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Annona muricata L. (soursop) leaves are recognised as valuable sources of phenolic compounds with strong antioxidant
potential, although conventional solvent extraction often provides limited selectivity and inadequate recovery of key
bioactive constituents. Natural deep eutectic solvents (NADES) represent a greener extraction alternative, yet their
performance in recovering phenolics, flavonoids, rutin, and antioxidant components ffom A. muricata leaf extract (AMLE)
remains insufficiently explored. This study evaluated four NADES formulations, namely choline chloride—lactic acid (ChCl-
LA), citric acid—L-proline (CA-LP), betaine—lactic acid (B-LA), and choline chloride—glycerol (ChCl-G), in comparison
with water using ultrasound-assisted extraction. Physicochemical properties ofthe solvents, including pH and viscosity, were
determined prior to extraction to elucidate their influence on solvent—solute interactions and extraction behaviour. Extraction
efficiency was assessed through rutin content, total phenolic content (TPC), total flavonoid content (TFC), and antioxidant
activities measured by DPPH, ABTS, and FRAP assays. All NADES systems exhibited acidic pH (1.80-4.97) and
substantially higher viscosity than water, with ChCI-LA combining strong acidity and comparatively low viscosity,
favourable for mass transfer. ChCl-LA demonstrated the strongest extraction of targeted bioactive constituents, achieving
0.796 + 0.023 mg/g rutin, 164.16 + 2.34 mg GAE/g TPC, 16.55 £+ 0.52 mg QE/g TFC, and consistently high antioxidant
activities across all assays. Correlation analysis indicated that FRAP activity was strongly associated with TPC, while DPPH
and ABTS activities showed stronger associations with rutin and TFC, highlighting the contribution of different phenolic
subclasses to antioxidant responses. The results demonstrate that solvent physicochemical properties, particularly acidity and
viscosity, play a critical role in governing bioactive selectivity and antioxidant performance. ChCl-LA was identified as the
most effective green solvent for producing antioxidant-rich AMLE suitable for development of functional foods and
nutraceutical products.

1. Introduction

Medicinal plants are widely recognised as important

methanol, ethanol, and acetone remain widely used for
polar compound extraction, although water, despite its
environmental benefits, often shows lower effectiveness

sources of natural products that contain phenolic acids,
flavonoids, alkaloids, terpenoids, tannins, and other
antioxidant metabolites with therapeutic relevance,
contributing to the management of inflammation,
oxidative stress, metabolic disorders, infections, and
various chronic conditions [1]. Growing concern over the
limitations of synthetic drugs, which may cause adverse
effects, toxicity, high treatment costs, or reduced
effectiveness arising from prolonged use or drug
resistance, has intensified interest in safer and more
sustainable plant-derived alternatives [2]. The extraction
of these bioactive constituents requires appropriate
solvent systems because solvent choice plays a central
role in determining extraction efficiency, selectivity, and
the overall phytochemical profile obtained from plant
materials [3]. Conventional solvents such as water,
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in recovering certain phenolic and flavonoid compounds
when compared with emerging green alternatives [4,5].
This highlights the need for solvent systems that are both
efficient and environmentally sustainable.

Natural deep eutectic solvents (NADES) have
emerged as an important class of green solvents that
provide sustainable alternatives to conventional organic
systems due to their biodegradability, low toxicity,
minimal volatility, and simple preparation requirements
[6,7]. These solvents are typically produced by
combining a hydrogen bond acceptor (HBA) such as
choline chloride with hydrogen bond donors (HBD) that
include lactic acid, glycerol, amino acids, or organic
acids, forming structured liquid networks capable of
extensive hydrogen-bonding with plant metabolites [8].
Numerous studies have demonstrated the superior
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extraction efficiency of NADES, as shown by enhanced
phenolic recovery from black chokeberry fruits [9], high
yields of bioactive compounds from Lippia citriodora
using choline chloride—lactic acid (ChCl-LA) [10], and
successful applications in mangosteen peel and
Mangifera pajang extractions [11,12]. The performance
of NADES is further strengthened when combined with
ultrasound-assisted extraction (UAE), which applies
acoustic cavitation to disrupt cell walls, increase solvent
penetration, and accelerate mass transfer, thereby
reducing extraction time and preserving heat-sensitive
constituents [3,13]. Recent investigations confirmthat the
integration of NADES with UAE significantly improves
phenolic and flavonoid extraction across various plant
matrices [12,14], highlighting their complementary role
as effective green extraction technologies.

Annona muricata L., commonly known as soursop
and referred to as durian belanda in Malaysia, is a
lowland tropical fruit tree from the Annonaceae family
with a long record of traditional use in treating diabetes,
hypertension, inflaimmation, infections, and cancer-
related conditions. The leaves contain phenolic acids,
flavonoids such as rutin, alkaloids, and acetogenins that
contribute to a wide range of therapeutic activities,
including antioxidant, anti-ulcer, anti-diabetic,
antihypertensive, and wound-healing properties [15].
Scientific evidence shows that 4. muricata leaf extract
(AMLE) possesses strong antioxidant capacity that
correlates with its phenolic and flavonoid composition
[16,17], emphasising the need for efficient extraction
strategies to maximise the recovery of these compounds.
Although the medicinal value of AMLE is well
documented, its practical utilisation is restricted by
limited optimisation of environmentally friendly
extraction methods, and most studies continue to rely on
conventional solvents or examine only a single deep
eutectic solvent system [18,19]. Comparative evaluation
of multiple NADES formulations for extracting
phenolics, flavonoids, rutin, and antioxidant constituents
from AMLE remains scarce, creating a gap in identifying
solvent compositions that offer superior extraction
efficiency and selectivity for different classes of bioactive
metabolites.

This study addressed these limitations by evaluating

four NADES systems, namely ChCl-LA, citric acid-L-
proline (CA-LP), betaine—lactic acid (B-LA), and
choline chloride—glycerol (ChCl-G), in comparison with
water for UAE of AMLE. Extraction performance was
examined through measurements of rutin content, total
phenolic content (TPC), total flavonoid content (TFC),
and antioxidant activity assessed using 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2"-azino-bis 3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), and ferric
reducing antioxidant power (FRAP) assays. The
outcomes offer essential guidance for identifying suitable
green solvent systems that enhance the recovery of
antioxidant-rich  phytochemicals from AMLE for
potential applications in functional foods and
nutraceutical products.

2. Materials and methods
2.1. Plant materials

Fresh A. muricata leaves were collected from Tuaran,
Sabah, Malaysia. The leaves were washed with distilled
water and dried in an oven (ED 23, Binder, Tuttlingen,
Germany) at 50 °C for 6 h. The dried samples were
ground using a laboratory grinder to obtain a uniform
powder and stored in resealable plastic bags at room
temperature until analysis.

2.2. NADES preparation

Four NADES formulations were prepared as shown in
Table 1, and the designated HBA and HBD for each
system were weighed according to their specific molar
ratios before being combined in glass beakers to formthe
initial mixtures. After eutectic formation, deionised water
at 50% (w/w) was added to facilitate proper mixing,
allowing the components to interact efficiently during the
preparation process. The mixtures were then heated to 70
°C with continuous magnetic stirring at 500 rpm until
clear and homogeneous liquids were obtained, after
which they were allowed to cool to room temperature and
were stored in sealed amber bottles until use.

Table. 1. Composition of NADES formulations used for extracting 4. muricata leaves.

NADES HBA HBD Molar ratio References
ChCI-LA Choline chloride Lactic acid 1:2 [12,20]
CA-LP Citric acid L-Proline 1:1 [21]
B-LA Betaine Lactic acid 1:1 [22]
ChCI-G Choline chloride Glycerol 1:1 [23]

2.3. Physicochemical determination

The physicochemical properties of water and NADES
systems, including pH and viscosity, were determined
prior to extraction. pH measurements were performed at
room temperature using a calibrated digital pH meter
(S220, Mettler Toledo, Columbus, OH, USA) according

to Darvishi et al. [24], with slight alterations. The pH
meter was calibrated using standard buffer solutions at
pH 4.0, 7.0, and 10.0, and measured values were
corrected using calibration offsets to ensure accuracy.
Viscosity measurements were conducted at room
temperature following the method described by Salehi
and Vejdanivahid [25], with slight alterations, using a
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rotational viscometer (DV2T AMETEK Brookfield,
Middleboro, MA, USA). The results were expressed in
mPa-s.

2.4. Sample extraction

UAE was performed following Awang et al. [26] with
minor modifications, and 5 g of dried A. muricata leaf
powder were mixed with 100 mL of extraction solvent to
achieve a 1:20 g/mL solid-to-solvent ratio before being
subjected to five different solvent systems consisting of
four NADES formulations and water as the control
Extraction was conducted using an ultrasonic probe
sonicator (Q500 Sonicator, QSonica, Newtown, CT,
USA) fitted with a 13 mm diameter probe, operating at
53% amplitude for 11 min and an 87% duty cycle at room
temperature based on the conditions optimised by Saini et
al. [20] with minor adjustments. Following extraction, the
mixtures were filtered through Whatman No. 1 filter
paper under vacuum and the resulting filtrates were
stored at —20 °C until further analysis.

2.5. Rutin content

Rutin content was determined following Marinov et
al. [27] using an Agilent 1100 (Agilent Technologies,
Santa Clara, CA, USA) high-performance liquid
chromatography (HPLC) system with a diode array
detector and an InertSustain CI8 column (5 pum, 150 x
4.6 mm). The mobile phases were 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B), and
the gradient was set at 10.0% B at 0 min, 20.0% B at 10
min, 95.0% B from 20 to 25 min, and 10.0% B from
25.10 to 30 min. The flow rate was maintained at 1.0
mlL/min, the column temperature at 25 °C, the injection
volume at 8.0 puL, and detection at 354 nm. The AMLE
was filtered through a 0.22 pm PTFE membrane before
injection, and rutin content was calculated from a
calibration curve and expressed as mg/g of sample mass
using Equation (1).

cxXV

Rutin content (mg/g) = )

where ¢ represents the concentration of the sample
extract (mg/L) obtained from the standard curve of rutin
content, V represents the solvent volume (mL), and m
represents the sample mass (g).

2.6. Total phenolic content

TPC was quantified using the Folin—Ciocalteu
colorimetric method following Zulkifli et al. [28] with
minor adjustments. A volume of 500 puL of AMLE was
mixed with 500 pL of Folin—Ciocalteu reagent, followed
by 1.5 mL of 20% sodium carbonate, and the mixture was
topped up to 10 mL with deionised water. The reaction
mixture was incubated in the dark for 2 h, after which
absorbance was recorded at 765 nm using a UV-Vis
spectrophotometer (Lambda 25, PerkinElmer, Waltham,
MA, USA). TPC was calculated from a gallic acid

calibration curve and expressed as mg GAE/g of sample
mass using Equation (2).

c X

TPC (mg GAE/g) =

@

where ¢ represents the concentration of the sample
extract (mg/L) obtained from the standard curve of TPC,
V represents the solvent volume (mL), and m represents
the sample mass (mg).

2.7. Total flavonoid content

TFC was quantified using the aluminium chloride
colorimetric assay described by Rushdy et al. [29]. A
volume of 1 mL of AMLE was mixed with 1 mL of 2%
aluminium chloride, and the mixture was incubated in the
dark for 15 min before absorbance was measured at 430
nm. TFC was determined using a quercetin calibration
curve and expressed as mg QE/g of sample mass using
Equation (3).

cxV

TFC (mg QE/g) = 3

where ¢ represents the concentration of the sample
extract (mg/L) obtained from the standard curve of TFC,
V represents the solvent volume (mL), and m represents
the sample mass (mg).

2.8. DPPH radical scavenging assay

The DPPH assay was conducted following Mudin et
al. [30] with minor modifications. A total of 1 mL of
AMLE was mixed with 1 mL of 0.1 mM DPPH solution,
and the mixture was incubated in the dark for 30 min
before absorbance was measured at 517 nm using a
microplate reader (Multiskan SkyHigh, Thermo Fisher
Scientific, Waltham, MA, USA). The DPPH reagent
without extract served as the blank, Trolox served as the
positive control, and DPPH inhibition (%) was calculated

using Equation (4).
Abscontrol — Abs

Abs

sample
X

DPPH inhibition (%) = 100 (4)

control

where Abs, .., 1S the absorbance of the control
(DPPH solution without sample mass) and Absg, is
the absorbance of the sample (DPPH solution with
sample mass).

2.9. ABTS radical scavenging assay

The ABTS assay was conducted following Hussen
and Endalew [31] with minor modifications. The ABTS
radical was generated by reacting 1 mL of 7 mM ABTS
with 1 mL of 2.45 mM potassium persulphate in a 1:1
ratio, and the mixture was incubated in the dark for 24 h
before being diluted to an absorbance of 0.70 = 0.02 at
734 nm. A total of 180 pL of AMLE was then mixed with
1.8 mL of ABTS reagent in a 2 mL microcentrifuge tube,
followed by incubation for 5 min, and absorbance was
measured at 734 nm. The ABTS reagent without extract
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served as the blank, Trolox was used as the positive
control, and ABTS inhibition (%) was calculated using
Equation (5).

Abscomrol - Abssample

ABTS inhibition (%) = e x100  (5)

control

where Abs ., 1S the absorbance of the control
(ABTS solution without sample mass) and Absg, is
the absorbance of the sample (ABTS solution with
sample mass).

2.10. FRAP assay

The FRAP assay was conducted following Russo et
al. [32] with slight modifications. The FRAP reagent was
prepared by combining 38 mM acetate buffer (pH 3.6),
10 mM TPTZ dissolved in 40 mM HCI, and 20 mM ferric
chloride at a 10:1:1 ratio to ensure proper chromogenic
complex formation. A total of 100 pL of AMLE was
mixed with 900 pL of the freshly prepared FRAP reagent
in a 2 mL microcentrifuge tube and incubated at 37 °C for
40 min to allow complete reduction of the ferric—TPTZ
complex. Absorbance was subsequently measured at 593
nm, and FRAP values were quantified using a Trolox
calibration curve, with the final results expressed as mg
TE/g of sample mass according to Equation (6).

cxV

FRAP (mg TE/g)= 6)

where ¢ represents the concentration of the sample
extract (mg/L) obtained from the standard curve of
FRAP, V represents the solvent volume (mL), and m
represents the sample mass (mg).

2.11. Statistical analysis

All experiments were conducted in triplicate and the
results were expressed as mean + standard deviation.
Statistical analysis was performed using IBM SPSS
Statistics (Version 28). One-way analysis of variance

(ANOVA) was applied to determine significant
differences between extraction solvents, and Tukey’s
HSD post-hoctest was used when significant effects were
detected at p < 0.05. Pearson correlation analysis was
conducted to assess relationships between the measured
parameters, with statistical significance interpreted at p <
0.01.

3. Results and discussion

3.1. Green solvent effects on physicochemical properties
of AMLE

The physicochemical properties of water and the
prepared NADES systems, including corrected pH and
viscosity, are summarised in Table 2. Water exhibited a
near-neutral corrected pH of 7.51 £ 0.01 and the lowest
viscosity at 0.89 = 0.02 mPa's, which were significantly
different from all NADES systems (p < 0.05). All
NADES formulations were acidic, with corrected pH
values ranging from 1.80 = 0.02 to 4.97 £ 0.05, and each
solvent showed statistically significant differences from
one another (p < 0.05). ChCl-LA exhibited the lowest pH
(1.80 = 0.02), followed by B-LA (2.52 £+ 0.03) and CA-
LP (2.72 £ 0.01), while ChCl-G showed the highest pH
among the NADES systems (4.97 £ 0.05). In contrast to
water, all NADES systems displayed substantially higher
viscosities, ranging from 46.00 £ 0.01 to 221.00 £ 0.02
mPa-s, with statistically significant differences observed
among all solvents (p < 0.05). ChCl-LA showed the
lowest viscosity among the NADES formulations (46.00
+ 0.01 mPa-s), followed by B-LA (74.00 £ 0.01 mPa-s)
and CA-LP (182.00 = 0.02 mPa's), while ChCI-G
exhibited the highest viscosity (221.00 = 0.02 mPa-s).
These results demonstrate clear and statistically
significant differences in both acidity and rheological
behaviour across the solvent systems, which are expected
to influence solvent—solute interactions and extraction
performance.

Table. 2. Corrected pH and viscosity values of water and NADES systems used for AMLE extraction

Solvent Molar ratio Corrected pH* Viscosity (mPa-s)
Water - 7.51+0.01° 0.89 +0.02°
ChCI-LA 1:2 1.80 £0.02° 46.00 £0.01°
CA-LP 1:1 2.72+0.01 ¢ 182.00 £0.02 ¢
B-LA 1:1 2.52+0.03° 74.00 £0.01 ©
ChCI-G 1:1 497 +0.05¢ 221.00 £0.02 ©

Values represent means + standard deviations (n = 3). Different letters indicate significant differences based on one-way ANOVA followed by Tukey’s HSD at p <0.05.
“Corrected pH values were obtained after applying calibration offsets derived fomstandard buffer solutions (pH 4.0,7.0, and 10.0).

The observed variations in pH and viscosity among
NADES formulations reflect differences in HBD
strength, molecular structure, and intermolecular
interactions within each system. According to Sazali ef al.
[33] and Jablonsky and Jancikovéa [34], the strongly
acidic and relatively low-viscosity nature of ChCI-LA
can be attributed to lactic acid, which provides high
proton availability while maintaining a flexible hydrogen-
bonding network, thereby enhancing solvent mobility and

mass transfer. In contrast, the higher viscosity of ChCl-G
is associated with extensive hydrogen-bonding
interactions involving glycerol, which formdense solvent
networks that restrict molecular diffusion despite its
moderate acidity [33,35]. CA-LP exhibited intermediate
acidity and high viscosity, reflecting the combined effects
of citric acid and L-proline, which promote strong
intermolecular interactions and reduced fluidity [35,36].
B-LA displayed moderate acidity and viscosity,
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suggesting a balance between proton availability and
hydrogen-bond network density [33,37]. Collectively,
these physicochemical properties play a crucial role in
governing  solvent—solute interactions, diffusion
behaviour, and extraction performance, highlighting the
importance of considering pH and viscosity together
when evaluating NADES efficiency for phytochemical
extraction.

3.2. Green solvent effects on rutin content of AMLE

Fig. 1. presents the rutin content obtained from AMLE
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using four NADES formulations and water. Rutin content
measured by HPLC showed clear differences among
green solvents. ChCI-LA recorded the highest rutin
content at 0.796 + 0.023 mg/g, which was statistically
comparable with water at 0.780 + 0.018 mg/g (p > 0.05).
CA-LP and B-LA produced moderate rutin values of
0.509 £ 0.015 mg/g and 0.516 + 0.015 mg/g, respectively
( < 0.05 versus ChCl-LA and water), while ChCl-G
recorded the lowest rutin content at 0.411 + 0.012 mg/g
(» <0.05).
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Solvent Extraction

Fig. 1. Rutin content of AMLE obtained using different NADES formulations. Values represent means = standard deviations (n = 3). Different letters
indicate significant differences based on one-way ANOVA followed by Tukey’s HSD at p <0.05.

Rutin extraction followed a distinct trend because this
highly hydrophilic flavonoid glycoside, characterised by
multiple hydroxyl groups and a rutinose disaccharide
moiety, requires specific solvent—solute hydrogen-
bonding interactions for efficient recovery [38]. ChCI-LA
effectively extracted rutin because lactic acid creates a
mildly acidic environment that promotes the dissociation
of weak non-covalent interactions between rutin and cell
wall components while forming multiple hydrogen bonds
with rutin hydroxyl groups. In addition, the ChCl
component enhances solubility through electrostatic and
dipole-mediated interactions with the aromatic regions of
the rutin structure [39,40]. Water also recovered rutin
efficiently due to its high polarity and structural
compatibility with the glycosylated moiety [41]. The
reduced rutin recovery observed in CA—LP, B-LA, and
ChCl-G is attributable to higher viscosity, which reduces
diffusivity and slows the release of rutin bound within
macromolecular  complexes, while  glycerol-based
NADES form dense hydrogen-bonding networks that
hinder the mobility of bulky glycosides [42,43].
Compared with previous studies reporting higher rutin
levels expressed per gram of extract in solvent-based
extracts of A. muricata leaves, such as 11.52 + 1.06 mg/g
extract [17], the lower rutin values expressed per gram of
plant material observed in the present study reflect
differences in reporting basis, extraction strategy, solvent
system, and analytical approach, as well as the limited

number of available studies specifically quantifying rutin
in this matrix. These findings indicate that rutin
extractability is governed by solvent—solute compatibility
and physicochemical properties rather than general
extraction efficiency, and that solvent formulations must
be tailored to match the structural and polarity
characteristics of the target compound.

3.3. Green solvent effects on phenolics and flavonoids of
AMLE

Fig. 2. presents the TPC and TFC obtained from
AMLE using four NADES formulations and water,
showing clear quantitative differences between solvents.
TPC values varied significantly among all extraction
systems (p < 0.05), with ChCl-LA recording the highest
concentration at 164.16 + 2.34 mg GAF/g, followed by
CA-LP at 129.79 + 1.52 mg GAFE/g, ChCl-G at 90.64 +
0.98 mg GAFE/g, and B-LA at 82.81 + 1.03 mg GAFE/g,
while water produced the lowest TPC at 15.24 + 0.39 mg
GAFE/g. All NADES formulations generated significantly
higher TPC values than water (p < 0.05). TFC
measurements also demonstrated variability across
solvents, with ChCl-LA yielding the highest TFC at
16.55 + 0.52 mg QE/g, which was significantly higher
than water at 9.65 = 0.23 mg QFE/g (»p < 0.05). The
remaining NADES formulations produced TFC values
ranging from 9.11 £ 0.20 to 10.10 = 0.22 mg QF/g, which
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did not differ significantly from the TFC obtained with
water (p > 0.05), as reflected in ChCl-G at 10.10 £ 0.22

mg QE/g, B-LA at 9.20 £ 0.25 mg QE/g, and CA-LP at
9.11 £ 0.20 mg QF/g.
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Fig.2. TPC (bar) and TFC (line) of AMLE obtained using different NADES formulations. Values represent means =+ standard deviations (n = 3).
Different letters indicate significant differences based on one-way ANOVA followed by Tukey’s HSD at p <0.05.

Phenolic extraction is strongly governed by solvent
polarity, hydrogen-bonding capacity, acidity, viscosity,
and the ability to disrupt phenolic—polysaccharide
associations within plant cell walls, and the superior TPC
obtained with ChCl-LA and CA-LP reflects an optimal
alignment of these characteristics. The mildly acidic
environment created by lactic acid weakens ester linkages
between phenolic acids and hemicellulose, facilitating the
liberation of bound phenolics that typically remain
inaccessible under neutral aqueous conditions [44]. The
carboxyl and hydroxyl groups of lactic acid establish
extensive hydrogen-bonding networks with phenolic
hydroxyl groups, producing stable solvation shells that
prevent molecular re-association and enhance solubility
[39,40]. ChCl complements this behaviour by stabilising
aromatic rings through Coulombic and dipole-driven
interactions, enabling efficient solubilisation of
hydroxybenzoic acids, hydroxycinnamic acids, and
simple flavonoids [45]. CA—LP also achieved high TPC
because citric acid contributes three carboxyl groups that
form dense hydrogen-bonding matrices, while the cyclic
structure of L-proline disrupts solvent ordering, reduces
local microviscosity, and enhances penetration into
compact tissue regions [46,47]. Lower TPC values
obtained with B-LA and ChCl-G arise from weaker
acidity and insufficient polarity gradients that do not
efficiently cleave phenolic—cell wall ester linkages.
Betaine, being zwitterionic, demonstrates preferential
affinity for free phenolic acids but has limited ability to
release esterified or glycosylated phenolics [48].
Glycerol-based NADES tend to solubilise a wider range
of non-phenolic constituents, including carbohydrates,
which dilutes the phenolic fraction [49]. Water produced
the lowest TPC because phenolic—cell wall complexes
require mild acidity or strong HBDs for effective
cleavage, conditions not provided by water alone [50].

Flavonoid extraction displayed a distinct pattern
because solvent composition influences flavonoid

recovery differently from total phenolics. ChCl-LA
produced the highest TFC due to its favourable
interactions with the flavonoid chromone backbone and
its ability to stabilise flavonoid glycosides under mildly
acidic conditions. The lactic acid carboxyl group forms
hydrogen bonds with hydroxyl moieties on the flavonoid
rings, while its hydroxyl group associates with carbonyl
centres, creating multipoint solvation that matches the
polarity and structural requirements of flavonoids [51].
The remaining NADES formulations produced TFC
values similar to water because the aluminium chloride
assay responds broadly to ortho-dihydroxyl structures
found not only in flavonoids but also in several non-
flavonoid phenolics [52]. Flavonoids often remain bound
to membrane proteins or accumulate in vacuoles,
requiring stronger acidity or more specialised solute—
solvent interactions for efficient extraction, conditions
that were met primarily by ChCl-LA within this solvent
system [51,53].

3.4. Green solvent effects on antioxidant activity of AMLE
and their correlation with phytochemical content

Fig. 3. presents the DPPH and ABTS radical
scavenging activities and the FRAP reducing capacity of
AMLE obtained using different solvents, showing
significant differences across all assays (p < 0.05). ChCl-
LA recorded the highest DPPH inhibition at 89.91 +
0.66%, followed by B-LA at 88.83 + 0.85% (p < 0.05
versus CA—LP and ChCl-G), with water yielding 86.53 +
0.71% (p < 0.05 versus ChCl-G) and CA-LP and ChCl-
G producing lower values at 78.73 £ 0.64% and 78.74 +
0.97%, respectively. ABTS activity also differed
significantly among solvents (p < 0.05), with ChCI-LA
achieving the highest inhibition at 75.64 + 1.42%,
followed by B-LA at 64.34 = 0.66%, water at 56.95 =+
0.99%, CA-LP at 52.45 + 0.80%, and ChCl-G at 49.44 +
0.64%, with all pairwise differences significant (p <
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0.05). FRAP results showed significant variation among
solvents (p < 0.05), with ChCI-LA producing the highest
reducing capacity at 1252.12 + 16.54 mg TE/g, followed
by CA-LP at 1094.73 + 13.67 mg TE/g, B-LA at 1022.55

+ 1250 mg TE/g, and ChCl-G at 84597 + 14.00 mg
TE/g. The FRAP value obtained using water (808.42 =+
14.02 mg TE/g) was statistically comparable with ChCl-
G (p > 0.05).
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Fig. 3. DPPH (bar), ABTS (bar), and FRAP (line) of AMLE obtained using different NADES formulations. Values represent means + standard
deviations (n = 3). Different letters indicate significant differences based on one-way ANOVA followed by Tukey’s HSD at p <0.05.

Correlation analysis showed that rutin exhibited
significant positive associations with DPPH (r = 0.712, p
< 0.01) and ABTS (r = 0.663, p < 0.01) as presented in
Table 3, whereas its correlation with FRAP was weak and
non-significant (»r = 0.273, p > 0.05). TPC demonstrated a
weak non-significant correlation with DPPH (r = —0.026,
p > 0.05) and a moderate non-significant correlation with
ABTS (r = 0.450, p > 0.05), while showing a strong
significant correlation with FRAP (» = 0.889, p < 0.01).

TFC displayed a moderate correlation with DPPH (r =
0.506, p > 0.05) and strong significant correlations with
ABTS (r = 0.799, p < 0.01) and FRAP (r = 0.677, p <
0.01). These findings indicate that the antioxidant assays
responded to different phytochemical groups, with DPPH
closely associated with rutin, ABTS strongly influenced
by rutin and TFC, and FRAP primarily associated with
TPC and TFC.

Table. 3. Pearson correlation coefficients between phytochemical content (rutin, TPC, and TFC) and antioxidant activities
(DPPH, ABTS, and FRAP) of AMLE

DPPH ABTS FRAP
Rutin 0.712" 0.663 0.273
TPC -0.026 0.450 0.889"
TFC 0.506 0.799" 0.677"

“Correlation is significant at p <0.01 (two-tailed).

The antioxidant behaviour of AMLE reflects the
combined influence of NADES-dependent variation in
phenolic composition, the structural diversity of phenolic
subclasses, and the mechanistic requirements of each
antioxidant assay. The superior performance of ChCl-LA
can be attributed to its chemical structure, where the
ChCl component provides strong HBA capacity while
lactic acid contributes multiple HBD sites and mild
acidity, collectively enhancing solubilisation  of
polyhydroxylated phenolics and flavonoid glycosides.
ChCI-LA consistently produced the highest DPPH,
ABTS, and FRAP activities because its mildly acidic
matrix enhanced the solubilisation of phenolic
compounds with strong hydrogen atom transfer and
electron-donating capacity, including catechol-type
structures, gallic acid derivatives, and polyhydroxylated
flavonoids. The acidic environment further promotes

dissociation of phenolics bound to cell wall components,
increasing extractable phenolic availability. These
compounds stabilise free radicals through resonance
delocalisation and multiple hydroxyl substitutions that
facilitate efficient electron release [44,51].

The strong DPPH and ABTS activities observed in
AMLE with higher rutin concentrations further reflect the
high reactivity of rutin toward both hydrogen atom
transfer and electron transfer pathways [54], consistent
with its correlations with DPPH (» = 0.712) and ABTS (r
= 0.663). In contrast, B-LA demonstrated strong DPPH
activity despite lower TPC because its hydrogen-bonding
network favours selective enrichment of phenolic
subclasses with inherently high radical-scavenging
potency rather than bulk phenolic extraction. CA—LP and
ChCl-G exhibited lower antioxidant responses due to
their higher viscosity and denser hydrogen-bonding
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networks, which restrict diffusivity and limit the release
of highly reactive phenolics, particularly bulky
glycosylated flavonoids. In addition, these solvents
preferentially extracted phenolic acids and glycosylated
flavonoids with weaker radical-scavenging reactivity,
further contributing to reduced antioxidant responses
under more viscous solvent conditions [47,55].

FRAP activity demonstrated the strongest dependence
on total phenolic concentration, supported by the strong
correlation between TPC and FRAP (r = 0.889),
indicating preferential extraction of electron-donating
phenolics such as flavonols, hydroxybenzoic acids, and
hydroxycinnamic acids. This behaviour reflects the strong
sensitivity of FRAP to phenolics capable of single-
electron transfer, which are preferentially stabilised in
NADES systems with balanced polarity and hydrogen-
bonding capacity. TFC showed positive associations with
both FRAP (» = 0.677) and ABTS (r = 0.799), suggesting
that flavonoid subclasses contributed more strongly to
electron-transfer mechanisms than to hydrogen atom
transfer, while the moderate correlation between TFC and
DPPH (r = 0.506) reflects the heterogeneous reactivity of
flavonoids across different pathways. These relationships
demonstrate that antioxidant capacity is influenced not
only by total phenolic mass but also by the specific
phenolic subclasses present in each extract, as indicated
by the weaker associations between TPC and DPPH or
ABTS relative to the strong TPC-FRAP relationship.

Overall, the observed trends highlight that solvent
structure, acidity, and viscosity collectively govem
solubilisation behaviour and mass transfer efficiency,
thereby dictating the selective recovery of antioxidant-
active phytochemical classes. The integration of UAE
further strengthened solvent—phytochemical interactions
by generating cavitation forces that disrupted cellular
structures, enhanced solvent penetration, released cell
wall-bound phenolics, and accelerated mass transfer
[3,13]. The synergistic action between NADES chemistry
and ultrasonic cavitation produced extracts enriched in
structurally diverse phenolic compounds, thereby
supporting broad-spectrum antioxidant activity across
multiple mechanistic pathways [6,7].

3.5. Future studies

Future studies should incorporate representative LC
chromatograms to provide visual and qualitative insights
into the phytochemical profiles of AMLE obtained using
different green solvents, with particular emphasis on
ChCI-LA as the most effective NADES identified in this
study. Inclusion of chromatographic fingerprints, together
with peak annotation and LC-MS-assisted identification,
would enable more detailed characterisation of individual
compounds and comparison of solvent selectivity. In
addition, further investigations should evaluate the
Kamlet—Taft solvatochromic parameters of the NADES
systems, especially ChCl-LA, to better elucidate solvent—
solute interactions, mass transfer behaviour, and their
influence on extraction efficiency. Such analyses would
strengthen compound-level interpretation, support extract

standardisation and quality control, and enable
assessment of scalability, solvent recyclability, and
economic feasibility, thereby facilitating future scale-up
and industrial application of AMLE.

4. Conclusions

This study demonstrated that NADES are effective green
alternatives to water for extracting bioactive constituents
from AMLE. Among the evaluated solvents, ChClI-LA
was identified as the most efficient system due to its
favourable physicochemical properties, characterised by
strong acidity and comparatively low viscosity, which
enhanced solvent—solute interactions and mass transfer
during UAE. ChCI-LA achieved the highest TPC and
TFC as well as produced the highest antioxidant activities
across DPPH, ABTS, and FRAP assays. These findings
indicate that solvent selectivity and antioxidant
performance are governed primarily by physicochemical
characteristics of the solvent system rather than extract
quantity alone. The integration of NADES with UAE
provided a synergistic advantage through enhanced cell
disruption, solvent penetration, and accelerated release of
phenolic compounds. The overall findings confirm that
AMLE are valuable sources of antioxidant-rich
phytochemicals with potential for incorporation into
functional foods and nutraceutical products. Future
research should focus on detailed compound-level
characterisation =~ and  optimisation = of NADES
formulations with consideration of physicochemical
behaviour, scalability, and industrial applicability.
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