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Abstract: The escalating production of processed prickly pear products has led to a substantial rise
in waste materials, particularly peel, which is rich in bioactive chemicals and holds the potential
for value-added product development. However, the high perishability of these peels imposes
effective preservation techniques. So, this work aimed to explore the potential of prickly pear peels
from O. ficus-indica ‘Rossa’, ‘Gialla’, and ‘Bianca’ cultivars for the production of Opuntia beverages,
namely infusions. To achieve this goal, two distinct drying methods, namely microwave drying
and a food dehydrator, were employed with the latter method, resulting in the higher recovery of
phenolic compounds (0.5 mggag/mL vs. 0.16 mggag/mL) and the higher antioxidant capacity of
the resulting infusions. Additionally, various steeping conditions involving water temperatures of
80, 90, and 100 °C were assessed to maximize the levels of phenolic compounds and antioxidant
activity. The results demonstrate that the better overall drying method temperature and steeping
conditions for the food dehydrator were at 35 °C and boiling water (100 °C) due to its generally better
results and practicality. Sensorial trials revealed that the three infusions were generally accepted
(score > 7.20 out of 9) but that O. ficus-indica ‘Rossa’ received the highest ratings. This study offers
valuable insights for optimizing drying methods and steeping conditions to preserve and enhance
the bioactive compounds and antioxidant potential in prickly pear peel infusions, promoting their
sustainable utilization as functional ingredients in food and nutraceutical applications.

Keywords: O. ficus-indica; herbal infusion; food dehydrator; microwave; steeping; phytochemicals;
antioxidants

1. Introduction

Herbal teas and infusions, which have been consumed for centuries worldwide, are
gaining popularity for their health benefits. An estimated 6.7 billion kilograms of tea
and related herbal infusions are now being consumed worldwide, motivated by both
therapeutic and pleasurable motives [1]. Infusions encompass a spectrum of botanical
components, including leaves, flowers, seeds, fruits, bark, stems, and roots, which are
typically steeped in hot water [2] for their particular health-related properties. In general,
they represent a rich reservoir of bioactive phytochemicals, primarily polyphenols, which
are prized for their powerful antioxidant and antiradical properties and have the potential
to be used in therapeutic applications. The levels of these compounds and the benefits of
this drink are influenced by distinct processes, such as the herbal drying methodology and
the steeping techniques applied [1,3].

The genus Opuntia is one of the most agro-economically important cactus crop species;
in fact, due to its well-known health-promoting properties, the crops of the cactus pear
are increasingly gaining momentum both for health professionals and consumers [4,5].
Opuntia ficus-indica, commonly known as the prickly pear, is regarded as one of the most
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commercially valuable species among the Opuntia genus, primarily due to its renowned
health-promoting properties. In fact, this plant possesses a wide array of valuable com-
pounds, including betalains, phenolic compounds, sterols, fibers, and vitamins, particularly
vitamin C, which is known to be associated with several of its claimed health benefits,
which include, among others, antioxidant, anti-inflammatory, antidiabetic, and antimi-
crobial properties [6,7]. As a result, the cultivation of the prickly pear has experienced a
significant surge in recent years, particularly in regions such as Italy, Brazil, North Africa,
and Portugal [5,8]. As such, there is an increasing interest in this plant as a source of food,
medicine, and industrial raw materials, which has led to the establishment of extensive
research efforts aimed at enhancing its cultivation, processing, and utilization. In this
context, companies have been struggling to find new approaches and new value-added
products using prickly pear fruits.

In parallel with this, the processing of prickly fruits, such as juices and other pulp
beverages, produces high quantities of by-products, such as peels and seeds, which still
contain important nutrients and bioactive compounds [9], thus being suitable for the
production of new value-added products, instead of being treated as waste or used in
low-commercial valued products, as feed livestock. To address this issue, some researchers
have directed their efforts toward harnessing the potential of Opuntia ficus-indica peel for
the development of diverse beverage formulations. A comprehensive review by Barba
et al. [10] highlighted the utilization of Opuntia peel in beverage production, primarily due
to their rich reservoir of phenolic compounds. In many instances, these peels have been
employed in conjunction with other components of the plant, such as pulp and juices, to
yield high-value products [11,12]. Nevertheless, it is imperative to acknowledge that the
high moisture content inherent in the peel, which typically ranges from 75% to 85% [9,13],
renders these by-products exceptionally perishable, necessitating further processing steps
to ensure their safe and sustainable utilization.

The dehydration of food represents one of the most important achievements in the
history of the food industry, primarily using drying to reduce water content, preventing
microbial growth, and extending shelf life [14]. While sun drying and oven drying are
traditional methods known for their low cost and simplicity, they are time-consuming and
face challenges like weather conditions and microorganism exposure.

Nowadays, the consumers’ demand for high-quality products drives research and the
improvement of new food technologies. Processes such as cabinet drying, spray drying,
freeze drying, microwave drying, and osmotic dehydration are the most common industrial
procedures used to dry vegetal products [15]. Microwaves accelerate the drying process by
promoting the rapid vibrational excitation of water molecules, which leads to volumetric
heating, high thermal efficiency, and increased product quality. As a result, numerous firms,
such as MicroDried® [16] and ENWAVE [17], have honed their expertise in the application
of distinct microwave techniques for the dehydration of their products. Nevertheless,
due to the high frequencies of the waves, an increment in temperature can be drastic
and lead to the production of burned products [18]. Previous studies demonstrate that
drying, an essential thermal process in producing teas and herbal infusions, may cause
significant losses of bioactive ingredients and thereby decrease the health benefits and
quality of the products [19,20]. Moreover, steeping conditions such as water volume,
temperature, and steeping time also claim to affect the content of the desired components
in tea infusions [21,22].

A small number of authors have previously studied the impact of different drying
methods, namely oven, freeze-drying, and microwave drying, on fruits and peels from O.
ficus-indica [13,23,24]. Specifically, these studies have focused on evaluating the nutritional
composition of these peels and utilizing oven-dried peels as flour supplements in the
development of pastry products without investigating the impact of drying methods. So,
there is a notable gap in the existing literature regarding the drying of O. ficus-indica peel,
both from a kinetics point of view and the suitability of the resulting material for use in the
production of beverages. Furthermore, the scarcity of publications on prickly pear infusion
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production, which are mostly centered on its flowers [25,26], coupled with the absence
of previous investigations into the influence of steeping temperatures, underscores the
imperative for further research that is aimed at optimizing the infusion process to yield a
beverage characterized by elevated levels of bioactive compounds.

Therefore, in this study, the effects of microwave and dehydrator drying and steeping
settings were evaluated to find the best conditions for producing prickly pear peel infusions
with a high content of bioactives, antioxidant activity, and sensory quality. These findings
support the idea of a simple drying and steeping method that may be applied at home or
on a small scale to create high-quality prickly pear infusions.

2. Materials and Methods
2.1. Opuntia ficus-indica Peels

The fruits of three different O. ficus-indica cultivars were cultivated and collected by
Cooperativa Agricola, Figo d’Idanha (Idanha a Nova, Portugal). After harvest, the fruits
underwent distinct processing procedures, as outlined by Ferreira et al. [27]. In brief, the
cultivar pulps and seeds were separated, and peels were packaged in 3 kg polyethylene
bags without additives. The samples were stored at —20 °C for further analysis of the
proximal composition (Section 2.2). In addition, just after arrival, a portion of the frozen peel
was thawed and divided for drying in a food dehydrator or in a microwave (Section 2.3).

2.2. Proximal Composition of Prickly Pear Peels

The relative moisture content was assessed by placing 1-2 g of prickly pear peels in a
porcelain crucible and drying them at 105 °C overnight before weighing. To measure the
ash content, the residual material was pre-incinerated on a heating plate for 20 min and then
subjected to a muffle furnace at 550 °C for 6 h, with subsequent gravimetric quantification.
The mineral composition was analyzed using microwave-assisted acid digestion following
the method described by Marcal et al. [28]. A sample (up to 0.5 g) was digested with 4 mL of
69% (w/w) HNO3 in a microwave digester (Speedwave MWS-3+). Two cycles of microwave
radiation were applied as follows: initially, the temperature was raised to 130 °C and then
170 °C with varying power levels and durations, followed by a cooling process. After
cooling, 0.5 mL of 30% (w/w) HyO, was added, and a second digestion cycle was conducted.
Acid digests were diluted to 50 mL with Milli-Q water. The mineral content was determined
using an inductively coupled plasma mass spectrometry (ICP-MS) on a Thermo ICP-MS
XSeries equipped with a Burgener nebulizer. Total nitrogen, hydrogen, and carbon assays
were conducted on a FlashEA 1112 Elemental analyzer (Thermo, Waltham, MA, USA) with
helium (130 mL/min) as the carrier and reference gas (100 mL/min). The temperatures of
the oxidation and reduction ovens were 900 °C and 680 °C, respectively, and the oxygen
flow was 250 mL/min. The protein content was calculated using the nitrogen content
multiplied by the universal conversion factor of 6.25. The total carbohydrate content was
obtained by differences and calculated using the following formula:

Total carbohydrate % = 100 — (protein% + lipid% + moisture% + ash%)

2.3. Drying of Prickly Pear Peels

The peels were dried at 35 °C, 60 °C and 85 °C using a food dehydrator (DEHY,
LACOR MENAJE PROFESIONAL S.L, Bergara, Spain) and three different potencies at
125 W, 375 W, and 700 W using a microwave (MW, Eletronia, D70H20LE17, Vanderbijlpark,
South Africa), until reaching a moisture content below 8%. During the drying processes,
the moisture content of the samples was measured to establish the drying curves at each
drying temperature and microwave potency. The dried samples were stored in the dark at
room temperature throughout the period of analysis.
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2.4. Prickly Pear Peels Infusions

The dried peels were cut by hand into smaller pieces of approximately 2 x 2 cm.
Approximately 2 g of the peel were then added to 100 °C water (for the drying methods
study) and 80 °C, 90 °C and 100 °C water (for the study of steeping conditions) in a ratio of
100:1 (mLwater / 8dried peel); they were left to steep for 5 min. The liquid-solid ratio and the
time of steeping were defined using the mean of the quantities used in commercial teas.
The resulting prickly pear infusion, steeped under different conditions, was evaluated for
total phenolic compounds, total flavonoid content, total betalains, and antioxidant capacity.

2.5. Phytochemicals of Prickly Pear Peel Infusions
2.5.1. Total Phenolic Content (TPC)

The TPC was determined with the Folin—Ciocalteu reagent using the adapted pro-
cedure described by Singleton and Rossi [29]. Briefly, 15 uL of the diluted sample was
reacted with 15 uL of the 0.2 mol/L Folin—Ciocalteu reagent and 60 pL for 5 min, and then
150 pL of 7% the sodium carbonate solution was added into the reaction mixture. The
absorbance readings were taken at 760 nm after incubation at room temperature for 1 h
in an automated plate reader (Biotek Instrument Inc, Winooski, VT, USA). Gallic acid was
used as a reference standard, and the results were expressed in gallic acid equivalents per
milliliter of infusion (GAE)/mL.

2.5.2. Total Flavonoid Content (TFC)

The TFC in prickly pear peel infusions was measured using the colorimetric method
(trichloride aluminum method) outlined by Yeddes et al. [30]. An aliquot for each infusion
(0.3 mL) was added to a 5 mL volumetric flask containing 0.45 mL of distilled deionized
water. After 5 min, 0.75 mL of the 2% aluminum chloride (AlCl3-H,O) solution was
added. The mixture was shaken and allowed to rest for 10 min of the reaction. The
absorbance was measured at 415 nm versus the prepared methanol blank with a UV-VIS
spectrophotometer (Biotek Instrument Inc, Winooski, VT, USA). Quercetin was used as a
reference standard, and the results were expressed as the equivalent of quercetin per L of
the infusion (mgQuerceﬁnL_1 of infusion).

2.5.3. UHPLC-DAD-ESI-MS" Analysis

UHPLC-DAD-ESI/MS analyses were carried out, as reported by Ferreira et al. [31,32].
The compounds were separated on a Hypersil GOLD C18 column (100 x 2.1 mm, 1.9 um
particle size, Thermo Scientific, Waltham, MA, USA) at 30 °C. Gradient elution with 0.1%
formic acid in water (A) and 30% methanol in acetonitrile (B) was performed at 0.2 mL/min.
UV-Vis data were collected from 200 to 700 nm while chromatographic profiles were
taped at 280 nm. MS operated in the negative mode, and the instrument scanned in the
range of m/z 100-2000. The ESI settings used were a needle voltage of 4.80 kV and a
capillary temperature of 275 °C. The identification of compounds was performed through
the comparison of retention times, absorption spectra, and MS data with standards in the
literature [33].

2.5.4. Total Betalains

The assessment of the amount of betalains present in the prickly pear peel infusion
followed the procedure outlined by Stintzing et al. [34]. The samples were mixed with a
Mcllvaine buffer (citrate-phosphate buffer with a pH of 6.5) to achieve absorption values
ranging from 0.9 to 1.0 at their respective absorption maxima. The betalain content (BC)
was calculated using the following formula: BC [mg/L] = (A x DF x MW x 1000/¢ x 1),
where A represents the absorption value at the absorption maximum, corrected for the
absorption at 600 nm; DF is the dilution factor; and 1 is the path length of the cuvette
(which was 1 cm). The molecular weights (MW) and molar extinction coefficients (£) of
betanin (MW = 550 g/mol; £ = 60,000 L/(mol.cm) in H,O; A = 538 nm) and indicaxanthin
(MW =308 g/mol; £ =48,000 L/(mol.cm) in HyO; A = 480 nm) were used for the quantifi-
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cation of betacyanins and betaxanthins. All measurements were performed in duplicate
using a UV-VIS automated plate reader (Biotek Instrument Inc, Winooski, VT, USA).

2.6. Antioxidant Activity
2.6.1. ABTS** Discoloration Assay

The total antioxidant activity of the infusions was measured using an adaptation of
the ABTS** discoloration assay, as previously described [27,35]. Briefly, the solution of
ABTS** produced with 7 mM ABTS-NHj and 2.45 mM potassium persulfate was diluted
with distilled water until an absorbance of 0.70 & 0.05 at 734 nm was obtained. Afterward,
50 pL of each sample was combined with 250 pL of the diluted ABTS®** solution in a 96-well
microplate (Biotek Instrument Inc., Winooski, VT, USA). The mixture was allowed to react
for 20 min in the dark, at room temperature, and the absorbance was then measured at
734 nm, and the results were expressed in milligrams of GAE per mL of the infusion.

2.6.2. Superoxide (SO®) Scavenging Assay

The SO® scavenging capacity of prickly pear infusions was determined, as described
by Catarino et al. [36]. To a mix of 75 uL of nitroblue tetrazolium (NBT), 100 uL of 3-NADH
and 75 pL of phenazine methosulfate (PMS), 75 puL of each sample/standard was added, left
to incubate at room temperature for 5 min, and the absorbance was measured at 560 nm in
a plate reader (Biotek Instrument Inc., Winooski, VT, USA) [36]. The results were expressed
in the milligrams of GAE per mL of the infusion.

2.6.3. Nitric oxide (NO®) Scavenging Assay

The NO*® scavenging method was adapted from Catarino et al. [36] with the absorbance
of the prickly pear infusions measured at 562 nm in an automated plate reader (Biotek
Instrument Inc., Winooski, VI, USA) after mixing with 100 uL of sodium nitroprusside
and the Griess reagent (0.5% sulphanilamide and 0.05% naphthyletylenediamine dihy-
drochloride in 2.5% H3POy). Gallic was used as a reference, and results were expressed in
milligrams of GAE per mL of the infusion.

2.7. Sensory Analysis

An untrained panel of 32 tasters, consisting of 18 females and 14 males, aged between
21 and 70, was used to evaluate the infusions, which were prepared as follows: 4 g of small
fragments of peel was added to 400 mL of boiling water, and the mixture was left to infuse
for 5 min, after which it was transferred to a washed container to remove any sediments.
The tasters were asked to evaluate the infusion based on the following parameters: color,
aroma, flavor, visual appearance, and overall acceptance. A qualitative scale was used to
describe their degree of like or dislike for each of the tested infusions. Additionally, the
tasters were asked a few more questions to determine their overall acceptance of the drink.
The survey used in the evaluation is provided in the supplementary material (Table S2).

2.8. Statistical Analysis

Principal component analysis (PCA) and cluster analysis were conducted using the
online software MetaboAnalyst 5.0 [37]. One-factor statistical analysis was applied, and
standard normalization was utilized within the software. The results of the physicochemical
and antioxidant analyses are presented as the mean =+ standard deviation based on a
minimum of three independent assays performed in duplicate. All experimental data
underwent statistical analysis using GraphPad prism 6.1 software to assess the significant
differences between samples. The analysis employed a two-way ANOVA test with a
significance level set at 0.05.
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3. Results and Discussion
3.1. Proximal Composition of Opuntia ficus-indica Peels

The proximate composition of prickly pear peels from three cultivars (cv ‘Rosa’,
‘Gialla’, and ‘Bianca’) is summarized in Table 1. The moisture and ash content of the
samples was similar to those described by other authors [38,39]. The protein content was
about 5%, which is a value consistent with those reported for dried prickly pear peel from
Egypt [9]. The peel contained approximately 75% of carbohydrates and 1% of lipids, which
is a carbohydrate content similar to that reported by Parafati et al. (73%) [39], while that
of lipids was considerably higher (2%). The mineral content of the samples was found to
be generally consistent with data from the literature for plants of the same cultivars, with
the exception of iron (Fe), copper (Cu), and zinc (Zn), which were ten times lower than
those found by other authors [9,40]. Moreover, in agreement with the existing literature,
we also observed clear variations in the mineral content of the three cultivars. Notably,
the ‘Rossa’ cultivar had a higher concentration of magnesium (Mg), manganese (Mn), iron
(Fe), and zinc (Zn); ‘Gialla” was richer in selenium (Se); and the ‘Bianca’ cultivar contained
higher levels of nickel (Ni). Note that the plants used in this study were not fertilized, and
the mineral content of the soil could have affected the mineral uptake by the plants, as
suggested by previous studies on the traceability of Portuguese wine grapes [41].

Table 1. Proximal composition (moisture, carbohydrates, lipids, protein, ash and minerals) of the
prickly pear peels—cv ‘Rossa’ (red peel), cv ‘Gialla’ (orange peel), and cv ‘Bianca’ (white peels)—after
drying at 35 °C. Results are expressed as averages £ SD. (n = 3). Different lowercase letters above
each bar indicate statistically significant differences (p < 0.05).

‘Rossa’ ‘Gialla’ ‘Bianca’
Moisture (% dw) 78+012 79+012 7.7 0.0 2P
Carbohydrates (% dw) 74+ 62 74+ 54 75+ 62
Lipids (% dw) 0.98 +£0.022 0.93 +0.02b 0.98 £+ 0.012
Protein (% dw) 454 +0.042 462 +0.02b 449 +0.032
Ash (% dw) 123+0.12 129+0.1Pb 1154+ 0.1°¢
Macrominerals (g/kg)
K 29+22a 27 +34 34432
Ca 124+ 042 0.75 +0.03b 0.8+02b
Mg 31+032 1.60 + 0.01 " 144067
Na 498 +912 445 4+ 1202 557 + 78
Microminerals (mg/kg)
B 11412 13+ 42 12+ 42
Mn 15+ 22 8+ 1P 9+1b
Fe 31+092 0.87 +0.07b 1.7 +043ac
7n 35+072 1.8+ 05P 1.6 +02P
Rb 13+1°2 18+ 2P 11+12
Microminerals (ug/kg)
Cu 451 + 652 336 + 49 @ 273 4 76 b¢
P 193 +212 157 £ 372 214+ 702
Se <100 251 + 50 <100
Ni 48 £ 72 38+102 78 +£9P
Ce 1.9+ 022 3+1P 2.000 £ 0.002 @

3.2. Effects of Drying Process on Prickly Pear Peels
3.2.1. Drying Curves and Visual Aspect

Preserving food products by drying is a widely used technique that helps retain the
nutritional value and bioactive compounds of the food. The primary objective of this
method is to remove water from the food, which, in turn, prevents the degradation of
biological compounds due to chemical oxidation and enzymatic activity. The drying curves
of various types of cultivar peel were found to be quite similar. As an example, the impact
of different drying techniques on the drying kinetics of the ‘Rossa’ cultivar is illustrated
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in Figure 1. It took approximately 28 h to decrease the moisture content from 81.1% to
8% at 35 °C, whereas increasing the drying temperature to 60 °C or 85 °C resulted in
reduced drying times of 18 and 8 h, respectively. Previous studies have reported analogous
findings concerning the rates of water loss and drying durations when employing diverse
temperature conditions for the dehydration of alternative fruit peels, including citrus peels
and roselle fruits [42-44].

100 100

80 80 ¢
E\iao S
P N 60
E . E
-£40 . N 240 !\.
= = _ =

20 Tl g 20 T &g

::‘!~.!____. : i-.i
0 0
0 5 10 15 20 25 30 0 5 time (min) 10 15
time (h)
— &= 35°C 60°C —o— 85°C - 9= 125W 375W  ——0—"T00 W

(@) (b)

Figure 1. Drying curve of Opuntia ficus-indica peels from cv ‘Rossa’ (a) at different temperatures,
35 °C (green), 60 °C (yellow) and 85 °C (orange) and (b) at different microwave potencies, 120 W
(green), 375 W (yellow) and 700 W (orange).

The kinetics of O. ficus-indica peel drying was initially fast, possibly due to their high
water content, and the drying rate decreased toward the end of the process with less water
available to evaporate. Other herbs, such as Alpinia zerumbet, Etlingera elatior, Curcuma
longa, Kaempferia galanga, and Vitex leaves, with lower-water activity, were reported to have
faster drying rates than O. ficus-indica peel [45].

Regarding the use of MW, there are no data from the literature focusing on the effects
of MW potencies on O. ficus-indica peel. This drying technology significantly reduced
the drying time compared to the food dehydration methods, which is in agreement with
previous findings for other fruits and vegetables [42,46,47]. In this study, drying times of
around 12, 8, and 5 min were achieved for all the cultivars tested when using MW potencies
of 125 W, 375 W, and 700 W, respectively. However, despite the ability of MW heating
to efficiently generate heat within moist food portions, its non-uniform electromagnetic
field within the MW cavity can result in excessive temperatures at product edges and
corners, leading to irreversible drying and scorching and may cause the development of
off-flavors [48]. This was observed in MW-dried peel, as evidenced by the dark, burned
spots shown in Figure 2.

Figure 2. Impact of the electromagnetic field present in a microwave oven on Opuntia ficus-indica cv
‘Rossa’ peel.
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TPC (mggag /mL)

Total phenolic content

3.2.2. Influence of Drying on the Phytochemical Composition of Infusions

The impact of two different drying methods (DEHY and MW) on the phytochemical
composition and antioxidant capacity of three cultivars of prickly pear peels (cv ‘Rossa’,
‘Gialla’, and ‘Bianca’) was investigated by producing infusions obtained with water at
100 °C. The TPC of the infusions was significantly different between the two drying
methods, with MW-dried peel resulting in infusions with a lower TPC compared to those
obtained from DEHY-dried peel (Figure 3a). On the other hand, the variation in the potency
of MW in the range of 125 W to 700 W caused insignificant variations in the phenolic
levels of the respective infusions. This behavior is similar to that reported by Wojdyto et al.
for Ziziphus jujube Mill fruits, where an increase in the MW potency from 120 to 480 W
tended to reduce TPC in jujube fruits from all three cultivars tested but not significantly [49].
Furthermore, Ghanem et al. also demonstrated that the MW-drying of citrus peel sourced
from distinct cultivars, with a gradual increase in the microwave power within the range
of 100 to 450, yielded a non-significant reduction in TPC. However, when compared to
the fresh samples, a more pronounced reduction in TPC was evident. This decline in TPC
could be attributed to the uninterrupted exposure of the peel to electromagnetic radiation,
which induced thermal degradation and the subsequent combustion of the peel, thereby
resulting in a concomitant reduction in TPC [43].

Total flavonnoid content

30
ab

<) . i a
g 282 a a a2 a - ] 3 a a
= 20 ac
Q
51
=
)
=
o
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Total betalain content
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Figure 3. Variation in the (a) Total phenolic compounds, (b) Total flavonoids, and (c) Total betalains
compounds of prickly pear peels infusions cv ‘Rossa’ (red peel) in red (=), cv ‘Gialla’ (orange peel)
in orange (==), and cv ‘Bianca’ (white peel) in grey (==) obtained after MW and DEHY-drying at
different potencies/temperatures, respectively. Results are expressed as the average + SD (n = 3).
Different lowercase letters above each bar indicate statistically significant differences (p < 0.05).

TB (mg/mL)
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Regarding the DEHY-dried peel, in general, there was no significant variation in the
TPC for the three temperatures tested (35 °C, 60 °C and 85 °C) and for the three prickly
pear cultivars, suggesting that the increase in the drying temperature up to 85 °C did not
degrade the phenolic compounds present in the peel [50]. Curiously, the levels of total
flavonoids in all the infusions were not affected by the drying method, the MW potencies,
or the dehydrator temperature. Nevertheless, when comparing the results of this study
with those reported by other researchers for fruit juices, infusions, and flavored teas also
prepared in the same ratio (1:100), all the samples evaluated in this work exhibited higher
flavonoid concentrations [51,52].

Betalains, i.e., water-soluble nitrogen-containing pigments, are important metabolites
in prickly pear figs, determining their reddish-purple and yellow-orange colors (betacyanin
and betaxanthin, respectively). These compounds are claimed to exhibit strong antioxidant
properties but are susceptible to pH, oxygen, metal ions, temperature, water activity,
light exposure, and enzymatic activities, which limit their industrial applications [53]. As
expected, the infusions of cv “Rossa’ origin presented the highest levels of betalains due to
the fact that the fruit of this cultivar is quite rich in betacyanin [54], while that of cv “Gialla”
contained moderate amounts of betaxanthin and cv “Bianca” does not contain betalains, as
it does not present the metabolic pathway for their production [55]. Curiously, the levels
of these metabolites were improved in infusions that originated from MW-dried peels
compared to those produced from prickly pear peels submitted to DEHY-drying. Moreover,
as opposed to TPC, the increase in MW potencies in the drying process allowed a greater
recuperation of betalains in the infusions, suggesting that the shortening of time provided
at high MW potencies is a key factor for their preservation, possibly due to their consequent
reduction in exposure to factors such as oxygen, light, enzymes, and water activity. These
findings are consistent with a previous study reporting that the use of MW-drying resulted
in the extraction of higher quantities of betalains compared to the conventional temperature
drying of Beta vulgaris [56]. In the case of DEHY-drying, it is expected that an increase in the
drying temperature from 10 to 50 °C could lead to the greater retention of betalains due to a
reduction in the drying time and the consequent decrease in exposure time [57]. At higher
temperatures, despite the increase in extraction, there is also a degradation of betalains.
This negative effect of temperature on the preservation of betalains has been previously
reported [58-60]. Thus, our results consolidate the preference for low temperatures for the
preservation of betalains.

3.2.3. Antioxidant Activity of the Infusion

As mentioned, the nutritional and beneficial properties of the prickly pear are largely
associated with the antioxidant compounds it contains, including phenolic compounds
and betalains. In this work, three different antiradical tests (ABTS**, NO®, and SO°®) were
performed to evaluate the antioxidant capacity of the prickly pear infusions. In the vast
majority, infusions produced from MW-drying peels had an inferior antioxidant capacity
compared to those obtained from DEHY-dried peels (Figure 4). Yet, there were distinct
tendencies among the three executed assays.

The ABTS®** assay relies on electron transfer principles, i.e., upon the addition of
the samples to the reaction mixture, they donate electrons to neutralize ABTS radicals,
reducing them back to colorless ABTS. The degree of discoloration directly corresponds to
the substance’s antioxidant capacity [61]. In this study, MW-drying led to a significantly
reduced antioxidant capacity. As shown in Figure 2a, samples dried using MW exhibited
an approximately 1.5 times lower ability to scavenge the ABTS®** radical compared to those
dried using a DEHY at the lowest temperature. In more detail, both the increment of MW
potencies and temperature clearly decreased the ability of the infusions to scavenge the
ABTS**, which is a fact that may be attributed to the degradation of some antioxidant
compounds present in the peel and caused by its long exposure to oxygen, light and
moderate temperatures, and the application of electromagnetic radiation [48,62]. Still, this
effect was not evident in the other two antioxidant tests.
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Figure 4. Variation in the capacity to scavenge the (a) ABTS**, (b) NO®, and (c) SO® of prickly pear
peel infusions cv "Rossa” (red peel) in red (=), cv ‘Gialla’ (orange peel) in orange (==), and cv ‘Bianca’
(white peel) in grey (=) obtained after MW and DEHY-drying at different potencies/temperatures,
respectively. The results are expressed as the average & SD (n = 3). Different lowercase letters above
each bar indicate statistically significant differences (p < 0.05).

The NO radical is pivotal in comprehending the body’s anti-inflammatory responses,
and, in particular, in the NO® scavenging assay, a sample is introduced into the reaction
mixture, serving as an electron donor that neutralizes the radicals. This electron transfer
process converts NO radicals back to nitric oxide or related species. The degree of this
reduction directly indicates the substance’s anti-inflammatory potential. Hence, within
anti-inflammatory processes, compounds with robust NO radical-scavenging abilities
are essential [63]. In this particular case, for NO® scavenging, the increase in MW po-
tencies showed no significant correlation with the capacity of samples to scavenge the
radical, whereas the rising DEHY temperatures resulted in infusions with a better ability to
scavenge this radical (approximately 0.1 mgGAE/mL and 0.6 mgGAE/mL for MW and
DEHY, respectively). Similar results have been reported in the literature for the drying
of other fruits belonging to the genus Opuntia [64,65] and for various teas and herbal
infusions [66-68]. Superoxide radicals, highly reactive molecules involved in oxidative
stress and various diseases, are targeted in the superoxide radical assay. In this assay, a
substance is introduced into the reaction mixture, where it scavenges superoxide radicals
through electron donation. This electron transfer process transforms superoxide radicals
into stable molecules, effectively neutralizing their harmful effects [69]. When exploring the
S0° scavenging ability, it was evidenced that MW-drying peels from the ‘Rossa’ cultivar
were the most promising sample, with the highest recorded antioxidant capacity. At lower
MW potencies, the ‘Rossa’ infusion exhibited twice the ability to reduce the superoxide
radical when compared to the infusion produced with the peel from the ‘Gialla’ and ‘Bianca’
cultivars. This finding is likely due to the microwave’s known capacity to extract betalains
from beetroot [56], which is associated with higher superoxide scavenging capacities [70,71].
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In turn, the increase in temperature caused little effect on the capacity of the infusions to
scavenge SO®. The cultivars ‘Rossa’ and ‘Gialla’ exhibited a lower capacity to scavenge
SO® when compared to cv ‘Bianca’, quantifying approximately 0.6 mgGAE/mL for ‘Rossa’
and ‘Gialla,” and 0.8 mgGAE/mL for ‘Bianca’. The application of higher temperatures
during dehydration was observed to decrease the recovery of phytochemicals, as seen in
the results presented earlier and previously reported by Bassama et al. for Opuntia dillenii
Haw [72]. Notably, the ‘Bianca’ cultivar is linked with a higher ascorbic acid content [73]
that is associated with higher resilience to high temperatures, potentially contributing to its
greater capacity to scavenge superoxide radicals.

3.2.4. K-Means Cluster Analysis and Principal Components Analysis (PCA)

The PCA and cluster analysis of the phytochemical composition and antioxidant
capacity of prickly pear infusions is illustrated in Figures 5 and 6, as well as in Figures S1
and S2 in the Supplementary Materials.

Cluster Analysis

Cluster-0
Cluster-1
Cluster-2
Centers

Oe e

X-1

Figure 5. K-means cluster analysis of Opuntia ficus-indica peel infusion from ‘Rossa’, ‘Gialla” and
‘Bianca’ cultivars after DEHY-drying and MW-drying showing the clusters formed between the
different drying methods and the different phytochemical, and antioxidant components of Opuntia
ficus-indica peel infusion (K = 3).
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Figure 6. Principal component analysis (PCA) of Opuntia ficus-indica cv ‘Rossa’, ‘Gialla’ and ‘Bianca’
peel infusions after DEHY-drying (e—in green) and MW-drying (A—in red), showing the correlation

between the different drying methods and the different phytochemical, and antioxidant components
of Opuntia ficus-indica peel infusion.
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The statistical analysis conducted yielded three distinct clusters, i.e., K = 3, with the
first two being more densely populated than the third; the latter is highlighted in green
on the right-hand side of the figure. This green cluster (Cluster 2) is composed of the
results obtained for betalains, which were significantly different, presenting high variability
between the cultivars and drying temperatures compared to the other tests performed. The
other two populated clusters corresponded to the values obtained for the TPC, TFC and
antioxidant activity. The choice of the number of K-means clusters was based on ensuring
a variance of at least 90%, while the sum of squared distances from all the points to the
centers (SSE) was 10.38, indicating a considerable level of variability within the different
clusters. These findings highlight the inherent variability associated with the methods of
drying and the specific tests performed, as previously noted.

Principal component analysis (PCA) is a statistical technique used to reduce the di-
mensionality of large datasets while maintaining as much variance as possible. In this
study, PCA was employed to analyze the infusions of O. ficus-indica obtained from different
drying techniques and cultivars. Specifically, three different drying temperatures (35, 60,
and 85 °C) and three microwave potencies (125, 375, and 700 W) were investigated, and
the resulting clusters identified in the PCA (Figure 6) demonstrated a correlation superior
to 95%, that both the drying techniques and cultivar composition had an impact on the
observed variation in the results. Figure S1 (supplementary materials) also depicts the
effects of different cultivars on the PCA. Further, the Biplot PCA, illustrated in Figure
52, highlights that the concentration of betalains in the infusions was the main difference
between the techniques, and this was represented by the points farthest from the central
cluster. These findings are consistent with the results obtained from the cluster analy-
sis (Figure 5). Additionally, the scavenging of superoxide and nitric oxide radicals also
contributed to some variation in the drying methods, as discussed in Section 3.2.3.

Overall, the comparison of the effects of various temperatures and microwave potency
settings allowed us to conclude that the selection of the drying method had a greater impact
on the phytochemical composition and antioxidant activity of the prickly pear infusion
from the three cultivars evaluated, whereas changes in temperature, particularly at 35 °C
and 60 °C, had a slightly higher influence on the majority of the tests conducted. Notably,
using higher temperatures (more particularly, 80 °C) caused a more noticeable negative
impact on the extracted materials. Also of note, preliminary sensory tests indicated that
they differed in odor and taste, with a consumer preference for the infusion obtained from
cv ‘Rossa’ due to its more appealing color and taste. Moreover, all infusions produced from
MW-dried peel had a slightly burnt taste, which was pointed as unpleasant.

3.3. Effects of the Steeping Temperature Conditions on the Contents of Phytochemicals and
Antioxidant Activity of the Infusions

Based on the previous results, which showed a higher phytochemical content and
antioxidant activity for DEHY-dried peel at low temperatures (35 °C and 60 °C), these
conditions were then chosen to study the effects of three different steeping conditions by
infusing the peel in water (1:100) at 80, 90, and 100 °C for 5 min on the phytochemical
content and antioxidant capacity of prickly pear peel infusions.

For the peel dried at 35 °C, the use of water temperatures at 80 °C and 90 °C yielded
a comparable extraction of phenolic compounds (Figure 7). As for peel dried at 60 °C,
with the exception of ‘Rossa’ cv, an increase in the water temperature resulted in an
improvement in the recovery of TPC from the infusion. This trend is consistent with
findings reported for white and oolong tea as well as rice leaf infusion, where an increase in
steeping temperature led to an increased recovery of TPC after 3-5 min of steeping [74-76].
Globally, for both the drying temperatures, the maximum of phenolic compounds recovered
was obtained with the use of water at 100 °C, which was around 0.5 mggag/mL and, thus,
higher than the values obtained by Nikniaz et al. for commercial black teas (Camellia
sinensis L.) (0.1-0.3 mggagp/mL) [21]. Nevertheless, levels of flavonoids were similar in all
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infusions and significantly lower than those found by Chong and Nyam for kenaf leaves
tea (57-68 mgcyg/L).
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Figure 7. Variation in the (a) Total phenolic compounds, (b) Total flavonoids, and (c) Total betalains
compounds of prickly pear peel infusions cv "Rossa ” (red peel) in red (==), cv ‘Gialla’ (orange peel)
in orange (==), and cv ‘Bianca’ (white peel) in grey (=) obtained from peel dried at 35 and 60 °C and
steeped at 80, 90, and 100 °C. Results are expressed as the average =+ SD (n = 3). Different lowercase
letters above each bar indicate statistically significant differences (p < 0.05).

The chromatographic analysis of all infusions revealed similar peaks at 280 nm, sug-
gesting that the same phenolic compounds were extracted regardless of the steeping
conditions employed. The identification of the main phenolic compounds was based on UV
data plus MS/MS data and further comparison with data from the literature. As observed
in Figure 8 (a representative chromatogram of all infusions produced) and Table S1, the
main compounds identified in the three Opuntia cultivars included piscidic acid, eucomic
acid, and isorhamnetin derivatives. Not surprisingly, all these compounds matched the
main phenolic components previously reported in juices with a fermented beverage and
betalain-rich microparticles from the peel flour of O. ficus-indica [8,27,31,32].

In all tested conditions, the levels of total betalains in cv ‘Rossa’ infusions were higher
than those of cv ‘Gialla’ (Figure 7c). Moreover, maximum levels were obtained from cv
‘Rossa’ samples dried at 35 °C. This is in accordance with Bassama et al.’s description of
the degradation of betacyanins from Opuntia dillenii Haw during pasteurization at 60-90 °C
and storage [72]. In the case of the ‘Gialla’ cultivar, the total betalain content was found to
be higher for peel that was dried at 35 °C and steeped at 90 °C. However, when the peel
was DEHY-dried at 60 °C, an increase in the steeping temperature resulted in a decrease in
the betalain extraction for both the red and orange cultivars.
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Figure 8. The chromatogram with the identification of the components detected in the on Opuntia
ficus-indica infusion from cv ‘Rossa” (red peel), cv ‘Gialla’ (orange peel), and cv ‘Bianca’ (white peel)
produced from peel dried at 35 °C and steeped at 100 °C, at 280 nm using UHPLC-DAD-ESI-MS".

The antioxidant activity of the infusions obtained at 80, 90, and 100 °C against ABTS®*,
50°, and NO* is shown in Figure 9. The results suggest that there was no statistically
significant difference in the capacity to scavenge SO® among infusions produced at various
steeping temperatures. Similarly, Hajiaghaalipour et al. found that the ability to scavenge
SO* using cold and hot water extracts was similar. These findings imply that the steeping
temperature may not affect the capacity to scavenge SO® [77].
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Figure 9. Variation in the (a) ABTS**, (b) SO®, and (c) NO® scavenging capacity of prickly pear peel
infusions cv “Rossa” (red peel) in red (==), cv ‘Gialla’ (orange peel) in orange (==), and cv ‘Bianca’
(white peel) in grey (=) obtained from peel dried at 35 and 60 °C and steeped at 80, 90, and 100 °C.
Results are expressed as the average & SD (n = 3). Different lowercase letters above each bar indicate
statistically significant differences (p < 0.05).
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In turn, our study reveals that the infusions obtained from ‘Gialla” and ‘Bianca’ culti-
vars, which were subjected to DEHY-drying at 35 °C, exhibited a variation in their ability
to scavenge ABTS®**. A slight increase in the scavenging capacity was observed at higher
steeping temperatures, while the opposite trend was observed for infusions obtained from
the peel that was DEHY-dried at 60 °C. Similar values to those observed for peel dried
at 35 °C were reported by Pérez-Burillo et al. for white tea. The authors found that the
variation in water temperature from 60 to 100 °C resulted in an increase in the ability
to scavenge ABTS®" [74]. It is possible that the superior retention of these compounds
observed for samples dried at 35 °C, compared to those dried at 60 °C, may lead to a higher
capacity to scavenge ABTS cation radicals.

As for the capacity of the prickly pear infusion to act as a scavenging agent of nitric
oxide radical, the steeping temperature also had opposite effects depending on the drying
temperature. Drying at lower temperatures led to a decrease in the NO® scavenging capacity
with an increase in the steeping temperature, while peel dried at higher temperatures
showed an increase in the NO® scavenging capacity with a higher water temperature.
Nevertheless, except for the infusions obtained at 100 °C, those obtained from DEHY-
dried at 60 °C were low and promising compared to infusions from DEHY-dried at 35 °C.
Hajiaghaalipour et al. reported comparable outcomes when using infusions of distinct
white, green, and black teas. Their study demonstrated that steeping the dried teas at
varying times and at different temperatures resulted in different effects for each tea variety.
Steeping at higher temperatures of silver needle white tea resulted in a reduction in the
antioxidant activity of the infusions, whereas the opposite trend was registered for black
tea [77]. These observations suggest that the ability of different tea samples to scavenge
NO radicals is dependent on the properties of the raw material as well as the drying and
steeping temperatures.

Principal Components Analysis of Steeping Conditions

Figure 10 presents the results of the principal component analysis (PCA) of O. ficus-
indica infusions, which were prepared by steeping at 80, 90, and 100 °C. The distribution of
the points in the figure reveals that water temperature had little impact on the variations
observed in the phytochemical composition and antioxidant capacity. With a correlation
of 99.9%, it can be concluded that the biggest changes were observed for the TPC at
100 °C, the betalain content, and SO® scavenging. This finding was also corroborated by
the Biplot shown in Figure S3 (Supplementary Materials). The clustering observed was
primarily attributed to the differences in the composition of various cultivars, such as
the variation in the total betalain content, which had a more significant influence on the
results obtained. Therefore, it can be concluded that the use of different steeping conditions
does not affect the phytochemical and antioxidant capacity of O. ficus-indica peel infusion.
Moreover, a preliminary sensory analysis performed in our group indicated that the overall
characteristics, including color, odor, and taste, of the infusions of each cultivar produced
under different steeping conditions were indistinguishable from each other.

3.4. Sensorial Analysis of the infusions

In order to understand the consumers’ acceptability of the infusion produced, a
sensory evaluation was conducted on the prickly pear peel infusion. This study involved
the utilization of three different cultivars and the use of peel dried at 35 °C and steeped at
100 °C, as these conditions yielded superior overall results, namely regarding the content
of phenolic compounds, betalains, and the antioxidant capacity. The global appearance of
the prickly pear infusions from the three cultivars was clearly distinguishable in terms of
their color (Figure 11).
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Figure 10. Principal component analysis (PCA) of Opuntia ficus-indica peel infusions from cv ‘Rossa’,
‘Gialla’, and ‘Bianca’ dried at 35 °C (A—in red) and 60 °C (e—in green) in a food dehydrator and
after steeping at three different temperatures (80, 90, and 100 °C) showing the correlation between
the different steeping conditions and the different phytochemical and antioxidant components of
Opuntia ficus-indica peel infusion.

Figure 11. Infusions of Opuntia ficus-indica cultivars ‘Gialla” (left), ‘Rossa” (middle) and ‘Bianca’ (right)
produced with approximately 1 g of dried peel and 100 mL of water at 100 °C.

The sensory evaluation was performed by an untrained panel consisting of 32 tasters
ranging in age from 24 to 70 years. For this, a qualitative scale ranging from 1 to 9, with
each value corresponding to a specific criterion, was used as follows: (1) Dislike extremely;
(2) Dislike very much; (3) Dislike moderately; (4) Dislike slightly; (5) Neither like nor
dislike; (6) Like slightly; (7) Like moderately; (8) Like very much; and (9) Like extremely
(Supplementary material, Table S2). This scale enabled the assessment of the infusion based
on color, aroma, flavor, visual expectation, and global appreciation. The results, depicted in
Figure 12, demonstrated slight variations among the different cultivars, with the ‘Rossa’
cultivar exhibiting higher ratings across all evaluated characteristics. The color displayed
the highest variation, with ‘Rossa’ achieving an average score of 8.33, surpassing the scores
of 7.33 and 7.13 obtained for ‘Gialla” and ‘Bianca’ cultivars, respectively. Conversely, aroma
received the least favorable ratings from the tasters for all cultivars, ranging from 6.43 to
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Figure 12. Sensory analysis of Opuntia ficus-indica peel infusion from cultivars (a) ‘Bianca’ (white
peel) in yellow (==), (b) ‘Gialla’ (orange peel) in orange (==), and (c) ‘Rossa’ (red peel) in red (=)
obtained from peels dried at 35 and 60 °C and steeped at 80, 90, and 100 °C. Results are expressed as
the average + SD (n = 3).

4. Conclusions

In summary, this study highlights the critical influence of drying methods on the qual-
ity and phytochemical composition of O. ficus-indica peel beverages, particularly infusions.
MW-drying was found to have a detrimental impact on the peeling quality, resulting in
undesired burnt spots and infusions with reduced TPC, TFC, and antioxidant capacity
when compared to food dehydrator drying. For the latter capacity, drying at elevated
temperatures (85 °C) also caused a decline in both the antioxidant activity and bioactive
compound content of the resulting infusions. On the other hand, using lower drying tem-
peratures between 35 and 60 °C efficiently maintained the biological and sensory properties
of the resultant beverage. Therefore, careful temperature control is essential for preserving
the integrity of beneficial bioactive components and antioxidant activity in the resulting
infusions while processing O. ficus-indica peel. Infusions produced at temperatures ranging
from 80 to 100 °C exhibited similar concentrations of bioactive compounds across the O.
ficus-indica cultivars, with 100 °C yielding the highest concentration and proving to be
the most practical option. Among the infusions, those produced from the ‘Rossa’ cultivar
were preferred by consumers, followed by ‘Gialla,” while ‘Bianca’ received comparatively



Beverages 2023, 9, 97 18 of 21

lower scores. These findings collectively contribute to the understanding of how processing
methods and cultivar choice influence the production of Opuntia ficus-indica peel beverages,
particularly infusions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/beverages9040097 /s1, Figure S1: Principal components analysis
(PCA) of Opuntia ficus-indica peel infusions from cv ‘Rossa’ (0—in red), ‘Gialla” (A—in orange) and
‘Bianca’ (O0—in green) after oven-drying (35 °C, 60 °C and 85 °C) and Mw-drying (125 W, 375 W and
700 W) showing the correlation between the different cultivars and the drying methods with the
different phytochemical and antioxidant components of Opuntia ficus-indica peel infusion. Figure S2:
Biplot of the Principal components analysis (PCA) of Opuntia ficus-indica cv ‘Rossa’, ‘Gialla” and
‘Bianca’ peel infusions after food dehydrator drying and microwave drying showing the correlation
between the different drying methods and the different phytochemical and antioxidant components
of Opuntia ficus-indica peel infusion. Table S1: Identification of the components detected in the
chromatogram of Opuntia ficus-indica infusion from cv ‘Rossa” (red peel), cv ‘Gialla’ (orange peel),
and cv ‘Bianca’ (white peel) produced from peels dried at 35 °C and steeped at 100 °C, at 280 nm, by
UHPLC-DAD-ESI-MS". Figure S3: Biplot of the principal components analysis (PCA) of Opuntia ficus-
indica peel infusions from cv ‘Rossa’, ‘Gialla’, and ‘Bianca’ dried at 35 °C (A—in red) and 60 °C (e—in
green) in a food dehydrator and after steeping at three different temperatures (80, 90, and 100 °C)
showing the correlation between the different steeping conditions and the different phytochemical
and antioxidant components of Opuntia ficus-indica peel infusion. Table S2: Sensorial analysis of
Opuntia ficus-indica peel infusions from cultivars ‘Bianca’, ‘Gialla” and “Rossa’.
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