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Abstract

Libidibia coriaria (Cascalote), an underutilized leguminous species native to the tropical
Americas, is a promising source of bioactive phenolic compounds with pharmaceutical
and nutraceutical potential. This study compared microwave-assisted extraction (MAE),
ultrasound-assisted extraction (UAE), and their hybrid combination (UMAE) for the re-
covery of hydrolyzable and condensed phenolics from cascalote pods and evaluated the
antioxidant capacity of the resulting extracts. UMAE achieved the highest total phenolic
content (223.49 mg GAE/g dry matter), while antioxidant capacity varied by assay: MAE
showed the highest DPPH radical scavenging activity and FRAP reducing power, whereas
UAE exhibited the highest ABTS radical-scavenging activity. Nevertheless, UMAE showed
the lowest ICsy values for DPPH and ABTS (228.91 and 155.65 mg/L, respectively), indicat-
ing greater concentration-dependent radical-scavenging efficiency. Qualitative HPLC-MS
tentatively identified gallotannins, ellagitannins, and hydroxybenzoic acid derivatives.
UAE yielded the broadest phenolic profile, whereas MAE and UMAE shared several major
tannin-related compounds. FTIR analysis supported the presence of characteristic func-
tional groups associated with gallotannins and ellagitannins. Overall, under the evaluated
conditions, UMAE was the most effective extraction method for improving phenolic re-
covery. These findings highlight the potential of this hybrid extraction approach for the
valorization of L. coriaria pods as a source of high-value bioactive phenolic compounds.

Keywords: phenolic compounds; antioxidant activity; ultrasound-microwave-assisted
extraction; green extraction technologies; biomass valorization; HPLC-MS

1. Introduction

Global food security remains a major challenge due to population growth, declining
crop productivity, and climate change. Millions of people still face hunger, hindering
progress toward sustainable development. One contributing factor is the limited use
of nutrient-rich, yet neglected, crops [1]. Promoting the cultivation and utilization of
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underexploited legumes offers a sustainable strategy to improve food availability, as these
species are nutrient-dense and provide functional properties that could play a critical role
in maintaining consumer well-being [2]. In this regard, Libidibia coriaria (Jacq.) Schltdl.
represents a promising yet underutilized resource for strengthening food system resilience.

L. coriaria (Jacq.) Schltdl. (Syn. Caesalpinia coriaria (Jacq.) Willd.), commonly known as
“cascalote” or “divi-divi,” is a leguminous tree native to the tropical regions of the Americas
and the Antilles. In México, it is widely distributed and recognized for its distinctive
curved pods, which are 3 to 7 cm long and change from green to dark brown during
maturation [3,4]. Cascalote pods are rich in phenolic compounds, containing approxi-
mately 40-45% tannins [5]. The major bioactive constituents include corilagin, lagerstannin,
geraniin, and ellagic acid [3], which have demonstrated anticancer [6], antibacterial [7], and
antiparasitic activities [8]. Despite this potential, studies evaluating the efficacy and formu-
lation performance of cascalote pod extract in food systems remain limited. Consequently,
their application as functional food ingredients or natural preservatives is still incipient,
and the species remains underutilized because of the lack of efficient and sustainable
extraction methods.

Conventional extraction of phenolic compounds relies largely on organic solvent-
intensive processes that require long extraction times and generate environmental con-
cerns [9]. Green extraction technologies have emerged as sustainable alternatives that
reduce processing time while enabling the use of safer solvents, such as water or ethanol-
water mixtures [10]. Among these technologies, ultrasound-assisted extraction (UAE) and
microwave-assisted extraction (MAE) have attracted considerable interest because they
improve extraction efficiency, shorten processing times, and reduce energy consumption
compared with conventional extraction methods [11].

UAE employs high-frequency sound waves to disrupt plant cell walls, facilitating the
release of intracellular compounds into the extraction solvent [12]. This process is driven by
acoustic cavitation, in which the formation and collapse of microbubbles generate localized
energy that disrupts cell structures and enhances mass transfer [13,14]. In contrast, MAE
uses electromagnetic radiation to rapidly and uniformly heat the solvent-sample matrix,
thereby increasing mass transfer, accelerating solute diffusion, and improving extraction
efficiency. MAE is recognized for its short processing time, reduced solvent consumption,
and high efficiency in recovering thermolabile bioactive compounds [3,15].

More recently, ultrasound /microwave-assisted extraction (UMAE) has emerged as
an innovative hybrid approach that combines the mechanical effects of ultrasound with
the rapid heating capability of microwaves. This approach enables fast, uniform, and
relatively low-temperature extraction, thereby reducing compound degradation, enhancing
extraction yields, and minimizing solvent consumption [16,17]. UMAE has been suc-
cessfully applied to recover phenolic compounds from various plant matrices, including
xoconostle fruit [18], eucalyptus leaves [19], moringa leaves [20], creosote bush, tarbush and
soursoup [21], as well as agroindustrial by-products such as grape pomace [22], sorghum
husk [23], pistachio hulls [24], mango peels [25], pomelo peels [26], and rambutan peels [27].
Collectively, these studies demonstrate the applicability of UMAE to chemically and struc-
turally diverse phenolic-rich plant matrices. Several of these materials are relevant sources
of hydrolyzable and condensed tannins, as are L. coriaria pods. Furthermore, the use of
water as the extraction medium provides a solvent system consistent with green-extraction
principles and suitable for recovering polar phenolic constituents. However, to the best of
our knowledge, a comparative evaluation of UAE, MAE, and UMAE for phenolic recovery
from L. coriaria pods has not yet been reported. Given the distinctive phenolic compo-
sition of cascalote pods, particularly their abundance of hydrolyzable and condensed
tannins [3,28,29], evaluating the behavior of these extraction technologies in this way pro-
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vides insights that cannot be directly extrapolated from previously studied plant materials.
Therefore, this study aimed to compare the performance of MAE, UAE, and UMAE under
predefined operating conditions for the recovery of phenolic compounds from cascalote
pods and to evaluate the antioxidant capacity and phenolic profiles of the resulting extracts.

2. Materials and Methods
2.1. Plant Material

The cascalote pods used in the current study were obtained from the same sampling
location previously reported by Lopez-Cardenas et al. [3], located in the tropical region of
southern Mexico. After collection, the pods were manually cleaned to remove impurities
and debris. They were then dried in a convection oven at 50 °C for 24 h prior to storage
and further analysis.

2.2. Chemical Reagents

Ethanol, methanol, and 1-butanol were acquired from JT Baker™ (Phillipsburg, NJ,
USA). DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) standard, potassium persulfate, hydrochloric acid, gallic acid standard,
Folin-Ciocalteu reagent, sodium carbonate, ferric chloride (FeCls-6H,0), TPTZ (2,4,6-tri(2-
pyridyl)-s-triazine), sodium acetate, ferrous sulfate (FeSO4-7H,0) standard, and formic
acid were obtained from Sigma—AldriCh® (Sigma-Aldrich, St. Louis, MO, USA). Acetoni-
trile and methanol (HPLC grade) were used for chromatographic analyses. Amberlite
XAD-16 resin (Sigma-Aldrich, St. Louis, MO, USA) and distilled water were employed
to prepare all aqueous solutions. Unless otherwise specified, all reagents were of
analytical grade.

2.3. Extraction of Samples

Phenolic compounds were extracted from cascalote pods using MAE, UAE and UMAE.
The extraction conditions were adapted from the protocol reported by Estrada-Gil et al. [27]
and used as predefined reference conditions for the comparative evaluation of the three ex-
traction methods. These conditions have been successfully applied to different phenolic-rich
plant matrices [18-22,24,25], supporting their use as a reference framework for evaluat-
ing the extraction behavior of cascalote pods. Nevertheless, these conditions were not
specifically optimized for L. coriaria pods. UAE was performed at 25 kHz and 40 W in
pulse mode (ton/tosr = 10 s/3 s) for 20 min at room temperature (28 £+ 2 °C). MAE was
carried out at 2450 MHz and 400 W for 5 min, reaching a target temperature of 70 °C.
For UMAE, extraction was performed using a programmed three-stage protocol. Initially,
ultrasound was applied at 25 kHz and 40 W in pulsed mode (10 s on/3 s off) for 5 min.
Subsequently, microwave irradiation (2450 MHz, 400 W) was applied for 5 min while
ultrasound treatment continued simultaneously under the same operating conditions.
During this simultaneous ultrasound-microwave stage, the extraction temperature was
controlled at 70 °C using the temperature-control system integrated into the ATPIO-SM300
equipment (Nanjing ATPIO Instruments Manufacture Co., Ltd., Nanjing, China). After
microwave irradiation was discontinued, ultrasound treatment alone was continued for
an additional 10 min. Thus, the total ultrasound treatment time was 20 min, whereas
microwave irradiation was applied for 5 min. The pulsed ultrasound regime provided
intermittent acoustic cavitation while allowing heat dissipation during the off-periods. All
extractions were performed using an ATPIO-SM300 system (Nanjing ATPIO Instruments
Manufacture Co., Ltd., Nanjing, China). For each extraction, 62.5 g of ground cascalote
pods (particle size: 0.84 mm, moisture content: 7%) was mixed with 1000 mL of distilled
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water in a glass reactor at a sample-to-solvent ratio of 1:16 (w/v). The resulting extracts
were filtered through cotton followed by Whatman No. 1 filter paper under low-light
conditions to remove solid residues. The filtrates were collected in amber glass bottles and
stored at —18 °C until analysis.

2.4. Chromatography Fractionation

The aqueous extracts obtained from cascalote pods were fractionated using Amberlite
XAD-16 resin according to the method described by Estrada-Gil et al. [27]. A glass column
(60 cm height x 2.5 cm diameter) was packed with the resin and equilibrated with distilled
water before loading 200 mL of each aqueous extract. The column was then washed with
2 L of distilled water under gravity flow to remove low-molecular-weight and non-phenolic
compounds. Retained phenolic compounds were subsequently eluted with 96% (v/v)
ethanol. The ethanolic eluate was concentrated under reduced pressure at 40 °C using a
rotary evaporator (BUCHI® R-100 HB, Flawil, Switzerland) until complete solvent removal.
The resulting residue was reconstituted in a minimal volume of ethanol and dried in a
convection oven at 40 °C for 24 h to obtain a powdered semi-purified phenolic fraction.
For clarity, this semi-purified phenolic fraction is hereafter referred to as the “extract”
throughout the analytical procedures.

2.5. Analytical Methods
2.5.1. Hydrolyzable Phenolics (HP)

The quantification of hydrolyzable phenolics was determined according to the method
of Ordonez-Cano et al. [30], with minor modifications. A known amount of the extract was
dissolved in absolute ethanol, and a 20 pL aliquot was mixed with 20 pL of Folin—Ciocalteu
reagent in a 96-well microplate. After incubation for 5 min at room temperature, 20 pL of
0.01 M sodium carbonate solution was added, followed by a second 5 min of incubation.
Subsequently, 125 uL of distilled water was added to each well, and the absorbance was
measured at 790 nm using a MULTISKAN GO microplate reader (Thermo Scientific™,
Vantaa, Finland). Hydrolyzable phenolics content was quantified using a gallic acid
calibration curve (0-200 mg/L) and expressed as milligrams of gallic acid equivalents per
gram of dry matter (mg GAE/g dm). All measurements were performed in quadruplicate.

2.5.2. Condensed Phenolics (CP)

Condensed phenolics content was determined according to the method of Ordofiez-
Cano et al. [30], with minor modifications. A 250 uL aliquot of the extract was transferred
to screw-cap tubes, followed by the addition of 1500 uL of 10% HCl-n-butanol reagent and
50 pL of ferric chloride (FeCls) solution. The tubes were tightly sealed and incubated in a
boiling water bath for 40 min. After cooling to room temperature, 200 pL of each reaction
mixture was transferred to a 96-well microplate, and the absorbance was measured at
460 nm using a microplate reader. CP content was quantified using a catechin calibration
curve (0-200 mg/L) and expressed as milligrams of catechin equivalents per gram of dry
matter (mg CE/g dm). All analyses were performed in quadruplicate.

The total phenolic content (TPC) was calculated as the sum of HP and CP values and
expressed as milligrams per gram of dry matter (mg/g dm).

2.5.3. Antioxidant Capacity

DPPH radical scavenging assay: The assay was conducted according to Meléndez
etal. [31]. Briefly, 7 uL of the extract (previously diluted in absolute ethanol) was mixed with
193 uL of a 60 uM DPPH® (2,2-diphenyl-1-picrylhydrazyl) solution prepared in methanol in
a 96-well microplate. The reaction mixture was incubated in the dark at room temperature
for 30 min, and the absorbance was measured at 517 nm using a microplate reader. The
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control consisted of 7 uL. of absolute ethanol and 193 pL of the DPPH® solution. Antioxidant
capacity was quantified using a Trolox calibration curve (0-800 umol/L) and expressed
as umol Trolox equivalents per g of dry matter (umol TE/g dm). All measurements were
performed in quadruplicate.

ABTS radical scavenging assay: The ABTS®* radical scavenging activity was de-
termined according to Rojo-Gutiérrez et al. [32]. The ABTS®** radical cation was gener-
ated by reacting 7 mM ABTS [2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] with
2.45 mM potassium persulfate in a 2:1 (v/v) ratio. The mixture was incubated in the dark at
room temperature for 16 h, and the absorbance was adjusted to 0.70 £ 0.02 at 734 nm with
absolute ethanol. For the assay, 10 uL of the diluted extract was mixed with 190 puL of the
ABTS** solution in a 96-well microplate and incubated in the dark at room temperature for
1 min. The absorbance was measured at 734 nm using a microplate reader. Antioxidant
capacity was calculated using a Trolox calibration curve (0-800 umol/L) and expressed
as umol Trolox equivalents per g of dry matter (umol TE/g dm). All measurements were
performed in quadruplicate.

FRAP reducing power assay: The ferric-reducing antioxidant power (FRAP) of the
extract was determined according to Ordofiez-Cano et al. [30]. The FRAP reagent was
prepared by mixing 0.3 M acetate buffer at pH 3.6, 10 mM TPTZ in 40 mM HCI, and
20 mM FeCl3-6H,0 at a 10:1:1 (v/v/v) ratio, followed by incubation at 37 °C for 30 min.
For the assay, 6 pL of the extract, 18 uL of distilled water, and 180 pL of FRAP reagent were
added to a 96-well microplate and incubated for 1 h. The absorbance was measured at
593 nm using a microplate reader. Antioxidant capacity was quantified using a FeSO,-7H,0O
calibration curve (0-4000 pmol/L) and expressed as pumol Fe?* equivalents per g of dry
matter (umol Fe?*/ g dm). All measurements were performed in quadruplicate.

ICs5p Determinations: ICsy values were determined using extract concentrations rang-
ing from 100 to 400 mg/L, prepared from a 1000 mg/L stock solution. Radical scavenging
activity was calculated as percentage of inhibition according to Equation (1):

Inhibition (%) = (1 - As”’”’”e) x 100 (1)
Acontrol

where Agouro Tepresents the absorbance of the control, and Ag;ype corresponds to the

absorbance of each sample. The ICs value, defined as the extract concentration required

to inhibit 50% of the DPPH® or ABTS®** radicals, was determined by linear regression of

extract concentration against percentage inhibition [33].

2.5.4. HPLC-MS Identification

Phenolic compounds in the extract were identified by high-performance liquid chro-
matography coupled with mass spectrometry (HPLC-MS), according to Cerda-Cejudo
et al. [34]. Analyses were performed using a ProStar 410 HPLC system (Varian, Palo
Alto, CA, USA) equipped with a photodiode array detector set at 253 nm. Before anal-
ysis, samples were filtered through 0.45 um nylon membranes. Chromatographic sepa-
ration was carried out on a Denali™ C18 reversed-phase column (150 x 2.1 mm, 3 um;
Grace™, Deerfield, IL, USA) maintained at 30 °C, with an injection volume of 10 pL. The
mobile phase consisted of acetonitrile (solvent A) and 3% (v/v) aqueous acetic acid (sol-
vent B). The elution gradient was as follows: 3% A (0-5 min), 9% A (5-15 min), 16% A
(15-30 min), 33% A (30-33 min), 90% A (33-35 min), followed by re-equilibration at 3% A
(35—42 min). The flow rate was 1.2 mL/min. Mass spectrometric detection was performed
using a Varian 500-MS ion trap mass spectrometer equipped with an electrospray ioniza-
tion (ESI) source operating in negative-ion mode. The capillary voltage was set to 90 V,
and spectra were acquired over an m/z range of 100-2000. Compounds were tentatively
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identified by comparing the obtained mass spectra with a reference database of bioactive
compounds using MS WorkStation version 6.9 software (Varian).

2.5.5. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The functional groups of the semi-purified phenolic extract were characterized by
Fourier transform infrared (FTIR) spectroscopy using an Agilent Cary 630 spectrometer
(Agilent Technologies, Santa Clara, CA, USA) equipped with an attenuated total reflectance
(ATR) accessory fitted with a zinc selenide (ZnSe) crystal, according to Bautista-Herndndez
et al. [35]. Spectra were acquired directly from the samples without pretreatment over the

range of 4000-650 cm ! at a spectral resolution of 2 cm ™!

using 32 scans per sample. Data
acquisition and processing were performed with MicroLab Expert version 1.2 software (Ag-
ilent Technologies), and spectra were visualized using OriginPro 8 (OriginLab Corporation,

Northampton, MA, USA).

2.6. Statistical Analysis

A completely randomized design (CRD) was used to evaluate the effect of the extrac-
tion method (MAE, UAE, and UMAE) on hydrolysable, condensed, and total phenolic
contents, as well as antioxidant capacity determined by DPPH®, ABTS** and FRAP assays.
Each extraction method was performed in quadruplicate, and all analytical determinations
were conducted for each independent extract. Data were analyzed by one-way analysis
of variance (ANOVA), and treatments means were compared using Tukey’s honestly sig-
nificant difference (HSD) test at a significance level of p < 0.05. Statistical analyses were
performed using SAS software (version 9.0; SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion

3.1. Phenolic Content Assays
3.1.1. Hydrolyzable Phenolics (HP)

The HP content of the semi-purified extracts obtained from cascalote pods was sig-
nificantly affected by the extraction method (MAE, UAE and UMAE) (p < 0.05) (Figure 1).
UMAE produced the highest HP content (177.49 mg GAE/g dm), followed by MAE
(164.54 mg GAE/g dm) and UAE (131.87 mg GAE/g dm).

The greater HP recovery obtained with UMAE can be attributed to the complementary
effects of acoustic cavitation and microwave dielectric heating. Ultrasound generates
cavitation bubbles that collapse violently, producing localized mechanical forces that
disrupt plant cell structures and enhance solvent penetration [36,37]. Simultaneously,
microwave irradiation provides rapid and uniform heating, accelerating solvent diffusion
and the release of phenolic compounds into the extraction medium [38,39]. The combined
action of these mechanisms enhances mass transfer and promotes the extraction of bound
phenolic compounds. Similar improvements in phenolic recovery using UMAE have been
reported for rambutan peel and other plant materials [16,27].

Although MAE yielded a higher HP content than UAE, its extraction efficiency re-
mained lower than that of UMAE. This result suggests that microwave heating alone
enhances cell disruption and phenolic solubilization but lacks the mechanical effects gener-
ated by acoustic cavitation, which may be particularly important for lignified, tannin-rich
matrices such as cascalote pods [3]. In contrast, UAE showed the lowest HP recovery
among the assisted extraction methods. This finding agrees with Nipornram et al. [40],
who reported that ultrasound alone is less effective at releasing hydrolyzable phenolics
tightly bound to polymeric matrices unless combined with additional thermal or chemi-
cal energy. The higher HP recovery obtained with UMAE may also be explained by the
complementary effects of microwave heating and ultrasonic cavitation. As described by
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Chemat et al. [41,42], microwave irradiation promotes rapid heating of polar molecules and
enhances solvent penetration, while ultrasound improves mass transfer through cavitation-
induced disruption of plant tissues. The combined action of these mechanisms facilitates
the extraction of hydrolyzable tannins from complex plant matrices, resulting in greater
phenolic recovery than either technique applied individually.

-
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(=]
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N

o
1

8

80 -

HP (mg GAE/g dm)

60

40 4

20

UAE UMAE
Extraction technique

Figure 1. Effect of microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE),
and hybrid ultrasound-microwave-assisted extraction (UMAE) on the hydrolyzable phenolic (HP)
content of semi-purified cascalote pod extracts. Values are presented as the mean + standard error
(n = 4). Different letters indicate significant differences (Tukey, p < 0.05).

3.1.2. Condensed Phenolics (CP)

The CP content was significantly affected by the extraction method (p < 0.05)
(Figure 2). UMAE produced the highest CP content (45.99 mg CE/g dm), followed by MAE
(26.21 mg CE/g dm) and UAE (12.05 mg CE/g dm), demonstrating that extraction efficiency
depended on the extraction technique.

50 A

40 -

30 b

20

CP (mg CE/g dm)

10

UAE UMAE
Extraction technique

Figure 2. Effect of microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), and
hybrid ultrasound-microwave-assisted extraction (UMAE) on the condensed phenolics (CP) content
of semi-purified cascalote pod extracts. Values represent mean =+ standard error (n = 4). Different
letters indicate significant differences (Tukey, p < 0.05).
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The higher CP recovery obtained with UMAE can be attributed to the complemen-
tary effects of ultrasonic cavitation and microwave heating. Acoustic cavitation disrupts
plant cell structures and enhances mass transfer, whereas microwave irradiation provides
rapid volumetric heating that increases solvent penetration and facilitates the extraction of
high-molecular-weight phenolic compounds, including condensed tannins [11,43]. Similar
improvements in condensed phenolic recovery have been reported for proanthocyanidin-
rich matrices such as rambutan peel, mango peel, and grape pomace [27,34,44]. MAE also
improved CP extraction compared with UAE, likely because dielectric heating enhances
solvent diffusion and promotes the release of bound phenolic compounds [38,44]. However,
in the absence of cavitation, cell disruption may be less effective than under hybrid extrac-
tion conditions [45]. These results indicate that combining thermal and mechanical energy
enhances the extraction of condensed phenolics from the lignified, tannin-rich matrix of

cascalote pods.

3.1.3. Total Phenolic Content (TPC)

A similar trend was also observed for TPC, which combined the contribution of both
hydrolyzable and condensed fractions (Figure 3). Significant differences were observed
among methods (p < 0.05), with the highest TPC for UMAE (223.49 mg GAE/g dm),
followed by MAE (190.75 mg GAE/g dm) and UAE (143.93 mg GAE/g dm).

250 A
a

N
b
200 o T
/ :
150 T

50 4

TPC (mg/g dm)

MAE UAE UMAE
Extraction technique

Figure 3. Effect of microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), and
hybrid ultrasound-microwave-assisted extraction (UMAE) on the total phenolic content (TPC) of
cascalote pod extracts after XAD-16 semi-purification. Values represent mean £ standard error
(n = 4). Different letters indicate statistically significant differences (Tukey, « < 0.05).

The higher extraction yield of UMAE further supports the benefit of combining ultra-
sonic cavitation with microwave-induced volumetric heating. This combined effect can
better facilitate the efficient extraction of low-molecular-weight phenolics (hydrolyzable
compounds) and complex phenolic polymers (condensed tannins) [27,41]. Earlier studies
have also reported similar trends in different plant materials, where UMAE can cause
extensive cell disruption and higher release of intracellular phenolic metabolites [11,37,43].

MAE also showed higher extraction yields than UAE, which could be attributed to the
rapid, uniform heating from microwaves, resulting in enhanced dipolar rotation and ionic
conduction within the cellular matrix and further improving solvent-solute interactions
and polyphenol solubilization [38,44,45]. However, its thermal mechanism may be less
effective in disrupting macromolecular complexes, especially those involving lignin, tannin,
and protein interactions, thereby restricting complete phenolic recovery [36].
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UAE, on the other hand, showed the lowest TPC among the different methods. Al-
though acoustic cavitation can partially disrupt cell walls and release free phenolics [40,46],
its limited penetration into polymeric or lignified structures can limit its efficiency in com-
plex plant materials such as cascalote pods [3,6]. The improved extraction efficiency of
UMAE further supports its suitability as an energy-assisted, high-performance technique
for maximizing total phenolic recovery from cascalote pods.

The apparent phenolic recovery yields, estimated by comparing the total phenolic
content of semi-purified extracts with the total phenolic content previously reported for
raw cascalote pods by Lopez-Cardenas et al. [3] (56.73 mg/g dm), further illustrate the
differences among the extraction methods. UMAE showed the highest apparent recovery
(394%), followed by MAE (336%) and UAE (254%), consistent with the trend observed
for hydrolyzable, condensed, and total phenolic contents. Because these values were
calculated from semi-purified fractions obtained after Amberlite XAD-16 chromatographic
purification, they represent enrichment relative to the phenolic content of the raw material
rather than absolute extraction yields.

3.2. Antioxidant Capacity

The antioxidant capacity of the semi-purified phenolic extracts obtained from
cascalote pods was significantly affected by the extraction method (p < 0.05)
(Figure 4). In the DPPH assay, MAE extracts exhibited the highest radical-scavenging
activity (3090.83 pmol TE/g dm), followed by UAE (2352.29 pmol TE/g dm) and UMAE
(2057.61 pmol TE/g dm).

Similarly, MAE exhibited the highest ferric-reducing antioxidant power (FRAP)
(9738.09 umol Fe?* /g dm), indicating the greatest reducing capacity among the extraction
methods. In contrast, the highest ABTS radical scavenging activity was observed in UAE
extracts (2978.17 pmol TE/g dm), followed by UMAE (2747.57 umol TE/g dm) and MAE
(2586.30 pmol TE/g dm).

The higher FRAP values observed for MAE extracts indicate a greater ferric-reducing
capacity, reflecting an enhanced ability to donate electrons and reduce ferric (Fe**) to
ferrous (Fe?") ions [47]. This activity is commonly associated with phenolic compounds
containing multiple hydroxyl groups and conjugated aromatic rings, particularly ellagitan-
nins and galloylated derivatives [48]. The predominance of these high-molecular-weight
hydrolyzable tannins may therefore explain the greater reducing capacity of MAE extracts
observed in the FRAP assay.

These findings demonstrate that the extraction method differentially influences phe-
nolic recovery and antioxidant performance. Although UMAE achieved the highest total
phenolic content, it did not exhibit the highest antioxidant capacity in the DPPH, ABTS, or
FRAP assays. This finding indicates that total phenolic content alone does not determine
the antioxidant response of the extracts. Instead, differences in phenolic composition and
molecular structure may influence the predominant antioxidant mechanisms, including
radical scavenging and ferric-reducing capacity [28]. This behavior may be associated
with differences in the relative abundance and structural characteristics of hydrolyzable
tannins, including ellagitannins such as geraniin and related galloyl- and HHDP-containing
derivatives previously reported in Libidibia coriaria [3,49]. These compounds can participate
in multiple antioxidant mechanisms, including hydrogen atom transfer, single-electron
transfer, and metal chelation [50].

Similar trends have been reported for other agri-food by-products, where MAE fre-
quently enhances reducing capacity, whereas UAE or hybrid extraction systems promote the
recovery of phenolic compounds with different antioxidant properties [51,52]. For example,
Rojo-Gutiérrez et al. [24] reported that MAE improved DPPH radical-scavenging activity
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in pistachio hulls, whereas UAE favored the extraction of a broader range of phenolic
compounds, including thermolabile anthocyanins. These findings highlight that extraction
technology can influence phenolic composition and, consequently, antioxidant behavior
without necessarily resulting in a direct relationship between total phenolic content and
antioxidant capacity.
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Figure 4. Antioxidant activity of semi-purified cascalote pod extracts obtained by microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), and hybrid ultrasound-microwave-assisted
extraction (UMAE), as determined by the DPPH (a), ABTS (b), and FRAP (c) assays. Values are
presented as the mean =+ standard error (1 = 4). Different letters indicate significant differences
according to Tukey’s test (p < 0.05).
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Purification with Amberlite XAD-16 selectively enriches phenolic compounds through
hydrophobic adsorption while removing low-molecular-weight polar constituents, such as
sugars and organic acids, resulting in phenolic-enriched fractions with enhanced antioxi-
dant capacity [53]. This enrichment was reflected in the ICsy values of the semi-purified
extracts (Table 1). UMAE exhibited the lowest IC5( values in both the DPPH (228.91 mg/L)
and ABTS (155.65 mg/L) assays. Overall, IC5 values ranged from 228.91 to 284.93 mg/L for
DPPH and from 155.65 to 194.43 mg/L for ABTS. Because lower ICs( values indicate greater
radical-scavenging efficiency [46], these results indicate that UMAE extracts exhibited the
greatest concentration-dependent radical-scavenging efficiency in both assays.

Table 1. ICs5y values of DPPH and ABTS radical scavenging activities of semi-purified cascalote pod
extracts obtained by UAE, MAE, and UMAE.

Extraction Technique DPPH ICs; (mg/L) ABTS IC5 (mg/L)
MAE 284.93 + 15.59 2 194.43 + 20.852
UAE 235.75 + 8.38 P 172.21 + 4.373b
UMAE 22891 + 1.99P 155.65 + 4.69 P

Values represent mean =+ standard error (n = 4). Different letters indicate statistically significant differences
(Tukey, p < 0.05).

It should be noted that ICsy values represent concentration-dependent radical-
scavenging efficiency and should therefore be interpreted separately from antioxidant
capacity values expressed per gram of dry matter. Thus, the lower ICs values observed for
UMAE do not contradict the higher DPPH and ABTS capacity values observed for MAE
and UAE, respectively.

Estrada-Gil et al. [27] reported ICs values of 98 and 335 mg/L for the DPPH and
ABTS assays, respectively, in an amberlite XAD-16-purified UMAE extract from rambutan
peel. Similarly, Shukla and Mehta [54] reported ICsg values of 74.73 and 86.31 mg/L for
crude aqueous and ethanolic extracts of Caesalpinia bonducella, respectively. The compara-
tively higher ICsy values observed in the present study may reflect differences in phenolic
composition, particularly in the relative abundance of hydrolyzable and condensed tan-
nins. The antioxidant capacity of tannin-rich extracts is strongly influenced by factors
such as molecular size, hydroxyl-group density, and degree of polymerization, which
affect the accessibility and reactivity of phenolic hydroxyl groups toward free radicals
and other reactive species [55,56]. Because these studies involved different plant species,
extraction methods, and purification procedures, direct comparisons should be interpreted
with caution.

3.3. Profiling of Phenolic Compounds

The putative phenolic compounds detected in cascalote pod extracts obtained by
UAE, MAE, and UMAE are presented in Table 2. Overall, UAE yielded the greatest di-
versity of phenolic compounds, with six chromatographic peaks tentatively assigned to
five compounds: di-galloyl glucose (m/z 482.8), 3,3'-di-O-methylellagic acid 4’-glucoside
(m/z 494.9), geraniin (m/z 950.5), ellagic acid (m/z 300.8) detected as two different chro-
matographic peaks, and 5-5'-dehydrodiferulic acid (m/z 385). In contrast, MAE and UMAE
exhibited less diverse phenolic profiles, predominantly composed of ellagitannin-related
compounds and hydroxybenzoic acid derivatives.

Geraniin (m/z 950.5) and di-galloyl glucose (1/z 482.8) were consistently detected in
UAE extracts and are representative ellagitannin-related compounds previously associated
with antioxidant, cytoprotective, and antimicrobial activities [30,57]. The simultaneous
detection of ellagic acid (m/z 300.8) and its glycosylated derivative suggests the presence
of structurally related ellagitannins and their transformation products. Acoustic cavitation
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generated during UAE enhances cell disruption and mass transfer through microstreaming
and shear forces while minimizing thermal degradation [58]. These extraction conditions
may therefore favor the recovery of structurally diverse phenolic compounds, including
both high-molecular-weight ellagitannins and lower-molecular-weight derivatives. Accord-
ingly, UAE produced the greatest qualitative diversity of phenolic compounds among the
extraction methods evaluated. Although geraniin and di-galloyl glucose were also detected
in MAE and UMAE extracts, their overall phenolic profiles were less diverse than those
obtained by UAE.

Table 2. Putative phenolic compounds identified in semi-purified cascalote pod extracts obtained by
UAE, MAE, and UMAE using HPLC-MS analysis.

Extrac.t ton RT (min) [M-H]-1 (n/z) Phenolic Compound Family
Technique
5.25 482.8 Di-galloyl glucose Gallotannins
16.29 4948 3,3'-Di-O-methylellagic acid 4’-glucoside Ellagitannins
MAE 19.31 950.5 Geraniin Ellagitannins
22.25 950.5 Geraniin Ellagitannins
25.29 950.5 Geraniin Ellagitannins
5.42 482.8 Di-galloyl glucose Gallotannins
15.75 494.9 3,3’-Di-O-methylellagic acid 4’-glucoside Ellagitannins
17.86 950.5 Geraniin Ellagitannins
UAE 24.21 300.8 Ellagic acid Hydroxybenzoic acid dimers
26.35 300.8 Ellagic acid Hydroxybenzoic acid dimers
29.12 385 5-5'-Dehydrodiferulic acid Hydroxybenzoic acid dimers
5.52 482.8 Di-galloyl glucose Ellagitannins
UMAE 16.82 494.8 3,3’-Di-O-methylellagic acid 4’-glucoside Ellagitannins
19.05 950.5 Geraniin Ellagitannins
25.56 300.8 Ellagic acid Hydroxybenzoic acid dimers

These findings are in agreement with previous studies reporting the recovery of
complex ellagitannins by UAE. Herndndez-Hernandez et al. [16] identified geraniin and
ellagic acid pentoside as the major phenolic compounds in UAE extracts, whereas Insuan
et al. [59] reported that UAE effectively recovered thermolabile compounds such as brazilin
from Caesalpinia sappan heartwood. Collectively, these studies indicate that ultrasound-
assisted extraction favors the recovery of structurally diverse phenolic compounds while
minimizing thermal degradation in tannin-rich plant matrices.

In contrast, MAE and UMAE produced less diverse phenolic profiles, predominantly
composed of ellagitannin-related compounds and hydroxybenzoic acid derivatives. Rapid
dielectric heating during MAE enhances solvent penetration and accelerates the diffusion
of phenolic compounds, improving extraction efficiency [3,27,57]. Under certain extraction
conditions, microwave heating may also promote the hydrolysis or transformation of larger
phenolic compounds, contributing to differences in the resulting phenolic profile. A similar
trend was reported by Estrada-Gil et al. [27], who identified geraniin, corilagin, and ellagic
acid as the major phenolic compounds extracted from Mexican rambutan peel using assisted
extraction techniques. Despite the combined extraction mechanisms involved in UMAE, its
phenolic profile was comparable to that of MAE, suggesting that microwave heating may
have a greater influence on extraction selectivity under the conditions evaluated.

These findings are consistent with previous studies that have documented that ex-
traction technology influences phenolic composition. Rojo-Gutiérrez et al. [24] found
that microwave-assisted extraction produced a more selective phenolic profile, whereas
ultrasound-assisted extraction recovered a broader range of phenolic compounds. These
differences have been attributed to the distinct extraction mechanisms of each technique:
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microwave-assisted extraction relies on rapid volumetric heating to enhance solvent diffu-
sion, whereas ultrasound-assisted extraction promotes cell disruption and mass transfer
through acoustic cavitation [12,60]. Under the conditions evaluated in this study, UAE
yielded the greatest qualitative diversity of phenolic compounds, whereas MAE and UMAE
produced comparatively less diverse phenolic profiles.

3.4. FTIR Spectral Analysis

The FTIR spectra of the semi-purified cascalote pod extracts differed according to
the extraction method (UAE, MAE, and UMAE) (Figure 5). UAE exhibited more intense
absorption bands in regions associated with phenolic compounds, particularly the broad
band at 3300-3400 cm !, assigned to O-H stretching vibrations, and the band at 1733 cm 1,
attributed to C=0O stretching vibrations of ester and carboxyl groups [61]. These absorption
bands are consistent with the presence of oxygen-containing functional groups commonly
associated with hydrolyzable tannins and phenolic acids [62].
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Figure 5. FTIR spectra of cascalote pod extracts obtained by UAE, MAE, and UMAE.

The FTIR absorption bands were consistent with the phenolic compounds tenta-
tively identified by HPLC-MS, including ellagitannins such as geraniin and galloylated
derivatives. The agreement between the FTIR and HPLC-MS results supports the pres-
ence of phenolic compounds containing hydroxyl and carbonyl functional groups in the
semi-purified extracts. Similar relationships between FTIR spectral features and phenolic
composition have been reported by Nogales-Bueno et al. [63] and Vendramini et al. [64].

Conversely, MAE extracts exhibited lower band intensities than UAE extracts, suggest-
ing differences in the abundance of phenolic-associated functional groups. This observation
is consistent with the lower qualitative diversity of phenolic compounds detected by
HPLC-MS. The differences may be related to the extraction mechanism associated with
microwave-assisted extraction, which promotes rapid dielectric heating and can influence
the recovery of phenolic compounds depending on their structural characteristics and
thermal stability [65].

The FTIR spectrum of the UMAE extract exhibited an intermediate profile, with a
pronounced absorption band at 1499 cm ™! assigned to aromatic C=C stretching vibra-
tions [54]. This band is characteristic of aromatic phenolic structures and is consistent with
the presence of tannin-derived compounds identified by HPLC-MS.
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Overall, the absorption bands observed at 1733 cm~1 and within the 1312-1024 cm ™!
region provide complementary evidence for functional groups commonly associated with
ellagitannins and gallotannins [66]. The combined FTIR and HPLC-MS analyses therefore
support the presence of these phenolic classes in the semi-purified extracts and demonstrate
that the extraction method influences the resulting phenolic profile.

This study has several limitations that should be considered when interpreting the
results. First, conventional extraction methods, such as hot-water and organic-solvent
extraction, were not included as reference treatments. Therefore, the performance of the
evaluated green extraction technologies could not be directly compared with conventional
approaches in terms of extraction efficiency, phenolic selectivity, and process sustainability.
Second, although the extraction conditions used in this study were based on a previously
established protocol applied to different phenolic-rich plant matrices, they were not specif-
ically optimized for L. coriaria pods. Matrix-specific characteristics, including cell-wall
architecture, chemical composition, and the distribution and accessibility of phenolic com-
pounds, can substantially influence extraction performance. Therefore, the conditions
evaluated herein should not be regarded as optimal for cascalote pods. Independent
optimization of MAE, UAE, and UMAE could result in different extraction efficiencies
and potentially alter the relative performance of the three technologies. Third, because
ultrasound and microwave treatments were not evaluated within a factorial design incor-
porating absent/present levels and a non-assisted control, the experimental design does
not allow statistical estimation of an ultrasound x microwave interaction. Therefore, the
greater phenolic recovery observed for UMAE under the evaluated conditions should not
be interpreted as evidence of a synergistic interaction between ultrasound and microwave
energy. Rather, the results demonstrate the comparative performance of the three extraction
configurations under the selected operating conditions. Future studies employing indepen-
dently optimized conditions and factorial experimental designs are needed to determine
whether the simultaneous application of ultrasound and microwave energy produces
synergistic, additive, or antagonistic effects. Finally, quantitative sustainability indicators,
including energy consumption, solvent-use efficiency, E-factor, operating costs, equipment
requirements, and techno-economic aspects, were not evaluated. As a result, the practical
applicability, scalability, and overall sustainability of the evaluated extraction technologies
could not be comprehensively assessed. Addressing these aspects in future studies would
enable a more rigorous evaluation of the practical feasibility and sustainability of MAE,
UAE, and UMAE.

4. Conclusions

Among the extraction methods evaluated, UMAE was the most effective for recovering
phenolic compounds from cascalote pods under the selected operating conditions, yield-
ing the highest hydrolyzable, condensed, and total phenolic contents. However, greater
phenolic recovery did not directly correspond to higher antioxidant capacity across all
assays. Antioxidant performance was assay-dependent: MAE exhibited the highest DPPH
radical-scavenging activity and ferric-reducing power (FRAP), whereas UAE showed
the highest ABTS radical-scavenging activity. Conversely, UMAE exhibited the lowest
ICs5p values in both radical-scavenging assays, indicating greater concentration-dependent
radical-scavenging efficiency.

In contrast, UAE yielded the greatest qualitative diversity of phenolic compounds,
whereas MAE and UMAE produced less diverse phenolic profiles dominated by ellagitannin-
related compounds and hydroxybenzoic acid derivatives. The complementary HPLC-MS
and FTIR analyses provided consistent evidence for the presence of gallotannins, ellagitan-
nins, and related phenolic compounds in the semi-purified extracts. Overall, the results
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indicate that the selection of an extraction method should be guided by the targeted phe-
nolic recovery, phenolic profile, antioxidant response, and intended application. These
findings highlight the potential of UMAE as an efficient extraction approach consistent
with green-extraction principles for producing phenolic-rich extracts from L. coriaria pods
with prospective applications in food, nutraceutical, and pharmaceutical products.
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