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Abstract: The agri-food processing industry predominantly relies on fossil fuels, contributing signifi-
cantly to greenhouse gas emissions and extensive water use. Climate change requires a conversion
of food processing technologies towards sustainability. Our research focuses on testing and vali-
dating pulsed electric field (PEF) technology as a mild processing method for stabilizing freshly
squeezed, not from concentrate, blood orange juice. Experiments were carried out on a continuous
pilot plant endowed with a patented treatment chamber that ensures a constant flow of product
without “hot spots” for a homogeneous treatment. Once the operative conditions of the process
in terms of energy density were optimized, PEF-treated blood orange juice was tested in order to
evaluate the effects on physico-chemical parameters (total soluble solids, total acidity, pH, CIE L*,
a*, b*, C*, h color indices, cloud, bioactive compounds (ascorbic acid, total anthocyanins, total and
individual flavanones), antioxidant activity (ORAC units, total phenolic content), microbial commu-
nities (aerobic mesophilic viable count, yeasts and molds, acid-tolerant microorganisms), residual
enzymatic pectinmethylesterase activity, and sensory attributes (flavor, off-flavor, off-odor, color,
intensity of odor, acidity, sweetness, bitter, freshness, cooked flavor). Then, in order to simulate the
commercial refrigerated distribution of PEF-treated blood orange juice and define its refrigerated
shelf-life, the PEF-treated freshly squeezed, not from concentrate, blood orange juice was subjected to
physico-chemical, antioxidant, microbiological, and sensory evaluations over twenty days of refrig-
erated storage at 4 ± 1 ◦C. The PEF treatment effectively ensured excellent microbial inactivation
and enhanced the nutritional and health characteristics of the juice, thereby extending its shelf-life.
This study demonstrates the significant potential of the PEF treatment to produce blood orange juice
suitable for a new retail segment—freshly squeezed juices with superior health quality, fresh-like
characteristics, and extended refrigerated shelf-life.

Keywords: blood orange juice; pulsed electric field; sensory attributes; pectinmethylesterase;
bioactive compounds

1. Introduction

The pigmented oranges belonging to the varieties “Tarocco”, “Sanguinello”, and
“Moro”, are currently processed by the Italian citrus juice industry, producing a pigmented
(blood) orange juice which is very peculiar in respect of its sensory and nutritional proper-
ties. The blood orange juice is an acidic aqueous solution (pH~3.3) with a cloudy appear-
ance due to the presence of pectins in suspension in the colloidal state, with a bright red
color, a pleasant sweet–acid flavor, and a characteristic fresh and delicate aroma [1]. The
soluble components are represented in higher concentrations by simple sugars (sucrose,
glucose, and fructose) and organic acids (citric, malic, and isocitric), while various bioactive
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compounds such as hydroxycinnamic acids, flavanone glycosides, and vitamin C are well
represented, playing a very relevant role in the biochemistry of the fruit and giving the juice
a high nutritional value [2]. Specifically, blood orange juice is characterized by the presence
of water-soluble pigments belonging to the anthocyanin class, which are responsible for its
red brilliant color, being also responsible for the higher healthy value of blood orange juice
compared to that reported for blond or common orange juice [3,4].

Once blood orange juice is extracted, after pulp reduction processes through refining,
a stabilization phase is necessary for the prevention of chemical, physical, and microbio-
logical alterations. Indeed, the NFC (not from concentrate) juice can undergo enzymatic
alterations, such as the loss of the characteristic turbidity, or the incidence of oxidative
and microbiologically detrimental phenomena, such as the development of spoilage mi-
croorganisms responsible for unwanted fermentation processes. At present, HTST (High
Temperature Short Time) thermal pasteurization is currently employed for the stabilization
of citrus juices as it is effective in counteracting the onset of enzymatic and biological
degradation alterations. This pasteurization is generally carried out in heat exchangers in
which the heating fluid, consisting of hot water or circulating steam, flows in countercurrent
mode with respect to the flow of the juice to be pasteurized. In this way, the juice is brought
to temperatures between 80 and 95 ◦C for 15–60 s. At the end of the thermal stabilization,
the juice is cooled and sent for ultra-clean packaging in multilayer containers, PET, or glass
bottles or, alternatively, used for concentration [5]. The pasteurized juice is marketed in the
refrigerated supply chain (T = 4 ◦C) with a shelf-life of approximately 45–60 days or, alter-
natively, sent to concentration and further stored in 240 kg drums as frozen concentrated
orange juice. It must be also noted that, in Italy, almost all citrus companies carry out a
re-pasteurization heat treatment when the stabilized frozen blood orange juice is thawed to
be sent to both national and international client companies. This re-pasteurization has the
main aim of providing customers with a juice that is certainly microbiologically “cleaner”
and therefore “safer”, but it causes further thermal damage to the juice. Nonetheless, it
has been widely demonstrated that thermal pasteurization negatively affects the intrinsic
quality of the juice, specifically with respect to its nutritional and sensory value [6]. Indeed,
it is known that sugars can react with some free amino acids contained in the juice according
to the Maillard reaction, generating reaction products responsible for the non-enzymatic
browning of the juice. Furthermore, sugary substances can also undergo caramelization.
Other non-enzymatic browning can also take place with a color impact, including browning
from ascorbic acid and the degradation and/or polymerization of the pigments present in
the juice [7]. Finally, significant reductions in highly thermolabile water-soluble vitamins
levels have also been highlighted [8].

The consumer is increasingly aware that nutrition and health are closely interconnected
and directly dependent on each other. The Mediterranean diet is a recognized formula
for wellness and, starting from it, in recent years various European and extra-European
campaigns have been aimed at inviting consumers to eat well and consume larger portions
of fresh or minimally processed fruit and vegetables to maintain a good health status.
Regarding blood orange juices, in this context, the consumer is increasingly persuaded to
consume fresh or fresh-like products that maintain the health benefits and the nutritional
and sensory characteristics of the fresh fruit. Accordingly, in the last two decades, scientific
research has been committed to the experimentation and validation of new non-thermal
technologies, defined as mild technologies, with the aim of achieving optimal microbial
and enzymatic inactivation without producing thermal damage and variations in sensory
and nutritional values of the fresh juice. All mild food technologies share the same main
objectives: (i) ensuring microbiological safety, (ii) preserving nutritional and sensory quality,
and (iii) being sustainable in terms of both investment costs and energy consumption.
Some examples include ohmic and microwave heating, ultrasound, high-pressure carbon
dioxide, high hydrostatic pressures, and high-intensity pulsed electric fields [9]. Among
these non-thermal inactivation technologies, high hydrostatic pressure (HHP) and pulsed
electric fields (PEFs) can be considered as the most investigated [10,11]. HHP offers great
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opportunities for food preservation, and at present, cold-extracted juices from fruit and/or
vegetables stabilized with HPP technology are available on both national and international
markets. Indeed, HPP application forces significant investment costs due to the high
pressures required. High-intensity PEF involves the application of high-voltage electrical
pulses for a very short time, generally less than a second. Microbial inactivation in the
food, which is placed between two electrodes, is ensured by the electroporation and also
electric lysis (dielectric breakdown) of the cell membrane of the microorganisms through
the formation of electrical charges on the cell membrane itself [12]. For more than two
decades, PEF processing effects on different fruit juices have been tested, with promising
results for the inactivation of microbial communities and the preservation of nutritional
and sensory characteristics of fresh fruit juices. Indeed, several authors evaluated PEF
treatment efficacy by applying different operative parameters, such as electric field strength,
number of pulses, pulse shape, pulse time, and total treatment time (t = number of pulses
× pulse duration), in lab-scale apparatuses or pilot plants, including series of static and
continuous collinear treatment chambers in either continuous or batch mode [13–21]. It has
also been demonstrated that this technology, in addition to preserving the nutritional and
sensorial characteristics of the fresh product, can also improve its health potential as the
electroporation, induced on the cells of the food itself, increases the extraction of bioactive
constituents in the medium [22,23]. In recent years, different commercial-scale systems
have been released in the United States, European countries, and China [23]. However,
large industrial-scale application of this technology still requires extensive research efforts.
Indeed, besides the fact that PEF parameters must be optimized for each food matrix based
on its conductivity (limited to low conductivity and air-bubble-free products), pH, type,
concentration, and growth stage of the natural microflora, it is widely known that the
main drawback of this technology is the ohmic heating due to the joule effect that can
be generated under high-intensity PEF treatment, producing “hot spots” with adverse
implications for the quality of food products, such as degradation of heat-sensitive bioactive
compounds [24]. As a matter of fact, the design of the PEF chamber, which must guarantee
and impart uniform treatment to the food matrix with a minimum increase in temperature,
and the design of electrodes, which must minimize the effect of electrolysis, may be listed as
the two main critical aspects when PEF technology is intended to be employed at industrial
scale for commercial purposes.

The present study assessed the application of pulsed electric fields (PEF) for the
stabilization of fresh blood orange juice. In alignment with contemporary consumption
trends and the imperative to adopt sustainable food processing methods, the treatment
was conducted continuously using a patented treatment chamber (Opticept Technologies
AB, Lund, Sweden). This chamber ensures a consistent flow and uniform treatment,
preventing the formation of “hot spots”. The PEF-treated blood orange juice was evaluated
for its physico-chemical, biochemical, nutritional, microbiological, and sensory properties.
Additionally, its commercial refrigerated shelf-life was determined

2. Results and Discussion
2.1. Physicochemical Analysis

The physicochemical properties of citrus juices are relevant quality attributes for the
processing industries as they have a relevant influence on consumers’ choices and prefer-
ence [24]. The results of the physicochemical analyses performed on UJ (untreated juice)
and PEFJ (PEF-treated juice) immediately after the process and during further refrigerated
storage at 4 ◦C are reported in Table 1.
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Table 1. Physicochemical parameters in UJ (untreated juice) and PEFJ (PEF-treated juice) immediately
after the process (T0) and during further refrigerated storage at 4 ◦C. Data are expressed as means of
three analytical replicates ± standard deviation. Means in the same column followed by different
letters are significantly different: p ≤ 0.01—capital letter; p ≤ 0.05—small letter; n = 3.

TSS
(◦Brix)

TA
(% Citric Acid) pH L* a* b* C* h

UJ 12.75 ± 0.00 B 1.38 ± 0.02 3.32 ± 0.03 39.67 ± 0.02 b 27.48 ± 1.71 17.37 ± 0.78 32.51 ± 1.87 32.33 ± 0.45
PEFJ 0 days 12.86 ± 0.01 A 1.35 ± 0.11 3.30 ± 0.01 40.57 ± 0.13 a 28.10 ± 1.31 17.79 ± 0.36 33.26 ± 1.30 32.35 ± 0.68

REFRIGERATED STORAGE OF PEFJ

TSS
(◦Brix)

TA
(% citric acid) pH L* a* b* C* h

PEFJ-0 days 12.86 ± 0.01 C 1.35 ± 0.11 b 3.30 ± 0.01 40.57 ± 0.13 28.10 ± 1.31 17.79 ± 0.36 33.26 ± 1.30 32.35 ± 0.68
PEFJ-5 days 13.02 ± 0.01 B 1.50 ± 0.08 ab 3.29 ± 0.00 41.18 ± 0.12 26.47 ± 0.31 17.94 ± 0.09 31.98 ± 0.21 34.13 ± 0.44
PEFJ-10 days 13.02 ± 0.00 B 1.63 ± 0.02 ab 3.26 ± 0.01 41.18 ± 0.39 26.35 ± 0.58 17.82 ± 0.49 31.82 ± 0.21 34.08 ± 1.32
PEFJ-15 days 12.99 ± 0.00 B 1.74 ± 0.00 a 3.30 ± 0.00 40.58 ± 1.37 26.74 ± 1.55 17.89 ± 0.70 32.21 ± 0.90 33.85 ± 2.57
PEFJ-20 days 13.24 ± 0.02 A 1.76 ± 0.02 a 3.26 ± 0.01 41.73 ± 0.45 25.58 ± 0.93 18.31 ± 0.53 31.47 ± 0.44 35.63 ± 1.77

At T0, immediately after the process, the PEF treatment produced no significant
variation in pH and total acidity (TA), while total soluble solids (TSS) showed signifi-
cantly higher values in the PEFJ samples, probably because of electroporation phenomena,
which produced a release of bonded sugars from the juice pulp cells. These results are
in accordance with what was previously reported by some authors [14], who recorded
no significant changes in TA and pH, and significantly higher TSS values in PEF-treated
orange juice with respect to a freshly squeezed orange juice, used as control. At time
0, CIE L*, a*, b*, C*, h* color parameter values showed no differences between UJ and
PEFJ, except for L* values, which showed higher values in the PEFJ samples. Furthermore,
consistent with our results, other authors [25] reported lower L* values in untreated orange
juice with respect to PEF-treated orange juice, highlighting the great potentiality of this
stabilizing technology for the preservation of the natural orange juice color. Additionally,
other authors [13] reported brighter (L*) values in PEF-treated orange juice with respect
to thermally pasteurized orange juice, providing evidence of how this treatment could be
conveniently used to preserve the bright color of freshly squeezed citrus juices.

As far as the refrigerated storage is concerned, an increasing trend was recorded for
TSS and TA during the storage period, with TSS and TA values equal to 13.24 ± 0.02 (◦Brix)
and 1.76 ± 0.02 (% citric acid) after 20 days of refrigerated storage. No significant differences
were noted in pH values from T0 to T20, probably linked to the buffering capacity of orange
juice which can balance small TA variations such as those reported in this study. The
◦Brix degree represents the soluble solids percentage, and it is commonly and widely used
to grade the overall quality of fruit juices [26]. At the same time, TA represents the free
organic acids percentage in the fruit juice and provides a relevant indication of the juice
stability. Our results showed that during the refrigerated storage, an increase in TSS and
TA occurred. An increase in TSS during cold storage of orange fruit has been previously
reported [27]. The authors explained this behavior as a consequence of hydrolytic scission
phenomena of various glycosylated components of juice, which can occur in response to
the need of free monosaccharides as a substrate for the onset of several metabolic processes
during cold storage [28]. Furthermore, an increase in TA of orange juice during refrigerated
storage has been previously reported by other authors [25], who opined that this behavior is
probably linked to the spoilage of the juice caused by the gradual increase in the microbial
load. Indeed, microorganisms, which are responsible for fruit juice spoilage, can induce
an increase in acidity due to fermentation phenomena [18]. The CIE L*, a*, b*, C*, h*
values remained constant throughout the whole storage, showing a relevant stability of the
PEF-stabilized blood orange juice. Indeed, in accordance with our results, other authors
have previously reported a lower browning index in PEF-treated orange juice with respect
to thermally pasteurized ones, showing that the color of the PEF-treated orange juice
remained stable during the storage at both 4 ◦C and 22 ◦C [13,18]. The color of fruit juice is
an important quality attribute, and negative changes in its coordinates may undesirably
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affect consumer acceptance; therefore, it is very important to apply stabilizing technologies
that do not produce detrimental variations in the color of fruit juices. Our results suggest
a great potentiality for the PEF process to be applied as a stabilizing technology for the
maintenance of the fresh-like color of refrigerated blood orange juice.

Cloud is a significant quality attribute of orange juice that contributes to its flavor,
aroma, and turbidity [29]. The pectinmethylesterase (PME) enzyme causes a loss of cloud in
freshly squeezed citrus juices. The loss of turbidity is mainly linked to the activity of PME,
which is responsible for the demethoxylation of pectins. In citrus fruits, pectins, although
distributed throughout almost the entire fruit, are more localized in the albedo; therefore,
following squeezing they are found in large quantities in the juices. In the extracted
juice, pectins act as protective colloids, helping to preserve juice cloud and preventing the
aggregation and subsequent precipitation of very fine pulp fragments. Furthermore, pectins
contribute to the body of the juice, which also contributes to maintaining its characteristic
color. The demethoxylating activity of PME causes pectin to lose its peculiar function as a
protective colloid, leading to the irreversible precipitation of the substances responsible for
the juice cloud. This is the reason why the inactivation of PME is strictly needed to preserve
orange juice cloud stability [13,17,25]. The results of the cloud values and PME activity on
UJ and PEFJ immediately after the process and during further refrigerated storage at 4 ◦C
are reported in Figures 1 and 2, respectively.
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The effect of the PEF process is shown in Figure 1. Juice cloud at T0 resulted to be
not only preserved but significantly (p ≤ 0.01) improved, switching from 2.731 ± 0.0007
to 2.749 ± 0.0007, indicating that the PEF treatment and the correlated electroporation
and dielectric breakdown of the juice cells did not produce detrimental effects on juice
turbidity, which, in turn, was well maintained and enhanced. In line with these findings,
the % residual PME activity measured in PEFJ immediately after the process (T0) was
significantly (p ≤ 0.01) lower with respect to UJ. Indeed, remaining PME activity equal to
22.03 ± 0.006% was recorded in PEFJ at T0, thus showing that PEF treatment inactivated
~80% of the PME activity recorded in UJ. PME is a heat-sensitive enzyme; therefore, it
is currently inactivated in citrus juice by thermal pasteurization [30]. Our results are in
line with most of the previous studies carried out on PEF inactivation of PME in orange
juice. Yeom et al. [13] reported that a PEF treatment (35 kV/cm, 59 µs) achieved 90%
PME inactivation in “Valencia” orange juice, while Elez-Martinez et al. [25] achieved 80%
inactivation in “Navelina” orange juice applying 35 kV/cm of electric field strength and
1500 µs treatment time. Even if most of the available literature on this topic is in accordance
with our findings, it must be highlighted out that Vervoort et al. [31] reported that the PEF
treatment (23 kV/cm monopolar pulses of 2 µs) achieved only 34% PME inactivation. It
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must be pointed out that PEF process parameters are very likely to influence the effect on
the overall quality of the treated juice; therefore, different operative conditions, such as
batch or continuous systems, pulse shape, frequency, energy density, pulse width, treatment
time, geometric properties of the chamber, and maximum temperature reached during the
process, could putatively lead to different PME inactivation results.
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During 20 days of refrigerated storage, both cloudiness values and PME activity
showed a constant trend with no significant changes recorded at the different timepoints.
Cloud values ranged from 2.749 ± 0.0007 at T0 to 2.7495 ± 0.0010 a T20, while PME activity,
expressed as µmol carboxyl released/min × mL, ranged from 0.3550 ± 0.019 at T0 to
0.3102 ± 0.007 at T20. Thus, it can be concluded that PME activity was not restored and
PEF treatment was effective in causing an irreversible deactivation of PME. Our results
are in accordance with what was previously reported by other authors [13,17,25,32], who
stated that PME activity significantly decreased after PEF treatment and remained stable
during refrigerated storage. Other authors [23] concluded, in their recent review, that
the mechanism under which the enzymatic inactivation is achieved after PEF treatment is
mainly attributable to changes in structure and conformation of the enzyme itself, which are
responsible for the modification of the enzymatic activity. Moreover, these modifications
are mainly dependent on the applied PEF system and PEF process operative parameters,
especially the energy density.

2.2. Antioxidant Components and Antioxidant Activity Assays
2.2.1. Antioxidant Components

The concentrations of total flavanone glycosides (with hesperidin and narirutin being
the most abundant) in untreated and PEF-treated blood orange juice are shown in Figure 3.
As previously reported, blood oranges mainly accumulate the tasteless flavanones ruti-
noside, narirutin, and hesperidin, with hesperidin accounting for about 50–80% of the total
flavanone content [2,33]. Our findings are in accordance with these results, as hesperidin,
narirutin, and total flavanone contents in UJ were equal to 40.72 ± 0.90, 27.61 ± 0.39, and
68.33 ± 1.29 mg/L, respectively, wherein hesperidin content equaled 59.59% of the total
flavanone content. The applied PEF treatment showed a significant (p ≤ 0.05) improvement
effect on the hesperidin content of PEFJ. Indeed, at T0, immediately after the process,
the hesperidin content increased from 40.72 ± 0.90 mg/L to 45.98 ± 0.81 mg/L, produc-
ing an enhancement in total flavanone content, which passed from 68.33 ± 1.29 mg/L
to 73.12 ± 1.29 mg/L. No significant differences in narirutin levels at T0 were recorded
between UJ (27.61 ± 0.39 mg/L) and PEFJ (27.15 ± 0.47 mg/L). It has been previously
reported that the PEF process induces an enhancement in the extraction of intracellular
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components due to the electroporation occurring in the cell membranes, which causes an
improvement in the mass transfer of bioactive constituents out of the cells [16,23,24,34].
Other authors [16] also reported that bioactive compounds’ concentration in the juice
obtained after pressing PEF-treated orange, pomelo, and lemon fruits were higher with
respect to the control untreated fruits. In particular, they found an increase in the release of
polyphenols from the inner parts of the cells into the juice equal to 39%, 66%, and 135%
for orange, pomelo, and lemon juices, respectively. As most of the previous studies have
shown, greater effects on the enhancement of the bioactive compounds’ levels are obtained
by applying a higher electric field strength than with the application of low energy [21,23].
Furthermore, it must be stressed that increased electric field strengths are associated with
the critical increase in the juice temperature during the process, even to ~60 ◦C [16–18], and
this may cause detrimental effects on juice quality attributes induced by thermal damage.
The PEF process herein proposed has been demonstrated to produce an increase in the
total flavanone rutinoside content, thus ensuring an improvement in the blood orange
juice quality attributes, while applying mild processing parameters, which allowed the
temperature to never exceed 45 ◦C during the process, thus avoiding thermal damage to
the juice matrix.
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Figure 3. Hesperidin (A), narirutin (B), and total flavanone content (C) in UJ (untreated juice) and
PEFJ (PEF-treated juice) immediately after the process (T0). Data are expressed as means of three
analytical replicates ± standard errors. Means significant differences are expressed by different letters:
p ≤ 0.05; n = 3.

Total ascorbic acid and anthocyanin contents found in untreated and PEF-treated
blood orange juice are reported in Figure 4. Untreated blood orange juice had an ascorbic
acid content equal to 59.19 ± 0.75 mg/100 mL. This value is in accordance with the values
reported for industrial, not from concentrate, blood orange juice [30], which was equal to
~60 mg/100 mL, and for freshly squeezed Navelina orange juice [25], which was equal
to 52.1 mg/100 mL. It is widely known that ascorbic acid acts as an antioxidant in the
juice matrix and the recommended daily intake, as recommended by US FDA, should
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never be below 60 mg/day [35]. Therefore, a retention of ascorbic acid after the industrial
stabilization of freshly squeezed citrus juice is highly welcome and recommended. The
herein proposed PEF process guaranteed a full retention of ascorbic acid content, as its
value was equal to 62.92 ± 4.82 mg/100 mL in PEFJ at T0, immediately after the process.
Several previous studies have reported very promising results for the PEF technology
regarding the retention of ascorbic acid. Preservation of ascorbic acid in orange juice
was reported by other authors [36] after low-energy PEF processing with 80 KV/cm and
0.333 Hz. Additionally, other authors [37] reported that PEF processing did not significantly
change the concentration of ascorbic acid, which was equal to 55 mg/100 mL in both freshly
squeezed orange juice and PEF-treated (40 KV/cm, 2.6 pulse duration time, and 97 ms
total PEF treatment time) orange juice. Sanchez-Moreno et al. [14] reported 93% ascorbic
acid retention after a PEF treatment of 35 KV/cm for 1000 µs with bipolar pulses of
4 µs. It is widely known that ascorbic acid is vulnerable to enzyme-catalyzed oxidation,
specifically ascorbate oxidase and peroxidase [38]; therefore, it may be hypothesized that
the applied PEF treatment partially deactivated some of the enzymes responsible for
ascorbic acid loss [14]. Furthermore, it must be stressed that very intense PEF settings
have been reported to have negative effects on the vitamin C contents. Indeed, Torregrosa
et al. [39] reported that vitamin C values decreased with longer times and stronger fields
(5–40 KV/cm, 30–340 µs). Additionally, ref. [18] reported that the increased intensity of the
PEF enhanced ascorbic acid degradation. Ascorbic acid is a heat-sensitive nutrient, and
it is highly recommended to prevent the onset of high temperatures during citrus juice
stabilization in order to avoid thermal damage. The application of high intensity fields is
associated with the significant increase in the juice temperature during PEF processing, and
this is probably the cause of the degradation of ascorbic acid that occurred while operating
under stronger fields. As mentioned before, our PEF process conditions prevent thermal
damage to the nutritional quality of blood orange juice, thereby ensuring the preservation
of its high nutritional value.
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Total anthocyanin content significantly (p ≤ 0.01) increased after our PEF process,
changing from 52.35 ± 0.04 mg cyanidin-3-glucoside equivalents (CGE)/L to 55.59± 0.11 mg
CGE/L (Figure 4). The anthocyanin content of blood orange juice is a very relevant quality
characteristic that influences consumer acceptance. Indeed, the presence of anthocyanins is
responsible for the brilliant red color of blood orange juice, along with being associated with
a higher antioxidant efficiency of the juice [4]. In a previous study [40], it was demonstrated
that fruit juice beverages treated in a low electric field (20 kV/cm) recorded higher total
anthocyanin contents with respect to the untreated control samples, while higher electric
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fields (40 kV/cm) led to anthocyanin degradation. The authors concluded that, at lower
PEF conditions, the electroporation may enhance the extractability of anthocyanins from
fruit cells and that the application of higher electric fields was detrimental due to the
thermal damage induced in the beverage. In order to prevent degradation of bioactives,
if higher PEF conditions have to be applied, they promoted the addition of antioxidant
ingredients (i.e., stevia sweetener), thereby protecting the bioactive compounds of the juice
from degradation.

Concerning the behavior of the antioxidant components during the refrigerated storage
at 4 ◦C of PEFJ, the results of hesperidin, narirutin, total flavanone, ascorbic acid, and total
anthocyanin contents are reported in Table 2. Total flavanones showed an increasing trend
during refrigerated storage, with significantly higher values (p ≤ 0.05) after 15 days for
hesperidin and after 20 days for narirutin and total flavanones. Our results are in accordance
with what was stated by other authors [16], who noted an increase in hesperidin and other
flavanones during refrigerated storage of orange juice treated by PEF at electric field
strengths ranging from 13.82 to 21.50 kV/cm and treatment time ranging from 1033.9 to
1206.2. It has been previously demonstrated that flavanones tend to precipitate at low pH,
from the soluble fraction of orange juice to its cloud, and this leads to an increase in the
flavanone concentration in the cloud, especially at low temperatures [41]. Considering
that the cloud fraction of PEFJ was enhanced and also preserved during refrigerated
storage (Figures 1 and 2), it can be postulated that flavanone components accumulated in
the cloud fraction of the PEFJ were well protected during refrigerated storage and their
concentration tended to increase in response to this phenomenon. Ascorbic acid content
showed a decreasing trend, even though its variation from T0 to T20 was not significant.
These changes are not so drastic to determine a relevant alteration of the preserving and
antioxidant action exerted in blood orange juice by ascorbic acid. Indeed, ascorbic acid acts
as an oxygen scavenger and its destruction provides reactive carbonyl groups, which can
be precursors to non-enzymatic browning of the juice. Therefore, the preservation of this
component guaranteed by our PEF process is of high relevance for the preservation of the
overall quality of the stabilized blood orange juice. Regarding total anthocyanin content, a
decreasing trend was observed with significantly (p ≤ 0.01) lower values recorded at T20.
As previously reported [24], anthocyanin degradation in thermally stabilized orange juices
is presumably due to the formation of furfurals and other carbonyl compounds, which can
form condensation products with anthocyanins [42]. In this way, it may be hypothesized
that our PEF process prevents furfural formation, as reported by other authors [31] in
blended orange–carrot juice, both after PEF treatment and with the storage, thus preventing
anthocyanin degradation. Moreover, it must be pointed out that, at T20, total anthocyanin
concentration was equal to 53.25 ± 0.04, a value that is lower than that of PEFJ at T0 but still
higher than that of UJ before the PEF process, which was equal to 52.35 ± 0.04 mg CGE/L.
Therefore, it can be concluded that anthocyanin components were increased by the PEF
treatment so that their levels remained preserved during the 20 days of refrigerated storage.

Table 2. Hesperidin, narirutin, total flavanone, ascorbic acid, and total anthocyanin contents in PEFJ
(PEF-treated juice) during further refrigerated storage at 4 ◦C. Data are expressed as means of three
analytical replicates ± standard deviation. Means in the same column followed by different letters
are significantly different: p ≤ 0.01—capital letter; p ≤ 0.05—small letter; n = 3.

Hesperidin
(mg/L)

Narirutin
(mg/L)

Total Flavanones
(mg/L)

Ascorbic Acid
(mg/100 mL)

Total
Anthocyanins
(mg CGE */L)

PEFJ-0 days 45.98 ± 0.81 ab 27.15 ± 0.47 b 73.12 ± 1.29 bc 62.92 ± 4.82 55.59 ± 0.11 A
PEFJ-5 days 44.18 ± 1.14 b 27.17 ± 0.48 b 71.36 ± 1.63 c 58.65 ± 2.42 55.19 ± 0.07 AB

PEFJ-10 days 44.63 ± 1.23 b 27.52 ± 0.81 b 72.15 ± 2.04 bc 61.21 ± 1.32 53.92 ± 0.02 AB
PEFJ-15 days 51.35 ± 1.74 a 27.15 ± 0.58 b 78.50 ± 2.32 ab 53.22 ± 2.42 53.65 ± 0.54 AB
PEFJ-20 days 50.60 ± 0.62 ab 30.31 ± 0.48 a 80.91 ± 1.09 a 53.62 ±2.79 53.25 ± 0.04 B

* CGE: cyanidin-3-glucoside equivalents.
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2.2.2. Antioxidant Activity Assays

Total polyphenol contents in UJ and PEFJ samples were determined by the Folin–
Ciocalteu reagent (FCR) colorimetric assay, which is based on an electron-transfer (ET)
reaction. Indeed, as in other ET-based assays (i.e., the frequently used DPPH assay), it
gives an overview of the antioxidant activity exerted by all the antioxidant compounds,
which operate through the transfer of an electron [43]. Figure 5 shows its value at T0,
immediately after the process. As a result of the PEF process, total polyphenol content
was noted to be preserved and even enhanced (UJ: 858.04 ± 5.27 mg gallic acid equivalent
(GAE)/L; PEFJ: 867.77 ± 0.63 mg GAE/L). In previous studies, comparable values were
reported with respect to total phenolic contents for untreated and PEF-treated orange
juice [16]. Similarly, the application of PEF treatment (40 kV/cm, 130 µs) to an orange
juice–milk beverage caused a 9% increase in total phenolics [44]. These results are also
in accordance with what was reported by [19], who reported that the radical scavenging
capacity, determined by DPPH, remained constant after PEF treatment (35 KV/cm, total
treatment time equal to 1000 µs) in orange juice samples. To the best of our knowledge,
this is the first study reporting ORAC unit values for PEF-treated blood orange juice.
The ORAC assay is based on a hydrogen atom transfer (HAT) reaction mechanism and
measures the antioxidant scavenging activity against peroxyl radicals induced by AAPH
radicals. Therefore, differently from the FCR assay, it is mainly correlated with those
compounds that exert their antioxidant activity based on the transfer of a hydrogen atom.
In the evaluation of the antioxidant activity of a food sample, it is essential to include at
least one assay based on an ET reaction mechanism and one based on an HAT mechanism.
Our results highlighted that ORAC unit values were significantly (p ≤ 0.05) improved after
PEF treatment. UJ had ORAC units equal to 3079.20 ± 57.21, while PEFJ at T0 recorded
3398.87 ± 31.71 ORAC units. This could be attributable to the fact that the electroporation
phenomenon and the correlated increased permeabilization of the juice cells enhance
the release of intracellular metabolites, thereby increasing mass transfer of antioxidant
compounds out of the cells [16].
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Figure 5. Total polyphenol content (A) and ORAC units (B) in UJ (untreated juice) and PEFJ (PEF-
treated juice) immediately after the process (T0). Data are expressed as means of three analyti-
cal replicates ± standard errors. Means’ significant differences are expressed by different letters:
p ≤ 0.05; n = 3. * GAE: Gallic acid equivalents.

The trends recorded for total polyphenols and ORAC units during 20 days of re-
frigerated storage are reported in Table 3. As the refrigerated storage proceeded, total
polyphenol content showed a gradual decline starting from 15 days, with the lowest values,
equal to 836.16 ± 0.80 mg GAE/L, being recorded after 20 days at the end of the refrig-
erated storage period. Our results are in accordance with what was previously reported
by other authors [16], who showed that, during the shelf-life of PEF-treated orange juice,
total polyphenol content decreased with the storage period. Regarding ORAC units, the
retention of the antioxidant activity of PEFJ was recorded during the whole refrigerated
storage period, as ORAC units were preserved and maintained until the end of the 20-day
storage period. Indeed, PEFJ after 20 days still showed 3735 ± 23.06 µmol TE/100 mL as
ORAC units, highlighting that the contribution of the bioactive components of the juice
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to the overall antioxidant capacity of the PEFJ was conserved. As previously reported,
the relationship between the antioxidant activity and bioactive compounds depends on
several factors, including the chemical structure of individual components, their synergistic
interaction, and the specific conditions applied in different assays [43]. Based on our results,
it can be stated that the antioxidant activity of PEFJ, as determined by the ORAC assay, is
not only attributable to a single phytochemical compound, but is also broadly associated
with the vitamin C, flavonoid, anthocyanin, and polyphenolic contents of the raw blood
orange juice.

Table 3. Total polyphenol content (A) and ORAC units (B) in PEFJ (PEF-treated juice) during further
refrigerated storage at 4 ◦C. Data are expressed as means of three analytical replicates ± standard
deviation. Means in the same column followed by different letters are significantly different:
p ≤ 0.01—capital letter; n = 3.

Total Polyphenols Content
(mg GAE */L)

ORAC Units
(µmol TE/100 mL)

PEFJ-0 days 867.77 ± 0.63 AB 3398.87 ± 31.71
PEFJ-5 days 862.28 ± 0.85 B 3974.88 ± 140.97

PEFJ-10 days 872.99 ± 1.12 A 3772.46 ± 54.57
PEFJ-15 days 828.30 ± 0.27 D 3503.03 ± 309.02
PEFJ-20 days 836.16 ± 0.80 C 3735.00 ± 23.06

* GAE: Gallic acid equivalents.

2.3. Microbial Analysis

The microbial stability of PEFJ during refrigerated storage (4 ◦C) is shown in Figure 6.
At T0, immediately after the process, our results show the great potentiality of the PEF pro-
cess in achieving microbial inactivation, more evidently in the counts of mesophilic viable
bacteria on plate count agar (PCA) solid plates and spoilage microorganisms on orange
serum agar (OSA) solid plates, as well as in the count of yeasts and molds on sabouraud
dextrose agar (SAB) solid plates. Indeed, the initial microbial load of freshly squeezed
blood orange juice was 3.18 ± 0.06 Log CFU/mL in PCA, 2.85 ± 0.09 Log CFU/mL in SAB,
and 3.28 ± 0.01 Log CFU/mL in OSA, before treatment (UJ). The PEF process was able
to significantly inactivate microbial growth, as at T0 there were no culturable organisms
present in the juice for PCA and OSA plates, while yeasts and molds reached a microbial
load equal to 1.70 ± 0.09 Log CFU/mL. This kind of microbial inactivation induced by
the PEF process is similar to levels reported in previous findings by [25,37], who reported
microbial counts below 1 Log CFU/mL in PEF-treated orange juice processed at 40 kV/cm
for 97 µs and 35 kV/cm for 1000 µs, respectively. Moreover, the lower effect of PEF on the
inactivation of yeasts and molds with respect to bacteria was also previously reported in
another study [37]. PEF technology has been proposed as a promising food disinfection
method based on its ability to induce irreversible cell membrane electro-permeabilization,
which leads to the death of the bacteria [12]. It has been demonstrated, based on the
use of advanced SEM, that after PEF exposure of vegetative bacteria, alterations in the
cell shape and the presence of cell debris occur, affecting cell wall integrity and inducing
plasma membrane permeabilization [12]. Indeed, the authors explored the influence of the
electric field strength on the inactivation of vegetative bacteria by applying 1000 pulses
of 5 µs from 2 to 7.5 kV/cm. They found that between 2 and 6 kV/cm, the inactivation
is due to reversible permeabilization by electroporation, and the inactivation induces the
irreversible permeabilization of the cell wall only for higher electric fields. Based on this, it
was presumable that in our PEF process, applied at an energy density equal to 180 kJ/Kg,
electroporation may be reversible. Thus, in order to unequivocally determine the commer-
cial refrigerated shelf-life of our PEF-treated blood orange juice, we carried out samplings
at 5-day intervals during refrigerated storage at 4 ◦C. This temperature was chosen to
mimic refrigerated storage during retail and household storage. As expected, as storage
continued, microbial counts began to increase. The microbial value of 6 Log CFU/mL was
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considered unacceptable for juice quality [45], and it was almost reached after 20 days of re-
frigerated storage. As a matter of fact, microbial load of PEFJ at 20 days was 5.93 ± 0.10 Log
CFU/mL in PCA, 6.07 ± 0.02 Log CFU/mL in SAB, and 6.04 ± 0.01 Log CFU/mL in OSA.
So, during refrigerated storage, microbial cells wall repaired, and microorganisms reverted
to their vegetative and culturable state. This is why we decided to end the refrigerated
storage at T20 as, although physicochemical, enzymatic, and antioxidant properties were
still well preserved and maintained, the microbial safety of the PEFJ was not ensured after
20 days. Previous studies have reported longer microbial stability during shelf-life studies.
Min et al. [44] reported that PEF-processed orange juices (40 kV/cm for 97 µs) maintained
the microbial counts at less than 1 Log at 4 ◦C for 112 days. Elez-Martinez et al. [25] showed
that PEF-processed orange juice (35 kV/cm for 1000 µs) was stable for 56 days at 4 ◦C.
Other authors [20] reported that PEF-treated (35 KV/cm; pulse width 3 µs; measured outlet
temperature 67 ◦C) Opuntia cactus juice maintained good microbial stability after 15 days
of storage at 8 ◦C for total colony, yeast/mold, and acid tolerant microorganism counts. In
these studies, stronger electric fields were applied and, as a consequence, higher temper-
atures were probably reached during the process, therefore allowing a longer microbial
stability during the juice shelf-life to be achieved. The PEF process herein proposed was
operated in continuous mode using a patented treatment chamber, which guarantees a
constant flow and homogeneous treatment, avoiding the onset of “hot spots”. Moreover,
a minimum increase in temperature was recorded during the process, never exceeding
45 ◦C. It is plausible, therefore, to state that all microorganisms were inactivated due to
electroporation and no additional thermal damage had occurred. It must be also pointed
out that untreated juice (UJ) was very rapidly spoiled by microorganisms and reached
almost 6 Log CFU/mL for all the investigated microbial consortia after 5 days at 4 ◦C.
Our results suggest that PEF-stabilized freshly squeezed blood orange juice might not be
considered an alternative to the thermally pasteurized one, but as a freshly squeezed blood
orange juice to be allocated within a new retail segment, i.e., that of freshly squeezed juices
with better health quality and an extended refrigerated shelf-life.
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2.4. Sensory Analysis

From the statistical analysis of the data, the only descriptor that was found to be
significantly different was the intensity of the odor (p ≤ 0.01), because at T0, immediately
after the treatment, a decrease in the intensity of the odor was highlighted in the PEFJ
sample compared to the UJ sample. This result is in accordance with what was reported by
Agcam et al. [16], which had the best result for odor perception in fresh untreated orange
juice. No statistically significant differences in other sensory descriptors were observed at
T0 (Figure 7).
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3. Materials and Methods
3.1. NFC Blood Orange Juice

Not from concentrate (NFC) freshly squeezed blood orange juice was extracted and
supplied by Oranfrizer juice srl, Scordia, Italy. At least 60 L of blood orange juice was
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used for the PEF treatment (PEFJ), while an aliquot was taken off as a control sample for
comparative analysis (UJ).

3.2. Pulsed Electric Field Equipment

NFC blood orange juice was subjected to PEF treatment by adopting the juiceCEPT+®

equipment distributed by Opticept technologies AB (Lund, Sweden). The juiceCEPT+® is a
pre-assembled, plug and play unit (Figure 9). The components are hygienically designed
in compliance with EHEDG provisions. It consists of a PEF high-voltage generator and a
cabinet with an optimized booster step (treatment chamber). The equipment continuously
monitors and logs the product conductivity, pressures, temperatures, product flow, and
power level. These sensors provide valuable information about the treatment process and
allow for complete quality assurance and process safety. The treatment is only enabled
when there is enough flow through the system, and the integrated control valve ensures the
maximum flow rate is not exceeded. Any amount of product that has not been sufficiently
treated is returned through a 3-way valve. The equipment generates near-squared pulses in
both monopolar and bipolar modes with an infinitesimally short rise time. The pulse gener-
ator has a maximum voltage of 8 kV, which generates the required electric field during the
treatment, and maximum power of 8.4 kW. The number of pulses and treatment time (µS)
may be modulated to adapt the treatment to the product. The treatment intensity recorded
in terms of energy density was varied during the treatments by either increasing the power
or decreasing the flow rate, wherein the energy density ranged from 120 to 200 kJ/kg of
the product. The process connection is made from stainless steel and is food-grade. The
patented 3D-printed treatment chamber is made from Nylon 12/PA12 and its two parallel
parallelepiped electrodes are made from titanium covered with a noble metal coating
for quick replacement and long life. The juiceCEPT+® is operated via a Siemens-based
PLC system based on digital start/stop signals or complete integration to end users’ PLC
systems. The juiceCEPT+® is CE certified, meaning it is qualified to work safely. All cables
and protective devices are designed and sized to comply with the EU Safety Directive and
the relevant Electrical and Current Directives. The EMC Directive is equally guaranteed
and certified by a qualified external body, ensuring zero emissions both via air and cables.
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3.3. Processing and Cleaning Procedures

The orange juice feed tank and all tubing and pipes of the PEF equipment were cleaned
before processing using flowing hot water (50 ◦C) for preliminary washing, further distilled
water, then 5% w/w aqueous solution of NaOH to eliminate crusting, distilled water again
for rinsing, and, finally, sterile distilled water. PEF-treated juice was collected in a stainless-
steel tank, sterilized by autoclaving before processing, under a laminar flow hood in order
to avoid post-process cross-contaminations. At the end of each treatment, the tank was
disconnected and opened to take samples for analysis, taking care to maintain sterility by
working under the laminar flow hood.

Operative conditions for PEF blood orange juice (conductivity ≤ 3 mS/cm) processing
were optimized, having as the target the achievement of a 3-Log10 reduction in mesophilic
viable count, yeasts and molds, and aciduric microorganisms associated with spoilage of
citrus products in the PEF-treated juice. The optimized PEF conditions are summarized as
follows: treatment time ≤ 3000 µS and energy density equal to 180 kJ/kg. Juice flow was
recorded at 115 m3/h and the recorded final temperature never exceeded 45 ◦C. At these
conditions, three replicate processing trials were performed, and results herein reported
are average values of the three processing runs. To evaluate the effectiveness of the process,
an amount of freshly squeezed blood orange juice was taken as control (UJ, untreated
juice). The PEFJ (PEF-treated juice) commercial refrigerated shelf-life was determined by
evaluating physicochemical, antioxidant, microbiological, and sensory attributes during
refrigerated storage of PEFJ at 4 ± 1 ◦C, at 5-day intervals, for 20 days.

3.4. Physicochemical Analysis

Titratable acidity (TA), total soluble solids (TSS), and pH were determined according
to conventional methods [46]. Color analysis was evaluated as CIE (Commission Interna-
tionale de l’Eclairage) L*a*b*C*h* values, using CIE D65 as the illuminant in reflectance
mode (Konica Minolta spectrophotometer model CM-5). L* defines the brightness (light-
ness); a* shows the redness: green to red; b* represents the yellowness: blue to yellow; C*
indicates the saturation (chroma); and h denotes the hue angle, an angular measurement.
PME activity was measured titrimetrically at pH 7.0 and 25 ◦C using the method described
by Rouse and Atkins [47] and expressed as µmol carboxyl released per min per mL of
sample. Cloudiness was measured by recording the absorbance at 660 nm [48].

3.5. Antioxidant Components and Antioxidant Assays

The ascorbic acid concentration was evaluated by liquid chromatography using a
Waters Alliance 2695 HPLC equipped with a Waters 996 photodiode array detector and
Empower software v. 3.8.1 [49]. Total anthocyanin content was determined spectropho-
tometrically (Varian UV–Vis spectrophotometer model Cary 100 Scan) by the pH differ-
ential method [50]. Flavanone glycoside concentration, expressed as hesperidin equiva-
lents (mg/L), was determined by HPLC [51]. Samples were analyzed for total phenolics by
the Folin–Ciocalteu (FC) colorimetric method [52]. Antioxidant activity was determined
using the ORAC assay, as described by Ou, Hampsch-Woodill, and Prior [53], with some
modifications. Briefly, the measurements were carried out on a Wallac 1420 Victor III
96-well plate reader (EG & Wallac, Turku, Finland) with a fluorescence filter (excitation
485 nm, emission 535 nm). Fluorescein (116 nM) was the target molecule for free radical
attack from AAPH (153 mM), which was used as the peroxyl radical generator. The reaction
was conducted at 37 ◦C and pH 7.0, with Trolox (10 µM) as the control standard and 75 mM
phosphate buffer (pH 7.0) as the blank. All solutions were freshly prepared prior to analysis.
The samples were diluted with phosphate buffer (1:25–100, v/v) prior to analysis, and
results are reported as micromoles of Trolox equivalents per 100 mL of juice.

3.6. Microbial Analysis

Microbiological analyses were performed at time 0, the same day of the PEF treatment,
and every 5 days thereafter for a period of 20 days. Untreated juice was analyzed on the
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day of the treatment as control. Viable cells in treated and untreated juices were counted
using solid growth medium and serial decimal dilutions in sterile physiological saline
solution. Mesophilic viable count (MVC) was performed on plate count agar (PCA, Oxoid
(UK) CM325), after 48 h incubation at 32 ◦C. Yeast and mold counts were determined with
sabouraud dextrose agar (SAB, Oxoid (UK), CM41) after incubation at 25 ◦C for 2–4 days.
Spoilage microorganisms that typically contaminate orange juice were counted on orange
serum agar (OSA, Oxoid (UK), CM0657) plates incubated at 30 ◦C and examined after
2–4 days.

3.7. Sensory Analysis

The sensory profile method was performed by a trained panel [54], and ten panelists
(4 males and 6 females, aged between 28 and 55 years) were selected among the staff
of CREA—Research Centre for Olive, Fruit and Citrus Crops, located in Acireale, Italy.
The analysis was conducted at the CREA sensory laboratory (Acireale, Italy), realized in
accordance with the standard [55], and equipped with specific software for the acquisition
and processing of sensory data (Smart Sensory box, Smart Sensory Solutions s.r.l., Sassari,
Italy). Aside from terminology development, the use of reference materials was essential
for efficient training, supporting the judges in describing and quantifying the sensory
descriptors, and enabling an effective learning process. During the training period, the
judges selected the attributes to describe the color (light orange to deep red), odor of orange,
off-odor, acidity, sweetness, flavor, freshness (descriptor to evaluate how much the juice
resembled freshly squeezed juice), off-flavor, and bitterness. For the training, fresh orange
juice and commercial juices were used. Judges evaluated the intensity of each attribute
by assigning a score between 1 (absence of the sensation) and 9 (extremely intense) on a
numerical unipolar scale [56]. The juice was then evaluated by the judges at a temperature
of about 10 ◦C and it was codified with three-digit codes. The codes were automatically
produced by the Smart Sensory box.

3.8. Statistical Analysis

Statistical elaboration of the results was carried out with the program STATSOFT
6.0 (Vigonza, Padova, Italy). The statistical differences between UJ (untreated juice) and
PEFJ (PEF-treated juice) were evaluated by variance analysis (ANOVA), and the means
separation was executed via the Tukey test. One-way ANOVA and the Tukey test were also
employed to determine differences in the physicochemical, antioxidant, microbiological,
and sensory attributes of juice during the 20 days of refrigerated storage at 4 ± 1 ◦C.

4. Conclusions

The present study demonstrated that pulsed electric field (PEF) treatment is a viable
non-thermal technology for stabilizing blood orange juice, effectively reducing the total
microbial load and enhancing shelf-life without compromising its nutritional, antioxidant,
and sensory qualities. While the adoption of innovative non-thermal technologies for
citrus juice stabilization involves initial investment costs and faces challenges due to the
lack of regulations or legislative provisions in the European Community food industry,
several significant opportunities exist. Mild technologies, including PEF, utilize electricity,
leading to substantial reductions in gas emissions and water consumption. Additionally,
as the electrical grid increasingly relies on renewable sources like photovoltaic energy, the
operating costs of these technologies can be further minimized. This research highlights
new opportunities for applying PEF technology to create fresh-like products that retain
their taste and freshness with a 15–20-day shelf-life.

Moreover, based on our results, PEF technology can be also conveniently used during
the citrus juice processing chain as an alternative to the re-pasteurization of frozen orange
juice that is previously thermally pasteurized and stored in drums, and then thawed to
be sent through refrigerated transport to third-party companies that use the juice for the
production of fruit drinks and beverages. Our results highlighted that PEF treatment
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avoids the re-application of heat and the subsequent sensorial/nutritional alterations in
the semi-finished products that are to be sold to third parties. The application of PEF
technology at this stage of the citrus juice processing chain would be very significant in
avoiding the re-pasteurization and further thermal damage of the juice.

The applicability of the PEF technology proposed herein to other types of fruit and
vegetable juices (acidic or not) and in other storage conditions (refrigerated or not) will be
the object of further studies to validate its effectiveness and promote its application in other
fruit and vegetable supply chains.
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