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Abstract
Prickly pear (Opuntia ficus-indica L. Miller) is a natural source of antioxidant compounds that have gained significant 
attention due to their potential health benefits. This study aims to investigate the effectiveness of pressurized liquid 
extraction (PLE) and Ultrasound-Assisted Extraction (UAE), combined with water–ethanol mixtures from 0 to 60%, at 
moderate temperatures between 50 °C to 70 °C to improve the recovery of antioxidant compounds from red peel prickly 
pear. The recovery of these compounds was affected by solvent composition and temperature for both extraction tech-
niques. Interestingly, the use of pure water at 70 °C during the PLE process allowed the recovery of high concentrations 
of antioxidant compounds (12.96 mg GAE/g dw, IC5O: 2.03 mg/mL, ORAC: 625 µmol TE/g dw). On the contrary, when the 
UAE process was combined with 30% ethanol at 50 °C, the extractability of these compounds (10.52 mg GAE/g dw, IC5O: 
3.09 mg/mL, ORAC: 561.26 µmol TE/g dw) was improved. In addition, different solvent compositions were identified to 
improve the recovery of specific polyphenols. For PLE, pure water at 70 °C was effective in recovering phenolic acids, 
flavanols, and flavonols, while the highest concentrations of stilbenes were obtained with 60% ethanol at 70 °C. For UAE, 
the use of 30% ethanol at 50 °C was more effective in extracting phenolic acids and stilbenes, whereas pure water at 50 °C 
provided high concentrations of flavanols and flavonols. These results contribute to the development of sustainable and 
efficient extraction strategies for obtaining antioxidant-rich extracts from prickly pear peel with important applications 
in functional foods, nutraceuticals, and pharmaceutical industries.
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1  Introduction

The prickly pear is a fruit extensively cultivated in Latin America, with a global cultivation area estimated at 500,000 ha, 
where Mexico (50,000 ha), Colombia (40,000 ha), and Peru (35,000 ha) are countries that stand out as the leading in 
terms of production [1]. The consumption of this fruit has increased considerably due to its particular flavour, colour, 
and aroma, which present different ecotypes such as red, purple, and orange [2]. However, the consumption and 
processing of this product generate agro-industrial wastes (peel and seeds), which need to be utilized by the industry 
and represent an environmental management problem [3, 4].

Several studies have shown that both wastes (skin and seed) present significant concentrations of bioactive com-
pounds. In particular, the peel of this fruit contains substantial concentrations of polyphenols, ranging from 8 to 
49 mg of gallic acid equivalents (GAE) per gram of dry weight (g dw) [5, 6]. Polyphenols are secondary metabolites 
from plants, characterized by at least one aromatic group, which must be hydroxylated [7]. In particular, red peel 
prickly pear presents distinct families of these compounds like phenolic acids, flavonols, flavanols, stilbenes, and 
flavones, which, due to their bioactive properties, can be used for the formulation of nutraceutical foods and the 
treatment of degenerative diseases associated with oxidative stress [5, 8]. For example, phenolic acids like caffeic 
acid have demonstrated bioactivity in combating skin cancer [9]. Flavonols like kaempferol present significant anti-
proliferative effects against various carcinoma cells, including those associated with the breast and stomach [10]. In 
addition, isorhamnetin and other flavonols exhibit a range of pharmacological effects on cardiovascular diseases and 
rheumatism [11]. Flavanols as catechin present a high antimicrobial and anti-inflammatory activity [12]. Interestingly, 
the red and purple varieties of prickly pears contain betanin. In contrast, the yellow and orange varieties are charac-
terized by high concentrations of indicaxanthin, piscidic acid and isorhamnetin glycosides [13]. These compounds 
present important bioactive properties. For example, betanin is a betacyanin that can act as a potent scavenger of 
inflammatory factors like hypochlorous acid [14]. Indicaxanthin’s amphiphilic nature and reduced potential enable it 
to interact with various lipoperoxyl radicals [15]. Thus, extracting these compounds would allow their use in develop-
ing products with significant bioactive properties for treating and preventing degenerative diseases.

Traditional solid–liquid extraction techniques under atmospheric conditions like maceration, magnetic stirring, 
and soxhlet extraction have been employed to recover bioactive compounds from prickly pear [16]. However, these 
techniques use long process times (> 6 h) and high quantities of solvents like acetone, methanol, and hexane, which 
are potentially hazardous and impede their applicability in the formulation of nutraceutical products [17]. Thus, 
in response to these challenges, alternative technologies like pressurized liquid extraction (PLE) and ultrasound-
assisted extraction (UAE) have emerged as promising extraction techniques. These technologies can be combined 
with environmentally friendly solvents like pure water and water–ethanol mixtures [18]. In addition, the high yields 
and the short process times allow reducing process costs compared to conventional extraction methods [19, 20].

Pressurized liquid extraction (PLE) is an alternative technology that uses high temperatures (50–200 °C), high 
pressures (10 MPa), and short extraction times (5–20 min) [21]. These specific operating conditions allow the solvent 
to remain in a liquid state and induce significant changes in its properties, such as polarity, dielectric constant, and 
viscosity, improving the efficiency and selectivity of the extraction of polyphenols from different plant matrices 
[22–24]. Compared to traditional extraction techniques, PLE is more efficient in performance and economically 
profitable [25]. For example, Gómez-López et al. [26] found that increasing the ethanol concentration from 0 to 50% 
during pressurized liquid extraction (PLE) at 25 °C improved by 53%, 96% and 20% the total flavonoids, phenolic 
acids, and total betalains content from Opuntia stricta var. Dillenii, respectively. Specifically, isorhamnetin glucoxyl-
rhamnosyl-pentoside (0.25 mg/g dw), piscidic acid (2.08 mg/g dw), and protocatechuic acid (3.91 mg/g dw) were 
the most abundant polyphenols. In comparison, betanin (2.34 mg/g dw) and neobetanin (2.32 mg/g dw) were the 
betalains with the highest concentrations.

On the other hand, ultrasound-assisted extraction (UAE) operates on the principle of cavitation, a phenomenon 
wherein bubbles are generated and collapse on the surface of plant tissue, which induces fissures and ruptures, facili-
tating the extraction of bioactive compounds by the solvent [27, 28]. For instance, Gómez-López et al. [29] reported 
that using UAE combined with ethanol concentrations ranging from 0 to 100% at 25 °C significantly decreased the 
recovery of betalains, phenolic acids, and flavonoids by 92%, 42%, and 46% from Opuntia stricta var. Dillenii, respec-
tively. Under these conditions, piscidic acid (2.32 mg/g dw) was identified as the most notable phenolic compound.

Although PLE and UAE have demonstrated favorable performances in recovering bioactive compounds, it is imper-
ative to conduct a comparative analysis of both methods to choose the best method combined with alternative 
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solvents. Thus, this study investigated the impact of both alternative methods (PLE and UAE) in conjunction with 
water–ethanol mixtures (ranging from 0 to 60%) at moderate temperatures (50 and 70 °C) on the content of total 
polyphenols, antioxidant capacity, reducing sugars, and polyphenol profile in the red prickly pear peel.

2 � Materials and methods

2.1 � Sample

The sample does not present any risk of extinction according to the guidelines of the General Directorate of Biological 
Diversity of Peru [30]. Thus, 12 kg of red prickly pear fruits were purchased from the local supermarket of the San Cris-
tóbal district, Mariscal Nieto province, Moquegua department, Peru (Latitude: − 16.740336 and Longitude: − 70.682376). 
After careful selection, 5 kg of undamaged fruits were obtained. The pulp, peel, and seeds were separated manually and 
made up 36%, 42%, and 22% of the whole fruit, respectively. The peel was frozen at − 20 °C before the extraction process. 
Subsequently, the sample was reduced to a particle size of approximately 1 mm using a universal chopper (Ergomixx 
Bosch MS6CA4120-Italia).

2.2 � Reagents

Reagents such as Folin Ciocalteu (2N), sodium carbonate (Na2CO3), DPPH (2,2-diphenyl-1-picrylhydrazyl), AAPH (2,2′-azo-
bis (2-methyl-propanimidamide) dihydrochloride), and Trolox (Acid 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic) 
were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Solvents like ethanol (≥ 99%), methanol (99.9) 
and acetone (≥ 98%) were obtained from PanReac AppliChem ITW Reagents (Barcelona, Spain). For the preparation 
of PBS buffer, potassium dihydrogen phosphate (KH2PO4) and potassium monobasic phosphate (K2HPO4) salts were 
purchased from JT Baker Chemical Co. (Temixco, Mexico). Polyphenol standards such as caffeic acid (98%), vanillic acid 
(≥ 97%), catechin (≥ 95%), epicatechin (≥ 98%), procyanidin A2 and B2 (≥ 98%), quercitrin (≥ 90%), kaempferol (≥ 97%), 
rutin (≥ 95%), resveratrol (≥ 99%), and apigenin (≥ 97%), as well as glucose (> 99%) and fructose (> 99%) were supplied 
by Sigma Aldrich Chemical Co. (St. Louis, MO, USA).

2.3 � Pressurized liquid extraction

Huaman-Castilla et al. [31] proposed a method under subcritical conditions for extracting antioxidant compounds. PLE 
was carried out using a DIONEX ASE 150 system (Thermofisher, San Jose, CA, USA). The sample (3 g) was mixed with 
quartz sand (30 g) and placed in an extraction cell with 100 mL. Afterwards, water–ethanol mixtures (0%, 30%, and 60%) 
were then combined with moderate temperatures (50 and 70 °C), whose fixed parameters were the pressure of 10 MPa, 
a single extraction cycle, 20% of wash volume, 250 s nitrogen purge, and 5 min of static extraction time. The extract 
obtained was transferred to amber vials and stored at − 20 °C for subsequent chemical analysis.

2.4 � Ultrasound assisted extraction

The methodology proposed by Bhagya Raj and Dash [32] was used with some modifications. In brief, 3 g of sample were 
sonicated at different temperatures (50 and 70 °C) combined with water–ethanol mixtures (0, 30, and 60%) for 20 min in 
an ultrasound system equipped with a probe tip (ø: 4 mm) (model CY-500 probe, Optic Ivymen Systems™). The extracts 
obtained were centrifuged at 4000 rpm for 10 min. Then, the supernatant was filtered with standard filter paper. Finally, 
these collected extracts were transferred to amber vials and stored at − 20 °C for subsequent chemical analysis.

2.5 � Total polyphenols content

The Folin-Ciocalteu colourimetric method, proposed by Singleton and Rossi [33] with some modifications, was used to 
calculate the total polyphenol content. Briefly, 20 µL of diluted extract, 150 µL of distilled water, 10 µL of Folin-Ciocalteu 
reagent (1 N), and 20 µL of 10% sodium carbonate were mixed. After allowing a one-hour reaction period, a Microplate 
Reader (SynergyTM HTX Multimodal) was used to measure absorbance at 765 nm. A standard curve of gallic acid (0.02 
to 0.085 mg/mL) was prepared simultaneously. The results were expressed in mg GAE/g dw.
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2.6 � Antioxidant capacity by DPPH method

The antioxidant capacity evaluated by the DPPH method was developed according to the methodology proposed by 
Saravanakumar et al. [34] with some modifications. In brief, 100 µL of diluted extract was mixed with 100 µL of DPPH 
methanolic solution (0.3 mM) in a 96-well plate. Simultaneously, 200 µL of methanol was used as a blank, while 100 µL 
of DPPH solution and 100 µL of solvent extraction were mixed and used as a control. These mixtures were incubated 
at room temperature under dark for 45 min. Then, a Microplate Reader (Synergy™ HTX Multi-Modal Microplate Reader) 
was allowed to measure the absorbance at 517 nm. Finally, The IC50 value was determined to express the amount 
of extract necessary to inhibit the activity of the DPPH radical, which was calculated from the following equation.

where IC is the Inhibitory Concentration, As is the absorbance of samples, and Ac is the absorbance of control.

2.7 � Antioxidant capacity by ORAC method

The assessment of antioxidant capacity was evaluated using the ORAC method, based on the methodology proposed 
by Chirinos et al. [35]. Previously, a PBS buffer solution with a concentration of 75 nM and a pH of 7.4 was prepared. 
This buffer served multiple purposes, including diluting AAPH (153 nM), constructing the Trolox curve, preparing 
fluorescein (55 nM), and diluting the extracts under evaluation. Then, diluted extract and Trolox standard solution 
(at concentrations of 8, 16, 24, 32, and 40 µM) were placed in a black 96-well plate. After, this plate was incubated 
for 10 min at 37 °C under darkness. Then, fluorescein and diluted AAPH were injected into the microplate reader 
(Synergy™ HTX Multi-Modal Microplate Reader), configured at 485 nm excitation and 520 nm emission. The results 
were expressed as Trolox equivalent (TE) micromoles per gram of dried weight (µmol TE/g dw).

2.8 � Sugar content

The methodology proposed by Mariotti-Celis et al. [36] was used to determine sucrose, glucose, and fructose con-
tent with some modifications. First, 3 mL of water was mixed with 2 mL of the extract obtained. Then, a nylon filter 
(0.22 μm) was used to filter 3 mL of this mixture, which was combined with acetonitrile (3:7, v/v)). Afterwards, 20 μL 
of this mixture was injected into an HPLC-IR system (Ultimate 3000, Dionex Thermo Scientific, Sunnyvale, CA, USA), 
coupled to a refractive index detector. Previously, standard solutions (glucose and fructose) were prepared under 
the same conditions to establish a calibration curve. Finally, the reducing sugar concentrations were determined by 
their chromatographic peak areas. The results were expressed in milligrams of specific reducing sugar per gram of 
dry weight.

2.9 � Polyphenol profile

The polyphenol profile was determined using the method suggested by Huamán-Castilla et al. [37] with some modifi-
cations. First, a C18 cartridge (Thermo Scientific, USA) was used to purify 5 mL of extract. Then, 2 µL of this sample was 
injected into an HPLC system (Agilent 1290 II, USA) coupled with a reversed-phase C18 column (2.1 × 150 mm × 1.9 μm) 
and a photodiode array detector to measure specific polyphenols. The process conditions were established with a 
0.3 mL/min flow rate at 30 °C. Then, two mobile phases, A and B, were prepared with acetonitrile and formic acid 
(0.1%) and water and formic acid (0.1%), respectively. For elution, A (95%) and B (5%) were used for 15 min; after, 
a new mixture of A (60%) and B (40%) were used for 18 min. Meanwhile, 95% A and 5% B were used for 20 min to 
regenerate the resin. Previously, the calibration curves were created by graphing peak areas versus concentrations of 
standard solutions of specific polyphenols from 0.05 to 15 µg/L, with a detection limit of 0.03 µg/L and a quantifica-
tion limit of 0.1 µg/L. The results were expressed as µg of polyphenol per gram dry weight.

IC =

(

1 −
As

Ac

)

× 100
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2.10 � Statistical analysis

This work employed a factorial experiment to evaluate the impact of different factors such as ethanol composition 
(0, 30 and 60%) and moderate temperature (50 and 70 °C) on antioxidant compounds and sugar-reducing content. 
An Analysis of Variance (One-way ANOVA) allowed us to identify significant differences among the observed groups, 
followed by Tukey’s Honest Significant Difference (HSD) test for further analysis. Finally, the data was analyzed using 
Statgraphics Plus for Windows 4.0 (Statpoint Technologies, Inc., Warrenton, VA, USA).

3 � Results and discussion

3.1 � Polyphenol content

During the PLE process (subcritical conditions), high temperatures and solvent composition positively affected the poly-
phenol’s recovery (Fig. 1). In this sense, the use of pure water, 30% ethanol, and 60% ethanol at high temperatures (70 °C) 
allowed the recovery of 12.96, 11.39, and 8.26 mg GAE/g dw, respectively (Fig. 1a). This positive impact of pure water 
was also documented in other studies under atmospheric conditions. For example, Aguirre Joya et al. [38] reported that 
the use of pure water at 70 °C significantly enhanced the recovery of polyphenols by 36% compared to water–ethanol 
mixtures (82%, v/v) from prickly pear peel. Similar behavior was also reported by Iftikhar et al. [39], who reported that 
pure water at 25 °C allowed to recover 2.5 times more content of phenolic compounds compared to the use of 100% 
ethanol from prickly pear cladodes. Ethanol can denature proteins and cellulosic material in prickly pear peels, forming 
complex networks that hinder the solubility of polyphenols [40, 41]. In addition, when the temperature increases during 
the PLE process, the solvent’s kinetic energy increases, facilitating the disruption of hydrogen bonds between polyphe-
nols and other compounds like proteins, polysaccharides, and fibers; consequently, their solubility is favoured [24, 37].

Contrary to the PLE process, when ultrasound-assisted extraction (UAE) was used, lower temperatures of 50 °C and 
intermediate ethanol concentrations were more effective in recovering polyphenols (Fig. 1b). In this context, the use 
of 30% ethanol at 50 °C was 26% and 33% more effective in recovering polyphenols compared to pure water and 60% 
ethanol, respectively (Fig. 1b). This negative effect of temperature was reported by Karunanithi & Venkatachalam [17], 
who observed that an increase from 40 to 45 °C reduces the recovery of polyphenols by 14% from prickly pear peel. 
Tabio-Garcia et al. [42] reported that an increase from 45 to 55 °C reduced the extractability of polyphenols by 18% dur-
ing the UAE process. Probably during the UAE process, higher temperatures diminish the cavitation phenomenon (the 
formation, expansion, and collapse of bubbles) due to the heightened vapour pressure of the solvent, thereby reducing 
the implosion capacity of the bubbles and consequently lowering the release of polyphenols [43, 44]. The ethanol impact 
was also reported by Waterloo and Bouska [45], who found that lower ethanol concentrations (13%) at 30 °C recovered 
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Fig. 1   Effects of PLE (a) and UAE (b) techniques on the total polyphenol content. Different letters indicate statistically significant differences 
(p < 0.05) for each extraction process. Data supporting Figures are available in the supplementary material
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12% more total polyphenol content than 50% ethanol during the UAE process. Similarly, Galvan et al. [46] reported that 
50% ethanol at 60 °C extracted 2 and 4 times more total polyphenol content than 80% and 95% ethanol under the same 
conditions, respectively. Under atmospheric conditions, the use of high concentrations of ethanol reduces the boiling 
point of the extraction solvent [47]. This affects the solvent’s ability to interact with polyphenols, and consequently, the 
extraction yield decreases.

3.2 � Antioxidant capacity

The antioxidant capacity of polyphenols can be determined by analyzing their ability to transfer hydrogen atoms to 
reactive radicals. However, due to their complex chemical composition, a single test cannot identify their antioxidant 
capability [48]. Thus, the ORAC and DPPH techniques are used to evaluate their antioxidant capability [49]. Polyphenols 
typically reduce the DPPH radical by giving up hydrogen atoms. On the other hand, the ORAC method evaluates the 
potential of an antioxidant compound to donate or transfer hydrogen atoms to highly reactive peroxyl radicals. These 
radicals are similar to those generated by the human body, which can cause damage to cells and tissues if they are not 
neutralized [50].

For the PLE process, an increase in temperature improved the extract’s ability to inhibit the DPPH radical. For instance, 
when the temperature was increased from 50 to 70 °C, the inhibition capacity increased by 71%, 23%, and 5% with 
pure water, 30% ethanol, and 60% ethanol, respectively (Fig. 2a). On the contrary, when UAE was used, the increase in 
temperature had a negative impact on the IC50 value (Fig. 2b). Specifically, an increase in temperature from 50 to 70 °C 
reduced the IC50 value by 27%, 96%, and 62% with pure water, 30% ethanol, and 60% ethanol, respectively.

On the other hand, the use of PLE and UAE allowed the obtain extracts with a higher ability to reduce the peroxyl 
radical, whose ORAC values vary from 169.14 to 625.68 μmol ET/g dw (Fig. 2c and d). For PLE, high temperatures (70 °C) 
and pure water were 63% more effective in inhibiting the peroxyl radical compared to 30% and 60% ethanol (Fig. 2c). 
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On the other hand, the use of UAE, combined with an increase from 50 to 70 °C and employing 30% ethanol, diminishes 
the extracts’ capability to inhibit the peroxyl radical by 24% (Fig. 2d).

3.3 � Sugar reducing

Regardless of the extraction method, the use of temperatures and solvent composition should allow for reducing the 
presence of sugars in the extracts to propose their use in future food and pharmaceutical applications. According to our 
results, both methods (PLE and UAE) combined with high ethanol concentration at lower temperatures (50 °C) allowed 
to reduce the presence of reducing sugars. However, the application of the PLE process with 60% ethanol at 50 °C 
allowed a reduction of 88% and 90% in the recovery of glucose and fructose compared to the UAE process, respectively 
(Table 1). Mariotti et al. [36] reported that increasing the ethanol content from 0 to 15% at 90 °C reduced the fructose 
and glucose content by 17 and 24% in grape pomace extracts. Huaman et al. [31] observed that the utilization of high 
ethanol concentrations from 15 to 50% at 90 °C decreased by 60% in polyphenolic extracts under subcritical conditions. 
The addition of ethanol reduces the polarity of the solvent (non-polar medium), reducing the ability of the solvent to 
interact through hydrogen bonds with reducing sugars; simultaneously, lower temperatures during extraction result in 
reduced kinetic energy, thereby decreasing the recovery of these compounds [24, 37]. On the other hand, during the 
PLE process, the elevated pressures (10 atm) cause a decrease in solvent polarity, thereby reducing polar interactions 
between water molecules and sugar reducing [31]. This phenomenon elucidates why the PLE process was more effective 
in reducing sugar content than the UAE process conducted under atmospheric conditions.

3.4 � Impact of study factors on polyphenol profile

3.4.1 � Phenolic acids

Although the solvent composition was an important factor in recovering phenolic acids for both techniques (PLE and 
UAE), the PLE process was more effective in recovering these compounds. During the PLE process, pure water at 70 °C 
recovered 11 times more caffeic acid than ethanol under the same conditions (Table 2). Contrary to our results, other 
works have reported that the use of ethanol during the PLE Process is more effective in recovering phenolic acids than 
pure water from agroindustrial wastes [24, 31, 37]. However, prickly pear peel contains high concentrations of mucilage, 

Table 1   Sugar-reducing content present in the extracts obtained

The glucose, fructose, and sucrose content are expressed as milligrams per gram of dry weight (mg/g dw). D.S. represents the standard 
deviation (n = 2). Different letters indicate statistically significant differences (p < 0.05) for each extraction process

Pressurized liquid extraction (PLE)

Temperature 50 °C 70 °C

Ethanol concentration 0% 30% 60% 0% 30% 60%

Mean Mean Mean Mean Mean Mean

D.S D.S D.S D.S D.S D.S

Glucose 15.81c 11.09b 7.68a 39.20f 32.39e 24.09d

0.25 0.08 0.14 0.31 0.43 0.35
Fructose 11.31c 8.88b 4.86a 30.18e 12.19d 4.85a

0.23 0.08 0.03 0.41 0.15 0.08

Ultrasound Assistant extraction (UAE)

Temperature 50 °C 70 °C

Ethanol concentration 0% 30% 60% 0% 30% 60%

Glucose 95.76e 66.65c 67.02c 72.59d 63.26b 67.02a

0.32 0.81 0.62 0.76 0.53 0.62
Fructose 70.38e 58.63c 51.47b 63.87d 52.47b 24.00a

0.47 0.50 0.93 0.70 0.45 0.09
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Table 2   Specific polyphenol 
content under subcritical and 
atmospheric conditions

Temperature 50 °C 70 °C

Ethanol concentration 0% 30% 60% 0% 30% 60%

Mean Mean Mean Mean Mean Mean

CV CV CV CV CV CV

Phenolic acids (ug/g dw)

 Caffeic PLE 27.33b,D 7.95a,B 2.19a,A 34.51b,E 10.76a,C 2.94a,A

0.03 0.07 0.05 0.02 0.05 0.06

UAE 2.01a,A 22.39b,D 16.99b,C 1.92a,A 16.14b,C 8.00b,B

0.10 0.01 0.04 0.02 0.03 0.03

 Vanillic PLE 2.81A ND ND 3,25B ND ND

0.04 0.09

UAE ND 2.17B ND ND 1.32A ND

0.02 0.02

Stilbenes (µg/g dw)

 Resveratrol PLE 26.36b,A 35.01b,C 37.54b,D 32.17b,B 37.68b,D 39.76b,E

0.02 0.02 0.01 0.01 0.01 0.01

UAE 24.40a,CD 24.76a,D 19.99a,B 22.92a,CD 22.87a,C 16.87a,A

0.04 0.04 0.03 0.03 0.04 0.02

Flavanols (µg/g dw)

 Catechin PLE 5.27a,B 1.46b,C ND 8.18a,C 5.47a,B 4.57a,B

0.04 0.05 0.06 0.06 0.03

UAE 22.98b,C 36.14b,D 28.42C 15.37b,A 20.18b,B 16.85b,A

0.06 0.03 0.03 0.09 0.01 0.05

 Epicatechin PLE 4.35B ND ND 3.80b,A ND ND

0.06 0.03

UAE ND 2.82B ND 1.12a,A 2.23B ND

0.01 0.02 0.01

 Procyanidin B2 PLE 11.77b,C 6.81b,B 4.67b,A 14.55b,D 7.97b,B 5.37b,AB

0.08 0.08 0.02 0.07 0.08 0.01

UAE 3.28a,AB 3.91a,B 2.13a,A 2.20a,A 3.21a,B 2.25a,A

0.01 0.05 0.04 0.05 0.01 0.08

 Procyanidin A2 PLE 5.58a,C 4.09a,B 1.18a,A 5.22a,C 3.02a,B 0.90a,A

0.02 0.07 0.01 0.02 0.02 0

UAE 8.03b,B 10.01b,C 0.59a,A 7.28b,B 8.70b,B 7.14b,B

0.02 0.03 0.02 0.04 0.09 0.02

Flavonols (µg/g dw)

 Quercetin PLE 27.80a,C 9.33a,B 4.16a,A 46.91a,D 25.90a,C 12.41a,B

0.03 0.07 0.09 0.07 0.05 0.06

UAE 95.35b,D 90.03b,D 72.03b,C 64.42b,B 58.48b,B 40.85b,A

0.03 0.06 0.05 0.07 0.09 0.07

 Kaempferol PLE 3.25b,B 3.22a,B ND 2.96b,A 2.82a,A ND

0.02 0.01 0.02 0.01

UAE 2.36a,C 6.33b,E 1.57A 1.88a,B 3.51b,D 1.45A

0.02 0.01 0.04 0.02 0.03 0.01

 Rutin PLE 3.15A ND ND 7,03B ND ND

0.02 0.05

UAE ND ND ND ND ND ND

The specific polyphenol is expressed as micrograms per gram of dry weight (µg/g dw); C.V. represents 
the coefficient of variation; ND (not detected). The different capital letters show significant differences 
for each parameter process, while the different lower-case letters show significant differences between 
extraction techniques
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which can interact with ethanol molecules to form a highly viscous solution that could reduce the release of certain 
specific polyphenols like phenolic acids [51]. In addition, Phenolic acid molecules contain hydroxyl and carbonyl groups 
in their chemical structure, allowing them to form a greater number of hydrogen bonds with water molecules compared 
to ethanol molecules, which only have a single hydroxyl group.

3.4.2 � Stilbenes

In contrast to the behavior observed with phenolic acids, the use of the PLE process combined with 60% ethanol at 70 °C 
was 23% more effective in recovering stilbenes compared to pure water under the same conditions (Table 2). Similar 
behavior was reported by Huaman-Castilla et al. [31] who found that an increase from 15 to 50% ethanol at 150 °C 
improved by 83% the recovery of resveratrol during the PLE process. Meanwhile, Karacabey et al. [52] reported that the 
use of 25% ethanol at 105 °C allowed for the recovery of 14% more trans-resveratrol compared to pure water under the 
same conditions. This could be attributed to resveratrol’s intermediate polarity, which makes it more soluble in non-polar 
solvents, such as ethanol [53].

3.4.3 � Flavanols

Interestingly, the UAE process combined with intermediate ethanol concentration (30%) at lower temperatures (50 °C) 
was 24 times more effective in recovering monomers of flavanols like catechin compared to the PLE process (Table 2). 
During the UAE process, cavitation helps break the cellular matrix, releasing polyphenols, and the presence of ethanol 
improves interactions with the polyphenols, improving the extractability of these compounds [54]. Garcia-Castello et al. 
[55] also reported this positive effect of low ethanol concentration, finding that 20% ethanol at 61 °C was 14% more 
effective in recovering flavanols than 80% ethanol under the same conditions.

3.4.4 � Flavonols

Although the use of pure water was an important factor in recovering flavonols for both techniques (PLE and UAE), the 
UAE process was more effective in recovering these compounds. Under atmospheric conditions, the use of pure water at 
50° allowed to improve the extractability of quercetin (95.35 μg/g dw) compared to the use of 60% ethanol (72.03 μg/g 
dw) (Table 2). Huaman-Castilla et al. [31] reported that the presence of ketone-type carbonyl groups in the structure of 
flavonols increases their solubility in water. At the same time, a higher ethanol concentration will decrease the extract-
ability of these compounds.

4 � Conclusions

Although both PLE and UAE techniques allowed the extraction of polyphenolic compounds, the solvent composition and 
temperature were critical factors affecting their recovery. Higher temperatures have showed to be more effective for PLE, 
while lower temperatures have facilitated higher recovery of these compounds for UAE. Depending on the extraction 
method, solvent composition, and temperature, it is possible to optimize antioxidant compound recovery and enhance 
the efficiency of specific polyphenols. In the PLE process at 70 °C, pure water was more effective in recovering phenolic 
acids, flavanols, and flavonols; while 60% ethanol recovered high concentrations of stilbenes. For UAE process at 50 °C, 
30% ethanol was more effective in recovering phenolic acids and stilbenes. Meanwhile, pure water at 50 °C improved the 
recovering of flavanols and flavonols. Finally, the antioxidant-rich extracts obtained through these alternative extraction 
techniques hold promise for various applications in the food, nutraceutical, and pharmaceutical industries.
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