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Abstract

This study evaluated the extraction efficiency of two Natural Deep Eutectic Solvents
(NADESs), glycerol–urea (1:1) and citric acid–sorbitol (1:2), for recovering phenolic com-
pounds from the different parts of the fruit (pulp, seed-containing pulp, seeds, and peel) of
Opuntia robusta and Opuntia ficus-indica in comparison with 50% methanol. Phytochemi-
cal profiling was performed using ultra-high-performance liquid chromatography–high-
resolution mass spectrometry, alongside antioxidant and enzyme inhibition assessments
(acetylcholinesterase, butyrylcholinesterase, tyrosinase, α-glucosidase, and α-amylase).
Glycerol–urea performed similarly to methanol in extracting phenolic compounds with
notable antioxidant properties. Peel extracts contained the highest levels of bioactive com-
pounds, particularly phenolic acids (525.49 in O. robusta and 362.96 µg/gDW in O. ficus
indica). Enzyme inhibition varied across species and fruit parts, with extracts from both
species inhibiting all targeted enzymes. Notably, this study provides the first evidence
of tyrosinase inhibitory activity in O. robusta, which exhibited the strongest inhibition.
Overall, these results emphasize the potential of cactus fruit extracts, particularly from
O. robusta, for valorization, and support the use of NADESs as a sustainable and medium
for extracting antioxidant compounds. Furthermore, the potential of fruit peel as waste
with nutraceutical applications was demonstrated.

Keywords: antioxidant activity; by-products; cactus species; enzyme inhibition; fruit parts;
green extraction; phenolic compounds
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1. Introduction
The Opuntia genus (Cactaceae) is widely distributed across arid and semi-arid regions

worldwide [1]. Mexico is considered its center of origin and hosts more than 126 species [2],
the most common of which is Opuntia ficus-indica (L.) Mill. This species is ecologically and
economically important due to its remarkable drought tolerance and ability to thrive in
nutrient-poor soils. Today, O. ficus-indica is cultivated on a large scale in countries such as
Mexico, Brazil, Italy, Spain, Tunisia, and Morocco [3]. Another species, Opuntia robusta J.C.
Wendl. ex Pfeiff., also exhibits strong adaptability [4] and is widely distributed throughout
Mexico. It has also been successfully introduced to South and East Africa, as well as to
Mediterranean countries [5].

Interest in the nutritional and functional properties of foods has substantially grown
among researchers, health authorities, and consumers due to the increasing incidence
of non-communicable diseases, such as cardiovascular disorders, diabetes, obesity, and
neurodegenerative conditions [6,7]. Several studies have highlighted the nutritional quality
and health-promoting potential of Opuntia species, reporting variations in phytochemi-
cal profiles across different plant organs (e.g., fruits, roots, cladodes, flowers, seeds, and
stems), as well as between wild and cultivated forms [8,9]. The various parts of Opuntia
species contain high levels of water, carbohydrates, proteins, soluble fiber, fatty acids, and
minerals [10], as well as bioactive compounds such as pigments and phenolic compounds,
particularly as flavonoids [11]. Bioactive extracts from Opuntia spp. exhibit a wide range of
pharmacological activities. Their antioxidant properties help to neutralize free radicals and
mitigate oxidative stress [12], while their anti-inflammatory properties alleviate chronic
inflammatory conditions [8]. Furthermore, the extracts have demonstrated hypoglycemic,
hypolipidemic, anti-obesity, and hepatoprotective effects, supporting their use in nutraceu-
tical, cosmeceutical, and pharmaceutical formulations [13–15]. In Morocco, many species of
Opuntia have been domesticated and incorporated into agricultural systems, initially as an
alternative crop for marginal land [16]. Currently, national strategies are encouraging the ex-
pansion of cactus cultivation and their incorporation into everyday diets [17]. O. ficus-indica
remains the most economically important species, particularly in Mexico, where it covers
an estimated 50,000–70,000 hectares and produces 300,000–500,000 tons of fruit annually.
This ranks it as the country’s fifth most important fruit crop [18]. This species is valued for
its nutritional composition and its many applications in food, medicine, cosmetics, and pre-
ventive healthcare [19]. O. robusta also makes a significant contribution to local economies,
particularly through its edible cladodes and fruits [20], which have been reported to have
beneficial effects on glucose and lipid metabolism [21]. In Morocco, O. ficus-indica is the
most widespread species, whereas O. robusta is mainly cultivated in the northwest. Both
species show potential in the production of bioactive metabolites [22], with O. ficus-indica
being particularly rich in dietary fiber, vitamins, minerals, and phytochemicals, such as
flavonoids, phenolic acids, betalains, antioxidants, and taurine. These contribute to its
anti-inflammatory, hypoglycemic, antimicrobial, and antioxidant properties [19,23].

Plant matrices are important, yet often underutilized, sources of bioactive compounds
with considerable potential for use in the food, pharmaceutical, and nutraceutical industries.
The efficient extraction of these compounds largely depends on the choice of solvent [24].
Although conventional organic solvents are highly effective, concerns have been raised
about their environmental impact in terms of toxicity, pollution, and bioaccumulation [25].
Consequently, there is an increasing demand for more environmentally friendly alterna-
tives [26]. In this context, Natural Deep Eutectic Solvents (NADESs) have emerged as
promising environmentally friendly candidates thanks to their biodegradability, low tox-
icity, adjustable polarity, and ability to extract phenolic compounds and other bioactive
constituents [27]. Our previous work with Opuntia leucotricha demonstrated the potential of
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NADESs to enhance the extraction of bioactive compounds from fruit matrices [28]. Despite
the extensive literature on O. ficus-indica, most studies still rely on conventional organic
solvents [29]. To date, only one study has evaluated the use of NADESs to extract phenolic
compounds from O. ficus-indica peel [30], and no studies have been conducted on O. robusta,
making this study particularly novel. Valorizing fruit fractions, including those commonly
regarded as by-products, aligns with circular economy principles by promoting resource ef-
ficiency, reducing waste, and developing value-added products from agricultural residues.
This study compares the phytochemical composition and biological activities [including
antioxidant and enzyme inhibitory properties such as acetylcholinesterase (AChE), butyryl-
cholinesterase (BChE), tyrosinase (Tyr), α-glucosidase, and α-amylase] of extracts obtained
from different parts of the fruits (peel, seeds, seedless pulp, and seed-containing pulp)
of O. robusta and O. ficus-indica. As peels and seeds are often discarded as by-products,
utilizing them aligns with sustainable resource management and waste reduction strategies.
Two NADES mixtures, glycerol–urea (1:1) and citric acid–sorbitol (1:2), were compared with
a conventional solvent (50% methanol) to gain new insights into environmentally friendly
extraction methods and the potential utilization of underused cactus fruit components.

2. Materials and Methods
2.1. Chemicals and Reagents

The following products were acquired from Sigma–Aldrich (Steinheim, Germany): Glyc-
erol, rutin (quercetin-3-O-rutinoside, hyperoside (quercetin-3-O-galactoside), isorhamnetin-3-
O-glucoside, narcissin (isorhamnetin-3-O-rutinoside), nicotiflorin (kaempferol-3-O-rutinoside),
eriodictyol (5,7,3′′,4′′-tetrahydroxyflavanone), isoquercitrin (quercetin-3-O-glucoside), pro-
tocatechuic acid (3,4- dihydroxybenzoic acid), 4-hydroxybenzoic acid, syringic acid (3,5-
dimethoxy-4-hydroxy-benzoic acid), 2,2-diphenyl-1-picrylhydrazyl (DPPH), trichloroacetic
acid (TCA), potassium persulfate, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt tablets (ABTS), dibasic sodium phosphate anhydrous, Tyr, kojic acid, 3,4-
dihydroxy-L-phenylalanine (L-DOPA), 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), acetylth-
iocholine iodide (ATCI), butyrylthiocholine chloride (BTCI), electric-eel AChE, horse-serum
BChE, galanthamine hydrobromide, p-nitrophenyl α-D-glucopyranoside, α-glucosidase, α-
amylase from porcine pancreas, and 3,5-dinitrosalicylic acid (DNS). p-Coumaric acid (4’-
hydroxycinnamic acid), sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid), and taxifolin
(2,3-dihydroquercetin) were obtained from AASC Ltd. (Southampton, UK). Dihydrofer-
ulic acid (3-(4-Hydroxy-3-methoxyphenyl)propanoic acid) was acquired from Alfa Aesar
(Lancashire, UK). Citric acid, sorbitol, ethanol, aluminum chloride, and naringenin (5,7,4′-
trihydroxyflavanone) were purchased from Fluka (Buchs, Switzerland). Dibasic potassium
phosphate, sodium acetate, fluorescein, monobasic sodium phosphate, and potato starch were
obtained from Panreac (Barcelona, Spain). Potassium hexacyanoferrate (III), (±)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AAPH), and choline chloride were purchased from Acros Organics (Geel,
Belgium). Folin–Ciocalteu (FC) reagent, sodium carbonate, gallic acid, and iron (III) chloride
were obtained from VWR (Leuven, Belgium). Urea and methanol were acquired from Fisher
Scientific (Leicestershire, UK), while monobasic potassium phosphate and ascorbic acid were
purchased from Merck (Darmstadt, Germany).

2.2. Plant Material

In August and September 2021, fruits of O. ficus-indica and O. robusta were collected
from the Tangier–Tetouan–Al Hoceïma region in northern Morocco. O. ficus-indica sponta-
neously growing in the rural commune of Al Hamra, Province of Tetouan, is characterized
by its orange peel, orange edible part, and moderate sweetness. Meanwhile, O. robusta

https://doi.org/10.3390/horticulturae12010098

https://doi.org/10.3390/horticulturae12010098


Horticulturae 2026, 12, 98 4 of 24

sourced from Al Hoceïma is well known for its light green peel and edible part, as well as
its sweet taste and texture similar to watermelon, hence the local name Dellahia in Morocco.
Different parts of the fruits (peel, seed, pulp, and seed-containing pulp) underwent various
analyses after their preparation into a homogeneous powder of 0.2 mm in diameter, as
described by Hamdoun et al. [28]. Shortly, plant material from each part was dried using a
ventilated oven at 40 ◦C until its weight stabilized and then was crushed, sieved through a
stainless-steel sieve (Fisher Scientific LABOSI, Illkirch Cedex, France), and then stored in
the dark using flasks hermetically sealed until analysis.

2.3. Natural Deep Eutectic Solvent (NADES) Preparation

Heating and stirring were used to prepare two NADES mixtures according to Mansin-
hos et al. [31]. NADES 1 was composed of equal ratios of glycerol and urea (Gly:U 1:1)
and NADES 2 contained citric acid and sorbitol (CA:S 1:2). The NADESs were prepared
by combining their respective components in the appropriate mole ratios with water to a
final concentration of 30% (w/w), the ideal percentage to enhance the extraction yield of
bioactive compounds. The components and water were heated together at 50–80 ◦C with
continuous stirring for 30–90 min in a flask equipped with a magnetic stirring bar, until a
homogeneous, clear, and colorless liquid was obtained. The synthesis time was adjusted to
generate a homogenous transparent liquid.

2.4. Ultrasound-Assisted Extraction (UAE)

In flasks with a volume capacity of 100 mL, 0.25 g of powder from each fruit part
was mixed with 10 mL of the extraction solvent: 50% methanol, NADES 1 (glycerol–urea)
or NADES 2 (citric acid–sorbitol). The plant material used for each extraction consisted
of pooled material collected from multiple fruits to ensure representativeness and re-
duce biological variability. The extraction procedure was performed according to Ham-
doun et al. [28] in an ultrasound bath (Elmasonic S 100 (H, Elma Hans Schmidbauer GmbH
& Co. KG, Singen, Germany) for 60 min at 50 ◦C and using a frequency of 37 kHz. During
the extraction period, the temperature of the water was controlled using an external ther-
mometer and, if necessary, maintained by adding cold water. After extraction, a Whatman
n◦. 1 filter paper (Whatman Int. Ltd., Maidstone, UK) was used to filter the extracts before
their storage at −20 ◦C until the subsequent analysis [31].

2.5. Total Phenolic Content (TPC)

The TPCs were spectrophotometrically determined using Folin–Ciocalteu (F-C)
reagent according to Ainsworth et al. [32]. In short, 100 µL of each extract diluted in
75 mM phosphate buffer (pH 7.0) was mixed with 200 µL of F-C reagent 10% (v/v) and
800 µL of 700 mM sodium carbonate before incubation for 2 h at room temperature in the
dark. The absorbance of the reaction mixture was measured at 765 nm using a microplate
reader (SynergyTM HTX MultiMode Microplate Reader, BioTek Instruments, Inc., Winooski,
VT, USA). A calibration curve was used to calculate the TPC, and the results were expressed
as milligrams of gallic acid equivalents per gram of dry weight (mgGAE/gDW).

2.6. Total Flavonoid Content (TFC)

The TFCs were determined by the aluminum chloride method [33]. In a microplate,
50 µL of sample dilution was mixed with 150 µL of 80% ethanol, 10 µL of 1% aluminum
chloride in 80% ethanol, and 10 µL 1 M sodium acetate in distilled water, before their incu-
bation for 30 min at room temperature. Then, the absorbance of the reaction mixture was
measured at 415 nm using a microplate reader. The calibration curve was prepared using
quercetin as a standard. Results were expressed as milligrams of quercetin equivalents per
gram of dry weight (mgQE/gDW).
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2.7. Total Tannin Content (TTC)

Vanillin/HCl method of Palacios et al. [34] was used to determine the TTCs. The
reagent was prepared by mixing equal portions of methanol solutions of 8% HCl and 1%
vanillin just before the reaction. Then, 100 µL of the extracts was mixed with 200 µL of the
reagent in a microplate well. The plate was incubated at 30 ◦C for 20 min, and absorbances
were read at 500 nm. Catechin was employed as a calibration curve; the results were
expressed as milligrams of catechin equivalents per gram of dry weight (mgCE/gDW).

2.8. Antioxidant Capacity
2.8.1. ABTS Free Radical Scavenging Assay

ABTS Free Radical Scavenging Assay was performed based on the Re et al. [35] method.
First, the ABTS radical cation was prepared by incubating a mixture of 10 mg ABTS tablet
and 2.6 mL potassium persulfate in distilled water (final concentration of 7 mM) in the
dark at room temperature for 12–16 h, before their dilution, until the absorption value
0.7 ± 0.02 was reached at 734 nm. To calculate the percentage inhibition of ABTS radicals,
10 µL of each extract was added to 190 µL of the test reagent in a clear 96-well microplate;
then, the absorbance was measured immediately at 734 nm. Trolox was used as a stan-
dard, and the results were expressed as milligrams of Trolox equivalents per gram of dry
weight (mgTE/gDW).

2.8.2. DPPH Free Radical Scavenging Assay

The method of Soler-Rivas et al. [36] was used to perform a DPPH assay with slight
modifications. Briefly, 10 µL of the plant extracts and 100 µL of 90 µM DPPH freshly
prepared in methanol were added to 190 µL of 80%methanol before incubation for 30 min
at room temperature in the dark. The absorbanc e of the mixture was read at 515 nm
and the results were expressed as milligrams of Trolox equivalents per gram of dry
weight (mgTE/gDW).

2.8.3. Ferric-Reducing Antioxidant Power (FRAP)

The capacity to reduce ferric to ferrous ion was measured using the Yen and Chen [37]
procedure. A mixture of 100 µL of the extract, 250 µL of potassium hexacyanoferrate (III)
solution (1%), and 250 µL potassium phosphate buffer (200 mM, pH 6.6) was incubated
for 20 min at 50 ◦C and centrifuged for 10 min after the addition of 250 µL 10% TCA. The
absorbance of a mixture of 100 µL of the supernatant, 100 µL of water, and 20 µL of 0.1%
iron (III) chloride was read at 700 nm. The results were expressed as milligrams of ascorbic
acid equivalents per gram of dry weight (mgAAE/gDW).

2.8.4. Oxygen Radical Absorbance Capacity (ORAC) Assay

The capability to quench free radicals by hydrogen donation using ORAC assay was
performed based on the procedure of Gillespie et al. [38]. First, a mixture of 150 µL 0.08 µM
fluorescein and 25 µL of the extracts was preheated in a black microplate for 10 min at
37 ◦C, then the kinetic reading began immediately after adding 25 µL of AAPH solution
using a fluorescence kinetic read with an excitation wavelength of 485 nm and an emission
wavelength of 530 nm. The reading was taken every 5 min, up until the fluorescence value
became zero, at 37 ◦C for 90 min. The results were calculated using the differences in areas
under the fluorescein decay curve (AUC) between the blank and the sample. The final
ORAC values were calculated using the regression equation between Trolox equivalents
and the net AUC. The results were expressed as milligrams of Trolox equivalents per gram
of dry weight (mgTE/gDW).
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2.9. Enzyme Inhibitory Activities

For the evaluation of the extract’s enzyme inhibitory activities, only the 50% methanol
extracts were utilized, as NADESs exhibited intrinsic inhibitory effects.

2.9.1. AChE and BChE Inhibition

The inhibition of AChE and BChE was evaluated by using the method described by
Ellman et al. [39]. In short, a mixture of 25 µL of the extracts (12.5 mg/mL) was mixed
with 125 µL of 3 mM DTNB, 50 µL of 100 mM phosphate buffer (pH 8.0), and 25 µL of
15 mM substrate (ATCI iodide or BTCI) and was prepared before adding 25 µL of the
enzyme AChE or BChE. The absorbance was read at 405 nm and after 5 min. Galan-
thamine (25 µg/mL) was used as a positive control and the results were expressed in
percentage inhibition (%).

2.9.2. Tyr Inhibition

For the evaluation of Tyr inhibition activity, 40 µL of extract (5 mg/mL), 40 µL of Tyr
solution and 80 µL of phosphate buffer were incubated for 10 min before adding 40 µL of
L-DOPA [40]. The mixture was incubated again for 10 min at room temperature and the
absorbance measured at 475 nm. The results were expressed in percentage inhibition (%)
using kojic acid (200 µg/mL) as a positive control.

2.9.3. Inhibition of α-Glucosidase and α-Amylase

The α-glucosidase and the α-amylase inhibition activities were evaluated according to
Kwon et al. [41] with some modifications. For α-glucosidase, 50 µL of extract (12.5 mg/mL)
and 100 µL of α-glucosidase solution (1.0 U/mL) were incubated at room temperature for
10 min in a 96-well microplate, and the absorbance was read at 405 nm. After adding 50 µL
of 5 mM p-nitrophenyl-α-D-glucopyranoside solution and incubating the reaction mixture
at room temperature for 5 min, the absorbance was read again. For α-amylase, 40 µL of
extract with 160 µL of buffer and 200 µL of enzyme solution were incubated for 5 min at
room temperature. The mixture was incubated again for 3 min after the addition of 400 µL
of starch solution. Then, 400 µL DNS reagent was added and incubated for 15 min in a
water bath at 85 ◦C. The absorbance of 50 µL of the cooled mixture diluted with 150 µL of
distilled water was read at 540 nm. The results were expressed in percentage inhibition (%)
using acarbose (1 mg/mL) as a positive control.

2.10. Analysis by Ultra-High-Performance Liquid Chromatography–High-Resolution Mass
Spectrometry (UHPLC-HRMS)

The analysis of phenolic components by UHPLC-HRMS was performed using an
Ultimate 3000 RS UHPLC system (Dionex, San José, CA, USA) as described by Cáceres-
Jiménez et al. [42]. Based on the spectrophotometric assays, only the methanol extracts
of the peel, seed, pulp, and seed-containing pulp from O. ficus-indica and O. robusta
were analyzed. The settings and UHPLC-HRMS equipment were the same as in our
previous study [28].

Phenolic compounds were identified by comparison of the exact mass and the retention
time (RT) to commercial standards or tentatively attained by comparing the theoretical ex-
act mass of the molecular ion with its accurately measured mass. Then, they were assigned
to various libraries and open access databases containing precise mass spectral informa-
tion (all accessed on 13 January 2026), namely Phytohub (http://phytohub.eu/), Human
Metabolome Database (https://hmdb.ca/), phenol Explorer (http://phenol-explorer.eu/),
and Metlin (https://metlin.scripps.edu/landing_page.php?pgcontent=mainPage). More-
over, the identification of compounds was carried out following the MSIMS levels pre-
viously established by Sumner et al. [43]. Quantification was performed using external
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calibration curves, and the analytical performance parameters (LOD, LOQ, and calibration
range) are provided in Tables S1 and S2 of the Supplementary Materials.

The quantification of compounds was performed using external standard curves (0.01
to 100 ng/µL) by referencing the theoretical exact mass of the molecular ion in comparison
with commercially available standards or, when unavailable, with closely related parent
compounds. The limits of detection (LOD) were from 0.01 to 0.2 ng, and the limits of
quantification (LOQ) were from 0.05 to 0.8 ng. All the analyses were performed in duplicate.

2.11. Statistical Analysis

Each test was conducted in triplicate, and the data provide the mean ± standard error
for the total number of experimental results. Data were analyzed by one-way analysis
of variance (ANOVA) and Duncan’s new multiple range test (p < 0.05) using IBM SPSS
Statistics for Windows Version 29.0.0.0 (241). Pearson’s test (p ≤ 0.05) and principal compo-
nent analysis (PCA) were used to calculate correlations using OriginPro graphing analysis,
version 10.2.0.196 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Effect of Extraction Solvents and Plant Part on Total Phenolic, Flavonoid, and Tannin Contents

A comparative analysis of TPC in O. robusta and O. ficus-indica extracts, regardless
of the extraction solvent used, revealed a similar trend across the different fruit parts.
Values ranged from 4 to 23 mgGAE/gDW in O. robusta and from 3 to 26 mgGAE/gDW in
O. ficus-indica (Figure 1). Peel extracts exhibited the highest TPC in both species, with
slightly higher values observed in O. ficus-indica than in O. robusta. These results are
consistent with those reported by Yeddes et al. [44], who observed similar trends in Tunisian
Opuntia fruits, including spiny and thornless varieties of O. ficus-indica and O. stricta. Similar
findings were also reported by Moussa-Ayoub et al. [45] for O. ficus-indica from Egypt. In
O. robusta, TPC decreased progressively from the peel to the pulp containing seeds, and
finally, to the seeds themselves. By contrast, in O. ficus-indica, the pulp containing the seeds
exhibited a higher TPC than the pulp alone. When comparing the TPC values between
species, O. ficus-indica generally exhibited higher values than O. robusta across all fruit
components, except for the pulp, where O. robusta displayed higher TPC. However, opposite
trends were reported by Marhri et al. [46], who observed higher TPC in the peel extracts of
O. robusta than in those of O. ficus-indica and O. dellenii. These discrepancies highlight the
variability in phenolic content driven by factors such as differences in geographic origin,
extraction protocol, and the type and maturity of the plant material used.

The influence of the solvent on the TPC was similar in both species, although the
magnitude of the response depended on the fruit part (Figure 1). NADES 1 generally
exhibited a greater capacity to extract phenolic compounds than NADES 2, sometimes
performing comparably to 50% methanol (notably in the pulp containing seeds of both
species and the peel of O. ficus-indica). Interestingly, both NADESs exhibited a greater
affinity for phenolic compounds in the seeds of both species than methanol did.

The TFC varied significantly between fruit parts, extraction solvents, and plant species,
highlighting differences in flavonoid composition and extractability. O. ficus-indica exhibited
consistently higher TFC values across all solvents except in the pulp–NADES 2 combination.
As with TPC, the highest TFC values in both species were observed in peel extracts, while
the lowest levels were exhibited by seeds (Figure 1). Similarly, El Mannoubi [47] reported
that the peel had the highest TFC when extracted with 80% methanol, ethanol, or acetone in
Tunisian red and yellow–orange O. ficus-indica fruits. However, in the present study, pulp
extracted with 50% methanol produced the highest TFC value in both species, significantly
exceeding that obtained using NADES 1 and NADES 2, while NADES 1 yielded the
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highest TFC in the pulp, seeds, and peels of both species. As with TPC, the TFC of the
NADES 1 and 2 extracts from the seeds of both species was significantly higher than that of
methanol, which reinforces the effectiveness of these green solvents for extracting this class
of compounds.

Figure 1. Effect of extraction solvent—50% methanol, NADES 1 (glycerol–urea) and NADES 2 (citric
acid–sorbitol) on the total phenolic, flavonoid and tannin contents in extracts from the pulp, seed-
containing pulp, seeds, and peels of Opuntia robusta and Opuntia ficus-indica. Values are expressed
as mean ± SE (n = 3). For each plant species, different letters in each series indicate significant
differences (p < 0.05) (Duncan’s new multiple range test). Uppercase letters indicate significant
differences (p < 0.05) between the four parts of the fruits, while lowercase letters denote significant
differences (p < 0.05) between solvents. NADES: Natural Deep Eutectic Solvents.

The TTC was different from the patterns observed for TPC and TFC. Regardless of
the solvent used, there was no clear predominance of tannins in the peel. In O. ficus-indica,
high TTC values were recorded in almost all parts of the fruit, except for the seeds, which
had the lowest concentrations. TTC values for methanolic extracts of pulp and peels were
statistically similar. This contrasts with the findings of Ndhlala et al. [48], who reported
higher tannin levels in the peel than in the pulp. In O. robusta, the highest TTC was found
in the pulp when extracted with 50% methanol. As with TPC and TFC, both NADESs were
more efficient than methanol at extracting tannins from the seeds of both species (Figure 1).
NADESs also showed promising results for tannin extraction from the pulp containing
seeds of both species and from the peel of O. robusta.

In summary, the TPC, TFC, and TTC of the extracts of the four fruit parts of O. robusta
and O. ficus-indica varied depending on the tissue type and the extraction solvent used.
Overall, the peel contained the highest concentrations of bioactive compounds overall, and
NADESs, particularly NADES 1 (glycerol–urea), emerged as a promising alternative to 50%
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methanol for extracting these compounds. These results emphasize the potential of peels, a
common agro-industrial by-product that is often discarded, as a rich yet under-exploited
source of phenolic compounds, flavonoids, and tannins. Notably, NADESs were consis-
tently the most effective solvents for seeds, suggesting their advantages extend beyond
the peel to other fruit tissues with distinct biochemical profiles. The strong performance
of NADESs across different fruit parts highlights their potential as efficient, selective, and
sustainable extraction systems for nutraceutical and pharmaceutical applications. This
supports the feasibility of green extraction methodologies for the valorization of Opuntia
agro-industrial residues.

3.2. Effect of Extraction Solvents and Plant Part on Antioxidant Activity

Investigating the antioxidant activity of plant extracts is of particular interest given
the capacity of antioxidants to modulate oxidative stress associated with diseases such
as cancer, neurodegenerative disorders, and cardiovascular diseases. This bioactivity is
strongly linked to the content and structural diversity of secondary metabolites, particu-
larly phenolic compounds, which are renowned for their radical scavenging and reducing
properties [49,50]. However, due to the complexity and heterogeneity of plant extracts, rely-
ing on a single assay is insufficient for accurately evaluating their antioxidant capacity [51].
To achieve a comprehensive assessment, four complementary assays based on different
mechanisms were employed: FRAP (single electron transfer), ORAC (hydrogen atom trans-
fer), and DPPH and ABTS (combined mechanisms) [52,53]. A comparative analysis of the
antioxidant activity of O. robusta and O. ficus-indica revealed consistent trends within each
assay, as well as the clear effects of the extraction solvent and which part of the fruit was
used. In O. robusta, the DPPH radical scavenging activity of methanol and NADES extracts
was similar across all fruit parts, except in the seeds, for which the activity of methanol
extracts was higher (1.43 to 3.01 mgTE/gDW, Figure 2). In O. ficus-indica, however, NADES
extracts from all fruit parts displayed higher DPPH scavenging activity than methanol
extracts. These findings are consistent with recent data from Ioannou et al. [30], who
reported that a choline chloride–citric acid NADES exhibited greater DPPH activity than
conventional solvents in prickly pear peel extracts.

The ABTS assay revealed that the efficacy of solvents varies depending on the type of
fruit and the species. Peel extracts exhibited the highest ABTS scavenging activity in both
Opuntia species, with NADES 1 performing similarly to methanol (Figure 2). Although
seed extracts exhibited the lowest ABTS activities, NADES 1 still performed reasonably
well in this tissue. In contrast, methanol produced the best ABTS results for pulp and
seed-containing pulp. Consistent with our findings, Andreu et al. [49] reported stronger
DPPH and ABTS radical scavenging activity in the peel and pulp of O. ficus-indica fruit
than in its cladodes, with the peel generally being the most active fraction.

Regarding the FRAP assay, methanol extracts from all parts of the fruit of both Opuntia
species exhibited significantly higher reducing power than the NADES extracts (Figure 2).
The only exception was observed in the seeds, where the FRAP values of the methanol and
NADES 1 extracts were comparable. Peel extracts of O. ficus-indica consistently displayed
the highest FRAP values, irrespective of the extraction solvent. This contrasts with El
Mannoubi’s results [47] for yellow–orange fruits of the same species from Tunisia, where
the pulp extracts exhibited higher FRAP values than peel extracts. In O. robusta, the pulp
methanol extract exhibited the highest FRAP activity (Figure 2).
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Figure 2. Antioxidant capacity, determined by 2.2-diphenyl-1-picrylhydrazyl (DPPH), 2.2′-azino
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), ferric-reducing antioxidant power (FRAP), and
oxygen radical absorbance capacity (ORAC) assays, of extracts from different fruit parts (pulp, seed-
containing pulp, seeds, and peel) of Opuntia robusta and Opuntia ficus-indica obtained with different
extraction solvents (50% methanol, NADES 1, and NADES 2). Values are expressed as mean ± SE.
Different letters in each series indicate significant differences (p < 0.05) (Duncan’s new multiple range
test). Uppercase letters indicate significant differences (p < 0.05) between the four parts of the fruits,
while a lowercase letter denotes significant differences (p < 0.05) between solvents. NADES: Natural
Deep Eutectic Solvents.

The ORAC showed that the NADES 1 extract had the highest antioxidant activity in
O. robusta seeds and peel (Figure 2). By contrast, methanol was more effective at extracting
ORAC-active compounds from the pulp and pulp containing seeds, achieving the highest
ORAC values for this species in these tissues. In O. ficus-indica, NADES 1 extracts from all
parts of the fruit, except the pulp, exhibited the greatest ORAC activity; the peel extract
displayed the highest activity, once again proving that the peel is the most active component.
These findings are consistent with those of Smeriglio et al. [54] in Sicilian O. ficus-indica
fruits, where the peel was also the most active fraction.

Overall, the results of the antioxidant activity tests showed that the effectiveness
of the extraction solvent depends on the type of fruit part and the assay. Nevertheless,
NADES, particularly NADES 1, emerged as a promising alternative to 50% methanol for
extracting antioxidant compounds, particularly from the peel and seeds. Glycerol–urea
is an efficient solvent for extracting phenolic compounds with high antioxidant activity
due to its combination of strong hydrogen-bonding capacity, chaotropic effect, near-neutral
pH, and broad polarity range. All assays consistently identify the peel as the richest source
of antioxidant compounds. These findings reinforce the potential of underutilized cactus
peel as a valuable source of natural antioxidants, supporting the use of NADESs as a
sustainable extraction medium for developing functional ingredients. However, the antiox-
idant activity results should be interpreted with caution, since different solvent systems
may be influenced by factors such as extract viscosity and matrix effects. High viscosity,
particularly in some NADES extracts, can hinder the diffusion of antioxidants, which can
lead to an underestimation of activity. Similarly, the complex composition of the extracts
may interact with assay reagents, further affecting the measured response. Therefore,
while these results provide valuable insights into the relative antioxidant potential of the
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extracts, the methodological factors mentioned above should be considered when drawing
conclusions or comparing results across different solvent systems.

3.3. Enzyme Inhibitory Capacity

Plant-derived enzyme inhibitors are increasingly recognized as valuable tools in
managing metabolic and degenerative disorders [55]. Cholinesterase inhibition is a key
strategy in the treatment of Alzheimer’s and Parkinson’s diseases, which are character-
ized by a cholinergic deficit and reduced levels of acetylcholine [56]. AChE hydrolyzes
acetylcholine, while BChE hydrolyzes both acetylcholine and butyrylcholine [57]. Tyr is a
rate-limiting enzyme in melanogenesis and enzymatic browning. It catalyzes the conversion
of L-tyrosine into dopaquinone, which is then oxidized [58]. Inhibiting this enzyme can
reduce melanin production, contributing to skin lightening and the preventing hyper-
pigmentation disorders [59]. Conversely, the inhibition of α-glucosidase, which delays
glucose absorption, and α-amylase, which reduces starch hydrolysis, is an established
therapeutic approach for managing type 2 diabetes [60]. In the present study, the inhibitory
activities of methanolic extracts from the pulp, pulp containing seeds, seeds, and peel
of O. robusta and O. ficus-indica were evaluated against Tyr, AChE, BChE, α-glucosidase,
and α-amylase (Table 1).

Table 1. Enzyme inhibitory capacity (%) of 50% methanol extracts from the pulp, seed-containing
pulp, seeds, and peel extracts of Opuntia robusta and Opuntia ficus-indica.

Opuntia robusta Opuntia ficus-indica

Fruit Parts Pulp
Seed-

Containing
Pulp

Seeds Peel Pulp
Seed-

Containing
Pulp

Seeds Peel

Acetylcholinesterase 24.94 ± 1.32 a 23.36 ± 2.05 a 14.32 ± 0.71 b 20.99 ± 1.84 a 8.48 ± 0.62 b 11.29 ± 0.08 a 13.38 ± 0.90 a 12.22 ± 1.01 a

Butyrylcholinesterase 11.12 ± 0.31 c 18.35 ± 0.89 b 27.74 ± 0.71 a 9.10 ± 0.27 d 11.26 ± 0.40 bc 13.84 ± 0.94 b 27.08 ± 2.07 a 7.90 ± 0.39 c

Tyrosinase 48.76 ± 1.94 a 27.08 ± 0.08 b 32.27 ± 2.37 b 17.74 ± 1.12 c 39.19 ± 0.42 a 20.42 ± 0.84 c 28.15 ± 1.72 b 31.46 ± 1.49 b

α-Glucosidase 41.49 ± 0.73 a 42.94 ± 1.18 a 13.79 ± 0.96 c 30.21 ± 0.55 b 29.22 ± 1.08 b 38.41 ± 1.08 a 21.48 ± 0.34 c 40.15 ± 0.70 a

α-Amylase 15.18 ± 1.39 a 19.55 ± 1.72 a 26.30 ± 0.17 a 25.30 ± 1.70 a 37.24 ± 2.51 a 40.83 ± 0.51 a 22.06 ± 1.95 b 22.90 ± 2.03 b

Percentage inhibitions (%) are expressed as mean ± SE (n = 3). For each enzyme and plant species, different letters
indicate significant differences (p < 0.05) (Duncan’s new multiple range test) between the four fruit parts.

The inhibitory profiles varied significantly between species and between different
parts of the fruit (Table 1). Tyr inhibition was the most notable outcome of all the assays,
particularly given that the extracts were tested at a lower concentration (5 mg/mL) than
the other enzymes (12.5 mg/mL). Kojic acid, used as a positive control, exhibited 85%
inhibition. Pulp extracts showed the highest Tyr inhibition in both species, achieving
48.76% in O. robusta and 39.19% in O. ficus-indica. Other fruit parts exhibited moderate
to low Tyr inhibition (18–32%). To the best of our knowledge, this is the first report on
the Tyr inhibitory capacity of O. robusta fruit extracts. In contrast to our findings, an-
other study [61] found that peel extracts of O. ficus-indica were more active than pulp
extracts, and that seeds of O. leucotricha were the most effective part [28]. For AChE,
O. robusta exhibited the greatest inhibitory activity, particularly in the pulp, pulp containing
seeds, and peel (21–25%), whereas the seeds were significantly less active. However, Ham-
doun et al. [28] reported that O. leucotricha seeds displayed the greatest AChE inhibition.
O. ficus-indica extracts generally exhibited lower AChE inhibitory activity (<14%). Within
this species, the inhibition of AChE was comparable in the seeds, peel, and seed-containing
pulp (11.29–13.38%), while the pulp extracts were the least active (8.48%). For comparison,
galanthamine (the positive control) showed a 78% inhibition. Amrane-Abider et al. [62]
evaluated the AChE inhibition by teas prepared from O. ficus-indica by-products in Algeria,
observing higher inhibition in flower teas than in peel teas. Regarding BChE, the highest
inhibitory activities were obtained for seed extracts, with 27.74% and 27.08% inhibition for
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O. robusta and O. ficus-indica, respectively, compared to 40% for galanthamine. In line with
the findings of Hamdoun et al. [28] for O. leucotricha, peel extracts exhibited the lowest
BChE inhibition.

In the case of α-glucosidase, the strongest inhibitory activities were displayed by
the pulp containing seeds (42.94%) and pulp (41.49%) extracts of O. robusta, whereas the
most active O. ficus-indica extracts were from the peel (40.15%) and the pulp containing
seeds (38.41%). Seeds were the least active in both species. By contrast, α-amylase inhibi-
tion in O. robusta was relatively modest (≤27%) across all fruit parts, with no significant
differences among tissues. Conversely, O. ficus-indica exhibited higher α-amylase inhi-
bition, particularly in the pulp containing seeds (40.83%) and the pulp (37.24%), which
were significantly more active than the seeds and peel (22–23%). Acarbose, used as a
positive control, exhibited inhibition percentages of 54% for the α-glucosidase and 86%
for the α-amylase. Previous studies have reported that methanolic extracts of the pulp
and peel of O. leucotricha are the most effective at inhibiting both enzymes [28], whereas
aqueous peel extracts of Opuntia dillenii (Ker Gawl.) Haw exhibits stronger inhibitory
capacity against intestinal α-glucosidase than pulp extracts, with both peel and pulp ex-
tracts markedly inhibiting α-amylase [63]. Taken together, these findings indicate that
the inhibitory potential of enzymes in Opuntia fruit extracts is clearly species- and tissue-
dependent, emphasizing the need to select specific fruit parts for targeted applications. In
particular, the high Tyr inhibition observed in the pulp of both species suggests that this
tissue could serve as a natural source of Tyr inhibitors for cosmetic and dermatological
formulations aimed at controlling hyperpigmentation. Additionally, the selective inhibi-
tion of AChE, BChE, α-glucosidase, and α-amylase by different fruit parts highlights the
potential of Opuntia extracts as functional ingredients in nutraceuticals or dietary supple-
ments designed to support cognitive health and glucose metabolism. Overall, these results
provide a foundation for the valorization of specific fruit tissues, including pulp and pulp
containing seeds, contributing to the development of value-added products from Opuntia
agro-industrial residues.

3.4. Chemical Profile of Opuntia Extracts

The phytochemical profile of methanolic extracts of O. robusta and O. ficus-indica pulp,
pulp containing seeds, seeds, and peels was characterized using UHPLC-HRMS. Due to
experimental and analytical constraints related to the large number of samples and solvent
systems evaluated during the experiments and analysis, we prioritized UHPLC-HRMS
characterization of the methanolic extracts. These extracts provided more reliable and
consistent chromatographic performance under the selected conditions, enabling a reliable
comparative analysis across fruit fractions and species. This approach enabled the con-
sistent identification and quantification of hydroxycinnamic and hydroxybenzoic acids,
flavonoids, lignans, and other minor phenolic compounds (Table S3), thus facilitating
reliable comparisons of phytochemical patterns between different various parts of the fruit
and different species. A total of 10 phenolic acids (hydroxycinnamic acids and hydroxyben-
zoic acids), 12 flavonoids (flavanonols, flavanones, and flavonols), 4 lignans, and 2 other
phenolic compounds were found in the extracts (Table 2). Four fatty acids and gluconic acid
(a sugar acid derived from glucose oxidation) were also detected. Comparative analysis
revealed significant differences in the distribution and concentration of phenolic acids,
flavonoids, lignans, and fatty acids between species (Table 2).
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Table 2. Qualitative and quantitative (µg/gDW) analysis by ultra-high-performance liquid chromatography–high-resolution mass spectrometry (UHPLC-HRMS) of
the chemical profile of 50% methanol extracts from pulp, seed-containing pulp, seeds, and peels of Opuntia robusta and Opuntia ficus-indica fruits.

Opuntia robusta Opuntia ficus-indica

Fruit Parts Pulp Seed-Containing Pulp Seeds Peel Pulp Seed-Containing Pulp Seeds Peel

Phenolic acids

Hydroxycinnamic acids
Coumaric acid hexoside n.d. n.d. n.d. 1.09 ± 0.06 n.d. 0.04 ± 0.01 n.d. 0.44 ± 0.06

Sinapic acid hexoside n.d. n.d. n.d. 0.13 ± 0.02 n.d. n.d. n.d. 0.04 ± 0
Sinapic acid 1.91 ± 0.12 b 0.82 ± 0.08 bc 0.17 ± 0.03 c 11.93 ± 0.82 a 0.67 ± 0.04 b 0.52 ± 0.02 b 0.15 ± 0.01 b 3.26 ± 0.34 a

Total hydroxycinnamic acids 1.91 b 0.82 bc 0.17 c 13.16 a 0.67 b 0.56 b 0.16 b 3.75 a

Hydroxybenzoic acids
3,4-Dihydroxybenzoic acid n.d. 0.04 ± 0.01 0.84 ± 0.05 0.04 ± 0.01 0.02 ± 0.01 d 0.04 ± 0.01 c 0.62 ± 0.01 a 0.06 ± 0.005 b

Piscidic acid 24.54 ± 0.91 b 21.12 ± 0.64 bc 5.46 ± 0.35 c 243.56 ± 9.26 a 24.93 ± 0.88 b 20.70 ± 0.54 b 12.90 ± 0.58 b 160.42 ± 11.67 a

4-Hydroxybenzoic acid 0.03 ± 0 b 0.1 ± 0.01 b 2.36 ± 0.10 a 0.13 ± 0.05 b 0.05 ± 0 b 0.05 ± 0.03 b 1.72 ± 0.21 a 0.12 ± 0.01 b

Eucomic acid 9.63 ± 0.18 b 5.01 ± 0.10 b 1.63 ± 0.26 b 120.88 ± 4.09 a 5.11 ± 0.16 b 3.82 ± 0.01 b 3.69 ± 0.05 b 53.62 ± 4.51 a

Dihydroferulic acid
glucuronide isomer I 2.16 ± 0.02 b 2.19 ± 0.04 b 3.08 ± 0.13 b 23.32 ± 1.00 a 2.56 ± 0.1 b 2.29 ± 0.02 b 2.89 ± 0.08 b 18.55 ± 1.89 a

Dihydroferulic acid
glucuronide isomer II 11.29 ± 0.19 b 12.82 ± 0.18 b 18 ± 0.78 b 123.51 ± 10.76 a 15.11 ± 0.67 bc 13.78 ± 0.34 c 18.63 ± 0.53 b 126.13 ± 1.87 a

Hydroxybenzoic acid
derivative 0.15 ± 0.02 c 0.25 ± 0.02 b 0.17 ± 0 bc 0.89 ± 0.02 a 0.16 ± 0.01 b 0.21 ± 0.02 ab 0.23 ± 0.02 ab 0.29 ± 0.03 a

Total hydroxybenzoic acids 47.81 b 41.49 c 31.55 d 512.34 a 47.95 b 40.92 b 40.72 b 359.22 a

Total phenolic acids 49.72 b 42.31 c 31.72 d 525.5 a 48.62 b 41.48 b 40.87 b 362.96 a

Flavonoids

Flavanonols
Taxifoline n.d. n.d. n.d. 0.09 ± 0.01 n.d. n.d. n.d. 0.05 ± 0.01

Flavanones
Eriodictyol n.d. n.d. n.d. 0.24 ± 0.01 n.d. n.d. n.d. 0.09 ± 0
Naringenin n.d. n.d. <LOD 18.43 ± 0.95 n.d. n.d. <LOD 5.84 ± 0.17

Total flavanons n.d. n.d. n.d. 18.68 n.d. n.d. n.d. 5.94
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Table 2. Cont.

Opuntia robusta Opuntia ficus-indica

Fruit Parts Pulp Seed-Containing Pulp Seeds Peel Pulp Seed-Containing Pulp Seeds Peel

Flavonols
Isorhamnetin

rutinoside-hexoside n.d. n.d. n.d. 0.20 ± 0.01 n.d. n.d. n.d. 0.12 ± 0.02

Kaempferol rhamnosyl-
rhamnosyl-hexoside n.d. n.d. 0.01 ± 0 0.34 ± 0.05 n.d. n.d. 0.00 ± 0.00 0.05 ± 0.00

Isorhamnetin
rutinoside-rhamnoside n.d. n.d. 0.06 ± 0 12.44 ± 0.74 n.d. n.d. 0.15 ± 0.01 2.54 ± 0.38

Rutin n.d. n.d. n.d. 1.90 ± 0.03 n.d. n.d. 0.1 ± 0.01 1.05 ± 0.15
Hyperoside n.d. n.d. n.d. 0.12 ± 0 n.d. n.d. n.d. 0.08 ± 0
Isoquercitrin n.d. n.d. 0.04 ± 0.01 0.21 ± 0.02 n.d. n.d. 0.04 ± 0.01 0.11 ± 0.02
Nicotiflorin n.d. n.d. 0.02 ± 0.01 0.55 ± 0.02 n.d. n.d. 0.02 ± 0 0.35 ± 0.04
Narcissin n.d. 0.03 ± 0 0.05 ± 0 9.69 ± 0.13 n.d. 0.02 ± 0.005 0.29 ± 0.02 3.68 ± 0.45

Isorhamnetin-3-O-glucoside n.d. n.d. n.d. 0.11 ± 0.02 n.d. n.d. n.d. 0.02 ± 0.01
Total flavonols n.d. 0.03 0.17 25.57 n.d. 0.03 0.62 8.02

Total flavonoids n.d. 0.03 c 0.17 b 44.25 a n.d. 0.03 c 0.62 b 13.95 a

Lignans
Syringaresinol hexoside

isomer I 2.86 ± 0.22 bc 4.31 ± 0.53 a 2.01 ± 0.24 c 3.96 ± 0.01 ab 0.3 ± 0 c 1.86 ± 0.39 b 4.10 ± 0.59 a 1.93 ± 0.32 b

Secoisolariciresinol hexoside
isomer I 0.51 ± 0.01 b 0.59 ± 0.02 a 0.32 ± 0.03 c 0.13 ± 0.01 d 0.01 ± 0 d 0.25 ± 0.01 b 0.31 ± 0.01 a 0.06 ± 0 c

Secoisolariciresinol hexoside
isomer II 0.2 ± 0 b 0.33 ± 0.01 a 0.08 ± 0.02 c 0.06 ± 0.01 c 0.07 ± 0.01 c 0.18 ± 0.01 a 0.14 ± 0.01 b 0.05 ± 0 d

Syringaresinol hexoside
isomer II 7.75 ± 0.08 b 10.57 ± 0.04 a 2.64 ± 0.17 d 6.1 ± 0 c 1.20 ± 0.06 c 7.51 ± 0.23 a 3.01 ± 0.18 b 3.44 ± 0.09 b

Total lignans 11.33 b 15.81 a 5.05 c 10.26 b 1.59 d 9.81 a 7.58 b 5.48 c

Other phenolic compounds
4-Hydroxy-3-

methoxybenzaldehyde n.d. 0.16 ± 0.02 1.12 ± 0.05 0.1 ± 0 0.08 ± 0.03 b 0.1 ± 0.03 b 0.83 ± 0.14 a 0.12 ± 0 b

Phloridzin n.d. n.d. 0.05 ± 0 n.d. 0.02 ± 0 n.d. 0.05 ± 0 n.d.

Total phenolic compounds 61.05 b 58.31 b 38.11 c 580.1 a 50.31 b 51.41 b 49.95 b 382.51 a
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Table 2. Cont.

Opuntia robusta Opuntia ficus-indica

Fruit Parts Pulp Seed-Containing Pulp Seeds Peel Pulp Seed-Containing Pulp Seeds Peel

Non-phenolic compounds
Gluconic acid 32.90 ± 3.44 a 34.88 ± 4.35 a 17.01 ± 2.05 b 5.15 ± 0.45 c 53.75 ± 3.84 a 43.49 ± 6.71 a 42.05 ± 5.79 a 49.27 ± 8.46 a

Fatty acids
Trihydroxyoctadecadienoic

acid 1.01 ± 0.01 b 0.90 ± 0.01 b 1.38 ± 0.03 b 3.93 ± 0.25 a 1.25 ± 0.04 b 1.60 ± 0.03 b 1.57 ± 0.02 b 3.48 ± 0.28 a

Trihydroxyoctadecenoic acid
(pinelic acid) 1.9 ± 0.02 c 1.83 ± 0.02 c 27.81 ± 0.15 a 4.65 ± 0.26 b 3.81 ± 0.04 c 5.09 ± 0.26 b 19.12 ± 0.38 a 5.85 ± 0.3 b

Octadecanedioic acid 0.11 ± 0.01 c 1.28 ± 0.05 b 15.56 ± 0.33 a 0.11 ± 0.01 c 0.17 ± 0.01 c 2.89 ± 0.17 b 10.3 ± 0.2 a 0.19 ± 0.005 c

Hydroxylated
octadecadienoic acid 0.17 ± 0.01 c 0.49 ± 0.01 b 1.15 ± 0.01 a 1.31 ± 0.11 a 0.04 ± 0 c 1.34 ± 0.12 a 0.31 ± 0.01 c 0.98 ± 0.09 b

Total fatty acids 3.2 c 4.51 c 45.9 a 10.02 b 5.28 c 10.94 b 31.32 a 10.51 b

n.d.—not detected; LOQ—limit of quantification; All analyses were conducted in duplicate, and data are represented by the mean ± standard error. The results were analyzed using
one-way analysis of variance (ANOVA) followed by Duncan’s new multiple range test. For each plant species, different letters within each compound indicate significant differences
(p < 0.05) among the different fruit part extracts.
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Phenolic acids were the predominant class of phenolic compounds in all fruit extracts
of both species (Table 2), which is consistent with previous studies on O. ficus-indica fruit
parts [64–66] and O. leucotricha [28]. In contrast, flavonoids were reported as the main
class of phenolics in other Opuntia genotypes, such as O. ficus-indica (var. gialla and
var. sanguigna) and O. engelmannii [66–68]. Differences in fruit composition have been
attributed to multiple factors, including cultivar, variety, ripening stage, environmental
conditions, geographical origin, harvest time, and analytical methodology [69,70].

This study found that the peel extracts of both species were the main source of phe-
nolic compounds, particularly phenolic acids. O. robusta exhibited significantly higher
levels (525.49 µg/gDW) than O. ficus-indica (362.96 µg/g). The most abundant group of
hydroxybenzoic acids was found in all fruit parts of both species, especially in the peel
(512.33 µg/g and 359.21 µg/g in the peel extracts of O. robusta and O. ficus-indica, respec-
tively). The main hydroxybenzoic acids in the peel extracts of both species were piscidic acid
(243.57 µg/g and 160.42 µg/g, respectively), followed by dihydroferulic acid glucuronide
isomer II (123.51 µg/g and 126.13 µg/g, respectively), and eucomic acid (120.88 µg/g and
53.62 µg/g, respectively). Piscidic acid has also been reported as the predominant phenolic
compound in the fruits of O. ficus-indica [64,65] and O. leucotricha [28], and is recognized for
its anti-inflammatory properties in cases of intestinal inflammation [71]. Although present
in lower amounts than hydroxybenzoic acids, the levels of hydroxycinnamic acids (mainly
contributed by sinapic acid) followed the same trend. The highest levels were detected in
the peel (13.16 µg/g and 3.75 µg/g, in O. robusta and O. ficus-indica, respectively). Other
fruit parts, particularly the pulp and pulp containing seeds, had much lower concentrations
of phenolic acids (Table 2).

The distribution pattern of flavonoids was similar, with a clear predominance in
the peel extracts (44.24 µg/g in O. robusta and 13.95 µg/g in O. ficus-indica). Particularly
abundant in peel extracts were the flavanone naringenin (18.43 µg/g and 5.84 µg/g in
O. robusta and O. ficus-indica, respectively), and the flavonol isorhamnetin rutinoside-
rhamnoside (12.44 µg/g and 2.54 µg/g in O. robusta and O. ficus-indica, respectively) and
narcissin (9.69 µg/g and 3.68 µg/g in O. robusta and O. ficus-indica, respectively). In both
species, the other fruit parts, especially the pulp and the pulp containing seeds, had almost
no flavonoids, with only trace amounts detected in the seeds (0.17–0.62 µg/g).

Although syringaresinol hexoside isomers were the dominant compounds, the dis-
tribution patterns of lignans, which are associated with anticancer and cardioprotective
effects, differed between the two species. In O. robusta, the highest lignan content was
found in the pulp containing seeds (15.81 µg/g), followed by the pulp itself (11.33 µg/g),
the peel (10.26 µg/g) and the seeds (5.05 µg/g). In O. ficus-indica, the highest lignan content
was found in the pulp containing seeds (9.81 µg/g), followed by the seeds (7.58 µg/g), the
peel (5.48 µg/g), and the pulp (1.59 µg/g). These patterns suggest that O. robusta, particu-
larly in its seed-containing pulp, may be a more promising source of lignans, especially
syringaresinol hexoside isomers. Gluconic acid was also present in high concentrations in
both species, consistent with previous findings in O. leucotricha [28]. O. ficus-indica exhib-
ited the highest levels of gluconic acid (43.49–53.75 µg/g), with no significant differences
observed between the different parts of the fruit. In O. robusta, the highest levels were
recorded in the pulp and the pulp containing seeds.

Fatty acids were predominantly found in the seeds of both species, with higher
concentrations observed in O. robusta (45.90 µg/g) than in O. ficus-indica (31.32 µg/g). The
predominant fatty acids in both species were trihydroxyoctadecenoic acid (pinelic acid)
and octadecanedioic acid. Peel extracts of both species contained appreciable amounts of
these compounds (10.02–10.51 µg/g), as did the pulp containing seeds of O. ficus-indica.
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Overall, the peel contained the highest concentrations of phenolic compounds, partic-
ularly phenolic acids, of all the different fruit parts. O. robusta exhibited levels that were
~45% higher than those of O. ficus-indica, highlighting its potential as a superior source of
bioactive compounds. Conversely, the seeds of both species contained the highest levels of
fatty acids.

3.5. Pearson’s Correlation and Principal Component Analysis (PCA)

Pearson correlation analyses were conducted on the methanolic extracts of both
O. robusta and O. ficus-indica to explore the linear relationships between phytochemical com-
position, antioxidant capacity, and enzyme inhibitory activities. The variables included the
following major individual phenolic compounds, which were identified by UHPLC-HRMS:
piscidic acid, eucomic acid, dihydroferulic acid glucuronide isomers I and II, sinapic acid,
isorhamnetin rutinoside-rhamnoside, narcissin, naringenin, syringaresinol hexoside isomer
I, and syringaresinol hexoside. These were together with spectrophotometric parameters,
TPC, TFC, and TTC, as well as antioxidant capacities (DPPH, FRAP, ABTS, and ORAC),
and enzyme inhibitory activities (AChE, BChE, Tyr, α-glucosidase, and α-amylase).

In addition, PCA was employed to reduce the dimensionality and identify the key pat-
terns and associations among the variables. Separate PCAs were performed for each
species, including methanolic extracts of all fruit parts (pulp, pulp containing seeds,
seeds, and peels), to determine the most suitable chromatographic and spectrophotometric
variables for characterizing and differentiating the tissues within each Opuntia species
most strongly.

In O. robusta, the correlation patterns strongly indicated that phenolic compounds play
a key role in antioxidant activity. This is demonstrated by the strong correlations between
TPC, TFC, and TTC, as well as all antioxidant assays (Figure 3a). Similar relationships
were reported by Valero-Galván et al. [72] in wild and commercial Opuntia fruits and by
Osorio-Esquivel [73] in Opuntia joconostle. In O. robusta, TPC, TFC, and TTC were positively
correlated with DPPH and ABTS, but not with FRAP or ORAC. This suggests that the
radical scavenging capacities captured by DPPH and ABTS are more closely associated
with the phenolic content than the reducing or hydrogen atom transfer capacities measured
by FRAP and ORAC, respectively. Interestingly, AChE inhibition showed a strong and
significant correlation with ORAC, while α-glucosidase inhibition was strongly correlated
with syringaresinol hexoside isomer II. This suggests that these effects may be driven by
specific minor metabolites and/or synergistic interactions. Furthermore, the majority of
individual phenolic compounds (excluding lignans) exhibited moderate correlations with
α-amylase inhibition, highlighting the importance of phenolic acids and flavonoids in this
process. This effect is commonly attributed to their ability to form hydrogen bonds and
hydrophobic interactions with the active site of the enzyme, thereby decreasing its catalytic
efficiency [74,75]. The strength of these interactions depends on the type, number, and
position of hydroxyl and methoxy substituents on the aromatic rings, as these modulate
binding affinity and inhibitory potency [74,75].

In O. ficus-indica, TPC, TFC, and TTC were also correlated with the antioxidant assays;
however, this correlation did not extend to DPPH assay (Figure 3b). Of the individual
phenolic compounds analyzed (excluding lignans), the strongest correlations were again
found with the ORAC and ABTS assays, consistent with the pattern observed in O. robusta.
Enzyme inhibition activities in O. ficus-indica exhibited more variable associations with
phenolic compounds, particularly with regard to α-glucosidase inhibition. Evidence of this
can be seen in the correlations between α-glucosidase inhibition and antioxidant assays,
as well as the moderate correlations between individual phenolic acids and flavonoids.
This suggests that these compounds contribute to α-glucosidase inhibition via specific
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interactions at the enzyme’s active site [75]. Syringaresinol hexoside isomer II, a lignan, also
showed a moderate correlation with α-glucosidase inhibition in O. ficus-indica, whereas in
O. robusta, the correlation was very strong.

Figure 3. Heatmap corresponding to Pearson’s correlation coefficients between the most relevant
phenolic compounds identified by UHPLC-HRMS, total phenolic, flavonoid, and tannin contents,
and antioxidant (DPPH: 2.2-diphenyl-1-picrylhydrazyl, ABTS: 2.2′-azino bis(3-ethylbenzothiazoline-
6-sulfonic acid), FRAP: ferric-reducing antioxidant power, ORAC: oxygen radical absorbance) and
enzyme inhibitory activities (AChE: acetylcholinesterase; BChE: butyrylcholinesterase; Tyr: tyrosi-
nase; Glu: α-glucosidase; Amy: α-amylase) of 50% methanol extracts from the pulp, seed-containing
pulp, seeds, and peel of Opuntia robusta (a) and Opuntia ficus-indica (b). * Correlation is significant
(p ≤ 0.05). A more elliptical shape indicates a greater correlation.

PCA results for O. robusta (Figure 4a) and O. ficus-indica (Figure 4b) showed clear
distinctions between the different parts of the fruit, as well as clear links with phytochemical
and bioactivity variables. For O. robusta, PC1 and PC2 together explained 90.14% of the
total variance, whereas for O. ficus-indica they explained 86.16%. In both species, the seed-
containing pulp was positioned in the same quadrant as the pulp, but closer to the seeds,
reflecting its mixed composition and the fact that it shares phytochemical and biological
traits with both tissues.
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Figure 4. Biplot principal component analysis (PCA) of extracts from Opuntia robusta (a) and
Opuntia ficus-indica (b) fruit parts using 50% methanol. P: pulp, SP: seed-containing pulp,
S: seeds, Pe: peel, DPPH: 2.2-diphenyl-1-picrylhydrazyl, ABTS: 2.2′-azino bis(3-ethylbenzothiazoline-
6-sulfonic acid), FRAP: ferric-reducing antioxidant power, ORAC: oxygen radical absorbance capacity,
AChE: Acetylcholinesterase, BChE: Butyrylcholinesterase, Tyr: Tyrosinase, Glu: α-Glucosidase,
Amy: α-Amylase.

In both species, the peel exhibited a strong association with antioxidant activity as well
as with TPC and TFC. This is consistent with its high concentration of individual phenolic
acids and flavonoids, as identified by HPLC. This confirms the peel as the main contributor
to radical scavenging activity in both species of Opuntia. Seed fractions, which are located
further from these antioxidant markers, likely contain lower amounts of, or different classes
of, bioactives, which emphasize the species’ tissue-specific phytochemical profiles. Nev-
ertheless, the seed fractions of both species tended to cluster closer to BChE inhibition
vectors, suggesting a stronger contribution to BChE inhibition. A more pronounced associ-
ation with AChE inhibition was evident in O. ficus-indica, indicating a broader spectrum
of cholinesterase inhibition than in O. robusta. In both species, syringaresinol hexoside
isomers appeared to be important contributors to cholinesterase inhibition.

Tyr inhibition was positioned between pulp and seed-containing pulp in both species,
indicating that these fractions share similar Tyr inhibitory patterns and comparable levels
of Tyr-modulating compounds. In contrast, the α-amylase and α-glucosidase inhibition
profiles differ markedly between the two species. In O. robusta, pulp was more closely
associated with α-glucosidase inhibition, whereas the peel played a more dominant role in
this process in O. ficus-indica. For α-amylase, seeds appeared to contribute more strongly to
inhibition in O. robusta, whereas the peel played the dominant role in O. ficus-indica.

A second PCA was performed to examine the relationships between antioxidant
activities, TPC, TFC, and TTC across various fruit components and solvents (methanol 50%,
NADES 1 and NADES 2) in both species (Figure S1). In O. robusta, seed-containing pulp
clustered closest to methanol, with comparable TTC and antioxidant capacities measured
by FRAP and ORAC. For peels, NADES 1 also showed a strong association with methanolic
extracts and displayed higher correlations with TPC, TFC, and ABTS, followed by DPPH.

Peel extracts obtained from O. ficus-indica with 50% methanol and NADES 1 exhibited
the highest TPC, TTC, TFC, and greater antioxidant capacities (FRAP, ORAC, and ABTS).
These were closely followed by the seed-containing pulp extracts obtained with the same
solvents and by pulp extracted with 50% methanol.
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In both species, the extraction performance of NADES 1 was comparable to that of
50% methanol for peel and seed-containing pulp. However, in the pulp, NADES 1 was less
efficient than methanol, although it was still markedly superior to NADES 2, which was
the least efficient solvent for phenolic extraction and antioxidant activity in both species.
NADES 2 consistently clustered on the negative side of PC1. Notably, in O. ficus-indica,
NADES 2 exhibited strong DPPH activity in both the peel and the seed-containing pulp.
Seeds from both species consistently yielded the lowest phenolic content and antioxidant
capacity, regardless of the solvent used.

4. Conclusions
This study demonstrates the significant chemical and biological variations between

the different parts of Opuntia robusta and Opuntia ficus-indica fruit from northern Morocco,
including pulp, pulp containing seeds, seeds, and peels. The peel was found to be the
richest source of phenolic compounds in both species. O. robusta exhibited higher levels
of phenolic acids, flavonoids, and lignans, as well as stronger antioxidant and enzyme
inhibitory activities. The different fruit parts of the fruit display selective inhibitory effects
against enzymes relevant to neurodegenerative diseases (AChE, BChE, and tyrosinase) and
type 2 diabetes (α-glucosidase and α-amylase), suggesting that specific fractions could be
developed for particular health-related applications. Overall, these findings highlight the
superior functional potential of O. robusta, reinforcing its potential for valorization alongside
O. ficus-indica as a valuable source of bioactive compounds for use in the food, cosmetic,
and pharmaceutical industries. The findings also highlight opportunities for the targeted
use of by-products that might otherwise be discarded, contributing to more sustainable
post-harvest processing strategies. The results provide a foundation for future experimental
directions, including scaling up studies and incorporating these extracts into real food or
cosmetic systems, which would enhance the practical relevance and comprehensiveness of
the results obtained here. From an extraction standpoint, glycerol–urea NADES (NADES 1)
was identified as a promising green alternative to 50% methanol for recovering phenolic
compounds and antioxidants, particularly from the peel, the pulp containing seeds, and
the seeds. While these results provide an initial indication of the effectiveness of NADES as
a transitional strategy towards more sustainable and efficient green extraction methods for
the valorization of Opuntia agro-industrial residues, further research is needed to explore
additional NADES formulations with different physicochemical properties and to conduct
more detailed HPLC analyses of the resulting extracts. Furthermore, applying quantitative
greenness metrics such as SPMS and AGREE would be a significant advancement for
future studies, as it would enable robust evaluation of the environmental performance of
NADES-based extraction processes compared to conventional solvent systems.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae12010098/s1, Table S1: Summary of HPLC-HRMS
criterion for quantification of phenolics in Opuntia robusta and Opuntia ficus-indica methanol extracts.;
Table S2: Summary of identified phenolic compounds; Table S3: HPLC-HRMS characteristics of
identified compounds in methanolic extracts of different parts (pulp, seed-containing pulp, peel, and
seeds) from Opuntia robusta and Opuntia ficus-indica; Figure S1: Biplot principal component analysis
(PCA) of extracts from Opuntia robusta (a) and Opuntia ficus-indica (b) fruit parts using 50% methanol,
NADES 1, and NADES 2. PM: methanolic extract of the pulp, PN1: NADES 1 extract of the pulp,
PN2: NADES 2 extract of the pulp, SPM: methanolic extract of the seed-containing pulp, SPN1:
NADES 1 extract of the seed-containing pulp, SPN2: NADES 2 extract of the seed-containing pulp,
SM: methanolic extract of the seeds, SN1: NADES 1 extract of the seeds, SN2: NADES 2 extract of
the seeds, PeM: methanolic extract of the peel, PeN1: NADES 1 extract of the peel, PeN2: NADES 2
extract of the peel.
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