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Abstract: Opuntia fruits are recognized for their richness in nutrients and in bioactive compounds,
being also highly appreciated by consumers as a juice. Nevertheless, without further processing,
prickly pear juices have a short shelf-life, hampering their commercial use. In this work, thermal (TP)
and high-pressure (HPP) pasteurization were applied to juices from Opuntia ficus-indica cultivars
‘Rossa’, ‘Gialla’, and ‘Bianca’ to understand the impact of those methods on the microbial safety,
physico-chemical properties, and the nutritional content of the samples, over storage at 4 ◦C. In
general, thermal pasteurization at 71.1 ◦C for 30 s increased the shelf-life by 22 days, and high-
pressure pasteurization at 500 MPa for 10 min increased the shelf-life by 52 days with regard to
microbial growth as well as maintenance of physical-chemical characteristics. The application of
these two pasteurization methods delayed changes in the physico-chemical characteristics of the
juices, with a more pronounced effect on the titratable acidity, ◦Brix and browning. For the same
periods of time, the application of pasteurization methods decreased the variation in these quality
parameters by around 75%. Similarly, these methods were shown to have the same effect on the
polyphenolic concentration as well as the antioxidant activity of the juices. In particular, HPP was
more efficient in preventing a decrease in ◦Brix and increase in titratable acidity, which normally
negatively affect the flavor of the juices.

Keywords: prickly pear juice; pasteurization; shelf-life; nutritional value; polyphenols; antioxidant
capacity

1. Introduction

The species Opuntia ficus-indica (L.) Mill was brought to Europe and then to Africa and
Asia, exhibiting remarkable ease of adaptation to other climates [1] and, because of this, it
was considered by the U.N.’s Food and Agriculture Organization (FAO) as one of the keys
to ensure food security in the world’s most arid countries after a five-year biomass trial by
the University of Nevada (USA) [2]. The rapid growth of prickly pear crop cultivation must
necessarily be accompanied by effective strategies for the distribution of its commercial
products. Currently, the major producing countries (Mexico and Italy) market the fresh
fruit for consumption, while in other regions/countries such as in North Africa and Brazil,
the main products produced are the seed oil and fruit and cladode fodder for animal feed,
respectively [1]. On the other hand, it is now widely accepted that Opuntia fruits possess an
enormous potential for transformation into added-value products and/or use as ingredients
in functional foods, given their richness in nutritional and bioactive compounds, which
include fibers, polyphenols, betalains, carotenoids, phytosterols and some key minerals
such as magnesium, calcium, iron, potassium, sodium, and phosphorus. Moreover, these
fruits have some well-known health benefits that include antioxidant, antiatherogenic, and
antiulcerogenic properties, which can be attributed to the high antioxidant capacity and
high content in polyphenols, betalains, vitamin C, etc. [3].
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Cactus pear fruit has a juicy pulp (28–58% of fruit mass) with a considerable number
of seeds (2–10%), enclosed with a thick peel (37–67%) [4]. In general, prickly pear fruits
contain approximately 85% water, 15% sugars, 0.3% ash, and less than 1% protein. Previous
studies showed that the sugar component is mainly composed of glucose and fructose with
a concentration ranging from 10 ◦Brix to 17 ◦Brix. Furthermore, according to the United
States Department of Agriculture (USDA), prickly pear fruit has a dietary fiber content of
about 14% daily value (DV), a vitamin C content of 23% DV, and, for some minerals such
as magnesium, the content is above 20% DV.

Prickly pear fruits are perishable and preservation by, e.g., freezing, drying, or pro-
cessing further into products such as juice/nectar and jam is of great interest. Prickly pear
beverages are one of the most attractive opportunities amongst the fruit manufactured
products, since they are perceived as healthy, tasty, and refreshing [5]. In fact, prickly
pear juice is consumed locally in various parts of the world. Despite this, the industrial
modification of prickly pear juices still must overcome several challenges, particularly the
development of an effective, safe, and non-degrading quality preservation methodology [4].

A key problematic issue in the industrial processing of such a juice is the negative
impact of temperature, used for pasteurization purposes, on the organoleptic properties
of the final product, including taste, flavor and, particularly color [6]. Moreover, heat
processing is responsible for the degradation of Opuntia bioactive compounds, including
carotenoids, phenolic compounds, and betalains [7]. In this context, innovative nonthermal
pasteurization technologies such as ultrasound (US), pulsed electric fields (PEF) and high-
pressure processing (HPP) have been investigated as processing techniques to destroy food-
borne pathogens and inactivate enzymes to enhance the safety and shelf-life of perishable
foods. Among them, the application of US in pasteurization of prickly pear juices and
beverages has been the most exploited technique [8,9]. In turn, to our knowledge, the
application of HPP was only used by Jiménez-Aguilar et al. and Moussa-Ayoub et al. [3,10].
The first authors applied HPP in a mix of 90% pulp and 10% peel of O. Ficus-indica juices
from two locally commercialized Mexican varieties (Cristal and Rojo San Martin) with the
incorporation of acids and preservatives, following the effects of HPP (400–550 MPa, at
room temperature, 0–16 min) on the nutritive content and on the antioxidant activity of
the prickly pear beverages. The second authors evaluated the impact of PEF and HPP
pasteurization on Opuntia dillenii cactus juice, with consideration for microbial inactivation
and selected physicochemical properties. Nevertheless, both studies failed to analyze the
impact of pasteurization over storage time, which would allow a proper and more detailed
characterization of the microbial, physical-chemical and nutritional characteristics of the
juices and determination of the effects on the shelf-life of the product.

Although Cristal and Rojo San Martin varieties represent popular prickly pear varieties
worldwide, the O. ficus-indica cultivars ‘Gialla’ or ‘Sulfarina’, ‘Bianca’ or ‘Muscaredda’ and
‘Rossa’ or ‘Sanguigna’ are dominant in Italy (the primary country exporting fresh prickly
pear fruits), and their cultivation has spread to all of the Mediterranean basin. Among them,
cv ‘Gialla’ (orange fruit pulp) is the most popular due to its high productivity and good
adaptability to intensive cultivation methods. ‘Bianca’ (white fruit pulp) is appreciated for
its unique flavor, while the ‘Rossa’ is particularly appealing for its deep red color due to
the high betacyanin level [11].

HPP has been reported to differentially affect phytochemicals, e.g., enhancing antho-
cyanin maintenance but not significantly altering that of betalains [12]. Since the different
prickly pear cultivars possess unique phytochemical compositions, it is feasible to assume
that the impacts of HPP treatment may differ among the samples. Furthermore, HPP is
used for the preservation of high-quality foods, with significant microbial inactivation at
pressures of 400 MPa or higher even at ambient temperatures within a sufficient holding
time of several minutes [13].

So, in the present study, the impact of HPP, at 500 MPa for 10 min at 20 ◦C, on the
juice produced from three distinct cultivars of O. ficus-indica was compared to conventional
thermal pasteurization (TP) at 71.1 ◦C for 30 s, through evaluation of the microbial load
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(total psychrophiles, Enterobacteriaceae and yeast and mold) and of selected physico-
chemical properties (pH, ◦Brix, cloudiness, browning, and titratable acidity) as well as the
total phenolic content and antioxidant capacity.

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

The three different prickly pear fruit cultivars, namely O. ficus-indica cv ‘Rossa’ (red
pulp), ‘Gialla’ (orange pulp) and ‘Bianca’ (white pulp), were cultivated by Cooperativa
Agrícola, Figo d’ Idanha (Idanha a Nova, Portugal). After harvesting, the fruits were
processed separately, following internal industrial procedures of Figo d’ Idanha, to obtain
the fruit juices (red, orange, and white, according to the pulps’ color). In summary, the pulp
of each cultivar was manually separated from the peels and then pressed separately to
separate the seeds from the pulp. During this process, no preservatives or other compounds
were added, and after preparation, the juices were packaged in polyethylene bag-in-box
containers of 3 L of juice each and transported in a refrigerated container to the laboratory.
After arrival, portions of the juices were submitted to thermal pasteurization or to high-
pressure pasteurization (as in Section 2.2 or Section 2.3, respectively), and then stored at
4 ◦C together with the control group (non-pasteurized juice) through the period of analysis.
The intervals of analysis for the non-pasteurized juice were primarily based on the specific
shelf-life of conventional fruit juices as reported in the literature [14] and then readapted as
appropriate, according to the gathered results (mainly microbial results). Considering a
maximum period of 8 days in the control group, samples were taken after arrival (t0) and
at day 3 (t3), day 5 (t5) and day 8 (t8). Regarding the pasteurized samples, TP and HPP
samples were taken at the initial date, after processing (t0), and days 8 (t8), 15 (t15), 30 (t30),
45 (t45) and 60 (t60).

2.2. Thermal Pasteurization (TP)

The usual industrial TP conditions for premium juices are 71.1 ◦C for 30 s, 90 ◦C/2 s, or
84 ◦C/20 s [15], of which the first was used in this work. TP was carried out by submersing
the juice samples in a thermostatic bath (Selecta Frigiterm 6000382, Barcelona, Spain) at
71.1 ◦C in heat-sealed polyamide and polyethylene bags (3 × 6 cm) containing 15 mL of
juice. The time required to reach the desired temperature (70 s) was previously estimated
using a K type thermocouple connected to a digital thermometer. As soon as the desired
temperature was reached, the samples were held in the water bath for 30 s and afterwards
quickly cooled in ice. To assess the shelf-life of TP juices, a microbiological analysis of
sample storage under refrigerated conditions (≈4 ◦C) was performed. At each sampling
time, three juice bags from each TP treatment were analyzed.

2.3. High-Pressure Pasteurization (HPP)

High-pressure treatments were carried out using a 55 L capacity industrial scale ap-
paratus (model 55, Hiperbaric, Burgos, Spain). Tap water was used as pressurization
fluid. Batches of juices in heat-sealed polyamide and polyethylene bags (3 × 6 cm) contain-
ing 15 mL of juice were subjected to 500 MPa for 10 min treatment at room temperature
(≈22 ◦C). Pressure was generated in about 60 s, whereas pressure release time took about
10 s. After processing, the samples were immediately cooled in an ice bath for further
analysis. To assess the shelf-life of HPP juices, microbiological analyses of samples stored
under refrigerated conditions (≈4 ◦C) were performed. At each sampling time, three juice
bags from each HPP treatment were analyzed.

2.4. Microbial Load

Each sample of prickly pear juice subjected to the different treatments was analyzed
for counts of total aerobic psychrophiles (TAP), Enterobacteriaceae (ENT), and yeasts
and molds (YM). From each sample, 1.0 mL was obtained aseptically and homogenized
with 9.0 mL of Ringer’s solution. Further, decimal dilutions were made with the same
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diluent, and duplicates of dilutions were plated on the appropriate media: TAP counts were
determined in plate count agar, by incubation at 30 ± 1 ◦C for 72 ± 3 h and at 20 ± 1 ◦C
for 120 ± 3 h, respectively (ISO 4833:2003); ENT counts were quantified in violet red bile
dextrose agar, being incubated at 37 ◦C for 24 ± 1 h (ISO8523:1991); YM counts were
enumerated on rose-bengal chloramphenicol agar medium incubated at 25 ± 1 ◦C for
120 ± 3 h (ISO 7954:1987). In all cases, Petri dishes containing 15–300 colony forming units
(CFU) were selected for counting, and the results expressed as log CFU/mL. The results are
shown as microbial log load variation (log (N/N0)) calculated by the log load difference
between the microbial load on each storage day (N) and the initial microbial load on day
0 (N0).

2.5. pH and Titratable Acidity

The variation, through time, in the pH value of the prickly pear juices was measured
with a properly calibrated glass electrode at 20 ◦C (pH electrode 50 14, Crison Instruments,
Barcelona, S.A., Spain). Titratable acidity (TA) of diluted juices (10%) was determined by
titration against 0.10 M NaOH until pH of 8.1 was achieved (pH electrode 50 14, Crison
Instruments, S.A., Spain), where values were expressed as percentage variation versus the
initial value [16].

2.6. Total Soluble Solid Analyses (◦Brix), Browning, Cloudiness

The total soluble solid content was determined by measuring Brix (Handheld Refrac-
tometer Atago, ATC-1E) at 20 ◦C, and the results were expressed as ◦Brix. The brown-
ing degree was determined by the measurement of absorbance at 420 nm in a UV-VIS
microplate spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo Sci-
entific, Thermo Fisher Scientific Inc., Waltham, MA, USA), after centrifugation of the juice
samples at 9000× g at 4 ◦C for 20 min. Cloudiness was evaluated by direct measurement of
absorbance at 700 nm using the same UV-VIS microplate spectrophotometer.

2.7. Major Composition

The relative moisture content was determined by weighing 3–4 g of prickly pear juice
into a porcelain crucible, then drying at 105 ◦C overnight. To determine the ash content,
the remaining residue was pre-incinerated for 20 min on a heating plate and then placed in
a muffle, at a temperature of 550 ◦C for 6 h, followed by gravimetric quantification [17].
The total dietary fiber was determined using method 2 of the Total Dietary Fiber Assay Kit
(Megazyme) based on AACC method 32–05.01 and AOAC Method 985.29. The total sugar
content was determined by the Dubois method [18]. Briefly, to 2 mg of prickly pear juice
were added 200 µL of sulfuric acid (72% v/v). After 3 h of incubation at room temperature,
2.2 mL of water were added, and the mixture was placed in a water bath at 100 ◦C. After
centrifugation (10,000 rpm for 5 min), to 100 µL of sample were added 50 µL of phenol
5% and 250 µL of sulfuric acid (96% v/v), and the absorbance was read in an automated
plate reader (Biotek Instrument Inc., Winooski, VT, USA) at 490 nm. Moreover, reducing
sugars determination was measured according to the method described by Miller [19],
using 3,5-dinitrosalicylic acid (DNS) reagent. For that, 1.0 mL of the clear filtrate was
added to 1.0 mL of DNS reagent, and the mixture was incubated in a boiling water bath for
5 min. After cooling in an ice bath, the mixture was diluted with 10 mL of distilled water,
and the absorbance was measured at 540 nm. The concentration values were calculated
using a calibration curve, obtained from glucose standard solutions, and were expressed
in mg·mL−1 of prickly pear juice. DNS reagent was prepared by weighing 10 g of DNS
and dissolving in 200 mL of a 2 N NaOH solution by heating with intensive stirring.
Simultaneously, a solution of 300 g of potassium tartrate in 500 mL of distilled water was
prepared by heating with intense stirring. Both solutions were mixed and stirred, and the
final mixture was then diluted to 1 L with distilled water.
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2.8. Phytochemicals
2.8.1. Total Phenolic Content

The total phenolic content was determined with the Folin–Ciocalteu reagent using
the adapted procedure described by Singleton and Rossi [20]. Briefly, 15 µL of the diluted
sample was reacted with 15 µL of 0.2 mol/L Folin–Ciocalteu reagent and 60 µL for 5 min,
and then 150 µL of 7% 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 juice ((GAE)/mL of juice).

2.8.2. Total Betalains

The quantification of betalains from prickly pear juice was preformed using the
method described by Stintzing et al. [21]. Prickly pear peel juice samples from the three
different cultivars were diluted with McIlvaine buffer (pH 6.5, citrate-phosphate) to ob-
tain absorption values of approximately 0.9 ≤ A ≥ 1.0 at their respective absorption
maxima. The betalain content (BC) was calculated as described earlier (12): BC [mg/L])
[(A × DF × MW × 1000/ε × l)], where A is the absorption value at the absorption max-
imum corrected by the absorption at 600 nm, DF is the dilution factor, and l is the path
length (1 cm) of the cuvette. For quantification of betacyanins and betaxanthins, the molec-
ular weights (MW) and molar extinction coefficients (ε) of betanin ((MW) 550 g/mol;
ε = 60,000 L/(mol·cm−1) in H2O; λ = 538 nm) and indicaxanthin ((MW) 308 g/mol;
ε = 48,000 L/(mol·cm−1) in H2O; λ = 480 nm) were applied. All measurements were
performed in duplicate using a UV-vis automated plate reader (Biotek Instrument Inc.,
Winooski, VT, USA).

2.8.3. UHPLC-DAD-ESI-MSn Analysis

UHPLC-DAD-ESI/MS analyses were carried out on an Ultimate 3000 (Dionex Co.,
San Jose, CA, USA) apparatus equipped with an auto sampler, a quaternary pump, an
Ultimate 3000 Diode Array Detector (Dionex Co., San Jose, CA, USA), and an automatic
thermostatic column compartment. It was coupled to an ion trap MS equipped with an
ESI source (Thermo LTQ XL MS, Thermo Scientific, San Jose, CA, USA). Control and data
acquisition were carried out with the Thermo Xcalibur Qual Browser data system (Thermo
Scientific, San Jose, CA, USA). Nitrogen above 99% purity was used, and the gas pressure
was 520 kPa (75 psi). The instrument was operated in positive-ion mode, and the full scan
covered the mass range from m/z 100 to 2000. ESI needle voltage was set at 4.80 kV, and
the ESI capillary temperature at 275 ◦C. The compounds were separated using a Hypersil
GOLD C18 column (100 mm length; 2.1 mm i.d.; 1.9 µm particle diameter, end capped from
Thermo Scientific, USA) at 30 ◦C. Gradient elution was carried out with a mixture of 0.1%
(v/v) formic acid in water (solvent A) and 30% (v/v) methanol in acetonitrile (solvent B),
with a flow rate of 0.200 mL/min in a linear gradient. The solvent gradient started with
5% of solvent B, reaching 40% at 14 min, 100% at 16 min, and being maintained for 2 min
before returning to the initial conditions at 20 min. UV–Vis spectral data for all peaks were
accumulated in the range 200–700 nm, while the chromatographic profiles were recorded
at 280 nm. The identification of compounds was performed by comparison of retention
times, absorption spectra, and MS data with standards in the literature [22].

2.9. Enzymatic Activity

The activity of polyphenol oxidase (PPO) and of peroxidase (POD) was evaluated
according to the method described by Pinto et al. [23]. For PPO, aliquots of fermented
prickly pear juice (0.6 mL) were mixed with 2.4 mL of a pre-incubated substrate solution
at 30 ◦C containing 100 mM catechol in 100 mM citrate buffer (pH 5.4), and absorbance
was measured at 420 nm (Lambda 35 UV/Vis Spectrometer, PerkinElmer Instruments Inc.,
Waltham, MA, USA). For POD activity assays, aliquots of the samples (10 µL) were mixed



Beverages 2022, 8, 84 6 of 20

with 0.36 mM ABTS and 0.1 M sodium acetate buffer (pH 6.0) to a final volume of 1.9 mL.
After pre-incubation at 20 ◦C, 100 µL of 0.5 M hydrogen peroxide was added to initiate the
reaction, and the formation of the ABTS cationic radical was monitored at 414 nm (Lambda
35 UV/Vis spectrometer, PerkinElmer Instruments Inc., Waltham, MA, USA) for 5 min.
Pectin methylesterase (PME) activity was measured by titration. Two milliliters mL of 1%
pectin in 250 mM NaCl were added to 4 mL of fermented juice sample. The samples were
continuously titrated with 0.01 MNaOH, keeping the pH equal to 7. NaOH consumption
was recorded every 30 s for a total of 15 min. The respective enzyme activity results were
expressed as V(NaOH)/min/mL. Enzyme activities were obtained from the linear portion
of the absorbance–time curves and expressed as ∆Abs/min/mL at 420, 414, and 620 nm,
respectively, for PPO, POD, and PME.

2.10. Antioxidant Activity
2.10.1. ABTS•+ Assay

The total antioxidant activity of the extracts was measured using an adaptation of
the ABTS•+ discoloration assay based on the procedure described by Amarante et al. [24].
Briefly, a stock solution of ABTS•+ was prepared by reacting the ABTS-NH4 aqueous
solution (7 mM) with 2.45 mM potassium persulfate in the dark at room temperature for
12–16 h to allow the completion of radical generation. This solution was then diluted with
distilled water until its absorbance reached 0.70 ± 0.05 at 734 nm. Afterwards, 50 µL of each
sample were mixed with 250 µL of the diluted ABTS•+ solution in a 96-well microplate.
The mixture was then allowed to react for 20 min in the dark, at room temperature. The
absorbance was then measured at 734 nm in an automated plate reader (Biotek Instrument
Inc., Winooski, VT, USA), and the results were expressed in milligrams of GAE per mL
of juice.

2.10.2. Superoxide (SO•) Scavenging Assay

In a 96-well plate, 75 µL of nitroblue tetrazolium (NBT), 100 µL of β-NADH, 75 µL
of each sample/standard and 75 µL of phenazine methosulfate (PMS) were mixed and
incubated for 5 min, at room temperature. The absorbance was then measured at 560 nm in
an automated plate reader (Biotek Instrument Inc., Winooski, VT, USA) [25]. Results were
expressed in milligrams of GAE per mL of juice.

2.10.3. Nitric Oxide (NO•) Scavenging Assay

The NO• scavenging method was adapted from Catarino et al. [25]. Briefly, in a
96-well plate, 100 µL of six different extract concentrations (0–1 mg/mL) were mixed with
100 µL of sodium nitroprusside (3.33 mM in 100 mM sodium phosphate buffer pH 7.4) and
incubated for 15 min under a fluorescent lamp (Tryun 26 W). Afterwards, 100 µL of Griess
reagent (0.5% sulphanilamide and 0.05% naphthyletylenediamine dihydrochloride in 2.5%
H3PO4) were added to the mixture, which was allowed to react for another 10 min in the
dark. The absorbance was then measured at 562 nm in an automated plate reader (Biotek
Instrument Inc., Winooski, VT, USA). Results were expressed in milligrams of GAE per mL
of juice. Gallic acid was used as reference.

2.11. Principal Components Analysis (PCA)

Principal components analysis was performed using Python (version 3.11.0), Pandas
(version 1.5.1) and Numpy (version 1.23.4) software. Python was used as programming
language, and Pandas and Numpy for the data analysis. The graph produced was obtained
using matplotlib (version 3.6.2).
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3. Results and Discussion
3.1. Microbial Load

The microbiological quality of prickly pear juices was followed by monitoring the TAP,
Enterobacteriaceae, and yeast and mold counts (Figure 1a–c, respectively) along storage at
4 ◦C and until achieving spoilage (total microbial counts ≥ 6.00 Log10 CFU/mL) [23].
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Figure 1. Evaluation of the total aerobic psychrophiles (blue), Enterobacteriaceae (red) and yeast and
mold (green) counts (expressed in Log10 CFU/mL) in juices of O. ficus-indica cultivars: (a) ‘Rossa’
(red juice); (b) ‘Gialla’ (orange juice); and (c) ‘Bianca’ (white juice) (non-pasteurized—�, pasteurized
with pressure—•, pasteurized with temperature—H, unfit for consumption (6.0 log)—••••, and
below the detection limit——-). Samples of Enterobacteriaceae and yeasts and molds for both HP
and thermal pasteurization were below the detection limit (1.0 log) and are not represented in the
graph. Results are expressed as averages ± SD.

The mean of initial populations of viable microorganism for all of the juices was
4.6 ± 0.03 Log10 CFU/mL (TAP), 3.3–3.3 Log10 CFU/mL (Enterobacteriaceae) and
3.6–3.8 Log10 CFU/mL (yeast and mold). Results similar to those obtained in this work
for TAP were published in the literature, reporting total aerobic psychrophilic counts
of 3.20–4.60 Log10 CFU/mL in fresh fruit from O. ficus-indica Mill, cv. ‘Gialla’ from
Italy (storage under modified atmosphere) and ultrasound-treated green prickly pear
juice harvested in Mexico [26,27]. In turn, the initial microbial load obtained herein for
Enterobacteriaceae and for counts of yeast and mold was somewhat higher than those
presented in the literature (1.61 Log10 CFU/mL and approximately 1 Log10 CFU/mL,
respectively) [28]. Nevertheless, for the duration of the experiment (8 days for the
control group), the level of yeast and mold was maintained below the spoilage level.

Pressurization at 500 MPa, 20 ◦C for 10 min reduced the population of TAP to approx-
imately 3.0 Log10 CFU/mL for the red, orange, and white juices; for Enterobacteriaceae



Beverages 2022, 8, 84 8 of 20

and Yeasts and Molds, for all the days the pasteurized sample stayed below the detection
limit. (≤1.00 log CFU/mL as presented by Pinto et al. [23]. After thermal pasteurization of
the prickly pear juices at 71 ◦C for 30 s, the mean initial TAP population was 3.06 ± 0.02,
3.02 ± 0.01, and 3.04 ± 0.02 Log10 CFU/mL for the red, orange, and white juices respec-
tively, and the Enterobacteriaceae and the yeast and mold populations were below the
detection level.

The high initial microbial populations of the untreated prickly pear juices limited the
shelf-life of untreated juice stored at 4 ◦C to 5–8 days for all three prickly pear cultivars
studied. Nevertheless, these results were more promising than those obtained for prickly
pear belonging to wild cultivars (yellow and red to orange colors), shelf-grown in three
regions of Greece by Karabagias and coworkers, who set the shelf-life of the untreated juices
between 2–3 days [29]. This could be due to a higher presence of betalains that chelate the
required inner cations (Fe+2, Ca+2 and Mg+2) of microorganisms, resulting in cell death [30].
Although microbial growth was evident in thermally treated and HP-processed samples
over time at 4 ◦C, the initial microbial reductions achieved using both treatments resulted in
an increase in the shelf-life of prickly pear juices. Thermally pasteurized and HPP-treated
juices stored at 4 ◦C were microbiologically acceptable up to 30 and 60 days, respectively,
meaning that the application of HP allowed an extension of shelf-life of about 30 days in
comparison to the traditional pasteurization method. So, it can be concluded that HHP
is an effective alternative and efficient method of pasteurization for prickly pear when
compared to thermal treatments, achieving effective microbial inactivation, and extending
the shelf-life of the juices by contributing to the preservation of better overall characteristics.

3.2. Variations in pH, Titratable Acidity, ◦Brix, Browning and Cloudiness
3.2.1. pH and Titratable Acidity

The initial pH of the prickly pear juices was close to 6 (Figure 2a), close to the values
of those reported in the literature for fruits of O. ficus-indica [31], or juices with red, orange
and white pulps from different cultivars grown in the Sicilian region [32] as well as pulp
from green to orange-brown cultivars [33]. Notably, among the three juice samples, the
red one showed a sharper pH decreasing tendency with storage time, being particularly
accentuated in the non-pasteurized sample.
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Pasteurization did not influence the initial pH of the juices, since TP and HPP samples
had similar initial pH values compared to the respective controls. Similar results were
reported by Jiménez-Aguilar et al. for prickly pear pulp of ‘Rojo’ and ‘Cristal’ cv after
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high-pressure processing [3]. Among both HPP and TP treated samples, the red juices were
the most affected, exhibiting a decrease in their pH values of about 1 unit in the first 15 days
of storage. Betacyanins, the pigments present in higher concentrations in the red pulp fruit,
are more susceptible to degradation [34] and produce betalamic acid, which could explain
the higher variation noticed in pH [35]. Over longer periods, TP samples exhibited a more
pronounced decrease than HPP samples (pH of 4.76 vs. 4.92 at t45, respectively). In turn,
regardless of the pasteurization method, samples of white and orange juice tended to have
a similar pH through the duration of storage, with values only slightly lower than those
of the initial juice. As far as we know, the pH variation in unpasteurized or pasteurized
prickly pear juices with storage time was not previously studied, a fact that hampers the
discussion of our data. Nevertheless, the results were similar to those reported in the
literature for other juices and purées after high-pressure pasteurization, where, during
storage, the pH values varied slightly (less than 0.5 for all of the juices and purées) for the
pasteurized samples [36].

Titratable acidity (TA gcitric acid/L) is an indicator of total acid content and is reported
as a better predictor of acid content impact on flavor than of alternate measures, including
pH [37]. During storage, many anaerobic and facultatively anaerobic microorganisms
produce organic acids including lactic, succinic, acetic, citric, butyric, and propionic acids
during fermentation [38] that can produce undesirable off-flavors.

Pasteurized juices had a similar titratable acidity value at t0, which was also equivalent
to that of non-processed juice (0.62–0.75). With storage time, this parameter increased in
all juices. Among non-processed samples, a maximum of 1.64 ± 0.03 gcitric acid/L was
registered in red juices at t8. As for the pasteurized samples, an increase in titratable acidity
was observed, particularly in red and orange juices, in TP samples after t15. From this
time to t45, values of titratable acidity rose from 0.62 to 2.91 gcitric acid/L in TP samples,
while those in HPP samples varied between 0.75 and 1.25 gcitric acid/L. The initial results
(t0) reported in Figure 2b are consistent with those of previous reports in the literature for
untreated juices from prickly pear Sicilian cultivars [32] as well as ‘Bianca’ or ‘Muscaredda’,
‘Sanguigna’ and ‘Sulfarina’ cultivars harvested in San Cono, Italy [39] and strained pulp
from green to orange-brown cultivars [33], which presented a TA content of 0.02% and
0.18% of citric acid, respectively. Moreover, the initial results obtained were also similar to
those for O. ficus-indica cv ‘Rojo San Martín’ and ‘Cristal’ after high-pressure processing [3].

3.2.2. Total Soluble Solids (TSS)

The total soluble solid content of a solution is determined by the index of refraction
and is referred as the Brix degree. This parameter is generally used to estimate the levels of
carbohydrates (around 80%), although it also takes in consideration organic acids, proteins,
fats, and minerals of a sample [40]. At t0, TSS values of the juices were between 13.5–14.8,
with the maximum and minimum values recorded in white and red samples, respectively.
Note that the values for red juice were close to those previously reported in the literature
for purple prickly pear juice from Mexico (11.9–12.8) [28] as well as prickly pear juice from
cv ‘Bianca’ or ‘Muscaredda’, ‘Sanguigna’ and ‘Sulfarina’ from Italy (11.75–13.50) [39].

During storage at 4 ◦C, and for all juices studied, a decrease in TSS was observed
(Figure 3a), a fact that is in accordance with data in the literature for other fruits and
juices [41] and, in general, usually associated with some increased microbial activity
that consumes the sugars [42], as well as to some Maillard reactions [43]. In fact, the
observed reduction in ◦Brix can be related with the increased microbial activity (noticed
by the microbial loads presented in Microbial load Section 3.1), as well as some Maillard
reactions [43] that are responsible for the consumption of some reducing sugars and may
explain the results obtained in Section 3.4. (nutritional composition).
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3.2.3. Browning and Cloudiness

Browning of juices is considered a quality index of food products and is a result of
Maillard reactions as well as the action of some enzymes such as polyphenol oxidase
(PPO) and peroxidase (POD) that are responsible for causing color changes, off-flavors
and nutrient losses [23]. The browning degree at t0, presented in Figure 3b, varied signifi-
cantly between the white and the other two juices, with registered values of about 1.8 and
1.3, respectively.

Despite having lower initial values, over the time of storage, the browning index
showed a much more significant increase in the red and orange juices, and especially in
the orange juice, whose values became closer to those of the white juice. Changes in the
browning degree can be attributed to the breakdown of carotenoid pigments as well as
degradation of ascorbic acid by creating reactive carbonyl groups that act as precursors of
non-enzymatic browning, as well as the activity of some enzymes such as PPO and POD
that catalyze the oxidation of phenolic compounds to o-quinones that subsequently undergo
rapid polymerization, producing pigments that cause fruit browning [44]. Furthermore,
betaxanthin and betacyanin pigments, present in high quantities in both the orange and red
juices, respectively [45], are prone to oxidation and consequently to browning [46], which
may explain the fact that browning variation is superior for those juices when compared
to the white juice less rich in betalains. Moreover, since the orange cultivar was richer
in indicaxanthin (responsible for the orange coloration of the pulp) [45], which is more
susceptible to oxidation, it is possible that the higher concentration of indicaxanthin in this
juice could explain its higher browning degree variation [46].

Overall, the reactions responsible for the increase in the browning index seem to
have occurred with the same intensity in the two pasteurized samples, meaning that
for both treatments, the inhibition of the enzymes responsible for browning, as well as
the non-enzymatic browning, was similar. Some results in watermelon juice after high-
pressure processing presented lower browning for samples treated with pressure (600 MPa),
suggesting that a higher pressure than the one applied in this work (500 MPa) would be
preferable for the reduction in browning degree [47]. Similarly, higher temperatures could
lead to a higher inactivation of the same enzymes and decrease the browning degree of the
samples, but with a higher negative effect on the other quality parameters [44].

Cloud stability or cloudiness is an important quality parameter in juice and can be
a positive or negative attribute, depending on the expectation of the consumers. An
unstable cloud or turbidity considered ‘muddy’ is unacceptable for samples to be marketed
as clarified juice [48], while for non-clarified juice, changes in cloudiness of fruit juices
and juices are usually associated with the catalytic action of enzymes such as pectin



Beverages 2022, 8, 84 11 of 20

methylesterase (PME) and polygalacturonase (PG), leading to a clear upper layer and a
bottom sediment [49]. For the non-pasteurized samples, no variation in cloudiness was
verified even though no enzymatic inactivation was produced, a fact that could be due
to the short duration of the analysis (8 days). Thermal pasteurization (90 ◦C for 1 min)
completely inactivated these enzymes, resulting in a cloud-stable juice [50] with no variation
in cloudiness over time, similarly to the results obtained for the thermal pasteurization
samples produced in this work (71 ◦C for 30 s), as presented in Figure 3c.

For HPP, no variation over time of cloudiness was verified. Similar results were
reported by Bubo et al. for tomato juice [51] as well as Barba et al. in their review [42],
where various levels of pressure were reviewed for their application in fruit or vegetable
juices and milk, mixed or alone. Moreover, Goodner and co-workers [52] reported that
pressures from 500 to 900 MPa at dwell times of 1 s, 1 min and 10 min in orange juice led to
a stable cloud. Therefore, one can affirm that high-pressure treatment (500 MPa for 10 min)
and TP (71 ◦C for 30 s) were effective in preserving cloud stability in prickly pear juice,
while maintaining acceptably low levels of microorganisms.

3.3. Nutritional Composition

The results for the nutritional composition of juices from O. ficus-indica cv ‘Rossa’,
‘Gialla’ and ‘Bianca’ are presented in Table 1 and Figure 4. The juices had a moisture
content in the range of 86 to 88%, which is similar to the results obtained for other prickly
pear juices [3,53] and other fruit juices in general [54]. As for the ash content, the results
obtained in this work were close to 0.50%, which is significantly higher than those previ-
ously reported in the literature for untreated juice from nine different Moroccan cultivars
(0.27–0.41%) [53] and HP-treated prickly pear pulp from Cristal and Rojo San Martín va-
rieties harvested in Mexico (0.20–0.4%). Curiously, values for total dietary content were
higher than those previously reported in the literature for untreated juices from different
Moroccan cultivars (2.96–6.13%) [53] and for prickly pear pulp from the Cristal and Rojo
San Martín varieties—14.5 and 15.2%, respectively [55].

Table 1. Variation in nutritional parameters (moisture, ash and total dietary fiber (%)) of three juices
of prickly pear—cv ‘Rossa’ (red juice), cv ‘Gialla’ (orange juice), and cv ‘Bianca’ (white juice) over
storage time for non-pasteurized (NP) samples and the two processing methods—high-pressure
processing (HPP) and thermal pasteurization (TP). Results are expressed as averages ± SD.

Moisture (%) Ash (%) Total Dietary Fiber (%)

‘Rossa’ ‘Gialla’ ‘Bianca’ ‘Rossa’ ‘Gialla’ ‘Bianca’ ‘Rossa’ ‘Gialla’ ‘Bianca’

NP
t0 87.24 ± 0.02 86.73 ± 0.01 87.92 ± 0.0 0.559 ± 0.004 0.548 ± 0.003 0.597 ± 0.002 17.33 ± 0.03 17.39 ± 0.04 17.46 ± 0.02
t3 87.29 ± 0.01 86.81 ± 0.02 87.85 ± 0.02 0.501 ± 0.003 0.521 ± 0.002 0.556 ± 0.006 17.15 ± 0.07 17.12 ± 0.09 17.35 ± 0.01
t5 87.31 ± 0.03 86.75 ± 0.01 87.79 ± 0.03 0.445 ± 0.003 0.499 ± 0.003 0.523 ± 0.001 17.04 ± 0.03 17.05 ± 0.02 17.34 ± 0.03

TP

t0 87.13 ± 0.01 87.01 ± 0.08 88.23 ± 0.02 0.470 ± 0.005 0.586 ± 0.009 0.582 ± 0.007 17.29 ± 0.01 17.41 ± 0.02 17.45 ± 0.06
t8 86.98 ± 0.03 86.92 ± 0.03 88.19 ± 0.05 0.452 ± 0.002 0.573 ± 0.002 0.563 ± 0.002 17.28 ± 0.05 17.29 ± 0.03 17.29 ± 0.03
t15 87.03 ± 0.03 86.89 ± 0.06 87.99 ± 0.04 0.439 ± 0.001 0.561 ± 0.005 0.560 ± 0.003 17.03 ± 0.02 17.21 ± 0.07 17.14 ± 0.01
t30 87.21 ± 0.06 87.03 ± 0.02 88.07 ± 0.02 0.416 ± 0.006 0.518 ± 0.002 0.542 ± 0.005 16.81 ± 0.01 17.03 ± 0.01 16.99 ± 0.02

HPP

t0 87.23 ± 0.04 87.00 ± 0.01 88.05 ± 0.04 0.546 ± 0.004 0.610 ± 0.003 0.568 ± 0.001 17.23 ± 0.04 17.35 ± 0.01 17.49 ± 0.06
t8 87.38 ± 0.01 86.94 ± 0.02 88.12 ± 0.05 0.525 ± 0.002 0.595 ± 0.002 0.542 ± 0.002 17.18 ± 0.08 17.21 ± 0.03 17.33 ± 0.03
t15 87.12 ± 0.02 87.06 ± 0.01 87.93 ± 0.03 0.515 ± 0.005 0.580 ± 0.008 0.519 ± 0.002 17.02 ± 0.02 17.09 ± 0.07 17.17 ± 0.05
t30 87.22 ± 0.03 86.85 ± 0.06 87.89 ± 0.05 0.481 ± 0.006 0.572 ± 0.006 0.503 ± 0.002 16.92 ± 0.05 16.95 ± 0.06 17.05 ± 0.01
t45 86.41 ± 0.06 87.02 ± 0.02 88.06 ± 0.06 0.460 ± 0.006 0.564 ± 0.001 0.491 ± 0.009 16.63 ± 0.02 16.81 ± 0.02 16.92 ± 0.06

The total sugar content (Figure 4a), was around 15.5% for untreated samples and
19.5% for pasteurized samples, which corresponded to slightly higher values than the 12%
obtained by Eroglu et al. using HPLC in prickly pear pulp obtained from fruits collected at
different harvest times from Mersin-Silifke in Turkey, and the 11% obtained by Gurrieri
et al. for juices of Sicilian prickly pear with red, yellow and white pulp from three different
cultivars [32,56]. The increase in total sugar content after pasteurization was also observed
for pasteurized apple juice and sugarcane juice, where, after thermal pasteurization, an
increase in the total sugar content was verified [57,58]. Similarly, some authors noticed an
increase in sugar content for non-thermal pasteurization methods when applied to açai
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juice [59], and since high-pressure is associated to some extent with the destruction of cell
walls in vegetable and fruit products [60], results analogous to those obtained and reported
in this work were expected. For all conditions tested and for the three cultivars, a decrease
in total sugar content over storage time was verified, a fact that probably resulted from the
fermentation processes that were occurring during storage [61].
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A reducing sugar is any sugar that can act as a reducing agent because it has a free
aldehyde group or a free ketone group [62]. In the case of prickly pear juice, the most
abundant reducing sugars are fructose and glucose [32]. The average reducing sugar
levels during storage for the control group and for the two pasteurization methods are
shown in Figure 4b. The reducing sugar content in the white juice was approximately 17%,
a lower value than those obtained for the other two juices. For this juice, the reducing
sugar concentration was higher for samples treated with temperature, whereas for the
orange and red juices, it was higher for samples treated with pressure. Furthermore, both
pasteurization treatments allowed for improved maintenance of the results, showing a
slight increase when compared to samples that were non-pasteurized, in which the reducing
sugar showed sharper variation for 8 days of the experiment.

Overall, the reducing sugars at t0 were similar to those reported in the literature for
prickly pear from various cultivars and regions of Mexico, between 5–14% [63]. Neverthe-
less, the obtained results herein were closer to those described for other fruit juices and
fruit blends, such as mango, papaya and guava juices and blends [52]. When stored at
4 ◦C, the three prickly pear juices exhibited a slight variation in their concentrations of
reducing sugars, which tended to increase over the storage period, a fact that may be due
to hydrolysis of polysaccharides such as starch, cellulose, pectin, etc. and conversion into
simple sugars (glucose).

3.4. Phytochemicals
3.4.1. Phenolic Compounds

Phenolic compounds are abundant secondary metabolites in plants, being ubiquitously
distributed phytochemicals found in most plant tissues. In general, they possess a common
chemical structure comprising an aromatic ring with one or more hydroxyl substituents
that can be divided into several classes, being in general claimed to possess antioxidant
capabilities [64].

Overall, TPC at t0 of the three untreated Opuntia juices was found to be in the range
of 0.13–0.18 mg/mL, with the lowest levels registered in thermal pasteurized ‘Bianca’ cv
(Figure 5a). Moreover, all of the juices showed similar chromatographic peaks at 280 nm



Beverages 2022, 8, 84 13 of 20

(not shown), suggesting that all juices had the same phenolic constituents. Indeed, as
summarized in Table 2, the main phenolic compounds identified in these samples were
piscidic acid, eucomic acid and isorhamnetin derivates. Similar compounds and fragments
were identified by Mata et al. for O. ficus-indica juices harvested in Portugal and produced
from orange-red pulps [65].
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Table 2. Identification of the components detected in the chromatogram of Opuntia ficus-indica juices
from cv ‘Rossa’ (red juice), cv ‘Gialla’ (orange juice), and cv ‘Bianca’ (white juice), at 280 nm, by
UHPLC-DAD-ESI-MSn.

RT (min) λmax [M-H]− (m/z) MS/MS (m/z) Identification

1.5 245 191 209 Quinic acid
1.5 204, 242 133 115, 133 Malic acid
1.8 206, 253 191 111, 173 Citric acid
3.7 224, 274 255 165, 193 Piscidic acid
6.3 219, 278 253 177 Not identified
8.6 224, 272 239 179, 149 Eucomic acid
10.8 229, 270 613 405 Syrinigil (t8-O-4) guaiacyl
11.4 254, 352 769 315, 338 Isorhamnetin glucosyl-di-rhamnoside
11.5 254, 352 755 315 Isorhamnetin pentosyl-rutinoside
12.1 251, 351 609 315, 314 Isorhamnetin pentosyl-hexoside
12.7 254, 345 623 315 Isorhamnetin-rutinoside

As for the effects of storage on the total phenolic contents of prickly pear juice, a
slight decrease was observed (around 0.02–0.025 mg/mL[GAE]) for all of the cultivars, a
fact that was mostly evident in unpasteurized samples. Moreover, compared to thermal-
treated samples, those submitted to HPP pasteurization showed superior stability in their
TPC levels. This result is consistent with data reported in the literature for other food
products [66], where HPP treatments of other fruits and vegetables proved to have a low
impact on phenolic composition over time. Regarding the general variation in the TPC of
prickly pear cv ‘Rossa’, ‘Gialla’ and ‘Bianca’ through time, results with a similar tendency
were found by Yung-Sheng Lin et al. for juices of Momordica charantia L. and Momordica
charantia L. var. abbreviata, where normalization of the TPC showed a decrease during
storage [67].
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3.4.2. Betalains

Total betalains were measured for the cv ‘Rossa’ and ‘Gialla’, since the ‘Bianca’ cultivar
does not express the betaxanthin and betacyanin pathways [11]. The results obtained, of
around 60 and 40 mg/ L of total betalains, respectively, were slightly lower than those
obtained for Opuntia ficus-indica from Italy [45]. As expected, the results showed that the cv
‘Rossa’ had higher betalain content than cv ‘Gialla’. Indeed, it is well-reported that Opuntia
juices of red pulp have higher concentrations of betacyanins and a considerable quantity of
betaxanthins, when compared with the other colored fruits [68]. These compounds exhibit
strong antioxidant properties but are susceptible to changes in pH, oxygen, metal ions,
temperature, water activity, light exposure, and enzymatic activities that occur during
technological processes, hence accelerating their decomposition [64]. This can explain the
decrease in betalains measured in both the untreated and treated samples during storage
(Figure 5b). Moreover, Gokhale et al. reported that betacyanins of beet root (Beta vulgaris)
were more sensitive to temperature than betaxanthin, a fact that can partially explain the
increased loss of total betalains in the ‘Rossa’ cultivar, compared to the ‘Gialla’ cultivar.

3.5. Determination of Enzymatic Activity (PPO, POD and PME)

Fruit and vegetables in general contain oxidative enzymes such as PPO, POD, and
PME, which are involved in oxidizing aromatic compounds and can lead to the decreased
nutritional value of food and the development of unpleasant taste [69]. As expected, the
activities of these enzymes were increased in unpasteurized juices, whereas processing with
temperature and HPP reduced their activity—by approximately 36–40% for PPO, 80–85%
for PME and 85–90% for POD, respectively (Table 3). In fact, temperature and HPP are
well-known for their capacity to inhibit PPO [70,71]. As an example, Carlos et al. reported
a similar inhibition of PPO in watermelon juice treated with hyperbaric pressure and stored
at 4 ◦C [23]. Likewise, other authors reported a significant reduction in POD and PME
activities, both by temperature and HPP processing [15,23,72]. Moreover, a slight decrease
in the activity of all of the enzymes could also be observed with storage, similarly to what
was reported by Chisari et al. for strawberry stored at 4 ◦C [73]. Hirsch et al. also reported
a decrease in the activity of PME and POD in orange juice treated with temperature and
stored at 4 ◦C for 60 days [74]. These enzymes are associated with the quantity of clouding
particles, so the results obtained can be explained by the decrease in observed TSS [74].

Table 3. Variation in the enzymatic activity of polyphenol oxidase (PPO), peroxidase (POD), and
pectin methylesterase (PME) in three juices of prickly pear cv ‘Rossa’ (red juice), cv ‘Gialla’ (orange
juice), and cv ‘Bianca’ (white juice) during storage of non-pasteurized (NP) samples and the two
processing methods—high-pressure processing (HPP) and thermal pasteurization (TP). Results are
expressed as averages ± SD.

PPO PME (VNaOH/min/mL) POD (U/mL)

‘Rossa’ ‘Gialla’ ‘Bianca’ ‘Rossa’ ‘Gialla’ ‘Bianca’ ‘Rossa’ ‘Gialla’ ‘Bianca’

NP
t0 0.679 0.654 0.631 0.477 0.452 0.433 0.195 0.186 0.179
t3 0.676 0.651 0.628 0.455 0.431 0.413 0.186 0.177 0.171
t5 0.660 0.633 0.611 0.422 0.400 0.383 0.172 0.164 0.158

TP

t0 0.432 0.412 0.401 0.104 0.088 0.079 0.029 0.021 0.019
t8 0.430 0.410 0.399 0.099 0.083 0.075 0.026 0.018 0.017

t15 0.422 0.399 0.388 0.092 0.079 0.071 0.024 0.017 0.015
t30 0.419 0.389 0.376 0.087 0.073 0.066 0.019 0.014 0.011

HPP

t0 0.419 0.400 0.386 0.075 0.066 0.054 0.018 0.016 0.015
t8 0.411 0.392 0.375 0.070 0.062 0.050 0.013 0.012 0.011

t15 0.402 0.381 0.368 0.066 0.058 0.047 0.012 0.011 0.010
t30 0.385 0.377 0.359 0.061 0.053 0.043 0.011 0.010 0.009
t45 0.374 0.371 0.349 0.056 0.049 0.040 0.010 0.009 0.008
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3.6. Antioxidant Capacity

The antioxidant capacity of the juices was estimated through the colorimetric methods
ABTS+, NO•, and SO•, to evaluate their radical scavenging capacity, and the reducing
power assay to estimate their capacity to reduce Fe3+ to Fe2+.

Overall, the gathered results demonstrated that the application of different pasteuriza-
tion methods to the three different juices did not cause significant variations in the ABTS•+,
NO•, and SO• methods (Figure 6). Nevertheless, a small but general tendency toward a
decrease in the capacity to scavenge these radicals could be observed over time. As for
reducing power, the antioxidant capacity decreased over storage time with lower effects
on the ‘Rossa’ cv. These results can be explained by the variation in the TPC and betalains
present. The decrease in the concentrations of these compounds could explain the slight
tendency toward decreasing antioxidant capacity in Opuntia juices, as was observed by
Yung-Sheng Lin et al. for juices of Momordica charantia L. and Momordica charantia L. var.
abbreviata, where during storage the reduction in phenolic and flavonoid compounds was
accompanied by a slight decrease in the capacity to scavenge DPPH and ABTS radicals and
a more pronounced variation in the capacity to reduce Fe3+ to Fe2+ [67].
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cultivar cultivated in Alicante, Spain, and stored under low temperatures (2 ◦C) were able
to maintain their antioxidant capacity during 28 days of storage [76].

3.7. Principal Component Analysis (PCA)

PCA is a technique for reducing the dimensionality of large datasets, increasing their
interpretability but at the same time minimizing the loss of information. It works by
creating new uncorrelated variables that successively maximize variance, allowing the user
to correlate larger datasets. The PCA obtained from O. ficus-indica juices from the three
different cultivars during storage, after the two pasteurization methods and comparing
with the non-pasteurized samples, is depicted in Figure 7. The distinct clusters presented
allow the conclusion that the application of these different pasteurization techniques has
little impact on the variation detected in the previously reported results. This can also be
observed in Figure S1 (Supplementary Materials), which represents PCA applied to the
different pasteurization methods, with no clear groupings being perceptible. Moreover, it
can be observed that the clusters are mainly due to the difference in composition of the
different cultivars, which had a higher influence on the results obtained. So, in conclusion,
the use of different pasteurization methods does not impact the physico-chemical and
nutritional characteristics of prickly pear juices during storage, but the differences in
the composition of each cultivar significantly impacts the storage of these juices. In fact,
preliminary consumer perception data indicated that the global appearance of the prickly
pear juices from the three cultivars was clearly distinguishable in terms of their color, odor,
and taste, while no significant changes were noticed between non-pasteurized samples
and the respective treated samples, just after processing. Nevertheless, a slight decrease in
viscosity was reported for the HPP samples that represented a change in texture, possibly
due to the breakage of some cell walls as a result of the increase and decrease in pressure
during pasteurization [77].
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4. Conclusions

The high-pressure processing of prickly pear juices from the cultivars ‘Rossa’, ‘Gialla’,
and ‘Bianca’ reduced the yeast and mold and enterobacteria counts to levels of no detection
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and reduce approximately 2 log of the total psychrophile cell counts, compared with the
most common thermal pasteurization method used for premium juices. As a result, HPP
treatment allowed extending the shelf-life of juices by 22 and 52 days, when compared to
thermal pasteurized and raw samples, respectively. Moreover, HPP also proved to be more
effective in reducing the effects of storage time on the total soluble solids and titratable
acidity, which are relevant parameters related to consumers’ acceptance of the final product
while maintaining, for the duration of the experiment, similar polyphenolic contents and
antioxidant capacities. So, this technology was demonstrated to be a promising alternative
to heat treatments that allows the processing of fruit products with good quality. In general,
despite the similarities in the physico-chemical characteristics of all the cultivars, the juices
from cv ‘Gialla’ possessed superior overall qualities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/beverages8040084/s1, Figure S1: Principal components analysis (PCA) of Opuntia ficus-
indica cv ‘Rossa’ (red juice), cv ‘Gialla’ (orange juice), and cv ‘Bianca’ (white juice) for non-pasteurized
(green) samples and the two processing methods (High-pressure processing (blue), and Thermal
pasteurization (red), showing the correlation between the different treatments and the physico-
chemical and nutritional characteristics of Opuntia ficus-indica cultivars.
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