the anticancer activity of D. edule Lindl.
extracts was preliminarily evaluated in vitro against the human
breast cancer cell line MCF-7. The cytotoxic activities of the
different extracts are summarized in Table 7.

The D. edule Lindl. extract obtained by UAE showed the
strongest cytotoxic activity against MCF-7 cells (ICs5o = 12.61 +
1.4 pg mL '), whereas the maceration extract exhibited
moderate activity (ICso = 30.34 + 2.7 pg mL™ "), according to the
classification of.>® The higher cytotoxic activity observed for the
UAE extract may be associated with its elevated phenolic and
flavonoid contents compared with the other extraction
methods. The relevance of UAE in cancer-related phytochemical
research has been highlighted in previous studies. For example,
polyphenols extracted by UAE from Thelephora ganbajun M.
Zang demonstrated enhanced antiproliferative activity against
several cancer cell lines, including MCF-7, A549, HepG2, and
HT-29, compared with maceration and Soxhlet extracts.*

3.5. Fitting the models

Compared with conventional extraction methods, UAE resulted
in higher extraction yield and extracts with improved biological
activities. However, the objective of the present study was not

Table 7 In vitro cytotoxic activity against the MCF-7 cell line of
extracts obtained from Dioon edule Lindl. obtained through different
extraction methods®

In vitro cytotoxicity ICs, (ug mL ™)

Sample MCF-7

DOX 417 £ 0.2
SOR 7.26 + 0.3
Maceration 30.34 + 2.7
Soxhlet 17.88 + 1.5°
UAE 12.61 + 1.4°
MAE 15.74 + 1.3¢

“ Results showing ICso (ug mL™") + SD. The results are expressed as
a mean of two replicates (n = 2) + SD; one-way ANOVA with Tukey’s
post hoc, p < 0.05. Means followed by different letters are significantly
different according to Tukey’s multiple range comparison. ICs, (ng
mL~"): 1-10 (very strong), 11-25 (strong), 26-50 (moderate), 51-100
(weak) and above 100 (non-cytotoxic).

16300 | RSC Adv, 2026, 16, 16290-16309

merely to confirm the superiority of UAE, but to quantitatively
define the optimal operational conditions for maximizing
phenolic recovery from a gymnosperm matrix characterized by
biflavonoid-rich composition. Accordingly, RSM was employed
to optimize temperature, extraction time, and solvent-to-sample
ratio for maximizing extraction yield, TPC, and TFC.

All experimental data were analyzed using ANOVA to eval-
uate the significance and adequacy of the developed models by
examining the corresponding F- and p-values (Tables 8 and 9).*°
High coefficients of determination (R*) were obtained for %
yield (0.98), TFC (0.98), and TPC (0.99), indicating a strong
agreement between the predicted and experimental values
(Table 2). In addition, the lack-of-fit was not significant for any
of the responses (p > 0.05), confirming that the models
adequately described the experimental data. The interactive
effects of the independent variables on % yield, TPC, and TFC
were visualized using three-dimensional response surface plots
generated from the regression equations (Fig. 2). Hence, the
developed models showed good reliability and were suitable for
optimization. These statistical indicators confirm model val-
idity; however, practical significance must be evaluated based
on the magnitude of improvement achieved after optimization.
To assess the practical relevance of the optimization process,
extraction performance before and after RSM optimization was
directly compared. The optimized UAE conditions increased the
extraction yield from 13.75% to 16.5% (20% relative improve-
ment). Similarly, TPC increased from 11.28 to 12.3 mg GAE g~
DM, while TFC increased from 8.56 to 10.8 mg RE g ' DM.
Notably, antioxidant activity showed a substantial enhance-
ment, as evidenced by the reduction in DPPH ICs, values from
151.25 to 75.6 ug mL ', representing approximately a twofold
increase in radical scavenging efficiency. These improvements
demonstrate that the statistical significance of the RSM model
translated into measurable and practically relevant gains in
extract quality, particularly in terms of antioxidant
performance.

Compared with conventional maceration, which yielded
lower phenolic and flavonoid contents, the optimized UAE
protocol demonstrated superior efficiency in recovering bioac-
tive compounds. Therefore, the contribution of this work lies
not in introducing new extraction variables, but in providing
a statistically validated and plant-specific optimization strategy
that enhances both extraction efficiency and functional activity.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00755d

Open Access Article. Published on 24 March 2026. Downloaded on 4/7/2026 12:26:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 8 ANOVA for the response surface

regression equation
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Source Sum of squares Degree of freedom Mean square F-Value p-Value

% Yield

Model 193.46 6 32.24 85.87 <0.0001 Significant
Residual 3.76 10 0.3755

Lack of fit 2.09 6 0.3489 0.8399 0.5967 Not significant
Pure error 1.66 4 0.4154

Cor total 197.22 16

R* = 0.98; predicted R *> = 0.94; adjusted R * = 0.97 coefficient of variance (%) = 5.84; adequate precision = 34.707

TPC
Model
Residual
Lack of fit
Pure error
Cor total

112.66
1.51
0.748
0.7664
114.17

6
10
6
4
16

18.78 123.98
0.1514
0.1247 0.6507
0.1916

<0.0001

0.6965

R*> = 0.99; predicted R *> = 0.96; adjusted R > = 0.98 coefficient of variance (%) = 5.37; adequate precision = 42.78

TFC
Model
Residual
Lack of fit
Pure error
Cor total

103.34
1.61
1.03
0.5763
104.95

6
10
6
4
16

17.22 106.97
0.1610

0.1723 1.20
0.1441

<0.0001

0.4511

R* = 0.98; predicted R *> = 0.94; adjusted R > = 0.98 coefficient of variance (%) = 6.90; adequate precision = 40.75

Table 9 Estimated regression coefficients and significance tests for the quadratic model

Significant

Not significant

Significant

Not significant

Source Sum of squares Degree of freedom Mean square F-value p-Value
% Yield

A-temp 130.57 1 130.57 347.73 <0.0001
B-time 25.42 1 25.42 67.69 <0.0001
C-ratio 17.46 1 17.46 46.51 <0.0001
AC 5.95 1 5.95 15.86 0.0026
A? 8.30 1 8.30 22.11 0.0008
B 4.99 1 4.99 13.29 0.0045
TPC

A-temp 77.46 1 77.46 511.47 <0.0001
B-time 11.97 1 11.97 79.06 <0.0001
C-ratio 11.49 1 11.49 75.88 <0.0001
AC 4.59 1 4.59 30.30 0.0003
A® 2.80 1 2.80 18.50 0.0016
B? 3.95 1 3.95 26.11 0.0005
TFC

A-temp 71.77 1 71.77 455.74 <0.0001
B-time 8.51 1 8.51 52.84 <0.0001
C-ratio 11.21 1 11.21 69.61 <0.0001
AC 5.83 1 5.83 36.24 <0.0001
A? 0.861 1 0.861 5.35 0.0433
B? 4.91 1 4.91 30.52 0.0003

3.6. Effect of extraction variables on % yield, TFC, and TPC

The experimental data were analyzed using multiple regression,
resulting in a second-order polynomial equation expressed in
coded variables as follows (eqn (5)-(7)):

% Yield = 11.66 + 4.044 +1.78B + 1.48C + 1.224C
— 1.404% — 1.09B>

© 2026 The Author(s). Published by the Royal Society of Chemistry

TFC = 6.54 + 34 + 1.03B + 1.18C + 1.214C — 0.4516 4>

— 1.08B

(6)

TPC =8.09 + 3.114 +1.22B + 1.20C + 1.074C

—0.81474% — 0.96778°

(7)

Among the extraction factors studied, temperature exhibited
the most significant effect on all three responses, % yield, TPC,

RSC Adv, 2026, 16, 16290-16309 | 16301
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Fig.2 Response surface and contour plots illustrating the effects of extraction variables on (A—C) extraction yield, (D—F) total phenolic content
(TPC), and (G-1) total flavonoid content (TFC). The three extraction variables were temperature (A), extraction time (B), and solvent-to-sample

ratio (C).

and TFC, with p values < 0.0001. This strong influence can be
attributed to the role of temperature in reducing the viscosity
and surface tension of the solvent, thereby enhancing solvent
penetration into plant tissues and improving the diffusion and
solubilization of intracellular compounds, which ultimately
leads to higher extraction efficiency.*’

The high F-values and extremely low p-values indicated that
the developed models provided an excellent fit to the experi-
mental data. Moreover, the non-significant lack-of-fit values
confirmed that the models were appropriate, accurate, and
reliable for predicting the extraction responses (Table 8).

16302 | RSC Adv, 2026, 16, 16290-16309

The interaction between temperature and the solvent-to-
plant material ratio significantly impacted the extraction
process, affecting the extraction yield, TPC, and TFC. Moreover,
the notable quadratic effects of temperature and extraction time
suggest that their influence was nonlinear. Instead, a curved
relationship was observed, pointing to optimal extraction
conditions. Exceeding these conditions by increasing tempera-
ture or extraction time further may not enhance extraction
efficiency and could potentially decrease it (Table 9).

The 3D response surface plots (Fig. 2A-I) supported the
results of the multiple regression analysis, confirming that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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extraction temperature exerted the most significant effect on
extraction yield, TPC, and TFC. The responses increased as the
temperature rose until reaching an optimal level, after which
a slight decrease occurred at higher temperatures. This decline
could be due to the thermal breakdown of heat-sensitive
phenolic and flavonoid compounds, along with a decrease in
the extraction rate constant at elevated temperatures. The latter
is likely caused by reduced cavitation intensity resulting from
lower surface tension and increased vapor pressure within the
cavitation bubbles.*

Regarding the effect of the solvent-to-solid ratio, plots C, F,
and I illustrate the interaction between extraction time (B) and
solvent ratio (C). The steep gradient observed along the solvent
ratio axis indicates that this parameter plays a critical role in
improving extraction performance. Increasing the solvent
volume enhances the concentration gradient between the plant
matrix and the extraction medium, which acts as the main
driving force for diffusion according to Fick’s second law.** As
a result, solvent saturation is delayed, maintaining an effective
diffusion process and improving the recovery of phenolic and
flavonoid compounds.

The elliptical contour patterns observed in these plots
confirm the presence of a significant interaction between
extraction time and solvent ratio. This finding indicates that
extraction efficiency is governed by a synergistic balance
between these parameters rather than by maximizing each
factor independently.

These results highlight that temperature and solvent ratio
are the most critical factors controlling UAE efficiency, while
extraction time contributes mainly through its interaction with
the other variables. This interpretation further supports the
robustness of the developed optimization model.

3.7. Verification of the model

The results of the t-test indicated no statistically significant
difference (p > 0.05) between the predicted and experimental
values for all tested responses. This lack of significance
confirms that the experimental results were in close agreement
with the values predicted by the RSM model. Such consistency
demonstrates the model's robustness and reliability in
describing the relationship between extraction variables and
the measured responses. Therefore, the optimized extraction
conditions derived from the RSM model can be considered valid
and experimentally reproducible. This agreement between
predicted and actual data highlights the adequacy of the
developed model for accurately predicting extraction perfor-
mance under similar conditions. It also supports the practical
applicability of the model in optimizing extraction parameters
to maximize yield and bioactive compound recovery from D.
edule leaves.

3.8. Phytochemical study of D. edule leaves

In the present study, five biflavonoids (1-5) were successfully
isolated (Fig. 3) and structurally characterized using compre-
hensive spectroscopic techniques, including UV, IR, ESI-MS,
and 1D and 2D NMR analyses ("H, **C, DEPTQ, and HMBC).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Structural elucidation was further supported by comparison
with authentic reference compounds (Fig. 4) and previously
reported literature data. The isolated biflavonoids were identi-
fied as 7,4',7",4""-tetra-O-methylamentoflavone (1), isoginkgetin
(2), sciadopitysin (3), amentoflavone (4), and kayaflavone (5).
Interestingly, compound 1 was re-isolated from a different
chromatographic fraction.

Compound 1 (isolated from DCM fraction) was obtained as
a yellow amorphous powder (13.8 mg), soluble in chloroform
and slightly soluble in MeOH. The compound gave yellow color
with AICI; on TLC with an Ryvalue of 0.94 using solvent system
S1 (CH,Cl, : MeOH, 9.5:0.5). It gave a negative Molisch's test,
indicating a non-glycosidic nature. UV spectrum of compound 1
(MeOH) showed UV Aj.x (MeOH) at 225, 268, and 327 that
referred to the biflavonoids bands* (Fig. S3). The IR spectrum
exhibited a broad band hydroxyl absorption band at 3423 cm ™,
a carbonyl band at 1656 cm™ ' and an aliphatic C-H stretching
band attributable to methoxy groups at 2928 cm ™" (Fig. S4). 'H-
NMR spectrum indicated a biflavonoid structure characteristic
of an amentoflavone-type compound (biapigenin nucleus). An
AA'BB’ spin system corresponding to the para-substituted B ring
of unit IT was observed at 6y 6.93 (2H, d, J = 9.1 Hz, H-2"', H-6"")
and 6y 7.61 (2H, d,J = 9.1 Hz, H-3"", H-5""). Additionally, an ABX
coupling pattern attributable to ring B of unit I appeared at
6u7.38 (1H, d,J = 9.0 Hz, H-5'), 8.10 (1H, d, ] = 2.5 Hz, H-2), and
8.24 (1H, dd, J = 9.0, 2.5 Hz, H-6'), supporting a C-3’ inter-
flavonoid linkage between the two flavonoid units. The presence
of two m-coupled protons in ring A of unit I was evidenced by
signals at 6y 6.78 (1H, d, J = 2.2 Hz, H-8) and 6y 6.37 (1H, d,J =
2.2 Hz, H-6). A singlet resonance at ¢y 7.01 was assigned to H-6".
Furthermore, the "H NMR spectrum displayed four aromatic
methoxy proton signals at dy 3.82, 3.79, 3.84, and 3.75, indi-
cating a tetra-methoxylated amentoflavone derivative (Fig. Sé6a,
b and Table S1). Analysis of the '*C NMR spectrum confirmed
the biflavonoid nature of compound 1, as evidenced by the
presence of 30 carbon signals along with four aromatic methoxy
carbons resonating at dc 56.04, 56.00, 56.53, and 55.51. The
involvement of C-8” and C-3’ in the interflavonoid linkage was
supported by their characteristic downfield shifts relative to
apigenin, showing A¢ values of 10.6 ppm for C-8” (6c 104.63)
and 5.46 ppm for C-3’ (6c 121.26). Furthermore, comparison
with amentoflavone revealed an up-field shift of C-8, indicative
of 7-O-methoxylation, an up-field shift of C-5' accompanied by
a downfield shift of C-1/, supporting 4’-O-methoxylation. Simi-
larly, an up-field shift of C-6” suggested 7”-O-methoxylation,
while up-field shifts of C-3” and C-5"" together with a downfield
shift of C-1"confirmed 4"-O-methoxylation (Fig. S7a, b and
Table S2).

In the HSQC spectrum, the signals at 6y 3.82 (3H, s), 3.79
(3H, s), 3.84 (3H, s), and 3.75 (3H,s) were correlated to ¢ 56.04,
56.00, 56.53, and 55.51 respectively indicating four methoxy
groups (Fig. S8a and b).

The HMBC data further supported the proton assignments.
In the HMBC spectrum of compound 1, the correlation
observed between H-2' at 6y 8.10 and C-8” at - 104.63
confirmed the involvement of C-3’ and C-8” in the inter-
flavonoid linkage. This finding supports the classification of
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Unit I

Unit II

Unit 1

compound 1 as a member of the amentoflavone series. Addi-
tionally, singlet signals at dy 3.82, 3.79, 3.84, and 3.75, each
integrating for three protons, showed correlations with carbons
at 0¢ 165.16, 160.47, 162.64, and 162.33 indicating the presence
of four methoxy groups. Accordingly, the methoxy substituents
were assigned to C-7, C-4/, C-7”, and C-4" (Fig. S9a-S9c). The
HPLC-ESI-MS analysis of compound 1 exhibited a pseudo-
molecular ion peak at m/z 595.5 [M + H]" (Fig. $10). This
finding was further confirmed by HR-ESI-MS, which showed
a pseudo-molecular ion at m/z 595.1597 [M + H]" (Fig. S11). The
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Fig. 3 Chemical structures of compounds (1-5) isolated from D. edule using UAE at the optimized conditions.

observed mass data are consistent with the molecular formula
(C34H26010) and structure of 7,4',7" 4" -tetra-
methylamentoflavone. Comparison of the spectral data of
compound 1 with previously reported literature'®** led to its
identification as 7,4’,7”,4" tetra-O-methyl amentoflavone.
Interestingly, the same compound was re-isolated from the
total extract as a yellow powder (32 mg). It exhibited identical
chromatographic behavior, physicochemical properties, and
spectral characteristics, including TLC profile, 'H NMR,
DEPTQ-135, and mass spectrometry data (Fig. S12-S14).
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Fig. 4 Superimposed FTIR spectra of the isolated biflavonoids and their authentic standards: (a) 7,4’,7",4" -tetra-O-methyl amentoflavone
(compound 1), (b) sciadopitysin (compound 3), (c) amentoflavone (compound 4) showing characteristic absorption bands and strong spectral
overlap, particularly in the fingerprint region.
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Therefore, this compound was confirmed to be identical to the
previously characterized metabolite, indicating that it repre-
sents the same compound obtained from a different fraction.

Compound 2 (isolated from DCM fraction) was obtained as
a yellow amorphous powder (15 mg), soluble in chloroform and
slightly soluble in MeOH. The compound gave a yellow color
with AICl; on TLC with an Revalue of 0.51 using solvent system
S1 (CH,Cl, : MeOH, 9.5:0.5). It gave a negative Molisch’s test,
indicating a non-glycosidic nature. UV spectrum of compound 2
(MeOH) showed UV Ay (MeOH) at 221, 268, and 329 that
referred to the biflavonoid bands** (Fig. $15). "H-NMR spectrum
indicated a biflavonoid structure characteristic of an
amentoflavone-type compound (biapigenin nucleus). An AA'BB’
spin system corresponding to the para-substituted B ring of unit
I1 was observed at 0y 7.61 (2H, d, J = 9.0 Hz, H-2"", H-6"") and 0y
6.92 (2H, d, J = 9.0 Hz, H-3"”, H-5"). Additionally, an ABX
coupling pattern attributable to ring B of unit I appeared at
6y47.35 (1H, d,J = 9.0 Hz, H-5'), 8.05 (1H, d, ] = 2.5 Hz, H-2"), and
8.19 (1H, dd, J = 9.0, 2.5 Hz, H-6'), supporting a C-3’ inter-
flavonoid linkage between the two flavonoid units. The presence
of two m-coupled protons in ring A of unit I was evidenced by
signals at 6y 6.48 (1H, d,J = 2.2 Hz, H-8) and 6y 6.19 (1H, d,J =
2.2 Hz, H-6). A singlet resonance observed at dy 6.42 was
assigned to H-6". 'H-NMR spectrum demonstrated
amentoflavone pattern with two aromatic methoxy signals at dy
3.79 and 3.76 ppm suggesting di-methoxy derivatives (Fig. S16a,
S16b and Table $3). *C-NMR spectrum confirmed the bi-
flavonoid structure of compound 2 by showing 30 carbons along
with two methoxy signals at dc 55.49 and 55.89. '*C-NMR
spectrum showed up-field shift in C-5', downfield shift in C-1/
indicating 4’-O- methoxylation, also up-field shift in C-3", 5",
downfield shift in C-1” indicating 4"-O methoxylation
compared with amentoflavone’® (Fig. S17a, b and Table S4). All
spectroscopic data were consistent with the structure of 4’,4"” di-
O-methyl amentoflavone.

In the HSQC spectrum, the signals at d;; 3.76 (3H, s) and 3, 79
(3H, s) were correlated to d¢ 55.4 and 55.8, respectively, indi-
cating two methoxy groups (Fig. S18a and S18b). This assign-
ment was further confirmed by HMBC analysis, which showed
clear *Jcy correlations from the methoxy protons at H-4'OCHj (6
3.79) to C-4’ (6 160.61) and from H-4"OCHj (6 3.76) to C-4" (6
161.4). In addition, the HMBC spectrum supported the inter-
flavonoid linkage through C-3' and C-8”, as evidenced by *Jcy
correlations from H-2' (6 8.05) to C-8” (6 103.76) (Fig. S19a—c).
These findings confirm that compound 2 is an amentoflavone-
member biflavonoid. The HPLC-ESI-MS analysis of compound 2
exhibited a pseudo-molecular ion peak at m/z 565.5 [M — H]|~
and m/z 567.4 [M + H]" (Fig. S20). This finding was further
confirmed by HR-ESI-MS, which showed a pseudo-molecular
ion at m/z 565.1127 [M — H]~ (Fig. S21). The observed mass
data are consistent with the molecular formula(C3,H,,044) and
structure of 4',4” di-O-methyl amentoflavone. Comparison of
the spectral data of compound 2 with previously reported
literature*>**** led to its identification as 4',4"” di-O-methyl
amentoflavone (isoginkgetin).

Compound 3 (isolated from EtOAc fraction) was obtained as
a pale-yellow amorphous powder (4 mg), soluble in chloroform

16306 | RSC Adv, 2026, 16, 16290-16309

View Article Online

Paper

and slightly soluble in MeOH. The compound gave a yellow
color with AICI; reagent on TLC (Rf= 0.92) using solvent system
S2 (CH,Cl,: MeOH, 9:1) and showed a negative Molisch’s test,
indicating a non-glycosidic nature. The UV spectrum of
compound 3 (MeOH) exhibited absorption maxima at Apax 232,
271, and 330 nm, characteristic of the biflavonoid chromo-
phores (Fig. S22). The IR spectrum displayed a broad hydroxyl
absorption band at 3402 cm™ ", a carbonyl stretching band at
1630 cm ™', and an aliphatic C-H stretching band attributable to
methoxy groups at 2923 cm ™" (Fig. $23). Further comparison of
compound 3 with an authentic sciadopitysin sample using TLC
and CO-TLC analysis showed identical behavior. In addition,
superimposition of the IR spectra demonstrated a high degree
of similarity, including the fingerprint region (Fig. S24). Based
on these combined spectroscopic and chromatographic data,
which were consistent with those reported pre-
viously,”***compound 3 was confidently identified as sciado-
pitysin (7,4’,4"” tri-O- methyl amentoflavone).

Compound 4 (isolated from EtOAc fraction) was obtained as
a pale-yellow amorphous powder (4 mg), soluble in chloroform
and slightly soluble in MeOH. The compound gave a yellow
color with AICl; reagent on TLC (Rf= 0.46) using solvent system
S2 (CH,Cl, : MeOH, 9: 1) and showed a negative Molisch's test,
indicating a non-glycosidic nature. The UV spectrum of
compound 4 (MeOH) exhibited absorption maxima at Apax 233,
270, and 337 nm, characteristic of biflavonoid chromophores
(Fig. S25). The IR spectrum displayed a broad hydroxyl
absorption band at 3415 cm™ ', a carbonyl stretching band at
1662 cm ™', and an aliphatic C-H stretching band attributable to
methoxy groups at 2923 cm™ " (Fig. $26). In addition, superim-
position of the IR spectra with authentic amentoflavone
demonstrated a high degree of similarity, including the
fingerprint region (Fig. $27). "H-NMR spectrum indicated a bi-
flavonoid structure characteristic of an amentoflavone-type
compound (biapigenin nucleus). An AA'BB’ spin system corre-
sponding to the para-substituted B ring of unit IT was observed
at 6y 7.58 (2H, d, ] = 8 Hz, H-2", H-6"") and at 0y 6.73 (2H, d, ] =
8 Hz, H-3"H-5"). Additionally, an ABX coupling pattern
attributable to ring B of unit I appeared at 647.15 (1H, d, J =
8 Hz, H-5), 8.01(1H, brs, H-2'), and 7.99 (1H, brs, H-6'), sup-
porting a C-3' interflavonoid linkage between the two flavonoid
units. Two signals were observed in the up-field aromatic region
at 0y 6.46 and 0y 6.19, each integrating for one proton, and were
assigned to the H-8 and H-6 protons of ring A, respectively. A
singlet resonance at ¢y 6.39 was assigned to H-6" (Fig. S28a,
b and Table S5). ">*C-NMR spectrum confirmed the biflavonoid
nature of compound 4, revealing a total of 30 carbon signals.
The involvement of C-8” and C-3' in the interflavonoid linkage
was evidenced by the downfield shifts of C-8” (9.81 ppm) and C-
3’ (5.29 ppm) compared to the apigenin (Fig. S29a, b and Table
S6). The HPLC-ESI-MS analysis of compound 4 exhibited
a pseudo-molecular ion peak at m/z 537.4 [M — H]™ and m/z
539.4 [M + H]" (Fig. $30). This finding was further confirmed by
HR-ESI-MS, which showed a pseudo molecular ion at m/z
539.0958 [M + HJ]' (Fig. S31). The observed mass data is
consistent with the molecular formula (C30H;5040) and struc-
ture of amentoflavone. Comparison of the spectral data of
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compound 4 with previously reported literature'®**® led to its
identification as amentoflavone.

Compound 5 (isolated from the total extract) was obtained as
a yellow amorphous powder (8 mg), soluble in chloroform and
slightly soluble in MeOH. On TLC, the compound gave a yellow
color upon spraying with AICl; and showed an Ryvalue of 0.62
using solvent system S1 (CH,Cl,: MeOH, 9.5:0.5). It gave
a negative Molisch's test, indicating its non-glycosidic nature.
"H-NMR spectrum indicated a biflavonoid structure character-
istic of an amentoflavone-type compound (biapigenin nucleus).
An AA'BB’ spin system corresponding to the para-substituted B
ring of unit II was observed at dy 7.63 (2H, d, J = 9.0 Hz, H-2",
H-6"") and 6y 6.93 (2H, d, J = 9.0 Hz, H-3"", H-5""). Additionally,
an ABX coupling pattern attributable to ring B of unit I appeared
at 6y 7.37 (1H, d, ] = 8.9 Hz, H-5"), 8.08 (1H, d, J = 2.5 Hz, H-2'),
and 8.20 (1H, dd, J = 8.9, 2.5 Hz, H-6'), supporting a C-3’
interflavonoid linkage between the two flavonoid units. The
presence of two m-coupled protons in ring A of unit I was evi-
denced by signals at dy 6.48 (1H, d, J = 2.1 Hz, H-8) and dy 6.19
(1H, d, J = 2.1 Hz, H-6). A singlet resonance at 0y 6.96 was
assigned to H-6". Also, 'H-NMR spectrum revealed
amentoflavone pattern with three aromatic methoxy signals at
0u 3.79, 3.85, and 3.76 suggesting tri-methoxy derivatives
(Fig. S32a, b and Table S7). In addition, the DEPTQ-135 NMR of
compound 5 confirmed the biflavonoid nature of compound 5
as it showed 30 carbons in addition to three methoxy signals at
0 56.44, 57.00, and 55.99. Moreover, DEPTQ-135 NMR spectrum
revealed different chemical shifts as up-field shift in C-5/,
downfield shift in C-1’ indicating 4’-O-methoxylation, up-field
shift in C-6”, indicating 7”-O methoxylation, up-field shift in
C-3",5", downfield shift in C-1” indicating 4"’-O methoxylation
compared with amentoflavone (Fig. S33) and (Table S8). All
spectroscopic data were consistent with the structure of
4')7",4"-tri-O-methyl amentoflavone.*®

In the HSQC spectrum, the signals at éy 3.79 (3H, s), 3.85
(3H, s), and 3,76 (3H,s) were correlated to é¢ 56.44, 57.00,and
55.99 respectively indicating three methoxy groups (Fig. S34a
and b). This assignment was further confirmed by HMBC
analysis, which showed clear *jcy correlations from the
methoxy protons at H-4'OCHj; (6 3.79) to C-4’ (6 160.80), H-
7"OCHj3; (6 3.85) to C-7" (6 163.12) and from H-4"OCH; (6 3.76)
to C-4” (6 162.81). In addition, the HMBC spectrum supported
the interflavonoid linkage through C-3’ and C-8”, as evidenced
by *Jcy correlation from H-2' (6 8.08) to C-8” (6 105.13) (Fig. S35a
and S35b). These findings confirmed that compound 5 is an
amentoflavone-member biflavonoid. The HR-ESI-MS spectrum
of compound 5 exhibited a pseudo molecular ion at m/z
581.46985 [M + H]" which agrees with the molecular formula
(C33H,4040) and structure of 4',7”,4”-tri-O-methyl amentoflav-
one (Fig. S36). Furthermore, Comparison of the spectral data of
compound 5 with previously reported literature'®* led to its
identification as kayaflavone (4’,7”,4"”-tri-O-methyl amentoflav-
one). This is the first report for isolation of kayaflavone from D.
edule Lindl.

Although the isolated biflavonoids are known constituents of
gymnosperms, their significance in the present study lies in
their enhanced recovery at optimized UAE conditions. For

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

example, UAE of D. edule Lindl. at the optimized conditions
yielded 32 mg of 7,4',7",4"-tetra-O-methylamentoflavone from
100 g of dried plant material, corresponding to an extraction
yield of 0.032%. In contrast, a previous study reported the
isolation of only 4 mg of the same compound from 930 g of D.
edule Lindl. using conventional percolation, corresponding to
a yield of 0.00043%." Similarly, 23 mg of amentoflavone was
obtained from 600 g of dried plant material under optimized
UAE, whereas conventional maceration of Dioon spinulosum
Dyer Ex Eichler yielded only 26 mg (0.0013%) from 2 kg.** These
data collectively suggest improved extraction efficiency under
optimized UAE parameters.

The improved recovery of these compounds can be attrib-
uted to acoustic cavitation, which disrupts plant cell walls,
enhances solvent penetration, and accelerates mass transfer
between the solvent and plant matrix. As a result, intracellular
metabolites such as 7,4',7”,4"”-tetra-O-methylamentoflavone
and amentoflavone are released more efficiently within shorter
extraction times.

The higher relative abundance of these bioactive bi-
flavonoids under optimized UAE conditions is consistent with
the enhanced antioxidant and cytotoxic activities observed for
the extracts. These findings provide quantitative evidence that
extraction optimization influences metabolite recovery and may
impact biological performance.

Although UAE is often described as a green extraction tech-
nique, the use of methanol limits the overall sustainability
profile due to its toxicity. However, the significantly reduced
extraction time and lower solvent consumption compared with
conventional methods represent improvements in process effi-
ciency. Future replacement of methanol with safer solvent
systems such as aqueous ethanol may further enhance envi-
ronmental compatibility.

4. Conclusion

In this study, four extraction techniques, i.e., maceration,
Soxhlet, UAE, and MAE, were systematically evaluated for their
effectiveness in extracting phenolic compounds from D. edule
Lindl. leaves. Evaluation criteria included % extraction yield,
TPC, TFC, in addition to antioxidant, antibacterial and cytotoxic
activities. Among these methods, the UAE demonstrated supe-
rior performance, which justified its selection for further opti-
mization by RSM. Subsequent optimization of UAE parameters
allowed for a large-scale extraction that enabled the successful
isolation of five key bioactive biflavonoids: 7,4’,7",4"-tetra-O-
methylamentoflavone (1, isolated from DCM fraction and total
methanolic extract), isoginkgetin (2, DCM fraction), sciadopi-
tysin (3, EtOAc fraction), amentoflavone (4, EtOAc fraction), and
kayaflavone (5, total methanolic extract). Interestingly, this
study represents the first report of kayaflavone isolation from D.
edule. The isolation of these bioflavonoids is consistent with the
enhanced antioxidant, cytotoxic, and antibacterial activities
observed in the UAE extracts. The cavitation effects generated by
ultrasound facilitate more efficient disruption of plant cell walls
and improve solvent penetration, resulting in significantly
higher yields of these biologically active compounds compared
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to conventional extraction methods. Based on their well-
documented bioactivities, these compounds likely contribute
substantially to the superior functional properties exhibited by
the UAE extracts.

Moreover, although temperature, time, and solvent-to-
sample ratio are commonly investigated variables in UAE
studies, their combined interactive effects
dependent and cannot be assumed a priori. The present find-
ings highlight how small adjustments within conventional
parameter ranges can substantially influence phenolic recovery
in gymnosperm tissues, which are structurally and chemically
distinct from many angiosperm species.

Therefore, this study highlights UAE as a technically
advanced extraction approach with improved efficiency over
conventional methods. The promising antioxidant, cytotoxic,
and antibacterial activities associated with the isolated bi-
flavonoids suggest potential applications of UAE-derived
extracts in pharmaceutical and nutraceutical fields, warrant-
ing further investigation.
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