
Chemistry & Biodiversity

RESEARCH ARTICLE

Comparative Assessment of Conventional and Sustainable
Extraction Methods for Essential Oils and Phenolic
Compounds From Ammodaucus Leucotrichus
Abdelhamid Neggad1 Farid Benkaci-Ali1 Sarah Garifo2 Sophie Laurent2

1Faculty of Chemistry, Laboratory of Functional Organic Analysis, University of Sciences and Technology Houari Boumediene, BP 32 El Alia Bab Ezzouar,
Algiers, Algeria 2Unit of General, Organic and Biomedical Chemistry, NMR and Molecular Imaging Laboratory, University of Mons, Mons, Belgium

Correspondence: Farid Benkaci-Ali (benkaciaf@yahoo.fr)

Received: 29 April 2025 Revised: 28 July 2025 Accepted: 30 July 2025

Keywords: Ammodaucus leucotrichus | essential oils | hydrodistillation | microwave | polyphenols | steam distillation

ABSTRACT
The aim of this study was to identify the most suitable extraction methods for isolating essential oils and polyphenols
from Ammodaucus leucotrichus. Essential oils were extracted using hydrodistillation (HD), microwave-assisted HD (MW-HD)
and microwave-assisted steam distillation (MW-SD), while polyphenols were obtained via maceration (MAC), Soxhlet (SOX),
ultrasonic extraction (ULTR), andmicrowave-assisted extraction (MW).HDyielded the highest amount of essential oil (1.95%), and
GC/MS analysis revealed that perillaldehyde (56.80%–62.67%) and limonene (22.04%–62.50%) are the most abundant compounds
in the essential oils obtained through all techniques. Although the microwave-assisted methods (MW-HD and MW-SD) resulted
slightly lower yields, but they offer substantial advantages in terms of reduced extraction time, lower energy consumption, and
preservation of essential oil quality. For polyphenol extraction, MW and ULTR techniques produced the richest extracts, with
a concentration of 624.11 mg EAG/g at 917.73 mg EAG/g. LC/MS analysis of the polyphenol extracts revealed several bioactive
compounds identified for the first time, including taxifolin (2.24–12.90mg/g), rutin (10.25mg/g), isorhamnetin (12.82–43.33mg/g),
and 3-hydroxyflavone (0.85–5.21 mg/g). DPPH radical scavenging assays revealed the high potent radical-scavenging activity of
extracts, highlighting the potential of A. leucotrichus as a promising natural source of bioantioxidant.

1 Introduction

Over centuries, humans have harnessed natural resources for
food, cosmetics, clothing, andmedicine. Among these, medicinal
plants stand out for their diverse therapeutic applications. Today,
the use of medicinal plants remains a key approach to health-
care worldwide, largely due to their rich reservoir of bioactive
secondary metabolites [1].

Algeria hosts remarkable floristic diversity, with around 3000
plant species distributed across several botanical families [2,
3]. Among these, the Apiaceae family includes Ammodaucus

leucotrichus, commonly known as ‘camel cumin’ a lesser-known
but ethno botanically significant species native to the Saharan
regions of Algeria and Morocco. Traditionally, local populations
have used A. leucotrichus seeds to treat digestive disorders,
infections and inflammation [4]. Recent studies have revealed
that this species is particularly rich in essential oils (EOs) and
polyphenolic compounds, which contribute to its antioxidant,
antimicrobial and anti-inflammatory properties [5, 6].

Despite its traditional significance, A. leucotrichus remains
underexplored in modern phytochemical and pharmacological
research, particularly concerning how extraction methods influ-
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ence its chemical profile and bioactivity. Extraction plays a
crucial role in isolating bioactive compounds, and the choice of
technique can significantly affect both yield and composition.
Conventional methods, such as hydrodistillation (HD) and mac-
eration (MAC), are widely used due to their simplicity. However,
novel green extraction techniques, including microwave-assisted
and ultrasound-assisted extraction have attracted interest for
their higher efficiency, reduced solvent consumption, and better
preservation of thermolabile compounds [7].

In this context, the present study aimed to evaluate the effect
of different extraction methods (both conventional and green
techniques) on the yield and chemical composition of EOs
and polyphenols extracted from A. leucotrichus seeds collected
in the Bechar region (southwest Algeria). EOs were obtained
using conventional HD, microwave-assisted HD (MW-HD), and
microwave-assisted steam distillation (MW-SD), followed by
GC–MS analysis. Polyphenols were extracted using ethanol
and methanol as solvents and four different techniques: MAC,
Soxhlet extraction (SOX), ultrasound-assisted extraction (ULTR)
and microwave-assisted extraction (MW). The qualitative and
quantitative profiles of phenolic compounds were determined
by liquid chromatography/mass spectrometry (LC/MS), and the
antioxidant activity of the extracts was subsequently evaluated.

This work seeks to provide a clearer understanding of how extrac-
tion strategies influence the recovery of bioactive compounds
from A. leucotrichus, with potential implications for its future use
in food, pharmaceutical and cosmetic applications.

2 Results and Discussion

2.1 EO Extraction Yield

The EO obtained fromA. leucotrichus seeds by various techniques
is distinguished by its blue colour and distinctive odour. The
greatest EO yield (1.95% w/w) was obtained by HD, close to the
yield reported by Khaldi et al. (2.15%) obtained by HD for Bechar
region [8]. This value is higher than those reported byAlaoui et al.
(1.5%) in the Tata region of southern Morocco [9], while they are
lower than the results obtained in the Dakhla region of Western
Sahara (2.72%) [10]. MW-SD resulted in a slightly reduced yield
(1.78%), while the yield obtained by MW-HD was 1.34%. These
findings are consistent with those reported by G. Crescente, who
observed that steam distillation of Mentha spicata L. yielded a
higher EO content (0.28%) compared to MW-HD (0.24%) [11].

The observed variation in EO yield can be attributed to distri-
bution of EO compounds present in A. leucotrichus seeds. The
majority of these compounds are located in exogenous sites,
whereasMW-HD is a technique that ismore efficient at extracting
endogenous sites [12]. This explains comparatively modest yield
attained by MW-HD in comparison to other techniques.

Although, HD yielded 1.95% (w/w) of EO, the yields obtained by
MW-SD and MW-HD were slightly lower, at 1.78% and 1.34%,
respectively. However, microwave-assisted methods offered a
substantial advantage in terms of extraction time, requiring only
45 min for MW-SD and MW-HD compared to approximately 3 h
for HD.

To further assess extraction efficiency, the energy consumption
per gram of EO was calculated using the following formula:

𝐸 = (𝑃 × 𝑡) ∕ (3600 × 1000 × 𝑚𝐸𝑂)

where E is the energy consumed (kWh/g), P is the power of the
device (W), t is the operating time (s) and mEO is the mass of EO
obtained (g).

This notable reduction in extraction time translated into signifi-
cantly lower energy consumption and operational costs. Specifi-
cally, microwave-assisted extractions consumed only 0.58 kWh/g
forMW-HDand 0.45 kWh/g forMW-SD, compared to 2.65 kWh/g
for conventional HD. This quantitative analysis highlights the
superior energy efficiency of microwave-assisted techniques.

2.2 Effect of Extraction Methods on the
Chemical Profile of EOs

Data from the GC–MS analysis of EOs from our samples (Table 1)
indicate that perillaldehyde is the most abundant compound in
oils extracted by the different techniques with a percentage rang-
ing from 56.8% to 62.67%. The EO obtained by HD tended to show
the highest proportion of perillaldehyde, although this difference
was not statistically significant (p = 0.055). These findings are
in close alignment with those observed in the EO derived from
A. leucotrichus harvested at Debdeb, Illizi (southeastern Algeria)
(60.1%) [13] and at Bechar (59.12%) [14].

Limonene is the second major compound, with a percentage
between 20.44% and 26.5%. These values are in agreement with
those found by Louail et al. in the Bechar region (23.89%) [14],
exceeding the previous results found by Dahmane et al. in the
Debdeb region (6.9%) [13].

In addition, δ-2-carene and methyl perillate are significant
compounds, with percentages ranging from 6.5% to 8.69% and
2.4% to 3.21%, respectively. As demonstrated by the existing
literature, these compounds have been identified in the EO of A.
Leucotrichus in multiple regions, as evidenced by references [13,
14].

The main compounds identified in EO such as perillaldehyde
have a multitude of applications, as an ingredient in perfumes,
cosmetics and aromas. The substance exhibits a robust spicy,
oily and herbaceous taste [15]. Perillaldehyde can be converted to
perillyl alcohol,which is also employed in themanufacture of per-
fumes and exhibits a range of properties, including antidepressant
[16], neuroprotective [17] and insecticide effects [18].

Limonene is used as an additive in a variety of commercial
products, including cleaning agents, foodstuffs, perfumes and
cosmetics. Furthermore, it is employed as an insecticide [19].
Limonene has been demonstrated to facilitate wound healing
and anabolic processes. In addition, it has been shown to have
beneficial effects on stress, depression, inflammation, oxida-
tive stress, muscle cramps and viral infections. In addition, it
exhibits a range of anti-cancer properties, as evidenced by studies
[20, 21].

2 of 14 Chemistry & Biodiversity, 2025



TA
B
LE

1
C
he
m
ic
al
co
m
po
si
tio
n
of
A
m
m
od
au
cu
sl
eu
co
tr
ic
hu
se
ss
en
tia
lo
ils
ob
ta
in
ed

by
di
ffe
re
nt
te
ch
ni
qu
es
.

H
D

M
W
-H
D

M
W
-S
D

C
la
ss
es

C
om

po
un

ds
R
I*

R
I c
al

A
%

H
.M

O
N
O

Tr
i-c
yc
le
ne

92
6

91
9

0.
64

±
0.
04

b
0.
74

±
0.
06

b
0.
93

±
0.
06

a

C
am

ph
en
e

95
4

95
0

—
—

0.
07

±
0.
0a

β-
Pi
ne
ne

97
9

97
6

0.
51

±
0.
01

b
0.
65

±
0.
03

a
0.
69

±
0.
05

a

α-
Ph
el
la
nd
re
ne

10
02

99
0

0.
48

±
0.
02

b
0.
50

±
0.
03

b
0.
60

±
0.
01

a

δ-
2-
C
ar
en
e

10
02

99
9

6.
50

±
0.
36

b
7.
28

±
0.
41

b
8.
69

±
0.
29

a

p-
C
ym

en
e

10
24

10
16

0.
16

±
0.
0a

b
0.
13

±
0.
02

b
0.
19

±
0.
01

a

Li
m
on
en
e

10
29

10
26

20
.4
4
±
1.0
5b

22
.0
4
±
0.
88

b
26
.5
0
±
1.2
4a

H
.M

O
N
O
%

28
.7
3
±
1.
48

b
31
.3
5
±
1.
43

b
37
.6
9
±
1.
66

a

M
O
N
O
O
X

ci
s-
Li
m
on
en
e
ox
id
e

11
36

11
26

—
0.
19

±
0.
0a

0.
13

±
0.
01

a

tr
an
s-
Li
m
on
en
e
ox
id
e

11
42

11
31

—
0.
34

±
0.
04

a
—

ne
o-
D
ih
yd
ro
ca
rv
eo
l

11
94

11
90

0.
12

±
0.
01

b
0.
44

±
0.
03

a
—

γ-
Te
rp
in
eo
l

11
99

12
11

0.
35

±
0.
02

a
—

0.
27

±
0.
01

b

12
41

12
31

0.
90

±
0.
10

a
1.0
8
±
0.
07

a
0.
68

±
0.
04

b

C
ar
-3
-e
n-
2-
on
e

12
48

12
53

0.
51

±
0.
02

a
0.
53

±
0.
03

a
0.
42

±
0.
02

b

Pe
ril
la
ld
eh
yd
e

12
71

12
82

62
.6
7
±
2.
62

a
58
.8
5
±
2.
09

a
56
.8
0
±
2.
33

a

α-
Te
rp
in
en
-7
-a
l

12
85

12
83

0.
21

±
0.
01

a
—

—
γ-
Te
rp
in
en
-7
-a
l

12
91

12
90

0.
14

±
0.
0a

0.
17

±
0.
02

a
—

Pe
ril
ly
la
lc
oh
ol

12
95

13
03

0.
88

±
0.
04

a
0.
94

±
0.
08

a
0.
11
±
0.
01

b

M
O
N
O
O
X
%

65
.7
8
±
3.
01

a
62
.5
4
±
2.
36

ab
58
.4
1
±
2.
42

b

H
.S
ES
Q

α-
C
op
ae
ne

13
76

13
70

0.
10

±
0.
0a

0.
10

±
0.
01

a
0.
10

±
0.
01

a

β-
C
ub
eb
en
e

13
88

13
84

—
—

0.
10

±
0.
0a

G
er
m
ac
re
ne

D
14
81

14
73

0.
20

±
0.
03

b
0.
33

±
0.
04

a
0.
13

±
0.
01

b

Bi
cy
cl
og
er
m
ac
re
ne

15
00

14
89

0.
12

±
0.
0a

—
0.
12

±
0.
0a

δ-
A
m
or
ph
en
e

15
12

15
17

0.
10

±
0.
01

a
—

—
H
.S
ES
Q
%

0.
52

±
0.
04

a
0.
43

±
0.
06

a
0.
45

±
0.
02

a

SE
SQ

O
X

G
er
m
ac
re
ne

D
-4
-o
l

15
75

15
69

0.
20

±
0.
03

a
—

—
C
ar
yo
ph
yl
le
ne

ox
id
e

15
83

15
72

—
0.
12

±
0.
01

a
—

14
-H
yd
ro
xy
-(Z

)-c
ar
yo
ph
yl
le
ne

16
67

16
56

0.
12

±
0.
0a

—
—

Sh
yo
bu
no
l

16
89

16
84

0.
73

±
0.
06

a
0.
49

±
0.
05

b
0.
41

±
0.
02

b

(C
on
tin
ue
s)

3 of 14



TA
B
LE

1
(C
on
tin
ue
d)

H
D

M
W
-H
D

M
W
-S
D

C
la
ss
es

C
om

po
un

ds
R
I*

R
I c
al

A
%

SE
SQ

O
X
%

1.
06

±
0.
09

a
0.
61

±
0.
06

b
0.
41

±
0.
02

c

O
th
er
s

Li
na
lo
ol
fo
rm

at
e

12
16

12
12

—
0.
48

±
0.
04

a
—

2-
U
nd
ec
an
on
e

12
94

12
93

—
0.
31

±
0.
02

a
0.
11
±
0.
0b

M
et
hy
lp
er
ill
at
e

13
93

13
91

3.
21

±
0.
13

a
3.
21

±
0.
09

a
2.
40

±
0.
16

b

O
th
er
s
%

3.
21

±
0.
13

b
4.
00

±
0.
15

a
2.
51

±
0.
16

c

To
ta
l%

99
.3
0

98
.9
2

99
.4
6

N
ot
e:
Va
lu
es
ar
e
av
er
ag
e
±
st
an
da
rd
de
vi
at
io
n
of
th
re
e
re
pe
tit
io
ns
.D
iff
er
en
tl
ow

er
ca
se
le
tte
rs
in
th
e
sa
m
e
ro
w
in
di
ca
te
si
gn
ifi
ca
nt
di
ffe
re
nc
es
(p

<
0.
05
);
re
su
lts

ra
nk
ed
:a

>
b
>
c.

A
bb
re
vi
at
io
ns
:H

.M
O
N
O
,m

on
ot
er
pe
ni
c
hy
dr
oc
ar
bo
ns
;H

.S
ES
Q
,s
es
qu
ite
rp
en
ic
hy
dr
oc
ar
bo
ns
;M

O
N
O
.O
X,

ox
yg
en
at
ed

m
on
ot
er
pe
ne
s;
RI
*,
A
da
m
s
re
te
nt
io
n
in
de
x;
RI

ca
l,
ca
lc
ul
at
ed

re
te
nt
io
n
in
de
x;
SE
SQ
.O
X,

ox
yg
en
at
ed

se
sq
ui
te
rp
en
es
.

With regard to the chemical classes (Figure 1), oxygenated
monoterpenes (MONO.OX) constitute the most abundant class
in EO, exhibiting a percentage varying from 58.41% to 65.78%. The
monoterpene hydrocarbons (H.MONO) constitute the second
most prevalent group, with percentages ranging from 28.73% to
37.69%. The remaining two classes, oxygenated sesquiterpenes
(SESQ.OX) and sesquiterpene hydrocarbons (H.SESQ), exhibited
comparatively low percentages, ranging from 0.41% to 1.06% and
from 0.43% to 0.52%, respectively.

As shown in Table 1, the high percentage in perillaldehyde was
obtained by HD (62.67%), followed by MW-HD and MW-SD
techniques, with 58.85% and 56.80% respectively. Although HD
appeared to yield a relatively higher proportion of perillaldehyde,
this difference was not statistically significant compared to other
techniques (p > 0.05). By contrast, the limonene content showed
significant differences between MW-SD and the other extraction
methods (p < 0.05). The EO obtained by MW-SD exhibited the
highest concentration of limonene (26.5%), followed by MW-HD
(22.04%) and HD (20.44%).

The chemical profile of several compounds varies according
to extraction techniques used and amongst all the compounds
identified in Table 1, four are exclusively detected in EO extracted
by HD, including α-terpinén-7-al (0.21%), germacrene D-4-ol
(0.2%), 14-hydroxy-(Z)-caryophyllene and δ-amorphene (0.1%).
A total of three compounds were specifically detected in the
MW-HD volatile: linalool formate (0.48%), trans-limonene oxide
(0.34%) and caryophyllene oxide (0.12%), whereas β-cubebene
(0.1%) and camphene (0.07%)were exclusively isolated inMW-SD
volatile.

As shown in Figure 1, the EO obtained by HD exhibits a higher
proportion of oxygenated monoterpenes (MONO.OX: 65.78%),
oxygenated sesquiterpenes (SESQ.OX: 1.06%), and sesquiterpene
hydrocarbons (H. SESQ: 0.52%) compared to the other extracted
oils, MW-SD (58.41%, 0.41% and 0.45% respectively) and MW-HD
(62.54%, 0.61% and 0.43%.respectively), respectively. While the
percentage of H.MONO was higher in the MW-SD EO (37.62%)
than MW-SD (31.35%) and HD (28.73%) EOs.

The results presented above indicate that it is not feasible to
universally prioritize one extraction technique over another in
terms of quality, as each method selectively extracts specific
compounds based on its operating principles. For instance, HD
and MW-HD are more effective at extracting compounds located
in endogenous sites, due to their ability to penetrate plant tissues
through prolonged or internal heating. In contrast, MW-SD,
where water vapours interact primarily with the plant surface,
is more adept at extracting compounds located in exogenous
sites. In addition, HD, which involves slow and uniform heat-
ing, favours the extraction of thermally stable and more polar
compounds such as perillaldehyde. On the other hand, the rapid
and localized heating of MW-SD and MW-HD facilitates the
extraction of highly volatile compounds like limonene, which
could otherwise degrade under extended thermal exposure [22].
These differences clearly demonstrate how the physical and ther-
mal characteristics of each technique influence the selectivity,
composition and preservation of EO constituents.
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FIGURE 1 Effect of different extraction techniques on chemical classes (H. MONO: monoterpene hydrocarbons, MONO.OX: oxygenated
monoterpenes, H. SESQ: sesquiterpene hydrocarbons, SESQOX: oxygenated sesquiterpenes, Others: other compounds, HD: hydrodistillation, MW-HD:
microwave-assisted extraction, MW-SD: microwave-assisted steam distillation). Values are average ± standard deviation of three repetitions. Different
lowercase letters in the same row indicate significant differences (p < 0.05); results ranked: a > b > c.

Furthermore, the use ofmicrowaves in the extraction of EOs from
A. leucotrichus, such as MW-HD and MW-SD, provides benefits
over conventional HD with regard to time and energy savings.
The application of powerful microwave radiation speeds up the
extraction process, while causing no significant alteration to the
composition of the EO [22].

The EOs extracted from A. leucotrichus seeds via various extrac-
tion methods are characterized by a predominance of specific
compounds, namely perillaldehyde and limonene. However,
the percentage of these compounds varies depending on the
extraction technique employed. TheEOobtained byHDexhibited
the highest concentration of perillaldehyde (62.67%), while the
EO obtained by MW-SD demonstrated the highest concentration
of limonene (26.5%).

2.3 Polyphenolic Extracts

This study examined the impact of extraction methods and
solvents on the yield and phenolic composition ofA. leucotrichus.
Four techniques were used to extract phenolic compounds:MAC,
SOX, ULTR, and microwave (MW). For each technique, ethanol
andmethanol were used as extraction solvents. Subsequently, the
yield was calculated, the total polyphenol content was measured,
and an LC–MS analysis was conducted.

The dry polyphenolic extracts were obtained after evaporation of
the extraction solvent, and the yields determined as illustrated in
Figure 2.

The yield of extracts obtained with ethanol ranged from 11.35%
to 17.7%. The largest amounts were obtained by MAC (17.7%)
and SOX (17.65%), while ULTR extraction andmicrowave-assisted
gave yields of 14.83% and 11.35%, respectively. These findings
are more pronounced than those previously documented by
Mohammedi et al. on ethanolic extract (5.23%–14.45%) [23]. Also,

the value found byMAC is only slightly greater than that reported
by Belbachir, who obtained a yield of 11.92% using the same
solvent and extraction technique [5].

For methanolic extracts, SOX extraction provided the most
substantial yield (21.65%), followed by MW (13.9%), and then
MAC (13.25%) and ULTR extraction (12.85%). These results are
not in accordance with those reported by Sifi et al. on a
methanolic extract usingMACas technique (20%) [24].Moreover,
the yield obtained by the SOX extraction is comparable to that
reported by Manssouri (15.23%) using the same solvent and
extraction technique [25]. Furthermore, according to Tambun
et al. [26], microwave-assisted extraction provided the highest
yield compared to conventional methods for Annona muricata
extracts, highlighting the potential of this green technique for
enhancing extraction efficiency. These results can be attributed to
the elevated temperature of the SOX and MW extractions, which
increases the solubility of the compounds in the solvent.

However, when employing the same extraction technique, the
yields for SOX and MW with methanol produced greater quan-
tities of extract (21.65% and 13.9%, respectively) than in ethanol
(17.65% and 11.35%, respectively). Conversely, MAC and ULTR
led to slightly larger amounts with ethanol (17.7% and 14.83%,
respectively) compared tomethanolic extracts (13.25% and 12.85%,
respectively).

Although conventional methods such as MAC and SOX extrac-
tion provided slightly higher polyphenol yields, they required
significantly longer extraction times, 48 h for MAC and 3 h
for SOX. In contrast, green extraction techniques, including
ULTR extraction and microwave-assisted extraction, produced
acceptable amounts of extract in only about 45 min. This notable
reduction in extraction time highlights the practical advantages
of these modern techniques, especially in industrial applications,
even if the quantities obtained remain somewhat more modest
than those achieved with conventional methods [27].
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FIGURE 2 Variation in the extraction yield of Ammodaucus leucotrichus polyphenolic extracts using different methods and solvents (MAC:
maceration, SOX: Soxhlet, ULTR: ultrasonic extraction, MW: microwave-assisted extraction).

FIGURE 3 Variation in total polyphenol content of differentAmmodaucus leucotrichus extracts (MAC:maceration, SOX: Soxhlet, ULTR: ultrasonic
extraction, MW:microwave-assisted extraction). Values are average± standard deviation of three repetitions. Different lowercase letters in the same row
indicate significant differences (p < 0.05); results ranked: a > b > c > d > e.

2.4 Total Polyphenol Content

The results of the total polyphenol content are illustrated in
Figure 3. The findings indicate that the total polyphenol content
of A. leucotrichus extracts is contingent upon the extraction
technique and the solvent utilized. The extracts exhibited a
high richness in polyphenolic compounds Among the vari-
ous extraction methods, those obtained by MW demonstrated
the highest polyphenol content, for both solvents methanol
(717.73 mg EGA/g) and ethanol (557.44 mg EGA/g), followed
by ULTR (601.41 and 424.11 mg EGA/g), while SOX extraction
ranked third (523.40 and 365.95 mg EGA/g). MAC extraction,
on the other hand, exhibited the lowest polyphenol content
(286.71 and 286.52 mg EGA/g). These results are higher than
those reported by Mohammedi [23]. Moreover, these consistent
with those reported by Veršić Bratinčević, who found that

microwave-assisted extraction of sea fennel yielded extracts with
higher polyphenol concentrations compared to other extraction
techniques [28].

Based on these observations, it can be concluded that the
microwave and ultrasound techniques are more efficient for
the extraction of polyphenols from A. leucotrichus than other
techniques. This can be attributed to the integration of ther-
mal, mechanical and physical–chemical processes in these two
techniques, which enhance the destruction of plant struc-
tures and facilitate the release of phenolic compounds. Where,
in MW, rapid internal heating generates localized pressure
within plant cells, leading to cell wall rupture and improved
solubilization of intracellular compounds. Similarly, ULTR
extraction relies on acoustic cavitation, which induces shear
forces and micro jets that disrupt cellular structures, thereby
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facilitating the diffusion of phenolic compounds into the
solvent [28].

In contrast, methanol extraction yielded a higher concentration
of polyphenols (286.71–717.73 mg EGA/g) than ethanol (286.52–
557.44 mg EGA/g) across all four extraction methods.

It can be hypothesized that methanol is a more suitable solvent
for extracting phenolic compounds fromA. leucotrichus. Thismay
be explained by the solubility of polyphenols in each solvent.
Overall, the results for total polyphenol content were higher than
those reported by Mohammedi [23].

2.5 LC/MS Analysis of Phenolic Extracts

To study the influence of extraction methods and solvents on
the phenolic composition of A. leucotrichus, four techniques
(MAC, SOX,ULTRandmicrowave) and two solvents (ethanol and
methanol) were tested. Then the isolated extracts were analysed
by LC–MS.

For compound identification, a comparison was made between
the retention times and mass spectra of chromatographic peaks
and those of the standards utilized. As demonstrated in Table 2,
of the 34 standard compounds analysed, 10 were identified
including phenolic acids as caffeic acid (23.67 min), o-anisic acid
(28.42 min), m-anisic acid (31.31 min), ferulic acid (28.5 min)
and 3,4,5-trimethoxy trans-cinnamic acid (31.97 min). Flavonoid
analysis revealed the presence of the following compounds:
taxifolin (29.49 min), rutin (32.61 min), quercetin (41.73 min),
isorhamnetin (45.87 min) and 3-hydroxyflavone (47.4 min) were
detected.

It is noteworthy that hydroxyl ferulic acid and quercetin detected
in all samples examined except in MAC, these compounds have
previously been identified by other authors in the ultrasonic
extract of A. leucotrichus [29]. Ferulic acid has been shown a
variety of beneficial effects, including anti-carcinogenic, cardio-
protective, antioxidant, neuroprotective, hepatoprotective and
anti-inflammatory properties [30, 31]. It has been demonstrated
that quercetin exerts a salutary effect on human health, partic-
ularly as an antioxidant, in the treatment of allergies, asthma,
atopic diseases and cancer. This review also describes the interac-
tions of these compounds with other drugs and their associated
side effects [32].

The other compounds were identified for the first time in
phenolic extracts of A. leucotrichus. Most of these compounds
have demonstrated potential pharmacological advantages, in
particular, taxifolin has shown noteworthy inhibitory properties
against various pathological processes, such as inflammation,
malignant tumours, microbial infections, oxidative stress, cardio-
vascular disease and liver disease [33]. In addition, rutin has been
shown to possess a range of pharmacological activities, includ-
ing antioxidant, cytoprotective, vasoprotective, anticarcinogenic,
neuroprotective and cardioprotective effects [34]. Isorhamnetin
has also been demonstrated to have a number of beneficial effects,
including preventing cardiovascular and cerebrovascular disease,
anti-tumour activity, anti-inflammatory properties, antioxidant
effects, the protection of organs and the prevention of obesity

[35]. Finally, 3-hydroxyflavone has been demonstrated to exhibit
a variety of pharmacological activities, including antiviral, anti-
tumour, anti-inflammatory, anticholinesterase, cytotoxicity and
particularly high antioxidant activity [36].

As illustrated in Table 2, two compounds were exclusively
detected in the extracts obtained by SOX. The first, o-anisic acid,
was detected only in themethanolic extract at a low concentration
of 0.11 mg/g of extract, while the other, rutin, appeared only in the
methanolic extract obtained by SOXwith a quantity of 10.25 mg/g
of extract.

On the other hand, caffeic acid, ferulic acid and 3,4,5-trimethoxy
trans-cinnamic acid were identified in higher concentrations
in the ethanolic extracts obtained by different methods, with
the exception of microwave technique, where these compounds
were found in higher concentrations in the methanolic extract
(9.94; 17.95 and 6.83 mg/g, respectively). In contrast, taxifolin
exhibited high concentrations in the methanolic extracts, except
in microwave technique (7.74 mg/g). Furthermore, isorham-
netin was identified with significant concentrations in ethanolic
extracts, except when using SOX, a higher quantity in the
methanolic extract (32.43 mg/g) was noted.

2.5.1 Impact of Extraction Techniques on Phenolic
Composition

The extraction of polyphenols with ethanol enabled the identifi-
cation of nine compounds in total, with seven compounds being
identified in the extracts obtained through MAC and microwave,
and eight compounds being identified in extracts obtained by SOX
and ultrasound methods.

The phenolic acids identified show higher quantities in ethanolic
extracts obtained by MAC and ultrasound than those obtained
by microwave and SOX; such as caffeic acid which presents a
quantity of 13.33 mg/g of extract in MAC and 7.22 mg/g in ULTR,
whereas it presents only 4.18 mg/g in SOX and 2.53 mg/g in MW.
The same observation for ferulic acid (MAC-Eth: 27.38 mg/g,
ULTR-Eth: 26.23 mg/g, SOX-Eth: 11.14 mg/g and MW-Eth:
3.42 mg/mL), m-anisic acid (MAC-Eth: 31.65 mg/g, ULTR-Eth:
12.85 mg/g, SOX-Eth: 9.71 mg/g and MW-Eth: 6.69 mg/mL)
and 3,4,5-trimethoxy trans-cinnamic acid (MAC-Eth: 9.38 mg/g,
ULTR-Eth: 12.45 mg/g, SOX-Eth: 5.31 mg/g and MW-Eth:
3.42 mg/mL). This may be explained by the fact that MAC and
ULTR are distinguished by their thermal gentleness (especially
MAC) and their efficiency in releasing thermosensitive polar
compounds. However, microwave (MW) and SOX involve more
intense or prolongedheating,whichmay result in the degradation
or partial isomerization of these sensitive phenolic acids [28].

For flavonoids, when ethanol is used, taxifolin, quercetin and
isorhamnetin were detected in all four techniques used, the high-
est amount of taxifolin being extracted by microwave (7.74 mg/g),
while the lowest was recorded in MAC (2.24 mg/g), which may
be explained by the ability of microwaves to rapidly disrupt cell
walls, releasing less polar or encapsulated compounds. Quercetin
and isorhamnetin showed higher percentages when ultrasound
was used, at 29.93 and 43.33 mg/g respectively, probably due to
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the cavitation effect, which improves diffusion without thermal
degradation [28]. However, 3-hydroxyflavonone was only identi-
fied in MAC (5.41 mg/g) and in ULTR (7.21 mg/g), this further
underlines the need for mild conditions for certain compounds.
Finaly, rutin was only detected in the ethanolic extract obtained
by SOX (10.25 mg/g), indicating good thermal stability of this
compound [37].

As shown in Table 2, nine compounds were identified in
methanolic extracts, four in MAC, six in MW, seven in SOX
and ULTR. The analysis revealed the presence of two distinct
components, o-anisic acid and 3-hydroxyflavonone exclusively
in SOX with concentrations of 0.11 and 0.85 mg/g, respectively.
In contrast, was detected in substantial amounts in both SOX
(32.43mg/g) andULTR (22.56mg/g) but not foundwithMAC and
MW techniques.

Caffeic acid and 3,4,5-trimethoxy trans-cinnamic acid was not
detected in SOX-methanolic extract. Similarly, ferulic acid and
quercetin were not detected in MAC-methanolic extract. How-
ever, when methanol was used as solvent, the optimal extraction
of caffeic acid and ferulic acidwas observed inMW(9.94mg/g and
17.95, respectively), 3,4,5-trimethoxy trans-cinnamic acid inULTR
(9.11 mg/g) and quercetin in SOX (12.3 mg/g). For taxifolin, the
highest concentration was observed in SOX (12.9mg/g), while the
richest extract ofm-anisic acid was isolated by MW (29.34 mg/g).

These results highlight the critical role of the extraction method
in determining selectivity of phenolic compounds. MAC and
ultrasound, due to their gentle conditions, are more suitable for
preserving thermolabile and polar phenolic acids. In contrast,
microwave and SOX techniques, while less effective for certain
acids, appear to be more efficient in extracting specific flavonoids
such as taxifolin and rutin, especially when combined with
methanol. The interaction between extraction parameters (time,
temperature, energy input) and the chemical nature of the
compounds (polarity, thermal stability) explains the observed
variability.

Therefore, the selection of extraction technique depends on the
solvent used. This could be explained by the boiling points of the
two solvents, where that of ethanol (78.7◦C) is higher than that of
methanol (64.7◦C). Consequently, heat-sensitive compounds are
less exposed to heat when using methanol.

2.5.2 Impact of Extraction Solvents on Phenolic
Composition

For extracts obtained by MAC, four compounds were detected
only in the ethanolic extract: ferulic acid (27.3 mg/g), quercetin
(25.5 mg/g), isorhamnetin (22.3 mg/g) and 3-hydroxyflavonone
(5.41 mg/g). On the other hand, four additional compounds were
identified in the ethanol and methanol extracts, including caffeic
acid, m-anisic acid and 3,4,5-trimethoxy trans-cinnamic acid,
extracted more efficiently using ethanol. Conversely, taxifolin
presents a higher quantity in the methanolic extract.

The application of SOX extraction allowed the identification
of eight compounds in the ethanolic extract and seven in the

methanolic extract. Caffeic acid (4.18 mg/g), 3,4,5-trimethoxy
trans-cinnamic acid (5.31 mg/g) and rutin (10.25 mg/g) were
detected only in the ethanolic extract, while o-anisic acid
(0.11 mg/g) and 3-hydroxyflavonone (0.85 mg/g) appeared exclu-
sively in the methanolic extract. Other compounds were iden-
tified in both extracts, such as ferulic acid, m-anisic acid and
quercetin, which exhibited enhanced extraction by ethanol.
As for the taxifolin and isorhamnetin demonstrated higher
concentrations when methanol was utilized.

WhenULTRwas used, a total of eight compounds were identified
in the ethanolic extract and seven in the methanolic extract,
including 3-hydroxyflavonone (0.85 mg/g) appearing only in
ethanol. The other seven compounds were identified in both
solvents, with caffeic acid, ferulic acid, 3,4,5-trimethoxy trans-
cinnamic acid, quercetin and isorhamnetin showing higher
concentrations in the ethanolic extract, while taxifolin and
m-anisic acid were best extracted in methanol.

For the microwave technique MW (Table 2), seven compounds
were identified using ethanol and six by methanol. The composi-
tion of the two extracts differed in that isorhamnetin (12.83 mg/g)
was identified only in the ethanolic extract. In regard to the
remaining compounds, taxifolin and isorhametin were found in
higher concentrations in the ethanolic extract, while caffeic acid,
ferulic acid, m-anisic acid and 3,4,5-trimethoxy trans-cinnamic
acid were found in higher quantities in methanolic extracts.

2.6 DPPH Radical Scavenging Assay

The anti-free radical activity was quantified as the percentage
reduction in initial DPPH uptake by polyphenolic extracts at
various concentrations, with the objective of determining the IC50
for each extract. Butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT) were used as reference antioxidants. The
IC50 results are displayed in Figure 4.

Overall, all the extraction techniques tested exhibited high potent
DPPH free radical scavenging activity for both solvents (Figure 4),
with IC50 values ranging from 1.12 to 1.87 mg/mL. When compar-
ing the techniques with each other, statistical analysis showed
that they mostly belonged to the same group, except for MW
extracts, which formed a distinct group, suggesting that MW
yielded the most active extracts. In general, these results are
comparable to BHT (1.75 mg/mL), whereas BHA demonstrated
a much stronger antioxidant effect (0.24 mg/mL). On the other
hand, these results are close to those reported byMohammedi for
the ethanolic extract [23].

It should be noted that the DPPH assay, while widely used for
preliminary screening, only measures the ability to scavenge a
specific stable free radical and does not fully reflect the overall
antioxidant potential of the extracts. This constitutes a limitation
of the present study.

Consequently, it can be concluded that A. leucotrichus extracts
possess a high anti-radical capacity and it can be suggested as
a bioantioxidant of choice for their use in various agri-food and
cosmetic fields.
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FIGURE 4 DPPH radical scavenging assay of A. Leucotrichus extracts by 2,2-diphenyl-1-picrylhydrazyl expressed by IC50 (MAC: maceration,
SOX: Soxhlet, ULTR: ultrasonic extraction, MW: microwave-assisted extraction). Values are average ± standard deviation of three repetitions. Different
lowercase letters in the same row indicate significant differences (p < 0.05); results ranked: a > b > c.

3 Conclusions

The results show that among the tested techniques for extract-
ing EOs from A. leucotrichus, conventional HD achieved a
yield with 1.95%, followed by MW-SD (1.78%) and MW-HD
(1.34%). Despite slightly lower yields, microwave-assisted meth-
ods notably reduced extraction time and energy consumption,
which is advantageous for industrial applications. In terms
of composition, all methods produced oils with similar major
constituents, though HD favoured perillaldehyde (62.67%) while
MW-SD enhanced limonene extraction (26.5%), highlighting the
selectivity of each method.

For polyphenol extraction, microwave-assisted extraction (MW)
and ultrasound-assisted extraction (ULTR) led to the highest total
polyphenol contents (557.44 and 601.41 mg GAE/g, respectively).
These outcomes can be attributed to rapid internal heating
in MW and acoustic cavitation in ULTR, both improving cell
disruption and diffusion. LC/MS analysis identified for the first
time in this species bioactive compounds such as taxifolin (2.24–
12.90 mg/g), rutin (10.25 mg/g), isorhamnetin (12.82–43.33 mg/g)
and 3-hydroxyflavone (0.85–5.21 mg/g).

Furthermore, the data reveal that milder techniques like MAC
and ultrasound better preserve thermo-sensitive and polar phe-
nolic acids, especially in ethanolic extracts, while microwave
and SOX methods are more efficient in extracting certain
flavonoids like taxifolin and rutin, particularly when methanol
is used. These differences reflect the combined effects of extrac-
tion parameters (temperature, duration, solvent type) and the
physicochemical properties of the target compounds.

It can be concluded that the optimal extraction technique
depends on the nature of the compounds targeted: each method
shows a preference for certain families of compounds. Never-
theless, green techniques such as microwave and ultrasound-
assisted extraction emerge as promising alternatives, combining
efficiency with reduced time and energy consumption.

Finally, anti-free radical assays show thatA. leucotrichus polyphe-
nolic extracts possess strong radical scavenging potential, com-
parable to standard antioxidants BHT and BHA, due to their
richness in bioactive molecules identified by LC/MS.

These findings underline the potential of combining traditional
knowledge of local plants with sustainable extraction technolo-
gies to develop natural bioactive compounds for use in food,
cosmetic, and pharmaceutical industries.

4 Experimental Section

4.1 Chemicals

The chemicals and reagents employed in this study are sodium
carbonate (Na2CO3) and 1,1-diphenyl-2-picrylhydrazine (DDPH),
BHA and BHT were procured from Sigma-Aldrich (USA). Gallic
acid was procured fromMerck (Germany), while Folin–Ciocalteu
reagent was obtained from VWR (USA).

The alkane mixture, comprising alkanes with carbon numbers
between 6 and 28, was procured from Sigma-Aldrich (USA).

The analytical-grade organic solvents, namely methanol and
ethanol, were procured from VWR (USA). The HPLC-grade
solvents, comprising ultrapure water was obtained via a Milli-Q
system (Millipore, Bedford, USA), methanol from VWR (USA),
and acetic acid from Sigma-Aldrich (USA).

For the LC–MS standards, a total of 32 phenolic compound
standards were obtained. The standards included
3,5-dimethoxycinnamic, cinnamic, ferulic, trans-2,4-
dimethoxycinnamic, gallic, m-anisic, o-anisic, syringic,
iso-vanillic, isoferulic, 3,4,5-trimethoxybenzoic and 3,4,5-
trimethoxycinnamic acids; 3-hydroxyflavone; caffeine; quercetin
and imperatorin from Sigma-Aldrich (USA), tannic, sinapic,
caffeic and ascorbic acids, catechin, orcinol, rutin, coumarin
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and taxifolin from Fluka (Germany), and chlorogenic and
vanillic acids, baicalein, daidzein, isorhamnetin, myricetin and
kaempferol from Extrasynthese (France).

4.2 Plant Material

A total of 2 kg of seeds of A. leucotrichus were collected in
April 2023 following the seed formation period in Bechar (Taghit
region, southwestern Algeria, 30◦55′0″ N and 2◦1′60″ W). Fifty
individuals samples were collected from a 5-km radius. The sam-
ples were then dried in the shade for a period of 15 days, then the
seeds were ground to a diameter of between 0.5 and 2 mm using
a seed grinder, and utilized for extraction. Plant identification
was confirmed by Pr Mohamed Hazzit from National Higher
School of Agronomy (ENSA, Algiers). Reference specimens have
been deposited in the ENSA herbarium under accession number
AL12042023.

4.3 EO Extraction Methods

The present study investigated the influence of extraction tech-
nique on the yield and composition of EOs from A. leucotrichus.
To this end, three different extraction methods were utilized.

The extraction yield (R%) of EOs was calculated as the ratio of the
mass of extracted oil (MEO) to themass of dry plant material (MP),
expressed as a percentage:

𝑅% = [𝑀𝐸𝑂∕𝑀𝑃] × 100

4.3.1 Conventional HD

The Clevenger-type device is used for HD. First, 50 g of plant
material and 500mL of water are introduced into a balloon. After
installing the balloon in the balloon heater, switch it on and set
the heating to optimum. The total extraction time is estimated at
3 h [38].

4.3.2 MW-HD

Fifty grams of ground plant material was placed in a balloon
with 500 mL of water. Then, the balloon was placed in a
microwave oven and combined with the Clevenger apparatus.
The microwave power was set to 450 W and the extraction time
was 45 min [39].

4.3.3 MW-SD

MW-SD was carried out using a microwave laboratory oven
Milestone ETHOS X oven (Milestone, Italy). A flask filled with
500mL is placed inside themicrowave oven, while a vertical glass
column packed with 50 g of plant material was positioned outside
the oven and connected to a condenser. Water vapor begins to
rise and pass through the plant material. Then the water vapor
loaded with EO is condensed using a condenser and collected in

a decanted ampoule. The extraction was performed for 45 min at
a constant microwave power of 450 W [40].

The extracted EOs were dried over anhydrous sodium sulphate
and then stored in glass vials protected from light in a refrigerator
at 4◦C before GC–MS analysis.

4.4 Extraction Methods of Phenolic Compounds

For the extraction of polyphenols, four different techniques were
employed. Each extraction technique was performed twice: once
using methanol and once using ethanol as the solvent. The
extraction yield (R%) of the polyphenolic extract was calculated
using the following formula:

𝑅% =

(Weight of dry extract obtained (𝑔) ∕Weight of dry plantmaterial used (𝑔))

× 100

4.4.1 Extraction by MAC

Twenty grams of plant material were placed in an Erlenmeyer
flask containing 200 mL of solvent and agitated mechanically at
room temperature for 48 h [41]. During the extraction process, the
suspension was placed in a shaded area and hermetically sealed
to prevent solvent evaporation and phenolic compound reaction
with light.

4.4.2 SOX Extraction

The SOX extraction method was employed, wherein 20 g of seeds
ofA. leucotrichuswere placed in a cellulose cartridge and situated
within a SOX extractor. The cartridge was connected to a balloon
containing 200 mL of the extraction solvent. The heating process
was conducted using a balloon heater with an extraction time of
3 h [42].

4.4.3 ULTR

A 20 g mass of plant material was extracted with 200 mL of
extraction solvent in a balloon. The flask was placed in an ultra-
sonic bath (DAIHAN Scientific, modelWUC-D10H), operating at
a frequency of 40 kHzwithout heating. The extractionwas carried
out for 45 min at room temperature [43].

4.4.4 Microwave-Assisted Extraction (MW)

In this technique, amicrowave ovenwas utilized to heat a balloon
containing 20 g of A. leucotrichus and 200 mL of solvent. The
balloon was connected to a cooler to prevent solvent loss. The
microwave oven was calibrated at a power output of 450 W, and
the extraction time was 45 min [44].
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At the end of each extraction, the mixture was filtered on filter
paper to obtain a solution enriched with phenolic compounds.
The extracts were then subjected to vacuum evaporation, a
rapid solvent removal process, using a rotary evaporator. The
resulting residues were weighed to calculate the extraction yield
and stored at 4◦C in shaded, hermetically sealed flasks for a
few days (maximum 1 week) before being subjected to further
analyses. From the extracts obtained, the total polyphenols were
determined, LC–MS analyses were performed, and theDPPH free
radical scavenging activity was evaluated.

4.5 Analysis of EOs

In this phase, gas chromatography with flame ionization detec-
tion (GC/FID) was employed for the quantification of com-
pounds, while gas chromatography with mass spectrometry
(GC/MS) was utilized for the identification of EO compounds.

4.5.1 Gas Chromatography (GC/FID) Analysis

Gas chromatography (GC) analysis was conducted on a stan-
dard model 6890 series instrument (Agilent Technologies, Palo
Alto, CA, USA) standard model, using the following conditions:
fused-silica capillary column with a non-polar stationary phase
HP5–MS (60 m, 0.25 mm i.d., 0.25 µm film, 5% biphenyl, 95%
dimethylpolysiloxane). The detector utilized was a flame ioniza-
tion detector (FID), the injector temperature set at 208◦C and
the detector temperature at 300◦C. The initial oven temperature
was set at 60◦C for a duration of 10 min, thereafter, the oven
temperature was increased from 60◦C to 250◦C at a rate of
4◦C/min, the temperature was then maintained at 250◦C for a
period of 10 min. Helium was utilized as carrier gas, with a flow
rate of 1 mL/min (0.03 MPa).

4.5.2 GC/MS Analysis

Analysis of EOs was performed using a 6890 series gas chro-
matograph (Agilent Technologies) coupled to an MSD 5973
mass spectrometry (GC/MS) detector. The HP5-MS fused silica
capillary column (60 m × 0.25 mm × 0.25 mm × 0.25 µm film
thickness) was utilized for chromatographic peak separation.
Helium was used as the carrier gas at an initial rate of 1 mL/min.
The initial oven temperature was set at 60◦C for 8 min; thereafter
the oven temperature was increased at 250◦C with a rate of
4◦C/min, then 10 min of isothermal system. The injector was
configured to operate in splitless mode and at a temperature of
280◦C. The MS was operated in positive EI mode at 70 eV and a
mass range of 50–550m/z.

Compounds were identified by comparison of their GC retention
indices (RI) on the HP5-MS column. This index was determined
with reference to a homologous series of C6–C28 n-alkanes and to
those of authentic standards available in the authors’ laboratory.
The identification process was further validated through a com-
parison of the compounds mass spectral fragmentation patterns
with those stored in the database (Wiley/NBS library) and in the
literature [45]. For each analysis, the peak area of each compound
was determined by integrating the total ion current.

4.6 Analysis of Polyphenolic Extracts

In this section, the total polyphenol content was determined
using the Folin–Ciocalteu method. Subsequently, an LC/MS
analysis was employed for the identification and quantification
of phenolic compounds present in the extracts. For this purpose,
polyphenol standard solutions were prepared by dissolving 1 mg
of each reference in 1 mL of methanol. Initially, each reference
was analysed individually by LC–MS. Subsequently, a series
of standard mixtures were prepared and injected into the LC–
MS. For the quantitative study, different concentrations of the
standards were prepared to generate calibration curves for each
standard.

4.6.1 Total Polyphenol Content

The total polyphenol content was determined using the Folin–
Ciocalteu method. This reagent is a yellow acid composed of a
mixture of phosphotungstic and phosphomolybdic acids [46].

A volume of 20 µL of extract solution was mixed with 100 µL of
Folin–Ciocalteu reagent and 1580 µL of water. After a period of
8min, 300 µLof a 7.5% sodiumcarbonate solutionwas then added.
Following, 120-min incubation in the dark, the absorbance was
measured at 765 nmbyUV–visible spectrophotometry, employing
a blank solution comprising the solvent utilized for extract
solubilization. Subsequently, the polyphenol concentration was
subsequently calculated from the gallic acid calibration curve and
expressed in mg of gallic acid equivalent per a gram of extract
(mg GAE/g extract) [47]. The total phenolic content (TPC) was
determined using the equation above.

𝑇𝑃𝐶 (𝑚𝑔𝐺𝐴𝐸∕𝑔 𝑒𝑥𝑡𝑟𝑎𝑐𝑡) = (𝐶 × 𝑉) ∕𝑀

where C is the concentration of gallic acid from the calibration
curve (mg/mL), V the volume of extract used in the reaction (mL)
andM the mass of plant material extracted (g).

4.6.2 LC/MS Analysis

The analysis of phenolic compounds was conducted using
a Waters Alliance LC-MS instrument. The instrumentation
comprised a Waters Alliance 2695 HPLC and mass detector
(ACQUITY QDa detector, Waters), with control provided by
Masslynx v4.2 software. The separation process was carried out
using a C18 XBridge column with a diameter of 4.6 mm, a length
of 150 mm, and a particle size of 3.5 µm. The mobile phase was
constituted by a solution of 1% acetic acid in ultrapure water
(Mobile Phase A) and methanol (Mobile Phase B). The elution
gradient program was as follows: at the start of the analysis,
the mobile phase was composed of 15% B. This proportion was
increased to 20% B at 10 min, 40% B at 20 min, 60% B at 30 min,
80% B at 45 min and 80% B at 50 min. At the start of the
experiment, the mobile phase consisted of 80% B. The flow rate
was 0.5 mL/min, the injection volumewas 10 µL, the temperature
of the auto-sampler was 25◦C, and the column temperature was
30◦C [48].
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The mass spectrometer (QDa, Waters) was operated in positive
scan mode. The capillary voltage was set at 0.8 kV, the cone
voltage was 10 V, the source temperature was 600◦C, and the
desolvation gas flow was 800 L/h. The mass scan was conducted
in the range of m/z 100–1000 with a sampling rate of 5 scans/s
in scan mode. The analyses were performed using the external
standard calibration method.

4.7 DPPH Radical Scavenging Assay

The antioxidant potential of polyphenolic extracts was deter-
mined using the most widely used free radical scavenging assay:
the 2,2-diphenyl-picryl-hydrazyl (DPPH) assay. All experiments
were performed in triplicate for the different concentrations of
each honey extract.

DPPH radical scavenging assay was carried out for each extract,
where 25 µL of varying concentrationswere combinedwith 975 µL
of DPPH solution at a concentration of 60 µmol/L (0.0024 g in
100 mL of methanol). Subsequently, the mixture was incubated
in the dark for 30 min, after which the absorbance was measured
at 517 nm. The absorbance of the control solution (DPPH,
60 µmol/L) had already been determined at the same wavelength
[49, 50]. The inhibition percentage of the DPPH free radical (I %)
was calculated by using the following formula:

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [(𝐴0 − 𝐴𝑡) ∕𝐴0] × 100

whereA0 is the absorbance of the control (DPPH solutionwithout
sample) and At the absorbance of the test sample after reaction
with DPPH

The IC50 was determined for each extract, defined as the concen-
tration exhibiting 50%activity. The outcomeswere then compared
with the IC50 of the antioxidants BHT and BHA, which were
utilized as standards.

4.8 Statistical Analysis

All analyses and antioxidant activity measurements were per-
formed in triplicate. Data are presented as means ± standard
deviation (SD). Differences between groups were evaluated using
ANOVA, followed by Tukey’s post hoc test, performed with
Jamovi software (version 2.6.26). A p < 0.05 was considered
statistically significant.
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