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Preface to ”Thermal and Non-Thermal Treatments to

Preserve and Encourage Bioactive Compounds in

Fruit and Vegetables Based Products”

Fruit- and vegetable-based products (F&Vs) have been conventionally processed using thermal

techniques such as pasteurization, scalding, and/or drying, ensuring microbial safety and/or

enzyme deactivation. Although thermal treatments are the most cost-effective tools, they could

also reduce bioactive compounds, nutrients, and even sensory attributes. Nowadays, non-thermal

food-processing technologies such as UV light and high-pressure processing have been proposed to

develop food products with extended shelf-life and preserved/encouraged bioactive compounds,

while preserving the sensory properties. To contribute to the knowledge of novel thermal and

non-thermal techniques in the production of F&Vs and their derivatives, we present this Special Issue,

“Thermal and Non-Thermal Treatments to Preserve and Encourage Bioactive Compounds in Fruit-

and Vegetable-Based Products”.

The 13 papers (divided into three blocks: thermal and non-thermal treatments on whole

fruits; thermal and non-thermal treatments on fruit and vegetable byproducts; and thermal and

non-thermal treatments on fruit-based beverages and purées) published in this Special Issue are

a strong representation of the research activities addressing the topic of thermal and non-thermal

treatments for preserving and encouraging bioactive compounds in F&V commodities (whole,

byproducts, and F&V-based products). Finally, most of the authors who have contributed to this

issue concluded that further research in their topic is required if we are to optimize the conditions

of “green” and sustainable technologies for maintaining the functionality and safety of fruit- and

vegetable-based products. All the sources of funding of this Special Issue are described in each paper

and the editors are grateful to all the contributors and their particular financial support.

Marina Cano-Lamadrid and Francisco Artés-Hernández

Editors
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Thermal and Non-Thermal Treatments to Preserve and
Encourage Bioactive Compounds in Fruit- and
Vegetable-Based Products

Marina Cano-Lamadrid and Francisco Artés-Hernández *

Postharvest and Refrigeration Group, Department of Agronomical Engineering, Institute of Plant Biotechnology,
Universidad Politécnica de Cartagena, 30203 Cartagena, Murcia, Spain
* Correspondence: fr.artes-hdez@upct.es; Tel.: +34–968-325-509

Fruit- and vegetable-based products (F&Vs) have been conventionally processed using
thermal techniques such as pasteurization, scalding, or/and drying, ensuring microbial
safety and/or enzyme deactivation. Although thermal treatments are the most cost-effective
tools, they could also reduce bioactive compounds, nutrients, and even sensory attributes.
Nowadays, non-thermal food-processing technologies such as UV light and high-pressure
processing have been proposed to develop food products with extended shelf life and
preserved/encouraged bioactive compounds, while preserving the sensory properties. To
contribute to the knowledge of novel thermal and non-thermal techniques in the production
of F&Vs and their derivatives, we present this Special Issue, “Thermal and Non-Thermal
Treatments to Preserve and Encourage Bioactive Compounds in Fruit- and Vegetable-Based
Products”. Among the 13 published papers, three main research topics have been covered:
(i) thermal and non-thermal treatments on whole fruits; (ii) thermal and non-thermal
treatments on fruit and vegetable byproducts; (iii) thermal and non-thermal treatments on
fruit-based products (beverages and purées).

There are four papers within the first topic, dealing with the effect of thermal and
non-thermal treatments on whole fruits [1–4]. The first study, by Bedrníček et al. [1],
investigated the influence of several thermally treated fresh garlic varieties (treated during
ageing process—15 days with a temperature gradient ranging from 30 to 82 ◦C) on the
physicochemical parameters of black garlic. During this thermal process, the health-
promoting properties of fresh garlic are usually enhanced, but very little information
has previously been reported about how the physicochemical properties of fresh garlic
varieties affect those same properties of black garlic. The authors concluded that the
antioxidant activity, the total polyphenol content, and the total soluble solids increased
during ageing, while the pH level, moisture content, and lightness decreased in all the
garlic varieties. Texture acceptance was significantly affected among the fresh and black
garlic varieties, while color, odor, taste, and the acceptance of the intensity of the garlic
aroma were not affected. It was highlighted that the fresh garlic parameters did not
correlate well with the properties of black garlic; therefore, they cannot be used for its
quality prediction. The second study, a review by Darré et al. [2], showed that ultraviolet
radiation has been found to be a germicide and a potentially damaging agent; however,
beneficial properties have also been reported in harvested commodities. UV treatments on
whole fruit were shown to induce phytochemicals accumulation, including ascorbic acid,
carotenoids, glucosinolates, and, more frequently, phenolic compounds. Scientific evidence
related to the effect of ultraviolet radiation on whole fruit and vegetables through several
factors (product type, maturity, cultivar, UV spectral region, dose, intensity, and radiation
exposure) was collected. Additionally, the authors posited a need to fix the optimal
operational conditions to maximize UV radiation efficacy—reducing treatment times and
ensuring even radiation exposure—especially under realistic processing conditions. The
third study in this topic, performed by Modesti et al. [3], aimed to summarize knowledge
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about the possibility of improving bioactive compounds by using ozone; then, they applied
these findings to the health-related properties of grapes and wine. The greatest focus
was given to the pre- and post-harvest treatment of table and wine grapes, in addition to
the explanation of the mechanisms involved in the ozone-related response and the main
secondary metabolites biosynthetic pathways. The authors highlight that the effect of ozone
treatment on health-related properties and secondary metabolites accumulation depends
on many factors (cultivar, ozone type, doses, and application method). Scientific evidence
reports an increase in bioactive compounds with antioxidant activity, improving berry
and wine functional and sensory quality. The fourth study, a review by Jacobo-Velázquez
et al. [4], identified technologies that emulate a wound response (increase the content of
bioactive compounds and increase detrimental reactions in fruits and vegetables) in whole
F&Vs while retaining their quality attributes. The application of non-thermal technologies,
such as high hydrostatic pressure, ultrasound, and pulsed electric fields, are presented in
this review as tools for increasing the content of health-promoting compounds in whole
F&Vs by inducing a wound-like response. Additionally, the industrial implementation and
economic feasibility of these approaches were discussed.

There are three manuscripts in this Special Issue addressing the second topic—different
thermal and non-thermal treatments on F&V byproducts [5,6]. The first study of this topic,
by Michalska-Ciechanowska et al. [5], aimed to produce chokeberry pomace extract pow-
ders and conduct experimental and chemometric assessment of the effect of different
carriers (10% of maltodextrin, inulin, and trehalose, and their combinations) and drying
techniques (freeze-drying and vacuum-drying at 60 ◦C or 90 ◦C) on the polyphenols, antho-
cyanins, flavonols, phenolic acids, and hydroxymethyl-L-furfural of chokeberry pomace
powders. Drying techniques had a stronger effect on the bioactive compound profiles than
the type of carrier. Hydroxymethyl-L-furfural formation was enhanced by inulin addition
during high-temperature treatment. They concluded that the addition of maltodextrin and
trehalose mixture for freeze-drying and vacuum-drying at 90 ◦C caused the highest reten-
tion of polyphenolics and the lowest formation of hydroxymethyl-L-furfural. The second
study, a review by Cano-Lamadrid et al. [6], provided comprehensive information about
non-thermal technologies applied in F&V byproducts to enhance their phytochemicals and
to obtain pectin. The potential use of bioactive compounds for food supplementation has
also been collected as sustainable strategy to increase functional properties. Applications
of ultrasound, light stress, enzyme-assisted treatment, fermentation, electro-technologies,
and high pressure, among others, were included in this review. Future investigations
should focus on the optimization of “green” non-thermal and sustainable technologies on
the F&V byproducts’ key compounds for the full utilization of raw materials in the food
industry. The third study, by Cano-Lamadrid et al., evaluated the state of knowledge of and
scientific evidence for the use of green extraction technologies (ultrasound-, microwave-,
and enzymatic-assisted technologies) of bioactive compounds from pomegranate peel
byproducts, and their potential application via the supplementation/fortification of vegetal
matrixes to improve their quality, functional properties, and safety. Most studies are mainly
focused on ultrasound extraction, which has been widely developed compared with mi-
crowave or enzymatic extractions; these should be studied in depth, accounting for their
combinations. After extraction, pomegranate peel byproducts (in the form of powders,
liquid extracts, and/or encapsulated, among others) have been incorporated into several
food matrixes as a good tool to preserve “clean label” foods, improving their functional
properties without altering their composition [7].

Five original papers have been published in this Special Issue which address the third
topic—dealing with the effects of thermal and non-thermal treatments on fruit-based prod-
ucts (beverages and purées) [8–13]. In the first study, by Zhao et al. [8], the aim was to
determine the effect of thermo-sonication combined with nisin and thermal pasteurization
treatments on the quality attributes—including microbial and enzyme inactivation and the
physicochemical, nutritional, functional, and sensory qualities—of orange juice. Apart from
desirable bactericidal and enzyme inactivation effects and an improvement in the physico-
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chemical properties and sensory quality, thermo-sonication combined with nisin increased
the total polyphenols content (10.03%), total carotenoids (20.10%), and antioxidant capacity
(51.10% and 10.58%, by ORAC and DPPH, respectively). In addition, total flavonoids and
ascorbic acid were largely retained. In the second study, by López-Gámez et al. [9], the
authors proposed the application of pulsed electric fields to carrots to obtain juices, purees,
and oil-added purees with increased phenolic and carotenoid bio-accessibility. These carrot-
based products were obtained by treating carrots with pulsed electric fields (five pulses
of 3.5 kV·cm−1; 0.6 kJ·kg−1). Among the carrot-based products obtained, carrot juices ex-
hibited the highest carotenoid and phenolic contents. However, caffeic and coumaric acid
derivatives were highly sensitive to pulsed electric fields. The phenolic bio-accessibility
reached 100% in purees obtained from the pulsed electric fields-treated carrots, whereas the
further thermally treated oil-added purees exhibited the greatest carotenoid bio-accessibility
(7.8%). The third study, by Artés-Hernández et al. [10], was focused on analyzing the
effects of different green technologies (UV, high-pressure processing, pulsed electric fields,
ultrasounds, and cold plasma) in beverage processing; they found a fortification effect
(improvement of their extraction/bioaccessibility and/or different biosynthetic reactions
that occurred during processing) on their health-promoting compounds. Fortification can
be performed by several strategies, including physical elicitors (e.g., processing technolo-
gies), plant/algae extract supplementation, and fermentation with probiotics, among others.
Thermal processing technologies are conventionally used to ensure the preservation of food
safety with a long shelf life, but this frequently reduces nutritional and sensory quality.
Nevertheless, green non-thermal technologies are being widely investigated to reduce costs
and make possible more sustainable production processes without affecting the nutritional
and sensory quality of beverages. The fourth study, by Salazar-Orbea et al. [11], aimed to
discuss the positive and negative effects of thermal treatment and high-pressure processing
on the stability of different polyphenol families in agro-food products obtained from straw-
berry and apple, two of the most-used fruits in food processing. The main findings showed
that the phenolic content was affected by the processing, fruit type, polyphenol family, and
storage conditions (time and temperature) of the final product. To increase shelf life, manu-
facturers are focusing on the optimal conditions for polyphenol stability (residual enzyme
activity from HPP can affect polyphenols negatively) and product shelf life. The fifth study,
by Tsikrika et al. [12], investigated the polyphenol oxidase (PPO) inactivation in five whole
and peeled Irish potato cultivars using high-pressure processing (400 MPa and 600 MPa
for 3 min). The highest PPO inactivation was observed after high-pressure processing at
600 MPa. No changes were observed on the total phenolic content, antioxidant activity, and
glycemic indices of all the high-pressure-treated potatoes. Regarding individual phenolic
acids, chlorogenic acid and ferulic acid were decreased in all studied varieties with a result-
ing increase in caffeic and quinic acid, and a variation in rutin and 4-coumaric acid levels
depending on the cultivar and the sample type, respectively. Higher content of anthocyanins
(pelargonidin-O-ferulorylrutinoside-O-hexoside and pelargonidin-O-rutinoside-O-hexoside)
was observed in colored whole-potato varieties treated by high-pressure processing than
those untreated. The sixth study, by Salar et al. [13], studied the effect of high hydrostatic
pressure (450 and 600 MPa for 180 s) compared with thermal pasteurization (85 ◦C for 15 s)
on the microbiological and phytochemical profile of citrus–maqui beverages. Additionally,
the shelf life under refrigeration (4 ◦C) and room temperature (20 ◦C) was monitored for
90 days. Microbiological stability and physicochemical parameters were not different after
processing or throughout the storage period. An increase in the reddish coloration was
noticed during storage for those beverages treated by high hydrostatic pressure. Phenolic
compounds showed little affect from the processing technique, being more stable when high
hydrostatic pressure was used during processing. The authors concluded that high hydro-
static pressure technology could be an effective alternative to thermal treatments, achieving
effective microbial inactivation and extending the shelf life of the juices by contributing to a
better preservation of color and bioactive compounds.

3



Foods 2022, 11, 3400

In summary, the 13 papers published in this Special Issue are a strong representation of
the research activities addressing the topic thermal and non-thermal treatments for preserv-
ing and encouraging bioactive compounds in F&V commodities (whole, byproducts, and
F&V-based products). Finally, most authors who have contributed to this issue concluded
that further research in their topic is required if we are to optimize the conditions of “green”
and sustainable technologies for maintaining the functionality and safety of fruit- and
vegetable-based products.
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Abstract: Background: Phytochemical, bioactive and nutraceutical compounds are terms usually
found in the scientific literature related to natural compounds found in plants linked to health-
promoting properties. Fruit and vegetable beverages (mainly juice and smoothies) are a convenient
strategy to enhance the consumption of horticultural commodities, with the possibility of being
fortified with plant byproducts to enhance the content of bioactive compounds. Objective: This
review aims to analyse the different green technologies applied in beverage processing with a for-
tification effect on their health promoting compounds. Results: Fortification can be performed by
several strategies, including physical elicitors (e.g., processing technologies), plant/algae extract
supplementation, and fermentation with probiotics, among others. Thermal processing technologies
are conventionally used to ensure the preservation of food safety with a long shelf life, but this
frequently reduces nutritional and sensory quality. However, green non-thermal technologies (e.g.,
UV, high-pressure processing, pulsed electric fields, ultrasounds, cold plasma, etc.) are being widely
investigated in order to reduce costs and make possible more sustainable production processes with-
out affecting the nutritional and sensory quality of beverages. Conclusions: Such green processing
technologies may enhance the content of phytochemical compounds through improvement of their
extraction/bioaccessibility and/or different biosynthetic reactions that occurred during processing.
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1. Introduction

More than two millennia ago, the father of modern medicine related the use of
appropriate foods for therapeutic benefits (Hippocrates, 460–377 BC). In this sense, the
origin of the term ‘nutraceutical’, first coined by Stephen DeFelice in 1989, comes from
the combination of nutrients and pharmaceuticals, because these compounds have been
shown to provide medical or health benefits, including the prevention and the treatment of
disease [1]. Nevertheless, a regulatory definition has not been reached yet. As synonyms
of this terminology, EFSA has defined a ‘bioactive compound’ as a type of chemical found
in small amounts in plants and certain foods (such as fruits, vegetables, nuts, oils, and
whole grains) and which have actions in the body that may promote good health [2]. In
this sense, the term ‘phytochemical’ also refers to nutritive or non-nutritive, biologically
active compounds present in edible natural foods, including fruit, vegetables, grains, nuts,
seeds, and tea, which also prevent or delay chronic diseases in humans and animals [3].
Nevertheless, an EFSA or USDA positive opinion regarding a bioactive compound implies
the need to corroborate a clear relationship based on clinical studies in healthy consumers.
Therefore, the use and development of these substances and their incorporation into foods
and beverages depends on their safety, adverse effects, and toxicity studies [4].

Healthy habits such as diet and active lifestyle are associated with human wellbeing.
Nowadays, people have become concerned about their health and dietary habits, especially since
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the COVID-19 pandemic. Nutraceutical compounds contained in foods have gained increasing
attention because they can provide health benefits with negligible side effects compared to
traditional pharmacological therapies. Therefore, although there is no evidence on their effects
as a potentially useful against SARS-CoV-2 infection, consumers are focusing on proper nutrition
rich in antioxidant nutrients [5]. In this context, fruit and vegetable beverages are excellent
and convenient drinks to promote the consumption of bioactive compounds. Common types
of fruit and vegetable beverages mostly include juices and smoothies. While a juice usually
contains the liquid extracted when fruit and vegetables are pressed and the pulp is discarded,
smoothies are made of whole products in a blender, usually containing some non-juiceable
ingredients. Rodríguez-Verástegui et al. [6] have defined smoothies as non-alcoholic beverages
prepared from fresh or frozen fruits and or vegetables, which are blended and usually mixed
with crushed ice to be immediately consumed. The main difference is fibre, which makes you
feel full, which smoothies contain much of while juices typically have very small amounts.
While by-products are discarded in juices, smoothies usually contain the whole edible product,
which includes important bioactive compounds. Hence, high health benefits can be obtained
from mixing fruit and vegetables due to the synergistic relationships between their different
bioactive compounds [7]. As the conversion of fruit and vegetables into processed products
also enhances the economic value of fruit, the fruit and vegetable beverages industry is rapidly
growing worldwide [8].

The main issue in smoothie/juice processing is their limited shelf-life; they are sus-
ceptible to spoilage [9] and quality degradation. Moreover, quality degradation due to
endogenous enzyme activity is an important factor, as while in preparation enzymes can
come in contact with substrates. For this reason, thermal treatments are usually performed
during processing in order to increase shelf life while keeping quality and avoiding micro-
bial spoilage [10]. However, the application of heat treatments for long times negatively
affects the nutritional and sensory quality of smoothies and juices [11]. Given the high eco-
nomic and environmental impact of such technologies, alternative technologies have been
recently developed to reduce costs while maintaining a high content of health-promoting
compounds. In this field, new emerging eco-friendly technologies are expected to be
developed during the coming years.

The horticultural industry generates a large number of by-products that constitute
an excellent source of valuable bioactive compounds which deserve to be revalorized.
Therefore, green extraction techniques have been developed in recent years and innovative
additional systems for phytochemical extraction in fruit and vegetable beverages have
been performed [12].

Therefore, this work reviews the nutraceutical fortification of fruit and vegetable
beverages by using green emerging technologies to improve the bioactive content and
preserve sensory quality and microbial safety while reducing costs and energy resources.

2. Nutraceutical Food Supplements

Nutraceuticals can be classified based on their natural source (from plants, animals, or
microbes), their mechanism of action (antioxidant, anti-inflammatory, and anticancer ca-
pacities, mainly), or their chemical constitution [4]. With respect to their main components
in terms of chemical structure, the most relevant nutraceutical compounds are carotenoids,
dietary fibre, omega-3 fatty acids, flavonoids, glucosinolates, indoles, isothiocyanates, phe-
nolic acids, plant sterols, prebiotics, probiotics, saponins, phytoestrogens, tannins, thiols,
and sulphides [4]. In this context, many of these bioactive compounds can protect our
bodies against disease as well as prevent food spoilage by blocking oxidation processes.
These reactions are performed in different ways: preventing chain inhibition by scavenging
initiating radicals, acting as electron donors, breaking chain reactions, transferring hydro-
gen atoms to generate stable radicals, decomposing peroxides, decreasing localized oxygen
concentrations, and binding chain initiating catalyst such as metal ions [13].

The adherence to the Mediterranean dietary pattern, characterized by the presence
of foods rich in such bioactive compounds, has been demonstrated to have potentially
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beneficial health effects and can have cardioprotective, neuroprotective, antioxidant, anti-
inflammatory, and anticarcinogenic properties [14].

Food industry by-products produced in the Mediterranean basin, as an important
production area of fruit and vegetables consumed worldwide, have become an important
source of nutraceutical supplements used as enrichers and fortifiers in food and beverages
(Figure 1). As examples, olive oil production is the main source of natural hydroxytyrosol
(Figure 1), one of the most important antioxidants in the “Mediterranean Diet”, even more
than tea or Q10 coenzyme [15]. Similarly, the production of wine is an inexhaustible source
of flavonoids, catechins and epicatechins obtained from grape seed and grape byproducts
(Figure 1). Additionally, the increased production of fresh-cut and ready-to-eat convenience
products obtained from fruit and vegetables, where waste accounts for more than 50%,
takes a further step towards the revalorization of such amount through the extraction
of their antioxidant compounds and their subsequent incorporation into food matrices.
Figure 1 presents some examples of these compounds: punicalagin from pomegranate,
hesperidin or naringenin from citrus peels, sulforaphane from broccoli leaves and florets,
allicin from garlic and onion peels, lycopene from fried tomato or ketchup processed,
β-carotene from fresh-cut carrots, and cynarine from artichokes leaves.

Figure 1. Some of the most common nutraceutical compounds obtained as food industry by-products used to enrich fruit
and vegetable beverages.

Furthermore, it is important to emphasise that the bioavailability of these bioactive
compounds is highly elevated, which also justifies their incorporation in nutraceuticals as
a way to enrich processed food and beverages. In this sense, isothiocyanates have been
shown to have 37–50% bioavailability [16,17], with a demonstrated anticancer potential. In
addition, carotenoids have been reported to be highly available for the human body (80–
90%) [18,19], while phenolics and flavonoids have shown between 50% and 80% availability
of the total consumed content [16]. Indeed, hydroxytyrosol obtained from olive leaves has
shown 98.5% bioavailability in vitro [20,21].

In addition, some extraction procedures improve the uptake rate of some nutraceutical
molecules, as occurs with lycopene [22,23] and some vitamins [24]. Thus, as the literature
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is extensive, it is necessary to review how green technologies can enhance nutraceutical
content and/or availability, even after their incorporation into foods and beverages.

3. Preservation of Fruit and Vegetable Beverages Using Green Technologies

Despite the high nutritional value of fruit and vegetable beverages, their shelf life
is limited due to processing steps in which the blending process breaks most of the cells
and leaves them unprotected against microbial and enzymatic spoilage, which contribute
to impairment of sensory, nutritional, and safety parameters [25]. The main strategy to
preserve quality and safety is refrigeration; however, even under low storage temperatures
the deterioration rate is very high.

In this sense, heat treatments such as pasteurization and sterilization have been widely
used to ensure safety and prevent spoilage [26]. The main aim of these procedures is to
destroy pathogenic microorganisms (Escherichia coli, Staphylococcus, Listeria, Salmonella,
Bacillus, and Clostridium, among other species) and decrease spoilage organisms that grow
during their shelf life. Moreover, these thermal treatments are used to inactivate enzymes
such as pectin methylesterase, polyphenoloxidase, and peroxidase, which are responsible
for detrimental effects on product quality.

However, the application of high temperatures over long periods usually affects the
nutritional and sensory quality of smoothies and juices [11]. In addition, the continuous
use of thermal treatment in the Food Industry has a high economic cost and a high impact
on carbon footprint. In the last few decades, alternative treatments, referred to as ‘Green
Technologies’, have been developed to reduce costs and make possible more sustainable
production processes. A summary of these emerging technologies, which support energy
efficiency, recycling, health and safety concerns, and renewable resources, is shown in
Figure 2.

Figure 2. Green technologies to improve the healthiness of fruit and vegetable beverages. MW: microwave; US: ultrasounds;
UV: ultraviolet; LED: Light Emitting Diode; HPP: High-Pressure Processing; PEF: Pulsed Electric Field; RFQ: Radiofrequency.

3.1. Microwaves

Microwave (MW) processing is a thermal treatment used for the pasteurization of
liquid products that can reach high temperatures in seconds, which considerably reduces
application time without altering sensory and nutritional quality [11]. For instance, contin-
uous MW heating, combining high power and short time (3.6 kW for 93 s) reaching 90 ◦C,
inactivated up to 96% of peroxidase activity compared to conventional heating of untreated
smoothies. Furthermore, this treatment increased the viscosity of a tomato smoothie [27].
In this sense, Markowski et al. [28] related this increase in viscosity as an indicator of severe
heat treatment, and the highest degradation of ascorbic acid.
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3.2. Ultrasounds

Ultrasound (US) is an emerging technology characterized by its high efficiency, low
and economical instrumental requirements; it has been used in juices to increase their
shelf life while maintaining their nutritional and physicochemical attributes [29]. However,
it decreases the viscosity of juice due to cavitation phenomena. The Ultrasound acts on
cellular structures, breaking them due to extreme conditions, mainly pressure. From an
industrial point of view, a less viscous liquid should behave better under this process. For
instance, 147 W US treatment for 2 min affected the viscosity of a fruit smoothie and even
achieved the maximum retention of anthocyanin (99%) [30]. In addition, other authors [31]
have reported that ultrasound treatment was able to retain ascorbic acid (84–91%) content
even more than using pulsed electric fields (PEF) (80–83%).

3.3. Ultraviolet

Ultraviolet (UV) light, especially UV-C (280–100 nm), has been widely reported on for
its germicidal effects against a wide range of pathogenic and food spoilage microorganisms,
although recent findings have shown that low doses of UV-C are also able to enhance the
nutraceutical content in acerola fruits [32]. Furthermore, UV-B (320–280 nm) and UV-A
(400–320 nm) have demonstrated properties that improve the content of the bioactive
compounds in broccoli sprouts [33,34], kale sprouts [35], bell peppers [36], carrots [37], and
broccoli [12], among others. UV light is an environmentally friendly technology with low
costs in terms of equipment, energy and maintenance. However, due to the low penetration
power and transmission of UV light, the application of this technology in beverages is
limited [8].

3.4. Light Emitting Diodes (LEDs)

A Light Emitting Diode (LED) emits different light colours depending on the energy
of the photons. The technological advancements in LED technology have resulted in
widespread application in horticultural production systems due to its limited thermal
dissipation, low energy requirements and the possibility of finely customizing the light
intensity and spectral properties [38]. For instance, past research has shown that different
regions of the visible spectrum are able to affect the biosynthesis of nutraceuticals, since
fruit, plants, and vegetables have photoreceptors in these wavelengths that trigger the
accumulation of glucosinolates, carotenoids, phenolic acids, and flavonoids, among others.

3.5. High Hydrostatic Pressure Treatment

High pressure processing (HPP) is based on Le Chatelier’s principle. Low molecular
weight compounds such as vitamins, minerals, and volatile compounds are rarely affected
by HPP due to the low compressibility of covalent bonds. In contrast, macromolecules
like proteins, lipids, or starches can similarly change their native structure under heat
treatments [39]. The application of HPP in beverages ranges from 50 to 1000 MPa for
several minutes and cycles, in combination with controlled temperature (<0 ◦C up to
100 ◦C). In such conditions, HPP can produce important antimicrobial effects with no
consequences in the physicochemical and nutritional profile [39,40]. Furthermore, in
combination with high temperatures (60–90 ◦C), HPP technology (300–700 MPa) can be
used for food sterilisation, although this can lead to colour losses [40].

3.6. Pulsed Electric Fields

Pulsed electric field (PEF) treatment involves the application of direct current voltage
pulses for very short periods (μs-ms), which results in an electric field the intensity of which
depends on the gap between the electrodes. The microbial inactivation fundament is based
on the electroporation of bacterial membranes producing pores in cellular tissues, leading
to leakage of intracellular contents. As bacterial spores are resistant to PEF treatments, its
application should be focused on pasteurization [41].
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3.7. Radiofrequency

Radiofrequency (RFQ) refers to electromagnetic waves in the range of 10–300 MHz,
however, the range of permitted frequencies in industrial applications is 10–50 MHz [42].
When foods with several factors affecting the electric field (food composition, salt, fat
content, moisture, temperature, etc.) are exposed to an alternating electric field, dielectric
heating occurs. Such heating is directly related to microbial reduction at a relatively low
temperatures (60–65 ◦C), even able to inactivate pathogenic microorganisms such as Listeria
monocytogenes and E. coli [43]. In this sense, the controlled application of this technology
provides fast heating with the purpose of sterilization, pasteurization, thawing, and drying.
However, lengthy exposure to high temperatures can produce loss of nutraceuticals, colour,
and aroma, altering the quality of fruit and vegetable beverages.

3.8. Cold Plasma Treatment

Cold plasma (CP) technology provides a wide range of antimicrobial action while
requiring low temperature changes and short times for application, which make it prefer-
able for use with the thermolabile compounds responsible for the nutritional and sensory
quality in fruit and vegetable beverages [44]. Plasma is the fourth state of matter, an ionized
gas composed of ions, radicals (reactive oxygen and nitrogen species, ROS and RNS, respec-
tively), atoms, and electrons in both excited and ground states [45]. These excited atoms
and molecules emit excess energy in broad-spectrum electromagnetic radiation, including
UV, when they return to a more stable state. The main parameters for plasma generation are
pressure, voltage, treatment time, and type of gas [46]. Its application in juices is based on
its ability to inactivate microorganisms located on food surfaces, food packaging materials,
and process equipment under atmospheric pressure conditions [46,47].

4. Phytochemical Elicitors in Fruit and Vegetables Used in Beverages

Although the term ‘elicitor’ was originally applied to molecules able to induce the
production of phytoalexins [48], nowadays it is used for compounds that stimulate any
type of plant defence. Therefore, plant elicitors could be defined as external agents (biotic or
abiotic) which act as indirect sources of enrichment and fortification due to plant response
by synthetization of secondary metabolites because of the stress-induced stimulation.

In this sense, the first plant elicitors were described by Keen [49] as biotic stresses
produced by pathogens. Nowadays, the exact molecules (polysaccharides, oligosaccharides,
proteins, glycoproteins, or fatty acids) are independently added to produce such elicitation.
However, the application of controlled postharvest abiotic stresses was proposed in 2003
by Cisneros-Zevallos [50] as an innovative tool to increase the biosynthesis of health-
promoting compounds. In this review, we will focus on some of the abiotic stresses applied
in raw plant materials used for beverages.

In this sense, abiotic stress can be classified according to its nature into three main
groups: physical elicitors, chemical elicitors, and plant hormones (Figure 3).

Physical elicitation, such as wounding, temperature, gas composition, salinity, drought,
high pressure, osmolarity, light conditions, and UV radiation, refers to controlled physical
damage applied to the plant to trigger the activation of the plant’s secondary metabolism
as a defence mechanism. To confirm this behaviour, many authors have studied the corre-
lation between these abiotic stresses and the accumulation of nutraceuticals. For instance,
Jacobo-Velázquez and Cisneros-Zevallos have shown a direct relation between wounding
carrot tissues and the accumulation of chlorogenic acid and its derivatives, which highly
increased in combination with high temperatures (>15 ◦C), UV-C light, and the application
of plant hormones [51,52]. Low doses of UV-A, UV-B, and UV-C in combination with
wounding in fresh-cut carrot was also effective [53,54]. In addition, these authors have
shown this behaviour in red prickly pears after a combination of wounding and UV-B
light [55]. Furthermore, our own findings have demonstrated that the combination of
UV-B and UV-C radiation separately applied can enhance glucosinolate biosynthesis in
broccoli by-products [12] and phenolics in carrots [37]; furthermore, the simultaneous
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application of UV-B and UV-C at low doses can increase sulforaphane in broccoli and
radish sprouts [56]. Moreover, hyperoxic conditions have shown to be interesting tools
for improving phenolic biosynthesis in carrots [57] and tatsoi baby leaves [58], alone or
combined with UV-C radiation.

Figure 3. Summary of abiotic stresses applied as plant elicitors.

In a similar trend, acetic acid, ethanol, ethane, benzothiadiazole, inorganic salts, and
metal ions have been applied to crops as chemical elicitors of major bioactive compounds
to improve the quality of plants and fruits. For instance, some heavy metal salts such as
AgNO3 and CdCl2 are able to trigger the production of phytoalexin and alkaloids; synthetic
chemicals can also produce these signals [48].

Lastly, plant hormones such as jasmonic acid, salicylic acid, methyl jasmonate, methyl
salicylate, ethylene, gibberellin, and cytokinin, among others, have also been studied as
abiotic elicitors in plant cultivars. Thus, jasmonic acid, salicylic acid, and methyl jasmonate
have been studied in combination with physical elicitors to increase the accumulation of
glucosinolates in broccoli sprouts [34,59].

In this sense, most of the “Green technologies” previously detailed could act as
inductors of the elicitation of phytochemicals in fruit and vegetables, which can be an
enriched source of functional juices and beverages. In fact, these new technologies (HPP,
US, UVC, PEF, RFQ, and CP) can extend the shelf-life of such products without the need
to apply high temperatures, which helps to preserve their sensory and nutritional quality
with no reduction in the phytochemical content.
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5. Green Technologies as Elicitors of the Fortification of Fruit and Vegetable Beverages

5.1. Ultraviolet

The use of UV light to reduce microbial loads may not compromise the phytochemical
content of beverages (Table 1). It is crucial to remember that several UV treatment parame-
ters (UV dose, intensity, distance to the product, etc.) must be considered when evaluating
the effectiveness of such treatments [60]. UV-C treatment at 1.08 kJ m−2 of kale juice, which
reached up to 5-log reduction of inoculated E. coli, only led to low (<20%) total phenolic
content (TPC) reduction [61]. High microbial inactivation (2.5–5.9 log reductions) was also
found after UV-C treatment (10.6 kJ m−2) in inoculated E. coli, Pseudomonas fluorescens and
Saccharomyces cerevisiae in carrot-orange juice [62], while a similar UV-C dose (11.4 kJ m−2)
aimed to preserve the sensory quality of carrot juice during storage at 5 ◦C.

Higher UV-C doses in melon juice (16 kJ m−2) and pineapple–mango juice (8 kJ m−2) did
not induce either TPC or total antioxidant capacity (TAC) changes [63,64]. UV-A treatment
(1.5 J m−2) did not either affect TPC and flavonoid content, while 1 log reduction of microbial
spoilage was achieved [65]. Furthermore, UV treatments better preserved TPC, TAC and
physicochemical quality (colour, pH, SSC, viscosity, etc.) [61,63–66]. Interestingly, a combined
UV-C/UV-A treatment led to TPC and TAC enhancements of 1.8- and 4.6-fold in carrot-
carob-ginger-lemon-grape juice [66]. The better preservation of phytochemical contents in
these beverages may be owed to: (i) increased phytochemical extraction; (ii) impairment of
some phenolic molecules; (iii) breakdown of polyphenols into smaller phenolic components;
and/or (iv) antioxidant biosynthesis as a response to the free radicals produced during UV
light exposure [63,66]. On the other hand, the observed mild phytochemical reductions in
some studies may be explained by oxidation reactions and double bond disruption of these
compounds promoted by free radicals produced during UV treatment and further photon
absorption by double bonds or oxygen [61,63].
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5.2. High-Pressure Processing

HPP is a well-known green technology for its minimal impact on the phytochemical
content of beverages. In addition, phytochemical increases may be expected due to plant
cell disruption leading to higher extractability of these compounds. Nevertheless, special
attention must be paid since within these disrupted cells degradative enzymes come in
contact with their substrates, which is crucial to high enzyme inactivation rates. Thus,
the polyphenol oxidase (PPO) activity of a fruit smoothie was inactivated by 83% after a
600 MPa-HPP treatment (5 min; 20 ◦C) [71]. Thus, it is recommended that HPP treatments
be conducted at higher temperatures (usually up to 60 ◦C) to increase the inactivation rate
of degradative enzymes like PPO, ascorbate oxidase, etc. In addition, unavoidable heat
transfer among vessel and products through pressurisation and depressurisation, and the
increased time to reach final pressurisation and additional dwell time, may also affect the
phytochemical content and enzyme activity [71].

Vitamin C (ascorbic acid) is considered among the most thermolabile antioxidants in
fruits and vegetables, being considered an indicator of the nutritional quality of beverages
after processing treatments. HPP is considered an excellent green technology that does not
greatly affect the vitamin C content of fruit and vegetable beverages, as heat treatments
do. Hence, mild HPP treatments (350–450 MPa; 5 min; 10–20 ◦C) were enough to reach
high vitamin C retention in different fruit–vegetables smoothies [68,70,71,79]. Furthermore,
the dissolved oxygen proportion in beverages is of high interest due to the high oxidation
rates of vitamin C. Thus, dissolved oxygen in a fruit smoothie was reduced approximately
three-fold after HPP treatment (450–600 MPa; 5–10 min; 20 ◦C) with consequent better
vitamin C retention after treatment [71].

With respect to phenolic compounds, HPP treatments (350–600 MPa; 5 min; 10–25 ◦C)
also retained the TPC of fruit smoothies with unchanged values [69,70,77]. Furthermore,
the TPC of fruit juice treated with HPP (600 MPa; 5 min; 25 ◦C) was only slightly reduced
(≈10%), correlated with its TAC, after 30 days at 4 ◦C [77]. Such good phenolic retention
during storage may be explained by the high PPO inactivation rates that are achieved, as
previously observed [71]. Interestingly, more intense HPP treatments (500 MPa; 50 ◦C;
20 min) induced a TPC enhancement of 20% in gooseberry juice [76]. Such increases
can be explained by several aspects: (i) enhanced solubility of phenolic compounds due
to pressurization, resulting in increased antioxidant activity; and (ii) structural changes
due to HPP leading to modifications in the product constituents (proteins, lipids and
carbohydrates), which may allow greater access of the enzymes and promote the release
of antioxidant compounds such as bioactive peptides, fat-soluble vitamins, carotenoids
and polyamines [76,77]. Furthermore, phenyl ammonia lyase activity, the key enzyme in
the biosynthesis pathway of polyphenols, was six-fold higher in an HPP-treated (300 MPa;
5 min; 23 ◦C) orange smoothie after seven days at 4 ◦C compared with an untreated
smoothie [74]. Kouniaki et al. [113] hypothesized that the high ascorbic acid content
common in fruits and vegetables may negatively impact anthocyanin content. Nevertheless,
HPP treatment (600 MPa; 5 min; 25 ◦C) of juçara–mango juice aimed to preserve the
anthocyanin content with unchanged values [77].

Carotenoid contents (α- and β-carotene) of carrot juice were better preserved with
HPP (550 MPa; 6 min; <38 ◦C), with values 1.4–1.7-fold higher compared with heat-treated
juice (110 ◦C; 8.6 s), which was also observed during subsequent conservation at 4 ◦C up to
20 days [73]. HPP treatment of whole peeled oranges (200 MPa; 1 min; 25 ◦C) followed by
HPP of the juice (400 MPa; 1 min; 40 ◦C) induced 12-fold higher contents of phytoene and
phytofluene, which was explained by the authors due as to the highly hydrophobic nature
of these carotenoids, leading to a higher extractability after HPP and enhanced release from
the cellular structures to the juice [78].

HPP has been also proposed as a green technology to reduce aflatoxins [75]. Hence,
HPP treatment (500 MPa; 5 min; 45 ◦C) reduced aflatoxins B1/B2, G1 and G2 by 14–17%,
19%, and 29%, respectively, in grape juice [75]. The authors also stated that the effectiveness
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of HPP in reducing the aflatoxin content in fruit beverages may depend on the studied
mycotoxin, the food matrix, and the applied conditions.

5.3. Pulsed Electric Fields

Treatment of fruit juice by PEF did not affect anthocyanin content [31]. Nevertheless,
it is known that electroporation due to PEF treatments may enhance the extractability of
bioactive compounds such as anthocyanins, although PEF may also promote reactions
that reduce the content of these phytochemicals. Accordingly, when the previous authors
supplemented fruit juice with an antioxidant (stevia) the anthocyanin content was hypoth-
esized to be protected, and higher contents were observed [31]. A similar beneficial effect
of stevia to preserve the anthocyanin content of fruit juice after HPP was observed by the
same authors [114]. In addition, they found that the electric field, more so than treatment
time, was the factor that most influenced anthocyanin content.

Both electric field and treatment time influenced the carotenoid content of fruit juice
after PEF, showing lower electric fields can lead to enhancement of carotenoids, explained
by higher extractability after PEF with low generation of ROS (which may promote the
oxidation of the carotenoid chain) [31].

Nevertheless, PEF (20–40 kV/cm; 100–360 μs; <50 ◦C) of fruit juice led to ascorbic acid
reductions, with higher electric fields strengths inducing larger decreases in this bioactive
compound independently of the treatment time [31]. The authors explained such negative
effects as being due to the higher extractability of intracellular contents after PEF due to
electroporation, and the consequent higher oxidation reactions of ascorbic acid.

The aflatoxin content of beverages can also be reduced by PEF treatment, as previously
reported [75]. These authors achieved 24–25%, 72% and 84% reductions of AFB1/AFG2, AFB2
and AFG1 reductions, respectively, after PEF treatment (3 kV/cm, 238 pulses; <75 ◦C) in
grape juice. PEF induces the permeation of the cell membrane, forming membrane pores
(temporarily or permanently), which may modify the structure of amino acids, proteins, and
polysaccharides. Meanwhile, HPP treatment has minimal effect on the breakage of covalent
bonds and is transmitted instantaneously; thus, no gradients are formed, which may explain
the lower aflatoxin reduction after HPP compared with PEF found by Pallarés et al. [75].

As observed, PEF is an excellent green technology that has little effect on the content
of phytochemicals in beverages while achieving good microbial reduction, extending the
product shelf life. Hence, >5 log reductions of E. coli, L. monocytogenes, Staphylococcus aureus
and Salmonella typhimurium were achieved in apple juice after PEF treatment (25 kV/cm;
63 μs; <55 ◦C) in [80], with the potential to extend the product shelf life as observed in
PEF-treated fruit smoothies and juices [81,83].

5.4. Ultrasound

Ultrasonic processing of beverages generally enhances the content of most phytochem-
ical compounds, such as phenolic compounds, flavonoids, carotenoids, etc., as compiled
in Table 1. Thus, sonication is a well-known procedure in laboratories to improve the
extraction of compounds from the food matrix.

Phenolic contents can be enhanced with US processing, as observed in fruit juices, whose
TPC was increased up to 60% after treatments of 30–60 min (20–25 kHz) [90,91]. Nevertheless,
shorter (<30 min) processing of beverages did not improve the TPC [88,91,92]. Such phenolic
enhancements were highly correlated with TAC increases due to the highly antioxidant nature
of these compounds [90,91]. Focusing on individual phenolic compounds, chlorogenic acid,
caffeic acid and catechin were enhanced by 40%, 20% and 16%, while phlorizin and epicatechin
increases reached up to 76% and 130% after US processing (60 min; 25 kHz) of the fruit
juice [87]. Interestingly, contents of individual phenolic compounds in a nopal beverage were
also enhanced after treatment, although without difference between treatment times from 10
to 40 min [91]. The observed phenolic enhancements of the authors with short treatments (10
and 20 min) similar to 40 min processing may be explained by the high frequency (42 kHz)
used by those authors [91]. Similarly, treatment at 37 kHz for 10 min induced sinapic and
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gallic acid increases in a vegetable–coconut beverage [92]. Thus, each phenolic compound has
a different sensitivity to ultrasonic waves, and its content may be increased or preserved [91].
Enhancement of flavonoids seems to be higher, since processing of just 15–30 min (20–24 kHz)
induced increases of the total flavonoid content of 30–90% in several fruit juices [85,88,90].

The enhancement of phenolic compounds in beverages after US may be explained by
several reasons: (i) increased extractability owing to the disruption of cell walls during the
sudden change in pressure of liquid by the shear force exerted by cavitation, which can
facilitate the liberation of bound polyphenolic contents; and (ii) attachment of hydroxyl rad-
icals to the aromatic ring of phenolic compounds during sonochemical reactions occurring
during US processing [84,89]. Furthermore, the addition of a second hydroxyl group to the
ortho- or para-positions has previously been reported to enhance the antioxidant capacity
of phenolic compounds [84]. At the same time, unchanged phenolic contents such as those
observed with short US processing may be the result of their use as an antioxidant against
the generation of free radicals (e.g., hydroxyl and hydrogen-free radicals) during sonication
due to the dissociation of the water molecules in aqueous solutions as a result of the high
temperature and pressure of the collapsing gas bubbles associated with cavitation [90].

Carotenoid contents of fruit juices were also increased after US processing [84,87,89]. In
particular, the total carotenoid content of apple juice was increased by 27% after processing
for 60 min (25 kHz) [84], with such enhancement of total carotenoid content of grapefruit
juice increased up to 40% with a longer processing time of 90 min (28 kHz) [89]. Blanching
(water bath at 100 ◦C for 4 min) carrots before US processing of the carrot juice improved
carotenoid retention, with higher carotenoid content (1.9- and 1.7-fold higher lycopene and
lutein, respectively) in the sonicated juice from blanched carrots compared to the juice from
unblanched carrots [87]. These higher values after US processing when the raw product
is previously blanched may be owing to the inactivation of degrading enzymes and/or
additional disruption of plant cells, which enhances their extractability after the subsequent
ultrasound treatment.

On the contrary, the ascorbic acid content of beverages is generally reduced under
common US processing [91,92]. Thus, a 6–7% reduction in the ascorbic acid content of
a vegetable–coconut beverage was observed after 10–15 min (37 kHz) of processing [92].
This ascorbic acid reduction during US processing is increased when the treatment time
is augmented, as was observed in a nopal beverage after 20 and 40 min of processing (42
kHz) [91]. Interestingly, lower US frequency (24 kHz) and higher temperature (43–46 ◦C)
during treatment, regardless of the treatment time, led to increases of the ascorbic acid
content of ≈30% [90]. The latter finding may be explained by the elimination of dissolved
oxygen (which leads to oxidation of ascorbic acid) during sonication being increased
at higher temperatures. However, the observed ascorbic acid degradation in beverages
under temperatures <30 ◦C may be explained by the generation of hydrogen ions (H+),
free radicals (O−, OH−) and hydrogen peroxide (H2O2) during the sonication of water
molecules, which may degrade ascorbic acid [92]. In addition, such US treatments may not
be enough to key enzymes on ascorbic acid stability as the ascorbate oxidases. However,
the ascorbic acid reduction after US processing (e.g., 40 min; 42 kHz; <34 ◦C) were still far
lower (≈2-fold lower) than those of conventional heat treatments (80 ◦C for 10 min) [91].

5.5. Cold Plasma

Cold plasma processing is also able to induce the enhancement of several phytochem-
icals. Cold plasma consists of an ionized gas (carbon dioxide, argon, nitrogen, helium,
oxygen, or air) including active particles such as electrons, ions, free radicals and atoms.
These reactive species have sufficient electrical energy to disrupt the covalent bonds of
phytochemical compounds and cell membranes, which promotes their release, leading to
higher contents of free phytochemicals. The reactive species generated, and therefore their
effect on the phytochemical contents, depends on the parameters of the plasma source,
such as its voltage, frequency, and plasma generation system, as well as the type of gas and
its flow rate.
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In particular, the optimal conditions to enhance the TPC of sour cherry juice with
atmospheric plasma jet (single-electrode) at 2.5 kV were 3 min, 2.8 mL of sample volume
and 0.75 L/h gas (argon) flow, reaching a TPC enhancement of 15% [103]. In the same study,
increasing sample volume (3.2 mL) and gas flow (1.25 L/h) while maintaining treatment
time (3 min) reached a total anthocyanin enhancement in sour cherry juice of 34% [103].
The authors attributed the higher anthocyanin increases to the presence of undefined small
agglomerates or particles in the juice that could be dissociated during plasma processing.
Furthermore, the anthocyanin stability might have been increased due to intra- and inter-
molecular association with other anthocyanins, or through pigmentation with copigments
like flavonoids and hydroxycinnamic acids. In addition, the previous authors found that
the TPC of pomegranate juice was increased up to ≈50% after plasma jet (single electrode)
for 5 min, at 1 L/min argon for 3 mL of the sample [102]. Hydroxycinnamic acids seem
to have higher stability than anthocyanins, as observed in chokeberry juice after single-
electrode plasma jet processing [97]. The authors reported that hydroxycinnamic acids react
less with radical species generated by the plasma, since they are less effective in reducing
reagents, leading to their observed higher stability. Higher voltage (11 kV) during plasma
jet (single electrode) using oxygen (1%)-argon at 1 L/min with longer treatment time (6 min)
led to maximum TPC enhancements (7% higher) in blueberry juice [96]. Dielectric barrier
discharge plasma (60 kV) of 100 mL sample (coconut–vegetable juice) for 10 min induced
an enhancement of the TPC of only ≈5% [92]. With respect to the plasma orientation of
the sample, atmospheric direct plasma (dielectric barrier discharge) application was more
effective than indirect application in preserving the TPC, and consequently the TAC, than
indirect application [101].

Increasing gas flow led to higher phenolic retention, leading to 14–28% higher TPC
in cashew apple juice, with the maximum levels for 50 mL/min and longest treatment
(15 min) [94]. Nevertheless, the authors agreed that flavonoids might require less energy
to be released from their bonds than polyphenols, since lower flavonoid retention was
achieved with the same plasma treatments regardless of gas flow or treatment time [94].

The highest increases of phenolic content with cold plasma were reported using
spark discharge (10.5 kV) for 4–5 min with increases of 64–69% of the TPC of cloudy
apple juice [95]. Such high phenolic enhancement may also be explained by the high
PPO inactivation (70–80%) achieved with that cold plasma treatment [95]. The authors
also stated, in agreement with previous literature, that spark discharge induces a higher
concentration of some radical species (H2O2 and NO3

−), which may induce higher enzyme
inactivation [95]. Furthermore, such high phenolic enhancement could be attributed to this
cold plasma method, which might increase cell membrane breakdown compared with other
methods. Nevertheless, further work is needed to study phenolic changes in beverages
using different cold plasma methods.

Although vitamin C is among the most labile phytochemicals during beverage pro-
cessing, cold plasma has little effect compared with conventional heat treatments. Hence,
short (2 min) cold plasma treatment (single-electrode plasma jet) with different oxygen
concentrations (up to 1%) showed higher vitamin C retention than heat treatment (85 ◦C, 15
min) in blueberry juice [96]. The authors also found higher vitamin C retention even after
longer cold plasma treatments (up to 6 min), when the oxygen concentration of the ionized
gas was 0% [96]. Hence, prevention of vitamin C oxidation during cold plasma treatment
was also studied in orange juice, with better vitamin C retention using air atmosphere
compared with an oxygen-rich atmosphere (65% O2, 30% N2, 5% CO2) [100]. As observed,
oxidation reactions initiated by reactive oxygen (and nitrogen) species are the most im-
portant reactions responsible for the high microbicidal effect of cold plasma processing,
although it may have a negative effect on vitamin C stability [93,96,98–100]. Hence, apple
juice treated with cold plasma (indirect plasma field; 80 kHz) under nitrogen gas flow led to
better vitamin C retention, with levels increased by up to 11% [94]. The authors explained
this vitamin C increase after cold plasma processing as being due to dehydroascorbate
reductase (the enzyme responsible for the dehydroascorbic acid conversion back to ascorbic
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acid) activation triggered by some RNS (mainly nitric oxide), which are usually generated
during cold plasma treatment [94].

5.6. Combined Technologies

The combination of processing technologies to obtain additive or synergistic effects
is an effective strategy to improve their individual effects on product quality [12,57,115].
Hence, high microbial inactivation (up to 5.8 log reduction of S. cerevisiae) of individual US
and PEF were enhanced when a combined treatment (30 min US + 60 s PEF) was used in
apple juice [106]. Similarly, combined US (120 W for 5 min) + UV-C (20.2 kJ/m2) treatment
achieved up to 5 log reductions of Alicyclobacillus acidoterrestris in apple juice [107].

Moreover, the application of combined technologies is an excellent strategy for enhanc-
ing the phytochemical content of beverages. Due to the high effectiveness of Ultrasound to
preserve food quality and increase the extractability of phytochemicals, and to its relatively
easy application in beverages, most studies on combined technologies for the treatment
of beverages include US. For example, cold plasma (dielectric barrier discharge; 70 kV, 3
× 4 min) combined with US (750 W, 3 min) increased the individual effects of these tech-
nologies up to 22% and 34% for TPC and total carotenoid content, respectively, in carrot
juice [109]. In particular, the lycopene and lutein contents of carrot juice were enhanced
approximately four-fold and two-fold with combined cold plasma + US treatment [109].

US (18 kHz, 5 min) was applied in combination with HPP (450 MPa, 5 min) in
prebiotic cranberry juice, with an increase of anthocyanins ranging from 14% to 20% being
observed when the power level of 1200 W/L was used; meanwhile 600 W/L did not
show the same benefits [110]. In addition, the same US-HPP treatment increased the
contents of some fructooligosaccharides (DP4-nystose and DP5-1-fructofuranosylnystose),
regardless of the power level (600 or 1200 W/L) [110]. A combination of HPP (300 MPa)
and UV (28.7 J/mL) also reduced the pectinmethylesterase activity of cloudy apple juice
from 190% relative activity (after increase due to single HPP treatment) to 60% [108]. A
combination of US (20 kHz, 10 min) with UV increased the ascorbic acid, TPC and total
carotenoid content of mango juice by approximately 47%, 35% and 200%, respectively [111].
Furthermore, mango juice processed with this combined treatment achieved better retention
of these phytochemicals during cold storage, together with a higher bioaccessibility of
the compounds due to the higher availability of these compounds in the treated mango
juice [111].

As observed, the combination of these non-thermal technologies highly preserved
and even increased the analysed content of several phytochemicals in fruit and vegetable
beverages. This may be explained by the higher extractability of phytochemicals by these
technologies, in particular US and HPP due to phenomena like cavitation, cell disruption,
etc. In addition, the reduction of dissolved oxygen in the beverages due to cavitation during
US treatment allowed for high preservation of these compounds from oxidation (of high
interest for ascorbic acid). Thus, beverages treated with combined technologies may have
better quality (e.g., lower colour differences due to enzymatic inactivation) [112] and higher
contents of available phytochemicals (see Table 1), while ensuring food safety requirements.

6. Fortification of Beverages Using Natural Products

Fortification is a technique used to directly enrich the nutritional, bioactive and health-
promoting compounds of beverages. However, the stability of the added components
may be altered (oxidations, reactions with other components, etc.) due to the composition
(organic acids, etc.) and physicochemical properties (pH, dissolved oxygen, etc.) of the
beverage. Table 2 summarizes the fortification strategies of beverages by using natural
products, which are also commented on in this section as follows.
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6.1. Fortification of Beverages by Adding Plant Extracts and Other Health-Promoting Compounds

As is known, plants are a rich source of phytochemicals with great health-promoting
properties. Such compounds may also be used for technological purposes, such as antimi-
crobials (extending microbiological shelf life and ensuring food safety), antioxidants (e.g.,
less quality degradation due to enzymatic systems), masking of undesired flavours (e.g.,
sucrose masks the bitter flavour of olive oil added into beverages), etc. In addition, the
phytochemical content may be higher in the inedible plant parts (known in the food indus-
try as by-products) compared with the edible parts. Therefore, their reuse becomes very
important for the circular economy in the food industry, while minimising environmental
impact and revalorization of phytochemicals for further use.

Fortification with added plant extracts leads to an almost proportional (to the added
extract/compound quantity) increase in the level of beverage phytochemicals. However,
interactions between different compounds (e.g., phenolic compounds) may lead to syner-
gistic effects, as previously stated [124]. Nevertheless, special attention must be paid when
adding some plant extracts (either by their sensory characteristics or the high concentrations
used) since the sensory acceptance of the fortified beverage may be compromised [135,138].

In general, all studies published about beverage fortification by the addition of plant
extracts have observed increases of their antioxidant properties, in most of cases related to their
high phenolic compound contents (Table 2). Thus, beet leaf extract added to a fruit–vegetable
smoothie (30% of total smoothie volume) increased both TPC and TAC by 50% [130]. Pale or
black brewers’ spent grain extract added (10%) to cranberry juice increased TAC by 120% [124].
Similarly, pomegranate peel dry extract (2.5 mg per mL of beverage) and clove extract (200 μg
per mL of beverage) added to carrot juice and cucumber juice, respectively, enhanced the TPC,
TAC and flavonoid contents of the beverages [120,133]. Fortification of the carotenoid (lycopene
and β-carotene) level of tomato juice was achieved by the addition of a polyphenol extract
(0.5% of the beverage) from tomatoes. Finally, fortification of beverages with vitamins from
plant extracts prior to processing is an excellent strategy to counterbalance subsequent vitamin
degradation (of high interest for very labile vitamins) during processing or subsequent storage
of beverages. Thus, the vitamin C and vitamin A contents of a fruit smoothie were increased by
the addition (8% of the beverage) of mint leaf extract [140].

Another strategy for beverage fortification is pre-enhancement of the phytochemical
content in the plant raw materials used for the subsequent obtaining of the beverage. For this,
several green (chemical-free) postharvest abiotic stresses have been used, such as wounding, UV-
C, and hyperoxic atmospheres (Table 2). Thus, a carrot smoothie prepared from pre-incubated
carrots under hyperoxia treatment (80 kPa O2) increased the TPC of the smoothie by 2060% [121].
Similarly, the chlorogenic acid content of carrot juice was enhanced by 3600% when the unpeeled
carrots were previously blanched (80 ◦C for 6 min) [122].

Fortification of beverages with pure compounds extracted from natural sources (plants
and fish) have been also studied. The addition of some compounds may better preserve
the phytochemicals contained in beverages. For example, the anthocyanin content of
a blackberry juice was better retained for five weeks at 30 ◦C when glutathione was
added (500 mg/L) [118]. Fortification of melon juice with (−)epicatechin (2.5 g/mL of the
beverage) increased the TPC by ≈720% [128].

In this sense, Tarazona-Díaz & Aguayo [141] studied the effects of acidification, pas-
teurization, centrifugation, and refrigerated storage of watermelon juice (Table 2). Their
results showed a minimal degradation of non-centrifuged juices stored at 4 ◦C, with par-
ticular richness in lycopene, polyphenols, and citrulline [141]. Indeed, the enrichment of
Fashion watermelon juice by addition of L-citrulline (3.45 g per 500 mL) has shown to
diminish muscle soreness perception from 24 to 72 h after a half-marathon race and to
maintain lower concentrations of plasma lactate after exhausting exercise in amateur male
runners [142]. Furthermore, lower (1.17 g per 500 mL) and higher (4.83 g per 500 mL) doses
of L-citrulline in watermelon juices have reduced recovery heart rate and muscle soreness
after 24 h muscle relief in athletes [143], which seems to be enhanced in combination with
22 mg pomegranate ellagitannins per 200 mL watermelon juice [144].
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Nevertheless, special attention must be paid to the supplemented concentration since
phytochemicals have limited bioavailability in the human body. For example, absorption
of polyphenols may be relatively poor, ranging widely from 0.3 to 43%, leading to low
circulating plasma concentrations [145]. For this reason, folic acid has been encapsulated
with mesoporous silica particles (to be incorporated in fruit juices) in order to improve
its stability, reduce the quantity of compound needed, and control release after consump-
tion by modifying vitamin bioaccessibility [116]. Likewise, 16% of eicosanoid acid and
11% of docosahexaenoic acid were released in pomegranate juice when 0.1% of fish oil,
microencapsulated by complex coacervation, was added to the juice [136].

6.2. Fortification of Beverages by Adding Algae

The culinary and health-promoting properties of marine algae, or seaweeds, have
been known by Oriental cultures (mainly in Japan, China, and Korea) for centuries. In
Western countries, algae use in pharmaceuticals, cosmetics, and food (mostly as thickening
agents), together with its increasing acceptance as a culinary condiment, is growing day
by day. Marine algae are rich sources of proteins, polysaccharides, minerals, vitamins and
polyphenols, among other things [146,147], so their inclusion in beverage formulations
may increase the phytochemical levels of those beverages [127]. More interestingly, these
beverages may be fortified with unique health-promoting compounds of algae which are
not found in plant products, for example, phlorotannins and fucoidans, among others [147].
However, special attention must be paid to the algae quantity added into the fortified
beverages, since undesirable algae-related nuances may be detected. Thus, among nine
green smoothies prepared with different marine algae, kombu- and wakame-fortified
beverages showed the lowest sensory scores, mainly due to off-odours related to those
algae [127].

Fortification of a fruit-beverage smoothie with microalga Dunaliella salina (2.5% of
the beverage) increased the TPC and TAC while still being scored with great sensory
quality [137]. Furthermore, the total sugar content of date nectar fortified with spirulina
(10%) was increased, which is of high interest in masking some undesirable flavours, such
as the bitter flavour of kale beverages [148]. The authors observed better sensory attributes
in the date nectar fortified with spirulina.

6.3. Phytochemical Fortification of Beverages during Fermentation

Probiotics are living organisms whose ingestion provides several health benefits,
including prevention of gastrointestinal diseases, promotion of antimicrobial activity,
regulation of lactose metabolism, decrease in serum cholesterol levels, stimulation of the
immune system, and anti-mutagenic and anti-carcinogenic effects, among others [131].
Lactic acid bacteria are widely used during food processing for fermentation, which
gives typical flavours and other sensory aspects. Hence, much use of probiotics (e.g.,
Lactobacillus, Bifidobacteria, etc.), for fermentation and/or fortification purposes is made in
the food industry to provide the consumer with beverages that have excellent quality and
enhanced health-promoting properties.

The use of probiotics in beverages may also enhance their phytochemical content.
For example, the phenolic and anthocyanin levels of blueberry juice were increased by
43% and 15%, respectively, after fermentation (24 h at 37 ◦C followed by 2 h at 4 ◦C) with
Lactobacillus plantarum [119]. TPC and TAC were increased (by 6–8-fold) in different fruit
juices after fermentation (2 h at 30 ◦C followed by 28 days at 4 ◦C) with L. plantarum [126].
Similarly, TPC as well as flavonoid and anthocyanin contents were increased in fruit–
vegetable juice after fermentation (24 h at 37 ◦C followed by refrigeration at 4 ◦C) with
L. plantarum [131]. Other Lactobacillus species also induced increases of phenolic (49%
TPC increase after fermentation with Lactobacillus paracasei) [123], TAC (74% increase after
fermentation with Lactobacillus acidophilus) [134] and other compounds like riboflavin,
β-carotene and sulforaphane (broccoli juice fermented with Pedioccoccus pentosaceus) [132].
Probiotic survival under gastrointestinal conditions may be limited, with the strains being
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used having higher resistance to those conditions (acidic pH, enzymatic reactions, etc.);
microencapsulation of probiotics to extend their survival may also be effective [117,131].

As observed, fermentation of beverages with probiotic bacteria may lead to large in-
creases in their phytochemical contents, mainly of phenolic compounds. Such enhancement
has been hypothesized to occur due to the disintegration of macromolecular polyphenol
or anthocyanin structures into smaller phenols; this also increases their bioaccessibility
through the specific metabolism (e.g., deglycosylation) of probiotic bacteria [119,131].

7. Conclusions

Fortification of fruit and vegetable beverages can be achieved by using green non-
thermal technologies. While ultrasound is already a well-known technology used for cell
disruption, UV and high-pressure processing may lead to similar increases in such bever-
age phytochemicals as phenolic compounds, anthocyanins, vitamin C, etc., ensuring high
antioxidant properties. Pulsed electric fields and cold plasma are also green non-thermal
technologies that are used to extend the shelf life of fruit and vegetable beverages; however,
they are also capable of being used to fortify the phytochemical contents of these food prod-
ucts. Our analysis of published studies on this topic shows that these are excellent strategies
to fortify the health-promoting compound contents of the plant products contained in these
beverages. In addition, the optimized combination of the technologies used for treatment
may highly enhance fortification rates, as most of the available literature relates to the
combination of such new techniques with ultrasound. Based on this assessment, future
studies may deepen understanding of different combinations of such technologies where
optimal processing conditions may differ depending on beverage properties (rheology,
composition, pH, etc.). Furthermore, a deeper elucidation should be sought as to whether
the fortification observed with these technologies is due more to higher extractability after
cell disruption or to biosynthetic reactions, for example, when substrate and enzymes come
in contact.
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Abstract: Black garlic (BG) is a product originating from fresh garlic (FG) and substantially differs
in many aspects from FG due to the process called ageing. During this thermal process, the health-
promoting properties of FG are enhanced, and the sensory traits are altered. However, very little is
known about how the physicochemical properties of different FG varieties affect these properties of
BG. Thus, the aim of this study was to investigate the influence of seven FG varieties subjected to the
thermal process on the physicochemical parameters of BG. To prepare the BG samples, a fifteen-day
ageing process involving a temperature gradient ranging from 30 to 82 ◦C was used. It was found that
the antioxidant activity, the total polyphenol content, and the total soluble solids increased during
ageing, while the pH level, moisture content, and lightness decreased in all the garlic varieties. The
varieties of garlic differed in the studied traits significantly, both before (FG) and after ageing (BG).
In the sensory analysis, significant differences between the BG varieties were observed only in the
pleasantness of texture, while the remaining sensory descriptors (pleasantness of color, odor, taste and
intensity of the garlic aroma, and overall acceptability) were not affected by variety. The correlations
suggest that most of the FG’s studied parameters in this study do not correlate with the properties of
BG and cannot be used for the prediction of the quality of BG. Additionally, HPLC-MS/MS analysis
revealed substantial changes in the composition of low molecular compounds.

Keywords: garlic; ageing process; antioxidant activity; bioactive compounds; organoleptic properties;
HPLC-MS/MS analysis

1. Introduction

Black garlic (BG) is a functional food originating from Asia, specifically from China,
South Korea, and Japan. Although BG is botanically Allium sativa L., it differs from
fresh garlic (FG) in many aspects. It is processed using higher temperatures, ranging
between 60–90 ◦C, with approximately 80% relative air humidity for a long period of time
(10–90 days) without using any other ingredients or additives. This thermal process is
called ageing and during this process the fresh white garlic gains many new properties,
such as enhanced biological activity, especially antioxidant activity, and altered sensory
properties because the FG’s color turns from white to black, the texture changes to very
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soft or jelly-like, and the taste is very mild with sweet and sour tones [1]. Moreover,
antimicrobial activity was investigated by Botas et al. [2] who found that BG had stronger
antimicrobial activity than FG.

As reported previously, BG with excellent sensory and antioxidant properties is
obtained using a temperature around 70 ◦C and 80% relative air humidity. Lower tem-
peratures do not lead to the black color, and a pungent aroma is still present. A higher
temperature than 85 ◦C accelerates the process but could give a bitter aroma to the BG,
suggesting the presence of undesirable compounds [3].

BG is popular in Asia [4] and is now attracting more attention in Europe, including
the Czech Republic. It is becoming an ingredient in luxury cuisine and part of a healthy
diet [5].

BG has been intensively studied in the last two decades. The research has been,
nevertheless, mostly focused on the physicochemical properties of BG [6]; its in vivo
and in vitro effects; its bioavailability [7,8]; the influence of the processing conditions
(temperature, time, and relative air humidity); and the quality of the BG [3], including
pretreatment steps, such as freezing [9] and the use of hot steam [10].

Many factors influence the quality parameters of FG, such as origin, growing location,
season, climate, and cultivation practice, as well as the variety, which plays a pivotal
role [11]. Moreover, the different FG qualities could lead to different qualities of BG. Czech
FG is assessed positively by experts and consumers due to its strong garlic aroma and
taste [12]. In addition, the authors reported that the pungency of Czech varieties was
higher than in European samples and much higher than in non-European. A typical,
strong, pungent aroma should not be present in BG. Thus, it remains unclear whether the
pungent varieties (e.g., those originating from the Czech Republic) are suitable for the
preparation of BG.

Very little is known about the influence of garlic variety on BG quality. Up to now,
only two papers have been published studying the influence of garlic variety on the
properties of BG, with only one focusing on the quality of BG originating from conven-
tional and organic cultivation [13–15]. However, these papers studied only three, six, and
two varieties, respectively.

The aim of this study was to describe the influence of seven Czech FG varieties and
the thermal ageing technology on the physicochemical properties and sensory qualities
of the BG prepared from them. Moreover, the study targeted identification of the main
biologically active compounds before and after ageing.

The results could be helpful for producers of BG to select garlic that has the highest
quality and can also contribute to the knowledge of how the parameters affect the general
quality of the BG.

2. Materials and Methods

2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich, Prague, Czech Republic: acetic
acid (purity ≥ 99%); sodium acetate (purity ≥ 99%); acetonitrile (LC/MS grade); methanol
(LC/MS grade); formic acid (LC/MS grade, 98–100%); ferric chloride; hydrochloric acid
(37%; HCl); sodium carbonate; 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ, purity ≥ 98%); 2,2-
diphenyl-1-picrylhydrazyl (DPPH); Trolox (purity ≥ 97%); and Folin–Ciocalteau’s phenol
reagent and gallic acid (97.9%).

2.2. Plant Material

In this study, seven varieties of Czech garlic (listed in the Czech State Variety Book)
were used: Bjetin, Vekan, Lan, Havel, Rusák, Havran, and Lukan. All of them were
purchased from a local garlic grower (Mihulková-Hradecký “Český česnek z Podkrkonoší”,
Czech Republic). The varieties were of the winter and bolting type (except for the Lukan,
which was non-bolting) and were planted in the autumn (in the middle of October) of 2018
and harvested at the turn of the month of June and July 2019 in the Semily district (ca.
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360 m above the sea level) in the Czech Republic. The average annual temperature in this
area is around 7 ◦C with precipitations of 700 mm. The garlic samples were transported
to the laboratory fresh and disease-free after harvesting. These FG samples were used for
the manufacturing of BG or directly for physicochemical analyses: determination of the
moisture content, soluble solids, pH level, total polyphenolic content, antioxidant activity,
and texture and color analysis. Furthermore, the variety Rusák was used to determine the
main biologically active compounds by means of high-performance liquid chromatography
and tandem mass spectrometry (HPLC-MS/MS).

For each chemical analysis, five randomly selected bulbs of each variety were taken,
and two cloves from each bulb were peeled (ten cloves per variety in total); these are
assigned as “peeled garlic cloves” later in the text.

2.3. Black Garlic Processing

The BG was made from FG according to the patented method described by Vácha et al. [16].
Briefly, approximately 550 g of FG of each of the above-mentioned varieties was placed into
a polyamide/polyethylene vacuum bag. Then, the samples were vacuum-packed using
ETA Freshie 1762 (ETA a.s., Prague, Czech Republic). The purpose of using vacuum plastic
bags is that the BG can be produced in an oven or a dryer without any humidity regulation
because the high relative humidity needed for the ageing process is substituted by the
water contained in the FG. Thus, the bags prevent or minimize moisture evaporation from
the garlic bulbs.

The bags with the FG samples were placed into a laboratory oven (Memmert UFE
400, Memmert GmbH + Co. KG, Schwabach, Germany) to begin the process of ageing at
the same time. The only parameter that was controlled was the temperature, as follows:
the first stage took three days, and the temperature was set at 82 ◦C; in the second stage,
the temperature was decreased to 30 ◦C for one day; and finally, the temperature was
increased to 72 ◦C in the last stage for 11 days. Thus, the whole ageing process took
15 days. At the beginning of the ageing process, the highest temperature was used to
rapidly accelerate ageing and inactivate some enzymes, such as alliinase (EC 4.4.1.4.). Due
to the excessive water evaporation from the garlic bulbs, a low temperature was set in the
second stage of the process. It caused the water to be condensed back to the surface of the
bulbs. Afterwards, a temperature of around 70 ◦C in the third stage was set because it was
optimal for obtaining BG with excellent properties [3].

Then, the samples from each variety were collected by the same sampling procedure
as described for the FG samples. Afterwards, the black, aged samples were used for the
same analyses as in the case of the fresh samples. The BG samples were additionally used
for sensory analysis.

2.4. Chemical Analyses
2.4.1. Moisture-Content Analysis

The peeled garlic cloves were finely homogenized in a kitchen mixer, and 5 g of the
sample was measured gravimetrically using a moisture analyzer (Kern RH 120-3, Fisher
Scientific s.r.o., Pardubice, Czech Republic). The measurement was repeated three times
(n = 3).

2.4.2. pH Measurement

The peeled garlic cloves were homogenized using a kitchen blender, and the pH of
garlic samples was measured using a pH meter equipped with a spear-type electrode
(HC 124, Fisher Scientific, Pardubice, Czech Republic). An analysis of each group was
conducted three times (n = 3).

2.4.3. Determination of Total Soluble Solids

Approximately 10 g of the peeled garlic cloves was blended with 90 mL of deionized
water in a glass tube using a laboratory homogenizer (Ultra-Turrax T25, IKA-Werke GmbH
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& Co. Kg, Staufen, Germany). The mixture was then analyzed for total soluble solids using
an optical refractometer (ATC 0–32%, Fisher Scientific s.r.o, Pardubice, Czech Republic),
previously calibrated with deionized water. ◦Brix were then calculated using a dilution
factor. An analysis for each group was conducted three times (n = 3).

2.4.4. Determination of Antioxidant Activity

To determine the antioxidant activity of the FG and BG samples, two spectrophoto-
metric methods were selected: DPPH (2,2-diphenyl-1-picrylhydrazyl), to evaluate the free
radical scavenging ability and FRAP (ferric reducing antioxidant power), to assess the
reducing ability. The first step was the extraction of a sample. The peeled garlic cloves
were homogenized, and 0.2 g was placed in a 15 mL centrifuge tube, then 9.8 mL of 90%
methanol (v/v) was added to the sample. This mixture was shaken in a laboratory shaker
for 10 min, and then it was centrifuged at 7000 rpm for 15 min at 5 ◦C. The supernatant
was collected and immediately used for the determination of antioxidant activity. Two
extractions per group were conducted, and each extract was measured twice (n = 4).

The DPPH method was conducted according to a slightly modified method described
by Brand-Williams et al. [17]. The extracted sample (100 μL) was added to 4 mL of
methanolic solution of DPPH (27.5 μg/mL). Afterwards, this mixture was kept for two
hours in the dark at room temperature. Then, the absorbance at 515 nm was measured
against a blank (DPPH solution without sample). Trolox was used to prepare a calibration
curve. The results are expressed as Trolox equivalent (TE) per gram of sample on a dry
matter (DM) basis (g TE/kg DM).

A slightly modified FRAP method was assessed according to Dudonné et al. [18].
Firstly, the FRAP reagent was prepared as follows: 100 mL of 300 mM (pH 3.6) acetate
buffer was mixed with 10 mL of 10 nM TPTZ in 40 mM HCl and with 10 mL of ferric
chloride (10 mM). After this, 0.1 mL of sample extract was pipetted to 4 mL of FRAP reagent.
The reaction mixture was kept in the dark for 30 min at 37 ◦C, and then the absorbance
was measured against a blank (acetate buffer) at 593 nm. Trolox was used as a standard;
thus, the results are expressed as g TE/kg DM.

2.4.5. Determination of Total Polyphenol Content

Firstly, polyphenols from the garlic samples were extracted. The peeled garlic cloves
(fresh and black) were homogenized, and 5 g was weighed into a glass tube. Then, 50 mL of
50% methanol was added. Additionally, the mixture was thoroughly homogenized using
a laboratory mixer (Ultra-Turrax T25, IKA-Werke GmbH & Co. Kg, Staufen, Germany)
for 30 s. Then, the tube was put into an ultrasound bath and was extracted for 15 min.
Afterwards, an aliquot was pipetted into a centrifuge tube and was centrifuged at 4000 rpm
for 15 min. The supernatant was stored at −18 ◦C until analysis. One extraction per group
was conducted, and the extract was analyzed three times (n = 3).

The total polyphenolic content was spectrophotometrically determined according
to the method of Lachman et al. [19]: 35 μL of the sample extract was pipetted into a
disposable 4.5 mL plastic cuvette; then, 175 μL of Folin–Ciocâlteu reagent, 3465 μL of
water, and 525 μL of 20% sodium carbonate were added. This reaction mixture was then
incubated at room temperature for two hours in the dark. The absorbance was read at
765 nm, and gallic acid was used as a standard for the preparation of a calibration curve.
The results are expressed as mg of gallic acid equivalent (GAE) per kg of sample DM
(g GAE/kg DM).

2.4.6. HPLC-MS/MS Non-Targeted Analysis of Fresh and Black Garlic

Extraction was conducted according to Zhang et al. [20], with modifications. The
peeled garlic cloves were homogenized in a kitchen mixer, and 5 g of the sample was
immediately put into a glass tube; then, 50 mL of 100% methanol was added. The sample
with methanol was additionally homogenized using a laboratory mixer (Ultra-Turrax
T25, IKA-Werke GmbH & Co. KG, Staufen, Germany) for 30 s. Afterwards, the mixture
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was extracted in an ultrasound bath for 15 min. Then, an aliquot was transferred into a
centrifuge tube and centrifuged at 4000 rpm for 15 min. The supernatant was collected
and stored at −18 ◦C until analysis. Five μL of properly diluted sample was injected into
the HPLC system (Dionex UltiMate 3000; Dionex, Sunnyvale, CA, USA) coupled with a
triple quadrupole mass spectrometer (Agilent 6420; Agilent Technologies Inc., Santa Clara,
CA, USA). The chromatographic separation was achieved by the Phenomenex Kinetex
column (C18, 2.6 μm, 150 × 2.1 mm) maintained at 35 ◦C. The mobile phase A consisted
of 5% acetonitrile with 0.5% formic acid, and B consisted of 100% acetonitrile. The flow
rate was set at 0.2 mL/min and the gradient involved a linear increase in the mobile phase
B from 5 to 80% within 30 min. After this, solvent B decreased to 5% within 10 min to be
prepared for the next injection. Identification of the separated compounds was assessed
using a mass spectrometer equipped with an electrospray ionization source (ESI) operating
in positive ionization mode with the following settings: the drying gas (N2) temperature
of 300 ◦C was at a flow rate of 11 L/min, the nebulizing gas pressure was 35 psi, and the
capillary voltage was set to +4kV. The fragmentor, cell accelerator, and collision energy
were 135, 7, and 20 volts, respectively.

2.5. Physical Properties Analysis
2.5.1. Color Analysis

The surface color of the FG and BG peeled cloves was analyzed in the CIE L*a*b*
system using a spectrophotometer ColorEye XTH (GretagMacbeth, New Windsor, NY,
USA). For each sample, three independently chosen cloves were selected and analyzed
(n = 3).

2.5.2. Texture Analysis

The hardness measurement of the FG and BG cloves was accomplished by using
texture analyzer TA.XT Plus (Stable MicroSystems, Godalming, UK). The analyzer was
equipped with a knife probe that cut the garlic cloves, and the maximal force needed to
cut the cloves into halves was recorded. The following settings of the texture analyzer
were applied: pre-test speed: 3 mm/s; test speed: 2 mm/s; and post-test speed: 10 mm/s.
Four cloves from each group (n = 4) were randomly selected, and the results are expressed
as newton (N).

2.6. Sensory Analysis of Black Garlic Samples

The sensory profile of the BG varieties was tested by sensory analysis. Seven panelists,
who had been well trained in the principles and the concept of sensory evaluation, were
involved in this experiment. One day before the sensory analysis, the panelists received
commercially available BG cloves to get familiar with their sensory attributes.

At sensory analysis, approximately 5 g of BG per variety, corresponding to at least
three cloves, were put into a 50 mL plastic container. The containers, randomly marked
with a number, were served on a plate to each panelist to compare them simultaneously.
The hedonic evaluation of taste, color, texture, overall acceptability, and intensity of the
garlic aroma were recorded on a 10 cm unstructured hedonic scale (0 = dislike extremely,
10 = like extremely for taste, smell, color, and overall acceptability; 10 = very intense, 0 = not
present for the intensity of the garlic aroma) by the same panel. The panelists then placed a
mark on the scale to indicate the pleasantness or intensity of each characteristic. The values
for all descriptors of BG obtained from each panelist were averaged (n = 7). Water was
served as a taste neutralizer and was drunk between the judging of the following sample.

2.7. Statistical Analysis

The results of all the analyses are presented as mean ± standard deviation. Two-way
ANOVA (analysis of variance) was used to determine statistically significant differences
between varieties (factor one) and between the FG and BG samples (ageing process—factor
two) in all the physicochemical analyses. To evaluate the statistically significant differences
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between the BG varieties in the sensory analysis, one-way ANOVA was used. After both
ANOVAs, Tukey’s HSD post hoc test was assessed for group comparisons. To estimate
the associations between garlic sample properties (soluble solids, antioxidant activity,
pH, total polyphenol content, etc.), Pearson’s correlation coefficient was used. Statistical
evaluation was performed in Statistica CZ, version 12 (StatSoft CR) and the differences
were considered significant if p < 0.05.

3. Results and Discussion

3.1. The Effects of the Ageing Process and Variety on Moisture, pH, and Total Soluble Solid
Content of Fresh and Aged Garlic Samples

The ageing process substantially affects the chemical properties of garlic [1]. The
results of this study also prove the significant changes in the chemical parameters. The
moisture, pH, and total soluble solid content of all the FG and BG varieties are presented
in Table 1.

Table 1. Moisture content, pH, and total soluble solids of fresh and black garlic varieties.

Variety
Moisture Content (%) pH Total Soluble Solids (◦Brix)

Fresh Black Fresh Black Fresh Black

Bjetin 60.18 ± 0.64 abA 36.95 ± 0.93 cdB 6.06 ± 0.02 abA 4.45 ± 0.03 aB 39.67 ± 0.06 aB 52.00 ± 0.00 bA

Vekan 58.62 ± 1.60 bcA 34.28 ± 1.26 dB 6.05 ± 0.01 abA 4.48 ± 0.05 aB 39.00 ± 0.10 aB 50.33 ± 0.58 bA

Havel 57.04 ± 0.46 cA 35.50 ± 1.09 dB 6.11 ± 0.02 aA 4.39 ± 0.02 abB 37.67 ± 0.12 abB 60.00 ± 0.00 bA

Ivan 59.17 ± 2.18 bcA 39.52 ± 1.16 bcB 6.01 ± 0.03 abA 4.32 ± 0.09 bcB 36.67 ± 0.12 bB 50.00 ± 1.00 bA

Rusák 57.12 ± 1.20 cA 33.52 ± 0.40 dB 6.05 ± 0.01 abA 4.24 ± 0.05 cB 39.67± 0.06 aB 61.00 ± 0.00 aA

Havran 65.34 ± 2.46 aA 42.52 ± 0.87 abB 6.00 ± 0.00 abA 4.38 ± 0.02 abB 30.00± 0.00 cB 51.67 ± 1.15 bA

Lukan 62.25 ± 0.59 abA 45.55 ± 0.91 aB 5.99 ± 0.01 bA 4.48 ± 0.05 aB 32.00 ± 0.00 cB 50.67 ± 0.58 bA

Average 59.57 ± 2.44 B 38.26 ± 4.48 A 6.04 ± 0.04 A 4.39 ± 0.61 B 36.38 ± 3.68 B 53.67 ± 9.53 A

Results are presented as mean ± standard deviation (n = 3); a–d values with different superscripts within a column differ significantly
(p < 0.05); A,B values with different superscripts within a row and the same analysis differ significantly (p < 0.05).

The moisture content of the FG varieties ranged between 57.04 and 65.34%, with an
average value of 59.57% and between 33.52 and 45.55%, with an average value of 38.26%
for the garlic samples after ageing (BG). Thus, the differences between varieties (both
before and after ageing) were statistically significant (p < 0.05). These values are typical for
FG originating from the Czech Republic, where the moisture content is usually between
55 and 70% [12]. When compared with garlic from other countries, samples originating
from South Korea have an average moisture content of 63.43%, whereas Chinese samples
have 66.76% [21]. Moreover, Shin et al. [22] reported that Chinese garlic samples had a
moisture content higher than 70% on average. This indicates that garlic from East Asia has
a higher moisture content. Regarding BG moisture, Sunanta et al. [14] reported that BG
had an average moisture content of 30%. However, the authors also reported that garlic
originating from China had moisture of 53.12% after ageing, which is much higher than
our observation.

The ageing process resulted in an approximately 37% loss of water (from 59.57 to
38.26%), and the decrease was statistically significant (p < 0.05). The evaporation of
water during the processing of BG is a common phenomenon. However, as stated by
Xiong et al. [23], water evaporation during ageing is strongly dependent on the processing
conditions, mainly the relative air humidity as well as the temperature.

The ageing process caused a significant (p < 0.05) decrease of pH in all the garlic
samples, from approximately 6.04 to 4.39. Other authors [6,15] have reported a much lower
pH, reaching values of 3.3. However, they processed garlic samples for more than 30 days.
A low pH resulting from acidic conditions in BG can be caused by the formation of acids,
such as formic, acetic, pyroglutamic, 3-hydroxypropionic, and succinic, which were not
detected in FG, as reported by Liang et al. [24]. Although there were statistical differences
(p < 0.05) between the varieties in pH, the range of values was relatively small in the FG
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and BG samples. The pH ranged between 5.99 and 6.11 for the FG samples and 4.24 and
4.48 for the BG samples. Our results are in line with Toledano Medina et al. [15], who also
reported that the pH of garlic is affected by variety.

Another observed parameter in the garlic samples was total soluble solid content.
The values in the FG samples varied between 30.00 to 39.67 ◦Brix (the average value was
36.38 ◦Brix). Much higher values were measured in the garlic samples after ageing, with an
average value of 53.67 ◦Brix (ranging between 50.00 and 60.00). Thus, the ageing process
had a significant (p < 0.05) effect on this parameter. Moreover, the variety significantly
(p < 0.05) influenced the total soluble solid content. These results are in accordance with
other authors [13,25]; however, they reported lower values, both in the FG and the BG
samples. The increase in soluble solids is probably caused by the hydrolysis of polymeric
compounds at a higher temperature into simpler compounds, e.g., proteins into peptides
or amino acids and especially polysaccharides into oligosaccharides with a lower degree of
polymerization and di- or monosaccharides [1,26].

3.2. The Effects of the Ageing Process and Variety on Antioxidant Activity and Total Polyphenol
Content of Fresh and Aged Garlic Samples

Garlic possesses antioxidant activity due to the presence of many substances, such
as polyphenols and organosulfur compounds, but the activity is strongly enhanced after
the ageing process of garlic [27]. The antioxidant activity of the FG and BG samples is
presented in Table 2.

Table 2. Antioxidant activity (DPPH and FRAP assays) and total polyphenol content (TPC) of fresh and black garlic
varieties.

Variety
DPPH (g TE/kg DM) FRAP (g TE/kg DM) TPC (g GAE/kg DM)

Fresh Black Fresh Black Fresh Black

Bjetin 1.62 ± 0.02 bB 13.12 ± 0.18 bA 0.38 ± 0.01 B 13.19 ± 0.29 cA 3.62 ± 0.08 B 16.01 ± 0.28 aA

Vekan 1.32 ± 0.02 bB 12.80 ± 0.53 bcA 0.66 ± 0.02 B 12.51 ± 0.35 dA 3.82 ± 0.16 B 11.60 ± 0.17 cA

Havel 2.52 ± 0.09 aB 14.00 ± 0.10 aA 0.56 ± 0.02 B 13.54 ± 0.20 bcA 3.61 ± 0.15 B 15.48 ± 0.25 aA

Ivan 1.89 ± 0.08 abB 12.28 ± 0.13 cA 0.47 ± 0.01 B 12.15 ± 0.17 dA 3.89 ± 0.22 B 14.90 ± 1.08 aA

Rusák 1.52 ± 0.07 bB 12.67 ± 0.18 bcA 0.38 ± 0.01 B 12.47 ± 0.49 dA 3.76 ± 0.08 B 15.59 ± 0.15 aA

Havran 2.53 ± 0.10 aB 14.25 ± 0.57 aA 0.62 ± 0.03 B 14.24 ± 0.36 aA 4.61 ± 0.11 B 13.42 ± 0.27 bA

Lukan 1.89 ± 0.06 abB 11.41 ± 0.49 dA 0.48 ± 0.01 B 12.16 ± 0.53 dA 3.47 ± 1.01 B 11.23 ± 0.22 cA

Average 1.90 ± 0.52 B 12.93 ± 4.33 A 0.50 ± 0.12 B 12.89 ± 4.79 A 3.82 ± 0.37 B 14.03 ± 4.44 A

Results are presented as mean ± standard deviation (n = 4 for DPPH and FRAP; n = 3 for TPC); a–d values with different superscripts
within a column differ significantly (p < 0.05); A,B values with different superscripts within a row and the same analysis differ significantly
(p < 0.05); DM: dry matter; TE: Trolox equivalent; DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: ferric reducing antioxidant power; TPC:
total polyphenol content; GAE: gallic acid equivalent.

The BG samples exhibited much higher antioxidant activity, both free radical scav-
enging activity (DPPH assay) and reducing properties (FRAP assay), compared to the FG
samples. Thus, the ageing process is a significant (p < 0.05) factor influencing antioxidant
activity. There was an almost seven-fold increase in the DPPH assay, from 1.9 (average
of FG) to 12.93 g TE/kg DM (average of BG). A very similar trend was observed for the
FRAP assay, but the increase was even more significant, from 0.5 to 12.89 g TE/kg DM. The
DPPH was also found to be variety dependent as significant (p < 0.05) differences were
found between varieties (in the FG and also the BG samples). Nevertheless, no statistical
differences were found between the FG samples in terms of the FRAP assay, but the BG
samples differed significantly.

It was reported that some of the compounds possessing antioxidant activity in garlic
might be polyphenols that can be determined by the spectrophotometric method using
Folin–Ciocâlteu phenol reagent [28]. Although its selectivity and specificity are question-
able [29,30], it is one of the most frequently used assays for the determination of such
compounds, not only in FG and BG [6,28,31]. A relatively low concentration of total
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polyphenols (3.82 g GAE/kg DM on average) was found in the FG samples, as can be
seen in Table 2. It should be noted that according to Pilluza and Bullitta [28] garlic had the
lowest concentration of total polyphenols among 24 examined plants.

It was an interesting finding that there were no statistically significant differences
(p > 0.05) between the FG varieties, although some distinctions were noted. The presented
results of this study show that there was approximately a 3.6-fold increase in the total
polyphenol content after ageing (14.03 g GAE/kg DM on average), as was also found in
the previous literature [4]. On the other hand, statistically significant differences (p < 0.05)
were found between the varieties after ageing. Although the result is in accordance with an
earlier report, it remains a question what compounds in BG react with the Folin–Ciocâlteu
phenol reagent. Thus, in our opinion, this phenomenon should be taken into account in
further research.

Total polyphenol content often positively correlates with antioxidant activity [28],
but the association between total polyphenols and antioxidant activity (DPPH and FRAP
assays) in samples after ageing (BG) was found to be very small (r = 0.408 for DPPH and
0.256 for FRAP, respectively, p > 0.05). This also suggests that compounds other than
polyphenols can contribute to the antioxidant activity, e.g., organosulfur compounds or
products of the Maillard reaction. It should also be mentioned that the total polyphenol
content could be affected by the particular temperature gradient. Xiong et al. [23] reported
that if garlic is aged at 90 ◦C, the total polyphenol content rises faster than if the temperature
is set at 70 ◦C. According to the author, if a higher temperature was set, then after five days,
the polyphenol content decreased. Thus, it is advisable to process BG at 70 ◦C for at least
15 days.

3.3. HPLC-MS/MS Non-Targeted Analysis of Low Molecular Weight Compounds in Fresh and
Black Garlic Samples

In addition to spectrophotometric analyses (TPC, DPPH, and FRAP), we decided to
identify some of the low molecular weight compounds in FG and BG using HPLC-MS/MS
apparatus to establish differences in the samples before and after ageing. The Rusák variety
was chosen for this purpose. Compounds with high intensity (response) or significant
changes due to the ageing process were subsequently identified. The identification of
the compounds was based on the monitoring of molecular mass, production of MS/MS
fragments, retention times, and comparison with the data from available literature [32–37]
and with the help of online mass spectra databases [38,39].

Data were obtained only in positive ionization mode as bad results were achieved
with negative ionization. The relative concentration change of the identified compounds
on a dry matter basis (peak area vs. dry matter) was also calculated. It was expressed
only as “increase” or “decrease” due to the uncertainty of the detector linearity; thus, fold
change is not presented. The results of the MS/MS analysis showing tentatively identified
compounds in the Rusák variety before (FG) and after ageing (BG) are presented in Table 3.

Twelve compounds in total were identified in the methanolic extracts, including
amino acid, amino acid derivative, fructooligosaccharides, organosulfur compounds, and
derivatives belonging to β-carbolines.

The compound with the highest m/z (1515 [M + K]+) was identified as fructooligosac-
charide residue with a degree of polymerization (DP) 9 as it showed a typical fragmentation
pattern (m/z of 1353, 1191, 1029, 867, 705, 543, 381) with a mass shift of 162 Da correspond-
ing to the loss of fructose moiety. Other fructooligosaccharides identified in the extracts
were fructofuranosyl nystose (m/z 867, DP = 5), nystose (m/z 705, DP = 4), and kestose
(m/z 543, DP = 3). The mass spectra obtained are consistent with the previous literature [37].
According to Zhang et al. [40], the usual degree of polymerization of garlic fructan is 58.
Nevertheless, it was not possible to detect high molecular fructans with our instrument.
The relative concentration of detected fructooligosaccharides was higher in aged garlic,
which suggests that high molecular fructans in garlic decompose into smaller units due
to the exposure of the garlic to high temperature for a long period of time. These low
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molecular fructooligosaccharides contribute to the characteristic sweet taste of BG. Other
authors [15] also confirmed an increase of simple (reducing) sugars in BG.

Table 3. Tentatively identified compounds in fresh (FG) and black garlic (BG).

Compound RT * (min)
Molecular Ion
[M + H]+ (m/z)

Fragments (m/z)
Presence in

Samples
Change after

Ageing **

Arginine 1.56 175 158, 130 FG, BG ↑
Fructosyl-arginine 1.57 337 319, 175, 158, 130 BG ↑

Fructooligosaccharide (Degree of polymerization = 9) 1.61 1515 [M + K]+
1353, 1191, 1029,
867, 705, 543, 381

[M + K]+
FG, BG ↑

Fructofuranosyl nystose (4× fructose, 1× glucose) 1.62 867 [M + K]+ 705, 543, 381
[M + K]+ FG, BG ↑

Nystose (3× fructose, 1× glucose) 1.63 705 [M + K]+ 543, 381 [M + K]+ FG, BG ↑
Kestose (2× fructose, 1× glucose) 1.63 543 [M + K]+ 381 [M + K]+ FG, BG ↑
γ-L-glutamyl-S-allyl-L-cysteine 3.24 291 162, 145 FG, BG ↓

γ-L-glutamyl-S-(trans-1-propenyl)-L-cysteine 4.00 291 274, 162, 145 FG ↓
γ-L-glutamyl-phenylalanine 4.88 295 166, 120 FG, BG ↓

(1R, 3S)-1-methyl-1,2,3,4-tetrahydro-β-carbolin-3-carboxylic
acid (MTCA) 6.91 231 158 BG ↑

(1S, 3S)-1-methyl-1,2,3,4-tetrahydro-β-carbolin-3-carboxylic
acid (MTCA) 7.88 231 158 BG ↑

Diallyl thiosulfinate (allicin) 29.59 163 73 FG, BG ↓
* RT: retention time; **: relative changes in concentrations after ageing; peak areas were compared in FG and BG on a dry matter basis; ↑:
increase in concentration; ↓: decrease in concentration.

Free arginine with m/z 175 [M + H]+ was also identified based on the production
of specific fragments, with m/z 158 and 130 corresponding to a loss of NH3 (18) and
NH3 + CO groups (44). However, its relative concentration increased after ageing, which
implies that proteins in garlic could hydrolyze under a higher temperature during ageing,
which is followed by the release of free amino acids. As reported by Kodera et al. [41],
arginine is the most abundant amino acid in garlic. On the other hand, Choi et al. [6]
reported that arginine is the second most abundant amino acid after tyrosine.

Amino acids, together with some sugars, can subsequently enter a Maillard reaction,
leading to the production of a wide variety of substances [1]. A compound related to the
Maillard reaction with molecular ion m/z 337 [M + H]+ producing fragments 319, 175, 158,
and 130 was identified as fructosyl-arginine (Fru-Arg). This compound is formed in the
early stage of the Maillard reaction and belongs to the group of Amadori compounds [20].
In addition, Fru-Arg was not detected in FG. On the other hand, it was reported that Fru-
Arg is the most abundant Amadori compound in BG and has several biological properties,
such as antioxidant activity, and could act as an inhibitor of the angiotensin I converting
enzyme [42].

Two peaks with m/z at 231 [M + H]+, producing the same fragment at m/z 158, were
identified as isomers (1R, 3S and 1S, 3S) of alkaloid 1-methyl-1,2,3,4-tetrahydro-β-carboline-
3-carboxylic acid (MTCA). These compounds are probably formed via condensation of
L-tryptophan and some aldehydes or oxo-acids in the Maillard reaction and belong to the
group of β-carbolines [1]. Both isomers were detected only in BG. These compounds pos-
sess hydrogen peroxide scavenging activity, but when compared to quercetin or catechin,
the scavenging activity is much lower [34].

Concerning peptides, three γ-glutamyl were detected, namely γ-glutamyl-S-allyl-
L-cysteine (m/z 291 [M + H]+) with fragments at m/z 162 and 145; γ-glutamyl-S-(trans-
1-propenyl)-L-cysteine (m/z 291 [M + H]+) with mass spectra at m/z 274, 162 and 145;
and γ-glutamyl-phenylalanin (m/z 295 [M + H]+), producing the following spectra: m/z
166 and 120. These molecular ion masses and spectra match with data published previ-
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ously [32,33,43,44]. The first two mentioned peptides containing sulfur serve in garlic as
important storage peptides and are biosynthetic intermediates for a plethora of correspond-
ing organosulfur compounds, including those with sensory importance, e.g., allicin [45].
These organosulfur compounds, together with γ-glutamyl-phenylalanin, have beneficial
effects in human tissue, including antioxidant, anticancer, antinociceptive, antiplatelet, and
anti-atherosclerotic activities [46]. Unfortunately, the relative concentration of γ-glutamyl
peptides was lower in BG and γ-glutamyl-S-(trans-1-propenyl)-L-cysteine was detected
only in FG.

A peak with molecular ion at m/z 163 [M + H]+ eluting at the end of the gradient
with a dominant product ion at m/z 73 was later identified as allicin. Its relative concen-
tration after ageing was nearly undetectable compared to FG. Despite the fact that allicin
has certain positive biological properties [47], its presence in BG is not suitable in terms
of sensory properties, as allicin, together with other compounds, gives garlic a typical
pungent flavor [45]. Although it is known that allicin is unstable and undergoes rapid
decomposition [43], Zhang et al. [3] reported detectable amounts in BG even after 69 days
of ageing at 60 ◦C.

It is interesting that we did not detect any polyphenolic compounds, neither in the
FG nor in the BG, in spite of the fact that a significant increase in total polyphenols was
measured using the Folin–Ciocâlteu phenol reagent in all varieties after ageing. The
results are in line with a previous study by Molina-Calle et al. [35], who also did not
identify polyphenolic compounds using a high-resolution quadrupole time-of-flight mass
spectrometer. According to Corzo-Martínez et al. [45], flavonoids, which are abundant, e.g.,
in onion, are practically absent in garlic. In addition, Beato et al. [48] detected only very
low levels of phenolic acids, reaching a maximum of 2.9 mg/kg of DM for caffeic acid. The
only explanation could be that some polyphenolic compounds formed during the Maillard
reaction. For example, Matsutomo et al. [34] identified several dilignols in aged garlic
extract possessing antioxidant activity. However, these compounds were not detected in
BG. As mentioned in Section 3.2, it is described in the literature [29] that the Folin–Ciocâlteu
phenol reagent could sometimes overestimate the result because the reagent may react
with other interfering compounds (e.g., amino acids).

3.4. Color and Texture Analysis of Black and Fresh Garlic and Sensory Analysis of Black Garlic

BG is interesting not only because of its chemical composition and biological activity,
but also because it has highly remarkable organoleptic properties. It acquires a sweet-and-
sour taste and a very soft, chewy, and jelly-like texture during the ageing process [49]. The
pleasantness of the color, odor, texture, and taste and the intensity of the garlic aroma and
the overall acceptability of the seven BG varieties were evaluated in a sensory analysis.
The results of the evaluation are depicted in Figure 1A. Although the panelists perceived
differences between all the varieties in all the sensory attributes, they were not statistically
significant (p > 0.05), with the exception of texture, where the Rusák and Lukan varieties
received a significantly (p < 0.05) lower sensory score than the remaining varieties. In terms
of overall acceptability, the analysis did not reveal one variety that would be better than
the others.

BG should not have as strong a garlic aroma as FG. Nevertheless, the panelists
recorded that the garlic aroma was still present in all the BG samples; however, the
intensity was relatively low. Although our ageing temperature was set between 70–80 ◦C,
which is the temperature that is ideal for BG with good sensory properties, pungent garlic
aroma is usually present in BG that was aged at 60 ◦C or for a shorter time period [3].
The reason why the garlic aroma was still perceived in our samples could be that the
Czech garlic varieties have a slightly higher pungency than varieties originating from other
countries [12].

It is essential to know that the variety of garlic may be an important factor affecting the
sensory characteristics of BG. Recently, there have been two papers published regarding the
influence of the garlic variety and storage time [14,15] and one focusing on the influence
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of the cultivation system (conventional vs. organic) [13] on selected quality parameters
of BG. However, none of them involved a sensory assessment in the experiment. On the
other hand, several papers have been published describing how the different ways of the
ageing process can affect the sensory properties of BG, e.g., [3]. Sensory analysis results
provide the evidence that the variety of garlic may not be the most important parameter
(except for texture) for the sensory quality of BG. It is possible that processing conditions
(temperature, humidity, and time) play a greater role in terms of the sensory properties of
BG [5].

Figure 1. Sensory analysis (0 = dislike extremely, 10 = like extremely) of different black garlic varieties (A) and hardness of
texture of white and black garlic varieties (B). a–c bars, representing means of texture hardness (n = 4) ± standard deviation,
with different letters differ significantly (p < 0.05).

In addition to the sensory analysis, texture was also analyzed using a texture analyzer.
The texture of BG can be characterized as soft or jelly-like and is unambiguously different
from FG, whose texture is hard and stiff. The hardness of the texture of the FG and BG
varieties is presented in Figure 1B. It is clearly shown that the hardness of garlic cloves was
significantly affected by the ageing process as the average hardness of the FG samples was
34.29 N, but the BG samples had a much softer texture (average 3.01 N). Thus, there was
approximately an 11-fold decrease in hardness.
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This decrease caused by the ageing process could be related to the disruption of
the cell wall polysaccharides of garlic due to a higher temperature [9]. Contrary results
were presented by Karnjanapratum et al. [10], who described that the hardness of garlic
cloves increased over 18 days of processing from 25.52 to 107.77 N. It is very interesting
because the increase in hardness during ageing can be a sign of excessive loss of water
and subsequently proof of the intensive drying of garlic cloves. However, based on our
experience, values higher than 35 N reflect the firm and stiff texture of garlic cloves.

Differences between the garlic varieties (both before and after ageing) were also
observed; the hardness ranged from 31.12 to 41.00 N for the FG samples and from 1.47 to
4.73 N for the FG samples. However, these differences were statistically significant (p < 0.05)
only for the FG samples, but for the BG samples, the differences were not significant
(p > 0.05). In other words, although there can be differences between the FG varieties,
the differences are somewhat diminished after ageing. Considering the hardness and the
results from the sensory analysis (Figure 1A), the pleasantness of the texture seems to be
highly associated with the hardness of a BG clove (r = −0.793, p < 0.05). The panelists
evaluated harder samples with a lower sensory score; on the other hand, softer samples
were evaluated better.

It is, however, hard to compare our results with those of the other authors as there
are no publications describing the influence of variety on the hardness of BG. According
to Ríos-Ríos et al. [5], there is generally a lack of BG-texture parameters described in the
literature. The authors, nevertheless, suggest that if the moisture of BG is between 40
and 50%, it would have a desirable soft texture, and when the moisture is below 40%, the
texture is too hard. Results of this study show that hardness can also be a good predictor of
sensory quality.

Color and appearance are one of the most important parameters of food quality that
consumers evaluate as a first factor that subsequently affects the decision whether to eat
the product or not. Color analysis of garlic samples, expressed in the CIE L*a*b* system,
revealed that both factors (variety and ageing) significantly influence all color parameters
(L*, a* and b*), as shown in Table 4.

Table 4. Color analysis of fresh and black garlic varieties in the CIE L*a*b* system.

Variety
L* (Lightness) a* (Redness) b* (Yellowness)

Fresh Black Fresh Black Fresh Black

Bjetin 82.67 ± 0.50 A 10.64 ± 2.97 dB 1.14 ± 0.16 B 7.38 ± 2.86 abA 22.43 ± 1.45 A 7.36 ± 2.12 abB

Vekan 83.13 ± 1.68 A 11.35 ± 1.98 cdB 1.74 ± 0.09 B 9.50 ± 1.66 aA 21.04 ± 0.71 A 10.82 ± 2.20 aB

Havel 82.75 ± 1.47 A 13.35 ± 4.93 cdB 1.56 ± 0.24 B 3.99 ± 1.10 cA 22.10 ± 0.79 A 3.50 ± 1.49 bcB

Ivan 83.77 ± 1.52 A 23.90 ± 2.30 aB 0.83 ± 0.33 B 2.17 ± 1.43 cA 22.27 ± 1.88 A 1.66 ± 1.50 cB

Rusák 82.73 ± 0.58 A 17.70 ± 1.01 bcB 2.02 ± 0.20 A 1.26 ± 0.21 cB 23.18 ± 0.94 A 1.55 ± 0.46 cB

Havran 85.18 ± 1.54 A 23.32 ± 2.75 aB 0.58 ± 0.28 B 3.74 ± 1.69 cA 20.92 ± 1.10 A 3.17 ± 2.19 bcB

Lukan 87.44 ± 0.83 A 26.51 ± 1.71 aB 2.09 ± 0.28 B 4.40 ± 0.25 bcA 22.27 ± 1.03 A 4.76 ± 1.29 bcB

Average 83.95 ± 1.78 A 18.11 ± 6.53 B 1.42 ± 0.56 B 4.63 ± 3.04 A 22.03 ± 0.87 A 4.69 ± 7.45 B

Results are presented as mean ± standard deviation (n = 3); a–d values with different superscripts within a column differ significantly
(p < 0.05); A,B values with different superscripts within a row and the same analysis differ significantly (p < 0.05).

During the ageing process, the color of all the samples turned from white to dark
brown or black. The black color, which is a good indicator of the quality of the BG, is
caused by the formation of brown color compounds usually associated with the advanced
stage of the Maillard reaction [5].

Regarding lightness (L* value), values ranged between 82.67 and 87.44 in the FG
samples, with an average value of 83.95 and between 10.64 and 26.51 in the BG samples
(average 18.11). Thus, the lightness decreased almost five times during the ageing process,
which was found to be statistically significant (p < 0.05). This result is in line with earlier
reports [10,13].
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No statistically significant differences (p > 0.05) were observed between the FG va-
rieties. On the other hand, significant differences (p < 0.05) were observed between the
BG samples.

The redness (a* value) of the garlic samples was also affected by variety and ageing
(p < 0.05). The FG samples had lower redness (average 1.42) than the BG samples (average
4.63); thus, the value increased significantly during the ageing process. However, only
minor differences (0.58–2.09) were measured between the garlic varieties before ageing (FG
samples), but substantial differences were observed in the aged BG samples, where the
redness ranged from 1.26 to 9.50.

As in the case of redness, yellowness (b* value) was also affected by both factors,
ageing and variety, significantly (p < 0.05). The ageing process caused a drastic decrease of
the b* value from 22.03 (FG) to 4.69 (BG) on average. Although no significant differences
(p > 0.05) were observed between the FG varieties, after the ageing process, the BG varieties
differed significantly with a very wide range (1.55 to 10.82).

3.5. The Relationships between Properties of Fresh and Black Garlic

Although two-way ANOVA can reveal the statistically significant influence of dif-
ferent factors (in this case, the influence of the ageing process and variety) on the quality
parameters of BG, we wanted to find out the association between the parameters of FG and
BG. The relationship between the moisture, pH, total soluble solids, DPPH, FRAP, TPC,
hardness, L, and the a* and b* values of the FG and BG varieties is shown in Table 5.

Table 5. Correlation (r) between observed parameters of fresh garlic (FG) and black garlic (BG).

Parameter FG × BG (r)

Moisture 0.814 ††

pH −0.102
Total soluble solids 0.390

DPPH assay 0.588
FRAP assay 0.355

TPC −0.051
Hardness 0.774 †

L* 0.804 ††

a* 0.071
b* −0.481

The symbol † denotes statistical significance: † at p < 0.05 and †† at p < 0.01; n = 7. DPPH: 2,2-diphenyl-1-
picrylhydrazyl; FRAP: ferric reducing antioxidant power; TPC: total polyphenol content.

The correlation analysis brought interesting results. Among all the examined traits,
only moisture, hardness, and lightness (L* value) were found to be statistically significant
(p < 0.05). In other words, these parameters of BG seem to be tightly related to the properties
of FG before processing, e.g., the moister the FG is, the moister the BG is (r = 0.814, p < 0.05).

It was also found that there was a high positive correlation between the hardness of
the FG and BG samples (r = 0.774, p < 0.05), thus it can be stated that the hardness of the
BG is strongly affected by the hardness of the FG. It can be pointed out from the results
that it could be recommended to choose an FG variety with a softer texture to produce BG
with good texture properties.

An interesting fact is that a high correlation with statistical significance was found
between the L* value of the fresh and BG samples (r = 0.804, p < 0.05). This means that the
lighter the FG is, the lighter the BG is. The lightness of white garlic seems to be a relatively
good predictor of the lightness of the BG.

On the other hand, the association between pH, total soluble solids, DPPH, FRAP,
TPC, and the a* and b* values of FG and BG were relatively small and without any
statistical significance (p > 0.05). Regarding the association between the DPPH values of
the FG samples and the BG samples, only a small and statistically insignificant correlation
(r = 0.588, p > 0.05) was found, which means that the antioxidant activity of BG is not
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related to the antioxidant activity of FG. Thus, it seems that the antioxidant activity of
finished BG is affected by other parameters, and the antioxidant activity of FG is not a
suitable parameter for the prediction of the antioxidant activity of BG. This statement can
be also applied to the FRAP assay (r = 0.355, p > 0.05). A similar trend can be seen in a paper
published by Toledano Medina et al. [15]. It could be hypothesized that other parameters,
such as the concentration of organosulfur compounds and amino acid composition and
the content of reducing sugars, could act as a predictor for the increase in antioxidant
activity in BG. As mentioned by Yilmaz and Toledo [50], reducing sugars and amino acids
enter the Maillard reaction, which could result in the production of compounds with high
antioxidant activity.

Thus pH, total soluble solids, DPPH, FRAP, TPC, and the a* and b* values of BG are
probably independent from FG, which implies that other factors play a more important
role and influence these parameters more. Sunanta et al. [14] reported similar results.
According to the above-mentioned authors, changes in the physicochemical traits were
independent from the genotype of the garlic sample.

Additional correlation analysis, showing interesting associations, is presented in the
Supplementary Material (Table S1). For instance, we found a significant correlation between
the yellowness (b*) of FG and the pleasantness of odor of BG (r = 0.76, p < 0.05). However,
we have not found any relevant explanation in the current literature.

In general, more research should be done to estimate the associations between the
FG and BG parameters. Moreover, a higher number of varieties from different growing
locations (countries or continents) should be examined to fully understand the relationships
between all the evaluated parameters.

4. Conclusions

In this study, seven varieties of FG (namely Bjetin, Vekan, Havel, Ivan, Rusák, Havran,
and Lukan) were examined and used to manufacture BG to evaluate the effects of different
FG varieties and the ageing process on the properties of BG. Based on the results obtained,
the following conclusions can be drawn. It is evident that the studied parameters were
positively affected by the ageing process in all varieties, mainly the antioxidant activity, and
the samples of BG obtained favorable attributes. There is a significant influence of variety
on the physicochemical parameters of BG, namely on moisture, total soluble solids and
total polyphenol content, pH, antioxidant activity, texture, and color. The ageing process
also significantly affected all the studied traits of garlic, which is in line with previous
reports [14,15].

In addition to the physicochemical parameters, sensory properties were also evaluated
in all seven BG varieties, and the results show that the varieties of FG used in this study
could have only a minor impact on the sensory properties of FG, except for the texture,
where significant differences were found.

Moreover, in the correlation analysis, it was found that most of the studied parameters
of BG seem to be independent of the properties of FG, with the exception of the moisture
content, lightness, and hardness of the garlic cloves. Thus, it implies that most of the
studied traits of FG cannot be used as a predictor of BG quality. For example, the FG with
the highest antioxidant activity compared to other varieties does not have to have the
highest antioxidant activity after ageing.

This suggests that further research is still needed to find out what parameters affect the
quality of BG (e.g., amino acid composition, reducing sugars concentration, or organosulfur
compounds) as the current knowledge is insufficient in this aspect. Moreover, experiments
involving a higher number of varieties originating from European or Asian countries are
needed for a deeper understanding of the influence of the variety of FG on the quality
of BG.
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5. Patents

The patent resulting from this work is Czech Patent No. 308 653: Method of preparing
black garlic with antioxidant activity and black garlic prepared in this way.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112703/s1, Table S1: correlation analysis of properties of fresh garlic and black garlic.
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Antioxidant Activity and Black Garlic Prepared in This Way. CZ PV 2020-44 No. 308653. 17 December 2020. Available online:
https://isdv.upv.cz/webapp/!resdb.pta.frm (accessed on 20 August 2021).

17. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free-radical method to evaluate antioxidant activity. Food Sci. Technol.-
Lebensm.-Wiss. Technol. 1995, 28, 25–30. [CrossRef]

18. Dudonné, S.; Vitrac, X.; Coutière, P.; Woillez, M.; Mérillon, J.M. Comparative study of antioxidant properties and total phenolic
content of 30 plant extracts of industrial interest using DPPH, ABTS, FRAP, SOD, and ORAC assays. J. Agric. Food Chem. 2009, 57,
1768–1774. [CrossRef]

19. Lachman, J.; Hosnedl, V.; Pivec, V. Polyphenols in cereals and their positive and negative role in human and animal nutrition.
In Cereals for Human Health and Preventive Nutrition; Vaculová, K., Ehrenbergerová, J., Eds.; MZLU: Brno, Czech Republic, 1998;
pp. 118–124.

20. Zhang, X.; Shi, Y.; Wang, L.; Li, X.; Zhang, S.; Wang, X.; Jin, M.; Hsiao, C.D.; Lin, H.; Han, L.; et al. Metabolomics for biomarker
discovery in fermented black garlic and potential bioprotective responses against cardiovascular diseases. J. Agric. Food Chem.
2019, 67, 12191–12198. [CrossRef]

21. Ahn, S.J.; Lee, A.; Min, S.S.; In, S.; Kim, E.; Kim, H.J. Comparison of physicochemical characteristics of garlic produced from
South Korea and China. J. Food Sci. 2019, 84, 1806–1811. [CrossRef]

22. Shin, J.-H.; Lee, S.-J.; Jung, W.-J.; Kang, M.-J.; Sung, N.-J. Physicochemical characteristics of garlic (Allium sativum L.) on collected
from the different regions. J. Agric. Life Sci. 2011, 45, 103–114.

23. Xiong, F.; Dai, C.H.; Hou, F.R.; Zhu, P.P.; He, R.H.; Ma, H.L. Study on the ageing method and antioxidant activity of black garlic
residues. Czech. J. Food Sci. 2018, 36, 88–97. [CrossRef]

24. Liang, T.; Wei, F.; Lu, Y.; Kodani, Y.; Nakada, M.; Miyakawa, T.; Tanokura, M. Comprehensive NMR analysis of compositional
changes of black garlic during thermal processing. J. Agric. Food Chem. 2015, 63, 683–691. [CrossRef]

25. Toledano-Medina, M.A.; Pérez-Aparicio, J.; Moreno-Rojas, R.; Merinas-Amo, T. Evolution of some physicochemical and antioxi-
dant properties of black garlic whole bulbs and peeled cloves. Food Chem. 2016, 199, 135–139. [CrossRef] [PubMed]

26. Kimura, S.; Tung, Y.C.; Pan, M.H.; Su, N.W.; Lai, Y.J.; Cheng, K.C. Black garlic: A critical review of its production, bioactivity, and
application. J. Food Drug Anal. 2017, 25, 62–70. [CrossRef] [PubMed]

27. Moreno, F.J.; Corzo-Martínez, M.; del Castillo, M.D.; Villamiel, M. Changes in antioxidant activity of dehydrated onion and garlic
during storage. Food Res. Int. 2006, 39, 891–897. [CrossRef]

28. Piluzza, G.; Bullitta, S. Correlations between phenolic content and antioxidant properties in twenty-four plant species of traditional
ethnoveterinary use in the Mediterranean area. Pharm. Biol. 2011, 49, 240–247. [CrossRef]

29. Everette, J.D.; Bryant, Q.M.; Green, A.M.; Abbey, Y.A.; Wangila, G.W.; Walker, R.B. Thorough study of reactivity of various
compound classes toward the Folin-Ciocalteu reagent. J. Agric. Food Chem. 2010, 58, 8139–8144. [CrossRef]

30. Huang, D.J.; Ou, B.X.; Prior, R.L. The chemistry behind antioxidant capacity assays. J. Agric. Food Chem. 2005, 53, 1841–1856.
[CrossRef]

31. Kim, J.S.; Kang, O.J.; Gweon, O.C. Comparison of phenolic acids and flavonoids in black garlic at different thermal processing
steps. J. Funct. Foods 2013, 5, 80–86. [CrossRef]

32. Chang, W.C.; Chen, Y.T.; Chen, H.J.; Hsieh, C.W.; Liao, P.C. Comparative UHPLC-Q-Orbitrap HRMS-based metabolomics unveils
biochemical changes of black garlic during aging process. J. Agric. Food Chem. 2020, 68, 14049–14058. [CrossRef]

33. Chi, M.-C.; Lo, H.-F.; Lin, M.-G.; Chen, Y.-Y.; Lin, L.-L.; Wang, T.-F. Application of Bacillus licheniformis γ-glutamyltranspeptidase
to the biocatalytic synthesis of γ-glutamyl-phenylalanine. Biocatal. Agric. Biotechnol. 2017, 10, 278–284. [CrossRef]

34. Matsutomo, T.; Stark, T.D.; Hofmann, T. In vitro activity-guided identification of antioxidants in aged garlic extract. J. Agric. Food
Chem. 2013, 61, 3059–3067. [CrossRef] [PubMed]

35. Molina-Calle, M.; de Medina, V.S.; Priego-Capote, F.; de Castro, M.D.L. Establishing compositional differences between fresh and
black garlic by a metabolomics approach based on LC-QTOF MS/MS analysis. J. Food Compos. Anal. 2017, 62, 155–163. [CrossRef]

36. Wang, X.; Yang, Y.; Liu, R.; Zhou, Z.; Zhang, M. Identification of antioxidants in aged garlic extract by gas chromatography-mass
spectrometry and liquid chromatography-mass spectrometry. Int. J. Food Prop. 2016, 19, 474–483. [CrossRef]

37. Zhang, H.; Zhu, L.; Chen, H.W. Direct molecular analysis of garlic using internal extractive electrospray ionization mass
spectrometry. Chin. J. Anal. Chem. 2014, 42, 1634–1638. [CrossRef]

38. Metlin. Available online: http://metlin.scripps.edu (accessed on 20 August 2021).
39. MassBank. Available online: http://massbank.eu (accessed on 20 August 2021).
40. Zhang, N.; Huang, X.; Zeng, Y.; Wu, X.; Peng, X. Study on prebiotic effectiveness of neutral garlic fructan in vitro. Food Sci. Human

Wellness 2013, 2, 119–123. [CrossRef]
41. Kodera, Y.; Kurita, M.; Nakamoto, M.; Matsutomo, T. Chemistry of aged garlic: Diversity of constituents in aged garlic extract

and their production mechanisms via the combination of chemical and enzymatic reactions. Exp. Ther. Med. 2020, 19, 1574–1584.
[CrossRef]

42. Yu, J.H.; Shan, Y.; Li, S.; Zhang, L.F. Potential contribution of Amadori compounds to antioxidant and angiotensin I converting
enzyme inhibitory activities of raw and black garlic. LWT-Food Sci. Technol. 2020, 129. [CrossRef]

52



Foods 2021, 10, 2703

43. Ho, S.C.; Su, M.S. Evaluating the anti-neuroinflammatory capacity of raw and steamed garlic as well as five organosulfur
compounds. Molecules 2014, 19, 17697–17714. [CrossRef]

44. Kim, S.; Park, S.L.; Lee, S.; Lee, S.Y.; Ko, S.; Yoo, M. UPLC/ESI-MS/MS analysis of compositional changes for organosulfur
compounds in garlic (Allium sativum L.) during fermentation. Food Chem. 2016, 211, 555–559. [CrossRef]

45. Corzo-Martínez, M.; Corzo, N.; Villamiel, M. Biological properties of onions and garlic. Trends Food Sci. Tech. 2007, 18, 609–625.
[CrossRef]

46. Yang, J.; Bai, W.D.; Zeng, X.F.; Cui, C. Gamma glutamyl peptides: The food source, enzymatic synthesis, kokumi-active and the
potential functional properties—A review. Trends Food Sci. Tech. 2019, 91, 339–346. [CrossRef]

47. Chung, L.Y. The antioxidant properties of garlic compounds: Allyl cysteine, alliin, allicin, and allyl disulfide. J. Med. Food 2006, 9,
205–213. [CrossRef]

48. Beato, V.M.; Orgaz, F.; Mansilla, F.; Montaño, A. Changes in phenolic compounds in garlic (Allium sativum L.) owing to the
cultivar and location of growth. Plant. Food Hum. Nutr. 2011, 66, 218–223. [CrossRef] [PubMed]

49. Martínez-Casas, L.; Lage-Yusty, M.; López-Hernández, J. Changes in the aromatic profile, sugars, and bioactive compounds when
purple garlic is transformed into black garlic. J. Agric. Food Chem. 2017, 65, 10804–10811. [CrossRef]

50. Yilmaz, Y.; Toledo, R. Antioxidant activity of water-soluble Maillard reaction products. Food Chem. 2005, 93, 273–278. [CrossRef]

53





Citation: Cano-Lamadrid, M.;

Artés-Hernández, F. By-Products

Revalorization with Non-Thermal

Treatments to Enhance

Phytochemical Compounds of Fruit

and Vegetables Derived Products: A

Review. Foods 2022, 11, 59. https://

doi.org/10.3390/foods11010059

Academic Editor: Urszula Tylewicz

Received: 12 November 2021

Accepted: 24 December 2021

Published: 27 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Review

By-Products Revalorization with Non-Thermal Treatments to
Enhance Phytochemical Compounds of Fruit and Vegetables
Derived Products: A Review

Marina Cano-Lamadrid 1,* and Francisco Artés-Hernández 2

1 Food Quality and Safety Group, Department of Agrofood Technology, Universidad Miguel Hernández,
Ctra. Beniel, Km 3.2, Orihuela, 03312 Alicante, Spain

2 Postharvest and Refrigeration Group,
Department of Agronomical Engineering and Institute of Plant Biotechnology, Universidad Politécnica
de Cartagena, Cartagena, 30203 Murcia, Spain; fr.artes-hdez@upct.es

* Correspondence: marina.canol@umh.es

Abstract: The aim of this review is to provide comprehensive information about non-thermal tech-
nologies applied in fruit and vegetables (F&V) by-products to enhance their phytochemicals and to
obtain pectin. Moreover, the potential use of such compounds for food supplementation will also
be of particular interest as a relevant and sustainable strategy to increase functional properties. The
thermal instability of bioactive compounds, which induces a reduction of the content, has led to
research and development during recent decades of non-thermal innovative technologies to preserve
such nutraceuticals. Therefore, ultrasounds, light stresses, enzyme assisted treatment, fermentation,
electro-technologies and high pressure, among others, have been developed and improved. Scien-
tific evidence of F&V by-products application in food, pharmacologic and cosmetic products, and
packaging materials were also found. Among food applications, it could be mentioned as enriched
minimally processed fruits, beverages and purees fortification, healthier and “clean label” bakery
and confectionary products, intelligent food packaging, and edible coatings. Future investigations
should be focused on the optimization of ‘green’ non-thermal and sustainable-technologies on the
F&V by-products’ key compounds for the full-utilization of raw material in the food industry.

Keywords: zero waste; bioactive compounds; green technologies; nutraceuticals; circular economy

1. Introduction

The Food and Agriculture Organization (FAO) of the United Nations indicates that
around a third of all food production is globally lost or wasted at some point in the food
chain [1,2]. Losses vary a lot depending on the chain considered and in the case of fruit
and vegetables (F&V) can reach up to 50%. Within the F&V processing operations about
25% to 30% of waste is produced [3]. The most important causes of losses on farms include
inappropriate timing for harvesting, overproduction, underutilized products, climatic
conditions, harvesting and handling practices, and inadequate postharvest technology [4].
At the World Food Summit held in 2017 organized by FAO, the challenges needed to
achieve food stability and food availability were identified and a roadmap was proposed
to reduce 50% of food waste by 2050. The principles of eco-innovation are the industrial
ecology and the circular economy (“zero waste” and the use of wastes as raw materials) [5].
Among the challenges that arise different actions stand out, such as the revaluation of
waste in the various stages of the production process and logistics, and/or the use of waste
products (by-products) as starting raw material for the production of products with greater
added value [6] and then called co-products.

The handling and processing of these raw materials generates a large number of
commodity by-products being undervalued and underused, and although there are some
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minor uses such as the production of biomass and animal feed, these strategies do not
guarantee an efficient use of this material that could offer interesting possibilities for the
agri-food industry and the reduction of this environmental problem [2,7]. Horticultural
by-products mainly are peels, pomace and seeds, which could be a potential good source
of bioactive compounds with high added-value such as pectins, proteins, polysaccharides,
flavor compounds, dietary fibers, and phytochemicals compounds [8]. To continue be-
ing relevant, it is necessary to further strengthen and dynamize the sector through the
development of appropriate postharvest strategies to increase shelf life, and a model for
the enhancement of horticultural by-products through the incorporation of emerging and
sustainable ‘Green Technologies’ to its revalorization [9]. The strategies to revalue horticul-
tural by-products can lead to a change in the productive model of the sector and evolve
towards a more diversified and sustainable circular economy, giving more added value and
competitiveness. These strategies can be focused on obtaining potential ingredients for the
food industry, cosmetics, and/or the pharmaceutical industry. The use of plant by-products
supports the low-carbon economy by using renewable resources, offering environmental
and economic benefits and improving efficiency in the food industry [7,10].

Nowadays, the tendency in the food market is driven by different reasons such as
health and sustainability. This phenomenon is expressed in the consumer’s interest in
healthy natural foods based on plant products. Food producers are increasingly striving
to meet these trends by offering “Clean label” foods or ingredients. Currently, there is
no legislation related to the aforementioned concept, but the growing demand for this
type of food reflects the desire of consumers for food to be more “natural”, wholesome,
premium, and use environmentally friendly technologies [11,12]. The extracts obtained
from F&V by-products can fulfill a series of technological functions such as being colorants,
antioxidants, flavors or antimicrobial agents, or act directly as ingredients to enrich or
improve the functional properties of some food becoming a supplemented or fortified
commodity [8,13–16].

In order to obtain value-added compounds with functional (nutraceuticals) and techno-
functional (pigments) properties, technologies have been developed for each side-product
generated from agro-food industries [17]. Conventional and traditional thermal methods
are still in use, although high energy consumption, the degradation of thermolabile nu-
tritional compounds, and sensory quality changes occur, which require the adoption of
sustainable preservation techniques without altering the sensory and nutritional quality
of foods [18]. The stability of nutraceuticals is affected by different factors (temperature,
pH, light stress, presence or absence of oxygen, and enzymatic activity). Focusing on
temperature factor, there is increased interest in improving and optimizing non-thermal
technologies to avoid degradation of key compounds, jointed with sustainable methods [19].
Among non-thermal technologies, the most common are ultrasound-assisted extraction,
high-pressure processing, light stresses, fermentation technology, electro-technologies, and
enzyme-assisted extraction. More detailed information is described in Section 3.

Therefore, this review is focused on generating comprehensive information about
non-thermal technologies applied in F&V by-products to enhance phytochemical com-
pounds such as polyphenols, pigments and nitrogen/organosulfur derivates, and to obtain
pectin. Moreover, the potential use of such compounds will also be of a particular interest
to this review.

2. Fruit and Vegetables By-Products as a Source of Valuable Compounds

Scientific research and development have been greatly increased in the last decades in
the field of extraction and the application of bioactive compounds re-valorized from F&V
processing by-products [20]. A large number of molecules with added-value (simple sugars,
carbohydrates, polysaccharides, pectin, fibers, phenolic acids, carotenoids, tocopherols,
flavonoids, vitamins and aromatic compounds) from F&V by-products can be used in the
food, cosmetic, or pharma industry (co-products) [19,21,22]. This review will be focused on
phytochemical compounds such as polyphenols, pigments, sulfur compounds, and pectins.
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Nowadays, manufactures are focused on reducing the environmental impact of industrial
by-products (zero waste and circular economy) and recovering bioactive compounds from
agricultural by-products.

2.1. Phytochemical Compounds

Phytochemicals are defined as compounds obtained from plants, naturally biosynthe-
sized in their secondary metabolism without any essential nutritional values. However,
they present lots of health promoting properties according to their biological activity [23].
They are used for several purposes such as drugs, agrochemicals (biopesticides), and food
additives (aroma, colorant agents). Phytochemicals were divided into different groups such
as terpenoids (carotenoids and chlorophylls), polyphenols, alkaloids, nitrogen compounds,
and organosulfur compounds (Figure 1). Three main subsections were made focusing on
the greatest relevance groups for this review work: polyphenols (Section 2.1.1), pigments
(Section 2.1.2) and organosulfur compounds (Section 2.1.3).

Figure 1. Classification of the main phytochemical compounds in fruit and vegetables (F&V) by-products.

2.1.1. Polyphenols

The most common key compounds from F&V by-products are polyphenols (Figure 1:
phenolic acids and their polymeric derivatives, such as lignans, stilbenes, tannins, and
flavonoids) in skins, pulp, seeds, or pomace [24]. Phenolic acids are common in F&V
by-products such as apple pomace (chlorogenic acid, and cryptochlorogenic acid) [25],
artichoke (bracts, leaves and stems) (chlorogenic acid) [26], mango kernel and leaves
(gallic acid, and ellagic acid) [27], pomegranate peel (caffeic acid, chlorogenic acid, el-
lagic acid, and gallic acid) [28], potato peel (chlorogenic acid, ferulic, gallic, protocat-
echuic and caffeic acid) [29], tomato peel (3-caffeoylquinic acid, 5-caffeoylquinic acid,
3,4-di-O-caffeoylquinic acid, and 3,4,5-tri-caffeoylquinic acid) [30] and blueberry pomace
(cinnamic acid derivatives) [22,31–33]. Among flavonoids, flavones, flavanones, antho-
cyanidins, and flavonols can be found in grape pomace (catechins, anthocyanins, stilbenes,
and flavonol glycosides), onion skin (quercetin 3,40-O-diglucoside and quercetin 4-o-
monoglucoside and isorhamnetin-3-glucoside) [34], tomato peel (lycopene, naringenin
chalcone and naringenin) [30], apple pomace (hydroxycinnamates, phloretin glycosides,
quercetin glycosides, catechins, procyanidins, and epicatechin) [25], figs peel (cyanidin-3-
rutinoside, cyanidin-3,5-diglucoside, cyanidin-3-O-diglucoside, epitecatechin, catechin and
quercetin-rutinoside) [32], blueberry pomace (anthocyanins and flavonol-glycosides) [33],
and citrus peel (eriocitrin, hesperidin, and naringin) [22,31,32,35]. Some of them are pig-
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ments such as anthocyanins, and are explained in Section 2.1.2. jointed with other pigments
(betalains, carotenoids, and chlorophylls).

2.1.2. Bioactive Pigments

Plant pigments are colored substances produced by plants and are important in
controlling photosynthesis, growth, and development [36]. The market for natural colorants
is experiencing a boom related to the “clean label” trend. It is worth mentioning that some
of the main drivers for the increased demand of natural colorants are the health-promoting
benefits of natural food colorants [37]. Researchers and the food industry are exploring
stable natural colorants and new natural extracts from F&V by-products [37]. These by-
products tissues are rich in betalains, anthocyanins, carotenoids, or/and chlorophylls.
Figure 2 shows the classification of bioactive pigments and some examples of commodity
by-products rich in these pigments.

Figure 2. Types of the main bioactive pigments and examples of some fruits and vegetable (F&V)
by-products rich in these pigments [8,32,38,39].

Water-Soluble Compounds: Anthocyanins and Betalains

Flavonoids are a group of secondary metabolites which belong to the class of phenyl-
propanoid and present a wide color range, from pale-yellow to blue. Among them, antho-
cyanins are responsible for the orange-to-blue colors; different parts of the plant present
these compounds such as leaves, fruits, and seeds, among others. Wineries and juice
manufacturer by-products are enriched sources for anthocyanin pigments that can be used
as natural colorants for various food applications [38]. The use of anthocyanins as pigments
(E-163) is accepted by the European Community [40].

Betalains are yellow-to-red nitrogen-containing compounds, derived from tyrosine.
The use of betalains as pigments (E-162) is also accepted by the European Community
and they are used in the production of jellies, jams, strawberry yogurt, among other
products [41]. Betalains come from the underutilized biomass of red beetroot processing
and from beetroot leaves [38,42].

Fat-Soluble Compounds: Carotenoids and Chlorophylls

Carotenoids are isoprenoids, and essential compounds of the photosystems in plants. They
are responsible for the yellow-red coloration. Up to now, commercially available carotenoids
synthesized chemically are being used as coloring compounds [43]. However, currently, these
pigments can be obtained from F&V by-products. Carotenoids are often located in the same
plant organs as anthocyanins, increasing color variety when they combine [43].
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On the other hand, although chlorophylls can be used for coloring food products, there
are limited available scientific reports on the use of F&V by-products for the extraction of
chlorophylls and their further application as a colorant in food formulations [38].

2.1.3. Sulfur Compounds

Sulfur is an essential compound for the biosynthesis of phytoalexins, sulfur-containing
glycosides (glucosinolates), and alliins, among others. Alliaceous (onion, garlic) and crucif-
erous vegetables (broccoli, cauliflower, radish, cabbage) are the main sources of sulfur com-
pounds (contributed up to 42% of total sulphur intake) [44]. These metabolic compounds
play a vital role in the physiology and protection of plants against several environmental
stresses [45]. The alliaceous and brassica by-products (for example Bimi leaves [13] and
broccoli by-products [46]) contain mainly glucosinolates as sulfur compounds. Glucosino-
lates can be found as not biologically active unhydrolysed compounds. However, these
by-products present the myrosinase enzyme which produces several biologically active
isothiocyanates and indoles, with health potential properties such as chemopreventive
activity against cancer. Among them, sulforaphane is the most researched isothiocyanate
from the degradation of glucoraphanin [47]. Bioactive sulfur compounds are degraded dur-
ing processing, mainly by conventional thermal techniques. Even some of these compounds
could not be formed by inactivation of the myrosinase enzyme.

2.2. Pectins

Pectin is a structural hetero-polysaccharide contained in the cell walls and abundant
in the non-woody parts of plants, including by-products such as peel or pomace. Pectin
presents beneficial properties for humans such as moderating the glycemic index and
slowing gastric transit. The interaction of pectin and polyphenolic compounds contributes
to systemic anti-inflammation [48]. Pectin is widely used in the food industry as a gelling
agent, emulsifier, and carrier polymer for the encapsulation of food ingredients (it is an
effective delivery vehicle for exogenous nutraceuticals), helping protect and promote the
controlled release of biomolecules [48]. Pectin quality can be characterized by galacturonic
acid content, degree of esterification and degree of methylation, affecting gelling prop-
erties [49]. Recent research summarized the characterization of the pectin composition
of several F&V waste, especially form plant processing industry. One of the conclusions
was that the pectin structures and recovery vary depending on the source and the applied
extraction pectin as it can be observed in the Section 7 (focus on non-thermal technolo-
gies). Moreover, the information about changes in pectic polysaccharide composition after
processing is essential for the industry, including the amount of uronic acid due to the
requirement of the minimum of 65%. In addition, although more studies are needed, the
rest of pectin below this limit could be useful in other applications [50].

3. Potential and Innovative Non-Thermal Techniques for Revalorization of Fruit &
Vegetables By-Products

Due to the thermal instability of compounds (which means a reduction of their con-
centration level), non-thermal innovative technologies have been increasing during last
decades [19], such as ultrasound-assisted extraction, high-pressure processing, light stresses,
fermentation technology, electro-technologies, and enzyme-assisted extraction, among oth-
ers [51,52]. Most of them are focused on the recovery of the above-mentioned compounds
related to revalorization of F&V by-products [9,24]. Recovering of bioactive phytochemi-
cals from F&V waste by non-thermal processes could improve the efficient production of
potential bioactive ingredients [53].

3.1. Electro-Technologies: Pulses Electric Fields

Pulses Electric Fields (PEF) consist of subjecting the selected material to the inter-
mittent application (<300 Hz) of electric fields at moderate-high intensity (0.1–20 kV/cm)
and short duration (μs to ms) [54]. The main characteristic is the application of electric
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field pulsing on plant matrices that induces electro permeabilization (formation of located
pores in cell membranes of cells), and the effect mainly depends on medium composition
(conductivity) [55]. PEF technology has been defined as technology which requires fewer
resources to produce nutritional with optimal sensory characteristics and longer shelf lives
of products such as hummus, smoothies and juices [56]. Related to recovery bioactive
compounds from F&V by-products, it enhances the specific recovery of bioactive intracel-
lular compounds without increasing temperature or/and damaging the structure of the
matrix. The obtained result depends on treatment intensity, physicochemical properties
of the matrix and the tissues and cells composition. If the combination of the variables is
optimized, reversible electroporation could occur (the membrane can return to its original
state once the electric field application has finished) [54,57,58]. It is important to highlight
that recent study indicated that pulsed electric field (PEF) treatment needs an optimization
for more selective, quicker, and sustainable bio-active compounds extraction in the food
industry [58]. Therefore, recent information about the optimal conditions of PEF were
included in Tables 1–3.

3.2. Enzyme-Assisted Extraction

A novel green and non-thermal technology, enzyme-assisted technology, for bioactive
compounds extraction such as phenolics and pectin has been developed during last decades
for cosmetic, pharmaceutical and food applications. It is essential to highlight that enzyme-
assisted extraction allows the use of F&V by-products providing a novel chance to give
added-value to F&V waste [59]. The fundamental mechanism of the pectin, polyphenols,
and pigments enzyme-assisted extraction from F&V by-products is based on the cell-wall
degrading enzymes. These enzymes weaken, degrade partially or/and break down the cell
wall polysaccharides, enhancing the possibility of the extraction of those compounds [60].

3.3. Fermentation

Fermentative processes can be classified according to different criteria. One of the
most common is the group of batch fermentations which is based on the addition of
the substrate and the key microorganism in the system at time zero. The produced key
compounds cannot be obtained until the process is complete [61]. On the other hand,
continuous and fed-batch fermentations microorganisms present another mechanism. The
system can be reutilized for several batches, increasing its efficiency. In general, the
industrial fermentations take place in liquid media, but sometimes solid-state fermentations
microorganisms are applied. Related to fermentations and revalorizations of F&V by-
products (fermentation-based valorization strategies), it has been recently developed the
fermentation of date palm waste to produce lactic acid [62,63] and bioconversion of cocoa
by-products using different microorganisms to obtain key enzymes, among other bioactive
compounds [63,64].

3.4. High Hydrostatic Pressure

High Hydrostatic Pressure (HPP) is one of the non-thermal pasteurization processing
technologies which is widely applied in the food industry [51,52]. It is a processing
technique that uses a range of pressure from 100 to 900 MPa to increase shelf-life of the
products due to the inactivation and elimination of microorganisms. The pressure can be
applied through direct pressure and indirect pressure. HPP induces high pressure which
causes severe damage to plant cells and leads to the diffusion of solvents and enhances the
mass transfer and release of the extracts [65]. The uniformity of the pressure application is
maintained during the process and it does not depend on the product size and geometry.
It has been reported that this technique avoids no-desirable effects on texture characteristics.
Moreover, this technique does not reach high temperatures, then protect characteristic flavor
notes, color pigments nutrients, and antioxidant bioactive compounds which are degraded
at high temperatures [66].
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3.5. Light Stress

Plant by-products have been proposed as bio-factories of bioactive compounds through
different induced postharvest abiotic stress mechanisms. Among them, one of the most
promising techniques appears to be UV radiation, the spectrum is divided into three re-
gions: UV-A (wavelength 320 to 400 nm), UV-B (wavelength 280 to 320 nm) and UV- C
(wavelength 220–280 nm). The use of UV technology during post-harvest is an emerg-
ing technology to enhance the biosynthesis of bioactive compounds in the F&V industry,
respectful with the environment, without generating waste [67,68]. The application of
UV-B, alone or in combination with UV-C, has not been widely studied as a revalorization
tool for maintaining and/or increasing the main key compounds in F&V by-products [69].
Although light-emitting diodes (LEDs) are increasingly adopted for the production of sev-
eral vegetable modalities and for quality preservation during storage [70], influencing the
metabolic pathways (biosynthesis of several bioactive compounds) [71–73]. No published
information is already available concerning the effect of this light stress in F&V by-products.
Recently, it has been concluded that a combination of different light stress techniques (UV-B
+ LEDs) could be a good strategy to enhance the bioactive compounds in commodities,
being a potential tool for by-products revalorization [71].

3.6. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) is a recent extraction technique, and it is based
on the use of the critical point of the solvent during the extraction. The combination of
gas mass transfer and liquid solvation properties allows a high transfer mass (diffusion
coefficients) than working below critical point. The majority of SFE studies have focused
on the use of CO2 due to its characteristics (non-toxic and cheap and can be easily removed
after extraction) [74].

3.7. Ultrasound-Assisted Extraction (UAE)

Ultrasonication is an emerging non-thermal and green technology in the food sector,
although it has been previously established in other sectors such as pharmacological. The
fundamentals are based on the mechanical impact of the ultrasound waves, allowing
deeper penetration of the solvent into the matrix (“sponge effect”) [55]. Ultrasonication
can be used with different doses (frequencies and time), which are classified as: (i) low-
frequency (20 kHz–100 kHz); (ii) medium-frequency (100 kHz–1 MHz); and high-frequency
ultrasonication (1 MHz–100 MHz) [75,76]. In food processing, the most common frequency
range for the extraction of bioactive compounds and intensified synthesis is 20 kHz–
100 kHz [51,52,77].

4. Scientific Literature Review about Non-Thermal Technologies Used for
Revalorization of Fruits & Vegetable By-Products

The review is organized as a research paper. A scoping review was used to synthesize
the evidence and assess the scope of the 71 studies on the topic. PRISMA Extension
(PRISMA-ScR) approach was used for Scoping Reviews [78]. A comprehensive literature
search using Scopus and ScienceDirect was performed in October 2021. Text words and
controlled vocabulary for several concepts (Non-thermal, technologies, by-products, fruit,
vegetable) within the titles, abstracts, and keywords were used. Only studies published
in journals included in Journal Citation Reports (JCR) have been included. Only original
research papers (Re) and reviews (Rw) including experimental design and data treatment
were selected (Figure 3). This review is structured as follows: (i) the effect of non-thermal
treatments on F&V by-products polyphenols; (ii) the effect of non-thermal treatments
on F&V by-products pigments; and (iii) the effect of non-thermal treatments on F&V
by-products pectin and sulfur compounds.
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Figure 3. Flow diagram describing the study selection process of the scientific literature.

5. Effect of Non-Thermal Technologies on Fruit and Vegetable By-Products
Polyphenols

Table 1 shows the non-thermal technologies applied in F&V by-products focusing on
the main findings related to polyphenols. The table is divided in three parts: flavonols,
polyphenols and flavonoids. The non-thermal technologies found were: solid-state fer-
mentation, supercritical fluid extraction, ultrasounds, high pressure, hydrostatic pressure,
electro-technologies, enzyme-assisted extraction, and light stress. Most of the investigations
found (70%) were on fruit by-products or the wine and distillate industry, with only two
studies related to vegetables (onion and broccoli) [79–81].

The recovery of bioactive compounds are mainly affected by varying the solvent
concentration (ratio solvent:by-product), applied dose (wavelength, intensity, pressure,
frequency), temperature and time (Table 1, Table 2 and Table 3) [82].
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6. Effect of Non-Thermal Technologies on Fruit & Vegetable By-Products Pigments

Non-thermal technologies applied in F&V by-products focusing on the main findings
related to bioactive pigments are shown in Table 2. The table is divided in four parts:
anthocyanins, betalains, carotenoids and chlorophylls. The non-thermal technologies
found were: electro-technologies, high pressure, supercritical fluid extraction, ultra [105]
sounds, high pressure, and combined techniques (e.g., ultrasounds + enzyme-assisted
extraction). It is striking that almost 50% of the research findings are related to vegetables,
mainly tomato by-products and others such as eggplant and broccoli. Related to fruits
by-products, as expected, the main findings were focused on berries, olive extraction and
wineries. It has been recently concluded that berry by-products from processing steps are
a cheap and available source for isolating anthocyanins-rich extracts using non-thermal
processing technologies as can be observed in Table 2. These technologies have been
demonstrated to have unique characteristics such as being effective, rapid, low-cost, and
eco-friendly [106,107]. It is essential to highlight that the accuracy of the technique depends
on not only the conditions or the matrix of the F&V by-products. For example, the highest
recovery of anthocyanin in plum peels was observed after US while in grapes, PEF was the
most effective technology [108].

Table 2. Effect of non-thermal technologies on F&V by-products pigments (anthocyanins, betalains,
carotenoids and chlorophylls).

Non-Thermal
Technology

By-Product Findings Reference

Electro-technologies Winery wastes and
by-products (pomace)

Recovery of
polyphenols (>20%) at
E = 13.3 kV/cm (0–564

kJ/kg) V = 40 kV
(0–218 kJ/kg)

[95,99]

High pressure Wine by-products

Recovery of 41% at 600
MPa, 60 min/solvent
(50–50% ethanol in

water)

[99,109]

High pressure Wine by-products

Recovery of 22–83% at
200–600 MPa, 30–90

min, solvent (20–80%;
100–0% ethanol in

water)

[99,110]

Pulsed electric fields Blueberry pomace
(press cake)

Increase of Delphinidin,
Cyanidin, Petunidin,

Peonidin, and Malvidin.
51%, 71% and 95% at 1
kV/cm, 3 kV/cm, and
5 kV/cm, respectively

[107]

Pulsed electric fields Blueberry by-product

Anthocyanin extraction
increased (>30%) with

PEF process
intensification (1–35

kV/cm; 1–10–41 kJ/kg;
10 Hz, 2–100 pulses, 2

μs

[105,106,111,112]

Pulsed electric fields Grape by-product
(pomace and peel)

Improved anthocyanin
extraction (up to 18.9%)

at 1.2, 1.8, and 3.0
kV/cm, 18 kJ/kg,

200–2000 pulses, 100 μs

[106,108]

Anthocyanins

Pulsed electric fields Plum by-product

No increase
anthocyanins at

37.8–289.8 W, 0.7–25.2
pulses, 10 Hz, 6 μs

[106,108]
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Table 2. Cont.

Non-Thermal
Technology

By-Product Findings Reference

Pulsed electric fields Peach by-product

Improved anthocyanin
extraction (up to

11.8-fold) at 0.8 kV/cm,
0.2 kJ/kg; 0.1 Hz 4 μs

[106,113]

Pulsed electric fields Raspberry by-product
Increase 27.5% at 1

kV/cm, 6 kJ/kg, 20 Hz
and 20 μs

[106,114]

Pulsed electric fields Sour cherry by-product

Improved anthocyanin
extraction (up to 54%);
1 kV/cm, 10 kJ/kg, 10

Hz, 20 μs

[106,115]

Pulsed electric fields Sweet cherry
by-product

Improved anthocyanin
extraction (up to 38.4%)
at 0.5 kV/cm, 10 kJ/kg,

5 Hz, 20 μs

[106,116]

Pulsed electric fields Winery wastes and
by-products (grapes)

Increase of
anthocyanins: 3-fold at
3 kV/cm 50 pulses; 1.6
and 2-fold ↑ 5 kV/cm 1

ms

[99,117]

Pulsed electric fields Winery wastes and
by-products (grapes)

Increase of 51–62% at
0.8–5 kV/cm, 1–100 ms,

42–53 kJ/kg
[99,117]

Pulsed electric fields Winery wastes and
by-products (grapes)

Increased anthocyanin
content (1.6–1.9 fold
more) at 5 kV/cm, 1

ms, 48 kJ/kg

[99,118]

Pulsed electric fields Winery wastes and
by-products (pomace)

Increase of
Anthocyanins (2-fold
more) at 13.3 kV/cm,

0–564 kJ/kg

[99,101]

Pulsed electric fields
+ ultrasounds Blueberry by-products

Increase of anthoycanin
extraction (3 fold more)
(PEF: 60% ethanol 1:6

and 20 kV/cm;
Ultrasounds: 1:6, 40 ◦C,

60 min at 125 W)

[119]

Subcritical/critical
Fluid Extraction Grape skin

Recovery of 85% at
100–130 bar, pH of 2–4,
25–30% ethanol, 25–50
mL/min CO2 flow, and

3–10% extract flow
ratio

[99,120]

Ultrasounds Eggplant by-product

US-assisted extraction
(15–45 min) was

preferable to
conventional

solid-liquid extraction
due to the lower

temperature (25 ◦C)
used and higher

delphinidin
3-O-rutinoside content

(1.5 fold more).

[82]

Anthocyanins

Ultrasounds Jabuticaba by-products
The highest

concentration at 1.1
W/cm2, 3 min, 10 KHz

[106,121,122]
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Table 2. Cont.

Non-Thermal
Technology

By-Product Findings Reference

Ultrasounds Pomegranate peel

116 W sonication power with 80% duty
cycle for 6 min for extraction of 22.51

mg cyanidin-3-glucosides/100 g
pomegranate peel.

[106,123]

Pulsed electric
fields

Opuntia stricta
peels

Total colorants to ≈80 mg/100 g FW (20
kV, frequency of 0.5 Hz, number of

pulses of 50)
[124]

Pulsed electric
fields

Red pricky pear
peels

Increase of 2.4 fold colorants (betanin
and isobetanin) at 8–23 kV/cm 50–300

pulses + aqueous extraction
[125]

B
et

al
ai

ns

Ultrasound Opuntia stricta
peels

Total colorants to ≈80 mg/100 g FW
(400 W power at 24 kHz frequency for

5–15 min)
[124]

Carotenoids

Electro-
technologies Olive kernel

Recovery of polyphenols (2-fold more) E
= 13.3 kV/cm (0–141 kJ/kg), V = 40 kV

(0–141 kJ/kg)
[54,89]

Microemulsion
(Ultrasounds +

enzyme)
Tomato pomace

Recovery of lycopene (>20%). The
optimal conditions (tomato pomace:

double distilled water 1:6): combined
ultrasound (20–37 W, amplitude 90%

and sonication temperature of 10 ◦C for
15 min) and enzyme pretreatments (0.2
mL/kg, 30 min, pH 4, 35 ◦C), saponin as

a natural surfactant, and glycerol as a
co-surfactant.

[55,126]

Pulsed Electric
Fields Tomato waste

Recovery of 12–18% of lycopene in
acetone and ethyl lactate extracts at 5

kJ/Kg and 5 kV/cm (20 ◦C).
[55,105,127]

Supercritical Fluid
Extraction

Broccoli
by-products

Decrease of beta-carotene (>10%)
compared with conventional treatment

at 400 bars, 5% of ethanol
[79]

Supercritical fluid
extraction

F&V waste:
-sweet potato,

tomato, apricot,
pumpkin and
peach peels

-green, yellow and
red peppers

Total carotenoid recovery values were
greater than 90% w/w, with β-carotene
being the most successfully extracted

compound (TCRs 88–100% w/w), at 350
bar, 15 g/min CO2, 15.5% (v/v) ethanol
as co-solvent, 30 min of extraction time)

[128,129]

Ultrasound Orange processing
waste

Optimization of β-carotene extraction
with enzyme assisted technology at

20 kHz, 500 W and 25 ◦C
[129,130]

Ultrasound Red pricky pear
peels

Increase of 2.6 fold colorants (betanin
and isobetanin) at 400 W 5–15 min +

aqueous extraction
[125]

Ultrasound Tomato pomace
Lycopene increase (>10%) at 25–40 ◦C,

0–10 min, 0–100 kPa; 58–94 μm; Hexane
%: 25–75

[55,131,132]

C
a-

ro
te

-n
oi

ds

Ultrasounds Tomato peel
5-fold lower all-trans lycopene content
by ultrasounds (30 min 0 ◦C) compared

to thermal extraction (75 ◦C, 1–2 h).
[14]

Electro-
technologies Olive kernel

Recovery of polyphenols (>30%) E =
13.3 kV/cm (0–141 kJ/kg), V = 40 kV

(0–141 kJ/kg)
[54]

C
hl

or
op

hy
ll

s

Supercritical Fluid
Extraction

Broccoli
by-products

Increase of chlorophylls (>10%) at 400
bars, and 5% of ethanol [79]
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7. Effect of Non-Thermal Technologies on Fruit and Vegetable By-Products Pectins and
Sulfur Compounds

The main findings about the effect of non-thermal technologies on pectins and sulfur
compounds from F&V by-products are detailed in Table 3. The table is divided in two
parts: pectin and sulfur compounds. The non-thermal technologies found were: enzyme-
assisted extraction, high pressure, electro-technologies, ultrasounds, combined technologies
(e.g., ultrasounds + enzyme-assisted extraction) and light stress.

Table 3. Effect of non-thermal technologies on F&V by-products pectin and sulfur components
content.

Non-Thermal
Technology

By-Product Findings Reference

Enzymes Apple Pomace Recovery of 14% by Celluclast
18 h [133,134]

Enzymes Kiwi pomace Recovery of 4% by celluclast 25
◦C 0.5 h [133,135]

Enzymes Passion fruit pomace Recovery of 2.6–9.2% by
Cellyclast 0.5–2 h [133,136]

Enzymes Lime peel Recovery of 26% by Validase
TRL 4 h [133,137]

High pressure Cactus pear peel Increase of 22% soluble pectin
at 600 MPa 10 min [138,139]

High pressure Cactus pear peel Increase of 9% insoluble pectin
at 600 MPa 10 min [138,139]

High pressure Mango peel Increase of 15% soluble pectin
at 600 MPa 10 min [138,139]

High pressure Orange peel Increase of 59% soluble pectin
at 600 MPa 10 min [138,139]

High pressure Passion fruit peel

Recovery of pectin was
increased from 7.4 to 14.3%
due to HPP pre-treatment.
D-GalA of pectin was 65%
higher than conventional

treatment

[65,140]

High pressure Tomato peel

300 MPa pressure performed
at 10, 20, 30, and 45 min.

14–15% of pectin recovery at 30
and 45 min

[65,141]

Moderate electric field Passion fruit peel

Increase of galacturonic acid
(GA) (recovery and content) at
40 min; 100 V; pH 1 (GA); pH 3

(Recovery)

[65,140]

Ultrasounds Grapefruit peel Recovery of 18.2% by 30 ◦C
10–60 min, 0.2–0.53 W/mL [131,142]

P
ec

ti
n

Ultrasounds-enzyme
assisted extraction

without or with
hemicellulase or

cellulase

Discarded carrots

The pectin was rich in α- and
β-carotenes, lutein and

α-tocopherol.
US-hemicellulase led to the

highest pectin recovery (27.1%)
at 12.27 W/cm2: 20 kHz, 80%

amplitude, 20 min

[143]

Electro-technologies Raspseeds seeds
Recovery of isothyocyanates
(>15%) at V = 40 kV (0–400

kJ/kg)
[54,93]

S
u

lf
u

r
co

m
p

o
u

n
d

s

Light stress
(UV-B and UV-C; single

and combined)

Bimi broccoli leaves
and stalks

UV-B (10 kJ/m2) + C increased
34% of glucobrassicin levels of

leaves
[80]
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8. Trends and Challenges for Fruit & Vegetable By-Products Application in Food Systems

The incorporation of F&V by-products, their compounds, and/or their extracts/powders
can be a relevant strategy for the re-formulation of “Clean Label” ingredients and fortification
products. When the non-thermal technologies mentioned above are optimized and applied
to F&V by-products, phytochemical bioactive compounds are maintained and/or increased,
and then incorporated to food systems. In the following sections, scientific evidence and
opportunities for F&V by-product application in food systems are explained: minimally
processed fruits, beverages and purees, bakery and confectionary products, food packaging,
and cosmetics.

8.1. Minimally Processed Fresh Fruit and Vegetables

Minimally processed fresh F&V are commonly defined as any commodity that has been
subjected to different processing steps to obtain a fully edible product [144]. Nowadays,
the number of emerging technologies using F&V by-products is increasing. For example,
a recent study concluded that the fresh-cut apples fortified with lycopene microspheres
obtained from tomato peel from the food industry controlled the enzymatic browning after
9 d at 5 ◦C, enhancing phenolic compounds up to 56% (for chlorogenic acid) after 9 d at 5
◦C [14]. In addition, broccoli by-product was incorporated for the enrichment of kale pesto
sauce, increasing functional, techno-functional and sensory characteristics [13].

8.2. Fruit- & Vegetable-Based Beverages and Purees

A recompilation of the evidences of fortification of beverages by bioactive compounds
from F&V by-products was recently published [9]. For instance, the incorporation of
the beetroot leaves extract into a veggie smoothie was a potential tool to enrich (50%)
phenolic content on the final product. Not only were functional properties enhanced,
nutritional and techno-functional properties were also increased [6,89]. Another example is
the fortification of coconut water by microparticles of encapsulated grape pomace extract
rich in polyphenols [93]. In addition, there is a growing interest in using F&V by-products
in fermented beverages for the development of novel functional foods when combining
their nutritional and functional characteristics with the enzymatic mechanisms of selected
lactic acid bacteria [145]. Enhancing bioactive compounds and other quality parameters
could carry out adding F&V by-products to vegetable purée such as tomato puree enriched
with grape skin fibers from winemaking by-products [146]. This trend is accompanied by
green and non-thermal technologies such as enzyme-assisted extraction, pulsed electric
field, ultrasounds, and supercritical fluid extractions [145].

8.3. Pasta, Bakery and Confectionary Products

The development of pasta, bakery and confectionary products based on natural in-
gredients/compounds with antioxidant properties and/or with a reduction of sugars and
lipid content is a current trend to obtain new and healthier products. Therefore, the incor-
poration of F&V by-products is researched such as cookies fortified with purple passion
fruit epicarp flour [147], candies fortified with watermelon by-products [148], nutritionally
enhanced maize complementary porridges with mango seed and kernel [149], cereal-based
foods fortified with by-products from the olive oil industry [150], and spaghetti enriched
by persimmon and other vegetal by-products [93,151], among others.

8.4. Food Packaging and Edible Coatings

Active packaging presents several options but all of them focus on the addition of
additives into the packaging system. The main purpose is to increase food quality and
shelf-life. The most common additives are moisture absorbers, gas scavengers, carbon diox-
ide emitters, antioxidant, and antimicrobial compounds [152]. Related to food packaging
obtained from F&V by-products, companies present a special interest due to the interest of
circular economy and zero waste strategies around the world during last years. The unique
characteristics can be described as follows: (i) to increase antioxidant and antimicrobial
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activity, (ii) to improve mechanical properties, and, (iii) to protect food products (to increase
shelf-life) [153]. Nowadays, F&V by-product components have been proposed to improve
the properties of synthetic or bio-based plastic materials [22]. F&V by-products powders
and extracts are a good strategy for obtaining packaging with renewable and biodegrad-
able biopolymers, composite films with food stability and barrier properties, active films
as carriers of antioxidant and antimicrobial compounds and edible and functional food
packaging [22,153].

On the other hand, the colorimetric pH indicator films can be a potential tool for
obtaining smart packaging, showing alterations of the food pH by food deterioration and
environmental changes. Then, consumers receive authentic information regarding the
food’s quality and its edibility (fresh, spoiling, and spoiled product such as milk) [152]. For
example, an interesting way to use anthocyanins is building an active use by-date indicator
for milk. The development of an anthocyanin-agarose film capable of changing its color in
the presence of lactic acid from microbial metabolism has been reported [60].

In addition, a novel technology in which F&V by-products could be revalorized
is the use of edible coating, specially containing potent antioxidants and other bioactive
compounds from F&V by-products. Up to now, the most common edible coating is chitosan-
based edible/biodegradable films because they can extend the shelf life of postharvest
fruits. Recent studies have been indicated that coatings enriched with F&V by-products (for
example with grape, blueberry and parsley pomace extracts) did not lead to a disruption
of the protective function [154]. Natural antioxidants of F&V by-product extracts often
contain a high amount of phenolic substances and have been used as active ingredients in
the manufacture of active films [152].

8.5. Pharmacologic and Cosmetic Uses

The market for natural cosmetics is growing due to the importance of sustainable
development and protecting the environment. Manufacturers present an interest in recov-
ering bioactive compounds from F&V by-products for reducing the environmental impact
of waste and for converting them into particularly valuable sources of extracts for cosmetic
usage [79,155]. In addition, the potential of food and agricultural residues (rich sources
of different classes of compounds with valuable active principles) for the preparation of
pharmaceutical and bioactive compounds is gaining importance, taking the environmental
impact of the overall production process into account [19,156]. For example, the use of broc-
coli by-products wasted during the preharvest stage were classified as potential ingredients
for the cosmetic and pharmaceutical industries, mainly due to the antioxidant effect of its
phytochemicals compounds [79]. These findings have been transferred to the industry, and
several companies have been recently created, such as https://biodiversocosmetic.com/
(accessed on 25 December 2021).

9. Conclusions

Although there is an increase of research focused on the effect of non-thermal treat-
ments on F&V by-products for enhancing phytochemicals and other compounds such as
pectin, more scientific evidence is needed to establish the optimum treatments and condi-
tions (extraction, addition, processing, storing, shelf life) for each F&V by-product. Most of
the studies were focused on fruit by-products, finding a lack of clear evidence related to
vegetable commodities. Even though novel extraction technologies showed a better poten-
tial to retain bioactive compounds, the use of improved sustainable methods needs further
investigation towards industrial viability (energy consumption, time, equipment, value,
cost, etc.). Future investigations should be focused on the effect of ‘green’ technologies in
improving the F&V by-products extraction and incorporation for the full utilization of raw
materials to preserve a circular economy while enhancing bioactive quality. In this sense, it
would be of high interest to optimize nanotechnology for encapsulating extracted bioactive
compounds/ingredients, preserving their degradation and optimizing their use efficacy.
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Abstract: The food industry is quite interested in the use of (techno)-functional bioactive compounds
from byproducts to develop ‘clean label’ foods in a circular economy. The aim of this review is to
evaluate the state of the knowledge and scientific evidence on the use of green extraction technologies
(ultrasound-, microwave-, and enzymatic-assisted) of bioactive compounds from pomegranate peel
byproducts, and their potential application via the supplementation/fortification of vegetal matrixes
to improve their quality, functional properties, and safety. Most studies are mainly focused on
ultrasound extraction, which has been widely developed compared to microwave or enzymatic
extractions, which should be studied in depth, including their combinations. After extraction,
pomegranate peel byproducts (in the form of powders, liquid extracts, and/or encapsulated, among
others) have been incorporated into several food matrixes, as a good tool to preserve ‘clean label’ foods
without altering their composition and improving their functional properties. Future studies must
clearly evaluate the energy efficiency/consumption, the cost, and the environmental impact leading
to the sustainable extraction of the key bio-compounds. Moreover, predictive models are needed to
optimize the phytochemical extraction and to help in decision-making along the supply chain.

Keywords: Punica granatum; circular economy; sustainability; antioxidants; phenolics; encapsulation;
green-technology; minimally processed; food losses; clean label

1. Background—Food Losses and Food Waste

In accordance with the Food and Agriculture Organization of the United Nations (FAO)
definition, ‘food waste’ is the decrease in the quantity and/or quality of food obtaining
from decisions and/or actions of retailers, food service providers, and consumers, while
‘food loss’ refers to any food that is discarded along the food supply chain, from harvest up
to retail sale [1]. FAO indicates that around one third of global food production is lost or
wasted at some step in the food chain. The degree of loss greatly varies depending on the
state and the basket item.

In the case of fruit and vegetables (F&V), losses over the whole supply chain could
reach up to ~50% (Figure 1). FAO’s future challenge is to reduce ~50% of food waste by
2050, as one of the objectives for sustainable development (OSD). The circular economy has
been considered as the principle for eco-innovation, being focused on a ‘zero waste’ society
and economy, using wastes as raw materials.

Between 2016 and 2018, FAO Statistics Division developed a food loss estimation
model called ‘The Food Loss and Waste database’, an online collection of data including food
loss and food waste. Figure 1 shows the percentage loss of F&V (food loss + food waste)
worldwide in each value chain step for the first 20 years of the twenty-first century [2]. The
boxes show where ~50% of the collected data falls into, and the mid-value of the percentage
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loss at every stage in the supply chain is shown by a line. In this sense, postharvest and
retailing are the steps in the food chain where the F&V losses represent the highest mean
percentages. The mean percentage during processing is less than 10%, but in some cases,
it reaches ~40%. Moreover, although the mean percentage during distribution represents
less than 10%, the range is from <5% to >30%. Therefore, several strategies have been
developed around the creation of active packaging with encapsulated key compounds, to
avoid the high percentage of food waste/loss [3]. The range of loss percentages at each step
is wide since the value depends on the type of F&V, the country, and the year.

Although this review is focused on pomegranate byproducts, the percentage of food
loss related to this fruit is not available in the mentioned official database. Nevertheless,
knowing that the total production of pomegranate worldwide is three million tons, and its
peel and seeds represent ~54% of the fruit, this results in ~1.62 million tons of waste [4,5].
Therefore, it is a huge amount of waste produced, so it is crucial to find suitable methods to
revalorize it by optimizing the bioactive compounds extraction of pomegranate residues,
and then converting them into value-added products. Consequently, savings can also
be made on other resources involved during production, harvesting, preservation and
distribution, such as energy, water, and land, as well as contributing to the environment [5]

Figure 1. Food loss (%) of F&V in the world by Food Loss and Waste Database (FAO). Year range:
2000–2020; Aggregation: World; Basket items: Fruit and Vegetable; Country: All; Method data
collection: all. Reprinted/adapted with permission from Ref. [2]. Copyright year: 2022; copyright
owner’s name: FAO.

80



Foods 2022, 11, 2596

Health, well-being, and sustainability are the current trends in the food market. Con-
sumers and food producers are interested in ‘clean label’ foods or ingredients [6,7]. It means
that they are interested in foods or ingredients obtained by green processing technologies
(non-thermal, green solvent), and bioactive compounds with health promoting properties
(nutraceuticals), among others. The bioactive compounds obtained from F&V byproducts
present technological and functional features that can be incorporated within other food
matrixes to enhance their nutritional, functional, and sensory quality [6,8]. Moreover,
bioactive compounds from F&V byproducts have previously been classified as potential
green ingredients for the cosmetic and pharmaceutical industries, and used in developing
different products intended for specific populations, such as sportspeople [9].

The present review aims to evaluate the scientific evidence and knowledge on the
use of green technologies for the extraction of phenolic compounds from pomegranate
byproducts, and the incorporation techniques and potential applications via the supple-
mentation/fortification of F&V matrixes to improve their quality and safety in a circular
economy. For this purpose, a literature review was conducted, focusing on ultrasound-,
microwave-, and enzymatic-assisted technology to enhance phenolic compounds extraction
from pomegranate peel byproducts. Moreover, different incorporation techniques and
applications have been reviewed. The results may provide the scientific community with
an overview of the state of the art in pomegranate peel revalorization. The study may also
help scientists and the food industry to develop solutions to better suit society’s demands.

2. Nutritional Composition of Pomegranate Byproducts

Both primary (sugars, pectins, proteins, and fats) and secondary (polyphenols, pig-
ments, and sulfur compounds) metabolites have been found in F&V byproducts [10]. The
food industry and researchers are interested in reducing the environmental impact, and
then focus on the recovery of the target compounds [6]. Carbohydrates (around 60%) [11],
pectin (yield range from 6 to 25%) [12,13], proteins (around 3%) [14,15], and fats (<1%) [15]
have been previously identified in pomegranate peel. Since this review is focused on the ex-
traction of secondary metabolites from pomegranate peel, especially phenolic compounds,
Figure 2 shows the classification of the main ones found [5,15].

Among them, the top ten have recently been identified and quantified [16], being
punicalagin (28,000–104,000 μg/g) the major compound found, followed by ellagic acid
(1580–4514 μg/g), and others such as punicalin (203–840 μg/g), catechin (115–613 μg/g),
corilagin (71–418 μg/g), gallic acid (10–73 μg/g), gallocatechin (69–1429 μg/g), epigallocat-
echin (5–106 μg/g), epigallocatechin gallate (4–70 μg/g), and kaempferol-3-O-glucoside
(16–99 μg/g) [16].

Apart from pomegranate peel, seeds (wooden part) are generated after juice processing
as a byproduct. Although this review is not focused on pomegranate seeds revalorization,
previous studies have indicated that pomegranate seeds are rich in polyunsaturated fatty
acids (88–92%), the most abundant being linolenic acid, especially punicic acid which
ranges in terms of percentage of total fatty acid profile from 59.7 to 74.3% [17,18].
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3. Scientific Literature Review

This review has been written as a research paper. Thirty-seven studies related to
ultrasound-, microwave- and enzymatic-assisted extraction of phenolic compounds from
pomegranate peel were collected using the PRISMA Extension (PRISMA-ScR) approach
for scoping reviews. In a similar way, 21 and 28 studies were included on incorporation
techniques and potential applications, respectively.

A comprehensive literature search using Web of Science and Scopus was performed
in June–July 2022. Text words (pomegranate, peel, byproduct, application, ultrasound-,
microwave- and enzymatic-assisted extraction) within the titles, abstracts, and keywords,
were used. Original research papers and reviews with experimental design and data
treatment in journals included in Journal Citation Reports (JCR) were selected.

4. Pomegranate Peel Phenolic Compounds Extraction Techniques

Conventional technologies are still in use, although these entail high energy consump-
tion, and thermolabile nutritional compounds degradation during the process. Green
extraction technologies have recently been developed using current technologies. These
technologies use fewer non-green solvents, minimizing environmental and health impacts.
Moreover, selective extraction is important for the bioactive compounds yield. Industry
and research are focused on green extraction methods such as ultrasound-, microwave-,
pulsed electric field- and enzyme-assisted extractions, among others [19].

Additionally, it is worth mentioning that processing, including drying (i.e., convective
or freeze drying), homogenization, and/or grinding into powder are used as pre-treatments
of extraction techniques. Even enzymatic treatment is classified as a pre-treatment of
extraction processing. The drying method used for byproducts as a pre-treatment for
extraction also needs to be optimized, as many of the bioactive compounds are degraded
during drying. The technique, the time, and the temperature should be selected to avoid
the degradation of the compounds and to have a stable material (dry byproduct) for storage
until the extraction. Therefore, this process is of great importance for obtaining the best
quality extracts. Depending on the drying process, the moisture content of the sample
varies and influences the extraction step. Previous studies have indicated that particle size
is one of the critical parameters affecting the extraction. The reduction by grinding could
increase the diffusivity of the bioactive compounds, and promotes the rupture of the cell
walls. Moreover, several authors indicate that blanching F&V byproducts as a pre-treatment
could be a good strategy to enhance the recovery of phenolics during pomegranate peel
extraction [4].

In this review, we are focused on ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE), and enzyme-assisted extraction (EAE) technologies. In the
following section, the most important parameters of each technique are defined.

4.1. Ultrasound-Assisted Extraction
4.1.1. Fundamentals

Ultrasound (US) means mechanical waves propagated in an elastic medium through
the transfer of energy and not of particles, to induce the longitudinal displacement of
particles [20,21]. This consists in a succession of phases: (i) compression, and (ii) rarefaction,
into the medium. If the strength of the rarefaction cycle is sufficient, the critical molecular
distance of the liquid can be reached, and cavitation bubbles are created, creating the effect
of US. The cavities increase and decrease in size during the contraction and compression
phases, respectively. The bubbles generated could reach a great size, collapsing and
generating large amounts of energy. The temperature and pressure at the collapse moment
have been calculated to be up to 4727 ◦C and 5000 atm in an ultrasonic bath (25 ◦C) [22].
These bubbles collapse onto the surface of a solid material, and the high pressure and
temperature reached create microjets directed towards the solid surface. These microjets
are used in the food industry for the key bioactive compounds extraction, destroying the
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cell walls of the plant matrix, and its content can be released into the medium. The main
parameters influencing the US technique are described below.

Type
There are two main US types: bath and probe. The first one consists of a stainless-steel

tank with one or more ultrasonic transducers. The US intensity distribution is heteroge-
neous; therefore, the container must be located at the position where the highest intensity
of sonication is achieved. The US probe is a great tool for the solid–liquid extraction of
bioactive compounds. The shape and the diameter of the probe are the main characteristics
that have an impact on bioactive extraction. Both US types can be applied in different
modes: continuous, sweep, and pulsed mode. The main differences between the types are:

i Contact with the solution: an ultrasonic probe is submerged directly into the solution
(minimum energy losses), while in a US bath, the vessel container is immersed.

ii Intensity of US: it is higher in the US probe than in the bath.
iii Maximum power achieved: in a US probe, it is the nominal power, while in a US bath,

the nominal power is the minimum that can be increased due to the modulators.

Frequency
US frequency is expressed in Hertz (1 Hz ≈ 1 cycle/s). In a US process, the use of

ultrasonic waves in the range from 20 to 100 kHz is common, and the concept time of one
cycle means s/Hz.

Power/Energy Intensity/Density (Dose)
US power is expressed in watts (W), being a key parameter to express the efficiency of

the process. The amount of energy applied in the system could be expressed as ultrasonic
intensity (energy per second and per square meter of emitting surface, expressed in W/s o
W/cm2) or acoustic energy density (the amount of US energy per unit volume of sample,
expressed in W/cm3 or W/mL).

Amplitude level (A)
The amplitude of a wave is the height of the wave and is expressed in μm. It is

important to clarify that in a US probe, the term amplitude level is commonly used. The
amplitude control of the processor allows to set the ultrasonic vibrations at any desired
level in the 10–100% range of the nominal power.

Pulse duration/interval ratio (Duty cycle)
This parameter is used in the pulsed US process. Pulse duration is the time for which

the ultrasonic probe is on; pulse interval indicates the time for which ultrasonic probe is off ;
and cycle time is the sum of pulse duration and pulse interval. Duty cycle is the main way
to express this parameter and can be expressed as a ratio (pulse duration/cycle time) or
percentage ((pulse duration/cycle time) × 100).

Temperature
This parameter is important for the efficiency of bioactive compounds extraction.

Although previous studies have indicated that an increase of temperature means an increase
of extraction yield, it is essential to select an extraction temperature. The main reason is
that some possible key bioactive compounds are thermolabile. Therefore, temperature
optimization is needed to obtain the highest extraction yield of the key bioactive compound.

Extraction time
As with the temperature and power parameters, increasing the time in the early stages

of the US process increases the extraction yield, whereas a decrease in the yield is usually
observed as the extraction time increases. At the beginning, the cavitation effect of the US
increases the swelling and hydration. Both swelling and hydration could be achieved by
shaking. Later, the fragmentation and pore formation of the plant tissue matrix occurs,
extracting the key bioactive compounds. Excessive US exposure causes structural damage
to the solute and decreases the extraction yield, and even the degradation of the extracted
bioactive compounds.
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Solvent
The selection of the solvent for US extraction depends on the target bioactive com-

pound. It is essential to consider the physicochemical properties of the solvent and the
bioactive compounds such as viscosity, pH, surface tension, and vapor pressure of the
solvent, as well as the solubility of the key bioactive compounds. The most common
solvents used during US extraction are water, ethanol, alcohols, and acetone in different
concentrations. Also, the concentration and the solid–liquid ratio are important factors
affecting the extraction yield and properties of the bioactive compound during UAE.

4.1.2. Ultrasound-Assisted Extraction from Pomegranate Peel

Apart from the variables described above, there are other variables specific to the raw
material that should be considered, such as cultivar, drying, moisture content, and particle
size. Although pomegranate peel is a large reservoir of bioactive compounds, the variability
of the amount and profile depends on the cultivar selected [23]. However, no cultivar
information is available in 45% of the published studies, and just one of them compared
two cultivars (both sour cultivars: Wonderful and Akko) with the same methodology of
drying and extraction (Table 1).

Table 1 shows the different conditions of drying in all studies related to US, except
one in which no information is available and one in which fresh pomegranate peel was
used. Taking all the studies into account, the temperature range used is from 25 ◦C (room
temperature) to 70 ◦C. On the other hand, particle size was not indicated in more than 10%
of the studies showed in Table 1, and the range is from 800 μm to 25.4 mm. Moreover, one
study indicated that a paste of pomegranate peel was used, and two studies described a
combination of particle size in which the distribution was indicated.

The frequency range is between 20 and 80 kHz, with 20 kHz being the most common
frequency used (30% of the studies included in Table 1). The power parameters were not
unanimous due to the different information described: units (power, power density), the
equipment used (bath, probe), and the mode (continuous, pulsed). The range of power
was from 50 to 1050 W, while power density was 0–1600 expressed in W/L, and from 2.4
to 59.2 in W/cm2. More details related to the US probe or US bath are included in “other
information”, such as probe diameter, submerged distance, and duty cycle. Although
ethanolic solvents, with different percentages of ethanol, were mostly used (>50% of
the studies included in Table 1), other authors selected solvents such as acetone, water,
and methanol. It is essential to clarify that polar solvents (mainly water) extract more
hydrophilic compounds (which only participate in reaction with oxygen–hydrogen bonds
as sugars), and ethanolic solvents (which participate in reaction with oxygen–hydrogen and
polar carbon–oxygen as ethanol) are more effective in extracting phenolic compounds [24].
The solvent changes depending on the target bioactive compounds; for instance vegetal oil
was used as a solvent to extract carotenoids. The solid–liquid ratio was included in all the
studies, and was highly variable among them. Information on the time and the temperature
used during US extraction was lacking in about 20 and 30% of the studies, respectively.
The range of time and temperature included was 0–240 min and 20–93 ◦C, respectively.

The target individual compounds found were punicalagin (Pn), individual phenolics
(Ph), individual tannins (Tn), ellagic acid (EA), chlorogenic acid (ChlA), gallic acid (GA),
individual flavonoids (Fvs), and hydroxybenzoic acids (HbA). The importance of other
bioactive compounds from pomegranate as targets to optimize the extraction process,
such as anthocyanins and alkaloids, should be noted as being of interest for the food,
pharmacological, and cosmetic industries. In addition, spectrophotometric techniques
were used to determine the yield of the extraction, the total phenolic content (TPC), total
flavonoid content (TFC), antioxidant activity (AOX), total anthocyanin content (TAC), and
total carotenoids content (TCC). Undesirable compounds formed during the treatment,
such as hydroxymethylfurfural as a furan derivative, could be a good strategy to optimize
the process.
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Regarding the best conditions for extracting bioactive compounds from pomegranate
peel, different optimal processing conditions can be found in the published scientific
manuscripts. Following the literature review, some of the optimized conditions are pre-
sented below. The highest (506 mg g−1 dw) punicalagin content was obtained by UAE with
53% EtOH, s solid–liquid ratio of 1:25 w/v, and power at 757 W for 25 min [25]. More and
Arya (2021) [26] concluded that the optimum processing conditions were 2:100 solid–liquid
ratio, 116 W (80% duty cycle) for 6 min, obtaining a 0.48 g/g yield, and a TPC of 178 mg
GAE/g dw. Pan et al. [27] observed that pulsed US extraction with 59 W/cm2, and 5/5 of
pulse duration/interval duration increased the antioxidant yield (22%) and reduced the
extraction time (87%) compared with conventional extraction. Furthermore, when the US
extraction was continuous with the same conditions, the antioxidant yield increased by
24% and reduced the extraction time by 90% [27]. Other authors have reported that US
increased the extraction yield reducing by 20-fold the time required [28]. Moreover, the
extraction yield increased with increasing extraction temperature from 25 to 35 ◦C [28].
Other research has proposed a mathematical model for multi-criteria optimization to enable
the prediction of bioactive compounds extraction for any temperature (20–60 ◦C), solvent
(0–100% ethanol), and US power density (0–100 W/L), at any time (0–240 min). This model
reveals the optimal conditions for obtaining the best yield of the target compound with
the minimum time and/or energy consumption [29]. For the recovery of ellagic acid,
Muñiz-Márquez et al. [30] indicated that the best extraction conditions were at 94 ◦C for
55 min using ethanol 75% and 1:3 solid–liquid ratio [30]. To recover carotenoids, the most
efficient extraction period to achieve the maximum yield from pomegranate peel was about
30 min with the following conditions: 52 ◦C, 0.10 solid–liquid ratio, amplitude of 58.8%,
and sunflower oil as a solvent [31].
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US treatments are also combined with other green technologies to increase the ex-
traction effectiveness. With regard to pomegranate peel, US treatment was jointly applied
with different combinations of expansion gas initial pressure [51] and system pressure [52].
These results suggest the great potential of expansion gas in pressurized liquids assisted by
US using green solvents for the extraction of polyphenols [51]. Another technology used
in combination with US for bioactive compounds extraction from the pomegranate peel
was the extraction at the cloud point, the combination studied being the one that gave the
maximum extraction of polyphenol and flavonoid content [52]. More information on the
combination with EAE technology is given in Section 4.3.

4.2. Microwave-Assisted Extraction
4.2.1. Fundamentals

Microwave (MW) energy is based on electric and magnetic fields, obtaining electro-
magnetic waves. This energy is non-ionizing, facilitating molecular movement by ion
migration and dipole rotation without altering the molecular structure, generating fric-
tion and then heat. MAE is based on the disruption or changes in the structure of cells
when applying non-ionizing electromagnetic waves to a sample matrix [53]. Performance
in MW-assisted processes is highly influenced by several variables. Therefore, the main
characteristics and parameters are described below [54,55].

Pressure
For MAE, the most common instrument is a closed-vessel system in which the pressure

and the temperature can be modulated, and then optimized to accelerate the mass transfer
of target compounds from the sample matrix, avoiding degradation [56].

Power Intensity/Density (Dose)
In a similar way to the US technique, one of the most important factors to be considered

in the MAE is the MW power density, expressed as the power to be applied to the product
per unit weight or volume. An increase of the MW power enhances the penetration of
solvent into the solid, and then the extraction and recovery of bioactive compounds. Power
should be selected to optimize yields and for the selectivity of the desired components,
without affecting their stability.

Temperature
An increase in temperature during extraction promotes an increase of the diffusivity

of the solvent into the solid, and then a desorption of the target compounds occurs. Tem-
perature control is carried out by a probe. Focusing on avoiding undesirable changes, the
extraction temperature should be selected considering the stability and extraction yield of
the desired active compounds.

Time
As the extraction time increases, the yield increases, but high power during long

application times is associated with thermal degradation. Therefore, a combination of
low/moderate power with longer exposure may be considered. Depending on the matrix
and the target bioactive compounds, the optimal condition changes.

Solvent
Considering what has been stated in relation to solvents in the section on US, the

viscosity of the solvent affects molecular rotation, and therefore the ability of samples to
absorb MW.

4.2.2. Microwave-Assisted Extraction from Pomegranate Peel

Table 2 shows the scientific evidence on MAE of bioactive compounds from pomegranate
peel. The drying technique, particle size, and cultivar information used during pomegranate
peel from 0.5 mm to 2 mm. The power, temperature, and time used during MW treatment
was from 100 to 6000 W, from 40 to 72 ◦C, and, from 0.5 to 40 min, respectively. Ethanol,
methanol, and water were the solvents used during MAE. Different solid–solvent ratios
were studied to optimize the process, from 1:10 to 1:60. Apart from the bioactive com-
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pounds, it is crucial to focus on other compounds such as hydroxymethylfurfural, when
high temperatures are reached during food processing.

In a previous review related to MW extraction of pomegranate peel, several manuscripts
were included that are omitted here [4] because they are not in the JCR list. Related to the
optimal conditions, a previous study indicated that the optimum parameters of vacuum
MAE were 10–12 min, 61–79 ◦C, 3797–3577 W, and 38–39% ratio of water to raw material
(39.92% and 38.2%) to obtain the highest values of TPC (5.5 mg Gallic Acid Equivalent/g
fresh pomegranate peel) [57]. Other authors have reported that the optimum operating
conditions were extraction with ethanol 50%, 1:60 solid–liquid ratio, and 600 W [58]. The
results were compared with those obtained by UAE studied in a previous work by the same
research team, concluding that the MW method presented a 1.7-fold higher yield after 4 min
than after 10 min by UAE [58]. Regarding phenolic extraction, another study indicated
that MAE (low MW power and 50% ethanol) was useful for phytochemical extraction [59].
Although there are relevant and promising results, they are nonunanimous and scarce.
Therefore, more research on MAE and comparison with other green techniques is required.

4.3. Enzymatic-Assisted Extraction
4.3.1. Fundamentals

Enzyme assisted extraction (EAE) is also classified as a green technique. The purpose
of this technique is the addition of enzymes in the extraction medium, usually as a pre-
treatment of other techniques to enhance the yield, breaking, and/or softening the cell
walls. Therefore, thanks to the digestion of the cell walls, bioactive compounds (bound or
dispersed inside the cells and on cell walls) can be directed out of the cell to the solvent [19].
EAE extraction depends on several variables that are described below. Among enzymes,
pectinases, proteases, and cellulases (and their combinations) are the most used for the
extraction of bioactive compounds from F&V byproducts. Pectinases degrade the pectin
present in cell walls, and are mainly used in food industries for the clarification and extrac-
tion of fruit juices, emerging as a new tool for the extraction of bioactive compounds [60,61].
Proteases are hydrolase enzymes that digest proteins and peptides, and even hydrolyze
peptide bonds present in cell walls [62]. Cellulases are key enzymes in the food industry,
as they play an important role in the overall carbon cycle. This is due to the degrading of
insoluble cellulose into soluble sugars. It is important to highlight that cellulases are the
most diverse type of enzymes, catalyzing the single substrate hydrolysis [63]. According to
van Oort [64], the main limiting factors in the reaction speed and enzymatic activity are:

i. Solute concentration
ii. Enzyme concentration: when the enzyme concentration increases, the reaction rate

will increase until a point when there is no positive or negative effect of the continued
increase in enzyme concentration.

iii. Temperature: the optimum temperature for maximum enzyme activity depends
on the type of enzyme since most of them are proteins which are denaturized and
inactivated by heat.

iv. pH: enzymes have a characteristic pH value for their optimum activity, being aci-
dophilic (optimal pH values are <7) and alkalophilic enzymes (pH > 7). At pH
values greater or lower than the optimal, the enzymatic activity—and therefore the
reaction rate—decreases. Furthermore, the optimal value of enzyme concentration,
temperature, and pH depends on the conditions of the medium/matrix in which it is
found.

v. The presence of inhibitors: molecules that temporarily or permanently interact with
enzymes to reduce their activity and/or reaction rate. The inhibition can be classified
as:

a. Competitive: the inhibitor structure is like the substrate. The key bioactive
compound and the complex substrate-enzyme is not formed.

b. Acompetitive: the inhibitor structure is attached to the complex-enzyme.
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c. Non-competitive: the inhibitor attached to the active center of the enzyme and
enzyme is misshapen.

d. Mixed.

Apart from the limiting factors of the speed and enzymatic activity, the inactivation
protocol is also required to optimize the extraction time. Therefore, all mentioned key
parameters should be detailed and optimized. At the end of the EAE, enzyme inactivation
is necessary. The inactivation conditions (temperature, time) depend on the enzymes used.

4.3.2. Enzyme-Assisted Extraction from Pomegranate Peel

The detailed information related to the EAE of bioactive compounds from pomegranate
peel is shown in Table 3. The enzymes used in the literature were pectinase, protease, and
cellulase, while the temperature ranged from room temperature to 45 ◦C. After enzymatic
pre-treatment, hydrolyzed pomegranate peel continues the extraction with other green
technologies (high pressure, supercritical carbon dioxide, and ultrasound). Comparing
with a previous review [4] which encompassed the enzymatic extraction of pomegranate
peel, it can be observed that the scientific evidence has increased over the last two years.

A previous study indicated that the combination of green technologies (US, MW,
high pressure, and supercritical carbon dioxide) with enzymatic pre-treatment could be a
good tool to enhance polyphenols extraction from pomegranate peel. Recent research has
indicated that a higher phenolic compounds yield was obtained from pomegranate peel
using an enzymatic pre-treatment (Viscozyme®) followed by MAE than when conventional
solvent extraction, EAE, or MAE was used [65]. Other authors have indicated that the
optimum conditions of enzymatic pre-treatment and US technology was 41 min, 1.3%
Viscozyme concentrationtion, and incubation for 1.8 h at 45 ◦C, obtaining extracts with
a TPC of 20 mg GAE/g [48]. On the other hand, the pre-treatment enzymatic extraction
did not improve the extraction yield when high pressure technology was applied to obtain
punicalagin rich extracts [66]. With regard to enzyme-assisted supercritical fluid extraction
process, it can be said that a high content of individual phenolic acids such as vanillic,
ferulic, and syringic (108, 75 and 88 μg/g of extract, respectively) were found in the extracts.
These phenolic acids were extracted thanks to enzymatic-assisted tecnology using pectinase,
protease, cellulase, alcalase, and viscozyme [67]. Not only have promising results been
obtained in the enzymatic extraction of pomegranate peel, but there is also evidence that
it works as a pre-treatment in the extraction of bioactive compounds from other F&V
byproducts [68]. More studies are needed to obtain the optimum conditions, depending on
the raw material and the target compounds.
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5. Pomegranate Peel Byproducts Incorporation Techniques

5.1. Powders/Flours

Pomegranate peel powder/flour is commonly acquired by drying and grinding until
obtaining the desired particle size. Similar drying technology applied to edible fruit and
plant material could be used in F&V byproducts to avoid undesirable bioactive compound
changes [69]. The most common drying technologies are convective drying, sun-drying,
MW drying, and freeze-drying in which key variables should be optimized (for instance,
temperature and time). Moreover, spray-drying is commonly catalogued as a good tool for
byproducts drying. This powder could be applied as a solid ingredient for the fortification
of different products such as meat-based, F&V-based, and bakery products (Section 6) since
this material presented high dietary fiber and techno-functional properties (high water- and
oil-holding capacity, and low water absorption) in previous studies [70]. Similarly, powders
can be obtained from liquid extracts after bioactive compounds extraction using different
technologies such as freeze-drying or spray-drying [71]. Such technologies are included
in the section on encapsulation due to the need for different processes to be carried out
(Section 5.3).

5.2. Liquid Extracts

With pomegranate peel powders obtained as previously detailed, extraction techniques
with different solvents can be used, including those reported in this review. These liquid
extracts are not suitable for direct incorporation into the different food matrixes, except
when the solvents may be classified as a food ingredient (e.g., water). Therefore, these
solvents must be removed through evaporation. Once they have been evaporated, drying
should be carried out (for instance convective or freeze-drying) to later redissolve it in
water, as the most common liquid. In this way, the liquid extract is ready to be incorporated
into the matrixes at different solid–liquid ratio, as observed in Section 6. In addition, liquid
extracts can be used to obtain coatings, and can be encapsulated by different carriers and
techniques, as outlined in Section 5.3.

5.3. Encapsulation

Encapsulation is a means to protect sensitive key bioactive compounds found in the
food industry byproducts against undesirable heat, oxygen, light, and pH conditions [72].
The process needs a carrier agent and a technique to create the protective capsules. Different
techniques may be used for the encapsulation of target compounds from F&V byproducts,
such as spray-drying, freeze-drying, complex coacervation, and ion gelation [73], among
others. Spray-drying is the liquid food drying method and has been widely used to obtain
powders from F&V juices [69,74–76]. Currently, the transformation of F&V byproduct
extracts (liquid) into powders using a spray-drier (the extracts are sprayed into a hot air
chamber) has garnered attention because the process is complex, although this technique is
one of the fastest, cheapest, and more reproducible, despite its complexity. In lyophilization
as well as in spray-drying, a solution, dispersion, or emulsion is first obtained depending
on the encapsulating agent and the active compound. The first step of freeze-drying-
based encapsulation consists in creating an emulsion between the carriers and the target
compounds, followed by a conversion into microcapsules by applying the freeze-drying
technique [77], which consists of water removal by sublimation (primary drying) and
secondary drying. Table 4 shows the main technologies (spray-drying, freeze-drying,
double emulsion, and ion gelation) and the carriers used to encapsulate target bioactive
compounds from pomegranate peel. It can be seen that there is an interest in using novel
carriers such as citrus byproducts.
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Table 4. Main technologies used to encapsulate target compounds from pomegranate peel.

Technology Carriers Target Compound/Activity Ref.

Maltrodextrin F-TPC, UPLC-TPC, Pn, EA, P, GA [78,79]
Maltrodextrin + others: Tween 80 (99:1);

Skimmed milk powder (50:50); Whey
protein isolate (50:50); Gum arabic (50:50)

NA (Yield/Stability) [28,80]

Skimmed milk power NA (Yield/Stability) [28,80]
Orange juice byproduct F-TPC, DPPH [81,82]

Maltodextrin/Pectin TPC, Pn, EA [83]
Whey protein Pn, EA, P, GA [79]
Arabic gum Pn, EA [84]

Chitosan Pn, EA [84,85]
Pectin Pn, EA [84]

Modified starch Pn, TPC, HTC, DPPH [86]

Spray-drying

Alginate NA (Yield/Stability) [85]
Soy phosphatidylcholine liposomes Pn, EA, rutin, epifallocatechin, TPC [87]

Maltodextrin (5 and 10%) and
b-cyclodextrin (5 and 10%). F-TPC, FRAP [38]

Prunus armeniaca gum exudates FRAP, DPPH [88]
Chitosan FRAP, DPPH [88]

Maltrodextrin TPC, TFC, Pn, EA, FRAP, DPPH [89]
Maltodextrin and calcium alginate ANCs, FRAP, DPPH [90]

Freeze-drying

Maltodextrin and soy lecitin NA (Yield/Stability) [91]

Double emulsion

Water1 in Oil in Water2:
Water1 (ethanolic solutions) in Oil (castor,

soybean, sunflower, medium chain
triglyceride and orange) in Water2

(aqueous solution with Tween80)

NA (Yield/Stability) [92]

Chitosan gel (1%):gelatin 2:1 F-TPC, DPPH [93]
Spirulina TPC, DPPH [72]

Microalgae EA [94]Ion gelation
Chitosan + others:

Dialdehyde guar gum
Gelatin-based materials

F-TPC, DPPH [95]

NA: Data not available; cv: cultivar; EA: ellagic acid; F-TPC: total polyphenolic content by Folin assay; UPLC-TPC:
total polyphenolic content by UPCL; TFC: total flavonoid content; Pn: punicalagin; P: punicalin; GA: gallic acid;
HTC: hydrolysable tanin content; ANCs: anthocyanins.

In addition, other technologies were applied for other pomegranate byproducts, such
as complex coacervation, to obtain encapsulated pomegranate oil rich in punicic acid [96].
Complex coacervation is a liquid–liquid phase separation phenomenon that consists be-
tween oppositely charged biopolymers through electrostatic interaction, and this technique
is increasingly used in the food industry due to its high encapsulation efficiency and opti-
mal processing conditions [97]. After encapsulation processing, the encapsulated material
presents the characteristics to be incorporated in other matrixes.

6. Potential Applications in the Food Industry

Pomegranate peel (in powders, liquid extract, and/or encapsulated, among oth-
ers) have been reported in several food matrixes [98] such as F&V-based (Table 5), meat-
based [15], fish-based [99,100], oil [101], dairy-based [102], confectionary [103], and baking
products [82,104,105], among others. Packaging evidence have been reported by other
authors, which has proven to be a good tool to preserve foods without altering their
composition [106].

Since the bibliography on the incorporation of pomegranate byproducts into different
food matrixes is extensive, this review has been focused on the scientific evidence related
to the use of pomegranate peel byproducts during F&V handling and processing in the
form of fresh whole, fresh-cut, minimally processed F&V, and beverages. Table 5 includes
information about the characteristics of pomegranate peel byproducts (drying technique,
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particle size, and cultivar), extraction technique (US, maceration), incorporation method
(liquid extracts, coating, dipping), and benefits tested after its incorporation (shelf life,
bioactive compounds fortification). In the following sections, more specifications related to
F&V based products are detailed.

6.1. Fresh Whole F&V

In this case, more than 15 types of evidence have been found, in which pomegranate
peel extracts were incorporated in different F&V (Table 5), being >25% incorporated into
citrus fruits. The incorporation of pomegranate peel extract as a postharvest technique in
fresh whole F&V has been reported in ~90% of the included studies. A coating enriched
with pomegranate peel extract is described in 42% of them, the control formulation in which
the extracts were added being chitosan and alginate solutions. Additionally, scientific
evidence related to preharvest application is reported (pomegranate peel atomization in
tomato leaves and the incorporation of the soil in a sage herb field). Table 5 shows specific
information related to the drying technique, particle size, and cultivar of pomegranate;
the extraction technique; the extracts formulation and incorporation method (atomization,
liquid extracts, coating, dipping); and the main results obtained by the authors.

6.2. Minimally Processed, or Fresh-Cut F&V

Since fresh-cut F&V usually present a short shelf life mainly due to enzymatic brown-
ing, dehydration, and microbial growth, it is necessary to look for innovative tools to
preserve its quality and safety. Table 5 shows the scientific evidence in which pomegranate
peel extracts were used in minimally processed or fresh-cut F&V. There is a need to focus
on the different ways of incorporating extracts into other fresh-cut F&V, and salads (for
instance, baby leaves and younger plants such as sprouts or microgreens). There is a lack
of knowledge on the effect of pomegranate peel extracts on vegetable commodities.

6.3. F&V Based Beverages

The fortification of F&V based beverages with bioactive compounds has been recently
reviewed and reported [8]. The goal of the fortification with target compounds could be to
enhance functionality (high content of polyphenols and other compounds) and/or techno-
functional properties (color maintenance, sensory quality, inhibition of microbial growth).
Moreover, if the key biocompounds have been extracted by green technologies from F&V
byproducts, their incorporation replaces or reduces synthetic additives. Table 5 shows
the incorporation of pomegranate peel extracts in F&V juices as an alternative to enhance
quality parameters. Future research should be focused on the fortification of other F&V-
based matrixes such as cold/hot/dried soups and culinary sauces with pomegranate peel.
For instance, a previous study indicated that the incorporation of horticultural byproducts
improved the quality and shelf life of a kale pesto sauce [107].
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7. Conclusions and Future Perspectives

The research community and the food industry are quite interested in the use of
(techno)-functional bioactive compounds from pomegranate byproducts in different food
matrixes to reduce the use of synthetic additives and to develop ‘clean label’ products.
However, the optimal extraction technique greatly depends on the raw material and con-
ditions (cultivar, moisture, drying technology, particle size, etc.), so specific parameters
should be recommended after a proper evaluation, on which more studies are needed.
There is a lack of important information about the main characteristics of pomegranate peel,
making it more difficult to have a more definitive conclusion on the optimal conditions of
their bioactive compound extraction. Considering the three green extraction technologies
included in this review, more than 80% of the evidence is focused on ultrasound-assisted
technology. Therefore, more research on enzymatic and microwave-assisted methods, and
their combinations, should be carried out. The combination of enzyme-assisted treatment
with other green technologies usually increases the yield, shortening the extraction time.
However, further research is still needed to optimize such combined treatments. In ad-
dition, a review of other green technologies for the extraction of bioactive compounds
from pomegranate byproducts should be of interest to the research community, as well
as other pomegranate byproducts such as seeds or arils. In future studies, the energy
efficiency/consumption, the cost, and the environmental impact leading to a sustainable
extraction of the key biocompounds must be evaluated. Additionally, predictive models
are needed to optimize the phytochemical extraction and help in decision-making.
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59. Vladić, J.; Janković, T.; Živković, J.; Tomić, M.; Zdunić, G.; Šavikin, K.; Vidović, S. Comparative Study of Subcritical Water
and Microwave-Assisted Extraction Techniques Impact on the Phenolic Compounds and 5-Hydroxymethylfurfural Content in
Pomegranate Peel. Plant Foods Hum. Nutr. 2020, 75, 553–560. [CrossRef]

60. Xia, J.L.; Li, P.J. Pectic Enzymes. Encycl. Food Chem. 2019, 270–276. [CrossRef]
61. Díaz, A.B.; Bolívar, J.; de Ory, I.; Caro, I.; Blandino, A. Applicability of Enzymatic Extracts Obtained by Solid State Fermentation

on Grape Pomace and Orange Peels Mixtures in Must Clarification. LWT-Food Sci. Technol. 2011, 44, 840–846. [CrossRef]
62. Philipps-Wiemann, P. Proteases—General Aspects. Enzym. Hum. Anim. Nutr. Princ. Perspect. 2018, 257–266. [CrossRef]
63. Wilson, D.B. Cellulases. Encycl. Microbiol. 2009, 252–258. [CrossRef]
64. van Oort, M. Enzymes in Food Technology–Introduction. In Enzymes in Food Technology; John Wiley & Sons, Ltd.: Hoboken, NJ,

USA, 2009; pp. 1–17. ISBN 9781444309935.
65. Kumar, M.; Tomar, M.; Punia, S.; Amarowicz, R.; Kaur, C. Evaluation of Cellulolytic Enzyme-Assisted Microwave Extraction of

Punica granatum Peel Phenolics and Antioxidant Activity. Plant Foods Hum. Nutr. 2020, 75, 614–620. [CrossRef] [PubMed]
66. Alexandre, E.M.C.; Silva, S.; Santos, S.A.O.; Silvestre, A.J.D.; Duarte, M.F.; Saraiva, J.A.; Pintado, M. Antimicrobial Activity of

Pomegranate Peel Extracts Performed by High Pressure and Enzymatic Assisted Extraction. Food Res. Int. 2019, 115, 167–176.
[CrossRef] [PubMed]

67. Mushtaq, M.; Sultana, B.; Anwar, F.; Adnan, A.; Rizvi, S.S.H. Enzyme-Assisted Supercritical Fluid Extraction of Phenolic
Antioxidants from Pomegranate Peel. J. Supercrit. Fluids 2015, 104, 122–131. [CrossRef]

68. Costa, J.R.; Tonon, R.V.; Cabral, L.; Gottschalk, L.; Pastrana, L.; Pintado, M.E. Valorization of Agricultural Lignocellulosic Plant
Byproducts through Enzymatic and Enzyme-Assisted Extraction of High-Value-Added Compounds: A Review. ACS Sustain.
Chem. Eng. 2020, 8, 13112–13125. [CrossRef]

69. Calín-Sánchez, Á.; Lipan, L.; Cano-Lamadrid, M.; Kharaghani, A.; Masztalerz, K.; Carbonell-Barrachina, Á.A.; Figiel, A.
Comparison of Traditional and Novel Drying Techniques and Its Effect on Quality of Fruits, Vegetables and Aromatic Herbs.
Foods 2020, 9, 1261. [CrossRef]

70. Viuda-Martos, M.; Pérez-Álvarez, J.A.; Sendra, E.; Fernández-López, J. In vitro antioxidant properties of pomegranate (Punica
granatum) peel powder extract obtained as coproduct in the juice extraction process. J. Food Process. Preserv. 2013, 37, 772–776.
[CrossRef]

71. Bhandari, B. 1-Introduction to Food Powders. In Handbook of Food Powders; Bhandari, B., Bansal, N., Zhang, M., Schuck, P., Eds.;
Woodhead Publishing Series in Food Science, Technology and Nutrition; Woodhead Publishing: Shaston, UK, 2013; pp. 1–25.
ISBN 978-0-85709-513-8.
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of Carrier Material on the Encapsulation of Pomegranate Peel Using Spray Drying Method. Foods 2021, 10, 1968. [CrossRef]

80. Goula, A.M.; Lazarides, H.N. Integrated Processes Can Turn Industrial Food Waste into Valuable Food By-Products and/or
Ingredients: The Cases of Olive Mill and Pomegranate Wastes. J. Food Eng. 2015, 167, 45–50. [CrossRef]

81. Kaderides, K.; Goula, A.M. Encapsulation of Pomegranate Peel Extract with a New Carrier Material from Orange Juice By-
Products. J. Food Eng. 2019, 253, 1–13. [CrossRef]

82. Kaderides, K.; Mourtzinos, I.; Goula, A.M. Stability of Pomegranate Peel Polyphenols Encapsulated in Orange Juice Industry
By-Product and Their Incorporation in Cookies. Food Chem. 2020, 310, 125849. [CrossRef]

109



Foods 2022, 11, 2596

83. Yang, B.; Kealey, K.; Chen, J.; Solval, K.M. Developing Microencapsulated Powders Containing Polyphenols and Pectin Extracted
from Georgia-Grown Pomegranate Peels. LWT 2022, 154, 112644. [CrossRef]

84. Fathi, F.; Ebrahimi, S.N.; Pereira, D.M.; Estevinho, B.N.; Rocha, F. Preliminary Studies of Microencapsulation and Anticancer
Activity of Polyphenols Extract from Punica granatum Peels. Can. J. Chem. Eng. 2021. [CrossRef]

85. Endo, E.H.; Ueda-Nakamura, T.; Nakamura, C.V.; Filho, B.P.D. Activity of Spray-Dried Microparticles Containing Pomegranate
Peel Extract against Candida Albicans. Molecules 2012, 17, 10094–10107. [CrossRef]

86. Bustamante, A.; Hinojosa, A.; Robert, P.; Escalona, V. Extraction and Microencapsulation of Bioactive Compounds from
Pomegranate (Punica granatum Var. Wonderful) Residues. Int. J. Food Sci. Technol. 2017, 52, 1452–1462. [CrossRef]

87. Marín, D.; Alemán, A.; Montero, P.; Gómez-Guillén, M.C. Encapsulation of Food Waste Compounds in Soy Phosphatidylcholine
Liposomes: Effect of Freeze-Drying, Storage Stability and Functional Aptitude. J. Food Eng. 2018, 223, 132–143. [CrossRef]

88. Jafarian, M.; Taghinia, P.; Baeghbali, S.; Samadi Ghorbani Dozdozani, N. Application of Prunus Armeniaca Gum Exudates and
Chitosan for Encapsulation of Pomegranate Peel Extract as a Natural Antioxidant. J. Food Meas. Charact. 2021, 15, 4992–4999.
[CrossRef]

89. Hamid; Thakur, N.S.; Thakur, A. Microencapsulation of Wild Pomegranate Flavedo Phenolics by Lyophilization: Effect of Mal-
todextrin Concentration, Structural Morphology, Functional Properties, Elemental Composition and Ingredient for Development
of Functional Beverage. LWT 2020, 133, 110077. [CrossRef]

90. Azarpazhooh, E.; Sharayei, P.; Zomorodi, S.; Ramaswamy, H.S. Physicochemical and Phytochemical Characterization and Storage
Stability of Freeze-Dried Encapsulated Pomegranate Peel Anthocyanin and In Vitro Evaluation of Its Antioxidant Activity. Food
Bioprocess Technol. 2019, 12, 199–210. [CrossRef]
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Abstract: Ultraviolet (UV) radiation has been considered a deleterious agent that living organisms
must avoid. However, many of the acclimation changes elicited by UV induce a wide range of
positive effects in plant physiology through the elicitation of secondary antioxidant metabolites
and natural defenses. Therefore, this fact has changed the original UV conception as a germicide
and potentially damaging agent, leading to the concept that it is worthy of application in harvested
commodities to take advantage of its beneficial responses. Four decades have already passed since
postharvest UV radiation applications began to be studied. During this time, UV treatments have
been successfully evaluated for different purposes, including the selection of raw materials, the
control of postharvest diseases and human pathogens, the elicitation of nutraceutical compounds,
the modulation of ripening and senescence, and the induction of cross-stress tolerance. Besides
the microbicide use of UV radiation, the effect that has received most attention is the elicitation
of bioactive compounds as a defense mechanism. UV treatments have been shown to induce the
accumulation of phytochemicals, including ascorbic acid, carotenoids, glucosinolates, and, more
frequently, phenolic compounds. The nature and extent of this elicitation have been reported to
depend on several factors, including the product type, maturity, cultivar, UV spectral region, dose,
intensity, and radiation exposure pattern. Even though in recent years we have greatly increased
our understanding of UV technology, some major issues still need to be addressed. These include
defining the operational conditions to maximize UV radiation efficacy, reducing treatment times,
and ensuring even radiation exposure, especially under realistic processing conditions. This will
make UV treatments move beyond their status as an emerging technology and boost their adoption
by industry.

Keywords: UV; UVB; UVC; UV illumination; photochemical treatments; abiotic stress; antioxidants;
phytochemicals; quality; food safety

1. Introduction

Ultraviolet (UV) radiation comprises the region of the electromagnetic spectrum (EM)
between visible light and X-rays (100–400 nm) [1]. It was discovered in 1801 by Johann
Wilhelm Ritter, who observed that radiation outside the violet end of the visible solar
spectrum could decompose silver chloride [2]. Seven decades later, it was discovered that
UV light could prevent microbial growth [3].

The UV region is frequently divided into three sub-regions, UVA (315–400 nm), UVB
(280–315 nm), and UVC (100—280 nm) (Figure 1), which are used for CIE and ISO stan-
dards [4]. Further sub categorization has been performed by some authors to discriminate
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within the UVC region vacuum UV (100 and 200 nm) with stronger ionizing power, but
less penetration [5–7]. Based on the known mechanisms of plant photoreception, the UVA
region has been split into short-UVA (315–350 nm) and long-UVA (350–400) [8].

Figure 1. Subregions of the UV spectrum relevant for technological applications and plant photoreception.

2. UV Radiation Sources

Commercially available UV sources include mercury lamps (low- and medium-
pressure), pulsed light (PL), and light-emitting diodes (LEDs) [9]. Although the market has
become highly dynamic with the improvement of LEDs, it is still dominated by mercury
lamps. These sources are based on the excitation of gas discharges and feature several
pitfalls, including a relatively high voltage requirement to operate and a substantial amount
of heat released [10]. However, one advantage is that, especially with medium-pressure Hg
lamps, high output powers can be achieved.

Xenon inert-gas lamps were introduced during the late 1970s in Japan, leading to the
development of sterilizing technology, called PureBright® [11]. PL treatments consist in
the exposure of fresh produce to polychromatic light (200–1100 nm), including ultraviolet
(180–400 nm), visible (400–700 nm), and near-infrared (700–1100 nm) wavelengths, in the
form of intense, but short, pulses (1 μs–0.1 s) [12,13].

Light-emitting diodes (LEDs) are based on the junction of two-terminal semiconduc-
tors (p-n junction) converting electricity into radiation. Depending on the materials out
of which the semiconductors are made, the LEDs emit at different wavelengths [14]. The
first LEDs, in the early 1960s, emitted infrared (IR) light. Over the years, it became possible
to develop LEDs of shorter wavelengths. UV LEDs have several advantages relative to
mercury lamps, including their lack of requirement for warming time, their lack of mercury,
their compactness, their robustness (with UV LEDs, no protection against glass breakage
is necessary, and mobile use is possible), and their large wavelength diversity (210 nm to
360 nm by varying the aluminum content in the AlGaN quantum wells) [10]. In addition,
they have lower electromagnetic interference, are easily adaptable for fast modulation in
terms of radiation intensity and pulse duration, present narrow-band emission without
spurious peaks, and require low maintenance [15]. Two important advantages of LEDs are
their long lifespan (expected lifetimes of many 10,000 s of h) and low heat emission [16].
The Achilles heel of UV LEDs is their relatively low quantum efficiency [17]. However, in
recent years, by reducing dislocations and defects and improving semiconductor doping
and light extraction, their quantum efficiency has been increased [18].

3. Uses in the Food Industry

UV technology has been applied in the food industry for many different purposes
(Figure 2).

Surface sterilization: One of the most common uses of germicide UVC lamps is as
environmental sterilizers in foodstuffs filling equipment, conveyor belts, containers, and
working surfaces [19,20]. Sterilizing UV lamps are frequently used for aseptic packing, a
technology that is expected to continue growing in the coming years [21,22].
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Figure 2. UV radiation applications in the food industry.

Fluid disinfection: UV radiation in the C zone has been used for water disinfection
since 1909. It has been also applied for juice pasteurization [23]. UVC does not generate
undesirable by-products, but on the other hand, it does not provide residual disinfection
capacity [24]. It has been applied to reduce chlorine use.

Air treatment: Air disinfection can be achieved through different strategies, ranging
from irradiating just the air in the upper region to treating all air, either when the room
is empty or during circulation through air-conditioning systems [25]. The fact that UVC
relatively low radiation doses (0.1–0.3 kJ m−2 for 2 log cycle reductions) can inactivate
human SARS-coronaviruses has increased the recent interest in using UV radiation for
air treatment [26–28].

Waste treatment: Another application of UV radiation has been the elimination of
undesirable volatile organic compounds (VOCs) in industrial exhausts [29,30]. This has
been achieved through advanced oxidation processes combining UV radiation with photo-
catalysts, such as TiO2 [9,31]. This strategy generates highly oxidative environments, which
facilitates the degradation of unwanted molecules [32].

Insect trapping: For a long time, it has been known that UV radiation can attract
insects; thus, it is used for trapping purposes [33]. The most common insect light traps use
“black-light” fluorescent tubes emitting ultraviolet (UVA) as an insect attractant in both pre
and postharvest [34]. Furthermore, insects may be trapped in glued materials or killed in
electrically charged grids [35].

4. Uses in Fruits and Vegetables Postharvest

UV technology may be of interest for the postharvest treatment of fruits and vegetables
for many different purposes [36,37] (Figure 3).

Raw material selection: The presence of skin defects or wounding is a main factor
affecting consumer acceptability and purchase decisions. Consequently, one of the most
intensive activities of packinghouses is to separate fruit with these defects. Normally,
this is performed through visual inspection or machine optical sorting when the fruit is
illuminated under proper white light [38]. In citrus, the use of UV lamps during initial
classification has may facilitate the identification of physical damages. UVA “black light”
illuminates fruit, showing that small peel cracks fluoresce intensely, allowing segregation
at early classification steps [39]. The conveyor belts transporting the fruit cross these rooms,
where the operators must wear protective glasses and gloves.
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Figure 3. Main uses of postharvest UV treatments for direct application in fruit and vegetables.

Control of spoilage and pathogenic microorganisms: Relying on UVC germicide prop-
erties, a large body of research evaluated this technology in fruits and vegetables to control
surface microorganisms [40]. Microbial death induced by UVC has been attributed to DNA
mutations, including the formation of cyclobutyl-type dimers (pyrimidine dimers) and
pyrimidine adducts [41,42]. Furthermore, the overproduction of reactive oxygen species
(ROS) induced by UV radiation can oxidize membrane lipids and inhibit critical cellular
enzymes [43]. Most enzymes that contain aromatic amino acids are likely to be sensitive to
UV radiation to some extent due to their absorption in this region. Due to its higher energy,
UVC is the most effective at killing microorganisms [44]. UV radiation is lethal to bacteria,
viruses, protozoa, and fungi [45]. Successive studies showed that UV radiation is more
efficient for inactivating Gram-negative than Gram-positive bacteria. This effect has been
associated with the difference in the cell wall peptidoglycan structure, which can affect
radiation penetration [46]. Furthermore, eukaryotic organisms are normally more resistant
to UV than bacteria due to their higher cell size, complexity, and genetic redundancy [47].
The relatively high yeast resistance to UV radiation has also been associated with lower
DNA pyrimidine content relative to bacteria, which may increase the likelihood of photons
being absorbed by other compounds [48].

Several works have studied the impact of postharvest pre-storage single exposure
on most common postharvest fungal pathogens, including Rhizopus, Penicillum digitatum,
P. expansum and Penicillum italicum, Monilinia sp., Botrytis cinerea, Colletrichcum sp. and
Fusarium sp. among others [49,50], with positive effects with regards to reducing disease
incidence and severity. Direct germicide action compromising microbial viability has been
frequently reported [51], but less severe effects, such as the reduced germination speed
of viable conidia, have also been observed [52]. With regards to human pathogens, the
direct UV irradiation of fresh produce reduced the viability of E. coli, Salmonella, and
Listeria [53–57]. These studies have so far mostly been conducted on a laboratory or, in the
best scenario, pilot scale. A review of the available research suggests that their widespread
commercial use requires some important aspects to be solved, especially with regards
to the adaptability of this treatment to continuous processing lines (where the treatment
duration may require minutes at low irradiances), safety procedures for workers and even
radiation exposure, while avoiding mechanical damage, especially to fruits and vegetables.
Furthermore, the fact that wet cleaning methods have long been applied to fresh produce
could limit the fast adoption of a different technology.
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The mechanisms through which UV prevents deterioration exceed radiation germicide
properties and involve host-induced physiological responses [58–60]. They include the
inhibition of ripening-related genes [61] and the induction of enzymes and compounds,
improving tolerance to opportunistic pathogens or other environmental effectors causing
oxidative damage. An array of defensive responses has been observed in UV-stressed
tissues. It includes the activation of glucanases and chitinases thought to be involved in the
degradation of microbial cell walls, the induction of genes related to phenolic compound
biosynthesis or oxidation, such as phenylalanine ammonia lyase (PAL), polyphenol oxidases
(PPOs), and peroxidases (PODs) [62,63]. Another frequent change reported is the upregu-
lation of gene coding for antioxidative enzymes, such as superoxide dismutases (SODs),
ascorbate peroxidases (APXs), and catalases (CATs) [64]. More recently, Rabelo et al. [65]
proposed that the UV response is mediated by the generation of oxidative stress as the
primary signaling molecule generated through the partial ionization of water and an in-
crease in mitochondrial activity. With regards to the induction of compounds that could
contribute to increasing host tolerance to pathogen attack, there have been several reports
on metabolites with direct antimicrobial activity (i.e., hydroxycinnamic acid derivatives,
6-methoxymellein, scoparone, scopoletin, rishitin), or reinforcing structural barriers [49,66].
Phenolic compounds showing in many cases antimicrobial and antioxidant properties have
been the most frequently identified family of induced antimicrobial compounds.

Enhancement of bioactive compounds: Early on, in 1977, Langcake and Pryce [67]
showed that UV exposure induced bioactive compounds in grapes. This raised the interest
in using UV treatments to improve fruit and vegetable phytochemical profiles. A literature
review shows that the number of publications on bioactive compounds and UV radiation
has increased exponentially in the last three decades. Table 1 provides an overview of
some relevant studies that used UV radiation on whole and fresh-cut fruit and vegeta-
bles, focusing on bioactive compounds. As a rule, the results show that the induction
of antioxidants by UV radiation tends to be greatest for phenolic compounds, although
increases in other antioxidant metabolites (ascorbic acid, glutathione, carotenoids) have
also been reported [65,68]. The subclass of compounds induced is mostly dependent on the
species considered [69,70] and even on the cultivar [71]. Increases in phenolic acids, non-
anthocyanin flavonoids, anthocyanins, other flavonoids, isoflavones, and stilbenes have
been frequently reported [62,72–76]. Furthermore, the subregion of the UV spectra applied
may determine the type of metabolite elicited; in carrots, chlorogenic acid and isocoumarin
were more inducible by UVB and UVC radiation, whereas ferulic acid was elicited by
all UV regions to comparable levels [77,78]. At low irradiances, UVB and UVC regions
are considered more inductive of secondary metabolites than UVA and UVB, which still
have effects on antioxidants but also initiate several photomorphogenic responses [79,80].
Other factors affecting phytochemical accumulation besides the UV region and dose that
have been less studied include the irradiances of the illuminating source and the mode of
exposure (pulse number duration, interval between successive irradiations, etc.) [13,81,82].
Recently, UV has been reported as a suitable green strategy to enhance the nutraceutical
content of fruit and vegetable beverages [83]. Considering there are receptors for UVB and
UVA but no receptors for UVC, it has been proposed that ROS plays a key role in secondary
metabolite biosynthesis for all three UV lights [77,78]. However, further studies are needed
to confirm the role of oxidative stress through UVB and UVA receptor-mediated responses.
Another proposed hypothesis is that UVB and UVC could share the same photoreceptors,
since the action spectrum of UVR8 protein (as the main UVB receptor) ranges from 250 to
310 nm [8], including the UVC region; therefore, this UVB receptor could also be activated
by UVC. It can explain why UVC produces similar effects to UVB in some cases according to
previous research, since the energy provided by shorter wavelengths of UVC may activate
the UVR8 protein [84]. Nevertheless, the UVR8 spectrum of action could slightly vary,
depending on the metabolic pathway. The action spectrum on PAL induction is closer to
the UVB region and thus may explain why UVB or even the combined effect of UVC + B
obtained a higher increase in total phenolics than UVC [85].
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Table 1. Effects of UV radiation on the phytochemical profile of fruit and vegetables and on other
quality attributes.

UV
Region

Product Treatment Conditions Main Results Found Reference

Blueberries Dose: 6 kJ m−2 UVA had lower inductive effect than
UVB or UVC

[86]

Fresh-cut carrot Intensity 12.73 W m−2

Dose: 45.8 kJ m−2
Induction of PAL and increase in total

antioxidant capacity and phenolics.
[77]

Lettuce Intensity: 3.7 W UVA, 4.2 W
UVB, 7.5 W UVC.

Induction of PAL and phenolic antioxidants
in all UV regions. UVA caused no growth

inhibition. UVB inhibited growth and UVC
caused most severe lesions.

[87]

Tomato

λ: 353, 365 or 400 nm.
Intensity:0.28–0.33 W m−2

Dose: 0.17–7.1 kJ m−2

All wavelengths increased phenolics
and carotenoids. [88]

Daily dose:
UVA 2.9 kJ m−2

UVA 11.5 kJ m−2

UVB 0.941 kJ m−2

UVB 0.353 kJ m−2

Increased antioxidant capacity and flavonoid
accumulation. UVA was more promising than
UVB with regards to firmness maintenances

and antioxidant elicitation.

[89]

U
V

A

Soybean sprouts
UVA 173.0 kJ m−2

UVA 346.0 kJm−2

Intensity: 2 W·m−2

Treatments elicited isoflavone and
flavonol accumulation. [90]

Apples Dose: 219 kJ m−2
Increased content of flavonoids (64%) and

hydroxycinnamic acids (38%) in the peel after
14 days.

[91]

Bell pepper

Dose: 9.0 kJ m−2. Storage 4 d
at 20 ◦C under retail sale

photoperiod (14 h fluorescent +
10 h Blue & Red LEDs)

Capsaicinoids increased by ~22%, ~38%, and
~27% in the content of capsanthin, capsanthin

laurate, and capsanthin esters, respectively,
after the UVB treatment. This effect was

enhanced by ~18% after an
LED-supplemented photoperiod.

[92]

Brassicaceae sprouts Dose: 15.0 kJ m−2

Increased the total phenolics and antioxidant
activity. Increased the glucosinolate content
by ∼30%. Sulforaphane was enhanced by

37.5% in broccoli sprouts. Sulforaphene was
increased by 72% in radish sprouts.

[93]

Broccoli Intensity: 3.2–5.0 W m−2

Dose: 2–12 kJ m−2

Low doses and intensities delayed
chlorophyll degradation, whereas high

intensity elicited antioxidant accumulation.
[81]

Dose: 1.5–7.2 kJ m−2

UVB increased glucobrassicins by 18–22%.
Glucoraphanin was enhanced by 11% in

florets exposed to 1.5 kJ m−2, while a dose of
7.2 kJ m−2 by 16%. Florets exposed to 1.5 and
7.2 kJ m−2 UVB increased hydroxyl-cinnamic

acids by 12%.

[94]

Dose: 5–15 kJ m−2 alone or in
combination with UVC

(9 kJ m−2).

Combination of moderate UVB and UVC
doses reported the highest inductive effect on

phenolics and total antioxidant activity. A
high UVB dose (15 kJ m−2), single or

combined with moderate UVC, induced a
higher level of

glucoraphanin and sulforaphane.

[95]

U
V

B

Fresh-cut carrot
Dose: 1.5 kJ m−2 alone
or in combination with

4.0 kJ m−2 UVC

UVB caused the largest increase in phenolics
and antioxidant accumulation after 3 days

at 15 ◦C.
[77]
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Table 1. Cont.

UV
Region

Product Treatment Conditions Main Results Found Reference

Intensity: 12.73 W m−2 (UVA)
10.44 W m−2 (UVB)
11.8 W m−2 (UVC)

Dose: 46–275 kJ m−2 (UVA)
37.5–225.5 kJ m−2 (UVB)
42.5–255 kJ m−2 (UVC)

Phenolics (chlorogenic acid and its isomers,
ferulic acid, and isocoumarin), antioxidant

capacity, and PAL activity increments.
Chlorogenic acid was induced by all UV
radiations but mostly by UVB and UVC.

[77]

Kale sprouts Dose: 0, 5, 10, and 15 kJ m−2

Enhanced the total antioxidant activity by
20%. Doses of 10 and 15 kJ m−2 stimulated

the glucoraphanin and glucobrassicin
synthesis by 30%.

[96]

Lemon Dose: 22 kJ m−2

Increased levels of anthocyanins, flavonols
and flavanones-dihydroflavonols. Increased
antifungal activity of flavedo extracts against

Penicillium digitatum.

[97]

Mango Dose: 5 kJ m−2 Increased ascorbic acid (42%) and phenolic
compound (36%).

[98]

Red cabbage sprouts
Dose 10 kJ m−2 proportionally
applied on germination days 3,

5, 7, and 10 days,

Phenolics were increased by 40%, while total
antioxidant activity and flavonols content
was increased by 35 and 30%, respectively.

Carotenoids were also enhanced.

[99]

Peach and nectarine Dose: 73–219 kJ m−2

Cultivar-dependent response: the stimulation
of phenol accumulation occurred after 24 h in
‘Big Top’ (69%) and 36 h in ‘Suncrest’ (21%).

Decreased phenolics in of ‘Babygold 7′
after 36 h.

[100]

Dose: 1.39 and 8.33 kJ m–2

Transient increase 24 h after illumination,
especially for flavanols, flavonols, and

flavones (+123, +70, +55, and +50%,
respectively). Phenolics induced not only in
the peel but also in the pulp. UVB increased

the glycoside/aglycone ratio of flavonols
and anthocyanins.

[74]

Prickly pear (red) Intensity: 6.4 W·m−2

Dose: 5.76 kJ m−2

Highest phenolic accumulation. The main
phenolics were quercetin, sinapic acid,

kaempferol, rosmarinic acid, and sinapyl
malate, showing increases of 709.8%, 570.2%,

442.8%, 439.9%, and 186.2%, respectively.

[101]

U
V

B

Intensity 6.4 W m−2

Dose: 5.76–69 kJ m−2

Immediate accumulation of betalains
(33–40%) and ascorbic acid (54–58%) in the

pulp and peel of wounded tissue.
[70]

Blueberry Dose: 4.0 kJ m−2 Increased anthocyanins (70%). Antioxidant
enzymes induced (SOD, APX).

[102]

Broccoli

Intensity: UVB s of 9.27 and
UVC 25.21 W m−2,

Dose 5, 10 or 15 kJ m−2 UVB,
UVC: 9 kJ m−2.

UVB + UVC increased glucobrassicin (34%) at
15 ◦C. UVB15 + C induced the highest

glucoraphanin levels of florets after 72 h at 15
◦C. UVB10 + C induced the highest total

phenolic content increase (110%) in leaves.

[95]

Carambola Dose: 13 kJ m−2 UVC induced antioxidant enzymes (CAT,
POX and SOD) and phenols accumulation.

[103]

U
V

C

Carrot Dose: 9 kJ m−2

+ hyperoxia (80 kPa O2)

Increase in phenolic compounds, which was
also observed in hyperoxia for 72 h. UVC +
hyperoxia showed higher accumulation of

chlorogenic acid.

[104]
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Table 1. Cont.

UV
Region

Product Treatment Conditions Main Results Found Reference

Fresh-cut watermelon Dose: 1.6–7.2 kJ m−2

Increase in antioxidant capacity (7%),
maintenance of lycopene and ascorbic acid.

Microbial growth retardation. Only the
lowest doses (1.6 and 2.8 kJ m−2) preserved

sensory attributes.

[105]

Fresh-cut Bimi®

Broccoli
Dose: 1.5–15 kJ m−2

Increased total phenolics (25%).
Hydroxycinnamoyl acid derivates were

immediately increased after the treatments.
The higher the UVC doses, the higher total
antioxidant capacity values. UVC delayed

chlorophyll degradation.

[106]

Fresh-cut tatsoi baby
leaves

Dose: 4.54 kJ m−2 with
hyperoxia (100 kPa O2)

Improved phenolic content and total
antioxidant capacity retention throughout

storage. UVC and the combined UVC + O2-
controlled the epiphytic microbes.

[107]

Fresh-cut
pomegranate arils Dose: 4.54 kJ m−2

Combination of UVC and high O2 preserved
SOD and CAT and decreased POD and

PPO.UVC combined with high O2
maintained the level of anthocyanins and

phenolics.Combining UVC to high O2
enhanced the benefits of applying each

treatment alone.All treatments involving high
O2 and/or UVC kept anthocyanins high,

especially phenolic content.

[108]

Dose: 4.54 kJ m−2

The lowest antioxidant activity was found in
hot water + UVC + superatmospheric O2
packaging (HO) and the highest in UVC +

HO and HO treatments. Hot water alone or in
combination with UVC and HO inhibited
mesophile, mold and yeast growth, while

UVC + HO was most effective for controlling
yeast and mold growth.

[109]

Fresh-cut carrot

Intensity: UVB 9.27 W m−2,
UVC 25.21 W m−2, Dose: UVB

1.5 kJ m−2. UVC 4.0 kJ m−2.
Treatments alone or

in combination

Combined UVC + UVB showed better results
than each treatment alone. [96]

Fresh-cut red pepper
1.5; 3; 5; 6; 10 and 20 kJ m−2 in
the inner (I), outer (O) or both

fruit surfaces (I + O).

10 kJ m−2 (I + O) reduced decay and
softening.UVC induced the accumulation of

hydroxycinnamic acid-derivatives.Pectin
solubilization and wall disassembly were

delayed under UVC.UVC may control soft
rots by modulating the host susceptibility.

[110]

Garlic Dose: 2.0 kJ m−2 Increased total phenolics (11%) and reduced
microbial loads.

[111]

U
V

C

Grape Dose: 0, 0.5, 1.0, 2.0,
or 4.0 kJ m−2

Increased activity of antioxidant enzymes
(SOD and CAT) and induction of glutathione
reductase and guaiacol peroxidase at longer
times. Increased total thiol content by more

than 2.0 kJ m−2, total phenolics (20%),
anthocyanin (35%) for 5d at 20 ◦C.

[112]
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Table 1. Cont.

UV
Region

Product Treatment Conditions Main Results Found Reference

Red pepper Dose: 10 kJ m−2

UVC treatments do not cause marked
modifications in DPPH radical scavenging
capacity or AA content. UVC treatments

increase the activity of enzymes involved in
the detoxification of superoxide and

hydrogen peroxide (SOD, CAT and APX)
during early cold storage.

[64]

Dose: 6 kJ m−2 UV (B or C)
and 6 + 6 kJ m−2 UV (B + C)

UVC greatly enhanced the flavonoid
accumulation. UVC + UVB increased by
∼94% the carotenoid content and the

flavonoid biosynthesis. Rutin accumulation
was highly enhanced (∼70%).

[92]

Spinach Dose: 1.5–3 kJ m−2 Greatest induction of antioxidants (60%) and
total phenolics (50%) with 1.5 kJ m−2 [113]

Dose: 4.54–11.35 kJ m−2

Total antioxidant activity and polyphenols
decreased throughout storage; this was more
evident in higher UVC doses.Mesophilic and
psychrophilic counts were reduced at similar
level than conventional sanitization washing.

[114]

Strawberry Dose: 4.1 kJ m−2
Induction of anthocyanin biosynthesis and

related enzymes, PAL, tyrosine
ammonia-lyase and cinnamate 4-hydroxylase.

[115]

Sweet cherry
Dose: 4 kJ m–2 or Interactions
of UVC with 2 regulated deficit

irrigation (RDI)

UVC increased phenols (21–36%) after
shelf-life in RDI fruit. [116]

Dose: 1.0–4.2 kJ m−2

Induction of total phenolics, flavonoids, and
anthocyanins (26%, 35% and 76%

respectively). Induction of phenylpropanoid
genes (PAL, C4H, 4CL).

[117]

U
V

C

Tomato Dose: 3.7 kJ m−2 Increased the accumulation of phenolic
compounds and lignin.

[60]

In addition to their effects on phenolics, carotenoids and ascorbic acid, UV treatments
have been shown to increase vitamin D content. Exposure to sunlight and dietary foods
are the most important ways for humans to obtain vitamin D [118–120]. Lifestyle changes
due to the SARS-CoV-2 pandemic have substantially reduced our regular exposure to
the sun, resulting in vitamin D deficiency [120]. Furthermore, patients with vitamin D
deficiency were five times more likely to be positive for COVID-19 than patients with no
deficiency [121]. Mushrooms are rich in ergosterol, a precursor to vitamin D2, which can be
converted to vitamin D2 under proper UV exposure. The eliciting capacity of UVA, UVB,
and UVC has been tested in different types of edible mushrooms, increases ranging between
25 and 8000% reported [122]. The UVB zone of radiation shows the greatest inductive effect,
with other important factors being the radiation dose applied, the product’s water content,
and the degree of processing [123].

Retardation of ripening and senescence: In some commodities and under proper treat-
ment conditions, UV radiation may delay ripening and senescence [60,124]. These effects
could be understood by recognizing that both developmental processes are genetically
regulated and require specific transcriptional programs to be induced. Under UV radia-
tion, cells redirect their normal developmental programs to primarily respond to external
stressing stimuli [125,126]. Stress acclimation favors the induction of UV-responsive genes
at the expense of ripening and or senescence-related genes [61,127,128]. The efficacy of
UV treatments to retard ripening is certainly dependent on the UV irradiation schedule
used, and to a great extent on the initial ripening state of the commodity [129]. Ripening
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progression would be more effectively delayed in fruit treated at early stages. Hundreds of
genes are up- and down-regulated in fruit irradiated with UV radiation. Most frequently,
up-regulated genes are mainly involved in signal transduction, defense response, and
metabolism. Conversely, genes related to cell wall disassembly, photosynthesis, and lipid
metabolism are usually suppressed. The retardation of ripening-related changes such
as softening may be one important contributor to the improved tolerance to postharvest
spoilage pathogens observed in treated products [61,82,130]. In some cases, especially with
long-term exposure, UVB has been shown to promote fruit ripening [131].

Induction of cross-stress resistance and synergistic responses: It is currently known
that biotic and abiotic stress responses use common signals, pathways, and triggers [40].
This overlap includes common changes in cellular redox status, reactive oxygen species,
hormones, protein kinase cascades, and calcium gradients as common elements [131] and
helps to explain cross-tolerance phenomena, whereby exposure to one type of stress can
improve tolerance to several different types of stress [132]. UV treatments preceding cold
storage have been reported to improve the chilling tolerance of sensitive commodities
such as peach [133], sweet pepper [134], and tomato [135]. Some of the metabolic changes
behind cross-tolerance include the induction of polyamine biosynthesis in stone fruit and
an increase in antioxidant enzymes in the case of pepper [64]. Another effect observed
from combining stresses is a synergistic response in plant tissues, as in those reported with
wounding and UV exposure. This synergism among stresses applied simultaneously is
due to the activation of similar signaling molecules and signaling pathways [136]. This has
been reported in the biosynthesis of polyphenols [77,78,102] and betalains [137]. In Table 2,
the physiological responses could potentially be higher in fresh-cut products compared to
whole tissues, where synergistic effects take place due to skin removal in whole produce,
being skin-determinant in the response due to the partial blockage of UV penetration [77].

Table 2. Advantages and drawbacks of using UV radiation in foods.

Advantages Drawbacks

• Simple.
• Non-ionizing treatment.
• Approved by food control agencies.
• Strongly germicide (UVC) and broad

microbiological control.
• Able to elicit hormetic responses inducing

phytochemical accumulation in
metabolically active foods.

• Relatively small changes in
physicochemical quality attributes.

• Energy-efficient and cost-effective.
• Lower restriction than other

irradiation methods.
• Could be combined with other

preservation methods.
• No wastes or by-products generated.
• Does not require water.

• Low penetration power in solids or
turbid liquids.

• Little or no residual effect.
• Direct exposure required for germicide

action and maximum effects.
• Absorbed by commonly used polymeric

packing materials.
• Difficult to adapt to commercial

operations/continuous processing.
• Harmful to operators if not

properly protected.
• Consumers concerns although it is a

non-ionizing radiation.

Advantages and disadvantages of UV treatments: UV technology provides several
advantages over other conventional preservation methods, but also has some important
drawbacks (Table 2). UV treatments can be simply applied and are able to inactivate a
wide range of pathogenic and spoilage microorganisms while causing negligible changes in
nutritional and sensory quality [95,96]. In contrast to other disinfection practices, it does not
require water or generate wastes and leaves no residues on treated surfaces and foods [48].
In addition, it is approved with no major restrictions by the European Food Safety Authority
(EFSA), the US Food and Drug Administration (FDA), and most other food regulatory
agencies. When compared to electron beam or gamma irradiation, UV technology also
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offers several advantages (i.e., lower investment required, fewer regulations, no treatment
label needed in the products) [138]. Another plus for UV treatments relates to their ability to
be relatively simply combined with other preservation techniques in the search for additive
or even synergistic effects [70,139]. UV irradiation is considered a very valuable tool within
the hurdle technology, an integrated approach aimed in creating safe and stable foods
by combining multiple physical, chemical, and/or biological preservation methods [139].
UV treatments have been applied in metabolically active fruit and vegetables not just due
to their germicide action but to activate natural defense mechanisms (i.e., phytoalexins,
free radical scavengers’ antimicrobial and antioxidant enzymes) [140]. Compared to many
conventional methods, UV treatments are also energy-efficient and cost-effective [141].
Finally, UV has historically being applied for a wide range of applications and validation
data is available.

However, there are several limitations of UV technology which prevent its wide
use in the food industry. It has a low penetration power, especially in solids and turbid
media [142]. Moreover, the fact that it does not provide residuality may be a drawback when
long-lasting effects are desired. To properly express the UV germicide properties direct and
even exposure is required [143]. This may be challenging in some cases under commercial
operations. Another difficulty could be to adapt UV treatments to continue processing
lines, especially if long exposure times or low irradiances are required. Considering the
moments in which UV could be used, UV treatments are defeated compared to ionizing
irradiation, since they cannot be applied after packing [144]. UV radiation could be also
harmful to operators if direct exposure occurs, but proper safety procedures and personal
protective equipment can easily prevent such risk.

Factors determining UV treatment efficacy: In the last two decades, more than
500 publications have tested postharvest UV illumination strategies in fresh horticultural
produce. These studies have been useful in identifying the main factors determining the
efficacy of the technology on both the commodity and the treatment sides (Table 3).

Table 3. Factors affecting the efficacy of postharvest UV treatments in fruit and vegetables.

Product Variables Process Variables

Commodity type Radiation wavelength
Cultivar Radiation dose (fluence)

Ripening stage Radiation intensity
(fluence rate/irradiance)

Degree of processing Exposure pattern
Product–radiation interphase Radiation uniformity

Product–microorganism interphase Post irradiation illumination

The factor that has received the most attention is the type of commodity. So far,
most commercially relevant fresh fruit and vegetable (>100 products) have been tested.
In general, positive results have been found in one or more of the effects outlined in the
previous section, depending on the species considered. In a few cases, some damages,
mostly related to tissue discoloration, have also been reported [145,146]. The outcome of
UV treatments has also been reported to be dependent on the cultivar [71,147]. A third
relevant factor with regards to UV irradiation efficacy is the product-ripening stage. As
a rule, the treatment of unripe fruit may lead to stronger phenotypes regarding ripening
delay than fruit at advanced maturity stages. The ripening stage not only affects the
impact of UV irradiation on ripening changes, but also its ability to control postharvest
decay. In fresh-cut bell peppers, UV radiation was more effective at reducing soft rot in
red ripe fruit [148,149]. The degree of commodity processing also has a substantial impact
on quality maintenance and antioxidant elicitation [102,114]. This could be due to the
increased surface during processing, which results in the exposure of a greater area of the
product. However, the induction of synergic effects induced by simultaneous UV and
wounding stresses has been suggested to be involved as well [70,100]. Finally, the nature
of the interphase between UV radiation and the product can also have a relevant effect.
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For instance, surface wetting would be expected to reduce UV penetration in vegetable
tissues. Another effect may be the impact of interphases on microorganism arrangements.
Heterogeneous microorganism distributions in liquid droplets can lead to preferential
concentration in the outer layer at the liquid–air interface, which may protect the cells
inside the droplet from UV bactericidal action [55].

Regarding treatment, the subregion of the UV spectra employed has a large influence
on the kind of responses obtained [150]. For instance, changes in nutraceutical compounds
have been reported for all three zones, but the greatest impact on disease control is clearly
observed for UVC [151]. The second relevant process variable is the radiation dose (en-
ergy per unit area). A broad range of doses has been explored (i.e., 0.1–50 kJ m−2 for
UVC region). However, a single study tried more than two or three doses and complete
optimization studies are currently lacking. Working with strawberries, Cote et al. [152]
showed that the radiation intensity (energy per unit time and unit area) is another key
process factor determining the efficacy of treatments. Strikingly, this variable has been
overlooked in several studies that do not report the radiation intensity of the illuminant
used. Subsequent work by Darré et al. [81] reported that both radiation dose and intensity
should be considered simultaneously when optimizing UV treatments. Low UVB doses
(5 kJ m−2) and intensities delay chlorophyll degradation and may be useful to complement
refrigeration. Instead, high-intensity UVB exposure may be better suited for the freezing
industry as a pre-treatment to increase the antioxidant capacity prior to further processing.

The irradiation pattern is another aspect to be considered when selecting a proper
treatment schedule. This has been relatively well studied for pulsed treatments with
xenon lamps. Bauer et al. [153] found that UV germicidal efficacy against Bacillus spores
was a function of pulsed radiation parameter, with shorter pulses and lower frequencies
being more effective. With regards to treatments with conventional single-UV radiation
sources, almost no attention has been paid to the relevance of the radiation exposure
pattern. Ortiz-Araque et al. [82] showed that at the same total dose (4 kJ m−2) and intensity
(36 W m−2), fractionated (two-step and five-step) treatments were much more effective at
controlling softening and decay than single pre-storage irradiation. The fractionation of
the treatments during storage delayed pectin debranching and delayed the solubilization
of polyuronides [130].

Although treatment uniformity and ensuring that all food surfaces are exposed to
UVC light may be one of most problematic causes in commercial settings, there are very
few studies attempting to overcome this limitation. Finally, some studies have reported
that light exposure after treatment may affect the outcome of UV treatments. This may be
due to photo repair mechanisms that may be activated in the presence of light [11,154,155].
It is not clear whether this effect would be significant in products. It is important to state
that eventually, all these factors and their combinations result in the generation of signal
molecules, such as ROS, and ROS levels determine the molecular and physiological re-
sponse of stress-challenged produce, either staying in homeostasis, going through hormesis,
or even responding to extreme stress [136].

5. Concluding Remarks

After microbial control, the elicitation of bioactive compounds is the aspect that has
received the most attention with regards to the use of postharvest UV treatments in fresh
produce. So far, several works have reported that appropriate exposure to UV radiation may
stimulate the biosynthesis of phenolic compounds and, to a lesser extent, of ascorbic acid,
carotenoids, and/or glucosinolates. Recent studies have identified the most relevant factors
determining the nature and extent of such changes on both the commodity and process
sides. These include the species, cultivar, ripening stage, degree of processing, radiation-
product interphase, radiation wavelength, dose, intensity, exposure pattern (i.e., pulse
frequency, duration), and illumination regime after treatment.

Despite the significant advances achieved, some important limitations remain. These
has likely slowed down the adoption of UV technology by industrial stakeholders. For
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fresh products, the main challenges remaining are reducing the treatment times to facil-
itate their compatibility with continuous processing lines and increasing the treatment
uniformity for large produce volumes without causing mechanical damage to products.
Solving these challenges would likely help UV irradiation to move beyond the stage of
emerging technology and translate all the knowledge accumulated about its application
into production.
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Abstract: Fruits and vegetables contain health-promoting compounds. However, their natural
concentration in the plant tissues is low and in most cases is not sufficient to exert the expected
pharmacological effects. The application of wounding stress as a tool to increase the content of
bioactive compounds in fruits and vegetables has been well characterized. Nevertheless, its industrial
application presents different drawbacks. For instance, during the washing and sanitizing steps post-
wounding, the primary wound signal (extracellular adenosine triphosphate) that elicits the stress-
induced biosynthesis of secondary metabolites is partially removed from the tissue. Furthermore,
detrimental reactions that affect the quality attributes of fresh produce are also activated by wounding.
Therefore, there is a need to search for technologies that emulate the wound response in whole fruits
and vegetables while retaining quality attributes. Herein, the application of non-thermal technologies
(NTTs) such as high hydrostatic pressure, ultrasound, and pulsed electric fields are presented as
tools for increasing the content of health-promoting compounds in whole fruits and vegetables by
inducing a wound-like response. The industrial implementation and economic feasibility of using
NTTs as abiotic elicitors is also discussed. Whole fruits and vegetables with enhanced levels of
bioactive compounds obtained by NTT treatments could be commercialized as functional foods.

Keywords: controlled abiotic stresses; nutraceuticals; elicitation; functional foods; whole fruits and
vegetables; stress-induced biosynthesis; secondary metabolites; innovative technologies; non-thermal
technologies; health-promoting compounds

1. Introduction

Fruits and vegetables are essential sources of health-promoting compounds; thus, their
consumption aids in the prevention of chronic and degenerative diseases [1]. However,
the content of bioactive compounds in most fruits and vegetables is insufficient to exert
the pharmacological effect expected of nutraceutical and functional foods [2]. Therefore,
there is a need to find innovative technologies that increase the content of secondary
metabolites with health-promoting properties in plant tissues. In this context, the applica-
tion of controlled abiotic stresses during postharvest has been recognized as an effective
strategy to elicit the secondary metabolism of fruits and vegetables, leading to the accumu-
lation of bioactive ompounds [3,4]. Of the different postharvest abiotic stresses evaluated
to induce the biosynthesis of plant bioactives, wounding stress has been recognized as
one of the postharvest treatments with the highest impact on the activation of primary
and secondary plant metabolism, generating significant increases in the accumulation of
secondary metabolites [5–7]. However, the application of wounding stress at industrial
scales presents different drawbacks. For instance, during the washing and sanitizing steps
post-wounding, which are needed to ensure the safety of fresh-cut produce, the primary
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wound signal (extracellular adenosine triphosphate, ATP) that elicits the stress-induced
biosynthesis of secondary metabolites is partially removed from the tissue [8]. Furthermore,
detrimental oxidative reactions that affect the quality attributes of the fresh produce (i.e.,
color, flavor, and texture) are also activated by wounding [9]. Therefore, there is a need to
search for technologies that emulate the wound response in whole fruits and vegetables
while retaining quality attributes.

The application of non-thermal technologies (NTTs) as abiotic elicitors to induce the
biosynthesis of bioactive compounds in plant foods was proposed by Jacobo-Velázquez
et al. [10]. This proposal was based on previous reports where elicitation by NTTs was
observed in different plant cell cultures [11–13]; thus, it was hypothesized that the results
could be extrapolated to fruits and vegetables. In their initial proposal, Jacobo-Velázquez
et al. [10] presented a hypothetical model indicating that NTTs could elicit the biosynthesis
of secondary metabolites by inducing a wound-like response in plant tissues. In this
context, it was stated that high hydrostatic pressure (HHP), ultrasound (US), and pulsed
electric fields (PEF) generate cell membrane disruption by different driving forces [10]. The
scientific community responded well to the concept of using NTTs as elicitors to induce
the biosynthesis of bioactive compounds in plant foods, and several research groups have
evaluated the potential of HHP, US, and PEF to induce the biosynthesis of secondary
metabolites (i.e., carotenoids, phenolics, and glucosinolates) in different whole fruits and
vegetables [14,15]. Furthermore, the hypothetical model proposed by Jacobo-Velázquez
et al. [10] explaining the physiological mechanisms governing the biosynthesis of bioactive
compounds induced by NTTs was recently revisited by López-Gámez et al. [14].

In the present article, the application of NTTs such as HHP, US, and PEF are pre-
sented as tools to increase the content of health-promoting compounds in whole fruits and
vegetables by inducing a wound-like response. The main effects of NTTs on secondary
metabolite biosynthesis and the quality attributes of whole fresh produce are discussed
based on recently published scientific literature. Likewise, the industrial implementation
and economic feasibility of using NTTs as abiotic elicitors is also discussed. Finally, research
needs in this emerging research area are highlighted.

2. Wounding Stress as a Tool to Induce the Biosynthesis of Health-Promoting
Compounds in Horticultural Crops: Mechanism and Drawbacks in Industrial Practice

As mentioned in the introduction, applying wounding stress to fruits and vegeta-
bles postharvest is an effective strategy to induce the biosynthesis and accumulation of
health-promoting compounds. However, wounding stress presents different drawbacks
when evaluating the feasibility of its application at industrial scale. To better explain these
drawbacks and search for alternative technologies that could emulate the wound response
in horticultural crops, the physiological mechanisms governing the wound-induced biosyn-
thesis of secondary metabolites in the plant cell as well as the main drawbacks of wounding
stress application as a postharvest technology are described herein and summarized in
Figure 1.

As an immediate response to wounding stress, adenosine triphosphate (ATP) is
released from the cytoplasm of damaged cells, serving as the primary signal to elicit
the wound response [8,16,17]. Subsequently, ATP binds to receptors from intact cells,
eliciting the production of secondary stress-signaling molecules such as reactive oxygen
species (ROS), ethylene, and jasmonic acid (Figure 1A). These secondary signals trigger
the expression of transcription factors, genes, and enzymes related to the biosynthesis of
health-promoting compounds [4]. The accumulation of secondary metabolites results from
a balance between their biosynthesis and their utilization rates to accomplish a specific
physiological function in the plant tissue. For instance, soluble phenolic compounds
are biosynthesized in wounded plant cells to serve as precursors for the biosynthesis of
lignin or suberin, which prevents water loss in the wounded tissue [18–20]. Likewise,
glucosinolates in wounded tissue also serve as precursors for isothiocyanate production;
these are toxic for insects and protecting plant tissues from pathogen attack [21,22].
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Figure 1. Wounding stress as a tool to induce the biosynthesis of health-promoting compounds in horticultural crops:
physiological mechanism involved in stress response, (A); drawbacks in industrial practice, (B). Abbreviations: ATP,
adenosine triphosphate; ROS, reactive oxygen species.

The industrial implementation of wounding stress as a technology to produce min-
imally processed fruits and vegetables with enhanced health benefits presents different
drawbacks that need to be addressed (Figure 1B). For instance, as a common practice to
ensure the safety of fresh-cut products, the tissue is subjected to washing and sanitizing
procedures after cutting. These steps partially remove ATP released from wounded cells,
which serves as the primary wound signal (Figure 1A). Therefore, the partial removal of
ATP can impede the accumulation of bioactive compounds in the tissue. On this note,
sanitizing procedures applied only before peeling and cutting are recommended in order to
diminish this drawback [8]. Moreover, wounding stress induces changes in the physiology
of horticultural crops, resulting in a loss of quality attributes of fresh produce. For example,
cutting fruits and vegetables alters flavor by modifying their acid and sugar content and by
inducing synthesis of volatile organic compounds. Furthermore, wounding stress favors
the biosynthesis, degradation, and oxidation of secondary metabolites, and induces the
depolymerization and degradation of cell membranes, resulting in color changes and
texture softening [9]. All of these physiological modifications in the tissue induced by
wounding result in a loss of homeostasis and shorter shelf-life of the product. Thus, mini-
mally processed fruits and vegetables need to be commercialized under refrigeration in
order to reduce metabolic activity and reduce the loss of quality attributes of the tissue.
Furthermore, incorporating preservatives in fresh-cut fruits and vegetables to extend their
shelf-life is also a common practice that needs to be reduced through consumer demand
for clean labels.

3. Scientific Evidence for Non-Thermal Technologies (NTTs) That Emulate
Wound-Induced Biosynthesis of Bioactive Compounds in Whole Fruits
and Vegetables

As described in the previous section, wounding stress induces high activation of the
secondary metabolism of horticultural crops, leading to the accumulation of bioactive
compounds. However, the industrial application of wounding to generate fruits and
vegetables with enhanced health benefits presents different drawbacks associated with
a partial removal of the primary wound signal (ATP) due to sanitizing steps (decreasing
elicitation), as well as an increase in oxidative reactions that results in quality loss in the
fresh produce. Therefore, it is highly relevant to search for technologies that emulate the
wound-induced biosynthesis of bioactive compounds while decreasing the detrimental
effects of cutting. In this context, technologies that can increase the health benefits of whole
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fruits and vegetables are highly valuable and can make for very attractive commercialized
functional food products.

The application of NTTs (HHP, US, and PEF) as abiotic elicitors to induce the biosyn-
thesis of bioactive compounds in whole fruits and vegetables has been recently evaluated
in different studies. Jacobo-Velázquez et al. [10] proposed that this stress response is elicited
through a wound-like response mainly due to the cell membrane disruption induced by
NTTs through different driving forces. For PEF and US, cell membrane disruption is pro-
duced by an electric potential and by a pressure/temperature gradient in the membrane,
respectively. On the other hand, membrane permeability via HHP is induced by a pressure
gradient in the plasma membrane [10,23]. The model presented by Jacobo-Velázquez
et al. [10] hypothesizes that when membrane permeability is induced, ATP is released from
damaged cells and serves as primary signal to induce a wound-like response (Figure 1A). A
key aspect to consider is the NTT processing conditions selected, which should be moderate
in order to elicit the stress response while preventing plant cell death. In the specific case
of HHP, processing conditions should not exceed 100 MPa, while for US, high-intensity
treatments with high energy and low frequency (20 to 100 kHz) are adequate for elicitation.
Finally, moderate-intensity PEF (MIPEF, 0.5–5 kV cm−1, 1–20 kJ kg−1) generates reversible
damage and elicitation in the plant cell [10].

In the following sections, recent scientific reports describing the effects of HHP, US,
and PEF as elicitors to induce the biosynthesis of health-promoting compounds in different
whole fruits and vegetables are summarized. Likewise, the effects of NTTs on the quality
attributes of whole fresh produce are also described.

3.1. High Hydrostatic Pressure (HHP)

The results from previous studies evaluating the effects of HHP treatment on the
biosynthesis of health-promoting compounds and the physiological and quality attributes
of whole mangoes and carrots are summarized in Table 1.

3.1.1. Mango (Mangifera indica)

Hu et al. [24] evaluated the effects of HHP applied at 20, 40, 60, and 80 MPa for
10 min on the biosynthesis and accumulation of carotenoids, phenolics, and ascorbic acid
in whole mangoes stored for 16 days at 13 ◦C. The authors reported that HHP increased the
biosynthesis of carotenoids at the transcriptional level, whereas samples treated at 20 MPa
presented the highest carotenoid content (43.7% higher than the non-treated samples)
during storage. Furthermore, treating mango at 40 MPa resulted in higher ascorbic acid
retention, whereas samples treated at 20 MPa presented higher flavonoid content. Similarly,
Álvarez-Virrueta et al. [25] and Ortega et al. [26] evaluated the effects of HHP treatment
(15, 30, or 60 MPa for 10 or 20 min) on the accumulation of carotenoids and phenolics in
whole mangoes stored for 14 days at 25 ◦C. The authors found that treating whole mangoes
at 30 and 60 MPa for 20 min increased the ascorbic acid content by 30.7–46.1% after storage.
Likewise, HHP treatment at 15 MPa for 10 min induced a higher accumulation of total
carotenoids (100%) and phenolics (41.2%) compared with the control at 14 days of storage.
These results indicate that HHP under mild conditions (15 and 20 MPa for 10 min) induced
the biosynthesis of carotenoids and phenolics in whole mangoes [24–26].
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The effect of HHP treatments on the quality and physiological attributes of whole
mangoes was also reported in the studies described above [24–26]. Pressurization did not
inhibit the ripening process of mango, but reduced the respiration rate by 26.62, 20.25,
32.72, and 41.81% for the whole tissue treated at 20, 40, 60, and 80 MPa, respectively, as
compared with the control. In addition, at the climacteric peak, whole mangos treated
with HHP showed a lower respiration rate [24]. Likewise, HHP-treated mangoes showed
higher a* (redness) values during ripening than the control. Moreover, pressure treatments
decreased firmness at the initial storage time (1 day), whereas after 7 days of storage no
significant difference was observed between HHP treated samples and the control. The
immediate decrease in firmness was attributed to the loss of turgor induced by vacuolar
content leakage upon pressurization [24]. Likewise, the increase in firmness of HHP-
treated samples during storage was attributed to an increase in pectinmethylesterase (PME)
activity, which upon contact with the substrate results in the formation of pectates and
pectin gelation, promoting firmness [24]. Pressurized whole mangoes showed higher
titratable acidity (from days 7 to 16), higher reducing sugar content, and higher moisture
loss during storage [24]. Furthermore, ethylene production was lower in whole mangoes
treated at 30 and 60 MPa for 10 or 20 min. Finally, during storage, the pulp of HHP
treated mangoes showed a more intense orange color, associated with the biosynthesis of
carotenoids during ripening [25,26,29].

3.1.2. Carrot (Daucus carota)

Regarding carrots, Viacava et al. [27] evaluated the effects of HHP treatment and
storage time (15 ◦C for 3 days) on the biosynthesis of health-promoting compounds and
physiological attributes of the whole tissue. Carrots were treated at 60 or 100 MPa for the
time needed to reach the desired pressure (come-up time, CUT). Immediately after HHP
processing, an increase of free (5-O-caffeoylquinic acid (63.9%) and 3,4-di-O-feruloylquinic
acid (228.6%)) and bound (p-coumaric acid (82.6%)) phenolics was detected. Furthermore,
whole carrots treated at 60 MPa and stored for 1 day showed accumulation of the free
phenolic 4,5-di-O-caffeoylquinic acid (60.2%), whereas samples treated at 100 MPa showed
increases of chlorogenic acid (291.2%) and 3,4-di-O-feruloylquinic acid (466.1%). On day 2,
samples treated at 60 MPa showed an increase in bound phenolics (rutin (85.5%) and
p-coumaric acid (214.7%)). Finally, at the end of the storage period (day 3), samples treated
at 100 MPa showed higher quercetin content (371.2%) than the control. Similarly, Viacava
et al. [28] evaluated the effect of HHP treatments (60 or 100 MPa) applied for a single
sustained pulse (5 min) or the CUT as a single pulse (P) or multi-pulse (2P, 3P, and 4P) on
the accumulation of phenolic compounds and carotenoids after 48 h of storage at 15 ◦C.
The authors reported that immediately after HHP treatment, the extractability of phenolics
increased by 66.65% and 80.77% in 3P 100 MPa and 4P 60 MPa samples, respectively.
Likewise, whole carrots treated for the CUT 60 MPa accumulated free (163.05%) and bound
(36.95%) phenolics after storage. Furthermore, the content of total xanthophylls increased
by 27.16% immediately after CUT 60 MPa treatment, whereas no changes in carotene
concentration were observed after storage.

Regarding the effects of HHP treatment on the physiological attributes of carrots, after
2 days of storage (15 ◦C), whole carrots pressurized at 60 MPa and 100 MPa showed 380.2%
and 139.7% higher phenylalanine-ammonia lyase (PAL) activity, respectively, as compared
with the control, whereas at day 3, samples treated at 60 MPa showed 212% higher PAL
activity than the control, with no significant difference observed in PAL activity between
the 100 MPa samples and the control. HHP-induced PAL activation confirmed that pressure
induced the biosynthesis of phenolic compounds in whole carrots. During storage, samples
treated at 60 and 100 MPa showed higher ethylene production and respiration rates than
the control [27]. These results are in contrast with the results reported for mangoes, where
HHP reduced respiration and ethylene production, suggesting that the HHP effect on the
physiological attributes of fresh produce is tissue-dependent.
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One of the main physiological differences between carrots and mangoes that could
result in a different postharvest behavior as a response to HHP is that carrot is a non-
climacteric vegetable, whereas mango is a climacteric fruit. Climacteric and non-climacteric
classification of fruits and vegetables depends on their ripening patterns and the presence
of a burst in ethylene production and respiration rate during postharvest, also known as
the climacteric peak [9]. Results from the literature cited herein indicate that HHP affects
climacteric and non-climacteric produce differently. Interestingly, if a wound-like response
is expected due to HHP application in mango, an accelerated climacteric peak and an
associated increased loss of quality characteristics should be occurring in the pressurized
tissue. However, in contrast with wounding, HHP reduced ethylene production and
respiration of the fruit, preserving its quality characteristics during storage and overcoming
this major drawback of wounding stress application.

3.2. Ultrasound (US)

The effects of US treatment on the biosynthesis of health-promoting compounds and
physiological attributes of whole fruits and vegetables such as lettuce, strawberry, carrot,
and broccoli have been previously reported (Table 2). Furthermore, the application of
US has also been explored as a pretreatment in seeds to improve sprouting indexes and
improve the content of health-promoting compounds and the quality characteristics of
sprouts commercialized as a ready-to-eat vegetable (Table 2).

3.2.1. Lettuce (Lactuca sativa)

Yu et al. [30] evaluated the effects of US treatment (25 kHz) at an acoustic power
density of 26 W/L for 1–3 min on whole leaf lettuce. The US-treated samples were stored
at room temperature for 150 h. Immediately after US treatment, no significant difference
in total phenolics was detected between the control and the processed lettuce. At 60 h of
storage, samples treated for 1 min of US showed 22.50% higher phenolics than the control,
which was accompanied by an increase in PAL activity, confirming that US induced the
activation of the phenylpropanoid metabolism. Samples treated with US showed higher
firmness during storage, while the color was not affected [30].

3.2.2. Strawberry (Fragaria x ananassa)

Strawberries were treated with US (33 kHz, 60 W, 25 ◦C) for different times (0, 10, 20,
30, 40, and 60 min) and stored for 15 days at 4 ◦C [31]. US-treated strawberries showed
higher ascorbic acid retention in the fruit, with decreases of 54.68, 36.68, 35.57, and 32.20%
observed for treatment times of 0, 10, 20, and 30 min, respectively. US increased total
phenolics on day 1. As the US time increased from 0 to 40 min, a significant increase (7.91%)
in total phenolics was quantified. However, 60 min US treatment decreased phenolic
content by 7.91%. Except for 60 min US treatment, total phenolics increased in both US
treated samples and the control.

Regarding the effect of HHP on the physiological and quality attributes of whole
strawberries, at day 15 an increase of 13.84, 4.32, 3.20, 3.50, 2.93, and 13.88% in pH value was
detected in samples subjected to US for 0, 10, 20, 30, 40, and 60 min, respectively. At day 15,
total soluble solids increased by 24.66, 21.43, 18.23, 17.07, 18.84, and 30.05% for US treatment
of 0, 10, 20, 30, 40, and 60 min, respectively. Immediately after treatment, color change (ΔE*)
values increased by 4.61, 5.25, 6.16, 7.94, and 11.29% for US treatments of 10, 20, 30, 40, and
60 min, respectively. Furthermore, US-treated strawberries showed better color retention
during storage, and fruit firmness was better retained in US (20–30 min) treated samples.
Microbial load also decreased with US treatment. Interestingly, as observed for mango
treated with HHP, strawberries subjected to US showed improved texture during storage.
This observation suggests that US could also activate PME, likely by promoting contact
between substrate and enzyme, leading to the production of pectates and pectin gelation.
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3.2.3. Carrot (Daucus carota)

Cuellar-Villarreal et al. [32] evaluated the effect of US (frequency 24 kHz, amplitude
100 mm) applied for 5 min at 20 ◦C, on the phenolic and carotenoid content in carrots
immediately after treatment and after storage (20 ◦C for 3 days). As an immediate response
to US, carrots showed 21.1% higher levels of total carotenoids as compared with the control.
After storage, carotenoid content decreased in carrots. However, US-treated samples
showed a lower decrease in carotenoid (−7.6%) than the control (−16.4%). US treatment
induced an immediate decrease in total phenolic content (−62.5%) compared with the
control. Moreover, after 3 days of storage, phenolic content in US-treated carrots increased
by 129.2%, whereas for control samples the phenolic content did not change. Chlorogenic
acid was the main phenolic compound that increased in US-treated whole carrots, which
showed 41.8% higher content at 1 day of storage than the control. Interestingly, US-treated
whole carrots at 3 days of storage showed the highest isocoumarin accumulation, 164.0%
higher than the control and 240.8% higher than the control before storage. It is well known
that isocoumarin exerts bitter flavor in carrots at 200 mg/kg [37]. However, the levels
detected in sonicated carrots were below the threshold for sensory perception (40 mg/kg).
The US-induced biosynthesis of phenolic compounds in carrots was confirmed by the
immediate increase (2.04-fold increase) in PAL gene expression detected after treatment,
which was accompanied by an increase in PAL enzymatic activity during the 0.5 days of
storage, which was 64.8% higher as compared with the control before storage. US induced
an immediate increase in respiration rate and higher levels of volatile organic compounds
compared with the control.

3.2.4. Broccoli (Brassica oleracea)

The US-induced accumulation of health-promoting compounds has also been evalu-
ated in broccoli [33]. The authors treated broccoli florets with US (20 min, frequency 24 kHz,
amplitude 100 μm) and stored (3 days at 15 ◦C) the ultrasonicated samples in the presence
of exogenous methyl jasmonate (MJ, 250 ppm) and/or ethylene (ET, 1000 ppm). As an
immediate response to US treatment, the extractability of glucosinolates (glucoraphanin
(795%), glucobrassicin (78.6%), and 4-hydroxy glucobrassicin (153%)) and phenolics (1-
sinapoyl-2-feruloylgentiobiose (57.23%)) was increased. Furthermore, at 3 days of storage,
broccoli florets treated with US and MJ showed the highest accumulation of gluconastur-
tiin (755.9%), neoglucobrassicin (232.8%), 4-hydroxy glucobrassicin (187.1%), glucoerucin
(111.92%), 1,2,2-trisinapoylgentiobiose (136.7%), 3-O-caffeoylquinic acid (73.4%), and 1-
sinapoyl-2-ferulolylgentiobiose (56.0%) as compared with the control. Likewise, ascorbic
acid content decreased during storage of broccoli florets; however, the combined appli-
cation of US, MJ, and ET reduced ascorbic acid degradation. These results indicate that
the combined application of US treatment and exogenous phytohormones resulted in an
effective strategy to induce the biosynthesis of glucosinolates and retain vitamin C content
during storage.

3.2.5. Common Bean (Phaseolus vulgaris) Sprouts

The application of US has also been explored as a pretreatment in seeds to improve
the content of health-promoting compounds and quality characteristics of sprouts. In this
context, common bean seeds were treated with US at different power (0, 180, and 360 W)
and time (0, 30, 45, and 60 min) before sprouting [34]. US-treated bean seeds and the control
were sprouted in darkness (at 25 ◦C) for 96 h in an incubator. At 96 h of sprouting, the accu-
mulation of total phenolic acids, flavonoids, and anthocyanins increased with the intensity
of the US treatment. Total phenolic acids, flavonoids, and anthocyanins were 1065.27%,
559.8%, and 1052.9% higher at 96 h of sprouting, respectively, in seeds treated with 360 W
(60 min) as compared with the control. US treatments decreased radicle emergence time,
increased radicle length (72.37%), and induced the maximum hypocotyl growth (60.44%)
when comparing 360 W (60 min) with the control at 96 h of sprouting time. Sprouting
percentage was enhanced by US treatment, with seeds treated with 360 W for 60 min
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showing the highest values at 36 h of sprouting. US enhanced the sprouting index and
vigor of samples, improving the quality characteristics of common bean sprouts. Hydrogen
peroxide production and the enzymatic activity of catalase, glutathione peroxidase, PAL,
and tyrosine ammonia-lyase were also higher during sprouting of seeds treated with 360 W
for 60 min as compared with the control, suggesting that US induced the biosynthesis of
phenolic compounds through a ROS-mediated mechanism.

3.2.6. Soybean (Glycine max) Sprouts

Soybean seeds were treated with US at different power levels (0, 100, 200, and 300 W,
40 kHz, for 30 min). The seeds were germinated at 30 ◦C for 5 days in darkness [35].
Gamma-aminobutyric acid (GABA) accumulated in higher concentrations in soybean
sprouts as US power levels increased, with sprouts from seeds treated at 300 W for 30 min
showing 43.5% higher GABA content compared with the control. US pretreatment in seeds
(300 W, 30 min) generated soybean sprouts with a lower content of daidzin (−79.62%)
and genistin (−70.95%), and higher content of daidzein (39.13%) and genistein (94.91%)
compared with the control sprouts, indicating that US application before germination
of soybean seeds induces the activation of glucosidases during sprouting, generating
isoflavone aglycones.

The germination rate and average length of soybean sprouts increased by 18.07% and
20.41%, respectively, after US (300 W, 30 min) compared with the control. US pretreatment
(300 W, 30 min) generated a reduction in lipoxygenase (LOX) activity by 36.22% and 55.57%
(depending on the LOX isomer), resulting in sprouts with improved odor and flavor.
Sprouts obtained from seeds treated at 300 W for 30 min showed the highest decrease in
IgE-binding potency (51.39%), indicating that US treatment induced the degradation of
allergens into peptides and amino acids. US pretreatment at 300 W resulted in soybean
sprouts with 98.78% less trypsin inhibitor.

3.2.7. Peanut (Glycine max) Sprouts

Yu et al. [36] evaluated the effect of US (28, 45, and 100 kHz for 15, 20, and 30 min)
as a pretreatment for germination in peanut seeds and determined the resveratrol content
during germination for 5 days (Table 2). The authors reported that the resveratrol content
of sprouts increased (980.1%) with prolonged US and soaking times, showing optimum
conditions at 20 min and 6 h, respectively. Germination rate increased for seeds treated with
100 kHz ultrasonic waves. The allergic protein content completely decreased at 3 days of
germination time by treating the seeds with 100 kHz for 20 min prior to germination. Thus,
in addition to increasing the content of health-promoting compounds, US pretreatment
decreases the natural antinutrient content in the seeds.

3.3. Pulsed Electric Fields (PEF)

The effect of moderate-intensity pulsed electric fields (MIPEF) on the accumulation
of health-promoting compounds has been evaluated in fruits and vegetables such as
apple [38], tomato [39–41], and carrot [42,43] (Table 3).
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3.3.1. Apple (Malus domestica)

Soliva-Fontuny et al. [38] treated whole apple fruits at 0.4–2 kV cm−1 using 5–35
monopolar pulses of 4 μs at a frequency of 0.1 Hz, corresponding to a specific energy
input of 0.008–1.3 kJ kg−1. The apples were stored at 4 and 22 ◦C for 48 h. MIPEF
treatment (0.008 kJ kg−1) induced an increase in total phenolic (13%) and flavan-3-ol (92%)
contents in fruits stored for 24 h at 22 ◦C, and in flavonoids (58%) in samples stored at
4 ◦C. The authors did not report quality characteristics or physiological measurements of
MIPEF-treated apples.

3.3.2. Tomato (Lycopersicon esculentum)

Tomato fruits were subjected to different electric field strengths (from 0.4 to 2.0 kV cm−1)
and number of pulses (from 5 to 30), and the content of phenolics and carotenoids was de-
tected after storage (4 ◦C for 24 h). Except for the 2 kV/cm treatment, MIPEF-treated tomatoes
showed a higher phenolic content after 24 h of treatment compared to the control [39,40].
This increase ranged from 6.6% (5 pulses at 0.4 kV/cm) to 44.6% (30 pulses at 1.2 kV/cm).
Accumulation of lycopene was detected after storage of MIPEF-treated tomato fruit, which
ranged from 0.6% (18 pulses at 2 kV/cm) to 31.8% (5 pulses at 1.2 kV cm−1) as compared with
non-treated tomato. Likewise, MIPEF treatments at 1.2 kV cm−1 and 30 pulses resulted in
the highest accumulation of caffeic acid-O-glucoside (170%), caffeic acid (140%), and chloro-
genic acid (152%). MIPEF treatments at 1.2 kV cm−1 and five pulses resulted on the highest
accumulation of α-carotene (93%), 9-cis-lycopene (94%) and 13-cis-lycopene (140%), respec-
tively. The authors did not report quality characteristics and physiological measurements of
MIPEF-treated tomato fruits [40].

In another study, González-Casado et al. [41] subjected tomato fruits at different
electric field strengths (40, 120, and 200 kV m−1) and number of pulses (5, 18, and 30 pulses).
Specific energy input ranged from 0.02 to 2.31 kJ kg−1. PEF-treated tomato fruits were
stored at 4 ◦C for 24 h. The highest increase in carotenoid content (50%) was achieved in
tomato fruits treated with an energy input of 2.31 kJ kg−1 (200 kV m−1 and 30 pulses).
MIPEF-treated tomatoes showed a significant increase in the respiration rate of tomato
fruit. Ethylene concentration was higher (53%) in fruits subjected to the lowest electric
field strength, whereas a further increase in PEF intensity resulted in depletion of ethylene
concentration. This result suggests that PEF could induce ethylene biosynthesis in even the
mildest conditions. Acetaldehyde synthesis was induced when tomatoes were subjected to
energy inputs higher than 0.38 kJ kg−1, indicating that the tissue was undergoing plant cell
death. Higher treatment intensities resulted in a more pronounced softening effect, with a
reduction in the firmness values of 80% observed in the fruits treated with the most intense
PEF conditions. Total soluble solids and pH values increased with treatment intensity.
Accumulation of sugars in PEF-treated tomatoes was attributed to a stress response in the
tissue related to osmoregulation to restore plant cell activity as well as with a PEF-induced
increase in the ripening process of the fruit [41]. Furthermore, the authors associated the
increase in pH with increased respiration induced by PEF, since organic acids are used
as substrates.

3.3.3. Carrot (Daucus carota)

Regarding carrots, López-Gámez et al. [42] treated the whole tissue with different
electric field strengths (0.8, 2.0, and 3.5 kV cm−1) and number of pulses (5, 12, and 30).
Samples were stored for 48 h at 4 ◦C, and the effects of PEF on phenolic content, cell
viability, texture softening, and color of carrots were determined (Table 3). The most
significant increase in phenolic content was observed at 24 h, after applying five pulses
of 3.5 kV cm−1 (39.5%) and 30 pulses of 0.8 kV cm−1 (40.1%). A correlation between the
specific energy input and cell viability was found. After applying 3.5 kV cm−1, viability
decreased by 87.5–79.4%. At 24 h, whole carrots treated with five pulses of 3.5 kV cm−1

and 30 pulses of 0.8 kV cm−1 showed texture softening with color preservation.
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Similarly, López-Gámez et al. [43] processed whole carrots in a PEF batch system
with five pulses of 350 kV m−1 (580 ± 80 J kg−1) and evaluated the treatment effect on
the phenolic profile, respiration rate, and color during storage (36 h at 4 ◦C) of the tissue.
Immediately after PEF treatment, the whole carrots showed a decrease in p-coumaric
acid (42.3%), protocatechuic acid (−78.1%), and ferulic acid (−56.3%). The maximum
accumulation of phenolics in whole carrots was reached after 24 h of PEF treatment,
showing a significant increase in total phenolics (80.2%), chlorogenic acid (74.9%), ferulic
acid (52.2%), and p-OH-benzoic (94.7%) acid as compared with the control. At 36 h of
storage, a decrease in phenolic content was observed. The application of PEF induced
an immediate increase in respiration rate after treatment. From 12 to 36 h, PEF-treated
carrots showed between 123–164% more CO2 production than untreated carrots. PEF did
not induce an immediate increase in production of volatile organic compounds in whole
carrots. However, at 12 h of storage, samples treated with PEF generated higher amounts
of acetaldehyde (7 pg kg−1 s−1), ethanol (68 ng kg−1 s−1) and ethylene (50 ng kg−1 s−1),
whereas these volatiles were not detected in untreated carrots. The authors attributed
the presence of acetaldehyde and ethanol to PEF-induced anaerobic metabolism related
to structural damage and intracellular content leakage. On the other hand, the increase
of ethylene was associated with serving as a stress signaling molecule that induces the
activation of secondary metabolism [43].

PEF application delayed the peak of maximum peroxidase enzymatic activity for
12 h. Pectin methylesterase (PME) activity increased during the first 12 h of storage
in the control, whereas PEF induced an immediate increase (164%) in enzyme activity,
which remained stable for the following storage time. Polygalacturonase (PG) activity
immediately decreased by 31–32% after treatment. PAL activity in untreated carrots
remained stable during storage, whereas PEF-treated samples showed a constant increase
in PAL activity, showing the highest increase (153%) at the end of the storage time. As
earlier described, PME strengthens vegetable tissues through cross-linking between pectin
chains, whereas PG activity is related to solubilization of pectic substances and softening in
many fruits and vegetables. Thus, the results indicate that a PEF-induced increase of PME
activity and an induced decrease of PG generates increased cell-wall rigidity in carrots [43].

4. Industrial Implementation and Economic Feasibility of Using Non-Thermal
Technologies as Tools to Enhance the Content of Health-Promoting Compounds in
Whole Fruits and Vegetables

For the last 20 years, NTTs have come a long way in technological development,
process optimization, industrial applicability, and consumer acceptability. HHP and PEF
have become widely used processing stages on industrial scales [44]. On the other hand,
US application in food and beverage processing is relatively new compared to HHP and
PEF. Although there are some uses of US on a large scale, there is still work to do to achieve
the same acceptability and industrial applicability as other NTTs. Nevertheless, these three
NTTs have proven to achieve enzyme and microbial inactivation, enhance shelf-life, and
preserve nutritional and nutraceutical properties in foods and beverages. Furthermore,
they may be used to enhance extractability and bioavailability in food matrixes [14].

Table 4 presents a qualitative comparison between HHP, PEF, and US processing
technology. Each technology is assessed in terms of scaling-up feasibility and cost of opera-
tion/maintenance. As mentioned before, HHP is a much more mature technology com-
pared to PEF and US, as it has been studied and optimized for more than 35 years [45,46].
This context is relevant when comparing these technologies. It can be expected that some of
the limitations or drawbacks associated with PEF and US will lessen as the technology de-
velops further. All three technologies can process in batch or continuous/semi-continuous
mode. Furthermore, as described in the previous section, all of them can process whole
fruits and vegetables.
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Table 4. Comparison between non-thermal technologies (high hydrostatic pressure, pulsed electric fields, and ultrasound)
in terms of their scaling-up feasibility and cost of operation/maintenance.

Non-Thermal Technology General Principle of Action Scaling-Up Feasibility
Cost of

Operation/Maintenance

High Hydrostatic Pressure
(HHP)

A high-pressure pump injects
liquid into a treatment

chamber where the product of
interest is located. High

pressure generates structural
changes in tissues, cells, and

molecules depending on
process conditions.

High
There is industrial equipment
that can process tens of tons

per hour.

High
Due to the mechanical

complexity of the equipment
and the constant wearing of
sealing components, the cost

of maintenance is
relatively high.

Pulsed Electric Fields (PEF)

Electrodes generate repetitive
short electric pulses in a

treatment chamber designed
for solids, suspensions, or

liquids. The pulsed electric
field generates changes in the
permeability of the cell wall
and cell membrane, causing

changes in metabolic flux and
cell viability depending on

process conditions.

Medium
There is equipment available
at industrial scales, although

processing capability is
somewhat limited compared

to HHP.

Medium
The equipment is robust in

general terms, and the
configuration of the electrodes

may enhance
energy efficiency.

Ultrasound (US)

Ultrasound waves are
generated, propagating
through a transmitting

medium. As the sound wave
propagates, the fluctuations in
pressure generate cavitation
(formation and collapse of
microbubbles), promoting
shear stress that affects the

integrity of cells and
molecules depending on

process conditions.

Low-Medium
Most of the equipment is still
at pilot-plant scale. Although

there are efforts for
application at larger scales,

the reach of sound wave
propagation seems to be a

limiting factor.

Medium
The equipment is robust in
general terms. The sound

source elements erode
constantly and must be
periodically replaced. A

fraction of the energy
dissipates as heat,

decreasing efficiency.

As mentioned above (Tables 1–3), NTTs can also be used as a tool to elicit the biosyn-
thesis of nutraceutical compounds in whole fruits and vegetables, enhancing their health-
promoting properties. This elicitation is promoted using process conditions that activate
the secondary plant metabolism without significantly affecting quality attributes (texture,
flavor, color, etc.). HHP, PEF, and US processing conditions to induce stress responses
on whole fruits and vegetables are milder than those needed for achieving microbial or
enzyme inactivation in processed foods. These milder processing conditions may represent
an additional advantage in terms of energy expenditure and equipment maintenance. The
processing conditions shown in Tables 1–3 can be applied at pilot-plant and industrial
scales to obtain whole fresh fruits (i.e., apples, mangoes, tomatoes, and strawberries) and
vegetables (i.e., carrots, broccoli, and lettuce) with enhanced levels of health-promoting
compounds such as carotenoids, phenolics, and glucosinolates, among others.

Consumer awareness of the benefits of consuming fruits and vegetables meeting de-
sirable quality attributes, safety requirements, and high nutraceutical value increases daily.
In such a way, having whole fresh produce with enhanced health-promoting properties is
undoubtedly of interest to most consumers. Regarding the economic point of view, it is
essential to reflect on how NTT processing may affect product price once in the market.
How much would it cost to process whole carrots with HHP to increase their content of
health-promoting compounds? Or mangoes? In order to calculate the processing cost,
it is necessary to consider aspects such as the energy demand of the equipment (kWh),

148



Foods 2021, 10, 2904

the cost of all inputs needed (such as the water for the treatment chamber), and the cost
of maintenance (estimated to be about 5% of the total inversion cost of the equipment
annually, as a rule of thumb). It is also necessary to define a scenario.

In this regard, let us suppose that the goal is to use HHP to process 30 tons of whole
carrots per day in order to enhance their health-promoting properties. HHP equipment
throughput at industrial scales typically ranges from 200 to 3500 kg/h. Given the process-
ing goal, equipment with an average throughput of 1500 kg/h would be adequate (20 h
processing time). Such HHP equipment would have an approximate annual maintenance
cost of USD 500,000 and an approximate power requirement of 230 kWh. HHP processing
of 30 tons of whole carrots per day would require about 30 m3 (1059 ft3) of water (the total
volume of the chamber minus the volume occupied by the product); this technical infor-
mation has been taken or estimated using commercial literature from an HHP equipment
supplier [47].

In this way, the cost for HHP processing of 30 tons of carrots per day (20 h processing
time) can be estimated, considering approximate electricity and water costs for industrial
consumers in the USA, as:

• Energy cost: 230 kWh ∗ USD 0.067/kWh ∗ 20 h/day = USD 308.20/day
• Water cost: 1059 ft3/day ∗ USD 0.011/ft3 = USD 11.65/day
• Maintenance cost: USD 500,000/year ∗ 0.0027 years/day = USD 1350/day
• Estimated HHP processing cost for 30 tons of carrots = USD 1669.85/day

For one kg of HHP-processed whole carrot, the cost is USD 0.056. In the USA, the
average price of one kg of fresh carrot is USD 1.19. Adding the HHP processing cost
to the average commercial price of carrots gives USD 1.246 per kg, or a 4.71% increase.
HHP-processed whole carrots with enhanced health-promoting properties could be easily
commercialized at a price 15–30% higher than non-processed carrots, validating the eco-
nomic feasibility of the process. This same analysis could be done with other NTT such
as PEF and US. A wide variety of fruits and vegetables (those included in Tables 1–3, as
well as many others) may be feasible for large-scale processing using NTT to enhance their
health-promoting properties, while preserving their quality attributes. These are exciting
times in the optimization and development of new NTT. This technology, used under
abiotic stress conditions, may soon constitute a widely-used strategy for enhancing whole
fruits and vegetables at a commercial (pilot-plant and industrial) scale.

5. Further Research Needs

As described in the previous sections, some scientific research is being performed to
evaluate the feasibly of using NTTs as abiotic elicitors in order to increase the content of
bioactive compounds in whole fruits and vegetables. However, most of the recent scientific
reports are focused on studying the effects of NTTs on either the accumulation of specific
secondary metabolites or on the quality and physiological parameters of the crop under
investigation. A holistic approach should be followed, considering advances in key applied
research aspects of the industrial application of NTTs as tools to increase the content of
health-promoting compounds in whole fruits and vegetables. Figure 2 summarizes the
holistic approach proposed herein to determine the feasibility of NTTs as tools to improve
the content of bioactive compounds in whole fruits and vegetables.

When selecting the fruit or vegetable to investigate, it is essential to consider if it
is climacteric or non-climacteric. As observed in the cited research (Tables 1–3), NTT
effects on whole fruits and vegetables are tissue-dependent. For instance, in the case of
climacteric crops, postharvest ripening could be decreased depending on the processing
condition selected. Therefore, it is important to evaluate the physiological attributes of
the fruit or vegetable to increase the understanding of the response of the tissue at the
physiological level. The selected NTT processing conditions should be mild, in order
to induce a stress response in the plant cell while maintaining its viability. Conditions
proposed for evaluation are highlighted in Figure 2. The effect of NTT treatment on
bioactive plant components, quality, and the physiological attributes of the whole fresh
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produce under investigation should be evaluated both immediately after processing and
during storage. Evaluating the immediate effect of NTT processing determines the most
intense processing conditions that can be applied in the tissue while retaining essential
quality attributes and cell viability.

Figure 2. Key aspects to consider when determining the feasibility of an NTT to enhance the content of health-promoting
compounds in whole fruits and vegetables while preserving quality attributes. More fundamental knowledge is needed
to advance the industrial application of NTTs as abiotic elicitors. Abbreviations: HHP, high hydrostatic pressure; US,
ultrasound; PEF, pulsed electric fields; NTT, non-thermal technology.

Once the whole tissue is treated with the NTT under investigation, the fruit or veg-
etable should be stored under adequate conditions used for their commercialization in
order to determine the effect of the applied conditions on the biosynthesis of bioactive
compounds and on the physiological and quality attributes during storage of the crop,
which allow for determining its shelf-life. Physiological attributes proposed for evaluation
immediately after processing and during storage include respiration rate, ethylene produc-
tion, oxidative stress, cell viability, expression of secondary metabolite biosynthesis genes,
and enzyme activity related to quality and biosynthesis of secondary metabolites. Likewise,
quality parameters suggested for evaluation in the processed whole tissue include sensory
acceptability, color, texture, soluble solids, pH, and microbial counts; in the specific case of
seed treated with NTTs as pretreatments for germination, measurement of the content of
natural antinutrients in the sprouts is also suggested.

Based on the results obtained regarding the effects of NTTs on secondary metabolite
content and on physiological and quality attributes evaluated immediately after processing
and during storage, the technological feasibility of using an NTT on the selected crop
can then be determined. The economic feasibility of bioprocessing should be carefully
considered when proposing the commercialization of whole fruits and vegetables treated
with NTTs. The holistic approach to evaluating the technical and industrial feasibility
of NTT as abiotic elicitors presented herein will allow the advancement of this research,
taking these functional whole fruits and vegetables from the laboratories to the market.

6. Conclusions

Herein, an update regarding recent research reporting the use of NTTs as abiotic
elicitors to induce the biosynthesis of health-promoting compounds in whole fruits and
vegetables has been presented. Results from the reviewed literature demonstrate that
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NTT application under certain conditions in different crops results in the development of
next-generation whole fruits and vegetables with improved bioactive compound contents
and enhanced shelf-life. Moreover, the analysis presented regarding the industrial imple-
mentation and economic feasibility of NTT application in obtaining functional whole fruits
and vegetables is positive, providing motivation for the scientific community to continue
researching this fascinating emerging research field.

Although this paper has focused on potential industrial implementation of NTT for
enhancing the health-promoting properties of whole fruits and vegetables, it may also be
interesting to explore scenarios in which consumers are the ones applying NTT in their
homes. Would it be possible to have affordable, practical, and safe-to-use countertop NTT
equipment for residential use, allowing home processing of whole fruits and vegetables
in order to increase their nutraceutical value? Currently, commercial US equipment for
residential use (not necessarily designed for food applications) may partially meet the
processing conditions at which abiotic stress is elicited in whole fruits and vegetables.
Would it be possible to have residential PEF or HHP equipment adapted to the typical
home food preparation process? This “Do-It-Yourself (DIY)” approach to NTT processing
should be further explored in order to assess its technical and economic feasibility.
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Abstract: We propose the application of pulsed electric fields (PEF) to carrots to obtain derived
products with increased phenolic and carotenoid bioaccessibility. For this purpose, juices, purees,
and oil-added purees were obtained from whole PEF-treated carrots (five pulses of 3.5 kV cm−1;
0.61 kJ kg−1). In order to obtain shelf-stable products, the effect of a thermal treatment (70 ◦C for
10 min) was also studied. Carrot juices exhibited the highest carotenoid (43.4 mg/100 g fresh weight)
and phenolic (322 mg kg−1 dry weight) contents. However, caffeic and coumaric acid derivatives
were highly sensitive to PEF. The phenolic bioaccessibility reached 100% in purees obtained from the
PEF-treated carrots, whereas the further thermally treated oil-added purees exhibited the greatest
carotenoid bioaccessibility (7.8%). The increase in carotenoid bioaccessibility could be related to their
better release and solubilization into micelles. The results suggest that food matrix aspects apart from
particle size (e.g., pectin characteristics) are involved in phenolic bioaccessibility.

Keywords: carotenoids; phenolic compounds; puree; juice; bioaccessibility; pulsed electric fields;
carrot; microstructure; quality attributes

1. Introduction

Today’s life pace leads consumers to increasingly demand healthier minimally pro-
cessed products that are easy to prepare and consume. Carrots are one of the most con-
sumed vegetables worldwide, and are, thus, a significant source of antioxidants, including
carotenoids and phenolic compounds. Clinical studies have demonstrated that α-carotene
and β-carotene, the most abundant carotenoids in carrots, can prevent suffering atheroscle-
rosis, cancer, or macular degeneration [1]. Likewise, chlorogenic acid, the main phenolic
compound found in carrots, possesses anti-diabetic and cardioprotective properties [2].
Therefore, due to their health-promoting properties, carrots are a potential commodity for
developing functional derived products and meeting consumer demands.

Both carotenoids and phenolic compounds are usually enclosed by cell walls and
organelle structures that hinder their release during digestion. Bioaccessibility refers
to the percentage of a compound released from the food matrix and absorbed during
digestion [3], which is more important than the actual content in a food matrix. The
chemical structure, concentration, matrix structure, and processing are the most important
factors that determine bioactive compound bioaccessibility [4]. Therefore, mechanical
and thermal processes could disrupt the natural matrix, thus, modifying their further
bioaccessibility [4,5].

A decrease in the particle size and depolymerization of pectin has been shown to
improve β-carotene bioaccessibility in carrot purees [6–8]. Furthermore, carotenoid micel-
larization is conditioned by different factors, such as oil addition [9] and the application of
thermal treatments [6]. Nonetheless, some studies have reported that cell wall fragments
formed after thermal treatments may entrap carotenoids and compromise their bioaccessi-
bility [10]. The bioaccessibility of phenolic compounds has been reported to increase in
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thermally treated grape and orange juices, whereas it was shown to decrease in pomelo
(80 ◦C for 30 min) and fruit juice-based beverages (90 ◦C for 1 min) [11–13]. Information
about the effect of the presence of oils and fats on phenolic bioaccessibility is limited since
they are hydrophilic compounds that do not require micellarization prior to intestinal
uptake. However, some literature works reported a positive effect when whole milk was
added to juices [11–13].

Pulsed electric fields (PEF) is a non-thermal processing technology that delivers short
pulses (ms or μs) of electric energy to a food product that is located between two elec-
trodes. Electropermeabilization causes reversible or irreversible structural changes in the
matrix depending on the applied intensity. Low and moderate intensities (0.1–5 kV cm−1,
0.5–20 kJ kg−1) have been reported to trigger a stress defense response in plant tissues,
leading to the accumulation of bioactive compounds (e.g., carotenoids and phenolic com-
pounds) in fruit and vegetables [14–16].

On the other hand, severe changes in structure may facilitate the extraction of bioactive
compounds and, consequently, their bioaccessibility [17,18]. Results regarding the appli-
cation of PEF to whole apples [19], tomatoes, and carrots to enhance the bioaccessibility
of carotenoids and phenolic compounds are promising, suggesting that derivates, such
as juices or purees, with higher and more bioaccessible antioxidant compounds, could be
obtained from these commodities [20,21].

Therefore, the main aim of this study was to investigate the feasibility of applying PEF
to whole carrots as a pre-treatment to enhance the bioaccessible fractions of carotenoids
and phenolic compounds in different shelf-stabled derived products (juices, purees, and
oil-added purees). Additionally, the influence of applying PEF and further processing
strategies on the quality attributes, microstructure, and bioactive contents was investigated.

2. Materials and Methods

2.1. Chemicals and Reagents

HPLC grade methanol, acetone, and methyl tert-butyl ether were acquired from
Fisher Scientific Scharlau Chemie (Loughborough, UK). Sodium chloride was purchased
from POCH S.A. (Sowińskiego, Poland). Ultrapure water was obtained with a Milli-Q
system (Millipore Ibérica, Madrid, Spain). Ammonium carbonate, acetonitrile, hexane,
ethanol (HPLC grade), magnesium chloride hexahydrate, acetic acid, and ammonium
acetate were acquired from Scharlab (Sentmenat, Spain). Butyl hydroxytoluene (BHT) was
purchased from Scharlau Chemie S.A. (Barcelona, Spain). Calcium chloride dihydrate was
obtained from Merck (Darmstadt, Germany). Sodium hydrogen carbonate and potassium
dihydrogen phosphate were acquired from VWR (Llinars del Vallès, Spain). Potassium
chloride was obtained from Panreac (Castellar del Vallès, Spain). Digestive enzymes
(porcine pepsin, porcine bile extract, porcine pancreatin, and porcine lipase) were acquired
from Sigma-Aldrich (Darmstadt, Germany).

Caffeic acid, ferulic acid, and p-coumaric acid commercial patterns were obtained
from Sigma-Aldrich (St. Louis, MO, USA). B-carotene standard was acquired from Carote-
Nature (Ostermundigen, Switzerland), and α-carotene was acquired from Supelco-Merck
(Darmstadt, Germany).

2.2. Carrot Samples

Carrots (Daucus carota cv. Nantes) (17 ± 2 cm and 106 ± 7 g) were purchased in
a local supermarket (Lleida, Spain) and stored at 4 ◦C within a week until processing.
Carrots were washed with tap water, and the excess was removed with a paper cloth before
PEF application.

2.3. Pulsed Electric Fields (PEF) Treatments

PEF treatments were conducted in a batch PEF system (Physics International, San
Leandro, CA, USA) equipped with a TG-70 gas control unit and a PT55 pulse generator
(Pacific Atlantic Electronics Inc., El Cerrito, CA, USA). The system delivers exponential
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pulses of 4 μs from a capacitor of 0.1 μF at a frequency of 0.1 Hz. The treatment chamber
consists of a parallelepiped methacrylate container with two parallel stainless-steel elec-
trodes (20 × 5 cm) separated by a gap of 5 cm. Whole carrots (0.1 kg) were immersed in
an aqueous solution (conductivity of 10 μS cm−1) and placed in parallel to the electrodes.
Then, carrots were subjected to five pulses of 3.5 kV cm−1 (0.61 kJ kg−1) and were stored at
4 ◦C for 24 h. The treatment conditions were selected based on previous results in which
phenolic and carotenoid bioaccessibilities were enhanced in whole carrots [20].

The specific energy input was calculated based on Wiktor et al. [22], and the medium
temperature was measured after treatment application to ensure that it remained constant
after PEF application.

2.4. Preparation of Carrot Derived Products

Untreated and PEF-treated carrots were washed with tap water, and the excess was
removed with a paper cloth before discarding their top and bottom ends. Two types of
puree were obtained: one batch from untreated (U) and the other from PEF-treated carrots
(PEF). Purees were prepared by mixing approximately 500 g of 1-cm thick carrot slices with
water (1:1) (w/w) in a food processor (Taurus Mycook) operated with the crushing function
at full power in two 10-s intervals.

To prepare oil-added carrot purees, extra virgin olive oil (Borges Branded Foods,
S.L.U., Tàrrega, Lleida, Spain) was added (5% w/w), and the homogenates were stirred for
15 min at 8000 rpm with an Ultra-Turrax IKA equipped using a 3-blade stirring rod. The
olive oil included 0.86 mg/100 g fresh weight (FW) of α-carotene, 2.59 mg/100 g FW of
β-carotene, 0.18 mg kg−1 dry weight (DW) of coumaric acid, 0.02 mg kg−1 DW of caffeic
acid, and 0.02 mg kg−1 DW of ferulic and isoferulic acids.

Two types of carrot juices were obtained from approximately 500 g of 1-cm thick
carrot slices using a cold blender (Imetec Succovivo SJ1000 coupled to a filter of 0.4 mm).
One batch was obtained from untreated carrots and another from PEF-treated carrots
(0.61 kJ kg−1). The resulting purees and juices were divided into two fractions, that were
thermally treated (U/T or PEF/T) or remained unheated (U or PEF) as a reference for the
former treatments.

Thermal treatment was applied in order to inactivate pectin methylesterase and
peroxidase activities [23–25], thus, obtaining stable products. Carrot purees or juices (200 g)
were packed in re-sealable polyethylene bags (20 × 15 cm) and heated in a water bath
for 10 min at 70 ◦C. The product temperature was monitored during treatment to assure
that the purees/juices did not exceed 70 ◦C. Thereafter, the purees were cooled under a
constant flow of cold water for 3 min. Aliquots (20 mL) of the non-digested fractions were
stored at −40 ◦C until the extraction and analysis of carotenoids were performed. Then,
the samples were freeze-dried in order to extract the phenolic content. Additional aliquots
(20 mL) were subjected to an in vitro digestion to determine their carotenoid and phenolic
contents in digesta.

2.5. Evaluation of Quality Attributes

The color was evaluated by measuring the CIEL* a* and b* parameters with a col-
orimeter (Minolta CR-400, Konica Minolta Sensing, INC., Osaka, Japan). The total color
difference (ΔE) was also calculated using Equation (1).

ΔE = [[(L* − L*0)2 + (a* − a*0)2 + (b* − b*0)2]]0.5 (1)

where L*0, a*0, and b*0 refer to untreated carrot products and L*, a*, and b* correspond to
the data collected after treatments.

The pH was assessed in products using a pH meter (Crison Instruments S.A., Alella,
Barcelona, Spain). The total soluble solids (TSS) was measured using a refractometer (Atago
Company Ltd., Tokyo, Japan) and expressed as % of the total soluble solids.
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2.6. Particle Size Distribution

A Mastersizer 3000™ (Malvern Instruments Ltd., Worcestershire, UK) was used to
measure the particle size distribution of juices and purees. The results were expressed in
terms of the volume and surface diameter, D [4, 3] and D [3, 2], respectively. The refractive
index of water was 1.33, and particle calculation was set for irregular particles.

2.7. Microstructure

The microstructure was investigated using a light microscope (BX41, Olympus, Göt-
tingen, Germany) equipped with UIS2 optical system. We mounted 10 μL drops on glass
slides without staining and microscopically observed them. A general inspection of the
samples was made, and representative photos were taken with the 10× lens. All images
were processed using the instrument software Olympus CellSense (Barcelona, Spain).

2.8. In Vitro Digestion

The in vitro digestion procedure was performed according to the standardized COST
Infogest protocol [26], in which electrolyte and enzymatic solutions to simulate the phases
of human digestion are described. Digestions were performed in darkness, in the absence
of oxygen (bottles were flushed with nitrogen gas) in an orbital incubator (Ovan, Badalona,
Spain) at 37 ◦C and 120 rpm. Electrolyte concentrations and enzyme activities were
prepared following the indications provided by Minekus et al. [26], and blank samples
consisting of water instead of carrot products, were made in identical conditions.

The oral phase was omitted due to the very short residence times of purees and juices
in the oral cavity [26]. Then, the gastric phase started by adding 20 mL of simulated gastric
fluid (pH 3 and 37 ◦C) and pepsin to 20 g of juice/puree. This mixture was incubated
at 37 ◦C for 2 h in agitation. The duodenal phase was initiated by inserting a cellulose-
membrane dialysis bag (molecular weight cut-off 12,000 Da, Sigma-Aldrich, St. Louis,
MO, USA), which contained simulated intestinal fluid (pH 7 and 37 ◦C). This dialysis bag
simulates the intestinal epithelium, and it harbors phenolic compounds released from the
matrix (bioaccessible fraction) [19,26].

After 30 min of incubation, the pH was adjusted to 7, and a solution containing
simulated intestinal fluid (pH 7 and 37 ◦C), bile extract, pancreatin (and lipase in case of
purees containing oil) was added and the mixture was further incubated for 2 h. At the end
of digestion, the dialysis bags were rinsed with distilled water until clean, and its contents
were collected. The remaining digesta, which contained carotenoid compounds, was
centrifuged at 5000× g for 15 min at 4 ◦C [27–29], and the supernatant was also collected.
Digested fractions were freeze-dried and stored at −40 ◦C until analysis.

2.9. Carotenoids Determination
2.9.1. Carotenoids Extraction

Carotenoids were extracted following the method described by Sadler et al. [30], with
slight modifications. An extraction solution (50 mL) composed of hexane:acetone:ethanol
(50:25:25) and 1 g·L−1 BHT was added to carrot puree (2 g) or juice (1 g) and was stirred for
20 min. Then, 15 mL of NaCl (10% (w/v)) solution was added, and the samples were stirred
for 10 additional minutes. The samples were left to stand for ≥3 minutes, and the upper
organic phase was microfiltered across a nylon filter (0.45 μm, ø 13 mm, Labbox Labware
S.L., Barcelona, Spain) and analyzed using High-Performance Liquid Chromatography
with Diode Array Detection (HPLC-DAD).

Recovery of the carotenes from the micellar digested fraction was performed by
adding 5 mL of the extraction solution to 0.2 g of freeze-dried digesta. After that, the
samples were vortexed for 20 s, and 1 mL of NaCl solution (10% (w/v)) was added. The
samples were vortexed for another 20 s and centrifuged at 4000× g for 5 min [29]. An
aliquot of the upper organic phase was microfiltered across a nylon filter (0.45 μm, ø 13 mm,
Labbox Labware S.L., Barcelona, Spain) and analyzed by HPLC using the same method as
for non-digested fractions.
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All extractions were performed in duplicate, and the samples were protected from light
throughout extraction and analysis to avoid carotenoid degradation and isomerization.

2.9.2. Identification and Quantification of Carotenoids by HPLC-DAD

The carotenoids were quantified by HPLC-DAD, following a procedure validated by
Cortés et al. [31]. The HPLC system was equipped with a 600 Controller, a 486 Absorbance
Detector, a thermostatic column compartment, and a 717 Plus Auto Sampler with a cooling
system (Waters, Milford, MA, USA). An aliquot of 20 μL of the extracted samples was
injected and the carotenoids were separated using a reverse-phase C18 Spherisorb ODS2
(5 μm) stainless steel column (4.6 × 250 mm).

The mobile phase consisted of: (A) methanol/ammonium acetate 0.1 M, (B) milli-Q
water, (C) methyl tert-butyl ether, and (D) methanol. The flow rate was fixed at 1 mL min−1,
and the total run time was 60 min. The column was set at 30 ◦C, while sample amber vials on
the autosampler were preserved at 4 ◦C. Identification was carried out by UV–vis spectral
data and their retention times [31]. Carotenoids were quantified by using calibration curves
and integrating peak areas. The results are expressed on a fresh weight basis.

2.10. Phenolic Compounds Determination
2.10.1. Phenolic Compounds Extraction

Phenolic compounds were extracted from freeze-dried non-digested or digested carrot
puree/juice (0.2 g). For non-digested juices and digested fractions of purees and juices,
1 mL of methanol (80:20 v/v) was added, whereas 1.5 mL was needed for the non-digested
purees. The samples were vortexed for 1 min and then centrifuged (16,209× g, 15 min, 4 ◦C).
The clear supernatant was microfiltered using polyvinylidene difluoride (PVDF) filters
(0.2 μm) (Scharlab, Barcelona, Spain) prior to injection into the chromatographic system.

2.10.2. Identification and Quantification of Phenolic Compounds by Ultra-Performance™
Liquid Chromatography (UPLC-MS/MS)

Phenolic compounds and their generated metabolites were determined in methanolic
extracts obtained from freeze-dried non-digested or digested fractions. AcQuity Ultra-
Performance™ liquid chromatography (UPLC) coupled to a triple quadrupole detector
(TQD) mass spectrometer (Waters, Milford, MA, USA) was used. The analytical column
was an AcQuity BEH C18 column (100 × 2.1 mm i.d., 1.7 μm), equipped with a VanGuard™
Pre-Column AcQuity BEH C18 (2.1 × 5 mm, 1.7 μm). During the analysis, the column was
kept at 30 ◦C, and the flow rate was 0.3 mL min−1.

Mobile phases were acetic acid (0.2%) and acetonitrile (Table 1). Tandem MS analyses
were carried out on a triple quadrupole detector (TQD) mass spectrometer (Waters, Milford,
MA, USA) equipped with a Z-spray electrospray interface (ESI). Ionization was achieved
using the electrospray interface operating in the negative mode [M−H]−, and the data
were acquired through selected reaction monitoring (SRM). The dwell time established for
each transition was 30 ms. Data acquisition was carried out with the MassLynx 4.1 software
(Milford, MA, USA).

2.11. Bioaccessibility Calculation

The bioaccessibility of individual compounds was determined using Equation (2), and
results are expressed as a percentage.

Bioaccessibility (%) = CCdigested/CCnon-digested × 100 (2)

where CCdigested corresponds to the overall concentration of each compound in the ab-
sorbable fraction and CCnon-digested is the concentration in non-digested samples.

The carotenoid bioaccessibility was calculated referring to the concentration found
in the digested micellar fraction, whereas the phenolic compound bioaccessibility was
calculated in reference to their concentration in the dialyzed digested fraction.
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Table 1. Chromatographic conditions for phenolic compounds identification by UPLC.

Time (min) Acetic Acid (0.2% v/v) (%) Acetonitrile (%)

0 95 5

5 90 10

10 87.6 12.4

18 72 28

21 15 85

23 0 100

25.5 0 100

27 95 5

30 95 5

2.12. Statistical Analysis

Statistical analyses were carried out using the SigmaPlot 11.0 software (Systat Software
Inc., Chicago, IL, USA). Three different replicates were submitted to each assayed treatment
condition, and each analysis was conducted thrice, excepting the extraction and determina-
tion of phenolics and carotenoids, which were conducted twice. The results are reported as
the mean ± standard deviation and were subjected to an analysis of variance (ANOVA)
followed by the Tukey post hoc test to establish statistical differences among treatments. A
two-way ANOVA was carried out for establishing differences between derived products.
In the case where the results showed no homogeneity in their variance, they were subjected
to ANOVA on ranks by the Kruskal–Wallis test. The statistical significance level was set up
at p < 0.05.

3. Results

3.1. Quality Attributes

The quality attributes from differently treated carrot juices and purees are shown in
Table 2. The TSS and pH were not generally influenced either by PEF treatment or by
further processing conditions, although the color was differently affected. PEF application
to carrot matrix did not cause significant changes in the L* or a* values of any carrot-
derived product, although b* was lower in juices. Hence, the ΔE value of PEF purees
was 1.6, whereas that of PEF juices reached 3.8. In the latter case, color changes would be
visually apparent, as ΔE > 2 have been reported to be noticeable by consumers [32]. Similar
results were reported by Aguiló-Aguayo et al. [33] and Xiang et al. [34] in PEF-treated
carrot purees and juices, respectively.

Oil addition and thermal treatment also affected the color of different products. On
the one hand, oil addition increased the values of the CIEL*a*b* coordinates compared to
purees without added oil. These differences would be detectable by consumers, given that
ΔE values were between 3.3 and 4.7. On the other hand, the temperature did not affect
the L* nor b* in any derived product. However, thermally treated juices (U/T and PEF/T)
exhibited higher a* values than those untreated, and the ΔE values were higher than 2.
Moreover, U/T and PEF/T oil-added purees had lower a* compared with untreated ones.

Color differences could be associated with the disruption of cells and the breakage of
the chromoplast carotenoid–protein complexes, leading to the release of carotenoids [33,35].
Likewise, non-enzymatic Maillard reactions could also be responsible for color changes
after thermal treatments, since carrot juice had greater sugar contents, and high tempera-
tures could favor this reaction [36]. In addition, Mutsokoti et al. [37] demonstrated that
carotenoid transfer to oil was enhanced by thermal treatments, although carotenoid degra-
dation was also more pronounced in the presence of oil [38], which could explain the
decrease in a* values.
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Table 2. Quality attributes and particle size of untreated carrot purees and juices (U), those obtained from PEF-treated
(0.61 kJ kg−1) carrots (PEF), and those thermally treated (10 min at 70 ◦C) (U/T and PEF/T).

Product Treatment L* a* b* ΔE pH TSS (%) D [4, 3] (μm) D [3, 2] (μm)

Puree

U 41.3 ± 0.3 a,A 11.0 ± 0.3 a,A 24.4 ± 0.2 a,A - 6.4 ± 0.1 a,b,c,A 3.6 ± 0.3 a,A 596 ± 12 a,A 207 ± 48 a,A

PEF 40.5 ± 0.1 a,A 10.3 ± 0.1 a,A 23.1 ± 0.2 a,A 1.6 ± 0.2 a,A 6.5 ± 0.1 b,A 3.4 ± 0.2 a,A 589 ± 16 a,A 183 ± 34 a,A

U/T 42.0 ± 0.2 a,A 10.4 ± 0.5 a,A 24.3 ± 0.5 a,A 1.3 ± 0.1 a,A 6.1 ± 0.1 d,A 3.7 ± 0.0 a,A 608 ± 11 a,A 472 ± 20 b,A

PEF/T 41.0 ± 0.4 a,A 9.9 ± 0.5 a,A 23.1 ± 0.8 a,A 1.8 ± 0.7 a,A 6.3 ± 0.0 c,A 3.5 ± 0.3 a,A 601 ± 12 a,A 431 ± 53 b,A

Oil-added
puree

U 56.0 ± 1.7 a′ ,B 15.2 ± 0.7 a′ ,B 44.8 ± 1.9 a′ ,B - 6.3 ± 0.0 a′ ,A 4.0 ± 0.6 a′ ,A 449 ± 41 a′ ,B 15 ± 3 a′ ,B

PEF 55.7 ± 0.3 a′ ,B 14.5 ± 0.5 a′ ,b′ ,B 45.6 ± 3.9 a′ ,B 3.3 ± 2.4 a′A 6.4 ± 0.1 a′ ,A 3.8 ± 0.4 a′ ,A 422 ± 15 a′ ,B 13.8 ± 2.0 a′ ,B

U/T 55.3 ± 0.7 a′ ,B 13.8 ± 0.4 b′ ,B 45.6 ± 3.9 a′ ,B 3.6 ± 1.9 a′ ,B 6.0 ± 0.0 b′ ,A 4.2 ± 0.4 a′ ,A 460 ± 30 a′ ,B 20 ± 4 a′ ,B

PEF/T 55.2 ± 0.7 a′ ,B 12.4 ± 0.9 d′ ,B 47 ± 3 a′ ,B 4.7 ± 2.1 a′ ,B 6.1 ± 0.0 c′ ,B 3.9 ± 0.1 a′ ,A 408 ± 39 a′ ,B 16 ± 4 a′ ,B

Juice

U 43.0 ± 0.5 a” 15.8 ± 0.7 a”,b” 29.2 ± 0.7 a” - 6.2 ± 0.1 a” 8.2 ± 0.5 a” 487 ± 43 a” 66 ± 17 a”,b”

PEF 41.3 ± 0.3 a” 13.4 ± 0.7 a”,b” 26.9 ± 0.7 b” 3.8 ± 1.9 a” 6.2 ± 0.1 a” 8.2 ± 06 a” 499 ± 4 a” 74.3 ± 0.9 a”

U/T 40.7 ± 2.3 a” 18.6 ± 1.6 c” 28.1 ± 1.3 a”,b” 4.8 ± 1.7 a” 6.1 ± 0.0 a” 7.7 ± 0.4 a” 359 ± 48 b” 32 ± 2 b”

PEF/T 41.7 ± 0.3 a” 17.9 ± 0.6 c” 27.7 ± 0.7 a”,b” 2.86 ± 0.2 a” 6.3 ± 0.2 a” 7.5 ± 0.2 a” 408 ± 61 b” 46 ± 3 b”

Values are means ± standard deviation. Different letters in the same column within the same product indicate significant (p < 0.05)
differences among treatments (puree: lowercase letters, puree with oil: lowercase letters′, and juice: lowercase”). Different uppercase letters
in the same row indicate significant differences between both purees. L*: lightness, a*: redness, b*: yellowness, ΔE: total color difference,
TSS: total soluble solids, D [4, 3]: mean volume diameter, and D [3, 2]: mean surface diameter.

3.2. Particle Size Distribution

The mean particle size of differently treated carrot-based products is displayed in
Table 2. Purees were constituted by 3–5% of particles smaller than 100 μm, which may
suggest that they were mainly formed by cell fragments or single cells since carrot cell size
has been reported to average ca. 125 μm [7]. On the other hand, juices had between 13–17%
of particles below 100 μm, which is likely due to the removal of cell clusters during juicing.
Hence, juices mainly contained small fragments of disrupted tissue and cells.

PEF treatment before further processing did not cause significant changes in the
mean particle size of any derived product. Untreated and PEF juices were characterized by
D [3, 2] of 66 ± 17 μm and 74.3 ± 0.9 μm, respectively. Otherwise, untreated and PEF purees
showed D [3, 2] = 207 ± 48 μm and 183 ± 34 μm, respectively. Some authors reported that
PEF treatment may facilitate juice-pressing due to structural rearrangements. Thus, derived
products with smaller particle sizes than those untreated could be obtained [39]. However,
the results from this work suggest that PEF treatment was not intense enough to cause a
lower resistance to mechanical load and promote changes in particle size. Similarities in
particle size distribution between PEF and untreated products could indicate that they will
have similar stability during storage.

Thermal treatments (U/T and PEF/T) caused changes in the area-based mean diameter
of juices and purees without oil, whereas those with oil added were not affected. Purees
showed higher D [3, 2] values (472 ± 20 and 431 ± 53 μm) compared to those of untreated
purees (207 ± 48 μm). This increase in the size of small particles after thermal treatments
has been reported in thermally treated tomato suspensions [40], which was attributed to
the swelling of cells or the formation of aggregates from cellular components [10].

However, it could also mean that the largest cell clusters were disintegrated in smaller
cell aggregates, which increased D [3, 2]. On the other hand, juices (U/T and PEF/T) had
between 29–34% of particles below 100 μm and D [3, 2] in the range of 32–46 μm. These
results indicate that thermal treatments increased the number of small particles, reducing
the mean particle size (D [3, 2]). This was also observed in pasteurized orange juices [41,42].
Thermal treatments between 65 and 95 ◦C have been reported to cause disruptions between
chromoplast membrane structures and/or carotenoid protein interactions, which could
cause a decrease in the particle size of juices [10,43].

On the other hand, the particle sizes (D [4, 3] and D [3, 2]) of oil-added purees were
significantly lower than that of purees without oil. Oil-added purees had between 29–37%
of particles below 100 μm. These values indicate that purees would be mainly formed
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by cell fragments or single cells together with oil droplets (20 μm) [7]. Any treatment
affected the oil-added purees particle size. These results were likely highly influenced
by the presence of oil droplets, which likely has a major influence on the particle size
distribution and masked changes in the particle size of purees.

3.3. Microstructure

The microstructure of juices, purees, and oil-added purees is shown in Figure 1. Both
purees showed clusters of whole cells with carotenoids inside. On the other hand, whole
cells were rarely detected in juices (Figure 1) given that cells and chromoplasts are likely
comminuted during processing. Juices are mainly composed of cloud particles of different
densities formed by chromoplast fragments and carotenoids, which was verified through
isopycnic gradient centrifugation by Marx et al. [44].

Figure 1. Representative light micrographs of juices and purees obtained from untreated carrots (U),
obtained from PEF-treated (0.61 kJ kg−1) carrots (PEF) and thermally treated (10 min at 70 ◦C) (U/T
and PEF/T).

The application of PEF to whole carrots did not cause significant changes in the
microstructure of the obtained juices. However, PEF purees showed some starch grains
inside cells that were absent in untreated purees. Gómez Galindo et al. [45] demonstrated
that PEF can trigger changes in the hexose pool due to stress induction. Specifically, it
could have affected the AGPase activity, which is involved in starch biosynthesis, or starch-
degrading enzymes [46]. To the best of our knowledge, microstructural studies of derived
products obtained from PEF-treated matrices are limited. However, some authors have
observed irregular cell walls, such as folds and loss of smoothness in PEF-treated whole
tomatoes and carrots [18,47].

Thermal treatment of the derived products was shown to lead to the presence of
thin cell walls in purees, probably as a consequence of depolymerization and pectin
degradation [48]. Additionally, temperature likely favors interactions between dissolved
particles [49], which would explain the increases in particle size, D [3, 2] (Table 2). On
the other hand, thermally treated juices had a greater content of small particles than
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those untreated or PEF. Temperatures between 65–95 ◦C are able to break carotenoid-
chromoplasts complexes [43], which could explain the decrease in particle size (Table 2)
and increased carotenoid release (Figure 1).

The oil-added purees showed lipid droplets surrounding carrot clusters (Figure 1). Oil
was especially internalized in thermally treated and PEF purees, given that the disruption
of cell membranes may facilitate the efflux and influx of intra- and extracellular content.
These results have been previously reported in excipient emulsions of olive oil and tomato
by Li et al. [50], who attributed this lipid entry to capillary forces generated by pores in
tissues [51].

3.4. Carotenoid Content

The carotenoid contents from differently treated products are shown in Figure 2. PEF
application to whole carrots did not affect the content nor carotenoid profile, although
further processing caused a significant effect in carotenoid concentration. Hence, different
carotenoid contents were obtained depending on the type of derived product; however,
neither thermal treatment nor oil addition caused significant changes. Carrot juices had
higher carotenoid contents (43.4 ± 7–48 ± 8 mg/100 g FW) compared with both types
of puree (20.7 ± 2.5–23.6 ± 1.8 mg/100 g FW). However, these differences were mainly
related to dilution during the puree preparation. The obtained results are in accordance
with Hedrén et al. [8], given that mechanical processing was more determinant to the
release of carotenoids than thermal treatment or oil addition.

The main carotenoids present in carrot-derived products were α-carotene and β-
carotene. These results are in agreement with those previously reported [52,53], although
some authors have also detected lutein presence in carrots. Panozzo et al. [54] hypothe-
sized that crystalloid chromoplasts were more easily disrupted by mechanical processing
compared with globular chromoplasts, in which lutein is usually dissolved. In addition,
lutein is more susceptible to degradation due to the presence of oxygen in its chemical
structure [55]. Hence, it could be degraded during mechanical processing or be entrapped
in chromoplasts.

The carotenoid contents of derived products obtained from PEF-treated whole matrices
have been scarcely studied. However, increases in the carotenoid content of purees and
juices obtained from PEF-treated tomatoes have been reported [18,21]. Such increases
were attributed to two main causes: (1) their accumulation in the whole product resulting
from the induction of a stress defense response and (2) their better extractability due to
electropermeabilization. On the other hand, Rybak et al. [39] observed a decreased content
in juices obtained from PEF-treated peppers (3 kJ kg−1), which was attributed to promoted
oxidation or isomerization reactions. Therefore, our results suggest that selected PEF
conditions did not induce carotenoid biosynthesis during 24 h of storage nor improve their
extractability in carrot-based products.

Thermal treatment did not enhance the carotenoid extractability nor induce their
degradation in any derived product. Similar results were obtained in thermally treated
oil-added carrot purees [6]. However, decreases in carrot juices [56] and increases in carrot
purees [57] have been reported. Differences between our results and those previously
mentioned are likely due to variations in the processing parameters (time or temperature)
or derived product preparation procedures. These processing conditions likely also caused
differences in particle size, structural properties, or enzyme activities, which are closely
related to carotenoid extractability or degradation.
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Figure 2. The carotenoid content and bioaccessibility of untreated purees and juices (U), those
obtained from PEF-treated (0.61 kJ kg−1) carrots (PEF), and those thermally treated (10 min at 70 ◦C)
(U/T and PEF/T). Values are means ± standard deviation. Different letters within the same product
and compound indicate significant (p < 0.05) differences among treatments (α-carotene: lowercase
letters; β-carotene: uppercase letters; and total carotenoids: lowercase′).

3.5. Carotenoid Bioaccessibility

The carotenoid bioaccessibility was affected by PEF treatment and further processing.
Mechanical processing was the main factor that influenced bioaccessibility, followed by oil
addition and thermal treatment (Figure 2). The highest total bioaccessibility was obtained in
oil-added purees (5.3%), whereas purees (2.6%) and juices (0.4%) had lower bioaccessibility.

The application of PEF to carrots before obtaining derived products did not affect
the total bioaccessibility. Generally, thermal treatments were those that led to further
enhancement of the total bioaccessibility: oil-added purees (10.7%) > purees (3.8%) > juices
(0.9%). Regarding the bioaccessibility of individual carotenoids, α-carotene and β-carotene
similarly increased in any of the studied products as a consequence of the application of
thermal treatments, whereas PEF only caused a decrease in β-carotene bioaccessibility
when it was applied before juicing (Figure 2).

Regarding the carotenoid bioaccessibility in derived products obtained from PEF-
treated carrots, they contrast with those reported by González-Casado et al. [21]. The
authors presented increases in the total carotenoids and β-carotene bioaccessibility of
purees obtained from PEF-treated tomatoes, which were attributed to electropermeabi-
lization and better carotenoids release. The initial content of such tomato purees was
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considerably higher than in the untreated samples, which could make a difference regard-
ing our study since the content in non-digested products was similar regardless of the
applied treatment.

In addition, an observed decrease in the β-carotene bioaccessibility from juices was
also reported by Bot et al. [17] in PEF-treated tomato chromoplast fractions. This was
attributed to induced modifications in carotenoid-protein complexes, which limit their
bioaccessibility. Finally, some authors have also suggested that released carotenoids can be
broken down during digestion into non-detected metabolites (e.g., oxidation products) [58].

Carotenoids are generally located inside chromoplasts or bound to the membrane [59].
Hence, chromoplasts are probably comminuted during juicing or blending, which makes
carotenoids more available to be absorbed when the particle size decreases as a consequence
of processing (Table 2). Apart from a particle size decrease, carotenoids bioaccessibility
also depends on their chemical structure, interactions with other macromolecules, micellar-
ization, content, and the characteristics of pectin [60]. The increase in bioaccessibility after
thermal treatments has been related to carotenoid isomerization [44], given that cis isomers
are better assimilated than trans [61]. On the other hand, thermal processing can degrade
pectin and may improve carotenoid bioaccessibility [48,62], given that a high pectin content
would entrap carotenoids or act as a barrier for lipase [63], hindering their micellarization.

The solubilization of carotenoids into micelles is another critical step in carotenoid
absorption. The low amount of lipids in purees and juices could hinder their micellarization,
given that carotenoids are not water-soluble. Hence, the presence of lipids facilitates
carotenoid transference to micelles [64]. The obtained results indicate that the application of
thermal treatment to oil-added purees caused the highest bioaccessibility. Previous studies
have shown that thermal-treated carrot cell clusters (95–110 ◦C) improved carotenoid
transfer to oil [65].

3.6. Phenolic Content

The phenolic content was affected by both PEF treatment and further processing
(Table 3). Carrot juices showed the highest phenolic content (322 ± 56 mg kg−1 DW),
whereas oil-added purees (81 ± 36 mg kg−1 DW) and purees (62 ± 23 mg kg−1 DW)
exhibited similar contents. PEF treatment applied to whole carrots generally did not
affect the phenolic content of both types of puree, although it decreased the content in
juices (38.5%). Despite this reduction, the phenolic content in juices remained higher than
in purees. On the other hand, the total phenolic content in purees without added oil
was doubled when a thermal treatment was applied, whereas the contents in juices and
oil-added purees were not significantly affected.

The main phenolic compounds found in carrot-derived products were hydroxycin-
namic acids, namely 5-caffeoylquinic acid, coumaroylquinic acid or 5-feruloylquinic acid
(Table 3). These results are in accordance with previous studies performed in whole car-
rots [20,66] or juices [67,68]. It has been reported that a low dietary fiber content in juices
is beneficial for releasing phenolic compounds [69]. Furthermore, the extractability of
phenolic compounds may be enhanced in juices due to their lower particle size (Table 2).
Likewise, differences in phenolic composition between purees and juices could also be
related to mechanical processing. The procedure applied to obtain juices may have en-
hanced the extraction of compounds tightly linked to cell walls, whereas carrot cells were
not totally disrupted in purees.
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PEF treatment caused different effects depending on the type of carrot-derived product
and phenolic chemical structure. Hence, the application of PEF to whole carrots did not
affect most of the compounds from both purees obtained from such carrots, although
the juices had lower contents of coumaric, ferulic, and caffeic acid derivatives (e.g., 5-
caffeoylquinic (68.5%)) (Table 3). The selected PEF treatment was based on previous results
obtained by López-Gámez et al. [70] in which the total phenolic content of whole carrots
was enhanced. Nevertheless, such an increase was not observed in derived products
obtained from PEF-treated whole carrots. This may suggest that mechanical processing
could affect the phenolic stability or favor their interactions with cell wall debris, which
would hinder their extractability.

The results indicate that individual compounds were also differently affected by
thermal treatment, depending on their structure and carrot-derived product. Hence, caffeic
acid derivatives were strongly enhanced in purees (e.g., 5-caffeoylquinic acid (231%)),
although caffeic acid decreased in those with oil added (Table 3). Juices showed increases
in some caffeic acids derivates (e.g., 3-caffeoylquinic acid (400%)); however, a lower content
was observed in some ferulic acid derivates (e.g., 5-feruloylquinic acid). Increases in
phenolic content have been previously reported in thermally treated fruit juices (e.g.,
caffeoyl glucoside or caffeic acid) [11–13]. This was attributed to their better release due to
cell wall disruptions, which is in agreement with the lower particle sizes observed in the
juices (Table 2). The higher content in caffeic acid derivatives could result from the partial
inactivation of enzymes responsible for phenolic degradation (e.g., polyphenol oxidase,
PPO) [13].

3.7. Phenolic Bioaccessibility

The phenolic compound bioaccessibility was affected by PEF treatment application
to whole carrots and further processing. The bioaccessibility differed depending on the
evaluated carrot-derived product. Carrot purees had the highest total bioaccessibility (52%)
followed by oil-added purees (31%) and juices (16.1%) (Table 4). PEF application to carrots
before mechanical processing caused a large enhancement of the total bioaccessibility,
hence, reaching 100% in purees, whereas that of juices and oil-added purees was not
affected. On the other hand, thermal treatment did not significantly influence the total
bioaccessibility in any carrot-based product (Table 4).

Individual compounds were differently affected depending on their chemical structure
and processing. PEF treatments increased the bioaccessibility of most ferulic (e.g., ferulic
acid glucoside) and caffeic acid derivatives (e.g., 5-caffeoylquinic acid) in purees, although
some decreases were also observed (e.g., coumaric acid). Oil-added purees were simi-
larly affected to those without lipids; however, the bioaccessibility of certain compounds
decreased (e.g., 5-caffeoylquinic acid or feruloylquinic acid derivate (2)).

On the other hand, the individual phenol bioaccessibility in juices obtained from
PEF-treated carrots was not affected, excepting that of isoferulic acid, which reached 100%.
Limited information about the phenolic bioaccessibility in juices and purees obtained from
PEF-treated matrices is available in the literature. Generally, phenolic compounds should
be easily released from juices, due to their low content in dietary fiber [69]. However, the
obtained results are controversial since the phenolic bioaccessibility in carrot juice was the
lowest (Table 4).
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The juices had a lower particle size (D [4, 3] = 487 μm) compared with the purees
(D [4, 3] = 596 μm), which favored phenolic release from the matrix. Phenolic compounds
are likely more exposed to degradation or entrapment by other macromolecules during
digestion in juices than in purees, hence, limiting their bioaccessibility [71]. PEF application
to carrots strongly enhanced the bioaccessibility in purees without oil, whereas treatment
was not effective for juices or oil-added purees. Despite no correlation being found between
the particle size and bioaccessibility values, cell permeability changes could have caused
a better release and dialysis of phenols in purees. In addition, variations caused by PEF
in the initial phenolic content of carrots would directly affect the bioaccessibility in carrot-
derived products.

4. Conclusions

The content and bioaccessibility of carotenoids and phenolic compounds were affected
by both PEF application to whole carrots and further processing conditions. Carrot juices
had the highest phenolic and carotenoid content. However, only the phenolic content in
purees further increased after a thermal treatment, whereas it decreased in juices obtained
from PEF-treated carrots. On the other hand, PEF pre-treatment of whole carrots stands
as a potential method for enhancing the phenolic bioaccessibility in purees since most of
them were completely dialyzed after treatment.

Nevertheless, PEF was not helpful to improve the total phenolic bioaccessibility in
purees with added oil and juices. Regarding carotenoids, PEF pre-treatment did not sub-
stantially enhance their total bioaccessibility, whereas thermal treatment and oil addition
were more effective to improve the carotenoid bioaccessibility in carrot-based purees. There-
fore, these results demonstrate that applying PEF as a pre-treatment is a feasible strategy
for developing products with an enhanced nutritive value. Further studies focused on the
matrix structure and composition (e.g., pectin characteristics) are necessary to understand
the mechanisms governing changes in the bioaccessibility of health-related compounds in
the different studied products.
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Abstract: Chokeberry fruit, one of the richest plant sources of bioactives, is processed into different
foodstuffs, mainly juice, which generates a considerable amount of by-products. To follow the
latest trends in the food industry considering waste management, the study aimed to produce
chokeberry pomace extract powders and conduct experimental and chemometric assessment of
the effect of different carriers and drying techniques on the physico-chemical properties of such
products. The PCA analysis showed that the examined powders were classified into two groups:
freeze-dried (variation in case of moisture content, water activity, colour, and browning index) and
vacuum-dried (bulk density). No clear pattern was observed for the physical properties of carrier
added products. The sum of polyphenolics (phenolic acids, anthocyanins and flavonols) ranged from
3.3–22.7 g/100 g dry matter. Drying techniques had a stronger effect on the polyphenols profile than
the type of carrier. Hydroxymethyl-L-furfural formation was enhanced by inulin addition during
high-temperature treatment. Overall, the addition of maltodextrin and trehalose mixture for freeze
drying and vacuum drying at 90 ◦C caused the highest retention of polyphenolics and the lowest
formation of hydroxymethyl-L-furfural; however, an individual and comprehensive approach is
required when the obtainment of high-quality chokeberry powders is expected.

Keywords: Aronia melanocarpa L.; by-products; sustainability; inulin; trehalose; polyphenols; HMF;
unsupervised chemometric analysis

1. Introduction

As of late, a new trend has become increasingly evident in the food industry, with
consumers shifting their preferences from animal to plant-based products. This is mainly
driven by consumers’ growing awareness of a healthy lifestyle, of which a balanced diet is
an indispensable part, but also by ecological and ethical issues [1]. For this reason, the pro-
duction and processing of plant products, mainly fruit and vegetables, has been increasing
significantly for some time. However, this leads to the generation of an enormous amount
of by-products, including pomace, the management of which is currently one of the biggest
challenges for the food industry sector [2]. As it was reported earlier in the literature, fruit
and vegetable pomace is a valuable source of numerous bioactive compounds [3,4]. One of
the most frequently processed raw materials is black chokeberry (Aronia melanocarpa L.),
which, due to its characteristic astringent taste, is not usually consumed as a fresh fruit. The
main direction of its use is the production of juices, jams, or fruit wines, which results in
significant amounts of by-products [5]. Due to its unfavourable sensory properties, it often
remains wasted. However, a body of evidence has demonstrated that chokeberry pomace
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is a rich source of polyphenolic compounds, which have strong antioxidant properties,
but has also indicated the beneficial effects in, among others, obesity, glucose metabolic
disorders, pro-inflammatory conditions, hypertension, dyslipidaemia, etc. [6]. It has to be
stressed that chokeberry pomace has almost an eight times higher content of polyphenols
than juice [7]. Due to the proven health-promoting properties of chokeberry pomace, it
can be an excellent raw material when developing functional foods [7]. In this setting,
the processing of chokeberry by-products is of great importance and the production of a
powdered form is new and one of the most promising alternatives for its utilisation, while
at the same time being an effective tool for introducing sustainable food management [8,9].
One of the interesting approaches is to obtain powders from chokeberry pomace extracts.
This type of product, due to its easy-to-handle form, possible high solubility (in contrast to
pomace), and a relatively high microbial stability, is an attractive additive to other food-
stuffs as a sustainable natural colouring or functional enrichment agent [5,10]. However,
in order to retain the satisfactory amount of selected polyphenolics, a correctly chosen
extraction method is essential, as are the subsequent steps: solvent evaporation, purifica-
tion of the extracts on a polymer-bed-type Amberlite XAD, and next solvent evaporation
leading to a purified pomace polyphenolic extract obtainment [11]. Moreover, in order to
acquire the powdered form, it is necessary to carry out drying, which may significantly
affect the physical properties, but also can lead to alterations of the chemical composition,
particularly in the profile of polyphenolic compounds. For this reason, the choice of an
appropriate drying technique and its parameters is pivotal to maintain a relatively high
possible content of polyphenolic compounds in the final product [12]. Freeze drying, as
a low-temperature water removal process, is considered to be the least intrusive with
the slightest impact on the transformation of the dried matrix [13]. On the other hand,
recent studies by Michalska-Ciechanowska et al. [12] on black chokeberry juice demon-
strated that the application of high temperatures during drying can positively influence
the polyphenolic profile, leading to the release of significant amounts of selected bioactive
constituents from more complex structures [12]. One technique that enables the use of
high drying temperatures while excluding the effects of oxygen on the dried matrix is
vacuum drying [14]. However, the thermolability of polyphenols, especially anthocyanins,
to thermal processes, as well as the different yields for obtaining powders depending
on the raw material composition, induce the necessity of using a carrier additive in the
drying process [15]. Substances of carbohydrate origin, such as maltodextrin, are widely
used for this purpose and have proven protective properties, allowing for an increased
retention of anthocyanins at high drying temperatures compared with other carriers [14].
Further interesting additives include trehalose, which has been found to be inactive in the
Maillard reaction due to its non-reducing properties, and inulin, which is well known for
its functional properties [16]. Importantly, the selection of carrier is of high importance as it
was previously demonstrated that the type and concentration of selected carriers may not
only cause a decrease in the polyphenolics content, but may also accelerate the formation
of undesirable process contaminants, especially in fruit-based matrices [12,14]. Taking the
above into consideration, it is hypothesised that the drying techniques and type of carrier
will simultaneously moderate the polyphenolic composition in chokeberry pomace extract
powders. Thus, this study aimed to evaluate different drying techniques and parameters
as well as carrier types on the alteration in the polyphenolics composition, antioxidant
capacity, and formation of Maillard reaction and caramelisation products in chokeberry
pomace extract powders.

2. Materials and Methods

2.1. Materials

The material used in the study was composed of chokeberry fruits (approximately
70 kg) obtained from Rolniczo-Sadownicze Gospodarstwo Doświadczalne ‘Przybroda’
(Rokietnica near Poznań, Poland). The fruits were ground in a Thermomix (Wuppertal,
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Vorkwek, Germany) and pressed on a hydraulic press (SRSE, Warszawa, Poland). The
pomace gained was frozen before the extraction process at −20 ◦C.

2.2. Methods
2.2.1. Extraction Procedure

The extraction of polyphenolic compounds from chokeberry pomace (initial moisture
content of 44.45 ± 0.01%) was performed according to the patent Oszmiański and Krzy-
wicki [17]. Thawed pomace (approximately 10 kg) was mixed with 30% acetone (1:4, w/v)
and sonicated for 15 min. The solution was left for 24 h and sonicated again for 15 min.
The acetone was evaporated (Unipan 350P, Warsaw, Poland) and the solution gained in a
quantity of approximately 17 L (4.9 ± 0.07 Bx) was introduced into the Amberlite XAD-16
(Brenntag, Poland) according to the procedure of Kammerer et al. [11] in order to recover
the selected polyphenolics in the extracts [18]. This resulted in approximately 2.5 L of final
solution (6.9 ± 0.1 Bx), which was submitted to the formulation of the drying compositions
(control, samples with carrier addition). The procedure was performed in duplicate (n = 2).

2.2.2. Preparation of Chokeberry Pomace Extract Powders

The pomace extracts were mixed with carriers, i.e., maltodextrin (M) (DE 9.3; PEPEES
S.A, Poland), inulin (I) (Beneo-Orafti, Belgium), trehalose (T) (Hayashibara, Co., Okayama,
Japan), and their mixtures maltodextrin-inulin (M-I), maltodextrin-trehalose (M-T), and
inulin-trehalose (I-T) at the level of 10% (w/w) (chosen on the basis of experimental work).
No carrier was added to the control sample. Prepared solutions were submitted to drying
processes: freeze drying at −60 ◦C/+ 24 ◦C for 24 h (FreeZone freeze dryer, Labconco
Corp., Kansas, MO, USA), and vacuum drying at 60 and 90 ◦C for, respectively, 22 and 16 h
(Vacucell 111 Eco Line, MMM Medcenter Einrichtungen GmbH, Germany). The drying
processes were performed in duplicate (n = 2). After the drying, the obtained powders
were vacuum packed and stored at −20 ◦C until analysis.

2.2.3. Physical Properties
Moisture Content

The moisture content (Mc) was determined in duplicate (n = 2) [12] at 80 ◦C. The
results were expressed as %.

Water Activity

The water activity (aw) was done at 25 ◦C in duplicate (n = 2) using the water activity
meter Dew Point Water Activity Meter 4TE (AQUA LAB, Pullman, WA, USA).

Bulk Density

The bulk density (ρb) of powders was performed in duplicate (n = 2) using a graduated
cylinder (10 cm3) and laboratory scale. This was calculated as follows:

ρb =
m
Vb

(1)

m—mass of the powder, Vb—volume of the powder

Colour

The colour of the powders was measured in triplicate (n = 3) using a Minolta Chroma
Meter CR-400 colorimeter (Minolta Co. Ltd., Osaka, Japan) according to the CIE L*a*b*
system. Based on the results, the browning index (BI) was calculated according to the
equation described by Mexis and Kontominas [19]:

BI =
[100(x − 0.31)]

0.17
(2)
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where:
x =

a∗ + 1.75L∗

5.64L∗ + a∗ − 3.012b∗ (3)

2.2.4. Chemical Properties
Preparation of Extracts

The extraction of polyphenolics from the chokeberry pomace powders was performed
according to the procedure described by Wojdyło et al. [20]. Samples for qualitative and
quantitative determination of these compounds and hydroxymethyl-L-furfural (HMF)
by Ultrahigh Performance Liquid Chromatography were done in duplicate (n = 2) and
extracted with 1.7 mL of aqueous solution of MeOH (30%; v/v) with ascorbic acid (0.2%)
and 0.1% CH3COOH while those for antioxidant capacity analyses (n = 2) were prepared
with 1.7 mL of MeOH (80%; v/v) with HCl (1 mL/L). All samples were sonicated for
15 min and refrigerated at 4 ◦C for 24 h. After this time, the samples were ultrasonicated
again (15 min) and then centrifuged (19,515× g, 20 ◦C; MPW-251, MPW Med. Instruments,
Poland). The obtained extracts were subjected to further analyses.

Qualitative and Quantitative Determination of Polyphenolics and Hydroxymethyl-L-furfural

The qualitative and quantitative analyses of polyphenolics were performed using
an Acquity UPLC system (Waters, Milford, MA, USA) with a PDA detector, equipped
with a binary pump system and a solvent manager. The separation of the individual
compounds was done at a flow rate of 0.42 mL/min in an ACQUITY BEH C18 analytical
column (100 mm × 1.7 μm, Waters, Milford, MA, USA). The column was conditioned with
acetonitrile (100%) and an aqueous solution of acetonitrile (10%; v/v). The separation
was performed by the gradient elution method using 4.5% formic acid (solvent A) and
acetonitrile (solvent B): 0–10 min linear gradient, 1–15% solvent B; 10–11.5 min linear
gradient, 25–100% solvent B. Anthocyanins, flavonols, phenolic acids, and HMF were
detected at λ = 520 nm, 360 nm, 320 nm, and 280 nm, respectively. The determination was
performed in duplicate (n = 2). The polyphenolics were identified by LC-MS QTof and
assessed using the MassLynx 4.0 ChromaLynx Application Manager software [21]. Results
were expressed as g/100 g dry basis (db) for individual polyphenols and as μg/100 g of db
for HMF.

Antioxidant Capacity

The antioxidant capacity of polyphenolic extracts from chokeberry pomace extract
powders was evaluated by ABTS+ radical cation scavenging [22] and FRAP [23] by in vitro
assays using a Synergy H1 spectrophotometer (BioTek Instruments Inc., Winooski, VT,
USA). The determination was made in duplicate (n = 2) and the results were expressed as
mmol Trolox equivalent (TE) per 100 g of db.

2.2.5. Statistical Analysis and Chemometrics

The results were statistically analysed using STATISTICA 13 software (StatSoft, Tulsa,
OK, USA). One-way analysis of variance (ANOVA) was performed (p < 0.05) and the Tukey
post hoc test (also referred to as the Tukey’s honestly significant difference (Tukey HSD))
was applied to compare the pairwise differences between group means (p ≤ 0.05). To
investigate the dependence between the selected variables, Pearson’s correlation coefficient
was also calculated.

To identify the direction that maximises the variance of the projected data and to
explore the trends and relations between observations and variables simultaneously, prin-
cipal component analysis (PCA) [24] was performed using the ‘factoextra’ R package [25].
The radar plots were prepared using the ‘fmsb’ R package [26], allowing differences in
sub-groups to be visualised.
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3. Results and Discussion

3.1. Physical Properties
3.1.1. Moisture Content

The moisture content (Mc) of the analysed powders ranged from 0.47% to 7.59% for
the products gained, respectively, after vacuum drying at 90 ◦C and after freeze drying with
the addition of trehalose (Table 1). In general, the average moisture content of the control
samples (no addition of carriers) was lower by approximately 29% when compared to the
average moisture content of the products gained with the addition of carriers. The drying
techniques and parameters applied for the powders’ preparation had a significant effect on
this parameter: the higher the drying temperature, the lower the Mc of the powders [27].

When the drying techniques and carrier type were concerned, it was noted that during
the freeze drying process, the addition of maltodextrin resulted in the lowest Mc, whereas
the addition of trehalose led to the highest moisture content of the powders (Table 1).

In the case of freeze and vacuum drying at 60 ◦C, the powders gained with the addition
of inulin had a lower moisture content than the samples obtained with the addition of its
mixes (M-I and I-T). However, when vacuum drying at 90 ◦C was considered, the powders
obtained with the addition of inulin and its mixes had the highest Mc when compared to the
rest of the applied carriers. It can be concluded that the type of carrier might influence the
moisture content due to the different water-holding capacity, which could be additionally
altered by the drying technique used for the powders’ preparation [28]. However, taking
into account the moisture content of the carriers (i.e., Mc of M: 10.07 ± 0.93; Mc of I:
3.05 ± 0.01; Mc of T: 1.04 ± 0.04; Mc of M-I: 5.52 ± 0.01; Mc of M-T: 3.68 ± 0.18; Mc
of I-T: 2.66 ± 0.13), it can be observed that Mc of the powders was influenced more by
possible interactions between the compounds present in the extracts and the constituents
of the carriers (Table 1). This was also confirmed by the lack of a significant correlation
between the moisture content of the carriers themselves and Mc of the powders gained
with their addition.

3.1.2. Water Activity (aw)

In all the analysed powders, the water activity values were below 0.45 (Table 1),
indicating that these products can be considered as stable from a biochemical and microbi-
ological point of view [29]. In the case of the controls and powders with the addition of
carriers and their mixtures, the water activity values were higher after the freeze drying
process than in the products gained after vacuum drying at 60 and 90 ◦C [27]. This might
be due to the more porous structure of the products gained after freeze drying, when com-
pared to the other drying technique used [30]. Similarly to da Silva Calvaho et al. [29], the
type of carrier influenced aw of the powders. In the products obtained with the application
of maltodextrin and its mixes for freeze drying, I and I-T for vacuum drying at 60 ◦C and
T for vacuum drying at 90 ◦C resulted in higher water activity in the products obtained.
A positive correlation between water activity and moisture content was noted (r = 0.67)
(Figure S1). A similar observation was made in case of apple juice powders [27]. In general,
the application of different carriers and their mixture led to alterations in the water activity
of the samples, which was also dependent on the drying technique used. There are reports
suggesting that in relation to the type of carrier used for drying, the formation of a crust on
the outer layer of samples was observed, which influences the water activity values in the
products gained [31]. Thus, water activity may be connected with the physical changes
that occur on the surface of the samples during drying that might differ in terms of their
carrier properties.

177



Foods 2021, 10, 1864

T
a

b
le

1
.

M
oi

st
ur

e
co

nt
en

t,
w

at
er

ac
tiv

ity
,b

ul
k

de
ns

ity
,c

ol
ou

r
(C

IE
L*

a*
b*

),
an

d
br

ow
ni

ng
in

de
x

of
ch

ok
eb

er
ry

po
w

de
rs

ob
ta

in
ed

af
te

r
fr

ee
ze

an
d

va
cu

um
dr

yi
ng

(n
=

2;
av

er
ag

e
±

st
an

da
rd

de
vi

at
io

n)
.

D
ry

in
g

T
e

ch
n

iq
u

e
P

ro
ce

ss
C

o
n

d
it

io
n

s
C

a
rr

ie
r

M
c

a w
ρ

b
C

o
lo

u
r

B
I

(A
U

)
(%

)
(−

)
(g

/c
m

3
)

L*
a*

b*

FD
−6

0
◦ C

/2
4
◦ C

(−
)

4.
38

±
0.

54
cd

ef
0.

34
±

0.
02

h
0.

09
±

0.
01

a
24

.2
0
±

0.
11

i
16

.1
4
±

0.
23

i
4.

65
±

0.
02

m
0.

42
±

0.
01

ij

M
al

to
de

xt
ri

n
4.

20
±

0.
42

cd
ef

0.
41

±
0.

02
i

0.
12

±
0.

01
a

25
.7

8
±

0.
25

j
22

.3
1
±

0.
07

j
4.

09
±

0.
01

l
0.

43
±

0.
01

k

In
ul

in
4.

74
±

1.
04

de
f

0.
15

±
0.

01
ab

0.
32

±
0.

02
bc

28
.5

9
±

0.
06

k
25

.9
3
±

0.
04

k
2.

26
±

0.
04

i
0.

42
±

0.
02

i

Tr
eh

al
os

e
7.

59
±

1.
05

g
0.

29
±

0.
02

gh
0.

61
±

0.
01

de
fg

13
.5

7
±

0.
16

a
12

.4
3
±

0.
19

g
1.

53
±

0.
03

h
0.

43
±

0.
01

jk

M
al

to
de

xt
ri

n-
In

ul
in

6.
15

±
1.

25
ef

g
0.

42
±

0.
02

i
0.

17
±

0.
01

ab
23

.4
4
±

0.
71

i
22

.9
4
±

0.
07

i
4.

35
±

0.
11

l
0.

45
±

0.
01

l

M
al

to
de

xt
ri

n-
Tr

eh
al

os
e

6.
53

±
0.

01
fg

0.
43

±
0.

01
i

0.
29

±
0.

01
bc

17
.2

8
±

0.
03

bc
12

.6
9
±

0.
05

g
3.

32
±

0.
02

k
0.

43
±

0.
01

jk

In
ul

in
-T

re
ha

lo
se

5.
42

±
0.

70
ef

g
0.

31
±

0.
01

h
0.

32
±

0.
03

bc
18

.2
7
±

0.
18

cd
e

12
.8

9
±

0.
33

g
3.

37
±

0.
07

k
0.

42
±

0.
01

ij

V
D

60
◦ C

(−
)

1.
12

±
0.

39
a

0.
24

±
0.

01
de

f
0.

64
±

0.
05

de
fg

h
18

.4
8
±

0.
36

cd
ef

9.
76

±
0.

87
d

2.
46

±
0.

36
ij

0.
39

±
0.

01
g

M
al

to
de

xt
ri

n
2.

75
±

0.
57

ab
cd

0.
23

±
0.

01
de

f
0.

70
±

0.
01

ef
gh

i
16

.5
7
±

0.
11

b
7.

38
±

0.
09

c
0.

49
±

0.
02

cd
e

0.
37

±
0.

02
cd

In
ul

in
2.

65
±

0.
04

ab
cd

0.
32

±
0.

01
h

0.
65

±
0.

06
de

fg
h

18
.5

5
±

0.
54

de
f

15
.5

1
±

0.
24

i
1.

05
±

0.
02

g
0.

41
±

0.
01

h

Tr
eh

al
os

e
2.

74
±

1.
16

ab
cd

0.
19

±
0.

01
bc

de
0.

53
±

0.
05

d
20

.5
5
±

0.
12

gh
10

.7
1
±

0.
03

ef
0.

81
±

0.
04

fg
0.

38
±

0.
01

ef

M
al

to
de

xt
ri

n-
In

ul
in

2.
89

±
0.

45
ab

cd
0.

21
±

0.
01

cd
ef

0.
75

±
0.

04
fg

hi
17

.9
3
±

0.
18

cd
6.

34
±

0.
15

ab
0.

19
±

0.
03

ab
0.

35
±

0.
01

ab

M
al

to
de

xt
ri

n-
Tr

eh
al

os
e

2.
02

±
0.

42
ab

c
0.

25
±

0.
01

fg
0.

60
±

0.
01

de
f

19
.6

1
±

0.
19

fg
6.

12
±

0.
07

ab
0.

39
±

0.
04

bc
d

0.
35

±
0.

01
a

In
ul

in
-T

re
ha

lo
se

3.
91

±
0.

54
bc

de
0.

32
±

0.
01

h
0.

77
±

0.
08

hi
20

.2
9
±

0.
36

gh
13

.7
9
±

0.
18

h
1.

41
±

0.
03

h
0.

40
±

0.
01

g

90
◦ C

(−
)

0.
98

±
0.

47
a

0.
24

±
0.

01
ef

g
0.

55
±

0.
03

de
17

.9
2
±

0.
11

cd
6.

07
±

0.
21

ab
2.

71
±

0.
06

j
0.

38
±

0.
01

f

M
al

to
de

xt
ri

n
0.

89
±

0.
38

a
0.

14
±

0.
01

a
0.

65
±

0.
08

de
fg

h
17

.9
7
±

0.
11

cd
5.

66
±

0.
01

a
0.

26
±

0.
01

ab
c

0.
35

±
0.

01
a

In
ul

in
1.

37
±

0.
25

a
0.

15
±

0.
02

ab
0.

76
±

0.
02

gh
i

19
.3

1
±

0.
12

ef
g

10
.4

9
±

0.
22

de
0.

02
±

0.
04

a
0.

37
±

0.
01

de

Tr
eh

al
os

e
0.

47
±

0.
02

a
0.

18
±

0.
01

ab
cd

0.
34

±
0.

02
c

21
.0

6
±

0.
18

h
11

.4
4
±

0.
03

f
0.

70
±

0.
03

ef
0.

38
±

0.
01

ef

M
al

to
de

xt
ri

n-
In

ul
in

1.
69

±
0.

28
ab

0.
14

±
0.

02
a

0.
80

±
0.

04
hi

17
.5

5
±

0.
69

bc
d

7.
50

±
0.

12
c

0.
07

±
0.

09
a

0.
36

±
0.

02
bc

M
al

to
de

xt
ri

n-
Tr

eh
al

os
e

0.
88

±
0.

12
a

0.
16

±
0.

02
ab

0.
57

±
0.

06
de

18
.1

5
±

0.
13

cd
e

6.
80

±
0.

25
bc

0.
52

±
0.

04
cd

e
0.

36
±

0.
01

b

In
ul

in
-T

re
ha

lo
se

2.
62

±
0.

09
ab

cd
0.

17
±

0.
01

ab
c

0.
83

±
0.

01
i

21
.7

5
±

0.
77

h
15

.8
±

0.
27

i
0.

67
±

0.
04

de
f

0.
39

±
0.

01
g

(−
)—

no
ca

rr
ie

r
ad

di
tio

n,
FD

—
fr

ee
ze

dr
yi

ng
,V

D
—

va
cu

um
dr

yi
ng

,M
C

—
m

oi
st

ur
e

co
nt

en
t,

a w
—

w
at

er
ac

tiv
ity

,ρ
b
—

bu
lk

de
ns

ity
,A

U
—

ar
bi

tr
ar

y
un

its
;a–

m
th

e
sa

m
e

le
tt

er
s

w
ith

in
a

co
lu

m
n

in
di

ca
te

no
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(H
SD

Tu
ke

y
te

st
;p

≤
0.

05
).

178



Foods 2021, 10, 1864

3.1.3. Bulk Density

The bulk density of chokeberry pomace extracts powders ranged from 0.09 g/cm3 to
0.83 g/cm3 for, respectively, the control sample gained after freeze drying and powders
obtained after vacuum drying at 90 ◦C with the addition of I-T (Table 1). When the control
samples and products gained with different carriers were concerned, the average value
of bulk density was the lowest in the case of controls, whereas the highest bulk density
was noticed for powders gained with the addition of carriers, especially when inulin
and its mixtures were considered (M-I, I-T). In general, as observed by Michalska and
Lech [27], freeze drying resulted in lower values of the bulk density of powders gained
followed by VD at 60 ◦C and VD at 90 ◦C, except powders produced with trehalose. The
addition of trehalose to pomace extract formulations caused the lowest bulk density of
powders gained after VD at 60 ◦C and VD at 90 ◦C. This might be connected with the
higher soluble solids content in the formulation containing trehalose [32] during the freeze
drying process and/or with its different behaviour when a relatively high temperature of
drying was applied. It could also be related to the fluidizing properties of this carrier [33]
as trehalose, due to its chemical composition, might react differently with the compounds
present in the extracts additionally moderated by the vacuum drying. What is more, the
influence of the carrier type on the bulk density of powders was also noticed in the case
of cranberry juice [34]. Taking the above into consideration, the selection of a carrier for
powder preparation should also consider the carrier physico-chemical properties as it may
moderate the physical properties of the material subjected to drying to a different extent.
For the analysed powders, a negative correlation (r = −0.60) between bulk density and
water activity (Figure S1) was noted, indicating that the specific structure of the powders
gained by different drying techniques might differently influence the ability of samples to
trap the water molecules [35].

3.1.4. Colour

The colour parameters measured in terms of L*, a*, and b* values as well as the
browning index (BI) are indicated in Table 1. In general, powders gained after the freeze
drying process were the lightest, with the exception of samples prepared with trehalose,
whereas vacuum drying at 60 and 90 ◦C resulted in slightly lower values of coordinate
L*. In the latest samples, trehalose addition caused the highest values of coordinate L* in
the analysed products. The type of carrier had a significant impact on the lightness of the
powders gained [36], which was also moderated by the drying technique used. In general,
when the values of coordinate a* were concerned, it was noted that the carrier addition
altered the level of red pigments in chokeberry powders. Contrary to the juice powders [37],
the 10% addition of carrier led to the obtainment of products that were visually similar to
the control samples. Thus, the addition of carriers, besides an improvement of the efficiency
of the sustainable powder production [38], may not visually alter the colour of the products
gained. In this case, the composition of chokeberry pomace extracts played a key role
in colour preservation as the addition of carriers into the chokeberry juice modified the
lightness to a high extent [37].

The strongest retention of red pigment was noted after freeze drying when compared
to samples gained after vacuum drying, except samples prepared with the addition of
trehalose and its mixes (M-T, I-T). In general, the application of vacuum drying for the
powder preparation caused a decrease in the coordinate a* values, indicating the influence
of the high-temperature processing on the thermolability of the red components [39]. The
strongest pigment degradation was noted in the case of powders produced with maltodex-
trin and its mixes (I-M; I-T). The addition of I and I-T seems to prevent deterioration of
the coordinate a* values during vacuum drying. It was observed that the b* parameter
was the highest in the control samples (no addition of carrier), regardless of the drying
technique used for their preparation (Table 1). The addition of carriers led to a decrease
in the coordinate b* values, which was the strongest in the case of trehalose application
for the freeze drying process. This might be connected with the presence of natural colour
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compounds in the chokeberry pomace extracts (an average for FD: 3.37), as vacuum drying
at 60 ◦C (an average: 0.97) and 90 ◦C (an average: 0.71) resulted in significantly lower
values of parameter b*. In the current study, the browning index was applied for deter-
mination of overall alterations in the browning colour [40]. In contrast to sea buckthorn
powders [41], the highest values of BI were noted for freeze-dried samples, regardless of the
type of carrier used for their preparation. It was assumed that the dominant reddish colour
could mask the brown pigments present in the analysed powders [42]. Additionally, the BI
values might result from the complexes formed from polyphenols [43]. The application of
vacuum drying for chokeberry pomace extract powder production caused a decrease in BI
when compared to freeze drying. The addition of maltodextrin and its mixes (M-I, M-T)
led to lower values of BI. Additionally, a strong correlation between BI and a* (r = 0.82)
as well as b* (r = 0.83) confirmed the masking effect of the reddish and bluish pigments
(Figure S1) [44].

3.1.5. PCA Analysis

The PCA biplot (Figure 1a) shows that freeze-dried samples had a greater spread and
more variance than vacuum-dried samples (at 60 and 90 ◦C).

The first principal component (PC1) clearly separates freeze-dried samples (positive
scores) from vacuum-dried samples (negative scores). The explanatory variables (vectors)
with the greatest influence on the separation of chokeberry pomace extract powders in PC1
were the colour parameters, including the browning index (BI), and coordinate a*, b* as well
as Mc, aw (positively correlated), and ρb (negatively correlated). PC2 loadings showed that
negatively correlated L* has the greatest influence on the sample distinctions (Figure 1b).
Considering the locations of the samples in the space defined by the first two principal
components (PCs), it can be stated that, due to low PC1 scores and positive loading values,
vacuum-dried samples (at 60 and 90 ◦C) were characterised by a relatively low browning
index (BI), and coordinate a*, b*, as well as Mc, aw. At the same time, powders gained after
vacuum drying had the highest values of bulk density. Interestingly, although the type
of carrier was also concerned, no straightforward trends were observed for the powders
gained (Figure 1c).

3.2. Chemical Properties
3.2.1. Polyphenols Content

In the powders obtained from chokeberry pomace extracts, three major groups of
polyphenolic compounds were identified, i.e., phenolic acids (3), anthocyanins (4), and
flavonols (8). The extraction of chokeberry pomace and usage of absorber technology
led to modification of the polyphenolics composition [45] as proanthocyanidins were not
identified in the powders obtained. This may be connected with the results reported by
Sójka et al. [46] of major absorption of proanthocyanidins in the cell wall of chokeberry
pomace. The extraction procedure applied and clarification of the polyphenols by Amberlite
16 of pomace extracts led to an absence of these constituents in the powders. As previously
reported by Wang et al. [18], this could be linked to the different affinity of the particular
groups of polyphenolics for the stationary phase, which might affect the elution time and
thus the presence or absence of these constituents in the extract. Besides this, the presence
of phenolic acids, anthocyanins, and flavonols was confirmed [46].

The sum of identified polyphenols was, on average, 3.9-fold higher for control samples
(Table 2) (average 19.07 g/100 g db) when compared to powders gained with 10% (w/w)
carrier addition to the extracts before drying, regardless of the drying technique applied
(Figure 2; Table S1). A similar observation was previously noted in the case of cranberry
juices and extracts [47]. The drying techniques influenced the sum of identified polyphenols
to a high extent. In the case of control samples, the highest content of polyphenols was
noted after freeze drying, followed by vacuum drying at 90 and 60 ◦C (Table 2).
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Figure 1. (a) The PCA biplot of the first two principal components that simultaneously shows
PC scores of chokeberry pomace extract powders (points) and loadings of explanatory variables
(vectors). The marker colour corresponds to the drying techniques (i.e., freeze and vacuum drying
at 60 and 90 ◦C), while the length and the transparency of the arrows indicate the variance of the
physical properties of powders from chokeberry pomace extracts and their contributions to the
principal components, respectively. Together, the first two principal components explain 83.61%
of the variability; (b) The plot of normalised factor loadings that quantify the extent to which the
explanatory variable is related with a given principal component. Applying the so-called Malinowski
rule (i.e., normalised factor loading cut-off of |0.70|) simplifies assigning physical meaning to each
principal component; (c) Score plot in the space defined by the first two principal components
illustrating relations and trends of chokeberry pomace extract powders gained after freeze and
vacuum drying at 60 and 90 ◦C with the addition of maltodextrin (M), inulin (I), trehalose (T),
maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T), and inulin—trehalose (I—T).

In the case of powders produced with the addition of carriers and their mixes, no
statistical differences were noted between the average content of polyphenols in the samples
gained with the addition of carriers after freeze drying and vacuum drying at 60 ◦C
(Table S1). The strongest influence was noted after the application of vacuum drying
at 90 ◦C. Going into the details the application of the freeze drying process resulted in
the highest retention of all identified polyphenols when maltodextrin and the mix of
maltodextrin and trehalose (M-T) was used, whereas the usage of inulin resulted in the
lowest retention of these constituents (Figure 2); however, the results were not statistically
significantly different. One probable cause may be interactions between the carrier and
polyphenolics as raised by Tomas et al. [48].
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Table 2. The content of identified polyphenolics (g/100 g db), hydroxymethyl-L-furfural
(μg/100 g db) and antioxidant capacity measured by TEAC ABTS and FRAP methods
(mmol TE/100 g db) in chokeberry pomace extract powders (controls) obtained after freeze and
vacuum drying (average ± standard deviation; n = 2).

FD VD
−60 ◦C/+24 ◦C 60 ◦C 90 ◦C

Total polyphenols 22.70 ± 0.12 c 15.88 ± 0.44 a 18.64 ± 0.47 b

Phenolic acids
Neochlorogenic acid
Cryptochlorogenic acid
Chlorogenic acid
Sum

4.86 ± 0.18 b 3.01 ± 0.09 a 4.47 ± 0.67 ab

0.10 ± 0.01 ab 0.07 ± 0.01 a 0.14 ± 0.02 b

5.15 ± 0.15 b 3.43 ± 0.11 a 4.72 ± 0.37 b

10.10 ± 0.02 b 6.51 ± 0.20 a 9.33 ± 1.06 b

Anthocyanins
Cyanidin-3-O-galactoside 5.90 ± 0.14 b 3.68 ± 0.09 a 3.93 ± 0.37 a

Cyanidin-3-O-glucoside 0.33 ± 0.05 b 0.18 ± 0.01 a 0.22 ± 0.02 ab

Cyanidin-3-O-arabinoside 2.56 ± 0.05 b 1.68 ± 0.05 a 1.61 ± 0.13 a

Cyanidin-3-O-xyloside 0.41 ± 0.01 b 0.28 ± 0.02 a 0.29 ± 0.03 a

Sum 9.19 ± 0.13 b 5.82 ± 0.12 a 6.06 ± 0.56 a

Flavonols
Quercetin-dihexoside 1 0.26 ± 0.01 b 0.17 ± 0.01 a 0.30 ± 0.01 c

Quercetin-dihexoside 2 0.14 ± 0.01 a 0.21 ± 0.01 a 0.21 ± 0.04 a

Quercetin-3-O-vicianoside 0.14 ± 0.01 b 0.12 ± 0.01 b 0.06 ± 0.02 a

Kaempferol-3-O-robinobioside 0.45 ± 0.02 b 0.24 ± 0.01 a 0.43 ± 0.02 b

Kaempferol-3-O-rutinoside 0.53 ± 0.02 b 0.30 ± 0.01 a 0.48 ± 0.02 b

Kaempferol-3-O-galactoside 1.06 ± 0.02 a 1.72 ± 0.07 b 1.03 ± 0.01 a

Kaempferol-3-O-glucoside 0.78 ± 0.02 b 0.59 ± 0.02 a 0.72 ± 0.02 b

Derivative of quercetin 0.05 ± 0.01 b 0.20 ± 0.01 c 0.04 ± 0.01 a

Sum 3.40 ± 0.01 a 3.55 ± 0.12 a 3.26 ± 0.03 a

Hydroxymethyl-L-furfural 11.57 ± 0.23 a 2.62 ± 0.24 b 14.03 ± 1.59 a

TEAC ABTS 364.95 ± 11.98 a 357.33 ± 11.01 a 374.80 ± 12.92 a

FRAP 292.95 ± 7.61 a 285.14 ± 1.02 a 299.38 ± 1.01 a

FD—freeze drying, VD—vacuum drying; TE—Trolox equivalent; a,b,c—the same letters within a row indicate no
statistically significant differences (HSD Tukey test, p ≤ 0.05).

Figure 2. The radar plot of sum of identified polyphenolic compounds in chokeberry pomace extract
powders gained with addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin
(M—I), maltodextrin—trehalose (M—T) and inulin—trehalose (I—T) by freeze drying (FD) and
vacuum drying at 60 ◦C (VD 60) and 90 ◦C (VD 90) (n = 2) (g/100 g db).
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The reverse effect was noted in the case of powders gained after the application
of vacuum drying at 60 ◦C: the addition of inulin resulted in the highest retention of
these constituents. Among the powders gained after vacuum drying at 90 ◦C, the highest
retention of the sum of polyphenolics was indicated in the samples obtained after the
addition of M and M-T (Figure 2). A statistically significantly lower content of polyphenols
was noted when I-T was applied for drying (Table S1). Previously, an influence on the
retention of polyphenolics during application of different drying techniques and selected
types of carriers was noted for blackcurrant [14] and chokeberry [12] juices.

Going into the details, the percentage share of phenolic acids, anthocyanins, and
flavonols in the powders obtained by the selected drying techniques was as follows: 42.9%,
41.2%, and 15.9% for freeze-dried samples; 44%, 37.8%, and 18.2% for vacuum-dried
samples at 60 ◦C; and 47.9%, 31.1%, and 21% for vacuum-dried samples at 90 ◦C. In order
to follow these changes, each group of polyphenolics was examined (Table S2).

Similar to chokeberry juice powders [12], the dominant identified group of polyphe-
nolics present in the controls and powders made with the addition of carriers consisted of
phenolic acids [49], among which chlorogenic (50.9% of total phenolic acids), neochloro-
genic (47.9% of total phenolic acids), and cryptochlorogenic (1.2% of total phenolic acids)
acids were quantified (Table 2 and Table S2). In comparison, Sójka et al. [46] identified
only chlorogenic and neochlorogenic acids in chokeberry pomace dried at 70 ◦C. In the
current study, the content of phenolic acids was the highest in the control samples gained
after freeze and vacuum drying at 90 ◦C, whereas the application of VD at 60 ◦C resulted,
on average, in a 33% lower content of these constituents (Table 2). When the addition of
selected carriers was concerned, the average content of the sum of phenolic acids was at
a similar level, regardless of the drying technique and parameters applied (Figure 3a–d).
There were no statistically significant differences noted between samples gained with the
addition of M, I, T, M-I, M-T, and I-T after freeze and vacuum drying at 60 ◦C. Vacuum
drying at 90 ◦C caused significant changes in the content of phenolic acids (Table S2). The
lowest content of these constituents was noted when I and I-T were added for drying
(Figure 3a). A similar observation was noted in the case of chokeberry juice drying, in
which addition of inulin resulted in the lowest content of phenolic acids in powders [12].
When the single compounds were concerned (Figure 3b–d), the chlorogenic and neochloro-
genic acids followed the comparable alterations caused by the carrier type and drying
technique applied. The strongest changes were noted in the case of cryptochlorogenic acid,
the content of which was the lowest. Maltodextrin and trehalose preserved the greatest
content of this constituent after freeze drying and vacuum drying at 90 ◦C; however, the
latest technique led to the strongest degradation of this compound in the powders gained.
Regardless of the quantity of the selected phenolic acids present in the products gained,
their thermolability, moderated by the carrier type due to their chemical structure, might
be significantly different.

Overall, similar to Tkacz et al. [41], when the type of carrier was concerned, the
highest retention of phenolic acids was noted in products gained with maltodextrin in this
particular setting of drying techniques. It can be stated that the selection of an appropriate
carrier type and drying technique used for the possible highest retention of phenolic acids
in plant powders should be tested for specific products (including the initial chemical
composition of raw materials) as it may differ due to the interactions between carriers and
individual bioactive compounds present in plants [50].

The second group of polyphenolics identified in chokeberry pomace extract pow-
ders consisted of anthocyanins, among which the presence of cyanidin-3-O-galactoside,
-glucoside, -arabinoside, and -xyloside was confirmed (Tables 2 and 3). Among the controls,
freeze drying led to the highest retention of the sum of these constituents followed by VD
at 90 and 60 ◦C (Table 2). A similar observation was made in the case of formulations with
carriers, with some exceptions. When inulin was added to the chokeberry extracts, the
application of FD and VD at 60 ◦C resulted in a similar content of identified anthocyanins,
whereas the usage of maltodextrin and mix composed of maltodextrin and trehalose re-
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sulted in a similar retention of these compounds in the products gained after vacuum
drying at 60 and 90 ◦C. The strongest degradation of these constituents was indicated after
vacuum drying at 90 ◦C for the formulation containing the I-T mixture.

 
(a) 

(b) (c) (d) 

Figure 3. The radar plot of identified phenolic acids ((a)—sum of phenolic acids, (b)—chlorogenic acid, (c)—neochlorogenic
acid, (d)—cryptochlorogenic acid) in chokeberry pomace extract powders gained with the addition of maltodextrin (M),
inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T) and inulin—trehalose (I—T) by freeze
drying (FD) and vacuum drying at 60 (VD 60) and 90 ◦C (VD 90) (n = 2) (g/100 g db).

Going into the details, the dominant anthocyanin present in chokeberry pomace
extracts’ powders was cyanidin-3-O-galactoside, which consisted, on average, of 64.5% of
the sum of identified anthocyanins present in powders (controls, carrier added powders),
followed by cyanidin-3-O-arabinoside, cyanidin-3-O-xyloside, and cyanidin-3-O-glucoside.
A similar percentage share of anthocyanins was previously noted in the case of chokeberry
juice powders [12]. What is more, the influence of the carriers used in the study on
individual anthocyanins followed the path of the sum of anthocyanins (Table 3).
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The last of the identified groups of polyphenols in all chokeberry pomace extract
powders were flavonols [12] (about 18.3% of all determined compounds). Among them,
eight constituents were detected: kaempferol-3-O-galactoside, kaempferol-3-O-glucoside,
kaempferol-3-O-rutinoside, kaempferol-3-O-robinobioside, quercetin-dihexoside 1,
quercetin-3-O-vicianoside, quercetin-dihexoside 2, and a derivative of quercetin (Table S3).
In comparison with the other groups of polyphenols, the sum of flavonols had the smallest
fluctuations in their content depending on the drying technique or carrier type (no statisti-
cally significant differences), which confirmed their high stability during the powdering
process (Figure 4a; Table S3). However, going into detail, it should be noted that their
content was lower in powders obtained by freeze drying (15.9% of all identified polyphe-
nols), while the highest content was reported in products obtained by vacuum drying at
90 ◦C (21% of all identified polyphenols) (Table S3). As indicated by Hamrouni-Sellami
et al. [51], this may be due to the release of these compounds from more polymerised
structures during heating. A similar trend was observed for quercetin and its glucoside.
In this case, heating up to 120 ◦C resulted in an increase in their content, while further
processing up to 150 ◦C caused their degradation [52]. However, it is worth looking at the
changes in individual flavonols depending on the drying technique used and the addition
of the carrier (Figure 4a–i).

 

 
(b) (c) 

 
(a) (d) (e) 

 

  

(f) (g) (h) (i) 

Figure 4. The radar plot of identified flavonols ((a)—sum of flavonols, (b)—kaempferol-3-O-galactoside, (c)—kaempferol-
3-O-glucoside, (d)—kaempferol-3-O-rutinoside, (e)—kaempferol-3-O-robinobioside, (f)—quercetin-3-O-vicianoside, (g)—
quercetin-dihexoside 1, (h)—quercetin-dihexoside 2, (i)—derivative of quercetin) in chokeberry pomace extract powders
gained with addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose
(M—T) and inulin—trehalose (I—T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 ◦C (VD 90) (n = 2)
(g/100 g db).
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The highest content of the dominant flavonol, i.e., kaempferol-3-O-galactoside, in the
control powders was noted after VD at 60 ◦C, while the lowest when the FD and VD at
90 ◦C were applied (Table 2). Considering the powders with carrier addition (Figure 4b),
vacuum drying at 90 ◦C and inulin-trehalose, trehalose, and maltodextrin application was
the most suitable, while freeze-dried powders with M and I resulted in the lowest content
of this compound, for which statistically significant differences were found (Table S3).

A very similar relationship was observed for the quercetin derivative in the control
samples (Table 2); however, in the case of the carrier-added powders, the lowest content of
this constituent was found in freeze-dried products with inulin, while an approximately
7-times higher content was determined in those obtained by the vacuum drying at 90 ◦C
with the addition of I-T mixture (Figure 4i). Interestingly, the parameters and carriers
mixture, on the one hand, allowed the highest quercetin derivative content, and on the
other hand, resulted in the lowest quercetin-3-O-vicianoside concentration (Figure 4f).
Comparing the drying techniques, VD at 60 ◦C was the most favourable in the context
of the quercetin-3-O-vicianoside level in the powders analysed. Upon comparison of the
content of this compound in powders without a carrier, FD and VD at 60 ◦C proved to be
the best methods, while vacuum drying at 90 ◦C resulted in an approximately 2 times lower
content of quercetin-3-O-vicianoside (Table 2). Noteworthy, kaempferol-3-O-glucoside
and kaempferol-3-O-rutinoside proved to be the most stable flavonols as their content
changed depending on the drying method and the type of added carrier were relatively
small compared to the other compounds of the same group (Figure 4c,d). Additionally,
fluctuations in the concentration of these compounds depending on the drying parameters
and media type were comparable. For kaempferol-3-O-robinobioside in the control samples,
the lowest concentration of this compound was found in vacuum-dried powders at 60 ◦C,
while FD and VD at 90 ◦C yielded the highest levels (no statistically significant differences)
of this flavonol (Table 2). A reverse effect was observed in the case of powders with
carriers (Figure 4e), for which the lowest content of kaempferol-3-O-robinobioside was
determined in freeze-dried products, while vacuum drying at 60 and 90 ◦C resulted in
the highest and similar content of this constituent in the analysed powders. Taking into
account the effect of the carrier agent, the highest content of this compound was found
in vacuum-dried powders at 60 ◦C with I, M-I, and I-T, while the lowest content was
found in freeze-dried products with M-T. An interesting relationship was also observed
for the two quercetin-dihexosides. In case of quercetin-dihexoside 1 for no-carrier added
samples, VD at 60 ◦C resulted in powders with the lowest concentration of this compound
being obtained, while VD at 90 ◦C resulted in the highest concentration (Table 2). When
analysing the powders with added carriers (Figure 4g), the quercetin-dihexoside 1 content
was the highest in powders obtained by FD with the addition of M, while considering
other drying methods, the same carrier did not have such a noticeable effect as in the case
of freeze drying. Moreover, except for the samples with added maltodextrin obtained
by FD, no statistically significant differences were found for all the rest of the powders
(Table S3). Regarding quercetin-dihexoside 2 for the control powders, no statistically
significant differences were found for the content of this compound (Table 2). Interestingly,
in the case of powders with added carriers (Figure 4h), freeze drying, irrespective of the
type of carrier, as well as vacuum drying at 90 ◦C and the addition of I-T mixture and
VD at 60 ◦C with M resulted in the lowest content of this compound, while the other
variants of powders were characterised by significantly higher quercetin-dihexoside 2
levels (Table S3). Moreover, while for quercetin-dihexoside 1, vacuum drying at 60 ◦C
resulted in its lowest content in the powders obtained, for quercetin-dihexoside 2, the
same drying allowed products with the highest level of this compound. Therefore, it
can be concluded that the highest quercetin-dihexoside 1 content is possible to obtain if
low-temperature drying is used, while the use of high temperatures during drying favours
a high quercetin-dihexoside 2 content.
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3.2.2. Hydroxymethyl-L-furfural

In the current study, the hydroxymethyl-L-furfural was identified in all analysed
powders (Table 2, Figure 5). In the case of control samples, the highest content of HMF
was noted in powders gained after VD at 90 ◦C and freeze drying (no statistically signifi-
cant differences) while, interestingly, a lower content was noted after the application of
vacuum drying at 60 ◦C (Table 2). Contrary to the expectations that freeze drying as a
low-temperature treatment should result in the lowest content of HMF (or its absence),
its presence in the analysed powders might be connected with the particular composition
of chokeberry pomace extracts. The substrates for the HMF formation present in these
extracts might additionally react with bioactives during the storage of fruit products [53]
and even after freeze drying. As a confirmation of this, its occurrence was previously
noted in freeze-dried products [54] and fruit juice-based foodstuffs [12,41]. Interestingly,
the studies of Zhang et al. [55] showed that the formation of HMF was accelerated by the
chlorogenic acid in model systems, which is in accordance with the present study as a
strong correlation between HMF and phenolic acids (r = 0.84) was noted. What is more,
Zhang and An [56] proved that its formation might be inhibited by the interactions with
flavonols, which was in line with the present research where the sum of these identified
compounds was concerned (r = −0.85) (Figure S2). However, this inhibition mechanism of
single flavonols is ambiguous as between HMF and two dominant constituents, namely,
kaempferol-3-O-galactoside and kaempferol-3-O-glucoside, strong negative (r = −0.97) and
positive (r = 0.86) correlations, respectively, were observed at the same time (Figure S2).

Figure 5. The radar plot of HMF in chokeberry pomace extract powders gained with the addition of
maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M-I), maltodextrin—trehalose (M-T)
and inulin—trehalose (I-T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 ◦C (VD
90) (n = 2) (μg/100 g db).

Similar to the control samples, the strongest formation of HMF was also noted for
powders obtained with carriers gained after VD at 90 ◦C, followed by freeze drying. Its
content was the lowest when VD at 60 ◦C was used (Figure 5). Its slower formation at
60 ◦C was also reported by Olivares-Tenorio et al. [57] and Michalska et al. [58] during the
drying of fruit-based products, whereas a further increase in drying temperature caused
its rapid formation. As it was previously reported, such phenomena might be linked to
the formation of intermediary compounds during the application of 60 ◦C [57]. When
the type of carrier was considered, the highest content of HMF was noted when inulin
and its mixes (I-T, I-M) were used for powder production at VD at 90 ◦C. Thus, the inulin
might enhance the formation of this process contaminant during powder preparation [12].
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As the different bioactives might influence the formation of HMF during drying, in the
case of powders gained with the addition of carriers, no significant correlation between
the sum of identified polyphenols and HMF was noted, with the exception of quercetin-
3-O-vicianoside (r = −0.65) (Figure S3). Probably, as stated by Zhang and An [56], its
formation might be inhibited by the interactions with some flavonols; however, until now,
no particular compounds were indicated. To sum up, when the quality of chokeberry
extract powders is considered, the formation of HMF could be controlled by the initial
composition of material submitted for drying, process parameters, and type of carrier used
for the powder preparation.

3.2.3. Antioxidant Capacity

The antioxidant capacity of chokeberry pomace extract powders determined by the
TEAC ABTS and FRAP methods showed that the ability of control samples (Table 2) to
scavenge free radicals was about 4.7 times (TEAC ABTS assay) and about 4.2 times higher
(FRAP assay) when compared to the powders gained with the application of selected
carriers. Going into detail, the phenolic acids significantly influenced the antioxidant
capacity measured by TEAC ABTS (r = 0.56) and FRAP (r = 0.64) in samples produced
without the addition of carriers. What is more, a negative correlation between FRAP and
the sum of identified flavonols in these products was noticed (r = −0.75), which could be
connected with the different actions of these compounds present in the analysed powders
toward the reducing potential of ferric ion (Fe3+ to Fe2+) [59]. In the case of the products
with added carriers, it was observed that the antioxidant capacity varied slightly depending
on the carrier used (Figure 6a,b).

 
(a) (b) 

Figure 6. The radar plot of TEAC ABTS (a) and FRAP (b) of chokeberry pomace extract powders gained with the addition
of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T), and inulin—
trehalose (I—T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 ◦C (VD 90) (n = 2) (mmol Trolox/100 g db).

Interestingly, the highest average antioxidant capacity values measured by the TEAC
ABTS method were observed in the powders obtained by VD at 90 ◦C, followed by VD
at 60 ◦C, and freeze drying (Table S1). The reverse effect was observed in the case of
FRAP. The antioxidant capacity values may be related to a significant content of certain
polyphenolic compounds in those powders, such as predominant phenolic acids [60].
This was confirmed by a high positive correlation (r = 0.78) between the content of these
constituents in the analysed powders and their antioxidant capacity measured by the FRAP
method (Figure S3). Moreover, there was a moderate positive correlation between the
sum of anthocyanins and antioxidant capacity measured by FRAP (r = 0.58) and no linear
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relationship between the content of these compounds and TEAC ABTS analysis values
(r = −0.13) (Figure S3). It might be connected with the lower content of anthocyanins
than phenolic acids in the carrier-added powders; however, in the literature, there are
also some reports indicating that the antioxidant capacity is related more to the total
content of polyphenolic compounds than to the content of anthocyanins, which may be
due to the lower free radical scavenging capacity of these compounds compared to other
polyphenolics [61]. Furthermore, in the case of TEAC ABTS, and FRAP analysis, the
powders obtained with the addition of trehalose and its mixes after freeze drying had
the highest values. In general, during VD at 60 ◦C, the application of inulin resulted in
higher TEAC ABTS and FRAP values of the powders analysed, whereas the addition of this
carrier and its mix with trehalose lowered the antioxidant properties measured by these
two methods when vacuum drying at 90 ◦C was applied. This proved the selectivity of
the action of individual compounds and/or carrier substances [62] toward the free radical
scavenging properties of products, which could be additionally moderated by the drying
parameters [50].

3.2.4. PCA Analysis

The PCA biplot for chemical properties (Figure 7a) showed quite the opposite results
from those shown for physical properties (Figure 1a).

Figure 7. Cont.
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Figure 7. Cont.
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Figure 7. (a) The PCA biplot of the first two principal components. The marker colour corresponds to
the drying techniques (i.e., freeze and vacuum drying at 60 and 90 ◦C), while the length and the trans-
parency of the arrows indicate the variance of the chemical properties of powders from chokeberry
pomace extracts and their contributions to the principal components, respectively. Together, the first
two principal components explain 65.50% of the variability; (b) The plot of normalised factor loadings;
(c) Score plot in the space defined by the first two principal components illustrating the relations and
trends of the chokeberry pomace extract powders gained after freeze and vacuum drying at 60 and
90 ◦C with the addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I),
maltodextrin—trehalose (M—T), and inulin—trehalose (I—T).

The vacuum-dried samples at 90 ◦C had much greater variance than the freeze-dried
samples. Chokeberry pomace extract powders gained after the application of different
drying techniques were split along PC1. PC1 was positively correlated with the sum of
identified polyphenolics (TPOLY), phenolic acids (PA), including chlorogenic acid (CHA),
neochlorogenic acid (NEOCHA), the sum of identified anthocyanins (ANTH), including
cyanidin-3-O-xyloside (CY.3.XYL), -arabinoside (CY.3.ARA), -glucoside (CY.3.GLU), and
-galactoside (CY.3.GAL) (Figure 7b). Therefore, it was straightforward to see that drying
techniques changed from VD at 90 ◦C through freeze drying with an increasing content of
anthocyanins and phenolic acids, when moving from left to right along the X-axis (PC1).
PC1 was also negatively correlated with the derivative of quercetin (Q.der). Due to low
PC1 scores and negative loading values, samples vacuum dried at 90 ◦C were characterised
by a relatively higher value of Q.der compared to the freeze-dried samples. The most
influential variable in PC2 was positively correlated with the sum of flavonols (FLAV). PC2
did not indicate variation, which clearly distinguished between the samples gained after
the application of different drying techniques. Hence, only a general statement could be
made that chokeberry pomace extract powders toward the top of the PCA biplot (Figure 7a)
were described by the highest content of flavonols due to the positive correlations between
PC2 and FLAV. A closer look at the score plot shown in Figure 7c revealed that no clear
trends were observed for the powders produced with the addition of different carriers and
their mixes. Nonetheless, chokeberry pomace extract powders gained after vacuum drying

192



Foods 2021, 10, 1864

at 90 ◦C with addition of I-T differed significantly from the rest of the samples in their low
content of anthocyanins and phenolic acids.

4. Conclusions

The current study evaluated the possibility of obtaining powders from chokeberry
pomace extracts by drying techniques and different carrier types as one waste management
practice in the food industry. The quality of such products should consider the priorities of
their potential application as the moderation of powder properties is a multifactor issue.
Taking the above into consideration, the PCA analysis indicated that freeze-dried samples
exhibit more variation than those produced by vacuum drying at 60 and 90 ◦C, especially
in terms of moisture content, water activity, colour, and browning index. The bulk density
was higher for products obtained after vacuum drying. No straightforward trends in
physical properties were observed for products that has selected carriers added.

In the analysed powders, three groups of polyphenols were identified and quantified,
i.e., phenolic acids (3), anthocyanins (4), and flavonols (8). Drying techniques significantly
influenced the polyphenolics in the powders gained with the addition of selected carriers.
In general, the application of freeze drying resulted in a higher content of anthocyanins
and phenolic acids, while vacuum drying at 90 ◦C allowed for the obtainment of products
with high quantities of flavonols. Where the analysed carriers were concerned, the highest
retention of the sum of identified polyphenolics was noted when maltodextrin and its
mixture with trehalose were applied for powder production by freeze drying and vacuum
drying at 90 ◦C, whereas during VD at 60 ◦C, it was inulin and its mixes. In the case of
phenolic acids and anthocyanins, a similar observation was made for FD and VD 60 in that
maltodextrin and trehalose protect most of the mentioned compounds; however, in case of
VD 90, trehalose caused the lowest retention of anthocyanins. Regarding flavonols, this
group was characterised by the highest stability during drying, regardless of the carrier
type used. A detailed analysis showed very diverse behaviour of the individual compounds
with respect to the applied processing parameters, thus making it impossible to identify
any specific method of powder production that results in flavonols’ highest retention.

As the content of hydroxymethyl-L-furfural is of high importance to monitor in
processed foods’ quality, the lowest concentration of this compound was determined in
powders gained after vacuum drying at 60 ◦C, while its highest level was noted after VD
at 90 ◦C. The current study confirmed [12] that the addition of inulin and its mixes during
high-temperature treatment (vacuum drying at 90 ◦C) should be carefully considered as
this carrier may influence the formation of HMF in fruit-based products.

To sum up, the retention of polyphenolics and formation of HMF in chokeberry
pomace extracts’ powders was affected simultaneously by the initial composition of raw
material, carrier type, drying techniques, and parameters applied. Taking all these factors
into account, including interactions between the matrix composition during drying, 10%
addition of maltodextrin and trehalose mixture for freeze drying and vacuum drying
at 90 ◦C allowed the production of powders with the highest retention of polyphenolic
compounds and the lowest HMF level, at the same time. The outcome of the current
study supported by the chemometric analyses can provide guidance for further research as
well as give directions for work on designing functional foodstuff based on powders from
chokeberry pomace extracts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081864/s1, Figure S1: A correlation matrix showing the Pearson’s correlation co-
efficients between each pair of variables (i.e., physical properties) in chokeberry pomace extract
powders data set (controls and powders with carrier addition), Figure S2: A correlation matrix
showing the Pearson’s correlation coefficients between each pair of variables (i.e., chemical prop-
erties) in chokeberry pomace extract powders data set (control samples), Figure S3: A correlation
matrix showing the Pearson’s correlation coefficients between each pair of variables (i.e., chemical
properties) in chokeberry pomace extract powders data set (powders with addition of carriers; no
controls included), Table S1: The content of sum of polyphenols, hydroxymethyl-L-furfural and the
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antioxidant capacity measured by TEAC ABTS and FRAP methods of chokeberry pomace extracts
powders made with the addition maltodextrin, inulin, trehalose and a mixture of them using different
drying methods (average ± standard deviation; n = 2), Table S2: The content of identified phenolic
acids in chokeberry pomace extracts powders made with the addition maltodextrin, inulin, trehalose
and a mixture of them using different drying methods (g/100 g db) (n = 2; average ± standard
deviation), Table S3: The content of identified flavonols in chokeberry pomace extracts powders
made with the addition maltodextrin, inulin, trehalose and a mixture of them using different drying
methods (g/100 g db) (n = 2; average ± standard deviation).
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Abstract: Ozone is widely used in the agri-food and food processing industries mainly as a sanitizing
agent. However, it has recently become clear that ozone exposition leads to another important benefit:
in living tissues, the induced-oxidative stress triggers the antioxidant response, and, therefore, it
enhances the production of antioxidant and stress-related secondary metabolites. As such, ozone
can be considered an abiotic elicitor. The goal of the present review was to critically summarize
knowledge about the possibility of improving bioactive compounds and, consequently, the health-
related properties of grapes and wine, by using ozone. The greatest interest has been given not only
to the pre- and post-harvest treatment of table and wine grapes, but also to the explanation of the
mechanisms involved in the ozone-related response and the main secondary metabolites biosynthetic
pathways. From the literature available, it is clear that the effect of ozone treatment on health-related
properties and secondary metabolites accumulation depends on many factors, such as the cultivar,
but also the form (water or gaseous), doses, and application method of ozone. Most of the published
papers report an increase in antioxidant compounds (e.g., polyphenols) and stress-related volatiles,
confirming the hypothesis that ozone could be used to improve berry and wine compositional and
sensory quality.

Keywords: ozonisation; antioxidants; elicitation; table grape; wine grape; wine

1. Introduction

Ozone (O3) is the gaseous triatomic molecule of oxygen, naturally part of the strato-
sphere [1,2]. O3 has a strong oxidative potential, which makes it highly instable [2,3], and
leads to a rapid oxidation of any organic matter (such as fungi, bacteria, yeasts, and viruses)
which it is in contact with, and a rapid reconversion to O2 without the production of any
harmful by-products [3]. In 2001, O3 was identified and generally recognized as a safe
(GRAS) substance by the U.S. Food and Drug Administration (FDA), and it has, therefore,
been widely used in the food industry [4]. Its use in the agri-food sector represents an
environmental and human health friendly approach to sanitize and to preserve fresh food.
Its application on fresh products has revealed many advantages, such as the reduction of
post-harvest disease development, reduction of spore production, oxidation of ethylene,
and the slowing down of fruit respiration and, in general, the ripening process, thus, overall
increasing the shelf-life [1,5,6].

Many patents have been developed for O3 application on plants, fruits, and vegetables.
The first method was patented in 1988 by Cantelli [7], who developed a method based
on the storage of fresh products in closed containers with a constant O3 concentration
of 0.05 ppm. In 1990, Karg [8] set up the sterilization of minimally processed fruits and
vegetables from different contaminants using O3 mixed with other gases (CO2 and N2)
within the processing and packaging rooms [9]. Finally, in 2012, the first application in
the wine industry was proposed by Mencarelli and Catelli [10]. The patented method,
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called Purovino®, involves the use of O3 with the goal to decontaminate grapes and winery
facilities during winemaking, by reducing the employ of sulphur dioxide.

In addition, O3 exposure of plants and harvested fruits and vegetables has been
demonstrated to induce important metabolic shifts. Hence, it can promote the biosynthesis
of secondary metabolites, such as polyphenols and volatile organic compounds (VOCs), in
plants and in plants products. The resulted metabolic shifts are strictly related to different
factors, such as concentration and length of exposure, and are cultivar-dependent [11–14].

Therefore, in the recent years, many studies have focused on the possibility to use O3
as an abiotic stressor to trigger the content of bioactive compounds in plants and plant
products [2,15–18]. The following paragraphs will focus on the main secondary metabolic
responses induced in vines and grapes after O3 exposition, focusing on those metabolites
important for grapes and wine quality, as well as on their health-promoting properties.
The most relevant papers selected and discussed in the present review are summarized in
Table 1.

Table 1. Effect of ozone treatment on bioactive compounds accumulation in table and wine grapes, and in wine made
starting from ozonated grapes.

Product Cultivar
Ozone
Form

Ozone Treatment, Dose
and Duration

1 Effect Reference

Table
grapes

Napoleón Gas

38 days of storage at 0 ◦C under
0.1 mg/L of O3, and stored in
2.5 L glass jar with 8 mg/L of O3
for 30 min every 2.5 h

+ total stilbenes Artés-Hernández et al.,
2003 [19]

Autumn Seedless Gas
Continuous flow with 0.1 μL/L,
and discontinuous with 8 μL/L
for 30 min every 2.5 h

+ total flavanols
+ total
hydroxycinnamic acid
derivatives
+ total phenolics

Artés-Hernández et al.,
2007 [20]

Superior Seedless
Regina Victoria
Cardinal CL80

Gas
Continuous and discontinuous
(12 h/days) O3 flows (2 mg/L)
during 72 days of storage

+ resveratrol (with
discontinuous flow) Cayuela et al., 2009 [21]

Scarlotta Gas Pre-storage treatment with 5, 10,
and 20 μL for 30 min at 0 ◦C

+ total polyphenols
+ antioxidant activity
+ total anthocyanin

Admane et al., 2018 [22]

Seedless
Black grapes Water

Immersion in pre-storage with
ozonated water (2, 4, 6, or
8 mg/L) for 4 min at 5 ◦C

+ total polyphenols
+ antioxidant activity Silveira et al., 2018 [23]

Perlette
Thompson
Zeiny
Alphonse
Lavallee Barlinka

Gas Pre-storage treatment with
16 mg/L for 5 to 10 min

+ phytoalexins
(resveratrol,
pterostilbene)

Sarig et al., 1996 [24]

Superior Gas Pre-storage treatment with 1.67
and 3.88 g/h 1, 3, and 5 h + total stilbenes González-Barrio et al.,

2006 [25]

Wine
grapes

Barbera
Nebbiolo Gas

Post-harvest treatment
pre-vinification for 24 and 72 h
with 30 μL/L

+ total proanthocyanidins
extraction
+ flavanols extraction
+ total anthocyanin
extraction

Paissoni et al., 2017 [26]

Petit Verdot Gas
Post-harvest treatment
pre-vinification for 12 h with
20 g/h

+ total anthocyanin Bellincontro et al.,
2017 [15]

Maturano Gas Pre-harvest treatment + chlorogenic acid Valletta et al., 2016 [27]

Grechetto Gas
Post-harvest treatment
pre-vinification for 12 h with
1.5 g/h

+ catechins Carbone and Mencarelli
2015 [28]
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Table 1. Cont.

Product Cultivar
Ozone
Form

Ozone Treatment, Dose and
Duration

1 Effect Reference

Pignola Gas
Post-harvest treatment
pre-vinification for 18 h with
1.5 g/h

+ polyphenols
± carotenoids
± anthocyanin
+ anthocyanin
extractability
+ flavonol extractability

Botondi et al.,
2015 [11]

Romanesco Gas
Post-harvest treatment
pre-dehydration process with
20 g/h for 12 h

+ polyphenols Modesti et al.,
2018 [29]

Nebbiolo Gas
Constant flow during
dehydration process with
30 μL/L

± total anthocyanin
− anthocyanins
extraction

Rìo Segade et al.,
2020 [30]

Barbera Gas
Constant flow during
dehydration process with
30 μL/L

− total anthocyanin
+ anthocyanins extraction

Rìo Segade et al.,
2020 [30]

Moscato bianco Gas Pre-dehydration treatment with
60 mL/L for 24 or 48 h

+ glycosylated VOCs
+ free linalool
+ cis-furan linalool oxide
+ terpineol

Rìo Segade et al.,
2018 [14]

Moscato bianco Gas
Constant flow during
dehydration process with
30 μL/L

+ glycosylated VOCs
+ linalool
+ geraniol
+ nerol

Rìo Segade et al.,
2017 [31]

Merlot Gas Post-harvest treatment with 1 and
3 mg/L for 12 and 24 h

+ total polyphenols Modesti et al.,
2021 [32]

Wine

Bobal Water Pre-harvest singles treatment

+ total polyphenols
+ phenolic acids
+ flavanols
+ flavonols
+ anthocyanins
+ free terpenoids

Campayo et al.,
2020 [33]

Bobal Water
Pre-harvest treatments (three
treatments performed between
fruit set and harvest)

+ phenolic acids
+ flavanols
+ stilbenes
+ farnesol
+ nerodiol

Campayo et al.,
2020 [33]

Petit Verdot Gas
Post-harvest treatment
pre-vinification for 12 h with
20 g/h

+ anthocyanins
+ skin tannins

Bellincontro et al.,
2017 [15]

Patent

PCT/IB2012/000036
“Process for the
Treatment and the
Winemaking of
Grapes”

Gas Post-harvest treatment with
20 g/h for 12 h

+ gallic acids
+ catechins
+ epicatechins

Mencarelli and
Catelli, 2012 [10]

1 Notes: + = increase; − = decrease; ± = both increase or decrease.

2. Review Methodology

The bibliographic identification was conducted between December 2020 and August
2021 using relevant electronic bibliographic databases (e.g., Web of Science, Science Direct,
and PubMed) to ensure the highest coverage for significant papers. The primary keywords
(ozone, table and wine grapes, wine) were combined using the set operator AND with
secondary keywords (i.e., pre- and post-harvest treatment, bioactive compounds, volatile
organic compounds, polyphenols, and antioxidants). To find and select documents, recently
published reviews were firstly analysed. Then, starting from pre-selected papers, literature
older than the mentioned time period was included if considered helpful to improve topic
description. Authors independently evaluated the available literature using predefined
eligibility criteria, resolving disagreement by discussion. To restrict and focus the aim of
the research, only papers sections dealing with polyphenols and volatiles following ozone
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treatments were selected (excluding sections dealing with other grapes and wine traits). A
total of 88 papers were selected in the end.

3. Ozone and Plant Interaction

3.1. Reactive Oxygen Species Production in Plant Tissue

Once O3 penetrates the cells, it is immediately converted in reactive oxygen species
(ROS), and, therefore, an endogenous ROS production, known as oxidative burst, contributes
to the overall oxidizing potential of O3 [34]. ROS production has been correlated with
cellular stress responses which, consequentially, leads to important shifts in secondary
metabolism [35]. The oxidative stress is characterized by an imbalance of the cellular redox
status, and shifts of cell metabolism are needed to rebalance the basal levels of ROS [36].
The scavenging antioxidant system is characterized by the activity of specific enzymes
having an antioxidant role, and by the antioxidant compound biosynthesis (stress-related
volatiles, such as C6 (aldehydes, alcohols, and esters) and terpenoids and polyphenols,
stilbenes, isoprene, and ascorbic acid) [37,38].

Secondary metabolites are biologically active compounds produced under specific
condition in plants tissues, and are generally involved in plants adaptation as a response
to changes in external condition. Several secondary metabolites (such as polyphenols,
flavonols and tannins, essential oils, sterols, phytoalexins, and monoterpenes) have been
demonstrated to have important functional effects on human health, and, therefore, tech-
niques aimed at increasing their content in plants and plant products are becoming pop-
ular [39,40]. Elicitation can be defined as a controlled stress induced by elicitors which
leads to the production of secondary metabolites [41,42], and can, therefore, improve the
biological activity of plant products. Given the well-established efficacy of O3 for the
agri-food preservation and in inducing secondary metabolism shifts, recently, O3 has been
suggested as a pre-and post-harvest elicitor [16,19,43,44].

3.2. Ozone and Polyphenols

Grape and wine polyphenols have considerable importance not only for their contribu-
tion to wine quality parameters, such as color, flavor, astringency, bitterness, and ageing be-
havior [45], but also for their antioxidant capacity. In particular, phenolic acids, flavonoids,
anthocyanins, and tannins are well-known to have many health benefits [5,20,46] due to
their activity as radical scavengers.

Given the antioxidant role that polyphenols play in the cells, most of them are biosyn-
thesized in both vines and grapes as a response to biotic and abiotic stresses thanks to
the activation of the phenylpropanoid pathway [47]. Researchers have indeed observed
that a higher polyphenol accumulation is due to the increase of activity of enzymes, such
as phenylalanine ammonia lyase (PAL), stilbene synthases (STS), and flavonol synthases
(FLS) [5,48,49]. The key point is that O3, playing as stressor, induces the defence mechanism
to protect plants and fruits tissue against oxidative stress-related damages.

However, the effect on polyphenol content after ozonisation is not always clear [5,40]:
some papers describe a positive effect of O3 in terms of polyphenols accumulation [11,15,29],
whereas others talk about negative ones, especially their oxidation with consequent reduc-
tion [18,50,51].

The effect of O3 in inducing the biosynthesis of polyphenols mainly depends on the
concentration and method, as well as the length of exposure. Generally, high ozone doses
lead to an over oxidation which will induce a phenol decrease [18,51]. Nevertheless, a
more controlled and limited amount of O3 results in a controlled oxidative stress which
may stimulate the biosynthesis of these compounds [52].

Apart from the doses utilized, the method of application is another crucial aspect
which can influence the effects and the consequences of the ozonisation process. O3 in
gaseous form is much more stable and effective in potentially inducing the oxidation. On
the contrary, ozonated water is less stable and less oxidative, and, therefore, a negative
impact on phenol accumulation is unlikely to occur [53]. Lastly, the duration and the

200



Foods 2021, 10, 2934

type of exposition (single, continuous, or intermittent) also matters. For example, it has
been observed that an overnight treatment of wine grapes with O3 at 1.5 g/L increases
phenol and anthocyanin content, whereas longer and continues exposition decreases
phenolics [11].

3.3. Ozone and Volatile Organic Compounds

Volatiles are important secondary metabolites which are often involved in defence
mechanisms. VOCs are indeed produced in, and released from, leaves, flowers, and fruits
with the main functions of: (i) attracting pollinators and beneficial insects; (ii) protecting
plants against pathogen infection and herbivore attack; (iii) creating molecules signal for
plant–plant communication [54]. Because of these roles, VOCs are often synthesized under
stressed condition. Specifically, in the case of the oxidative stress, the mechanism is still
linked with ROS production, which determines the membrane lipid peroxidation [55] and
VOCs associated with lipid peroxidation. Compounds, such as C6 (mainly aldehydes and
alcohols), methanol, and methyl salicylate, are monitored as signalling volatiles [56], and
have antibacterial and fungicidal properties [56].

In living tissue, such as vine leaves and grapes, stress responses occur when O3 is
applied, especially if accurately managed, and stress-related VOCs biosynthesis generally
is induced [57,58]. Remarkably, C6 volatiles (especially aldehydes and alcohols) formed in
grapes are generally associated with herbaceous aroma and flavour. Additionally, when
C6 volatiles are converted in their acetate esters, the result is pleasant fruity nuances [34].

Another class of VOCs known to play a key role in the antioxidant response, and,
therefore, also produced after O3 exposition, belongs to the terpenoid family, i.e., isoprene,
monoterpenes, and sesquiterpenes [59]. The stimulation of terpenoid biosynthesis in fruits
and vegetables is extremely significant, considering the crucial role they play in the floral
and fruity aroma and taste. Two different pathways are involved in terpenoid biosynthesis:
the methylerythritol phosphate (MEP) and the mevalonate (MVE) pathway [60], which are
known to be strongly influenced by biotic and abiotic stresses [57,61–63]. Several fruits,
vegetables, and plant tissues show an increase of terpenoid biosynthesis as a response to
ozonisation [14,38,57,64]. It has been hypothesized that terpenes biosynthesis is induced by
the oxidative stress because they might act as ROS scavengers, reducing their reactivity [65].
In addition, in O3 stressed plants tissues, the inhibition of terpenes biosynthesis results
in higher oxidative damage [38], supporting the hypothesis of an antioxidant role, as
suggested by Calogirou, 1999 [66].

Lastly, another defence mechanism induced by oxidative stress is the stimulation of
the activity of different enzymes, including uridine5′-diphospho-gluconosyltransferases
(UGTs), which play an indirect role in ROS-detoxification [67]. Glycosylation allows
compartmentalization of small and toxic/reactive molecules, such as ROS, but also VOCs,
by reducing their volatility through derivatization [68]. As such, the UGTs plays a key
role not only in plant defence mechanisms [69], but also in the formation of glycosylated
volatiles. Therefore, the induced oxidative stress stimulating UGTs activity can, in turn,
increase glycosylated volatiles [70], also known as aromatic precursors.

4. Ozone and Bioactive Compounds in Table and Wine Grape

4.1. Table Grape

Table grapes (Vitis vinifera L.) are affected in postharvest life by evident quality de-
pletion mainly caused by loss of water, berry softening, browning, and microbiological
contamination, the latter mainly due to grey mold action [45]. As stated by many researches,
O3 treatment ranging from 0.1 mg/L/day or higher allows to prolong table grape shelf-life,
inhibiting the growth of grey mold [71,72]. Furthermore, O3 was reported to boost the
phenolic and aromatic compound biosynthesis, since O3 induces in living tissues different
defense mechanisms at the genetic, transcriptional, and biochemical level [73].

Researchers have evaluated the effect of O3 atmosphere on Napoleón grapes both
packed in a macro-perforated polypropylene basket during 38 days of storage at 0 ◦C under
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0.1 mg/L of O3, and stored in a 2.5 L glass jar with 8 mg/L of O3 flushed for 30 min every
2.5 h. They observed an increase of total stilbenoids for both O3 treatments, even if the O3
concentrations were not enough to avoid Botrytis cinerea spread [19,48,74].

A similar study [20] tested different O3 treatments (continuous: 0.1 μL/L; discon-
tinuous. 8 μL/L for 30 min every 2.5 h) on the quality of Autumn Seedless grapes both
after protracted storage at low temperature (60 days; 0 ◦C), and after one week at retail
conditions (15 ◦C). Either continuous or discontinuous treatments, at low temperature, de-
termined an increase of total flavan-3-ol. Furthermore, continuous treatment also retained
the initial content of hydroxycinnamates. After the retail period, a significant increase of
total polyphenols was observed for both treatments [20].

Cayuela et al., [74] treated two white table grapes (Superior Seedless and Regina Victo-
ria) varieties and one red grape (Cardinal CL80) variety with continuous and discontinuous
(12 h/days) O3 flows (2 mg/L) during storage (5 ◦C; 72 days). The shelf-life of O3-treated
grapes, regardless of the method of application, was significantly prolonged in comparison
with the control grapes stored in air [74]. Additionally, discontinuous treatment led to
the highest resveratrol content. On the other hand, continuous application induced a
reduction of these compounds. In this study, the authors suggested that the continuous
presence of O3 blocked the resveratrol biosynthesis, whereas a discontinuous action could
trigger its biosynthesis [74]. This was also observed by Artés-Hernández et al. and Tomás-
Barberán et al. [19,48], where the discontinuous treatment (8 mg/L O3 for 30 min, every
2.5 h) boosted the resveratrol content in Napoléon grapes. However, some discrepan-
cies in the results have been evidenced in the literature, probably as a consequence of
a cultivar [20,48] or dose-dependent effect of O3 treatments: continuous highly concen-
trated (2 mg/L) treatment could deplete antioxidant compounds as a defensive mechanism
toward oxidative stress [75], whereas discontinuous applications could improve their
accumulation [21].

Admane et al. [22] evaluated the effects of O3 pre-treatments at three different con-
centrations (5, 10, and 20 μL/L on harvested organic Scarlotta table grapes packed under
modified atmosphere packaging (MAP) (2% O2 and 5% CO2), monitoring the quality decay
trend, sensory traits, and antioxidant compounds profile during 45 days at 0 ± 0.5 ◦C,
followed by 7 days at higher temperature (15 ± 1.0 ◦C). The results showed a higher
level of polyphenols and antioxidant capacity for all samples O3-treated, confirming the
O3 activity as an elicitor of phenolic compounds biosynthesis. Moreover, the content of
anthocyanins in the berry skins of O3-treated grapes was significantly higher than in the
control ones [22]. The increase of anthocyanins content was also observed in Cardinal
grapes stored for 12 days at low temperature [76].

Silveira et al. [23] observed similar results in Thompson Seedless and Black Seedless
grapes, previously immersed in ozonated water at different concentrations (2, 4, 6, or
8 mg/L) for 4 min at 5 ◦C, and then stored for 21 days at 5 ◦C. Namely, a 23–50% and
18.5–28% improvement of total polyphenols was observed in Thompson Seedless and Black
Seedless grapes, respectively. Furthermore, all the O3 treatments determined a doubling
of the antioxidant capacity in Thompson samples, whereas only the treatment with 6 and
8 mg/L increased antioxidant activity in Black Seedless grapes [23].

4.2. Wine Grape

As previously described, O3 exposure can cause modifications in grape secondary
metabolism, improving the synthesis of phenolics such as stilbenes and anthocyanins [26,77].

Paissoni et al. [26] observed that O3 treatments for 24 and 72 h affected the initial
phases of skin maceration in red vinification for both Barbera and Nebbiolo grapes, fa-
voring the extraction of di-substituted anthocyanins in Nebbiolo grapes. Namely, O3
treatment did not affect the final individual anthocyanin extractability, thus, the varietal
anthocyanin fingerprint was maintained. O3 also influenced the flavanol extraction, which
was slowed down in both varieties. In another study, Bellincontro et al. [15] reported a
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faster fermentation rate, as well as a higher anthocyanin concentration by an overnight O3
treatment of Petit Verdot grapes.

Valetta et al. [27] observed that O3 treatment did not activate the stilbene synthe-
sis in Maturano white grapes, even if the leafy chlorogenic acid content was increased;
thus, they proposed chlorogenic acid as a biochemical marker of O3-induced stress in the
V. vinifera plant.

Short-term treatments with O3 on fresh grapes have proven effective in determining
changes in flavanol fraction, with a significant increase in catechins, and a slightly decreased
epicatechin [28]. As suggested by Carbone and Mencarelli [28], the triggering of low-
molecular-weight antioxidant biosynthesis could be considered as a defense mechanism
against the O3-induced oxidative stress.

At the same time, O3 could play a protective role against the oxidation of flavanols
since, during post-harvest partial grape dehydration, O3 exposure both promotes antioxi-
dant enzymes, and inhibits the oxidant activity of polyphenol oxidase and lipoxygenase
enzymes [29]. Botondi et al. [11] showed that O3 fumigation at 1.5 g/h for 18 h in con-
tinuous flow (shock treatment) could preserve the polyphenol and anthocyanin content.
On the other hand, a long-term O3 treatment (1.5 g/h, continuous flow, subsequent de-
hydration with 0.5 g/h of O3, 4 h per day) determined a significant oxidation of the
polyphenol content.

Both dehydration and O3 effects are cultivar-dependent. As reported by Rìo Seg-
ade et al. [77], in Barbera skins, the combination of the two post-harvest stresses (e.g.,
oxidative and water stress) determined a limited proanthocyanidin loss, together with
increased prodelphinidin and limited galloylation percentages. Besides, in Nebbiolo skin,
richer in proanthocyanidin, an increased galloylation was observed during dehydration
when associated with O3 treatment [30].

Another study [77] carried out on Moscato Bianco wine grapes (Vitis vinifera L.)
showed that short-term O3 exposure (60 μL/L for 48 h) on fresh grapes did not determine
an immediate resveratrol accumulation, but it induced an elicitor effect on total stilbenes
(+36%) in dehydrated grapes (20% of weight loss), with a considerable overproduction of
trans-resveratrol and trans-piceatannol.

Furthermore, O3 treatments during grapes post-harvest seem to stimulate the berry
skin cell wall degradation, affecting the extractability of oligomeric flavanols and proantho-
cyanidins [26]. As observed by Botondi et al. [11], O3 shock treatment on Pignola grapes
did not affect the pectin methylesterase and polygalacturonase activities, which, in turn,
affect cell wall composition and porosity, and are responsible for different anthocyanin and
flavonol extractability [32]. Moreover, polyphenols are retained by the cell wall according
to their structure. In this regard, the analysis of the texture has been proven to be an
effective tool to correlate phenolic compounds extractability to skin mechanical properties.
In particular, a significant correlation has been found between skin hardness and the ex-
traction of anthocyanins and flavanols with low and high molecular mass [78]. Recently,
Laureano et al. [79] observed a hardening of table (Italia and Muscat Hamburg) and wine
(Merlot and Barbera) grapes’ berry skin as a consequence of post-harvest gaseous O3
exposure (30 μL/L) for 24 h, evidencing a role of O3 treatment on the berry skin mechanical
features. The use of O3 for the treatment of wine grapes in post-harvest is currently being
explored to improve polyphenol extractability, which is mainly affected by the cultivar and,
to a lesser extent, by the time of the O3 exposure [26,30,77].

Lastly, the effect of O3 exposition (30 mg/L continuously supplied) on the aromatic
composition of Moscato Bianco grapes during the dehydration process was investigated
by Segade et al. [31]. O3 significantly increased not only the amount of total VOCs, but
also the amount of terpenoids, which are the major aromatic markers of the Moscato scent.
Accordingly, the biosynthetic pathways involved in terpenoids and C6 biosynthesis (i.e.,
MEP and LOX-HPL) were up-regulated following the O3 exposition. On the contrary,
higher doses (60 mg/L) supplied for a shorter time significantly reduce total VOCs, due
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to terpenoids oxidation [14]. These findings highlight again that the effect of O3 on VOCs
profile strongly depend on the concentration and exposure time.

5. Ozone Strategy to Increase Bioactive Compounds in Wine

With respect to wine production, the use of O3 has become popular, and its employ-
ment is increasing in a significant number of wineries. As already discussed, O3 has been
widely used not only as sanitizing agent and for increasing the shelf-life of harvested
grapes, but also as an exogenous elicitor to enrich grapes of secondary metabolites, sig-
nificant factors for grape quality and human health. Hence, at berry level, the oxidative
stress modifies the accumulation of different compounds to defend the cells from possible
oxidative damages [73]. Most of the studies available in the literature focused on the elici-
tor effect on grape metabolism, confirming the aptitude of O3 in increasing the bioactive
compound presence. However, when dealing with wine grapes, it is decisive to understand
if the changes induced in grapes are transferred in the resulting wine, considering that the
accumulation of those metabolites can increase wine health-promoting attributes thanks to
their antioxidant activity [42].

As is obvious, the accumulation of secondary metabolites in grapes have a great
influence on wine quality. For instance, modifications of the polyphenol profile in grapes
will result in changes in color, astringency, bitterness, and body of the resulting wines.
Furthermore, the accumulation of antioxidant volatiles, such as terpenoids and C6 com-
pounds, induced by the oxidative stress [29,31,61] can strongly affect the aromatic profile
of the wine. Nevertheless, very few studies on the accumulation of bioactive compounds
in wine are currently available.

5.1. Effect of Pre-Harvest O3 Application on Wine Features

Recently, O3 has been proposed for pest management in viticulture as a possible
alternative to traditional pesticides, considering its environmental and human health
friendliness. Studies related to the in-field O3 application on grapes, and associated to
the wine quality and composition, are very limited. It is well established that viticulture
practices (such as clusters thinning, defoliation, elicitor application, etc.) can strongly
influence grape development and metabolism [58], and, consequently, wine composition.
The main problem when dealing with pre-harvest applications is that O3 has always
been considered as an environmental pollutant, associated with yield reduction, and the
development of physiological disorders in plants (such as chlorophyll degradation, and a
decrease of carbon and nitrogen assimilation) and fruits [80]. However, it is also clear that
the possibility to cause damages is strongly affected by the cultivar, phenological stage, and
environmental conditions. As such, there is a small risk of toxicity if O3 is applied under
controlled conditions. Additionally, the controlled oxidative stress induces antioxidant
responses which could enrich fruit and wine of secondary metabolites, exactly as they
occur in post-harvest applications [29,72,81].

Recently, ozonated water was applied to control grapevine diseases, and the effect on
grapes and wine quality (Vitis vinifera L. cv. Bobal) was studied by Campayo et al. [33,73,81].
These authors tested two different applications (i.e., a single treatment with ozonated water
during the ripening period, and three treatments with ozonated water performed between
fruit set-up to harvest), evaluating their effect on grapes, and during winemaking. The
treatments induced a different response even within the same family of compounds. The
first ozonated water treatment increased total polyphenol by about 130%. Concerning
the effect of ozonated water on different classes of polyphenols, it is possible to observe
how the single treatment led to a wine with higher (more than double of the control
wine) phenolic acids, flavanols, flavonols, and anthocyanins. On the other hand, the
trial performed using three ozonated water treatments increased stilbenes and flavanols,
while reduced the amount of anthocyanins. Specifically, phenolic acids such as gallic,
vanillic, syringic, trans-caftaric, and trans-p-coutaric acids were in higher amount after
vines ozonation, regardless of the dose and type of application. Furthermore, among the
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different stilbenes identified by the authors, trans-resveratrol and glucoside piceid-trans-
resveratrol increased in wine made starting from ozonated vines [33]. These compounds
belong to the class of phytoalexins, and they are produced as defensive molecules in plants
as a response to different stresses, as well as the oxidative stress [82]. Concerning flavanols,
higher concentrations of catechin were found in wines made starting from ozonated vines.
Flavanols are known as the most powerful ROS scavengers in grapes and wines, presenting
an extremely high antioxidant activity [83], and, therefore, it is not surprising their increase
in wines derived from ozonated vines.

The amount of non-acylated anthocyanins (i.e., delphinidin, petunidin, peonidin, and
malvidin 3-O-glucosides) and the peonidin and malvidin 3-O-glucosides acetylated in-
creased in the wine made starting from ozonated vines. However, when the ozonated water
treatments were repeated three times, the amounts of all the non-acylated anthocyanins
decreased. The authors reported that these antioxidant compounds produced in grapes
against oxidative stress would be oxidized and depleted under long exposure to ozone.

Regarding wine aroma, when plants are subjected to abiotic stresses, they increase
the biosynthesis and emission of VOCs. Specifically, it is well known that plants produce
isoprene, terpenes, and C6 in response to the oxidative stress after O3 exposition [37,38].
This was again confirmed by Campayo et al. [73], who observed an increase of the total
free terpenoids in wine made starting from ozonated vine, mainly due to the accumu-
lation of farnesol and nerolidol. When treatments were repeated during the growing
season, citronellol and nerolidol increased. Based on recent studies, terpenoids have been
demonstrated to induce health-beneficial effects, mainly for their anti-inflammatory and
antimicrobial properties [84].

Based on the only one study available, it seems clear that the application of O3
on vines, by modifying grapes metabolism, increases the content of important health-
related bioactive and antioxidant compounds in the resulting wine (i.e., polyphenols
and terpenoids).

5.2. Effect of Post-Harvest O3 Application on Wine Features

Though the pre-harvest use of O3 is still very debated, its use for post-harvest manage-
ment of wine grapes is widely used. Hence, in the context of new technologies for grapes
preservation and wine making, O3 is currently a common tool not only to control spoilage
microorganisms, but also to increase the nutritional value of grapes and wine. As already
discussed in Section 4, there are many papers discussing the effect of post-harvest O3 treat-
ment on grape composition and metabolic responses, whereas the effect of ozonation on
wine quality is less studied. Many winemakers considered the use of O3 as a potential risk
of oxidation of important compounds for the sensory and quality attributes of wine (i.e.,
polyphenols and volatiles). However, it is currently known that, if used under controlled
conditions, it can represent a good option to increase the amount of these compounds.
Hence, growing attention has been paid to O3, related to its stress action, which enhances
the biosynthesis of bioactive compounds (such as phenolic substances) in table and wine
grapes [20,28,85].

Mencarelli and Catelli [10] showed, for the first time, an enrichment of polyphenols
and anthocyanins extraction in red wines treated with O3 according to the Purovino®

method (12 h, at 4 ◦C and 70% RH with max 20 g/h with 6% w/w of O3 and a flow rate at
maximum 150 normal liter/h). The authors explain that the increase of these compounds
(namely gallic acids, catechins, and epicatechins) is obtained thanks to two different, but
linked, mechanisms [10]. On one hand, grapes exposition at a right dose of O3 for the right
amount of time promotes biosynthesis of metabolites [10,14,86], and on the other hand, it
modifies skin permeability, determining a consequent greater extraction of polyphenols.
The treatment also promotes biosynthesis and extraction of antioxidant-related volatiles.
Furthermore, the wines produced through the mentioned method were characterized by a
polyphenols fraction which remained unaltered during malolactic fermentation and also in
bottled wines (up to two years), indicating a greater stability of wines produced employing
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O3-treated grapes. Bellincontro et al. [15] observed an increase of anthocyanins and skin
tannins in wine derived from O3-treated harvested grapes. The increase in anthocyanins
is probably due to the berries’ reaction to a moderate stress, which induces polyphenols
biosynthesis, which are then transferred in the resulting wine.

Furthermore, after ozonation, the extractability index increased in O3-treated grapes,
and, therefore, O3 treatment not only induces the biosynthesis of phenolic substances,
but also affects the cell wall structure and cell membrane composition [87], facilitating
the extraction of these compounds during winemaking. Ref. [11] thus represents a great
advantage for the vinification process in term of time, cost, and health-related properties
as well.

The increase of polyphenols in wine grapes after post-harvest O3 exposition was also
pointed out by Carbone and Mencarelli [28], Paissoni et al. [26], and Segade et al. [77], who
reported an increase of catechin [28], and higher flavanol and anthocyanins content, thanks
to a greater extraction [26,77]. The same increase of polyphenols, specifically of flavonoids,
has been found even when O3 has been used at the beginning of controlled dehydration of
Pignola and Romanesco grapes for “passito” wine production [11,29]. Lastly, post-harvest
O3 treatments used to reduce the smoke taint in wine, which means wine made from grapes
exposed to bushfires with undesirable sensory characters (smoky, burnt, and ashy), lead to
higher polyphenol content as well [32,88]. Unfortunately, all these studies do not report
any information about the resulting wines.

6. Conclusions

Overall, the O3 treatments operated on table and wine grapes reveal many important
advantages, especially related to the phenolic and aromatic fractions. However, the effect
of O3 treatment strongly depends on the treated cultivar, O3 form (gas, water), and method
used for the treatment (i.e., dose, duration, intermittence or constant exposition). Both
gaseous and water ozone treatment exert an elicitor effect on grape bioactive compounds
(i.e., polyphenols, anthocyanins, flavanols, etc.), although most of the studies refer to
gaseous treatments. Moreover, it is often reported that high doses and long exposition
could result in an excessive oxidative stress which potentially decreases grape quality
parameters, as bioactive compounds may be oxidized. On the other hand, when O3 is
applied under studied and controlled conditions, an increase of bioactive compounds, such
as polyphenols and antioxidant volatiles, is often reported. The literature suggests that in
most of the cases, the best results are obtained with a low concentration and short treatment.
Moreover, continuous ozone treatment during post-harvest dehydration increases the total
VOCs. However, it is also suggested that the internal composition of the berries (cultivar-
dependent) strongly influences the final result of O3 exposition. For example, in cultivars
with higher flavanol and anthocyanins content, the result of O3 treatment is a greater
extraction of polyphenols. Furthermore, in cultivars characterized by the prevalence of
anthocyanins di-substituted, the result is a lower anthocyanin extractability, whereas in
cultivars with tri-substituted anthocyanins, the extractability after O3 exposition is higher.

In the light of all the above considerations, the factors affecting the bioactive com-
pounds content in grapes, and, as a consequence, in wine, are many, and a unique strategy
is, therefore, difficult to identify. Nevertheless, all considered, the potential role of O3
to stimulate the biosynthesis of bioactive compounds is clear, and, considering that O3
treatment is very practical, it can be easily incorporated into the wine production chain
not only as sanitizing agent, but also to promote the health-related compounds of wines,
inducing an improvement of their general quality. Moreover, post-harvest grape exposure
could significantly reduce the use of sulphur dioxide in winemaking due to its bactericidal
and fungicidal properties. However, in a large-scale application, especially in the case of
winemaking goals, an adaptation of O3 treatment depending on the cultivar and on the
target wine would also be highly desirable.
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Abstract: The effects of high hydrostatic pressure (HHP) compared to thermal pasteurization (TP)
were studied in healthy citrus-maqui beverages. The impact of the processing technologies on the
microbiological and phytochemical profile was assessed by applying two HHP treatments at 450
and 600 MPa for 180 s and TP at 85 ◦C for 15 s. The shelf life under refrigeration (4 ◦C) and room
temperature (20 ◦C) was monitored for 90 days. All treatments ensured microbiological stability at
both storage temperatures. Aside from that, the physicochemical parameters were not significantly
different after processing or throughout the storage period. Regarding color parameters, an increase
in the reddish coloration was observed during storage for those beverages treated by HHP. In general,
phenolic compounds were little affected by the processing technique, even when treatment under
HHP was more stable than by TP during storage. On the other hand, vitamin C showed great
degradation after processing under any condition. It can be concluded that HHP is an effective
alternative to thermal treatments, achieving effective microbial inactivation and extending the shelf
life of the juices by contributing to a better preservation of color and bioactive compounds.

Keywords: high hydrostatic pressure; thermal pasteurization; anthocyanin; vitamin C; flavanones

1. Introduction

Nowadays, there is a growing trend focused on the implementation of healthy and
balanced diets by consumers, minimizing the consumption of processed foods. In this
respect, recent studies revealed that over 70% of consumers associate emerging non-thermal
technologies with better nutrient or sensory quality [1], since these novel techniques are
capable of maintaining a very similar freshness for unprocessed foods, minimizing losses
in the physicochemical and organoleptic profiles and ensuring microbial safety during
subsequent storage, as well as being environmentally friendly [2,3]. Moreover, consumers
are increasingly aware of including fruit- and vegetable-based products in their diets due to
their nutritional importance and potential health-promoting profiles, which can be useful
to support the immune system, prevent chronic diseases and micronutrient deficiencies,
or counteract or inhibit the progression of degenerative diseases caused by pro-oxidant
agents [4]. Consequently, there is a marked increase in the demand for high-quality foods,
with attractive organoleptic and nutritional characteristics similar to fresh equivalents,
ensuring maximum food safety in addition to being minimally processed and without
using preservatives, additives, or colorings [5,6].

This study follows previous studies focused on the design of healthy plant-based soft
drinks, which showed that thermally treated beverages based on maqui and citrus fruits are
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an excellent source of bioavailable bioactive compounds [7–9], mainly vitamins and pheno-
lic compounds with wide biological activity [10,11]. This is based on the health-protective
properties of berries, namely maqui berry (Aristotelia chilensis (Mol.) Stunz), a native plant
from Chile and Argentina particularly studied as a potential healthy food ingredient [12,13].
The functional capacity of this berry has been related to its high anthocyanin concentration,
which is partially responsible for its antioxidant and anti-inflammatory capacity [14], in
addition to cardio or neuroprotective effects [15] as well as preventing chronic degenerative
diseases such as obesity [16] or cancer [17,18]. That aside, its contribution to postprandial
hyperglycemia decreasing has been pointed out, with inhibitory effects regarding enzy-
matic activity involved in metabolic syndromes [19] and those effects related to aging and
antioxidant activity [20].

On the other hand, citrus fruits are a source of nutraceutical and bioactive phytochem-
icals [21] such as flavonoids, particularly flavanones, and phenolic acids, in addition to
vitamins, carotenoids, minerals, dietary fiber, and essential fatty acids that provide antimi-
crobial [22], anti-inflamatory [23,24], and antitumor [25] functions, as well as biological
activity against obesity [26], diabetes [27], and neuroprotective [28] and cardioprotective
effects [29].

Concerning the different beverage processing methods, conventional thermal methods
have been capable of ensuring food safety and achieving a high degree of enzymatic inacti-
vation in the fruit- and vegetable-based beverage industry. However, thermal processing
(TP) tends to degrade the overall quality in juices, such as the sensory and phytochemical
profiles [30], affecting the functional capacity of the drinks. This general loss of quality
is directly related to consumer acceptance, resulting in recent years in a substantial stag-
nation and decrease of processed beverages with thermal treatments in comparison with
minimally or non-thermally processed beverages, which are rapidly expanding world-
wide [31,32]. Currently, the primary new non-thermal technologies that are on the rise are
high hydrostatic pressure (HHP), pulsed electric fields (PEF), ultrasound (US), ultraviolet
light (UV), and cold plasma, among others [33]. In this sense, HHP has achieved the great-
est success [34], with a continuously expanding market due to its capacity to reduce the
microbial load of both pathogens and disruptive microorganisms in multiple juice matrices,
consequently resulting in an extension of the storage period [35] while preserving the
organoleptic, nutritional, and phytochemical characteristics of the juices [36,37]. Due to the
intrinsic characteristic of this technology, at moderate temperatures, high pressures do not
affect the covalent bonds during the pressurization process [38,39], with food biomolecules
minimally affected in vegetable- and fruit-based drinks [40,41]. What is more, an increase
in the levels of nutrients and bioactive compounds has been reported in HHP-treated juices,
as this technology would enhance the extractability of these substances [42]. In addition,
HHP at pressures usually >400 MPa would also assist to inhibit, totally or in most part, the
endogenous enzyme activities of cases only partially, which are responsible for undesired
changes in the global quality of the juices in storage [43]. On this basis, fruit or vegetable
HHP beverages generally give rise to a better overall quality than samples treated with
conventional heat treatments [44,45].

Given these antecedents, the purpose of the present study was the optimization of the
processing design for healthy maqui-citrus soft drinks using HHP in order to minimize the
loss of bioactive compounds and, consequently, increase the healthy properties previously
reported. Thereby, a comparison between HHP (at 450 and 600 MPa) and TP (under
standard industrial processing conditions) for their quality parameters (physicochemical
and microbial profiles) and bioactive compound contents (flavonoids and vitamin C) over
90 days of storage at 4 ◦C and 20 ◦C was set. Moreover, to our knowledge, this is the
first study comparing the effect of high hydrostatic pressure relative to TP on the levels of
functional compounds and shelf life in juices containing a mixture of bioactive compounds
from berry and citrus fruits.

212



Foods 2021, 10, 2416

2. Materials and Methods

2.1. Chemicals and Reagents

Hesperidin was obtained from Merck (Darmstadt, Germany), and cyanidin 3-O-
glucoside was purchased from TransMIT (Geiben, Germany). Acetonitrile, formic acid,
methanol, and ethylenediaminetetraacetic acid disodium salt 2-hydrate (EDTA), were
obtained from Panreac (Barcelona, Spain). Buffered peptone water, Plate Count Agar
(PCA), Rose Bengal Agar (RBA), Brilliant Green Bile 2% Broth (BGBB) and Man Rogosa
Sharpe Agar (MRSA) were purchased from Scharlab (Barcelona, Spain). L-ascorbic acid
(AA) and dehydroascorbic acid (DHAA) were acquired from Acros Oganics (Thermo Fisher
Scientific Inc., Madrid, Spain) and Sigma-Aldrich (St. Louis, MO, USA), respectively. All
solutions were prepared with ultrapure water from a Milli-Q Advantage A10 ultrapure
water purification system (Millipore, Burlington, MA, USA).

2.2. Ingredients

Fresh dry maqui powder organic was provided by Maqui New Life S.A. (Santiago,
Chile), citrus juices by Cítricos de Murcia S.L. (Ceutí, Murcia, Spain) and AMC Grupo
Alimentación S.A. (Espinardo, Murcia, Spain) and sucrose by AB Azucarera Iberia S.L.
(Madrid, Spain).

2.3. Beverage Preparation

Juice preparation was conducted according to previous studies of the group [7]. Briefly,
maqui powder was mixed with citrus juices and sugar to obtain the base beverage.

2.4. HHP Processing and Thermal Pasteurization

The juices were poured into PET clear bottles (80 mm, 27.5 mm Ø; vol. 30 mL) with
plastic screw caps (Sunbox, Barcelona, Spain) prior to HHP processing and subsequently
in the case of TP. The beverages were pressurized using a commercial Hiperbaric 135
for HHP (Hiperbaric, Burgos, Spain). This equipment has a capacity of 135 L, which
applies a maximum treatment of 6000 bares (600 MPa). The samples underwent two HHP
treatments at 450 and 600 MPa for 3 min at 20 ◦C. The times to reach 450 MPa or 600 MPa
were 120 and 165 s, respectively. The initial water temperature in the vessel ranged from
8–10 ◦C, and the rate of temperature rise during compression was 3 ◦C/100 MPa, while
the decompression of the beverages was almost instantaneous (less than 5 s). Selection of
processing parameters was mainly based on HHP common industrial processing conditions
for ensuring microbial safety in juices with low pH levels.

The thermal treatment was carried out with a Mastia thermoresistometer [46]. The
initial temperature was 20 ◦C. The thermoresistometer was programmed with a ramp at
a heating rate of 40 ◦C/min to reach the target temperature of 85 ◦C. The temperature
was held at 85 ºC for 15 s, according to common industrial standards for similar beverage
compositions and pH levels. Then, the product was cooled down at a speed of 40 ◦C/min,
reaching a temperature of 20 ◦C, and stored in the same PET clear bottles as mentioned
before. It is important to note that equivalent HHP processing and thermal conditions were
selected in terms of industrial microbial safety for an equal comparison of both preservation
technologies.

2.5. Sampling

All treated beverages were stored immediately after processing at 4 and 20 ◦C in
darkness for 90 days. The samples were labeled according to the codification specified in
Table 1, where all the test conditions are included. All juices and experimental conditions
tested were prepared in triplicate (n = 3), and all analytical determinations were performed
in triplicate (n = 3). The samples were analyzed at 0, 7, 15, 30, 45, 60, and 90 days. Moreover,
untreated samples were stored and analyzed as controls against the treated ones for day 0.
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Table 1. Codification of samples included in the experimental design.

Code Beverage and Storage Conditions

Control Untreated sample

HHP—450 MPa 4 Beverage subjected to high hydrostatic pressure (450 MPa) stored
at 4 ◦C under darkness conditions

HHP— 450 MPa 20 Beverage subjected to high hydrostatic pressure (450 MPa) stored
at 20 ◦C under darkness conditions

HHP— 600 MPa 4 Beverage subjected to high hydrostatic pressure (600 MPa) stored
at 4 ◦C under darkness conditions

HHP— 600 MPa 20 Beverage subjected to high hydrostatic pressure (600 MPa) stored
at 20 ◦C under darkness conditions

TP—85 ◦C 4 Beverage subjected to thermal pasteurization stored at 4 ◦C under
darkness conditions

TP—85 ◦C 20 Beverage subjected to thermal pasteurization stored at 20 ◦C
under darkness conditions

2.6. pH, Titratable Acidity, and Total Soluble Solids

The pH values were measured using a GLP 21 pH meter (Crison Ltd., Barcelona,
Spain). The TA was determined using a 794 Basic Titrino (Metrohm) by titrating 2 g of juice
(up to 30 g of Milli-Q water) with 0.1 mol/L NaOH to an end point of pH 8.1. The results
were expressed as grams of citric acid per 100 mL of the sample (g CA/100 mL). The TSS
contents of the samples were recorded in a refractometer (Abbe WYA-S, Optic Ivymen®

System; Biotech SL, Barcelona, Spain) at 20 ◦C, with values being expressed as ◦Brix [7].

2.7. Microbiology Analysis

The samples were aseptically diluted in buffered peptone water and then analyzed
for aerobic mesophilic bacteria, aerobic psychrophilic bacteria, molds and yeasts, Enter-
obacteriaceae, and Lactic Acid Bacteria (LAB). They were analyzed at day 0 and after 7, 15,
30, 45, 60, and 90 days of storage at 4 ◦C and 20 ◦C. Microbial analyses were carried out in
order to measure the short- and long-term effectiveness of HHP processing and TP at day 0
just after processing and throughout 90 days of shelf life. The quantifications of the molds
and yeasts were determined by plating the samples in Rose Bengal Agar (RBA), followed
by incubation for 5 days at 25 ◦C. The counts for aerobic mesophilic and psychrophilic
bacteria were performed using the Plate Count Agar (PCA) medium, incubated for 48 h at
30 ◦C and for 10 days at 5 ◦C, respectively. Enterobacteriaceae were determined using the
more probable number method with Brilliant Green Bile 2% Broth (BGBB) after incubation
for 24–48 h at 37 ◦C. Lactic Acid Bacteria (LAB) were determined using Man Rogosa Sharpe
Agar (MRSA) after incubation in anaerobic conditions for 5 days at 37 ◦C. Microbial counts
were expressed as colony-forming units per milliliter (CFU/mL).

2.8. Qualitative and Quantitative Analysis of Phenolic Compounds by RP-HPLC-DAD

Juice samples were processed following the method previously described [7]. The
identification and quantification of phenolic compounds was carried out by applying
the method previously reported [7,8]. The diverse phenolic compounds in the samples
were identified by comparison with authentic standard compounds of analytical grade.
Flavanones were quantified as hesperidin at 280 nm and anthocyanins as cyanidin 3-O-
glucoside at 520 nm. The concentration of phenolic compounds was expressed as mg per
100 mL of juice.

2.9. Extraction and Analysis of Vitamin C

The content of vitamin C was found by applying the UHPLC-ESI-QqQ-MS/MS-based
method recently developed [47] and calculated by comparison with freshly prepared
ascorbic acid (AA) and dehydroascorbic acid (DHAA) authentic standard curves. The
results were expressed as mg per 100 mL of juice.
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2.10. Color Measurements

The color was determined using a Konica Minolta CM-5 Chroma Meter (Osaka, Japan).
The results were expressed in accordance with the CIEL*a*b* system with reference to a
visual angle of 10◦ and a light source set on D65. Three measurements of each sample
were performed, and the values were averaged. The color parameters determined were the
luminosity (CIEL*), redness (a*), and yellowness (b*) using the CM-5 spectrophotometer
in reflection mode. The Hue angle (H), Chroma (C) and total color differences (ΔE) were
calculated from tan−1 (b*/a*), (a*2 + b*2)1/2, and (da*2 + db*2 + dL*2)1/2, respectively [7].

2.11. Statistical Analyses

The results are presented as the means ± SD (n = 3). A paired t-test was developed to
compare two parameters, and analysis of variance (ANOVA) and Tukey’s multiple range
tests were carried out to compare three or more conditions. All statistical analyses were
performed using SPSS 19.0 software (LEAD Technologies, Inc., Chicago, IL, USA). The
level of statistical significance was established at p < 0.05.

3. Results and Discussion

3.1. Initial Impact of Proccesing on the Overall Quality Parameters in Juices

In general, neither HHP nor TP presented differences in their pH, acidity, or ◦Brix
values, which remained stable immediately after processing (p > 0.05) in all treated drinks
(Table 2). Hence, the preservation treatment was not a relevant parameter concerning
physicochemical characteristics. These results agree with those previously obtained by
Chung et al. and Nayak et al. in fruit juices [48,49].

Table 2. Physicochemical parameters and antioxidant biomolecules of non-processed, pressurized, and pasteurized citrus-
maqui beverages at zero time of storage.

Condition Z
Physicochemical Parameters Bioactive Compounds (mg/100 mL)

Color (ΔE) TSS (◦Brix) pH TA (g CA/100 mL) Anthocyanins Flavanones Vitamin C

Non-processed 0.00c Y 13.60 a 3.41 b 2.95 a 16.54 b 14.99 b 10.90 a
HHP—450 MPa 1.39bc 13.60 a 3.45 a 2.91 a 15.98 c 15.11 b 6.03 b
HHP—600 MPa 1.82b 13.60 a 3.40 b 2.95 a 16.1 c 15.14 b 7.49 b

TP—85 ◦C 3.59a 13.60 a 3.41 b 2.95 a 18.37 a 23.33 a 7.79 b
LSD (p < 0.05) 1.02 <0.01 0.03 <0.01 0.31 0.48 1.70

p-value *** X N.s. * N.s. *** *** **
Z HHP— 450 MPa, processing at 450 MPa/3 min; HHP— 600 MPa, processing at 600 MPa/3 min; TP— 85 ◦C, thermal pasteurization at
85 ◦C/15 s. Y Data (means) within each column, with values followed by different letters for each processing condition, are significantly
different at p < 0.05 according to the analysis of variance (ANOVA) and Tukey’s multiple range test. X Significant at * (p< 0.05), ** (p < 0.01),
and *** (p < 0.001) according to a paired t-test. N.s. = not significant differences.

On the other hand, the samples treated under both conditions exhibited significant
color differences (ΔE) in comparison with the untreated beverage (p < 0.05) in the aftermath
of processing (Table 2). These changes were more prone to thermal treatment, mainly
due to a decrease in the L value (lightness) when high temperatures were applied, in
concordance with some authors [50], while HHP processing caused minor variations in the
drinks’ colors, as previously reported by others [51], although according to Orellana-Palma
et al., these differences were not detectable with the naked eye for values of ΔE lower than
four units [52].

Regarding flavonoids (anthocyanins and flavanones), slight significant changes (p < 0.05)
were noticed after all treatments (Table 2). These results indicated that the initial total con-
tent of anthocyanins slightly decreased after both HHP conditions for processing, while this
content increased up to 11% after TP. These results differ from other authors [53,54], who
have reported higher recovery of anthocyanins for processing treatments under pressure
in comparison with heat treatments. Moreover, concerning the total content of flavanones,
there were significant differences (p < 0.05) in the pasteurized juices just after processing
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related to HHP and the unprocessed beverages. In this sense, TP managed to enhance the
content and, consequently, bioaccessibility of these bioactive molecules up to 55% more,
while both HHP treatments were capable of maintaining the initial flavanone content at
a rather stable value compared with the untreated juice. This increase in flavonoids after
thermal treatment may have been associated with the increased extractability of them as
they were released when applying moderate temperatures during thermal treatment due
to vegetable cell wall disruption, as previously reported [55,56]. It should be noted that the
results of this study were in concordance with those found by He et al., who after thermal
processing increased the total phenolic content up to 39% in orange juice, mainly due to
the individual contribution of hesperetin-rutinoside, which increased its initial value by
27% post-pasteurization [57].

Meanwhile, changes regarding other bioactive compounds such as vitamin C were
noticeable between the untreated and treated samples (Table 2). Either pressurized or
pasteurized beverages showed lower total vitamin C contents (p < 0.05) compared with
the unprocessed citrus-maqui drink by 35% on average after all the processes (Table 2).
These findings agree with Spira et al., who also reported similar results for HHP and pas-
teurization treatment in orange juice [58]. In the same context, Andrés et al. also indicated
a significant decrease in ascorbic acid immediately after processing for all preservation
treatments, with the specimen under HHP treatment (7% loss on average) being lower than
that under TP treatment (12% loss on average) in a fruit-based beverage [59].

On the other hand, concerning the microbiological aspects, the untreated samples were
characterized by an initial concentration of aerobic mesophilic bacteria of 80 ± 5 CFU/mL
(Table 3), lower than the detection limits for molds and yeasts (<100 CFU/mL), and for
aerobic psychrophilic bacteria, Enterobacteriaceae and lactic acid bacteria concentrations
were less than 10 CFU/mL. Nevertheless, either HHP or TP processing managed to reduce
these values below the detection limits immediately after applying treatments for aerobic
mesophilic bacteria. Similar results have been previously reported by other authors, who
achieved, just after processing by HHP or TP, microbial counts below the detection limits
in plant-based beverages [60–62].

Table 3. Microbiological quality of non-processed, pressurized, and pasteurized citrus-maqui beverages at zero time of
storage.

Condition Z

Microbiological Count (CFU/mL)

Aerobic Mesophilic
Bacteria

Aerobic Psycrophilic
Bacteria

Molds and Yeast Enterobacteriae
Lactic Acid

Bacteria

Non-processed 80 ± 5 <10 Y <100 Y <10 Y <10 Y

HHP—450 MPa <10 Y <10 Y <100 Y <10 Y <10 Y

HHP—600 MPa <10 Y <10 Y <100 Y <10 Y <10 Y

TP—85◦C <10 Y <10 Y <100 Y <10 Y <10 Y

Z HHP— 450 MPa, high hydrostatic pressure at 450 MPa/3 min; HHP— 600 MPa, high hydrostatic pressure at 600 MPa/3 min; TP— 85◦C,
thermal pasteurization at 85 ◦C/15 s. Y Values below the detection limit for aerobic mesophilic and psychrophilic bacteria, Enterobacteriaceae
and lactic acid bacteria (<10 CFU/mL), and molds and yeasts (<100 CFU/mL).

3.2. Effect of HHP and TP Treatments on pH, Tritrable Acidity (TA), and Total Soluble Solids
(◦Brix) during Storage

According to the data related to the physicochemical parameters obtained in the
present work, the total soluble solids (◦Brix) values were similar in all treated beverages
(p > 0.05) (Table 4), with only a slight increase ranging from 13.60 to 14.20 at the end of
the storage time. Concerning the pH and total titratable acidity, there were no significant
differences between both HHP treatments and TP, remaining rather stable during the
monitored storage period. These results are consistent with other authors that have also
reported no differences regarding these physicochemical parameters over the storage
period in similar juice matrices after processing by HHP or thermal treatment [63,64].
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Table 4. pH, titratable acidity (TA), and total soluble solids (TSS) measured at day 0 (initial) and after 90 days of storage
(final) for beverages subjected to HHP and TP and stored under two different conditions.

Condition Z
TSS (◦Brix) pH TA (g CA/100 mL)

Initial Final p-Value Initial Final p-Value Initial Final p-Value

HHP—450 MPa 4 13.60 a Y 14.20 a *** X 3.45 a 3.41 a * 2.91 a 3.00 a *
HHP—600 MPa 4 13.60 a 14.20 a *** 3.40 b 3.41 a N.s. 2.95 a 3.00 a N.s.

TP—85◦C 4 13.60 a 14.20 a *** 3.41 b 3.41 a N.s. 2.95 a 2.98 a N.s.
LSD (p <0.05) <0.01 <0.01 0.03 <0.01 <0.01 <0.01

p-value N.s. N.s. * N.s. N.s. N.s.
HHP—450 MPa 20 13.60 a 14.20 a *** 3.45 a 3.40 a * 2.91 a 2.98 a *
HHP —450 MPa 20 13.60 a 14.20 a *** 3.40 b 3.40 a N.s. 2.95 a 3.00 a *

TP— 85◦C 20 13.60 a 14.20 a *** 3.41 b 3.41 a N.s. 2.95 a 2.99 a *
LSD (p <0.05) <0.01 <0.01 0.03 <0.01 <0.01 <0.01

p-value N.s. N.s. * N.s. N.s. N.s.
Z HHP—450MPa 4, high hydrostatic pressure at 450 MPa/4 ◦C; HHP—600MPa 4, high hydrostatic pressure at 600 Pa/4◦C; TP—85◦C 4,
thermal pasteurization at 85 ◦C/4 ◦C; HHP—450 MPa 20, high hydrostatic pressure at 450 MPa/20◦C; HHP—600 MPa 20, high hydrostatic
pressure at 600 MPa/20 ◦C; TP—85◦C 20, thermal pasteurization at 85 ◦C/20 ◦C,. Initial and final values were significantly different
according to a paired t-test at * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). Y For the data (means) within each column, values followed by
different letters for each processing condition are significantly different at p < 0.05 according to the analysis of variance (ANOVA) and
Tukey’s multiple range test. X Significant at * (p < 0.05) and *** (p < 0.001) according to a paired t-test. N.s. = not significant differences.

3.3. Changes in the Microbiological Profiles during Storage

The microbiological profiles of the citrus-maqui juice samples treated by HHP (450
and 600 MPa/3 min) and TP (85 ◦C/15 s) were analyzed during storage for 90 days at both
4 and 20 ◦C. In the current study for all the processed juices, no signs of microbial growth
were observed throughout the 90 days of storage, with microbial counts remaining below
the detection limit for all microorganisms analyzed, indicating that the citrus-maqui blends
were microbiologically safe and stable at both refrigerated and room temperatures. Previ-
ous studies of similar technologies have also reported efficacy in preserving microbiological
safety over the storage period in vegetable- and fruit-based juices. In this respect, Chen et al.
reported that both HHP and thermal treatment ensured microbiological stability during
90 days of storage at 4 ◦C in pomegranate juice [65]. Moreover, Hsu et al. also pointed out
that HHP and TP managed to achieve a microbiologically stable product during 28 days
of refrigerated storage in tomato juice [66]. Finally, Bull et al. and Parish indicated that
orange juice subjected to HHP or TP was able to maintain its microbiological quality for a
shelf life of up to 4 months in chilled storage [67,68].

3.4. Effect of HHP and TP Treatments on Vitamin C during Storage

The content of vitamin C was mainly due to citrus plants, which are natural sources
of this antioxidant, as maqui powder is not a relevant source. It was quantified by UHPLC-
ESI-QqQ-MS/MS and reported by Salar et al. [7]. The initial concentration of vitamin C
(calculated as the sum of AA and DHAA) of all the treated drinks was not significantly
different (7 mg per 100 mL on average). Nevertheless, when monitoring the concentration
of vitamin C over 90 days of shelf life, independent from the treatment, a significant rapid
decrease (p < 0.05) of this compound was found (Figure 1A,B). However, the degradation
rate was noticeably higher for the HHP-treated samples than for the thermally treated
beverages. Moreover, the higher losses occurred mainly during the first 7 days of storage,
exhibiting losses of 45% and 85% on average at 4 and 20 ◦C, respectively, for both HHP
treatments. On the other hand, 30% loss and 60% loss were found at 4 and 20 ◦C, respec-
tively, for TP during the same period. Finally, the beverages presented a total degradation
of vitamin C after 30 and 15 days for the HHP-treated drinks and after 45 and 60 days of
storage for thermal treatment at 4 and 20 ◦C, respectively. Therefore, the storage tempera-
ture was identified as a critical factor affecting vitamin C breakdown, which is in agreement
with previous authors [69,70]. In addition, another factor that may contribute to the loss
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of vitamin C is the mutual degradation between vitamin C and anthocyanins [71,72], as
discussed below.

Figure 1. Changes in content of vitamin C (mg/100 mL) for juices subjected to high hydrostatic
pressure (HHP—450 MPa and HHP—600 MPa) and thermal pasteurization (TP—85 ◦C), measured
during storage for 90 days under refrigerated conditions at 4 ◦C (A) and 20 ◦C (B) under darkness
conditions. Bars with different lowercase letters within each time point were different statistically at
p < 0.05 according to the analysis of variance (ANOVA) and Tukey’s multiple range test.

Regarding individual treatments, there were significant differences (p < 0.05) between
the HHP-treated and thermally treated juices, since beverage processing by TP managed
to extend a portion of the content of vitamin C up to 30 days more than juices subjected
to HHP for both storage conditions during their shelf lives. Among other factors, these
results may be due to the degradation of the active forms of vitamin C (AA and DHA)
by enzymes with oxidase activity [73,74], such as peroxidase (POD), polyphenol oxidase
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(PPO), and particularly ascorbate oxidase (AO), which catalyze ascorbic acid oxidation,
playing a major role in oxidizing ascorbic acid to dehydroascorbic acid (which is likewise
rapidly oxidized to diketogulonic acid, the inactive form of vitamin C) in the early stages
of storage in processed foods [75,76]. In this regard, HHP would not degrade some of these
enzymes in citrus juices [77], unlike TP which, for temperatures over 80 ◦C, is capable of
achieving a greater degree of inactivation of the oxidative enzymes [78,79]. Nevertheless,
these results differ from other authors in the literature [80,81], who previously reported
better conservation of vitamin C in HHP-treated juices than in thermally treated ones in
fruit- and vegetable-based juices.

It is noteworthy that no differences were found between both HPP treatments.

3.5. Effect of HHP and TP Treatments on Phenolic Composition during Storage
3.5.1. Flavanones

Regarding the flavanones of the citrus-maqui beverage, they were provided by citrus
juices, being the most abundant eriocitrin (eriodyctiol 7-O-rutinoside), narirutin (naringenin
7-O-rutinoside), and hesperidin (hesperetin 7-O-rutinoside), characterized in preliminary
studies by Salar et al. [7]. The total content of flavanones at the beginning of the beverage’s
shelf life was 15.05 mg/100 mL on average for both HHP treatments and 23.33 mg/100 mL
for TP.

Related to the variations in the content of total flavanones over the storage period,
significant differences (p < 0.05) were found between both treatments submitted to HHP
compared with TP (Figure 2A,B). In this frame, the HHP-processed juices managed to
remain completely constant in their initial concentrations of flavanones over 90 days of
storage at 4 ◦C, with a negligible final loss by 3% on average. Similar protective effects
on the profile of flavanones in citrus juices processed by HHP in cold storage have been
reported by Sanchez-Moreno et al. [82]. On the contrary, Plaza et al. pointed out important
losses of 50% in the flavanone content just after 20 days of refrigerated storage in orange
juice [83]. Aside from that, drinks processed by TP underwent losses of 14.3% just after
7 days, with a progressive degradation of the original content of flavanones during their
shelf lives, reaching losses up to 30% at the end of refrigerated storage according previous
descriptions in the literature [84].

On the other hand, the samples stored at room temperature followed a similar trend
under HHP heat treatment with respect to cold storage, even if a final 6% loss was found
for both HHP treatments on average, and for TP (35%) at the end of storage. This indicates
that even if a higher concentration of these compounds is reached after treatment, phenolic
compounds are more stable after both HHP treatments. Again, there were no significant
differences between both HPP conditions.

Moreover, considering the contribution of individual flavanones to the total concen-
tration of the phenolic compounds, neither O-tryglycosil-naringenin nor eriocitrin and
narirutin displayed significant losses over 90 days of storage (data not shown), whereas
hesperidin was quite affected under all processing treatments, as previously reported [8,85].
Overall, the results obtained in this study showed clearly that the total content of fla-
vanones in the citrus-maqui juices was closely dependent on the processing treatment and
subsequent storage conditions.

219



Foods 2021, 10, 2416

Figure 2. Changes of content in the total flavanones (mg/100 mL) of juices subjected to high
hydrostatic pressure (HHP— 450 and HHP —600 MPa) and thermal pasteurization (TP— 85 ◦C),
measured during storage for 90 days in refrigerated conditions at 4 ◦C (A) and 20 ◦C (B) under
darkness conditions. Bars with different lowercase letters within each time point were different
statistically at p < 0.05 according with the analysis of variance (ANOVA) and Tukey’s multiple range
test.

3.5.2. Anthocyanins

The range of anthocyanins present in the citrus-maqui beverages was due to A. Chilen-
sis [8], widely described and characterized in previous studies by Salar et al. [7]. In this
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connection, the initial content of the total anthocyanins of the juices recorded at the be-
ginning of the storage period was 16.04 mg/100 mL on average for both HHP treatments
and 18.37 mg/100 mL for TP. In the present study, the concentration of total anthocyanins
remained constant during the first 15 days of storage at 4 ◦C for all processing treatments.
These results are in contrast to some studies on berry juices, which reported higher losses
for anthocyanins (over 30–60%) only 9 days after processing for samples submitted to HHP
and storage at refrigerated temperatures [86,87].

After the first fortnight of the storage period, the rate of anthocyanin degradation was
gradual for all treatments, decreasing with time and without significant differences between
both HHP processing treatments, reaching 30% loss on average at the end of the beverage’s
shelf life regardless of the treatment under refrigerated storage at 4 ◦C (Figure 3A). These
findings differ from other previous studies with juices containing anthocyanins, which
have reported a higher final concentration of these phenolic compounds in HHP-treated
drinks versus thermally treated ones during refrigerated storage [88]. On the other hand,
the loss of anthocyanins in those samples stored at 20 ◦C (Figure 3B) displayed a higher
degradation in anthocyanin content against those stored at 4 ◦C. This degradation was
gradual, even if slower for TP during the first 15 days, reaching a 71% loss on average
after 90 days for both the HHP and TP samples. Therefore, the degradation rate of the
total anthocyanins was significantly accelerated with increasing storage temperatures. In
this regard, some authors have described similar results in previous studies that reported
a negative relationship between the storage temperature and the degradation of these
colored flavonoids [89–92].

Moreover, anthocyanin stability in plant-based products depends on the interaction
of various factors such as temperature, light, pH, presence of oxygen, metal ions, and
solvents, among others [93,94]. In this sense, the mechanism involved in condensation
reactions between ascorbic acid and anthocyanins [95] or the reaction of anthocyanins
with free radicals generated by the degradation of ascorbic acid [71,72,96] could contribute
to anthocyanin breakdown. It has also been reported by Castañeda-Ovando et al. that
anthocyanin degradation takes place through the reactions of oxidation and condensation
with other phenolic compounds, generating colorless compounds [97], even though the
residual enzymatic activity of endogenous enzymes such as polyphenol oxidase (PPO), β-
glucosidase(β-GLC), or peroxidase (POD) present in vegetable- and fruit-based beverages
during storage could give rise to anthocyanins pigment degradation as well [98–100].

Figure 3. Cont.
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Figure 3. Changes in content of total anthocyanins (mg/100 mL) of juices subjected to high hydro-
static pressure (HHP—450 and HHP—600 MPa) and thermal pasteurization (TP—85 ◦C), measured
during storage for 90 days in refrigerated conditions at 4 ◦C (A) and 20 ◦C (B) under darkness
conditions. Bars with different lowercase letters within each time point were different statistically at
p < 0.05 according to the analysis of variance (ANOVA) and Tukey’s multiple range test.

3.6. Color Changes of Juices during Storage

The color changes during 90 days of shelf life at 4 and 20 ◦C were determined by
measuring the CIEL*a*b* color parameters. The reddish coloration of the new citrus-maqui
blend was due to the total content of anthocyanins, which contribute to providing a more
attractive appearance in the beverages for consumers.

Regarding the lightness (CIEL*) value, statistically significant differences were found
between individual treatments (p < 0.05) throughout the storage period (Tables 5 and 6).
Overall, in the present study, the CIEL* value tended to increase independently of the
preservation treatments and the storage temperatures. However, this increase was more
evident for those beverages processed with HHP technology, being more pronounced for
those processed at 600 MPa than at 450 MPa and stored at 20 ◦C. This is in accordance with
previous studies but in contrast to other studies of juices rich in anthocyanins, which rose
to create darker beverages during storage after processing by HHP [101–103] and which
could most likely be attributed to distinct processing parameters and varied food arrays.
On the other hand, the unequal rise of the CIEL* values among individual treatments
could be due to the varying and usually low rate of enzymatic inactivation achieved by
this emerging preservation technology in the processing of fruit- and vegetable-based
beverages [44,104]. In this regard, the remaining residual enzyme activity of enzymes such
as pectinases (pectin methyl esterase, polygalacturonase, and pectate lyase) in citrus-based
juices can lead to destabilization of the cloud as a consequence of the sediment of cloud
particles in the form of calcium pectate complexes [105,106], which may involve higher
CIEL* values and a higher degree of clarification of citrus-based beverage processing by
HHP during storage [67]. In this frame, some authors have described HHP processing at
room temperature in vegetable- and fruit-based beverages as having limited effectiveness
toward the inactivation of the main plant-based endogenous enzymes [77,107].
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Table 5. Stability of CIEL*a*b* values in beverages stored at 4 ◦C.

Parameter Storage (Days) HHP-450 MPa HHP-600 MPa TP-85 ◦C LSD (p < 0.001)

w CIEL* 0 23.39 aB Z 22.55 aAB 21.38 deA 1.04
7 23.53 aB 24.74 bC 19.57 abA 0.80
15 24.64 bB 33.54 cC 19.72 aA 0.51
30 30.96 cB 38.13 dC 20.54 bcA 0.49
45 33.58 dB 39.08 eC 20.31 abA 0.13
60 33.49 dB 40.31 fC 21.23 cA 0.41
90 34.11 dB 41.12 gC 21.97 eA 0.63

LSD (p < 0.001) 0.69 0.41 0.46

CIEa* 0 47.87 aB 47.48 aAB 46.78 bA 0.86
7 47.86 aB 48.93 bC 44.80 aA 0.79
15 48.40 aB 56.53 cC 45.06 aA 0.50
30 53.48 cB 59.01 eC 45.26 aA 0.49
45 54.83 dB 58.50 eC 44.60 aA 0.40
60 53.35 cB 57.49 dC 45.03 aA 0.21
90 52.39 bB 56.42 cC 44.89 aA 0.59

LSD (p < 0.001) 0.57 0.41 0.43

CIEb* 0 37.15 aB 36.30 cAB 34.82 cdA 1.41
7 37.39 aB 38.54 eC 32.41 aA 0.80
15 38.52 bB 37.85 dB 32.63 aA 0.59
30 40.95 deC 32.68 aA 33.85 abcB 0.28
45 39.73 cC 32.73 aA 33.59 abB 0.53
60 40.29 cdC 32.81 aA 34.71 bcdB 0.60
90 41.70 eC 33.95 bA 35.79 dB 0.49

LSD (p < 0.001) 0.68 0.41 0.76

Chroma 0 60.60 aB 59.76 aAB 58.31 cA 1.52
7 60.73 abB 62.28 bC 55.30 aA 1.10
15 61.86 bB 68.03 dfC 55.63 aA 0.73
30 67.36 cB 67.46 efB 56.52 abA 0.25
45 67.71 cC 67.04 deB 55.84 aA 0.14
60 66.85 cC 66.20 cdB 56.86 abA 0.52
90 66.96 cA 65.85 cB 57.41 bcA 0.32

LSD (p < 0.001) 0.77 0.54 0.78

Hue angle 0 37.81 bcB 37.40 fAB 36.66 bcA 0.62
7 38.00 cdB 38.22 eB 35.88 abA 0.19
15 38.51 bdC 33.80 dA 35.91 aB 0.27
30 37.44 bcC 28.98 aA 36.79 bcB 0.02
45 35.92 aB 29.23 aA 36.95 cC 0.14
60 37.06 bB 29.71 bA 37.62 dB 0.66
90 38.52 dB 31.04 cA 38.56 eB 0.59

LSD (p < 0.001) 0.51 0.18 0.39

ΔE 0 0.00 a 0.00 a 0.00 a <0.01
7 0.47 aA 3.45 bB 2.86 cdB 1.26
15 1.93 bA 14.32 cC 3.24 dB 0.90
30 10.16 cB 19.72 dC 1.99 bcA 0.28
45 12.61 dB 20.18 dC 2.72 cdA 0.13
60 12.34 dB 20.68 dC 1.76 bA 0.31
90 12.49 dB 20.74 dC 2.22 bcA 0.64

LSD (p < 0.001) 0.48 0.66 0.57
Z Means (n = 3) within a column followed by a different letter (storage time point comparison, lowercase letter) or within a row (treatment
comparison, capital letter) are significantly different at p < 0.001. W CIEL* = lightness; CIEa* = redness; CIEb* = yellowness; ΔE = difference
or distance between two colors.
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Table 6. Stability of CIEL*a*b* values in beverages stored at 20 ◦C.

Parameter Storage (Days) HHP-450 MPa HHP-600 MPa TP-85 ◦C LSD (p < 0.001)

CIEL* 0 23.39 aB Z 22.55 aAB 21.38 bA 1.04
7 24.84 bB 31.80 bC 20.51 aA 0.74
15 28.84 cB 37.44 cC 22.23 bA 0.51
30 32.55 dB 40.13 dC 22.31 bA 0.64
45 37.06 eB 43.61 eC 23.86 cA 0.43
60 40.07 gB 45.71 fC 23.66 cA 1.59
90 38.52 fB 47.81 gC 24.13 cA 0.11

LSD (p < 0.001) 0.69 0.92 0.66

CIEa* 0 47.87 dB 47.48 dAB 46.78 eA 0.86
7 47.08 cdB 51.89 fC 44.36 dA 0.68
15 47.75 dB 53.61 gC 44.15 dA 0.38
30 46.34 cB 49.76 eC 41.51 cA 0.24
45 45.19 bB 46.88 cC 40.19 bA 0.30
60 44.60 bB 45.12 bC 39.41 aA 0.18
90 42.19 aB 43.92 aC 38.92 aA 0.32

LSD (p < 0.001) 0.51 0.19 0.49

CIEb* 0 37.17 aB 36.30 aAB 34.82 abA 1.41
7 39.14 bB 41.84 cC 33.76 aA 0.86
15 43.15 cB 40.34 bC 36.19 bcA 0.64
30 46.56 dC 44.07 dB 36.57 cA 0.73
45 48.31 eC 44.76 dB 38.78 dA 0.55
60 48.68 eC 45.63 eB 38.64 dA 0.91
90 50.36 fC 46.23 eB 39.24 dA 0.14

LSD (p < 0.001) 0.67 0.54 0.92

Chroma 0 60.60 aB 59.76 aAB 58.31 cA 1.52
7 61.22 aB 66.66 deC 55.75 abA 1.05
15 64.35 bB 67.10 eC 57.09 bcA 0.69
30 65.69 cB 66.48 dB 55.32 aA 0.63
45 66.15 cA 64.81 cB 55.85 abA 0.58
60 66.03 cC 64.17 bcB 55.19 aA 0.60
90 65.70 cC 63.77 bB 55.26 aA 0.32

LSD (p < 0.001) 0.81 0.39 0.93

Hue angle 0 37.81 aB 37.40 aAB 36.66 aA 0.62
7 39.74 bC 38.88 bB 37.27 aA 0.28
15 42.10 cC 36.96 aA 39.45 bB 0.66
30 45.14 dB 41.53 cA 41.38 cA 0.46
45 46.92 eB 43.67 dA 43.98 dA 0.25
60 47.50 fC 45.32 eB 44.43 dA 0.63
90 50.04 gC 46.46 fB 45.24 eA 0.17

LSD (p < 0.001) 0.21 0.37 0.47

ΔE 0 0.00 a 0.00 a 0.00 a <0.01
7 2.63 bA 11.64 bB 2.80 bA 0.97
15 8.10 cB 16.60 cC 3.14 bA 0.33
30 13.23 dB 19.35 dC 5.67 cA 0.40
45 17.85 eB 22.70 eC 8.09 dA 0.19
60 20.53 fB 25.10 fC 8.61 dA 1.10
90 20.88 fB 27.37 gC 9.46 eA 0.19

LSD (p < 0.001) 0.47 0.64 0.43
Z Means (n = 3) within a column followed by a different letter (storage time point comparison, lowercase letter) or within a row (treatment
comparison, capital letter) are significantly different at p < 0.001.

Furthermore, an overall trend to decrease redness (CIEa*) was observed for most of
the samples as the shelf life increased (Tables 5 and 6), which was associated with the
degradation in total anthocyanins, in agreement with previous studies [94,108]. However,
it is important to point out that this evolution in the CIEa* value was moved significantly
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toward the positive direction during storage in both HHP treatments when stored at
4 ◦C, being slightly higher for HHP-treated samples at 600 MPa, compared with thermal
treatment. The increase in the CIEa* value observed in HHP-treated beverages stored
at 4 ◦C could be associated with the breakdown of the citrus beverage cloud, owing to
the formation and sedimentation of suspended particles (pectate complexes) in citrus-
based juices [109], as previously mentioned. This breakdown may be due to the residual
enzyme activity and supplementarily enhanced by a low storage temperature, which could
contribute to faster particle precipitation [110], providing a lighter bright reddish color
in the citrus-maqui drinks for those treated with HHP methods. It is also important to
notice that the attractive reddish coloration of the beverages remained quite stable for
90 days for all treatments. Therefore, slight variations regarding the reddish color of the
drinks over time could be associated to the formation of other newly colored polymers
by co-pigmentation between anthocyanins and different phenolic compounds (flavonols,
ferrulic acid, flavones, etc.) that could mask detrimental color losses or variations [111–113].

Moreover, slight changes were observed in the yellowness (CIEb* value), as this
parameter increased along with the shelf life time for most of the drinks, mainly in HHP-
treated beverages at 450 MPa relative to the HHP-treated ones at 600 MPa or under thermal
treatment (Tables 5 and 6). With respect to the Chroma and Hue angle parameters, an
overall increase was noted for all treatments and temperatures, indicating a numerical
browning inclination, which could barely be detected by the naked eye.

On the other hand, the total color difference (ΔE) increased along the 90 days of storage
(Tables 5 and 6), indicating significant color changes between individual treatments in the
citrus-maqui juices. In the current study, both HHP treatments led to a higher increase
in ΔE, significantly more emphasized in those beverages treated at 600 MPa compared
with those under thermal treatment and being more accentuated in those samples stored
at 20 ◦C. With regard to the foregoing, the drinks maintained a stable color up to 15 days
of storage without visual alterations, and visual differences were only appreciated by the
human eye when the ΔE values surpassed 12 units. These results are in contrast with
those found by other authors in red fruit juices [114,115], which exposed that noticeable
visual differences for ΔE could be appreciated by the naked eye for value differences of
just three units. In the present study, the differences among treatments in the ΔE values
were mainly due to outstandingly higher CIEL* values in those HHP-treated samples over
time compared with the TP-treated samples, probably due to the cloud loss, as previously
discussed.

On the whole, the shelf life had a significant impact on the color parameters monitored
for beverages processed under either HHP or TP, although those samples processed by TP
retained their original colors better than HHP, in accordance with previous reports [65,116].
Finally, it should be noticed that despite most consumers preferring fresh, cloudy juices
without signs of sedimentation [117], in the present study, cloud loss in the citrus-maqui
beverages provided a more intense and bright reddish color over storage time, as shown
in Figure 4a,b, which could result in a more visually attractive commercial beverage for
potential consumers [118].
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Figure 4. Visual appearance of citrus-maqui based beverages processed by HHP at different pressure levels (HHP—450 MPa
and HHP—600MPa) and TP—85◦C over 90 days of storage at 4◦C (a) and 20◦C (b).

4. Conclusions

In this study, the application of HHP showed interesting results related to the microbial
safety and stability of all parameters analyzed in the citrus-maqui beverages. Neither the
processing nor storage conditions had an impact on the physicochemical parameters.
Moreover, both HHP and TP guaranteed the microbiological safety throughout the shelf
life. Regarding bioactive compounds, although TP promoted an increase in the content
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of flavonoids immediately after processing, HHP displayed a higher protective effect
on bioactive flavonoids (flavanones and anthocyanins), giving rise to a lower rate of
degradation during storage and preserving the healthy properties for the beverages. On
the other hand, vitamin C underwent a rapid degradation for all processing conditions.
Aside from that, the color parameters remained rather stable for all treated samples, keeping
an attractive reddish coloration, although the use of HHP and refrigeration better preserved
the intensity of the color during storage. It is noteworthy that color was the only studied
parameter slightly affected by the HPP conditions (450 or 600 MPa). Finally, the storage
temperature was shown to be the most critical parameter for the degradation of all the
studied bioactive compounds, with 4 ◦C being the most suitable temperature for storage.
Due to these results, HHP could be considered an effective alternative to conventional TP
in the food industry for the production of high functional quality fruit-based beverages.
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Abstract: Polyphenols are important bioactive compounds that are affected by processing. The
consumer’s demand for minimally processed products contributes to the increase in non-thermal
technologies such as high-pressure processing (HPP) in the food industry. This review is aimed
at critically discussing the positive and negative effects of thermal treatment (TT) and HPP on the
stability of different polyphenol families in agro-food products obtained from strawberry and apple,
two of the most used fruits in food processing. Our findings show that the phenolic content was
affected by processing, fruit type, polyphenol family, and storage conditions (time and temperature)
of the final product. To increase shelf life, manufacturers aiming to preserve the natural content of
polyphenols need to find the sweet spot between polyphenol stability and product shelf-life since the
residual enzyme activity from HPP can affect polyphenols negatively.

Keywords: polyphenols; apple; strawberry; bioactive compounds; food processing; high-pressure
processing; thermal processing; stability; storage

1. Introduction

Strawberries and apples are fruits consumed worldwide, both fresh and processed
(juices, jams, purees, smoothies, dried), due to their desirable sensory characteristics,
nutritional value, and bioactive compounds. The main bioactive compounds found are
polyphenols, the most significant dietary antioxidants present in fruit and vegetables,
with a wide variety of biological activities linked to the associated health benefits [1].
These include flavonoid (flavonols, flavan-3-ols and proanthocyanidins, anthocyanins,
dihydrochalcones, among others) and non-flavonoid (ellagitannins, ellagic acid, hydrox-
ycinnamic acid derivatives, gallotannins) compounds. They are responsible for some of
their organoleptic properties (color, aroma, astringency, bitterness) and also have relevant
effects on nutrition and human health (antioxidants, anti-inflammatory, modulators of
gut microbiota, etc.) [2]. There is considerable variability among the phenolic compounds
found in strawberry and apple products (Figure 1), which depends on the inherent fruit
characteristics (e.g., origin, variety, ripeness degree) as well as the type of food processing,
and the part of the fruit (e.g., flesh, peel, achenes) [3,4].

In particular, in strawberries, flesh and achenes have a different polyphenol profile.
In the flesh, the major phenols are flavan-3-ols/proanthocyanidins (F3OLs/PACs) and
anthocyanins (ATs), while in achenes, the highest concentrations are for ellagitannins (ETs)
and ellagic acid (EA) [3,5,6]. Similarly, in apples, there are differences in the phenolic
compounds derived from flesh, peel, and seeds. In apple flesh, the major phenols are
F3OLs/PACs and hydroxycinnamic acids (HCAs), being the latter mainly represented by
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chlorogenic acid. The principal polyphenols in apple peel are F3OLs/PACs having even
higher concentrations than flesh, followed by flavonols (FOLs). In contrast, apple seeds are
a more significant source of dihydrochalcones (DHCs) [4,7,8].

Figure 1. Percentage contribution of the main phenol families to the total polyphenols in different tissues of strawberry
(A) and apple (B). (F3OLs/PACs) flavan-3-ols/proanthocyanidins, (ATs) anthocyanins, (ETs) ellagitannins, (EAs) ellagic acid
and conjugates, (HCAs) hydroxycinnamic acids, (FOLs) flavonols, (DHCs) dihydrochalcones, (PACs) proanthocyanidins.
Data retrieved from [3–6,8–13].

There is growing consumer awareness of the importance of consuming food products
that preserve nutritional and functional properties [14]. Consumers’ concern for food
processing is increasing in many dimensions: from its link to healthiness and natural-
ness to its impact on the environment [15]. Nevertheless, preservation techniques are
required to retain the nutritional value, ensure food safety during shelf life, and maintain
its organoleptic characteristics. A wide variety of industrial thermal and non-thermal
treatment technologies are available for food preservation. Thermal treatments include con-
ventional techniques such as pasteurization and sterilization and new thermal technologies
such as ohmic heating and dielectric heating (radiofrequency and microwave).

Meanwhile, non-thermal treatments include high-pressure processing, dehydration,
freezing, pulsed electric fields, cold plasma, ultrasound processing, magnetic field, and
ozone [16,17]. Thermal treatment is the most widely used preservation technique. Ac-
cording to the intensity of heat treatment, thermal treatments may be differentiated into
pasteurization (70–80 ◦C), sterilization (110–120 ◦C), and ultra-high-temperature treatment
(140–160 ◦C) [18]. Although thermal treatments produce some adverse effects, such as
loss of some nutrients (vitamin C), formation of undesirable compounds (acrylamide,
heterocyclic amines, sulfur compounds), and in some cases the degradation of organolep-
tic characteristics, it also exerts many beneficial effects such as inactivation of foodborne
pathogens, inactivation of toxins and enzymes polyphenoloxidase (PPO), peroxidase (POD),
pectin-methyl esterase, improvement of digestibility and bioavailability of nutrients, im-
provement of some sensory characteristics (texture and flavor), enhancement of extraction
of health beneficial compounds and extension of shelf life [19,20]. Strawberry and apple
polyphenol oxidases and peroxidases are responsible for the oxidation of phenolic com-
pounds when fruit tissues are disrupted in the presence of oxygen, leading to the formation
of brown polymers and other discolorations that affect the organoleptic properties of the
fruit and derived products negatively.
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Furthermore, one of the most studied non-thermal treatments is HPP. It works with
high hydrostatic pressure and is commonly used at the industrial level between 300 and
600 MPa for 3–5 min [21,22]. As a consequence of pressure, there may be some changes in
physical properties (solubility, density, viscosity), kinetic reactions (acceleration or delay of
reactions rate), as well as, some equilibrium processes (dissociation of weak acids, acid-base
equilibria, and ionization) [23]. The effect of pressure on food components depends on
the type of bond between their molecules and the interatomic distance. In general, the
high-pressure treatment minimally affects compounds with covalent bonds (vitamins,
minerals, folates, antioxidants, anthocyanins, and flavor compounds) [17,24]. A disad-
vantage of HPP is that it is not entirely effective in polyphenol oxidase, peroxidase, and
pectin methylesterase inactivation at the industrial processing conditions and subsequent
storage [25]. Therefore, it triggers oxidation reactions that degrade phenolic compounds
and shorten the shelf life [26,27].

Briefly, given the above facts and considerations summarized as follows: (1) polyphe-
nols are important bioactive compounds that are affected by processing, (2) consumers
are increasingly demanding “minimally processed” products, and (3) several non-thermal
processing technologies such as HPP are now prevalent on the market, here, the objective
of this article is to conduct a review of the literature about the differences between TT and
HPP on the impact in polyphenol degradation in strawberry and apple products, two of
the most used fruits in food processing.

2. Overview of the Studies Included in the Review

We systematically searched, evaluated, and synthesized research articles on the effects
of traditional TT and HPP and their subsequent storage on the main polyphenols found
in strawberries and apples. In strawberries, we analyzed F3OLs/PACs, ATs, ETs, and
EA. Whereas for apple, F3OLs/PACs, FOLs, DHCs, and HCAs were reviewed. The major
databases for the topic were used (Web of Science, ScienceDirect, SCOPUS, PubMed,
and Google Scholar). The search terms used were: polyphenols or proanthocyanidins
or anthocyanins or ellagic acid or flavonols or dihydrochalcones or hydroxycinnamic
acids and thermal treatment or high-pressure processing or high hydrostatic pressure and
strawberry or apple.

The search was focused on studies published over the last 10 years. Articles were
included: (i) if the phenols were quantified by high-performance liquid chromatography
(HPLC); (ii) when at least three studies were found for strawberry and apple identifying the
effect of the related processing technology; (iii) when there was a control of fresh strawberry
and apple or their unprocessed products. Articles were excluded: (i) when the analyzed
sample was a mix of more than one fruit; (ii) when the HPP processing was combined
with any thermal treatment higher than 50 ◦C; (iii) when the TT led to a concentration or
reduction in the final product, e.g., jams.

For comparison purposes, the quantification of the different strawberry and apple
polyphenols in the literature were converted to mg/100 g FW (fresh weight) to provide
values closer to the fruit servings used in nutritional studies. The conversion of values
based on DW (dry weight) to FW assumed that a fruit retains 10% of the original fresh
weight after drying.

Overall, 26 articles were reviewed to address the study question: what are the effects
of TT and HPP on the stability of polyphenols?

• Strawberry was the most studied fruit with 15 articles, whereas 11 were examined for
apple products;

• A total of 19 articles reported the effects of thermal treatment and 12 for high-pressure
processing. The reviewed studies examined 199 different trials at different processing
and storage conditions (Figure 2).
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Figure 2. Overview of the studies evaluating the thermal treatment (TT) and high-pressure processing (HPP) impact and
their subsequent storage on the primary polyphenols in strawberry and apple products.

The concentrations reported in these studies for phenols of the same family were
added. Each group’s total polyphenols were compared before and after processing, obtain-
ing a percentage of increase or decrease attributed to the processing effect. A total of 4 of the
26 articles reviewed did not provide quantitative information to calculate these percentages,
and therefore they were not included in the figures. The phenolic concentrations recorded
after processing were considered control to determine the storage effect, and the results
obtained during storage were compared against the control.

3. Effects of Processing and Storage Conditions on the Stability of Polyphenols

This section will discuss the positive and negative effects of TT and HPP treatments
and their subsequent storage on the stability of the main polyphenols in strawberries
(Table 1) and apples (Table 2). A summary is presented in Table 3.

3.1. Effects on the Stability of Proanthocyanidins in Strawberry and Apple Products

Proanthocyanidins, or condensed tannins, are plant secondary metabolites that could
be found as oligomers or polymers of flavan-3-ol monomeric units. The most com-
mon monomeric building blocks are catechin, (epi)-catechin, (epi)-afzelechin, and (epi)-
gallocatechin [28]. F3OLs/PACs are found in a wide variety of fruits, nuts, legumes, and
cereals. The ranges reported highly depend on whether the study measured flavan-3-ol
monomers (F3OLs), oligomers, and polymers or flavanol-3-ol units after hydrolysis (PACs).
For most of the studies published, F3OLs and PACs were not differentiated, and therefore
here we consider them together (F3OLs/PACs) unless differentiation is made.

In the case of strawberry, Nowicka et al. [3] recorded ranges of PACs polymers between
3.4 and 37.5 mg/100 g FW, while Buendia et al. [6] registered levels of total flavan-3-ol
monomers from 53.9 to 168.1 mg/100 g FW after phloroglucinolysis. For apple, studies
reported PACs polymers concentration from 12.6 to 203.3 mg/100 g FW in the whole
fruit [12,29]. Nevertheless, higher levels were quantified for F3OLs units in peel and
flesh. The flesh has from 1.4 to 548.2 mg/100 g FW, whereas in the peel, levels varied
between 41.4 and 171.2 mg/100 g FW [7]. Numerous health benefits have been attributed
to F3OLs/PACs, such as free radical scavenging, antioxidant, antiviral, antibacterial, anti-
carcinogenic, anti-inflammatory, and anti-allergic activities [28,30].
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Table 3. Impact of TT and HPP treatments on different apple and strawberry phenolic compounds. (F3OLs/PAC) flavan-
3-ols + proanthocyanidins; (ATs) anthocyanins; (EA) ellagic acid; (FOLs) flavonols; (DHCs) dihydrochalcones; (HCAs)
hydroxycinnamic acids.

TT HPP

F3OLs/
PACs

8 studies/30 trials 6 studies/28 trials
Positive (10) Negative (20) Positive (13) Negative (15)

• Apple puree/juice
• Pasteurized

strawberries
• Strawberry

pulp/puree

• Apple sauce/juice
• Strawberry puree

• Pressurized apples
• Cloudy apple juice
• Strawberry puree

• Strawberry
puree/pulp

• Pressurized apples
• Apple juice

ATs

7 studies/23 trials 6 studies/40 trials
Positive (5) Negative (18) Positive (16) Negative (24)

• Strawberry puree • Pasteurized
strawberries

• Strawberry
pulp/puree

• Strawberry
pulp/puree

• Strawberry
pulp/puree

EA

5 studies/10 trials 3 studies/27 trials
Positive (6) Negative (4) Positive (13) Negative (14)

• Strawberry
puree/pulp

• Pasteurized
strawberries

• Strawberry puree • Strawberry puree • Strawberry pulp

FOLs

3 studies/17 trials 3 studies/11 trials
Positive (14) Negative (3) Positive (9) Negative (2)

• Applesauce
• Apple juice

• Applesauce
• Apple juice

• Pressurized apples
• Apple juice

• Pressurized apples

DHCs

3 studies/16 trials 6 studies/12 trials
Positive (12) Negative (4) Positive (6) Negative (6)

• Applesauce
• Apple juice

• Applesauce
• Apple juice

• Pressurized apples
• Apple puree

• Pressurized apples
• Apple juice

HCAs

4 studies/19 trials 4 studies/12 trials
Positive (5) Negative (14) Positive (5) Negative (7)

• Apple puree/juice • Applesauce/puree
• Apple juice

• Apple juice • Pressurized apples
• Apple juice

F3OLs/PACs: proanthocyanidins; ATs: anthocyanins; EA: ellagic acid; FOLs: flavonols; DHCs: dihydrochalcones; HCAs: hydroxycinnamics.

For TT, a total of 8 studies with 30 trials including heat treatments from 70 to 98 ◦C
during 0.4 to 15 min provided concentration data to calculate percentages of change
of total F3OLs/PACs. Increments (10 trials) from 4% to 1800% were observed on total
F3OLs/PACs in apple puree and juice, pasteurized strawberry and strawberry pulp, and
puree [32,33,40,44,46,48]. Conversely, reductions (20 trials) from 16% to 75% were reported
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in strawberry puree, applesauce, and apple juice [7,33,46,50]. Whereas for HPP, a total of
six studies with 28 trials under the following pressurization conditions, 300 to 600 MPa
for 1 to 15 min at 22–35 ◦C were examined. Positive effects (13 trials) from no differences
to 58% increments were observed in pressurized apples, apple juice, and strawberry
puree [12,40,44,52,53]. However, decreases (15 trials) from 7% to 23% were reported in
strawberry pulp, pressurized apples, and cloudy apple juice [12,44,54] (Table 3).

Overall, HPP maintained the content of F3OLs/PACs closer to the fresh control in
both fruits. In contrast, the impact of TT on the degree of change of F3OLs/PACs was
positive or negative depending on the study, influenced by the matrix, the TT conditions,
and the response of the fruit cultivar to the processing technology [6,7] (Figures 3A and 4).
In addition, it is important to keep in mind that the type of extraction highly influences the
reported F3OLs/PACs concentrations and the analytical method used.

Figure 3. Impact of thermal treatment (TT) and high-pressure processing (HPP) on total flavan-3-ols/proanthocyanidins,
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anthocyanins, ellagic acid after different processing conditions (A), and on anthocyanins storage at 4–6 ◦C (B) in strawberry
products. Each point represents the results of a trial. The percentages of change with the processing of each polyphenol
family were calculated by adding the concentration of all polyphenols from the same family and comparing it before and
after processing.

Figure 4. Impact of thermal treatment (TT) and high-pressure processing (HPP) on total flavan-3-ols/proanthocyanidins,
flavonols, dihydrochalcones, and hydroxycinnamic acids after different processing conditions in apple products. Each point
represents the results of a trial. The percentages of change with the processing of each polyphenol family were calculated by
adding the concentration of all polyphenols from the same family and comparing it before and after processing. In TT, one
trial with a percentage of change of F3OLs/PACs of 1800%, another with a percentage of change in DHCs of 768%, and
another one with a percentage of change of HCAs of 925% were removed from the figures for scale reasons.

For TT, Stübler et al. [40] found a 122% increase in catechin and 33% in proanthocyani-
din B1 levels after processing strawberry puree at 72 ◦C for 1 min [40]. An increase in cate-
chin (42%) was also observed in strawberry pulp treated at 70 ◦C for 2 min [44]. In the same
direction, Oliveira et al. [31,32] reported increments on (+)-catechin, (–)-epigallocatechin,
(–)-epicatechin, and (–)-epigallocatechin gallate levels in entire strawberries pasteurized
at 90 ◦C for 5 min. However, after 360 days of storage at –20 ◦C and 90 days at 23 ◦C, the
concentration of the monomers decreased compared to the content evaluated immediately
after processing, although they were still higher than the fresh control [31,32]. Conversely, a
general increase in polymeric PACs was observed in thermally treated (90 ◦C/2 min) cloudy
strawberry juice kept at 4 and 20 ◦C for six months [37]. In this study, the PACs increment
during storage could be explained by the protective effect exerted by the food matrix since
cloudy juice contains pectin, which formed colloidal suspensions that limit their degrada-
tion. Consistent with the positive impact of TT on strawberry products, Alongi et al. [48]
recorded a 71% increase in total flavan-3-ols after mild pasteurization (71.7 ◦C/0.4 min) of
apple juice and an 1800% increase after intense pasteurization (90 ◦C/14.8 min). This vast
increase was not represented in Figure 4 for reasons of scale. An increase in flavan-3-ol
monomers together with a decrease in seven PAC oligomers was also reported in cloudy
apple juice treated at 80–145 ◦C for 120 min [51]. The positive effects observed in flavan-3-
ols were attributed to the heat treatment, which could have promoted the increase in these
flavan-3-ol monomers, aiding in the release from the cellular tissue or favoring the cleavage
of complex PACs molecules into their structural monomers [32,40,48,51]. On the contrary,
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other studies have reported reductions in F3OLs/PACs, mainly monomers, in strawberry
puree after treatment at 85 ◦C/3 min [33], in clear apple juice treated 20 min at different
temperatures (25–75 ◦C) [47] and in apple juice after pre-pasteurization and pasteurization
process (98 ◦C/3sec) [50]. A wide degradation range (20–75%) of total F3OLs/PACs was
also observed in pasteurized applesauce from 12 varieties, showing the influence of the
variety in the thermal treatment effects [7]. PACs degradation might be explained either by
oxidation reactions due to insufficient inactivation of enzymes or because the monomers
released into the food matrix are more prone to non-enzymatic reactions after processing
and storage [32]. Kim et al. [46] proposed that not only heating (90 ◦C for 30 min) but also
the presence of oxygen during processing affected the decreases observed for flavan-3-ols
in apple puree.

As mentioned before, in general, HPP showed minor variation in F3OLs/PACs levels
compared to control. In the case of strawberry puree pressurized at 600 MPa for 1 min,
Stübler et al. [40] detected a rise of 19% on procyanidin B1 and 68% on catechin, which
could be the result of the release of phenols to the food matrix from the disrupted cell
walls. Similarly, Szczepańska et al. [52] registered about 8% increments in procyanidin
B2 after 300 and 450 MPa, and 18% in apple juices subjected to 600 MPa and multi-
pulsed pressurization (300 MPa × 3 pulses). An explanation for these results could be
that higher pressurization induced a better extraction of procyanidin B2 from the tissue.
However, catechin and epicatechin concentration decreased after all HPP treatments, and
after 12 weeks of storage at 4 ◦C, procyanidin B2 and catechin were not detected in all the
pressurized juices [52]. Similarly, Cao et al. [44] reported lower catechin concentrations
(4–23%) after HPP (at 400, 500, and 600 MPa for 5, 10, 15, 20, and 25 min) than in the
fresh strawberry pulp. Another study also found significant decreases of 13% and 45% on
epicatechin and procyanidin B in cloudy apple juice after HPP (600 MPa for 5 min at 25 ◦C).
However, no significant differences were reported on catechin [54]. Further degradations
were reported for catechin, epicatechin, and procyanidin B1 after 12 weeks of storage at 4 ◦C.
The highest degradation was recorded for procyanidin B1 (92%), which was not detected
after week 4. In general, the degradation of flavan-3-ol monomers, oligomers, and polymers
after pressurization and subsequent storage might be attributed to insufficient inactivation
of PPO and POD, which led to oxidation reactions and brown polymer formation. As
occurred with the TT, apple origin and variety showed a high impact on the processing
effect by HPP. Fernández-Jalao et al. [12] reported a different behavior after pressurization
in Spanish and Italian apples. In Spanish apples, 400 MPa showed increases of 4% in
procyanidin B2, whereas 500 and 600 MPa resulted in degradation of all F3OLs/PACs. In
apples from Italy, pressurization at 600 MPa, resulted in increments of 30% in catechin, 39%
in procyanidin B2, 45% in epicatechin, 70% in trimers, and 240% in epicatechin dimers.

3.2. Effects on the Stability of Anthocyanins in Strawberry Products

Anthocyanins (ATs) are water-soluble compounds found in different tissues of the
plant, such as leaves, roots, flowers, and fruits [55]. These play an essential role in the
sensory attributes of food products, as they are responsible for the characteristic red,
purple, and blue coloration in fruits [56]. Anthocyanins can be found as aglycones or
glycosylated derivatives. The six most frequently found in foods are pelargonidin, cyanidin,
malvidin, delphinidin, petunidin, and peonidin [57]. The highest AT levels are found in
berries, currants, grapes, and tropical fruits [58]. In the case of fresh strawberries, AT
concentrations from 3.7 to 64.9 mg/100 g FW have been reported [3,6]. Numerous in vitro
and in vivo studies have recognized the potential effect on preventing neurodegenerative
and cardiovascular diseases and antioxidant, anti-inflammatory, anti-obesity, anti-diabetic,
and chemopreventive properties [59–61].

For TT, 7 studies with 23 trials comprising temperatures from 70 to 100 ◦C for 1
to 15 min provided concentration data to calculate percentages of change of total ATs.
Reductions (18 trials) from 5% to 44% were observed in pasteurized strawberry, strawberry
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purees and pulp [32,33,36,41,42,44]. On the contrary, other authors reported increments (5
trials) from 2% to 32% in strawberry puree [33,40].

Regarding HPP, a total of 6 studies, including 40 trials with pressurization conditions
from 100 to 600 MPa for 1 to 20 min at 0–50 ◦C, were analyzed. Degradations (24 trials)
from 7% to 28% were reported in strawberry pulp and puree [38,39,41,44]. In contrast,
positive effects (16 trials), from no differences to 15% increase, were recorded in the same
products [38,40,44] (Table 3).

In general, just after pressurization, the levels of ATs were preserved close to those
found in fresh strawberries. In contrast, a more significant impact was observed in the
degree of change of ATs due to TT, with a downward trend in both cases (Figure 3A).

Since ATs are very chemically sensitive compounds, most of the studies registered
the degradation of ATs after processing and storage. For instance, pasteurization of entire
strawberries at 90 ◦C for 5 min resulted in a reduction of 5–35% of cyanidin-3-glucoside,
pelargonidin-3-rutinoside and pelargonidin-3-glucoside [31,32]. Higher degradations of
87–92% of these ATs were observed during 90 days of storage at 23 ◦C [32]. Similar
results with losses of around 90–93% were observed after storage for eight weeks at 25 ◦C
of strawberry puree treated at 100 ◦C for 10 min [35]. In another study, the storage of
strawberry puree (heated at 90 ◦C for 15 min) during 12 weeks at 6 ◦C led to a mean
degradation of about 19% of these ATs [43]. Degradation of total ATs (22%) was also
observed in the strawberry pulp after heating at 70 ◦C for 2 min [44] and in strawberry
puree pasteurized 90 ◦C for 15 min (44% of reduction) [41]. In general, degradation
of ATs can follow three possible processes; cleavage of covalent bonds, polymerization
and derivatization [32,36,41,43]. Moreover, this decrease could be partially caused by
condensation reactions of ATs with other phenolics to produce colored polymeric pigments,
resulting in strawberry pulp browning.

Interestingly, many authors have reported different degradation percentages depend-
ing on the strawberry variety, concluding that the effect of TT and subsequent storage
on ATs also depends on the response of the fruit variety to the treatment [36,37,42]. The
stability of ATs is also highly influenced by the food matrix properties. High pH and
ascorbic acid content in the food matrix accelerates the degradation rate of ATs [43,62–64].

Although overall TT led to degradation on ATs, some studies reported a positive
impact after processing. Garzoli et al. [33] reported a slightly higher content (2–18%) on
total ATs in pasteurized puree (85 ◦C/3 min) compared with fresh puree. In agreement,
Stübler et al. [40] showed that heat-treated (72 ◦C for 1 min) strawberry puree incremented
the individual ATs as follows: cyanidin-3-O-glucoside (40%), pelargonidin-3-O-glucoside
(26%), pelargonidin-3-O-rutoside (22%), pelargonidin-3-O-malonyl-glucoside (34%), and
pelargonidin-3-O-acetylglucoside (39%). These increments in ATs might be attributed to
a higher extraction of ATs from the matrix due to the heat treatment [40]. As mentioned
before, and can be observed in Figure 3A, the changes in ATs content after HPP were minor
compared with TT. Some studies reported no significant changes after pressurization. For
instance, Bodelón et al. [38] found no significant differences in ATs levels in strawberry
puree after HPP at 100, 200, 300, and 400 MPa at 20 ◦C compared with the untreated puree.
However, a slightly higher decrease in ATs was observed in the puree pressurized at 50 ◦C
compared with the untreated control. In line with this, the levels of individual and total
ATs in strawberry pulp showed no significant changes after HHP treatments, regardless
of the applied pressures or treatment times [44]. These results further support the idea
that ATs were stable after pressurization. Stübler et al. [40] reported minor non-significant
increases (8–12%) on all the soluble individual ATs, in strawberry puree after pressurization
at 600 MPa for 1 min at room temperature. One explanation for this apparent increase in
ATs could be the release of these compounds from the intact cells to the surrounding matrix.
In other works, slight but significant decreases of about 7% on total ATs were reported in
strawberry puree after HPP at 300 and 500 MPa for 1, 5, and 15 min at 0 ◦C. Under the
same pressurization conditions combined with 50 ◦C, there was a degradation of 14% on
ATs [41]. In the samples pressurized without heat treatment, the oxidative enzyme activity
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(PPO and POD) did not change significantly, leading to oxidation reactions and thus ATs
degradation. However, the higher degradation of ATs in the pressurized puree combined
with heat treatment might be due to the formation of colorless chalcones and reduction in
flavylium cations and quinoid bases as a consequence of the thermal treatment. In another
study, significant losses of 15 and 21% of total ATs were recorded in strawberry puree from
two-year crops treated with HPP at 300 and 600 MPa for 15 min at 50 ◦C [39]. In the same
line, Terefe et al. [42] also reported losses of ATs after HPP at 600 MPa for 5 min at 20 ◦C at
different percentages depending on the variety: Camarosa (22–28%), Ruby Gem (27–42%),
and Festival varieties (17–20%). Similar behavior for all varieties was observed after three
months of refrigerated storage with losses between 62% and 77%. Losses up to 69% were
also observed when pressurized strawberry puree (500 MPa for 15 min at 50 ◦C) was stored
for 12 weeks at 6 ◦C showing that even HPP in combination with temperature was not
enough to inactivate enzymes and led to a significant degradation during storage [43].

The effect of refrigerated storage (4–6 ◦C), from 14 to 180 days, on total ATs after
different TT and HPP conditions is presented in Figure 3B. Storage at 4–6 ◦C after TT was
examined in three studies [37,42,43]. Two studies were discussed to analyze the effect
of storage after HPP, but only one used HPP without heat treatment [42], and the other
combined HPP with heat treatment of 50 ◦C [43]. The losses of ATs during TT and HPP
storage were progressive with the time, observing, in general, higher losses in the storage
of HPP products. Storage from three to six months after HPP was only reported in a
study with clear and cloudy strawberry juices that were not included in the figure because
samples were also subjected to a previous blanching process at 100 ◦C/1 min in order to
inactive enzymes [45].

3.3. Effects on the Stability of Ellagic Acid in Strawberry Products

Ellagitannins (ETs) constitute complex molecules with variable water solubility struc-
tured by one or more hexahydroxydiphenoyl (HHDP) moieties, which could be hydrolyzed
to release ellagic acid (EA) [65]. ETs and EA are predominantly found in pomegranates,
berry fruits, oak-aged red wine, tropical fruits, and nuts. ETs concentration in strawberries
ranges from 7.18 to 28.85 mg/100 g FW and EA between 0.9 and 14.8 mg/100 g FW [3,5]
with a more significant contribution from achenes than from flesh [5,66]. The potential
health benefits of ETs and EA are associated with the metabolites (urolithins) produced
by the human gut microbiota [67,68]. The biological functions attributed to urolithins
comprise anti-oxidant, neuroprotective, anti-microbial, anti-inflammatory, and anticancer
properties [67,69,70]. Notably, there were no differences in urolithins’ production and uri-
nary excretion between volunteers ingesting either fresh strawberries or thermally treated
puree [71].

For TT, 5 studies with 10 trials including temperatures from 55 to 90 ◦C for 1 to
15 min provided concentration data to calculate percentages of change of EA. Increases (6
trials) from 8% to 66% were observed in pasteurized strawberries, strawberry pulp, and
strawberry purees [32,40,41,44]. In contrast, only Álvarez-Fernández et al. [34] reported
a slight EA degradation (4 trials) from 8% to 35% in strawberries. Whereas for HPP,
3 studies with 27 trials with pressurization conditions ranging from 100 to 600 MPa for 1 to
25 min at 0–50 ◦C were analyzed. Increments (13 trials) from non-differences to 28% were
reported in strawberry puree [40,41], whereas 2 to 37% decreases (14 trials) were observed
in strawberry pulp [44], showing that the increases observed were most probably due to
the enhanced extraction from the achenes (Table 3).

In general, TT and HPP influenced the level of EA both positively and negatively
depending on the conditions. Still, the most significant increases were observed as a result
of heat treatment (Figure 3A).

For TT, Cao et al. [44] reported a 17% increment in EA content after heating strawberry
pulp at 70 ◦C for 2 min. The rise of EA levels after processing could have resulted from the
hydrolysis of ETs and the release from the cellular structures. In agreement, pasteurization
of strawberry puree at 90 ◦C for 15 min led to an increase of 31% on EA [41], and only a
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limited increase of 8% was observed when a milder TT of 72 ◦C for 1 min was applied [40].
Likewise, pasteurized (90 ◦C/5 min) strawberries had 143% higher levels of EA when
compared with fresh fruit. However, after 360 days of storage at −20 ◦C, EA decreased 65%
compared to the control [31]. Another study showed a zero-order kinetic model for EA
degradation, with a final reduction of 32% in pasteurized strawberries stored for 90 days
at 23 ◦C. Degradation due to storage might be due to increased exposure of EA released
from cell walls, leading to non-enzymatic oxidation reactions [32]. On the other hand,
during storage of pasteurized strawberry pure (90 ◦C/15 min) at 6 ◦C for 12 weeks, EA
levels raised until week 10 and then slightly decreased toward the end of storage [43].
An explanation for the increase in EA during storage might be attributed to progressive
release from high molecular weight ETs present in the puree [43]. Although the general
trend is to increase EA after TT, Álvarez-Fernández et al. [34] reported decreases in EA
(8–35%) during the strawberry puree processing and in the final product in the 2011 and
2012 harvest.

For HPP, Cao et al. [44] reported significant losses from 2% to 37% on EA levels in
strawberry puree after HPP at 400 MPa for 5, 10, 15, 20, and 25 min, and 500 MPa for
5, 10, and 15 min at room temperature. However, a minor and non-significant decrease
of 3% EA was observed in strawberry puree pressurized at 600 MPa for 1 min at room
temperature [40]. In agreement, Marszalek et al. [41] also reported that the levels of EA in
fresh strawberry puree did not change significantly after HPP at 300 and 500 MPa for 1, 5,
and 15 min at 0 ◦C. However, when combining the same pressurization conditions at 50 ◦C,
a significant increase of 28% EA concentration was observed [41]. These increments could
be due to a release of EA from ETs due to the combination of HPP with temperature [72].
An EA increase of 43% was reported when strawberry puree pressurized at 500 MPa for
15 min at 50 ◦C was stored for 12 weeks at 6 ◦C [43].

3.4. Effects on the Stability of Flavonols in Apple Products

Flavonols (FOLs) are plant secondary metabolites that could be found in foods as
aglycones or much more frequently as glycosidic conjugates [73]. The most commonly
found in foodstuff are quercetin, kaempferol, myricetin, and isorhamnetin [74]. Although
these are present in various fruits and vegetables, the major sources of FOLs are capers,
saffron, onion, and tea [74,75]. Among the FOLs, quercetin glycosides are the most fre-
quently found in apples. These are located mainly in the peel in concentrations from 5.3
to 119.7 mg/100 g FW [4]. However, some studies also reported minor amounts in the
flesh [9,13]. Numerous studies have reported the benefits of FOL consumption on prevent-
ing cardiovascular diseases, diabetes, inflammation, viral infections, neurodegeneration,
and cancer [76–78].

For TT, 3 studies with 17 trials including temperatures from 71 to 98 ◦C during 0.4
to 15 min provided concentration data to calculate percentages of change of total FOLs.
Increments ranging from 4% to 69% were observed in five trials with apple juice and
applesauce [7,48]. In contrast, reductions (12 trials) from 32% to 63% were detected in
other studies with apple juice and applesauce [7,50]. A total of 3 studies with 11 trials
under the following pressurization conditions, 300 to 600 MPa for 5 to 15 min at 22–35 ◦C,
were analyzed after HPP. Positive effects ranged between 1% and 75% in nine trials after
pressurization in entire apples and apple juice [12,52,53]. Conversely, decreases (2 trials)
from 16% to 33% were also observed in pressurized apples [12] (Table 3).

Overall, HPP had positive effects on FOLs concentration. With TT, the results de-
pended on the conditions and the apple varieties with a general trend to decrease their
content (Figure 4).

For instance, FOLs contents increased 49% and 69% after mild (71 ◦C/0.4 min) and in-
tense (90 ◦C/14.8 min) pasteurization of apple juice, respectively, which indicates that ther-
mal treatment favored the release of phenolic compounds and reduced PPO activity [48].
Additionally, the thermal treatment also increased the bioaccessibility of FOLs compared to
the fresh sample [79]. On the contrary, pre-pasteurization (98 ◦C/30 s) and pasteurization
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(98 ◦C/50 sec) of apple juice from Red Fuji variety reduced rutin (64%), hyperin (86%), and
quercetin levels (55%). A possible explanation for this decline might be the incomplete inac-
tivation of PPO and POD enzymes by milder heat treatments [50]. The occurrence of these
enzymes should be determined after the TT conditions. In another study with applesauce
(12 varieties), it was impossible to calculate exactly the change percentage of FOLs after TT.
Concentration before processing was reported separately in fresh flesh and peel [7]. In this
case, 95% of flesh and 5% of peel were considered to calculate the concentration in the fresh
fruit (control sample). Like in apple peel, six quercetin glycosides were found in apple-
sauce in this order of importance: quercetin-3-galactoside > quercetin-3-arabinopyranoside
> quercetin-3-rhamnoside > quercetin-3-glucoside > quercetin-3-xyloside > quercetin-3-
rutinoside. After crushing, cooking (95 ◦C/2 min), and pasteurization (90 ◦C/5 min),
different behavior was observed depending on the variety: increments of FOLs from 4% to
57% were observed in three varieties, and decreases from 6% to 63% were observed in 9
varieties. FOLs in the applesauce could result from the diffusion of quercetin derivatives
from the peel during crushing or from the presence of small particles of peel retained in the
sauce. Differences in the percentages between varieties could be explained by differences
in the skin of apples, different structures, mechanical resistance, and cuticle thickness.

About HPP, no significant differences were reported in quercetin levels after apple
juice pressurization at 300 and 450 MPa for 5 min and in multi-pulsed HPP at 300 MPa × 3
pulses, each 5 min. However, after HPP treatment at 600 MPa for 5 min, a minor but
significant increase from 0.73 to 0.91 mg/L (25%) was quantified for quercetin [52]. These
results could be attributed to an enhanced extraction from the juice tissue due to the high
pressurization. Quercetin was not detected after two weeks of storage at 4 ◦C in all the
treatments, and this degradation might be attributed to residual enzyme activity, which led
to oxidation reactions [52]. Increases (9–35%) in different glycoside conjugates of quercetin
were also found between the untreated and pressurized apples at 400 MPa for 5 min [12].
As for other phenolic compounds, FOLs stability also depends on the fruit variety, degree
of ripening, and food matrix characteristics (pH, sugar content, and presence/absence of
oxygen), which influence the behavior of the enzymes [12,53]. In this sense, Fernández-
Jalao et al. [12] concluded that individual and total FOLs levels after pressurization were
affected by HPP conditions and the apple origin. In terms of total FOLs concentration, the
best results were obtained after pressurization at 400 MPa in Spanish apples, increasing
30%. However in 500 and 600 MPa led to significant reductions of quercetin-3-rutinoside
(40–50%), quercetin-3-galactoside (33–53%) and quercetin-3-glucoside (24–46%) [12]. The
degradation of quercetin glycosides might result from oxidation reactions caused by the
residual activity of PPO and POD. In Italian apples, all the pressurization treatments
increased quercetin glycosides, but the highest increase of about 75% was reported for
HPP at 600 MPa [12]. The increase in individual and total FOLs content after HPP might
be attributed to a change in the cell walls permeability and/or by disruption of the cell
membranes, promoting a better extractability from cellular tissues [53].

3.5. Effects on the Stability of Dihydrochalcones in Apple Products

The dihydrochalcones (DHCs), phloretin and phloridzin, are characteristic compounds
of apple and apple products. Since these compounds are exclusive of apples, these have
been used to detect adulterations [80]. DHCs levels in entire apples ranged from 0.011
to 0.043 mg/100 g FW [11,12]. Although the DHCs could be found in flesh and peel, the
highest concentration is located in the seeds, ranging from 24.1 to 86.4 mg/100 g FW [8].
Numerous studies have shown that both phloridzin and phloretin exert antibacterial,
anti-inflammatory, antihyperglycemic, anti-diabetic and anticancer activities, and cardio-
protective, neuroprotective hepatoprotective, and immunomodulatory properties [81–83].

For TT, 3 studies with 16 trials comprising thermal treatments from 71 to 98 ◦C during
0.4 to 15 min provided concentration data to calculate percentages of change of total
DHCs. Increments (12 trials) ranged from 8% to 767% in applesauce and apple juice [7,48].
Conversely, reductions (4 trials) from 8% to 48% in apple juice and applesauce were
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recorded [7,50]. For HPP, four studies with 12 trials at pressurization conditions from 300 to
600 MPa for 5 to 15 min at 22–35 ◦C were analyzed. Positive effects (6 trials) showing from
no differences to 63% increase were noted in pressurized apples and apple juice [12,52].
Conversely, reductions (6 trials) from 2% to 19% were reported for pressurized apples and
cloudy apple juice [12,53,54] (Table 3).

Overall, TT and HPP changed the content of DHCs of apple products (Figure 4)
positively. These differences are mainly explained by the use of whole apples during
crushing in industrial processing, which contributes to releasing these compounds from
the peel and seeds [84].

For TT, Le Bourvellec et al. [7] reported high variability on change percentages of
DHCs in applesauce depending on the variety. Increments up to 325% were observed
in nine varieties after crushing, cooking (95 ◦C/2 min) and pasteurization (90 ◦C/5) min
compared with fresh control (calculated as 95% of flesh + 5% of peel). An explanation for
the higher DHCs levels after processing could be the little peel and seed particles in the
applesauce [7,85]. One interesting finding in this study was identifying a colorless phlo-
ridzin oxidation product, which indicated limited enzymatic oxidation due to processing.
In line with this, Alongi et al. [48] detected increases of 165% and 767% on total DHCs in
apple juice after mild (71 ◦C/0.4 min) and intense (90 ◦C/14.8 min) pasteurizations, respec-
tively. These results confirm the association that crushing and heat treatment increase the
release of phenols from peel and seeds. In contrast, Tian et al. [50] reported 18% and 48%
reduction in phloridzin levels after pre-pasteurization (98 ◦C/30 sec) and pasteurization
(98 ◦C/30 s) respectively, probably due to a thermal degradation.

For HPP, Szczepańska et al. [52] reported no significant differences in phloridzin
concentration in apple juice pressurized at 300, 450, and 600 MPa, and multi-pulsed
300 MPa × 3 pulses for 5 min. However, after 12 weeks of refrigerated storage, phloridzin
concentration was reduced between 71% and 84% depending on the HPP conditions. In
another study, after HPP at 600 MPa for 5 min at 25 ◦C, phloridzin levels changed from
48.8 to 40.2 mg/L, representing losses of 18%. After two weeks of storage at 4 ◦C, 51%
decreases were observed, reaching up to 71% losses at the end of 12 weeks of storage [54].
As for FOLs, the degradation in DHCs was mainly due to HPP conditions that were
insufficient to inactivate enzymes (PPO and POD). Therefore, the phenolic compounds
underwent oxidation reactions. Fernández-Jalao et al. [12] indicated that the apple origin
conditioned the effects of HPP on DHCs. In Spanish apples, 500 and 600 MPa treatments
led to reductions in phloridzin (16–20%) and phloretin-2′-xylosylglucoside (14–17%) levels.
Conversely, in Italian apples, HPP at 600 MPa increased 51% and 67% the phloretin-2′-
xylosylglucoside and phloridzin concentrations, respectively.

3.6. Effects on the Stability of Hydroxycinnamic Acids in Apple Products

Hydroxycinnamic acids (HCAs) are the major subgroup of phenolic acids and may
occur either in their free or conjugated forms, including amides, esters, and glycosides [86].
The main aglycones identified in foodstuff are p-coumaric, caffeic, ferulic, and sinapic
acids [87]. More frequently found in coffee, various fruits, some vegetables, and whole
grains [88]. In apples, chlorogenic acid (5-O-caffeoylquinic) is the predominant compound.
The HCA levels vary depending on the parts of the fruit. In apples, the flesh is the structure
characterized for the higher levels of HCAs [89]. Ranges in whole apples were from 2.5
to 23.1 mg/100 g FW [11,12]. Whereas in apple flesh, HCAs levels varied from 0.7 to
14.3 mg/100 g FW [9,10]. Some potential health benefits have been documented from
HCAs intakes, such as anti-microbial, anti-diabetic, antioxidant activity, prevention of
cardiovascular and neurodegenerative diseases, and some cancer conditions [87,90,91].

For TT, four studies with 19 trials comprising heat treatments from 71 to 98 ◦C for 0.4
to 30 min provided concentrations data to calculate percentages of change of total HCAs.
Increments (5 trials) ranged from 8% to 925% in apple sauce and apple juice [7,48]. On the
other hand, reductions (14 trials) fluctuated from 4% to 49% in apple puree, sauce, and
juice [7,46,50]. For HPP, four studies with 12 trials with pressurization conditions from 300
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to 600 MPa for 5 to 15 min at 22 to 35 ◦C were reviewed. Positive effects (5 trials) from no
significant differences to increments up to 29% were recorded in entire apples and apple
juice [12,52]. Conversely, losses (7 trials) varied from 12% to 39% in whole apples and
cloudy apple juice [10,53,54] (Table 3).

In general, both TT and HPP caused degradation of HCAs after processing. Neverthe-
less, although a higher degree of degradation was observed after heat treatment, it also
caused the most significant increase in two trials with apple juice (the highest one is not
shown in the graph for scale reasons) (Figure 4).

For TT, Alongi et al. [48] identified the highest increases in HCAs after heat treatment,
observed in both chlorogenic acid and p-coumaroylquinic acid. A total of 205% and
925% increments on total HCAs were reported after the mild (71 ◦C/0.4 min) and intense
(90 ◦C/15 min) pasteurization of apple juice, respectively. The increase in HCAs could
result from the favoring effect of thermal treatment in enzyme inactivation and the release
of chlorogenic acid from the cell walls to the food matrix [7,48]. These results corroborate
the finding of De Paepe et al. [51], who concluded that phloretin-2´-O-glucoside and 3-O-
caffeoylquinic acid were thermal-resistant compounds in cloudy apple juice isothermally
treated from 80 to 145 ◦C during 7200 s. In contrast, Tian et al. [50] reported a 15% and 30%
degradation of chlorogenic acid levels in apple juice after pre-pasteurization (98 ◦C/30 s)
and pasteurization (98 ◦C/50 sec) respectively. In agreement with these results, a significant
decrease of 44% in chlorogenic acid was recorded in apple puree heated at 90 ◦C for 30 min
in the presence of oxygen after storage. However, no effect was observed in the heat-treated
puree in the absence of oxygen [46], suggesting that oxidation reactions during heating
are the main reason for the HCAs degradation [46,50]. In addition, Le Bourvellec et al. [7]
reported that the higher differences on 5´-caffeoylquinic acid and p-coumaroylquinic
acid after TT were due to apple variety. After cooking (95 ◦C/2 min) and pasteurization
(90 ◦C/5 min), nine varieties experienced reductions from 1% to 48% in 5’-caffeoylquinic
acid, whereas increases of 8%, 4%, and 30% were observed in Golden Delicious, Freiberg,
and Granny Smith varieties, respectively.

For HPP, Marszalek et al. [54] found no significant differences in chlorogenic acid
concentration of cloudy apple juice due to pressurization at 600 MPa for 5 min at 25 ◦C.
However, there was a progressive degradation up to 53% after 12 weeks of storage at
4 ◦C. Accordingly, Szczepańska et al. [52] reported no differences in chlorogenic acid levels
after static HPP at 300 MPa for 5 min and multi-pulsed pressurization (300 MPa × 3
pulses). However, a slight increase of around 5% was observed on the pressurized juices
at 450 and 600 MPa for 5 min. Refrigerated storage for 12 weeks produced substantial
losses of chlorogenic acid (66–77%). Reductions of 12% for total HCAs were reported for
apples pressurized at 400 MPa for 5 min [53]. In another study, Fernández-Jalao et al. [12]
reported that the HPP effect on individual and total HCAs was associated with the apple
origin. In Spanish apples, pressurization reduced all individual HCAs, neochlorogenic,
cryptochlorogenic, coumaroylquinic, and chlorogenic acids. The latter is the one that
suffered the most significant degradations, with losses of 44% at 400 MPa, 24% at 500 MPa,
and 15% at 600 MPa. Whereas in Italian apples, HPP at 600 MPa increased all the individual
HCAs, resulting in a total increment of 29%. In contrast, HPP at 400 and 500 MPa reduced
total HCAs by 16% and 13%, respectively.

4. Conclusions

This review analyzed the effects of TT and HPP treatments on the phenolic compounds
in strawberry (F3OLs/PACs, ATs, and EA) and apple (F3OLs/PACs, FOLs, DHCs, and
HCAs) products. Our findings show that the effect on polyphenols content (positive or
negative) was contingent upon the type of processing, type of fruit, polyphenol family, and
the shelf-life conditions (time and temperature during storage) of the final product. The
impact of TT relied mainly on the food matrix and the thermal stability of the different
phenolic compounds.
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TT had positive effects in strawberry products, as was observed for F3OLs/PACs and
EA. However, it had negative effects on the ATs content. These were due to the thermal
instability of ATs and the enhanced extraction of EA and condensed tannins from achenes
with thermal treatments. It is well known that ATs are heat-labile compounds, susceptible
to oxidation and condensation reactions, which was confirmed in most of the studies where
degradation of ATs was observed after TT. On the contrary, TT increased EA content due to
the hydrolysis from ETs and release from the lignified matrix of the achenes.

In apple products, TT had positive effects, significantly promoting the release of FOLs
and DHCs from peel and seeds. However, most of the studies observed a negative effect
of F·OL/PACs, principally due to the extraction processes that quantified flavan-3-ols
oligomers rather than monomers. Nevertheless, the final concentrations were variable
depending on the variety, and the TT conditions applied. HPP treatments maintained the
concentrations of phenolic compounds closer to those of the fresh or unprocessed samples
regardless of the food matrix.

The impact of storage after TT and HPP had only been described for ATs in strawberry
products. In general, TT has positive effects preserving better the ATs during storage.
However, in the only study that examined the effect of HPP on ATs during storage, a
negative effect was described showing a higher degradation than TT. Negative effects were
also observed as the fast and pronounced degradation of FOLs, DHCs, and HCAs in apple
products after HPP and storage.

The phenolic compounds’ degradation after storage of HPP products could be due to
the limitations in oxidative enzyme inactivation when thermal treatments were insufficient.
From the industrial perspective, manufacturers aiming to preserve the natural content of
polyphenols need to find the sweet spot between polyphenol stability and product shelf
life. Further studies are recommended to compare how both technologies influence the
content of the different families of polyphenols and their bioavailability and bioactivity.
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3. Nowicka, A.; Kucharska, A.Z.; Sokół-Łętowska, A.; Fecka, I. Comparison of polyphenol content and antioxidant capacity of
strawberry fruit from 90 cultivars of Fragaria × ananassa Duch. Food Chem. 2019, 270, 32–46. [CrossRef] [PubMed]

4. Guo, S.; Guan, L.; Cao, Y.; Li, C.; Chen, J.; Li, J.; Liu, G.; Li, S.; Wu, B. Diversity of polyphenols in the peel of apple (Malus sp.)
germplasm from different countries of origin. Int. J. Food Sci. Technol. 2016, 51, 222–230. [CrossRef]

5. Aaby, K.; Skrede, G.; Wrolstad, R.E. Phenolic Composition and Antioxidant Activities in Flesh and Achenes of Strawberries
(Fragaria ananassa). J. Agric. Food Chem. 2005, 53, 4032–4040. [CrossRef]

6. Buendía, B.; Gil, M.I.; Tudela, J.A.; Gady, A.L.; Medina, J.J.; Soria, C.; López, J.M.; Tomás-Barberán, F.A. HPLC-MS analysis of
proanthocyanidin oligomers and other phenolics in 15 strawberry cultivars. J. Agric. Food Chem. 2010, 58, 3916–3926. [CrossRef]

260



Foods 2021, 10, 2919

7. Le Bourvellec, C.; Bouzerzour, K.; Ginies, C.; Renard, C.M.G.C.; Regis, S.; Ple, Y. Phenolic and polysaccharidic composition of
applesauce is close to that of apple flesh. J. Food Compos. Anal. 2011, 24, 537–547. [CrossRef]

8. Xu, Y.; Fan, M.; Ran, J.; Zhang, T.; Sun, H.; Dong, M.; Zhang, Z.; Zheng, H. Variation in phenolic compounds and antioxidant
activity in apple seeds of seven cultivars. Saudi J. Biol. Sci. 2016, 23, 379–388. [CrossRef]

9. Jakobek, L.; García-Villalba, R.; Tomás-Barberán, F.A. Polyphenolic characterisation of old local apple varieties from Southeastern
European region. J. Food Compos. Anal. 2013, 31, 199–211. [CrossRef]
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Abstract: Polyphenol oxidase (PPO) inactivation in five whole and peeled Irish potato cultivars was
investigated using high-pressure processing (HPP) at 400 MPa and 600 MPa for 3 min. PPO activity
was significantly lower in most of the HPP-treated samples, while the highest PPO inactivation was
observed after HPP at 600 MPa. No significant (p > 0.05) changes were observed on the total phenolic
content and antioxidant activity of all the HPP-treated potatoes. Regarding individual phenolic acids,
chlorogenic acid was decreased significantly (p < 0.05) in all studied varieties with a concomitant
increase (p < 0.05) in caffeic and quinic acid. Similarly, ferulic acid was also increased (p < 0.05) in all
studied varieties after the HPP treatment, while there was a variation in rutin and 4-coumaric acid
levels depending on the cultivar and the sample type. Anthocyanins in the coloured whole potato
varieties (i.e., Kerr’s Pink and Rooster), tentatively identified as pelargonidin-O-ferulorylrutinoside-
O-hexoside and pelargonidin-O-rutinoside-O-hexoside, also exhibited significantly (p < 0.05) higher
levels in the HPP-treated samples as opposed to those untreated. Glycaemic indices of the potatoes
treated with HPP did not differ with the corresponding untreated cultivars.

Keywords: high-pressure processing; potatoes; polyphenol oxidase; polyphenols; antioxidant
activity

1. Introduction

Potato consumption has been associated with beneficial properties such as anti-cancer,
hypocholesterolemic, anti-inflammatory, anti-obesity, and anti-diabetic properties in hu-
man cell culture, experimental animals, and human clinical studies [1]. Although potatoes
have high carbohydrate levels that can result in high glycaemic load (GL), recent reviews
present inconsistent effects regarding potato consumption on the risk of type 2 diabetes,
obesity, and cardio-metabolic health [2]. In fact, studies have shown that glycaemic index
(GI) values decrease in cooled potatoes after cooking [3,4], and are greatly influenced by
the cultivar [5]. Furthermore, whole potato consumption can significantly improve the
cardioprotective fibre intake [6].

The processing of potatoes prior to their consumption is necessary mostly due to the
presence of indigestible ungelatinised starch [7] and the fact that the potato industry has
seen promising growth in the demand of minimally processed potatoes, i.e., pre-peeled,
fresh cut, or sliced [8]. However, peeling and cutting tubers lead to changes in colour,
which could also impact on their sensory properties such as flavour [9]. Polyphenol
oxidase (PPO) is the main enzyme causing browning in cut potatoes. PPO catalyses the
oxidation of polyphenols that are present in potatoes to quinones, which then undergo
further polymerisation into melanin pigments resulting in the aforementioned undesirable
changes [10]. Therefore, the inactivation of PPO is essential in order to maintain the quality
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of potatoes. Although thermal blanching is commonly used to inactivate PPO, its usage has
shown a detrimental impact on the nutritional value, physicochemical, and organoleptic
characteristics of food [11].

Consumers’ demand for fresh-like products in tandem with enhanced legislation
restrictions have led to advancements in food processing technologies that enable a whole-
some, fresh product with extended shelf-life [7,12]. In this context, non-thermal processing
such as high-pressure processing (HPP) offers a feasible choice against conventional ther-
mal processes [13]. HPP involves applying pressures ranging from 100 to 1000 MPa,
commonly at room temperatures and for a short time to packaged foods using water as
a medium to transmit pressure [14]. HPP has been applied in foods in order to inhibit
the growth of food-borne microorganisms [15–17] and enzymes responsible for browning
and anaerobic metabolism [18–20], while a decreased respiratory activity has also been
observed upon the HPP treatment [21].

Previous work of this group has shown that HPP at 600 MPa on whole potatoes exhib-
ited promising results with regard to PPO inactivation while having insignificant impacts
on the antioxidant activity, proximate composition, and phytochemical constituents [22,23].
This study further explores the application of two different high-pressure treatments in
whole and peeled potatoes of baby potatoes (Maris Piper), two coloured (Kerr’s Pink,
Rooster) and two white (Cultra, Maris Piper) varieties that are popular to consumers and
widely used by the industry in the island of Ireland. Specifically, the impact of HPP at 400
MPa and 600 MPa was investigated on PPO inactivation, antioxidant activity, polyphenols
(including anthocyanins), and their glycaemic indices were determined following the HPP
treatments.

2. Materials and Methods

2.1. Samples

Potatoes of five different cultivars (Kerr’s Pink, Rooster, Maris Piper, Cultra, and Maris
Piper baby) and at their commercial maturity were bought from a local supermarket in
Dublin, Ireland and were stored in the dark at 4 ◦C prior to processing.

2.2. Chemicals

Hydrochloric acid (HCl), sodium phosphate monobasic, sodium phosphate diba-
sic, catechol, Folin–Ciocalteu’s phenol reagent, gallic acid, methanol, ethanol, sodium
carbonate, formic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,4,6-tripyridyl-striazine, Iron(III) chloride hexahydrate, sodium acetate anhydrous, acetic
acid, sodium hydroxide, potassium hydroxide (KOH), guar gum, methanol, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), phytochemical standards (quinic acid, chlorogenic acid, caffeic
acid, rutin, 4-coumaric acid, ferulic acid), and the enzymes (pepsin, invertase, amyloglu-
cosidase, and pancreatin) were purchased from Merck Ltd. (formerly Sigma Aldrich Ltd.,
Wicklow, Ireland).

2.3. HPP Treatment

Potatoes free of defects were selected, washed, dried, and half of them were peeled.
Whole (not-peeled) and peeled potatoes (~1 kg) were packaged separately in polyethy-
lene/polyamide pouches and vacuum-sealed. HPP treatment was performed at 400 MPa
and 600 MPa for 3 min with initial temperature at 7.0 ◦C and reached 10.6 ◦C (max. temper-
ature reached) (Supplementary Materials Figure S1). Then, 8 kg each of vacuum-packed
whole and peeled potatoes of each cultivar were loaded in the 420 Litre Hiperbaric vessel
that operated in a horizontal mode on a commercial-scale high pressure process (Hiperbaric
55HT, Miami, FL, USA) that was used located at HPP Tolling (St. Margaret’s, Co., Dublin,
Ireland).
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2.4. Potato PPO Extraction and Activity Assay

The extraction and activity assay of PPO were carried out as previously
mentioned [17,23]. Briefly, potato (20 g) was blended with cold phosphate buffer (40 mL;
0.1 M; pH 6.5; 4 ◦C) for 3 min, and the mixture was centrifuged at 10,000× g at 4 ◦C for
25 min. The supernatant was used to monitor PPO activity. PPO activity assay mixture
consisted of phosphate buffer (1.5 mL; 0.1 M; pH 5.5), catechol (1 mL; 0.2 M), and crude PPO
extract (0.5 mL). The absorbance was measured at 410 nm for 2 min by a spectrophotometer
(UV-1700, Shimadzu, Nanjing, China). The residual activity (RA) of PPO was calculated,
using the following Equation (1):

RA (%) = (At/A0) × 100 (1)

where At and A0 are PPO activity after and before the treatment, respectively.

2.5. Extraction of Phytochemicals

The extraction of phytochemicals was conducted following previously published
literature [17,23]. Potato samples were cut into cubes and frozen overnight on silver-foil
trays. Freeze drying of the frozen cubes were performed in a Cuddon freeze-drier, model
FD80 (Cuddon Freeze Dry, Blenheim, New Zealand) at a temperature of −54 ◦C and a
pressure of 0.064 mbar for 72 h followed by grinding into powders. The extraction of
phytochemicals from the lyophilised whole and peeled potatoes was carried out overnight
in 80% methanol containing 0.01% formic acid (1:5 w/v) at 4 ◦C. This was followed by
sonication at 30 ◦C for 30 min and then centrifuging at 10,000× g for 30 min. The extraction
process was repeated on the residue. The supernatants were pooled and filtered through
0.45 μm syringe filters.

2.6. Total Phenolic Content

The total phenolic content (TPC) of whole and peeled potatoes was assessed using
the Folin–Ciocalteu reagent (FCR) method [24] adapted to a microplate reader (FLUOstar
Omega Microplate Reader, BMG Labtech GmbH, Offenburg, Germany) as previously
described in [17,23]. Potato extract (100 μL) was added to a solution containing FCR
(100 μL), sodium carbonate (100 μL; 20% w/v), and methanol (100 μL). The sample–reagent
mixture was allowed to react in the dark for 20 min, and then, it was centrifuged at
13,000 rpm for 3 min. The absorbance was monitored at 735 using gallic acid as a standard,
while methanol was used as a blank. The results were calculated as μg of gallic acid
equivalent per g of the extract’s dry weight (μg GAE/g dw).

2.7. Antioxidant Activity (AOA)
2.7.1. Ferric-Reducing Antioxidant Power (FRAP)

The FRAP assay was carried out following an amended method of Benzie and Strain
(1996) [25] by Stratil et al. (2006) [26] and Ou et al. (2002) [27]. The FRAP solution contained
acetate buffer (100 mL; 0.3 M; pH 3.6), ferrous chloride hexahydrate (10 mL; 0.01 M) and
TPTZ (10 mL; 0.01 M in 0.04 M HCl). Potato extract (20 μL) was added to FRAP solution
(180 μL) in the microplate well, and the mixture was kept at 37 ◦C for 40 min before
reading the absorbance at 593 nm. Trolox and methanol were used as standard and blank,
respectively. The results were reported as μg of Trolox equivalent per g of the extract’s dry
weight (μg TE/g dw).

2.7.2. DPPH Radical Scavenging Capacity

The DPPH radical scavenging capacity of HPP treated and untreated peeled and
whole potatoes was assayed as described in Goupy et al. (1999) [28]. A stock solution of
DPPH (11.9 mg) and methanol (50 mL) was prepared followed by further a 1:5 dilution
of the stock solution for the assay. The diluted DPPH solution (100 μL) was mixed with
potato extract (100 μL) and kept in the dark for 30 min. Then, the absorbance was measured
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at 515 nm in the microplate reader, while Trolox and methanol were used as standard
and blank, respectively. The results were reported as μg of Trolox equivalent per g of the
extract’s dry weight (μg TE/g dw).

2.8. Liquid Chromatography-Mass Spectrometry Analysis

The identification of polyphenols was performed by HPLC-QToF mass spectrom-
etry [23,29] and their quantification by ultra-high performance liquid chromatography
coupled to a tandem quadrupole mass spectrometer (UPLC-TQD, Waters Corp., Milford,
MA, USA). In addition, two anthocyanins, namely pelargonidin-O-ferulorylrutinoside-
O-hexoside and pelargonidin-O-rutinoside-O-hexoside, were tentatively identified based
on their molecular mass and fragmentation pattern [30]. The separation of the natural
compounds in the potato extract was performed on a Waters Acquity UPLC HSS T3 column
(100 × 2.1 mm, 1.8 μm). The binary solvents constituted water containing 0.1% formic acid
and acetonitrile containing 0.1% formic acid at 0.5 mL/min [31,32]. A multiple reaction
monitoring (MRM) mode analysing at least two transitions per compound was employed
to detect and quantify the phenolic compounds in the UPLC-TQD. IntelliStartTM software
(Masslynx 4.1, Waters Corp., Milford, MA, USA) was used in order to optimise the cone
voltages and collision energies for each MRM transition. As for the two tentative antho-
cyanins, MRM transitions were obtained from Kim et al. 2018 [30]. Quadruplicate extracts
were used for the analyses, while the target compounds were quantified using standard
calibration curves of concentrations ranging from 10–25 μg/mL. The two anthocyanins
were quantified as rutin equivalents. The results were reported as μg compound per g of
extract in dry weight (μg/g dw).

2.9. In Vitro Determination of Glycaemic Index (GI)
2.9.1. In Vitro Digestion

The enzyme mixture (0.5 g pepsin, 0.5 g guar gum, 100 mL 0.05 mol/L HCl) was
prepared, and the reaction mixture was maintained at room temperature. Then, a potato
sample (1 g) was added to pepsin–guar gum mixture (10 mL) followed by incubation in a
shaking water bath at 37 ◦C for 30 min. Five glass balls (0.5 cm diameter) were mixed with
sodium acetate (10 mL; 0.25 mol/L), along with the second enzyme mixture (5 mL), which
contained invertase (2000 units/mL), amyloglucosidase, and pancreatin. Then, samples
were incubated in a 37 ◦C water bath, and after 20 min and 120 min, an aliquot of 0.2 mL
was taken out and mixed with 20 mL of 66% ethanol for glucose analysis (these were the
samples, which were used to calculate the rapidly available glucose (RAG) and slowly
available glucose (SAG). The remaining mixture was vortexed and then incubated for
30 min at 100 ◦C. The mixture was cooled for 20 min in ice bath; then, we added KOH
(10 mL; 7 mol/L) followed by an incubation at 0 ◦C in a shaking ice bath for 30 min. The
mixture was vortexed, and 1 mL of solution mixture was transferred into a heat-resistant
beaker, which contained acetic acid (10 mL; 0.5 mol/L) and amyloglucosidase (0.2 mL).
Then, this mixture was incubated for 30 min at 70 ◦C in a shaking water bath. The mixture
was taken out from the water bath, after which 40 mL of distilled water was added, and the
mixture was vortexed. This was the sample used to determine total glucose (TG), which
was performed immediately [33].

2.9.2. Glucose Analysis

Glucose was determined using the Megazyme D-glucose assay kit (GOPOD-format).
In glass heat-resistant tubes, 3 mL of GOPOD reagent was mixed with 0.1 mL of sam-
ple solution (RAG, SAG, TG, and FG (free glucose)). Then, the sample-reagent mixture
was incubated for 20 min at 50 ◦C, and the absorbance was measured at 510 nm on the
spectrophotometer.

Three independent experiments were carried out in all studies. Each sample was
tested in duplicate (n = 6).
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Equations (2)–(6) as described by Englyst et al. (2000) [33] were used to calculate the
GI, GL, total starch (TS), RAG, and SAG:

RAGrel =
RAG × 100

TG
(2)

SAGrel =
SAG × 100

TG
(3)

TS = 0.9 × (TG − FG) (4)

GI = 17.7 + 77.9
RAG

TS + 2FG
(5)

GL = GI
TS + 2FG

100
. (6)

2.10. Statistical Analysis

Experiments were performed in duplicates, and all analyses (except for GI) were
repeated four times (n = 8). Results are reported as means ± standard deviation (SD).
One-way ANOVA followed by a Tukey’s post hoc test was performed for the statistical
analysis of PPO RA before/after treatment, while a Games–Howell post hoc test was used
for the rest of the data. SPSS Statistics 26 (IBM-Armonk, New York, NY, USA) was used for
all the statistical analyses. The significance level was set at p < 0.05.

3. Results

3.1. PPO Inactivation

The effect of HPP treatments on the activity of PPO expressed as residual activity (RA)
is shown in Figure 1. Although HPP at 400 MPa and 600 MPa for 3 min each decreased
the PPO activity significantly (p < 0.05) in both the peeled and whole potatoes, the HPP at
600 MPa was more effective against PPO, where the RA ranged from approximately 21% to
51% in peeled and 23% to 53% in whole potatoes. As with the HPP at 400 MPa, the RA of
the PPO varied from approximately 83% to 93% in peeled and 86% to 97% in whole samples
of the studied cultivars, while no significant changes (p > 0.05) were observed in the peeled
baby Maris Piper and whole Rooster samples as compared to the controls. In general, a
higher PPO activity was found in the whole than in the peeled potatoes irrespective of
different pressure (400 MPa and 600 MPa) treatments, which was also noted by Thygesen
et al. (1995) [34]. The PPO RA values of whole potatoes are similar to our previous study
where it was found to vary from 31% to 51% after HPP at 600 MPa [23]. Similarly, a 30%
inactivation of PPO by HPP at 600 MPa has been reported in carrot juice [19], while HPP
at 400 MPa and 600 MPa decreased PPO by 11% and 30%, respectively in strawberry
puree [35]. A significant (p < 0.05) reduction in PPO RA was also observed in a commercial
PPO isolated from mushroom under HPP at 600 MPa for 5 min [36], and in Peruvian carrot
and cocoyam puree, cubes, and extract after HPP treatment at 600 MPa for 5 or 30 min. On
the contrary, PPO activity in HPP-treated sweet potato was much higher, reaching even
four times higher RA than the controls, while a higher PPO activity was also observed
in HPP-treated avocado slices than in those untreated [21]. These findings indicate the
importance and relevance of the food matrix in PPO inactivation by HPP.
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Figure 1. Residual activity (%) of PPO from whole and peeled potatoes upon HPP treatment at
400 MPa and 600 MPa. ‘*’ indicates statistically significant (p < 0.05) difference from the control.
‘**’ indicates statistically significant difference (p < 0.05) within the same cultivar and sample type
(peeled/whole).

HPP-induced enzyme inactivation is a multifaceted phenomenon that has not been
fully determined yet. Potential mechanisms involve the formation and/or disruption of
various intramolecular interactions, hydration of charged groups, interference of bound
water, the stabilisation of hydrogen bonds, as well as alterations in the native structure of
enzymes by folding and/or unfolding [36]. HPP may lead to reversible or irreversible and
partial or complete unfolding of the native structure of the enzyme, resulting in a change
in enzyme activity, as its specificity is very much associated to its active sites in the protein
structure [37]. From a thermodynamic perspective, HPP may influence enzyme-catalysed
reactions by modifying the equilibrium and the rate constants [38]. One or a combination
of these factors might have contributed to the observed loss of PPO activity in the current
study.

3.2. Total Phenolic Content

Figure 2 shows the total phenolic content (TPC) of peeled and whole potatoes of
the studied cultivars before and after HPP treatment. TPC in untreated potatoes was
found to range from 568 to 853 μg GAE/g dw in peeled, while it was higher in whole
samples (686 to 938 μg GAE/g dw), which is consistent with the literature [39]. As shown
in Figure 2, the impact of HPP on TPC of peeled and whole potatoes exhibits a variation,
mainly depending on the cultivar. Nevertheless, the changes are not significant (p > 0.05).
These results contradict previous findings where TPC levels were significantly (p < 0.05)
higher in whole potatoes after HPP at 600 MPa than in those untreated [23]. This difference
may be due to the fact that the levels of phenolic compounds in the potatoes as well as
their stability and consequently the effect of a processing method on them are highly
dependent on several factors such as genetic (cultivar), environmental, agronomic, the
stage of ripeness, and the post-harvest handling and storage [40,41]. No significant changes
in TPC have also been reported in HPP treated mango nectars [42], litchi juice [43], and acai
juice [44] with respect to the controls. On the contrary, a significant increase was observed
in TPC in pumpkin slices after HPP at 450 MPa for 15 min and 550 MPa for 10 min [16]
and in HPP-treated pomegranate juice [33] than in the corresponding untreated samples,
which was associated with a higher cell permeability, as a consequence of the disruption
of the cell walls and the cell membrane hydrophobic bonds, and thereby leading to mass
release of matrix-bound phenolic compounds.
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Figure 2. Total phenolic content (TPC) as expressed as μg gallic acid equivalent (GAE)/g dry weight in untreated and HPP
treated peeled and whole potatoes. Different letters above bars indicate a statistically significant (p < 0.05) difference within
the same cultivar and sample type (peeled and whole).

3.3. Antioxidant Activity

The antioxidant activity (AOA) of untreated and HPP treated, peeled and whole potato
samples as examined by FRAP assay and DPPH radical scavenging capacity is shown in
Figure 3a,b, respectively. Similar to the TPC results, AOA assayed by either DPPH or FRAP
showed a variation after the HPP treatments, depending on the treatment pressure, cultivar,
and the type (peeled or whole) of the sample. Nevertheless, the changes in AOA were
insignificant (p > 0.05), which was also observed in our previous work following 600 MPa
treatment of whole potatoes [22]. Studies on other food products, namely aronia berry
puree [45], mango nectars [42], and purple sweet potato nectars [46], have also shown no
significant (p > 0.05) changes in their AOA following HPP treatments ranging from 400 to
600 MPa and for 1–10 min. The authors of these studies linked their findings to unaltered
levels of the TPC, which can also explain the results of the current study. Conversely, AOA
was slightly but significantly (p < 0.05) increased in smoothies [14] and in pumpkin [16]
upon HPP, whereas a significant (p < 0.05) decrease was found in Aloe Vera gel after HPP
at 150, 250, 350, 450, and 550 MPa for 5 min [47]. These findings indicate that the AOA in
HPP-treated products is dependent on the state of the substrate studied, where the AOAs
of those that are in liquid or semi-liquid forms can be altered by the HPP treatment.
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3.4. Effect of HPP on Polyphenols

Tables 1 and 2 show the effect of HPP on individual polyphenols in whole and
peeled potatoes. Chlorogenic acid was the most abundant polyphenol in all of the stud-
ied samples, and it varied from approximately 36 to 97 μg/g dw and 35 to 51 μg/g
dw in whole and peeled samples, respectively as observed by other authors [48]. A sig-
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nificant (p < 0.05) decrease in chlorogenic acid both in peeled and whole potatoes was
noted after the HPP treatments. A simultaneous increase (p < 0.05) of chlorogenic acid’s
constituent phenolic acids, i.e., caffeic acid and quinic acid, was also observed, which
suggests that HPP induces degradation. Similarly, levels of rutin, which is a rutinoside of
quercetin, were slightly reduced in the HPP-treated peeled samples as opposed to the un-
treated peeled samples, although the changes were not significant (p > 0.05). A significant
(p < 0.05) increase was found in the ferulic acid content in most of the HPP-treated samples,
and in particular, Maris Piper cultivars showed almost six times higher levels as compared
to those untreated, suggesting that ferulic acid occurs possibly also in bound forms in
these varieties. It is known that hydroxycinnamic acids (i.e., ferulic acid, 4-coumaric acid,
chlorogenic acid, isochlorogenic acid, caffeic acid, and sinapic acid) and some flavonoids
((-)epicatechin, quercetin, and rutin) occur in free and bound forms, and that HPP can alter
their concentrations [49].

Table 1. Means ± SD (n = 8) of the phytochemical content (μg/g dry weight) in untreated and HPP-treated whole potatoes.

Cultivar Treatment

Polyphenols Anthocyanins (Rutin Equivalent)

Ferulic
Acid

Chlorogenic
Acid

Caffeic
Acid

Quinic
Acid

4-
Coumaric

Acid
Rutin

Pelargonidin-O-
Feruloylrutinoside-O-

Hexoside

Pelargonidin-O-
Rutinoside-O-

Hexoside

Cultra Untreated 0.4 ± 0.02
b

35.9 ± 1.1
ab

18.0 ± 1.6
b

71.3 ± 2.9
ab 3.6 ± 0.5 b 0.66 ± 0.1

b ND ND

400 MPa 3.1 ± 0.7 a 37.5 ± 3.1
ab

23.5 ± 4.5
a

99.0 ± 1.8
a

10.1 ± 1.5
a

0.85 ± 0.2
b ND ND

600 MPa 2.7 ± 0.3 a 34.8 ± 2.1
ab

19.7 ± 4.2
a

86.2 ± 2.7
b 9.0 ± 0.5 a 1.85 ± 0.2

a ND ND

Kerr’s
Pink Untreated 0.5 ± 0.2 b 54.0 ± 1.3

a
18.3 ± 2.5

ab
32.5 ± 3.7

b
2.4 ± 0.8

ab 0.5 ± 0.1 a 1.8 ± 0.3 b 2.0 ± 0.2 a

400 MPa 0.6 ± 0.2 b 50.4 ± 1.8
b

48.3 ± 1.3
b

75.2 ± 3.5
a

23.6 ± 1.1
a 0.5 ± 0.1 a 3.5 ± 1.0 a 2.7 ± 0.6 a

600 MPa 0.9 ± 0.3 b 47.5 ± 3.3
b

60.4 ± 1.9
a

72.9 ± 3.2
a

20.5 ± 0.1
b 0.6 ± 0.1 a 3.0 ± 0.3 a 2.5 ± 0.5 a

Maris
Piper Untreated 0.4 ± 0.1 b 55.3 ± 4.1

a
28.3 ± 3.6

ab
48.8 ± 1.7

ab
10.4 ± 0.8

b 5.1 ± 0.3 a ND ND

400 MPa 3.4 ± 0.2 a 38.3 ±
9.80 ab

56.8 ± 7.9
b

57.0 ± 5.4
b

15.2 ± 0.6
a 5.6 ± 0.2 a ND ND

600 MPa 3.2 ± 0.1 a 38.9 ± 4.8
ab

68.2 ± 8.9
a

88.8 ± 4.6
a

15.5 ± 0.6
a 5.4 ± 0.2 a ND ND

Maris
Piper

(baby)
Untreated 0.4 ± 0.1 b 55.3 ± 4.1

a
28.3 ± 3.6

ab
48.8 ± 1.7

ab
10.4 ± 0.8

ab 5.1 ± 0.3 a ND ND

400 MPa 3.3 ± 0.1 a 43.9 ± 3.8
b

80.1 ± 3.8
a

77.9 ± 2.2
b

17.4 ± 0.8
b 4.9 ± 0.4 a ND ND

600 MPa 3.6 ± 0.3 a 44.6 ± 3.6
b

77.3 ± 4.0
b 107 ± 12 a 19.6 ± 1.2

a 4.4 ± 0.7 a ND ND

Rooster Untreated 0.5 ± 0.01
b

60.8 ± 2.0
a

16.3 ± 2.0
ab

50.1 ± 2.9
ab

9.4 ± 1.1
ab 1.8 ± 0.4 a 9.9 ± 0.5 b 6.5 ± 1.7 b

400 MPa 0.4 ± 0.03
b

36.6 ± 5.1
ab

21.3 ± 4.3
b

86.8 ± 7.0
a

24.5 ± 3.6
a 2.3 ± 0.4 a 14.7 ± 3.2 a 11.1 ± 5.4 a

600 MPa 0.4 ± 0.03
b

30.7 ± 2.6
ab

24.5 ± 0.7
a

76.5 ± 8.2
b

16.1 ± 2.3
b 2.1 ± 0.2 a 18.2 ± 3.5 a 11.8 ± 3.0 a

Values with different superscript letters within the same column and cultivar are significantly different (p < 0.05).

Two anthocyanins, namely pelargonidin-O-feruloylrutinoside-O-hexoside and pelarg
onidin-O-coumarylrutinoside-O-hexoside, have been tentatively identified in whole Kerr’s
Pink and Rooster samples based on mass spectral data and literature [50], and their levels
were measured. Both HPP treatments led to a significant (p < 0.05) increase of these two
anthocyanins in these coloured cultivars. PPO inactivation has been associated with the
stability of the anthocyanins in HPP-treated (800 MPa, 18–22 ◦C for 15 min) red raspberry
and strawberry fruits [51], which is consistent with the findings of this study where PPO RA
was very low in Kerr’s Pink and Rooster potatoes after the HPP at 600 MPa. As discussed
earlier in Sections 3.2 and 3.3, HPP might cause cell-wall damage resulting in the release of
phytochemicals including anthocyanins into the extracellular environment.
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Table 2. Means ± SD (n = 8) of the phytochemical content (μg/g dry weight) untreated and HPP-treated peeled potatoes.

Cultivar Treatment
Polyphenols

Ferulic Acid Chlorogenic Acid Caffeic Acid Quinic Acid 4-Coumaric Acid Rutin

Cultra Untreated ND 35.2 ± 2.5 a 5.7 ± 1.1 a 32.9 ± 2.6 ab 2.3 ± 0.4 a 0.5 ± 0.1 a

400 MPa ND 19.5 ± 1.0 b 5.9 ± 1.1 a 58.3 ± 4.5 b 1.9 ± 0.4 a 0.3 ± 0.1 b

600 MPa ND 2.5 ± 0.5 ab 0.4 ± 0.1 b 111.2 ± 6.9 a ND 0.3 ± 0.1 b

Kerr’s Pink Untreated 0.6 ± 0.1 a 47.5 ± 8.3 a 6.3 ± 1.0 a 36.1 ± 3.1 ab 1.9 ± 0.3 a 0.6 ± 0.1 a

400 MPa 0.5 ± 0.05 a 26.4 ± 4.4 b 6.9 ± 1.7 a 48.7 ± 2.3 b 1.3 ± 0.2 b 0.2 ± 0.1 b

600 MPa 0.5 ± 0.05 a 1.1 ± 0.2 ab 0.2 ± 0.05 b 57.9 ± 2.5 a 1.5 ± 0.1 b 0.2 ± 0.1 b

Maris Piper Untreated 0.6 ± 0.1 b 38.1 ± 4.9 a 34.1 ± 2.7 ab 27.1 ± 3.2 ab 1.4 ± 0.1 a 0.7 ± 0.1 a

400 MPa 1.6 ± 0.5 a 4.1 ± 0.5 b 39.5 ± 1.3 b 85.2 ± 1.5 b 1.2 ± 0.1 b 0.3 ± 0.2 b

600 MPa 2.3 ± 0.4 a 4.2 ± 0.2 b 43.5 ± 1.5 a 138 ± 7.9 a 1.0 ± 0.2 b 0.3 ± 0.1 b

Maris Piper (baby) Untreated 0.5 ± 0.1 b 38.5 ± 3.7 a 31.4 ± 1.6 a 21.5 ± 6.3 ab 1.4 ± 0.3 a 0.8 ± 0.2 a

400 MPa 2.3 ± 1.0 a 3.2 ± 0.6 b 26.7 ± 0.7 b 57.2 ± 1.8 b 1.1 ± 0.2 b 0.6 ± 0.1 a

600 MPa 2.4 ± 0.8 a 2.5 ± 0.2 b 28.9 ± 1.4 a 116 ± 11 a 1.2 ± 0.2 b 0.7 ± 0.1 a

Rooster Untreated 0.3 ± 0.05 b 50.9 ± 4.7 a 14.1 ± 0.8 a 36.1 ± 2.9 ab 2.5 ± 0.5 a 0.8 ± 0.2 a

400 MPa 2.0 ± 0.1 a 10.6 ± 0.5 b 5.6 ± 0.4 b 63.2 ± 4.3 b 2.2 ± 0.3 a 0.4 ± 0.1 b

600 MPa 2.5 ± 0.1 a 5.5 ± 0.7 ab 3.0 ± 0.2 ab 77.1 ± 1.7 a 2.1 ± 0.4 a 0.4 ± 0.2 b

Values with different superscript letters within the same column and cultivar are significantly different (p < 0.05).

3.5. Glycaemic Index (GI) of Potato Cultivars

The amount of total glucose that is released rapidly (RAG) is one of the key determi-
nants of the GI of the food. All the untreated potato cultivars had a high GI value apart
from Maris Piper, which had a medium value. According to the literature, the GI of British
potatoes varies from 56 to 94 [5], whilst a variance of 53 to 103 was seen between Australian
potato varieties [52]. It could be hypothesized that the variation in the GI of potato cultivars
is due to structural differences of the starch in the tubers. For instance, the in vitro and
in vivo studies investigating the GI of rice had shown that the cultivars with high levels of
resistant starch and amylose decreased the GI [53,54].

In the present study, statistically significant decreases were observed in the GI values of
both coloured potato cultivars (Roosters and Kerr’s Pink) and Maris Piper (baby) following
600 MPa treatment. For the rest of the samples, there were no statistically significant
(p > 0.05) differences in the GI values irrespective of HPP treatment or not (Table 3).

Previously published literature suggested that the HPP treatments might result in a
decrease in GI [55,56]. However, in both these studies, they used in vivo methodologies as
well as ready-to-eat foods with no further processing after the HPP, whilst in the present
study, potatoes were cooked following the HPP before the in vitro digestion was carried
out. Nasehi et al. (2012) [57] suggested that owing to its high water content, potato starch
is more resistant to pressure than the starch present in rice, corn, or tapioca, which may
explain the unaltered GI values in some of the potato cultivars studied here. The application
of cycles of HPP and longer periods of HPP, or a long continuous HPP treatment instead of
the single treatment for three minutes may cause the desired changes in the starch structure
of the potato. This can subsequently impede the release of glucose as well as the breakdown
of the starch and thereby reduce the GI and GL of the potato [58].
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Table 3. Carbohydrate parameters, glycaemic index and glycaemic load of untreated and HPP-treated potatoes.

Cultivars Treatment Rapidly Available Glucose (g/100 g) Total Glucose (g/100 g) Glycaemic Index Glycaemic Load

Cultra Untreated 14.38 ± 1.02 a 19.31 ± 0.77 a 79.10 ± 6.79 a 14.09 ± 1.07 a

400 MPa 11.73 ± 0.39 b 18.92 ± 2.27 a 68.36 ± 10.52 a 11.73 ± 0.72 b

600 MPa 14.93 ± 0.75 a 20.18 ± 3.43 a 80.97 ± 7.72 a 14.92 ± 1.07 a

Kerr’s Pink Untreated 10.77 ± 0.18 a 11.39 ± 0.51 a 97.79 ± 3.42 a 10.24 ± 0.17 a

400 MPa 9.23 ± 1.29 a 12.06 ± 4.15 a 85.00 ± 12.05 a 9.16 ± 1.69 a

600 MPa 9.37 ± 1.95 a 17.33 ± 2.10 b 62.14 ± 10.65 b 9.86 ± 1.77 a

Maris Piper Untreated 10.97 ± 0.66 a 17.87 ± 2.99 a 66.71 ± 13.05 a 11.06 ± 1.24 a

400 MPa 11.39 ± 0.03 a 17.69 ± 3.04 a 73.20 ± 9.51 a 11.76 ± 0.45 a

600 MPa 12.65 ± 3.36 a 18.21 ± 2.56 a 67.74 ± 3.02 a 11.61 ± 1.25 a

Maris Piper (baby) 400 MPa 12.18 ± 5.73 a 19.41 ± 2.98 a 117.70 ± 5.80 a 10.43 ± 3.91 a

600 MPa 11.40 ± 1.18 a 17.78 ± 1.73 a 65.52 ± 0.02 b 10.77 ± 1.09 a

Rooster Untreated 12.38 ± 2.76 a 16.38 ± 3.17 a 81.60 ± 5.36 a 12.31 ± 2.65 a

400 MPa 12.23 ± 1.60 a 17.30 ± 1.77 a 78.74 ± 11.50 a 12.32 ± 1.18 a

600 MPa 12.04 ± 0.84 a 20.97 ± 3.36 a 62.03 ± 8.96 b 11.75 ± 0.75 a

All data are the means ± SD (n = 6). Values with different letters within the same column and variety are statistical different (p < 0.05).

4. Conclusions

HPP at 600 MPa for 3 min is efficient in inhibiting PPO activity by as much as 79% in
peeled potatoes. The HPP treatments do not alter total phenolic content and antioxidant
activities of whole and peeled potatoes irrespective of the strength of the applied pressures.
However, the HPP treatments can induce the degradation of (poly)phenolic acid conjugates
such as chlorogenic acid, which is an ester of caffeic acid and quinic acid. Chlorogenic
acid is the most abundant polyphenol in potatoes, which is significantly decreased upon
HPP treatments with concurrent increases in caffeic acid and quinic acid. On the other
hand, HPP led to an increase in ferulic acid, which is most commonly found bound
to cell walls in whole and peeled samples. Similarly, the anthocyanins pelargonidin-O-
ferulorylrutinoside-O-hexoside and pelargonidin-O-rutinoside-O-hexoside in the HPP-
treated whole samples of the coloured potato varieties increased significantly, implying
that the high hydrostatic pressure disrupts the cell walls, enabling the release of bound
(poly)phenols. Despite the alterations of individual (poly)phenols by the impact of HPP,
the overall antioxidant capacity was not affected. No significant effect was observed
on the carbohydrate parameters, i.e., glycaemic index and glycaemic load of the HPP-
treated potato cultivars. HPP is a promising technology in potato processing that can
be applied to inhibit browning while maintaining nutritional and functional qualities.
Further studies on the combination of HPP with other novel processing technology(ies) or
natural antioxidant(s) are necessary to establish the validity as alternate to thermal and/or
chemical processing of minimally processed potatoes, which is beyond the scope of the
current study.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/10
.3390/foods10102425/s1. Figure S1: The temperature and pressure profile at 600 MPa.
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Abstract: Currently, thermal pasteurisation (TP) remains the most widely applied technique for
commercial orange juice preservation; however, a high temperature causes adverse effects on the
quality attributes of orange juice. In order to explore a novel non-thermal sterilization method for
orange juice, the impacts of thermosonication combined with nisin (TSN) and TP treatments on the
quality attributes including microbial and enzyme inactivation and the physicochemical, nutritional,
functional, and sensory qualities of orange juice were studied. Both TP and TSN treatments achieved
desirable bactericidal and enzyme inactivation effects, and nisin had a significant synergistic lethal
effect on aerobic bacteria in orange juice (p < 0.05). Additionally, TSN treatment significantly
improved the color attributes of orange juice and well maintained its physicochemical properties
and sensory quality. More importantly, TSN treatment significantly increased the total polyphenols
content (TPC) and total carotenoids (TC) by 10.03% and 20.10%, increased the ORAC and DPPH
by 51.10% and 10.58%, and the contents of total flavonoids and ascorbic acid were largely retained.
Correlation analysis of antioxidant activity showed that the ORAC and scavenging ability of DPPH
radicals of orange juice are mainly attributed to TC and TPC. These findings indicate that TSN shows
great potential application value, which could guarantee the microbiological safety and improve the
quality attributes of orange juice.

Keywords: orange juice; nisin-assisted thermosonication; microbial and enzyme inactivation; sensory
quality; bioactive properties

1. Introduction

Orange juice has gained worldwide popularity owing to its high nutritional value,
attractive color, and distinctive sweet and sour flavor [1]. It is rich in a variety of nutritional
and bioactive phytochemicals, including a high concentration of vitamin C, folate, polyphe-
nols, flavonoids, carotenoid, and limonoid [2–4]. Epidemiological studies have shown
that the consumption of orange juice is beneficial to human health, e.g., by enhancing the
antioxidant activity of blood serum [5] and lowering lipid peroxidation [6], improving risk
factors associated with cardiovascular disease [7], and improving the cognitive function
of the elderly [8]. According to the United States Department of Agriculture in 2016, the
annual consumption of orange juice is about 1.8 billion liters globally [9].

Sterilization is an important unit operation in the production of orange juice. Currently,
conventional thermal pasteurisation (TP) remains the most widely applied technique for
commercial orange juice preservation and is considered the safest and most cost-effective
way to inactivate microorganisms and enzymes [10]. However, a high temperature may
cause the deterioration of the color and flavor of orange juice [11–13] and the loss of heat-
sensitive nutrients and functional substances [14,15], which might impair the functional
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properties and sensory attributes of the final product, thus making it unattractive to the
consumer. Thus, it is necessary to explore a new non-thermal sterilization method which
can not only effectively inactivate microorganisms and enzymes, but also maintain the
optimal sensory attributes and the nutritional and functional characteristics of orange juice.

Ultrasound (US) processing is one of the emerging non-thermal sterilization technolo-
gies recently being applied in liquid food. Its mechanism of inactivated microorganisms
and enzymes is generally attributed to the combination of mechanical effects (e.g., cavita-
tion, bubble rupture, and mechanical shear force) and chemical effects (e.g., the formation
of free radicals and the decomposition of water vapor in collapsing bubbles) [13,16]. Re-
cently, US has been intensively investigated as a means to preserve fruit and vegetable
juice; however, some researchers have shown that using US alone in some cases may not
be very efficient for the inactivation of some types of microorganisms and enzymes in
juices [16–18]; meanwhile, US is combined with other sterilization techniques, for example,
mild heat treatment [i.e., thermosonication (TS)] [16,19], ultraviolet treatment [20], a pulsed
electric field [21], gassing [22], and TS with antibacterial agents [23,24]. These showed
high application potential in the preservation of various juices. Various US-combined
sterilization techniques not only showed a synergistic effect in the inactivation of microor-
ganisms and enzymes, but also maintained the sensory, physicochemical, and nutritional
attributes of juices. Among them, due to the low costs and a simple operation, combine
use of TS and TS treatment with an antibacterial agent (for example, nisin) have been a
wide concern [16,24,25]. Mild heat treatment, which uses a lower heating temperature
during thermal processing (usually lower than 60 ◦C), could bring down, even remove the
loss of heat-sensitive nutrient substances and bioactive phytochemicals, thus prevented
the deterioration caused by high thermal temperatures to juice quality [19,24]. Nisin is a
heat-stable antimicrobial peptide produced by strains of Lactococcus lactis subsp. lactis.
It is hydrolyzed into amino acids by a protease in the digestive tract after consumption
and does not produce resistance or allergic reactions [26]. It is a safe antimicrobial peptide
for food preservation, which was recognized by the WHO (World Health Organization).
The bactericidal mechanisms of nisin include inhibiting the cell wall biosynthesis, leading
to ATP hydrolysis and ion leakage, membrane pore formation and disruption of the pH
equilibrium and the proton motive force, and eventually to cell death [24,26].

Orange juice is very popular in the word, and significantly contributes to the daily
fruit consumption in most countries; thus, the commercial importance of orange juice is self-
evident. In recent years, in order to improve the overall quality of commercial orange juice,
many non-thermal processing technologies for the sterilization process of orange juice have
been widely reported, including high-pressure processing [27], pulsed electric fields [2],
US processing [13], TS processing [28], cold plasma [29], ozone processing [29], dimethyl
dicarbonate [30], and the ultrasound-assisted supercritical CO2 system [22]. However, the
research on the combination of TS and nisin is rarely reported. Therefore, the purpose
of this study was to (i) compare the germicidal efficacy of TS, TS combined with nisin
(TSN), and TP treatments on microorganisms in orange juice, (ii) compare the impacts of
TSN and TP treatments on overall juice quality (enzyme inactivation, physicochemical,
nutritional and functional and sensory qualities), and (iii) analyze the correlation between
the antioxidant capacity, color characteristics, and functional substances of orange juice.
The research aims to provide a theoretical basis and technical support for the high-quality
orange juice produce.

2. Materials and Methods

2.1. Orange Juice Preparation

Fresh navel oranges grown in Jiangxi province (China) were used in the study. The
oranges were washed and peeled, cut into four pieces, and pressed mechanically by a juice
extractor. The pressed orange juice was filtered through a sterilized double-layered muslin
cloth, homogenized at 4 ◦C and 150 bar, transferred into a sterile food-grade container, and
stored at 4 ◦C until further treatment.

280



Foods 2021, 10, 1851

2.2. Chemicals and Reagents

All the standards, including 1,1-diphenyl-2-picrylhydrazyl (DPPH), gallic acid, 6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), catechol, and Folin-
Ciocalteu reagent were purchased from Sigma-Aldrich (St. Louis, MO, USA). All media,
including the lauryl sulfate peptone broth, Bengal red medium, plate counting medium,
and bright green lactose bile broth, were purchased from Hope Bio-Technology Co., Ltd.
(Qingdao, China).

2.3. Preparation of Nisin Solution

Referring to the method of Ma et al. (2020) [24] with minor modifications, 0.5 g of
commercial nisin Z (900 IU/mg) was dissolved in 20 mL of sterile water, then filtered
through a 0.22-μm inorganic membrane to remove the microorganisms, and kept at 4 ◦C
for the further experiments.

2.4. TS, TSN, and CTS Treatment

Fresh orange juices were treated with TS, TSN, and TP respectively, with fresh orange
juice (no sterilization treatment) as the control. TS treatment [24,25] was conducted by a
ATPIO-1000D built-in probe ultrasound device (Xianou Corporation of Nanjing, Jiangsu,
China), operating with a frequency of 20–25 kHz, a maximum electrical power input of
1000 W, and a horn microtip diameter of 6 mm. Juice samples of 45 mL were subjected to a
double-wall cylindrical vessel, in which water was circulated with a digital thermostatic
bath (XODC-0515-II, Nanjing Xianou, Nanjing, China) to control the TS temperature at a
constant 50 ◦C. The power was adjusted to 70% of the maximum power, and the processing
time was 10 min, with the pulse duration time set as 2 s on and 3 s off. For the TSN
treatment, adding 360 μL of nisin solution to samples to reach a final concentration of
200 ppm, then it was placed in a double-walled cylindrical vessel for the same operation as
the TS treatment. For the TP treatment, orange juice samples of 45 mL were pasteurized at
80 ◦C for 10 min using an electro-thermostatic water bath [13]. Each treatment was carried
out at least in triplicate (Table S1).

2.5. Microbiological Assay

The viable cells of natural microorganisms in the orange juice samples were measured
based on the National Food Hygiene Standard of China. The total bacterial count (TBC),
Escherichia coli, and mold were detected according to GB 4789.2-2016, GB 4789.3-2016, and
GB 4789.3-2016, respectively. The specific experimental operation refers to the method of
Ma et al. (2020) [31]. Results are expressed as the log CFU/mL and log MPN/mL.

2.6. Determination of the Activities of the Polyphenol Oxidase (PPO), Peroxidase (POD), and
Pectin Methylesterase (PME)

PPO and POD was extracted by dissolving 4% (w/v) polyvinyl pyrrolidone (PVPP),
1% (v/v) Triton x-100, and 1 M NaCl in a 0.2 M phosphate buffer (pH = 6.5). Orange juice
and enzyme extracts (1:1, w/w) were mixed, extracted at 4 ◦C for 2 h, and centrifuged at
10,000 g/min for 20 min at 4 ◦C. The supernatant was taken to determine the PPO and
POD activities. The enzyme activities were measured based on the method of Ma et al.
(2020) [24].

PME was extracted by mixing juice samples and NaCl (8.8% w/v) at a ratio of 4.5:15
(w/v) and centrifuged at 15,000× g for 20 min at 4 ◦C. The supernatant was collected to
determine the PME. PME activities were measured exactly according to the method of
Muthukumarappan et al. (2009) [32].

2.7. Physicochemical Indexes

The total soluble solids (TSS) of the orange juice were measured by a PAL-1 digital
Abbe Refractometer (ATAGO Co., Tokyo, Japan). The preparation of the titratable acid (TA)
extract and the measurement of TA using the acid–base titration method were based on
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China National Standard GB/T12456-2008 [33]. The pH value was evaluated by a PHS-3E
pH meter (Shanghai Leici Co. Ltd., Shanghai, China). The juice viscosity was determined
using an NDJ-5S rotary viscometer (Jinan Jingtian Co. Ltd., Jinan, China).

2.8. Functional Indices and Antioxidant Activity

The ascorbic acid (AA) of juice samples was determined by the 2,6-dichlorindophenol
method, the specific experimental operation according to the literature of Ma et al. (2020) [31].
The total polyphenol content (TPC) and total flavonoid content (TFC) were measured by
the Folin–Ciocalteu colorimetric method (Ma et al., 2019) [34] and the aluminum chloride
colorimetric assay (Aadil et al., 2013) [35], and results are expressed as milligrams of
gallic acid equivalents (GAE) per liter (mg GAE/L) and milligrams of catechol equivalents
per liter (mg CTE/L), respectively. The content of total carotenoids (TC) was measured
based on the method of Abid et al. (2020) [36], and results are expressed as milligrams of
β-carotene equivalents per liter.

The antioxidant capacity of the orange juice with different treatments was measured
by the DPPH free radical scavenging ability, the ferric ion reducing antioxidant power
(FRAP), and the oxygen radical antioxidant capacity (ORAC) method based on previous
reports [34,37]. Results are expressed as millimoles of trolox equivalents per liter (mM
TE/L).

2.9. Sensory Evaluation
2.9.1. Electronic Nose (E-Nose) Assay

The aroma profiles of the orange juice samples were obtained with a portable PEN 3 E-
nose (Airsense Analytics, Schwerin, Germany) containing 10 metal oxide semiconductors.
Each sensor has a certain degree of affinity for specific volatile compounds. Specific
descriptions of the sensor and the specific operation steps are found in our previous
work [24,31]. Each sample was measured at least 10 times.

2.9.2. Color Determination

The color characteristics of the orange juice samples were measured by an X-Rite
ci7600 colorimeter in reflection mode. In the CIELab scale, L* represents lightness, a*
represents greenness to redness, b* represents yellowness to blueness, and the total color
difference (ΔE*), hue (H◦), chroma (C*), L*, a*, and b* were automatically determined by
the colorimeter or calculated by its own software.

2.9.3. Artificial Sensory Evaluation

Previously trained panelists Potential consumers (18 men and 18 women, from 20
to 45 years old) participated in the sensory evaluation. These panelists were previously
trained with the basic knowledge of sensory evaluation, so that they could do a better
sensory assessment. The overall quality of the juice samples was evaluated by 5 different
attributes (appearance, color, smell odor, sweet and sour suitability, and overall acceptance)
using a 9-point hedonic scale a quantitative descriptive analysis with 100 score (Tables S2
and S3). The specific experimental operation is in accordance with our previous work [31].

2.10. Statistical Analysis

Data analysis was performed using Excel 2016, SPSS 23, RStudio-1.1.463, and Origin
9.1. The experimental results are expressed as the means ± standard deviations (SD) of
three replicates for each treatment.

3. Results and Discussion

3.1. Microbial Inactivation of Different Treatments

As shown in Figure 1, the TBC, Escherichia coli, and mold in the control group were
4.04 log CFU/mL, 2.07 log MPN/mL, and 1.4 log cfu/mL, respectively. After TP, TS, and
TSN treatment, the TBC decreased to 0, 2.26, and 1.18 log CFU/mL, respectively, and no
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Escherichia coli or mold were detected in the orange juice samples, which indicated that
all three treatments showed a strong inactivation effect on Escherichia coli and mold in
the orange juice. Undoubtedly, TP was still the most efficacious and thorough sterilization
method. Meanwhile, the effect of TS on TBC was limited, while TSN significantly enhanced
the bactericidal effect (p < 0.05), indicating that nisin and TS had synergistic inactivation
effects on aerobic bacteria, which is consistent with Ma et al.’s (2020) and Liao et al.’s (2018)
results. The effect of nisin on the goal bacteria occurs by inhibiting the cell wall biosynthesis
and membrane pore formation and disrupting the pH equilibrium and the proton motive
force, leading to ATP hydrolysis, ion leakage, and finally, to cell death [24,26]. Compared
with another new non thermal processing pulsed electric field (PEF) treatment, under
24.8 kV/cm, 60 pulses, 169 μs treatment time, 53.8 ◦C PEF treatment, apple juice cannot
be stored at room temperature, because the PEF treatment cannot provide enough energy
to inactivate microorganisms under this condition. TSN can make orange juice meet the
microbiological safety standards and it is a good and gentle sterilization method [38].

 
Figure 1. Lethal effects of different sterilization treatments on the microorganisms in orange juice. The Escherichia coli results
are expressed as log MPN/mL, and the other results are expressed as log CFU/mL.

Based on the Chinese national standard GB7101-2015, when the TBC is less than
2 log CFU/mL, the number of Escherichia coli is less than 1 MPN/mL, and the juice is
considered safe to drink. Therefore, in this study, in addition to TS treatment, both TSN
and CTS treatments could ensure the microbiological safety of the orange juice (Figure 1).
TSN and CTS treatments were selected for further research.

3.2. Residual Enzyme Activities of Different Treatments

The residual activities of PPO, POD, and PME with different sterilization treatments
are shown in Figure 2. After TP treatment, the remainder activities of PPO, POD, and PME
were 19.41%, 15.83%, and 24.75%, respectively. After TSN treatment, the residual activities
of these three enzymes were 34.19%, 39.30%, and 45.60%, respectively. Obviously, the
enzyme inactivation effect of TSN treatment was weaker than that of the TP treatment (p <
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0.05), but compared with the control group, TSN still showed a desired inactivation effect,
reducing the PPO, POD, and PME activities by 65.81%, 60.70%, and 54.40%, respectively,
significantly reducing the activity of three endogenous enzymes in orange juice (p <
0.05).Therefore, the two treatments could effectively control the enzymatic browning of
the orange juice and maintain its cloud stability. Compared with high isostatic pressure
(HIP) treatment, Patrícia Martins de Oliveira and others have shown that the use of HIP
to process mango–carrot juice mixed juice can effectively inactivate polyphenol oxidase
(PPO), but it will increase peroxidase (POD) activity. It is not conducive to the long-term
preservation of juice [39].

Figure 2. Passivation effects of different sterilization treatments on the enzyme activity of orange
juice.

3.3. Physicochemical Properties of Different Treatments

The effects of TP and TSN on pH, TSS, TA, and viscosity are shown in Figure 3A–D.
Compared with the control group, no significant change was observed in the pH, TSS,
and TA of the TSN group (p > 0.05), which indicated that TSN did not alter pH, TSS, or
TA of the orange juice, which is consistent with the findings of Liao et al. (2018) [25]
and Walkling-Ribeiro et al. (2009) [40]. Previous studies have shown that TSN had no
influence on the viscosity of grape juice [24] and green juice (celery stalk, apple, cucumber,
parsley) [41]; however, in this study, TSN treatment significantly reduced the viscosity of
the orange juice, and this was mainly due to the difference in operating parameters and
juice matrix. In addition, TP treatment significantly reduced the TSS of the orange juice (p <
0.05). Ma et al. also obtained similar results with grape juice [24]. In the research on grape
juice, it was also found that PEF treatment will not affect its pH, TSS, and acidity [42].
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Figure 3. Effects of different sterilization treatments on the physicochemical properties of orange
juice. (A) TSS; (B) pH; (C) viscosity; and (D) TA.

3.4. Functional Indices of Different Treatments
3.4.1. AA and TFC

The influence of TP and TSN on the nutritional and functional indicators is shown in
Figure 4A–G. Orange juice is well known as an appreciable source of AA; unfortunately, AA
in juice is unstable and is easily affected by environmental factors such as temperature, pH,
dissolved oxygen, and metal ions [43,44]; thus, AA is easily lost during juice processing. As
shown in Figure 4A, compared with the control group, the AA content decreased by 23.10%
and 15.83% after TP and TSN treatment, respectively. Thus, the different sterilization
treatments all caused a certain loss of AA, but compared with TP, TSN could significantly
slow down the loss of AA (p < 0.05) and retain the AA to the greatest extent. Similar results
were also reported by Liao et al. (2018) [25], who found an 87.42% retention of AA exposed
to TSN treatment at 52 ◦C for 30 min. This was mainly due to the mild temperature (<60 ◦C)
applied during the TSN processing. Ultrasonic cavitation reduced the level of dissolved
oxygen in the orange juice, thus inhibiting the degradation and loss of AA [19].

As shown in Figure 4C, the effect of TP and TSN treatments on the TFC of orange
juice was similar to that of AA (Figure 4A). TFC suffered 41.45% and 34.55% of losses after
TP and TSN treatment, respectively. Nevertheless, the TFC retention rate of TSN-treated
orange juice was much higher than that of TP-treated samples (p < 0.05). A recent study on
the effects of different sterilization treatments on the quality attributes of grape juice also
reached the same conclusion [24].
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Figure 4. Effects of different sterilization treatments on the functional indicators of orange juice. (A) AA; (B) TPC; (C) TFC;
(D) TC; (E) FRAP assays; (F) DPPH scavenging activity; (G) ORAC assays.

3.4.2. TPC and TC

Polyphenols are important antioxidant components in plants, and their content is
particularly abundant in citrus fruits. As shown in Figure 4B, both TP and TSN treatments
increased the TPC in orange juice, while TSN showed the highest effect, as it added TPC
value from 762.41 mg GAE/L to 838.89 mg GAE/L, with an increase of 10.03% (p < 0.05).
Similar results were also reported in TSN-treated grape juice [24], TS-treated hog plum
juice [45], and TS-treated star fruit juice [46].

Similarly, both TP and TSN treatments significantly increased the TC in orange
juice (p < 0.05); it increased by 13.48% and 20.10%, respectively, after TP and TSN treat-
ment (Figure 4D). Due to the lipophilic nature of carotenoids and their specific localiza-
tion in plant tissues, appropriate processing can promote the release and dissolution of
carotenoids [47].

Figure 4A–D shows that TSN treatment significantly increased the functional compo-
nents in orange juice, as TPC increased by 10.03%, and TC increased by 20.10%. This is
principally because the cavitation effect during TSN treatment increases the mechanical
disruption of the plant cell wall, so as to promote the dissolution and extraction efficiency
of the nutrients and functional components of juice [45]. Meanwhile, TSN treatment sig-
nificantly reduced the related oxidase activities and dissolved oxygen levels in juice; thus,
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it can be employed as a preservation technique for orange juice processing with a high
retention of AA and TFC.

3.4.3. Antioxidant Activity

FRAP, ORAC, and DPPH are considered to be the most widely used in antioxidant
activity measuring, as they can reflect the antioxidant capacity from different aspects.
As shown in Figure 4E, the FRAP values of the control group, the TP group, and the
TSN group were 9.37, 8.86, and 9.81 mM TE/L, respectively. TP treatment significantly
reduced the FRAP of orange juice, whereas TSN treatment greatly enhanced the FRAP
value. Additionally, both the TP and TSN treatments significantly increased the ORAC and
DPPH values of orange juice compared with the control group (Figure 4F,G), but the TSN-
treated juice showed the highest ORAC (4.85 mM TE/L) and DPPH (2.23 mM TE/L) values,
which were 51.10% and 10.58% higher than in the control group and were 15.46% and 4.70%
higher than in the TP group. A large number of published studies have also confirmed that
US-related treatments, such as US, TS, and TSN, could significantly enhance the antioxidant
activity of juice [17,24,45,46]. This is mainly because the ultrasonic process promotes the
extraction and release of antioxidants, such as polyphenols and carotenoids [24,45].

Figure 4A–G shows that TSN treatment significantly increased or highly retained
the contents of nutrients and functional substances in orange juice and significantly en-
hanced its antioxidant activity in three different systems. The enhancement of antioxidant
content and antioxidant activity are important manifestations of the nutritional value of
orange juice. Therefore, TSN treatment, as a new non-thermal sterilization method, can
significantly improve the nutritional quality of orange juice.

3.5. Correlation Analysis of Antioxidant Activity

Previous studies have proven that several antioxidants such as ascorbic acid (AA),
polyphenols, flavonoids, and anthocyanins might contribute to the antioxidant activity
of various juice, and the color properties might also be related to the antioxidant ac-
tivity [24,48,49]. In order to clarify the potential phytochemicals that contribute to the
antioxidant capacity of orange juice, the correlations between the antioxidant capacity,
color characteristics, and functional substances of orange juice were also analyzed, and the
results are shown in Figure 5.

As shown in Figure 5, the closer the absolute value of the correlation coefficient is to 1,
the closer the shape of the graph is to an ellipse. The closer the correlation coefficient is to
1, the redder the color is. On the contrary, the closer the correlation coefficient is to −1, the
bluer the color. Thus, the indicators that are highly correlated with ORAC and DPPH are
TC (RORAC = 0.99, RDPPH = 0.95), TPC (RORAC = 0.95, RDPPH = 0.88), L* (RORAC =
0.98, RDPPH = 1.00), b* (RORAC = 0.90, RDPPH = 0.96), and ΔE* (RORAC = 0.95, RDPPH
= 0.99), which indicates that the antioxidant substances TPC and TC in orange juice and
the color attributes L*, b*, and ΔE* make a greater contribution to the DPPH free radical
scavenging ability and ORAC. Similar results were also observed by Zhao et al. (2018) [50],
who found significant positive correlations between antioxidant activity and both TC and
TFC in Lycium barbarum juice. However, in previous studies, Wang et al. (2019) [48] found
that the antioxidant activity of strawberry juice was highly correlated with TPC, AA, and
TFC; Ma et al. (2020) [24] reported that TPC plays a prominent role in the antioxidant
activity of grape juice. Due to the complexity of the antioxidant activity of liquid foods, it
includes different lipids and water-soluble compounds. Therefore, the correlation between
the different methods used to determine antioxidant capacity mainly depends on the food
matrix [51]. Furthermore, no significant correlation was observed between FRAP and the
indicators measured in this study, which may be because the FRAP of orange juice was
associated with multiple indicators, none of which was a major contributor.
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Figure 5. Correlation between the color attributes, antioxidants and antioxidant capacity of orange juice.

3.6. Effects of Different Sterilization Treatments on the Sensory Quality
3.6.1. Color Analysis

Juice color might affect consumers’ buying decisions and affect the flavor sensory
characteristics of juice [52]. Hence, the color of orange juice after different sterilization
treatments is also an important factor in measuring its quality. Table 1 displays the color
parameters changes of orange juice after different sterilization treatments.

Table 1. The color parameters of control, TSN, and TP treatment juices.

Processing
Method

Color

L* a* b* ΔE H◦ C*

Control 51.60 ± 0.03 c −2.02 ± 0.01 a 29.96 ± 0.04 b 0.00 ± 0.00 c 93.86 ± 0.03 b 30.03 ± 0.04 b

TP 52.85 ± 0.45 b −2.18 ± 0.17 a 30.44 ± 0.77 b 1.46 ± 0.55 b 94.11 ± 0.43 b 30.52 ± 0.75 b

TSN 55.07 ± 0.16 a −2.92 ± 0.03 b 33.39 ± 0.12 a 4.96 ± 0.18 a 95.00 ± 0.06 a 33.51 ± 0.12 a

Note: Different letters represent significant difference (p < 0.05) from each other in the same column.

As Table 1 shows, compared with the control group, the a*, b*, H◦, and C* values
of orange juice with TP treatment did not change significantly (p > 0.05), and the ΔE*
value is less than 2 CIELAB units. Fernández-Vázquez et al. (2013) [53] proposed that
only when the ΔE* value between two orange juice samples is greater than 2.8 CIELAB
units can consumers distinguish color. Therefore, juice color is basically unchanged after
TP treatment. However, TSN treatment significantly increased the L*, b*, H◦, and C*
values of orange juice (p < 0.05), which indicated that the lightness, yellowness, and color
saturation of orange juice increased significantly after TSN treatment, and this change caters
to consumers’ psychological expectations concerning the ideal color of orange juice [53].
Studies have shown that the color characteristics of most commercial orange juice are as
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follows: a L* value from 61 to 66, an H◦ value from 79 to 93, and a C* value from 42 to
60 [52,53]. This color range can be accepted by most consumers and is considered an ideal
orange juice color. From Table 1, it is obvious that the L* and C* values of TSN-treated
orange juice are closer to the ideal color. In general, TSN treatment significantly improved
the color attributes and had a positive impact on the quality of the orange juice.

3.6.2. Artificial Sensory Evaluation

Sensory properties are very important for the consumers’ acceptance or rejection of
food. The sensory evaluation including color, odor, appearance, sweet and sour suitability,
and overall acceptability of orange juice is illustrated in Figure 6. Among the three groups,
the overall acceptability of samples in control was highest, mainly because of its optimal
sweet and sour suitability and odor attribute. Conversely, the scores of the various sensory
attributes of orange juice in the TP group were relatively low, thus its overall acceptability
is the lowest. During the sensory experiment, it was found that the TP-treated orange
juice had an obvious sour taste. Our previous research also proved that TP treatment
could increase the acidity of grape juice [24]. The TSN-treated orange juice had the highest
score of all color attributes, which is consistent with the result of the color analysis in
Section 3.6.1. In addition, the odor attribute of the orange juice altered significantly after
different sterilization treatments. The TP-treated orange juice had the lowest odor attribute
score, and this is mainly because the high temperature during the TP process negatively
affects its aroma profile [10,27]. The odor score of the TSN-treated juice was significantly
higher than that treated by TP.

Figure 6. Spider plot of artificial sensory evaluation of orange juice under different sterilization
treatments.

In general, TSN treatment significantly improved the color attributes of the orange
juice. There was no significant difference between TSN and the control group in terms of
the appearance and sweet and sour suitability, and the odor score of the TSN group was
relatively high. Thus, the overall acceptability of the TSN group was significantly higher
than that of the TP group. TSN treatment can well maintain the sensory quality of orange
juice.

3.6.3. E-Nose Analysis

Figure 7C–E shows the records of the control, TP, and TSN groups. The LDA linear
discriminant method was used to analyze the average stable signal of the ten sensor of
E-nose at the last 5 s [24], and the results are shown in Figure 7A. It can be seen in Figure 7A
that the two discriminant functions could explain 87.7% of the whole variance, of which
LD1 explained 75.1%, and LD2 explained 12.6%. E-nose using the LDA model could clearly
distinguish the different samples after different treatments.
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Figure 7. E-nose assay of orange juice after different sterilization treatments. (A) LDA results of
orange juice under different sterilization treatments; (B) radar chart of E-nose response data of orange
juice after different sterilization treatments; sensor responses recorded using ten sensors in the E-nose
for (C) control group; (D) CTS treatment; and (E) TSN treatment.

In addition, a radar chart was drawn based on the response data of different sensors
for the orange juice’s odor profile. Figure 7B shows that the orange juice samples of the
three groups only responded to Sensors S2 (sensitive to nitrogen oxides), S6 (sensitive
to methane, in a broad range), and S7 (sensitive to many sulfur organic compounds and
terpenes. The response values of the control group were all the highest, while the response
values of each sensor reduced significantly after TP treatment. After TSN treatment, the
response value of Sensor S7 decreased significantly, while the response values of Sensors
S2 and S6 were not significant different from the control group. These indicated that both
TSN and TP treatments caused varying degrees of odor substance loss in the orange juice.
In general, TSN showed a close odor characteristics compared to control, which was in
keeping with the artificial sensory evaluation.

4. Conclusions

The effects of TSN and TP on the overall quality of orange juice were systematically
studied in this paper. The results indicate that both TSN and TP could guarantee the
microbial safety firstly. Although the enzyme inactivation effect of TSN was weaker than
that of TP, it also exhibited a desirable effect. In terms of the nutritional and functional
characteristics, TSN treatment significantly increased the content of the functional com-
ponents in orange juice. It increased the TPC by 10.03% and the TC by 20.10%, and the
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antioxidant capacity, e.g., the ORAC and DPPH values, increased by 50% and 10%, respec-
tively. Meanwhile, the TAC and TFC were highly retained. In terms of sensory quality, TSN
treatment significantly improved the color attributes of the orange juice, and the overall
acceptability of the TSN-treated juice was significantly higher than that of the TP-treated
juice. In addition, TSN treatment basically did not change the physicochemical indicators
of the orange juice, while TP treatment significantly reduced the TSS.

In summary, based on ensuring the microbial safety firstly, TSN can not only well
maintain the physicochemical indictors and sensory quality of orange juice, but TSN could
also greatly improve the functional and nutritional characteristics of orange juice. Thus,
TSN can be considered a novel non-thermal technique with the potential to assist producers
to produce high-quality juice; thus, it8 has high commercial application prospects. In
addition, in future studies, in order to explore the wider application of this method in other
fruit and vegetable juice matrix, it is necessary to add an amount of specific microorganisms
to measure its effectiveness.
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