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ABSTRACT

In recent years the use of edible flowers is a growing trend among consumers and the
food industry. Edible flowers, consumed directly, as a garnish to dishes, or processed, are
rich in bioactive compounds such as anthocyanins, which give flowers their typical
colors, and make them a new alternative in health nutrition or as natural dyes. In addition,
color is the first sensory attribute in consumers' evaluation of edible flowers, and its
preservation is critical for maintaining flower quality and for subsequent applications
(e.g., use of anthocyanins as a natural dye). Polyphenol oxidases (PPOs) are among the
enzymes most involved in the loss of anthocyanins, and thus color, in plants and flowers.
The stability of anthocyanins is severely compromised by the presence of PPO, which
initially catalyzes the hydroxylation reaction from monophenol to ortho-diphenol, and
then the oxidation reaction from ortho-diphenol to ortho-benzoquinone, resulting in the
formation of brown compounds and loss of color. Polyphenol-oxidase is an endogenous
enzyme and providing for thermal or nonthermal processes is essential to inactivate it and
preserve the quality and color of flowers. There are traditional (e.g., blanching) and more
innovative (e.g., ultrasound) methods for processing flowers. This thesis focuses on the
action that PPO has on the color and anthocyanin content of edible flowers, with a major
emphasis on technological treatments that could be applied during processing to
inactivate PPO and avoid loss of color, thus ensuring better quality, shelf life, interest,

and commercial value to edible flowers.



Negli ultimi anni l'impiego dei fiori edibili da parte dei consumatori e dell'industria
alimentare ¢ in crescita. I fiori commestibili possono essere consumati direttamente,
utilizzati come guarnizione nei piatti, conservati o trasformati. I fiori sono ricchi di
composti bioattivi come ad esempio le antocianine, che conferiscono ai fiori i loro colori
tipici e li rendono una nuova alternativa nell'alimentazione salutistica o come coloranti
naturali. Inoltre, il colore ¢ il primo attributo sensoriale nella valutazione dei fiori
commestibili da parte dei consumatori ed il suo mantenimento ¢ fondamentale per
preservare la qualita dei fiori stessi o per le applicazioni successive (es: uso delle
antocianine come colorante naturale). Le polifenol-ossidasi (PPOs) sono tra gli enzimi
maggiormente coinvolti nella perdita di antocianine, e quindi di colore, in piante e fiori.
La stabilita delle antocianine ¢ gravemente compromessa dalla presenza della PPO, che
catalizza inizialmente la reazione di idrossilazione da monofenolo a orto-difenolo, e poi
la reazione di ossidazione da orto-difenolo a orto-benzochinone, con conseguente
formazione di composti bruni e perdita di colore. La polifenol-ossidasi ¢ un enzima
endogeno e prevedere trattamenti tecnologici, termici o non termici, ¢ essenziale per
inattivarla e preservare la qualita e il colore dei fiori. Esistono metodi tradizionali (ad
esempio, la scottatura) e piu innovativi (ad esempio, gli ultrasuoni) per il trattamento dei
fiori. La tesi approfondisce l'attivita che la PPO esercita sul colore e sul contenuto di
antociani dei fiori commestibili, con particolare attenzione ai trattamenti tecnologici che
potrebbero essere applicati durante la lavorazione per inattivare 1’enzima ed evitare la
perdita di colore, garantendo cosi una migliore qualita, conservabilita, interesse e valore

commerciale dei fiori edibili.



1. INTRODUCTION

In numerous cultures around the world, the consumption of edible flowers has always
been a popular tradition from ancient times. Flowers have been used for hundreds of years
as traditional ingredients for several food preparations, aiming to improve flavor, garnish,
or as alternative medicine. We cannot determine with accuracy when humans began to
eat flowers, but when some of the world’s ancient civilizations began to develop, a wide
variety of flowers had already been used with a historic role in medicinals, food

preparation, adding aroma, flavor, color, and aesthetic value.

Ancient Sumerians, Assyrians, and Egyptians included saffron (Crocus sativus) in their
medicinals and there is documentation of the saffron flowers being grown in ancient
Greece and other Mediterranean cultures for thousands of years (Kirker and Newman,
2016). In medieval France, calendula flowers (Calendula officinalis) were used for the
preparation of various salads, and in the 17th century, there is a description of using
violets (Viola odorata L.) as sugar source and for syrups coloring (Mlcek & Rop, 2011).
In Asia, since the Neolithic time, edible flowers such as daylilies (Hemerocallis L.) and
chrysanthemums (Chrysanthemum morifolium) have been popular in China, while the
lotus flower (Nelumbo nucifera) has been an appreciated flower for its supposed ability
to extend the person’s longevity (Kirker and Newman, 2016). Examples of the

consumption of edible flowers in various areas and eras are several.

The species of edible flowers consumed come from all continents and have different
colors, characteristics, and medicinal properties (Table 1). Nowadays, the most common
modality of consumption is in the fresh unprocessed form in salads, savory dishes, soups,
desserts, jellies, and others, but also in a dried form such as tea, tisane, dried petals, or as
spices, crystallized and even as foams in molecular gastronomy (Takahashi et al., 2020).
The medicinal properties for human health are the main cause of the consumption of
edible flowers (Alasalvar et al., 2013). While many potential health benefits have been
reported, the consumption level of edible flowers remains low, compared to other
vegetables; this may be ascribed to a common phobia of tasting novel foods (Tsimitri et
al., 2022). It is common that some plants are known only for the biological, seasoning, or
nutritional potential of their fruits or leaves while the flowers, also edible, are not usually
part of culinary, as is the case of some flowers such as passion fruit, chive, and pumpkin

(Fernandes, Saraiva, et al., 2018). Despite this, with increased public awareness about a



plant-based diet's nutritional and health benefits, the cultivation and consumption of

edible flowers are likely to increase further soon.

The color of the food can affect the quality and consumer acceptance (Y. Wang et al.,
2012). Nowadays, consumer health attention is steadily increasing, and interest in the
development of natural dyes as a substitute for synthetic dyes in the food industry has
grown. The importance of color acceptability and the need to meet and attract more
consumers to the market have led to the development of new pigments for industrial
products (Barani et al., 2022). Plants and flowers are excellent sources of bioactive
compounds, which are also natural pigments, such as flavonoids and anthocyanins.
Anthocyanins are typical of flowers in red and blue color and can be extracted by different

methods, such as solvent extraction, and used as natural dyes in the food industry.

The aesthetics, color, and characteristic taste of edible flowers and their phytochemical
properties promote their consumption worldwide (Rodrigues, Cielo, Goméz-Corona, et
al., 2017). Many flowers can be eaten, but there are also many poisonous or toxic ones as
well, and proper identification is rigorously required. Some flower species have toxic or
antinutritional substances, such as alkaloids (Pires et al., 2019). Beyond the toxicity of
certain flowers, nowadays, the main problems are related to the use of unauthorized
compounds such as dimethoate and sulfites; this fact highlights the need for appropriate
standards for safe cultivation and preservation, thereby increasing awareness and further

utilization of these foods in future (Barani et al., 2022).



Scientific Common Origin Medicinal Pictures Referenc

name name uses es
Antirrhinu  Dog flower Europe, Diuretic, (Al-snafi,
m majus Central treatment for 2015)
America scurvy and
liver disorders
Calendula Pot marigold South Hepatoprotecti (Benvenu
officinalis Europe ve, anti- ti et al.,
inflammatory, 2016; Jan
anti-bacterial etal.,
and anti- 2017)
fungal,
antidiabetic,
anti-HIV and
anti-cancerous
Rosa spp. Rose Northern Cancer, ‘ (Kumari
Hemisphere inflammation, : : et al.,
aging, heart 2018)
diseases
Viola x Pansy Europe Laxative, (Fernand
wittrockia expectorant, es et al.,
na emetic, anti- 2019;
inflammatory, Gongalve
diuretic, setal.,
sedative, and 2019)
antiseptic
Echium Borage Europe, Anti- (Zannou
amoenum Mediterrane inflammatory, etal.,
an basin, antiviral, 2022)
northern antioxidant,
Iran antibacterial,
sedative,
cardiovascular,
and pulmonary
diseases
Hibiscus Hawaiian Probable Anti-tumor, (Al-snafi,
rosa- Hibiscus/Chin  tropical spasmolytic, 2018;
sinensis ese Hibiscus Asia, widely hypoglycaemic Bahugun
cultivated , anti- actal.,
inflammatory, ' 2018)
analgesic

Table 1. Common edible flowers consumed worldwide.



2. EDIBLE FLOWERS AS A SOURCE OF BIOACTIVE COMPOUNDS

Worldwide, there are more than 180 species of edible flowers, belonging to over 100
genera and 97 families (Mounir et al., 2017). Simultaneous with the growing interest in
edible flowers, research has deeply evaluated plenty of species of them, from all over the
world, such as centaurea (Centaurea cyanus L.), dog flower (Antirrhinum majus), pot
marigold (Calendula officinalis), hibiscus (Hibiscus rosa-sinensis L.), chrysanthemum
(Dendranthema grandiflora), lavender (Lavandula pedunculata Cav.), peony (Paeonia
suffruticosa Andr.), rose (Rosa spp.), Dandelion (Taraxacum officinale L.), chamomile
(Matricaria chamomilla L.), pansy (Viola x wittrockiana), and others. Chamomile is rich
in phytochemicals such as flavonoids and phenolics compounds and is associated with
attenuation of carbohydrate digestion and sugar absorption which can bring about new
approaches for dealing with gastrointestinal tract problems (Villa-Rodriguez et al., 2018).
Pot marigold possesses a wide variety of phytochemicals and pharmacological activities
and many reports have shown highly effective anti-bacterial, anti-fungal, anti-helminthic,
anti-inflammatory, anti-HIV, and other properties with no toxicity (Jan et al., 2017).
There are also a variety of flowers or inflorescences such as broccoli (Brassica oleracea
L. var. italica Plenck), cauliflower (B. oleracea L. var. botrytis), and artichoke (Cynara
scolymus L.), rich in bioactive compounds, incorporated in human daily nutrition
worldwide, but the consumers rarely correlate these vegetables to flowers (Takahashi et
al., 2020). It is widely recognized that edible flowers are a source of a high variety of
biologically active phytochemicals that mainly belong to the class of phenolic

compounds, carotenoids, and tocols (Skrajda-Brdak et al., 2020).

Understanding the impact of bioactive compounds on health, the sources from which they
are derived, and their mechanism of action are opening a new era in the prevention of

many diseases.

Phytochemicals are non-nutritionally bioactive ingredients in plant-based foods that can
decrease the risk of chronic diseases such as cardiovascular disease, diabetes, cancer, and
obesity (Kumari et al., 2021) (Figure 1). These compounds are not essential in our diet,
but it’s widely known that they are enrolled in the protection of human health when their
dietary intake is significant. Phytochemicals are widely studied in fruit, vegetables,
coffee, tea, and other products, and research in recent years is also studying their presence

in flowers as they are an alternative source where these molecules can be found in



abundance. Bioactive compounds shield plants from illness and environmental harm such
as pollution, stress, drought, UV exposure, and pathogenic attack and add to the plant’s
color, aroma, and flavor (Koche et al., 2018). There is therefore a relationship between
color and phytochemical properties. Some phytochemicals, especially those belonging to
the flavonoid group, such as anthocyanins, accumulate in the outer layers such as leaves,
flowers, and fruit, giving them attractive color and appearance (Koche et al., 2018). In
edible flowers, the increased anthocyanin content is decisive in obtaining flower
pigmentation but is also one of the key factors for their high phytochemical properties,

such as antioxidant activity.

Anti-oxidant

. Anti- activity Neuroprotective
inflammatory (Nasturtium, Viola, Chrysanthemum, effect
, Chrysanthemul biscus, Bauhinia, Rose, Woodfordia)
'E'I“;:Hihr:::hlﬂnnwﬂlitl:‘ Day imum":::;}:‘;”'
) \ T /
Anti-cancer Health benefits Antidiabetic
(Marigold, Bauhinia, — of edible ﬂu_wers d‘ (Woodfordia, Butea
Hibiscus, monosperma, Malva
hrysanthemum) / \ sylvestris, Bauhinia )
a . Hepatoprotective Antimicrobial
Anti-obesity . s 2
(Hibiscus, Tropaeolum, Viola activity activity
Rose) (Masturtium, Hibiscus, Cassia (Calendula, Masturtium, Rose,
auriculata, Bombax ceiba, Hibiscus)

woodfordia)

Figure 1. Main health benefits of edible flowers (Kumari et al., 2021)
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3. IMPORTANCE OF ANTHOCYANINS IN EDIBLE FLOWERS: THE
CHEMISTRY BEHIND

As described above, carotenoids and flavonoids are among the most representative
bioactive compounds found in edible flowers. Within the family of flavonoids, one of the
major classes is anthocyanins (Figure 2). Beyond their nutraceutical properties,
anthocyanins, are the most frequently studied natural dyes because they are the largest
class of water-soluble compounds present in the plant kingdom and are responsible for a
great variety of colors, involving practically all visible spectra, from orange and red to

purple and blue.

These types of natural pigments play an important role in plants and are abundant in
flowers. They protect plants from several biotic and abiotic stresses such as excess light,
drought, or pests, and promote reproduction because they attract pollinators and seed
dispersers such as herbivores by presenting attractive colors (Cruz et al., 2022). Peony,
pansy, chrysanthemum, hibiscus, and rose are typical edible flowers that contain
anthocyanins mostly (Barani et al., 2022). Nowadays, the consumption of edible flowers
is increasing, the assessment of their quality will be crucial and will necessarily pass
through their color and the factors that can compromise it, whether the flowers are

consumed as products or to be used to produce natural dyes.

Phenolic compounds

i | ) / Stilbenes

Phenolic acids Polyphenols — Lignans

¥ ¥ \ Ellagic acids
Benzoic Cinnamic Py
acids acids
| I

”_~* Flavonols

Isoflavones | «—  Flavonoids > Chalcones

Flavanones
Flavones
»
Flavonols
4 / Dimers
Condensed - .
Monomers €—— tannins —> Procyanidins —— Oligomers

N

Polymers

Figure 2. Subdivision of phenolic compounds.
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Anthocyanins are water-soluble glycosidic dyes. Aglycone is defined as the chromophore
group of anthocyanins, is also called anthocyanidin, and has the structure of the flavylium
ion variously methoxylated and hydroxylated. The structure consists of an aromatic ring
[A] bonded to a heterocyclic ring [C] that contains oxygen, which is also bonded by a
carbon-carbon bond to a third aromatic ring [B] (Konczak and Zhang, 2004) (Figure 3).
When the anthocyanidins are in glycosylated form (bonded to a sugar) they are known as
anthocyanins (Castafieda-Ovando et al., 2009). Anthocyanins always have a glycosidic
residue at position 3, sometimes at position 5, rarely at position 7, and even more rarely
at positions 3' and 4' (Cabras and Martelli, 2004). Since the discovery of the first
anthocyanin, more than 700 related chemical structures have been identified in nature
(Andersen et. al, 2006). Most of the described anthocyanins are derived from the six basic
anthocyanidin structures (cyanidin, pelargonidin, peonidin, delphinidin, petunidin, and
malvidin) which differ only in the number of hydroxyls and/or methoxy substituents in
the phenyl or B-ring (Ananga et al., 2016; Silva et al., 2016) (Figure 4). Different types
of monosaccharides (e.g., glucose, galactose, rhamnose, and arabinose) and disaccharides
(e.g., rutinose, sambubiose, and sophorose) can be attached to the flavylium core, and
these sugars can also be acylated with hydroxycinnamic acids (e.g., caffeic, coumaric,
ferulic, and sinapic acids) or aliphatic acids (e.g., acetic, malic, oxalic, and succinic acids)
(Clifford, 2000). An innumerable number of glycosylation combinations occur in nature,
leading to an undefined number of different anthocyanins. In accord with Silva et al.
(2016) the most abundant is cyanidin derivates (50 % of the total) which are also the most
common anthocyanins found in edible flowers, cyanidin-3-O-glucoside (Barani et al.,
2022). There are also other major anthocyanins in edible flowers such as delphinidin-3-
O-sambubioside (Grajeda-iglesias et al., 2016), peonidin 3-O-sophoroside and glucoside
(Cendrowski et al., 2017), malvidin-3-O-glucoside and delphinidin-3-O-glucoside (Deng
et al., 2013). Anthocyanins in general can bind to many compounds resulting in the
formation of various anthocyanins derivates that have been described in food matrixes,
from monomers to more complex structures, adducts conjugated with other polyphenols,

proanthocyanins, and other compounds (Cruz et al., 2022).
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Figure 3. General structure of
anthocyanins (Castafieda-Ovando et
al., 2009)

4. ANTHOCYANINS IN EDIBLE FLOWERS: COLOR-RELATED
ASPECTS
The trend in recent decades is to pay more attention to the food we eat. This increasing
focus is not only on taste or health aspects but also on other sensory aspects such as color.
The color of food is used as the first index to assess the quality of what we eat. Sight is
the most developed sense in humans, the evaluation of color is immediate and allows us
to anticipate other sensory factors such as taste. The visual aspect influences us
enormously on a psychological level and in sensory analyses sight is considered an
anticipator of other perceptions (‘we buy' with our eyes and with the color of food we
imagine the other senses). Color can make food more attractive and increase consumer
acceptability. The food industry often makes use of colorants as additives to remedy color
losses caused by certain technological processes such as heat treatments or simply to
improve the color of certain foods or beverages. Traditionally, synthetic dyes have been
widely used for their stability, but nowadays, people have become increasingly suspicious
of the use of these synthetic additives, mainly for security issues. For this reason, in many
cases, food manufacturers are trying to replace these colorings with natural substitutes.
Understanding how to preserve the color of flavylium compounds such as anthocyanins
is crucial if we want to maintain edible flowers at a higher quality level or if we want to

use them as a natural coloring agent effectively.
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Polyphenol-oxidases can have a strong impact on anthocyanins in edible flowers. These
enzymes are naturally present in plant tissues, causing the degradation of anthocyanins,
so keeping the action of polyphenol-oxidases under control is essential to control their
activity during the storage or processing period of edible flowers, or when anthocyanins

are used as a natural dye.

The term 'anthocyanin' is derived from the union of two words, 'anthos' and 'kianos',
meaning 'blue flower' in Greek. The color exhibited by these molecules was first
explained by Linus Pauling in 1939, who proposed that the resonant structure of the
flavylium ion caused the intensity of their color (Wrolstad et al., 2005). As described
above, anthocyanins can have different forms and this structural diversity is responsible
for a wide range of wonderful colors found in many flowers and plants, ranging from
yellow-orange to blue-violet. The color of edible flowers depends on the type of
anthocyanidins they contain (Figure 4), but above all on the pH. The pH is not the only
factor influencing the color of anthocyanins, but it is certainly the most influential factor,
changing it even completely. For example, cyanidin is mainly responsible for the color of
flowers such as cornflower or poppy, but in cornflower the lymph is alkaline and the color
tends towards blue, whereas in poppy the lymph is acid, and the color tends towards red
(Cabras and Martelli, 2004). Color changes related to pH variation are reversible but may
be a limiting factor in the use of anthocyanins as colorants in the food industry. At pH <
2.5, the principal form of the anthocyanins is the colored flavylium cation form (red
color); above pH 3, most anthocyanins undergo nucleophilic attack by water with
subsequent loss of a proton to give the colorless; with increasing pH, additional colors
such as violet, blue or yellow can be observed because of additional deprotonations of the

hydroxyl groups (Silva et al., 2016) (Figure 5).

It is widely known that color alteration has much important nutritional, economic and
technological cost implications, and despite the great potential application of edible
flowers in the food industry, the loss of color due to the instability of anthocyanins is a
problem to be solved. Anthocyanins also represent a good source of natural dyes but their
use has been limited because of their relative instability and low extraction percentages
(Castafieda-Ovando et al., 2009). Therefore, studying the effect of PPO, the stability of
anthocyanins, the effects on color, and how to technologically control these issues will be

very useful in the coming years.
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The chemical stability of anthocyanins and consequently their color can be influenced by
several factors such as pH (as described above), enzymes, oxygen, temperature, light, or
the presence of various substances such as SO», metal ions, co-pigments, carbohydrates,
and proteins. In addition, the development of various plant organs also affects the
degradation of anthocyanins. Studies have shown that such degradation is likely caused
by the turnover of pigments in the vacuoles and the activity of related enzymes, which
has laid the foundation for a further study of anthocyanin degradation in plants (Y. W.
Zhao et al., 2021). A better understanding of the reasons that lead to the loss/color change
of anthocyanins will be crucial for the development of new food products and strategies
that will allow a greater application of these pigments. However, in accord with Cruz et
al. (2022), understanding the variety of colors of flavylium compounds is much more
complex than the scientific community generally acknowledges, therefore, it is necessary
to maintain a cautious approach when assessing these aspects. A thorough understanding
of the variety and color variation in flavylium pigments requires a holistic literature-based
approach that integrates all the multidisciplinary sciences underlying the organic and
physical chemistry of flavylium compounds (Cruz et al., 2022). Knowing these aspects
when discussing the color of anthocyanins is fundamental but considering all the factors

that can influence their color is not the aim of this work.
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Pelargonidin Cyanidin Peonidin Delphinidin Petunidin Malvidin

Figure 4. The visible color range of common
anthocyanidins (Ananga et. al, 2016).

pH=1-3 pH=4-5 pH=6-7

+H/ -H,0

flavylium cation carbinol pseudobase quinonoidal base

pH=8-9 pH=7-8 +H‘ ‘ &l

chalcone anionic quinonoidal base

Figure 5. Structural transformations of anthocyanins in aqueous medium
with different pH (Ananga et. al, 2016)



5. EDIBLE FLOWERS: CONSUMPTION AND FACTORS RELATED TO
THEIR CULTIVATION, PROCESSING AND USE

5.1. Consumption and factors affecting consumer’s preference

According to the studies reviewed, the main quality attributes that drive consumers
when choosing edible flowers are appearance, aroma, and color. Color is a critical factor
in the choice of ornamental flowers and some authors suggest the same behavior for the
consumption of edible flowers (Pires, Dias, Barros, Calhelha, et al., 2018). Simoni et al.
(2018) conducted a sensory analysis to test the acceptance of products containing
irradiated edible flowers as an ingredient. The authors tested tree salads containing B.
variegata flowers regarding flavor, color, texture, and overall aspects. The results
showed that the untreated flowers had better characteristics in terms of acceptability,
with better color and texture. The color of the flowers is closely related to the presence
of anthocyanins, which provide an advantage both in nutraceutical terms (as a source of
bioactive compounds) and in terms of color and appearance. According to Takahashi et
al. (2020), there are two main factors driving consumers to consume flowers as food.
The first one is visual perception, with color being the first sensory attribute observed
by the consumer. As flowers are much pigmented, colors arise curiosity, the second
deciding factor. Only after eating the consumer adhere to other sensory aspects such as
taste, aroma, and texture. In addition, Kelley et al. (2001) suggests that potential
consumers are often concerned about the quality of the flowers and the treatments they

have undergone during cultivation.

Edible flowers are part of a niche market and from a strategic point of view, the
inclusion of edible flowers in our diets could be a way to differentiate food products
while giving color, aroma, and phytochemicals. Some consumers may not be attracted
to certain products because of some sort of barrier to new foods, while in others
curiosity about new foods may be one of the main reasons for the choice. Edible
flowers, although they have been consumed since ancient times, are considered new
foods, and analysing the factors that influence consumer attitudes can be helpful in
better understanding their market, consumption and application. Chen and Wei (2017)
test a model of predictors of attitudes toward the consumption of edible flowers by
sampling 357 consumers in Taiwan. The researchers confirm what has been found in

the literature regarding choices related to the consumption of novel foods. The study
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shows that in the case of edible flowers, specific curiosity has the greatest influence,
followed by the floral aroma. Besides that, consumer health consciousness (through a
healthy and caring lifestyle) has important effects on attitudes toward the consumption
of edible flowers, and it is possible that those who are more informed about floral food
enjoy floral food more than the less informed. This study also points out that the taste of
edible flowers is often bland, in contrast to their aroma, so it is uncertain whether
consumers will continue to appreciate edible flowers continuously once they have tasted
them. In addition to this, since the reasons for purchase may be different, it would be
useful to understand whether consumers who prefer edible flowers for health reasons
are less likely to be disappointed than consumers who prefer edible flowers for their

aroma or curiosity.

Rodrigues et al. (2017) explore attitudes and consumers' representation of edible
flowers, investigating how foods made from flowers were perceived by consumers. The
study was conducted in Brazil and involved 549 consumers. The test was conducted
through a free word association task, asking participants to give their opinions about
foods made with flowers and, more specifically, about yogurts made with flowers. For
the former, the use of flowers as food reflects a condition of “good for health” while for
the specific product it is perceived as a novelty and unexpected. In addition, the
rejection toward food products containing edible flowers was negligible showing a
remarkable propensity toward consumption of these innovative products. In general,
most of the recent work shows a promising expansion of flower consumption culture,
and moreover, greater knowledge of their health benefits will increase the use of flowers

beyond decorative purposes.

5.2. Market overview

Given the growing popularity, the market for these products is expected to grow in the
coming years and many companies are turning to this new market possibility. Many
nursery companies are beginning to see flowers as a food product and not just an
ornamental one, thus diversifying their productions in order to respond effectively to the
competitiveness of the sector and the increased demands of consumers (Falla et al.,
2020). Unfortunately, this thesis work, in agreement with Takahashi et al. (2020) found

no statistical data in the literature regarding the market of edible flowers. Despite this,
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the global market of floriculture, comprising the cultivation of ornamental plants, is
expected to garner USD 3.65 billion by the end of 2027 (ResearchNester, 2019), and in
accordance with this, given the growing interest, the market for edible flowers is also
expected to grow. According to Market Research Future's (MRFR) research, due to the
strong increase in the consumption of edible flowers for their medicinal properties, the
EU is expected to dominate this market in the future (Barani et al., 2022). So far, there
is no authoritative list of flowers suitable for safe human consumption, and European
Regulation n. 258/97 (EC) deals only with the safety of edible flowers for new foods
and ingredients. In addition to this, it is important to set global standards to certify
organically produced edible flowers for safe consumption (Tuladhar, 2021). The new
possibilities for scaling up the production of edible flowers requires dealing with the
short lifetimes through the development of new processing and preservation

technologies to bring new impulse to this market (Takahashi et al., 2020).

5.3. Growing conditions of edible flowers

From an agronomic and health point of view, organic cultivation is the only way to
control the traceability, safety and quality of edible flowers, and this type of produced
flowers is the most suitable for consumption (Johansson et al., 2014). Organic
cultivation systems are recommended for the growing of edible flowers (Harris et al.,
2000) because these species mainly have a natural resistance to pests and therefore do
not require significant use of pest control products or pesticides, which also makes them
more suitable for consumers. In addition, the cultivation of flowering plants can have a
positive impact on agricultural crops, which is important for the preservation of
biodiversity and has numerous advantages for organic farming in general (Dujmovi¢ et
al., 2022). Some flowers such as African marigold (7agetes erecta L.), nasturtium
(Tropaeolum majus L.), pyrethrum daisy (Tanacetum cinerariaefolium L.), tansy
(Tanacetum vulgare L.) and chamomile (Matricaria chamomilla L.) could be useful for
other plants. They can significantly increase soil fertility and act as weed suppressants,
repellents (natural insecticides, so there is no need for use of chemical insecticides), or
attractants for beneficial insects such as bees (Wang et al., 2007). An additional
advantage of edible flowers could be that they can be easily grown even in limited

urban areas, such as private gardens, terraces and balconies, giving consumers easy
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access to a source of phytochemicals (Lysiak, 2022). The cultivation methods used to
grow edible flowers can vary depending on the species and the practices used by
growers, but in general the methods are similar and can often be used across species.
Falla et al. (2020) studied the production cycle of begonia (Begonia x semperflorens)
and viola flowers (V. cornuta). In this case, the production timeline consists of a total
cultivation period of 20 weeks for begonia and 10 weeks for viola flowers, divided into
several stages. Initially, the mother plants of begonia are pruned, and the cuttings are
planted in trays filled with a peat-based substrate. At this point, the cuttings are waited
for rooting (in a greenhouse and under artificial lighting) and then propagation is carried
out (again in a greenhouse). In the case of violet flowers, seeds were taken from the
mother plant, sown in peat, watered, and waited for seedlings to propagate in the
greenhouse. When propagation is finished, the seedlings are transferred to larger pots.
The rooting rate is 80-90% so the seedlings are always less than the starting number.
Here the seedlings grow to adulthood, after which they can follow two different paths:
finish the production cycle and be sold as potted plants or be transplanted into the
ground for direct sale as edible flowers. Upon reaching bloom, the flowers are harvested
manually and transferred to plastic containers with an absorbent microfiber cloth to
control moisture. The containers are then labeled to ensure traceability and stored at

refrigeration temperature until consumption.

5.4. Edible flowers as a fresh-cut preparation or as a dried product

Edible flowers are used by consumers mainly in two ways: dried or consumed directly
as fresh products. When consumed as a fresh product, packages of edible flowers should
have a reasonably long shelf life, and the package should contain the necessary
information on how to store and use the product (Kelley et al., 2001). Usually, the
flowers are marketed using rigid plastic trays, similar to those used to store and protect
perishable items such as strawberries and raspberries. Despite this, edible flowers are
highly perishable products (e.g., due to loss of color and texture) and cannot be stored
for long periods without processing. Presently, edible flowers must be used within 2—5
days after harvest, so they need to be transported via air transport to other areas before
the expiration date (Kou et al., 2012). Therefore, it is essential to develop advanced

technologies, such as MAP or edible coating, to preserve fresh flower quality and
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extend the shelf life of post-harvest flowers in order to reduce transportation costs.
Modified atmosphere packaging (MAP) is a technology widely used by the food
industry to preserve food, and in fresh fruits and vegetables, it is often used to retain
respiration products within the packaging to ensure better freshness, quality, and shelf
life of the product. For fresh products such as cut flowers, it is a common practice to
decrease the metabolic activity of the product, which is reducing O> concentration and
increasing CO; concentration (L. Zhao et al., 2019b). Although MAP is not
recommended for packaging long-stemmed cut flowers, it is very suitable for packaging
other edible flowers. Evaluation of this technology in carnation, lily and rose has shown
promising results in extending shelf life (Aros et al., 2017). During MAP, flowers can
produce ethylene that causes abscission and aging of petals, so it might be useful to
combine MAP with 1-MCP. 1-MCP is a non-toxic ethylene antagonist that can bind to

ethylene receptors for long periods, delaying flower senescence (Kou et al., 2012).

An additional alternative to extend the shelf life of these products is edible coating
technology. Edible coatings can be used in most plant products to improve product
quality and reduce economic production costs through the use of edible materials from
renewable sources, such as lipids, proteins, and polysaccharides (L. Zhao et al., 2019c¢).
The coating allows for the prevention of color loss but also moisture and gas loss,
helping to better retain volatile flavor substances in the product. There are numerous
studies on the coating of post-harvest and fresh-cut fruits and vegetables, but the
application of this technology to edible flowers is rarely reported. Xie (2015) studied
the application of a composite coating composed of soy protein isolate, sodium alginate
and chitosan in Night-Fragrant flowers. The results were promising and showed that the
coating could effectively maintain the sensory quality of flowers, inhibit shedding rate,
decrease weight and vitamin C losses, and limit the impact of polyphenol oxidase.
Fernandes et al. (2018) studied the effect of alginate coating on microbiological and
physico-chemical quality of pansy flower stored at 4 °C in a refrigerated environment
for up to 21 days. The shelf life of the product doubled from 7 to 14 days, and the
content of tannins, flavonoids and anthocyanins was higher in coated flowers than in
uncoated flowers. In addition to this, the visual appearance and color of the flowers
were studied, and it was noted that the alginate coating significantly preserved the

flowers compared with the control group. From the data available, it can be seen that
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this technology can be useful and should be taken into consideration in the development

of innovative techniques for the preservation of fresh edible flowers.

The flowers maintain high vital activity after harvest, which causes rapid quality
deterioration of the petals and consequent loss of the most interesting attributes such as
color, appearance, and aroma. The extremely short shelf-life limits the commercial use
of edible flowers, so it is possible to dry them in a more stable form through different
drying technologies. Drying can inhibit enzymatic and microbial degradation activity,
and compared with fresh flowers, dried flowers have the advantage of being easier to
handle and store. It also helps to reduce transportation and storage volumes and reduces
packaging costs (Jin et al., 2018). In addition, it is safer to consume dried flowers than
to consume the fresh petals directly, because the latter have a high-water content and
microorganisms proliferate easily. More conventional methods include natural drying
and hot air drying, both of which are characterized by their simplicity and low
production costs. However, these are methods with some major critical issues. Natural
drying can be conducted at the place of origin but is strictly dependent on the climate,
takes too long and can cause contamination (Zhang et al., 2017). Hot air drying, on the
other hand, has the problem of subjecting the product to high temperatures for long
times, causing loss of aroma and a significant reduction in total flavonoid content and
consequent loss of color and nutritional value (Bae & Lee, 2008; Reyes et al., 2010;
Sirithon et al., 2012). Modern drying technology adopts new drying equipment and
more advanced drying technology, especially freeze, vacuum, microwave and infrared
drying which greatly improves the quality of flowers (Zheng et al., 2015; Siresha et al.,
2016; Jangam and Mujumdar, 2017). These techniques have higher costs but due to
lower temperatures cause a lower loss of aroma and nutrients, greatly improving the
quality of treated flowers (L. Zhao et al., 2019b). Although the various new techniques
available are generally better than traditional ones, it is difficult to match the quality
characteristics that only freeze-drying can provide to dry products, such as rehydration,
color, and texture (Barani et al., 2022). The advantages in quality, storage,
transportation costs, and shelf life of flowers are obvious, but the operational costs and
initial investment of freeze-drying are high and cannot always be balanced. To reduce
operating expenses and improve overall efficiency, techniques involving the
combination of two or more processing operations or drying systems have been

developed in recent years (Atuonwu et al., 2013). Combining drying techniques with
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other drying or pre-treatment techniques, both thermal and nonthermal (e.g., ultrasound
treatments) allows for improved quality and shelf life of flowers, reducing treatment
time, costs, and the environmental impact of the processes. The flowers, once dried, can
be used for the preparation of drinks, herbal teas, recipes, or alternative food
preparation. From a commercial point of view, dried flowers are fragile and must be
handled with care in order to ensure their quality. It should also be considered that dried
flowers are highly hygroscopic and in the presence of water can be a suitable medium
for the growth of molds and microorganisms. For this reason, appropriate packaging
should be provided that can inhibit or minimize the passage of water through the

packaging (Barani et al., 2022).

5.5. Use of anthocyanin extracted from edible flowers as food colorant

Beyond their more common possible uses as food or beverages (e.g., salads, soups, teas,
tisane, cocktails, bakery products, etc), edible flowers usually have a relevant
anthocyanin content that could make them an alternative source to use as a natural dye
during food development. As early as 2004, Sowbhagya et al., studied the application of
pigments extracted from Calendula officinalis to be applied as natural dyes,
emphasizing that with the growing legislative restrictions on the use of synthetic colors,
a reappraisal of natural plant pigments is taking place intending to use them as possible
colorants in foods (Sowbhagya et al., 2004). During the processing or storage of many
foods, color loss often occurs, so food industries often use of both natural and synthetic
dyes. Synthetic dyes are commonly used by the food industry because, in general, they
are more physically and chemically stable, and have greater coloring power, but most
importantly, they cost less than natural dyes. However, the recent concerns about the
safety of artificial colorants in food products has encouraged the development and
application of natural colorants, which are generally considered safer than artificial ones
(Pop et al., 2010). In addition, natural additives are the current trend in the food industry
because of the health benefits of many of these compounds (Faustino et al., 2019; Isabel
et al., 2019). The natural dyes market is a growing industry, and the annual growth rate
between 2018 and 2019 was 8.5% (Jedrusek-golinska et al., 2022). Anthocyanins
extracted from edible flowers could be an excellent natural dye giving food products

colorings such as red, blue, and purple color. As described earlier, there are multiple
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types of anthocyanins (e.g., pelargonidin, malvinidin, etc.), but beyond the type,
anthocyanins in general are reactive and therefore unstable compounds. This reactivity
is because the flavylium cation nucleus experiences a lack of electrons and its color is
easily degraded (Nurtiana, 2019). Anthocyanin is stable under conditions of acidity, low
temperature, absence of oxygen, light, and enzymes such as polyphenol oxidase. The
extraction of anthocyanins from plant products can be done by several techniques, and
the most popular is the solvent extraction method. It is noteworthy that the purity and
quality of these color compounds are strongly linked to the extraction technique
employed and the process conditions thereof (Shantamma, Monica, et al., 2021). From a
regulatory point of view, anthocyanins are authorized food colorants (E163 in the EU)
and have previously been evaluated by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) in 1982 and by the EU Scientific Committee for Food (SCF) in
1975 and 1997 (Rodriguez-amaya, 2016). Pires et al. (2018) studied the incorporation of
natural dyes obtained from edible flowers in yogurts. In this study, the hydrophilic
extracts of rose, cornflower, and dahlia were tested as potential substitutes for E163
(anthocyanin extract). Yogurt is usually stored in the dark, at low temperatures, and
typically has an acidic pH (around 4.5), so this is an interesting matrix where there are
prerequisites for the stability of anthocyanins. This work aimed to develop a new
coloring strategy in yogurt products using natural anthocyanin-rich extracts obtained
from edible flower petals of Dalia mignon, Centaurea cyanus L., and Rosa damascena
“Alexandria” mixed with Rosa gallica “French” draft in Rosa canina. The study found
that rose extract was the most suitable alternative to E163 because, in addition to having
similar nutritional characteristics, it has similar values in measured color parameters.
The extraction of anthocyanins to use them as a natural dye has also been conducted in
other flowers such as Crocus sativus (Ana et al., 2021), Hibiscus sabdariffa (Pinela et
al., 2019), Clitoria ternatea L. (Salacheep et al., 2020), Akebia trifoliata (Jiang et al.,
2020). In addition, some anthocyanins could be a possible source of natural blue dyes
that can be used by the industry to replace synthetic ones. All blue synthetic colorants
(e.g. E131, E132, E133) present a risk to the consumer’s health if consumed above the
established dosages (Landim Neves et al., 2021). Blue is the natural dye that probably
poses the greatest challenge because it is very rare in nature and the sources from which
to obtain it are limited. There is no natural blue colorant with the same physical and
chemical stability, coloring power, and easy scale-up production in the market yet,

compared to the synthetics (Landim Neves et al., 2021). Natural sources of blue
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pigments include many flowers such as Gardenia jasminoides, Indigofera, and Allium.
Blue flowers generally contain high amounts of anthocyanins and a pH of around 6-7
that allows the anthocyanins to get this color. Despite this, the use of anthocyanins,
possibly extracted from some edible flowers, as a blue dye is a challenge that science is
trying to solve. Blue anthocyanins are extremely unstable and need specific conditions
in order not to lose their color. Sigurdson et al. (2017), studied obtaining blue colorant
from anthocyanins, and they found that chelating metals and a pH between 5 and 7 are
necessary to maintain the color. However, they found that after 60 days at 23°C, the
blue color completely disappeared, showing extreme physical instability. Given its high
instability, it will be a great challenge for the food industry to find suitable chemical and
physical conditions for maintaining the blue color. Alternatively, its encapsulation in
biopolymer matrices can minimize its exposure to pH changes, light, oxygen, high
temperatures, and interactions with undesirable co-pigments during processing and

storage (Bryla, 2015; Gabriela et al., 2016; Moura et al., 2018; Reis et al., 2018).

6. EXTRACTION OF ANTHOCYANINS FROM EDIBLE FLOWERS

Extraction is the first fundamental step in the purification and recovery of interesting
substances from plant materials such as bioactive compounds or pigments. Anthocyanins
fall into both categories, so evaluating the best methods for extracting anthocyanins from
edible flowers is very important for subsequent application. Extraction methodologies
could be several, and the different extraction conditions affect on extraction yields of
anthocyanins from flowers and plant tissue in general. Many techniques for extracting
anthocyanins from edible flowers have been developed. Anthocyanins are polar
molecules, which allows them to be extracted using various polar solvents commonly
used for polyphenol extraction such as methanol, ethanol, water, and acetone. On the
other hand, considering food, pharmaceutical and environmental needs, more
environmentally friendly solvents such as water, ethanol, or a mixture of the two are
increasingly being used (Barani et al., 2022). In recent years, much attention has been
paid to obtaining more environmentally friendly products, and this chapter will also look

at these important aspects.
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6.1. Solvent extraction as a traditional approach

Solid-liquid extraction of anthocyanins is traditionally the most widely used method for
the extraction of anthocyanins, as it is easy to perform and does not require any special
equipment. As previously described, the polarity of anthocyanins allows them to be easily
extracted through the use of organic solvents such as ethanol, methanol, and acetone with
or without the addition of weak organic acids such as citric acid, formic acid, and acetic
acid, or low concentrations of strong acids (0.5-3.0% for trifluoroacetic acid and <1.0%
for hydrochloric acid), which facilitates the solubilization of anthocyanins (S. Hosseini et
al., 2016). Also, heat aids the extraction of anthocyanins; in fact, temperatures between
20°C and 60°C are often used to facilitate extraction. Much higher temperatures are
hardly ever used as studies are showing that many anthocyanins begin to degrade
significantly when the temperature exceeds 70°C (Patras et al., 2010). High temperatures
could be used with short extraction times to minimize anthocyanin degradation. Methanol
and acetone (mixed or not with water) are among the most commonly used solvents for
the extraction of anthocyanins, but low-impact solvents are often used today that have
less impact on the environment. There is a tendency to use solvents that are more
environmentally sustainable but still interesting in terms of extraction yields; and water,
ethanol, or their mixtures are still effective (Barani et al., 2022). Tri Nuth Pham et. al
(2019) applied conventional solvent extraction methods using ethanol to extract
anthocyanins from butterfly pea flowers (Clitoria ternatea L. Flowers). The above study
used dried petals of the butterfly pea, which were ground and extracted using an ethanol
50° solution. They subsequently proceeded with centrifugation, collection of the
supernatant, and filtered extract. Finally, monomeric anthocyanin was calculated as
cyanidin-3-glycoside using a differential pH method. The paper showed that the highest
anthocyanin level was obtained using 50% of ethanol (143.49 mg/L), while the lowest
was obtained with water (90.9 mg/L). The temperature was found to be decisive in
increasing the extraction yield and the best condition was seen at a temperature of 60°C.
The optimum extraction yield, in this case, was found when the liquid/solid ratio until

equilibrium arrived at the optimal ratio of 25:1 (mL/g).

However, recent studies show that anthocyanins can also be successfully extracted using
only water as a solvent by varying the extraction conditions. As described above, solvent

extraction is known to be environmentally unfriendly, but also expensive and sometimes
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linked to toxicity. Jeyaraj et al. (2021) found that in the extraction of anthocyanins from
Clitoria ternatea flowers, heat-assisted water extraction was efficient and had similar
extraction efficiency as the best solvent extract (50% ethanol), suggesting that this
approach could be equally effective, more environmentally friendly, economical, and
suitable for food applications than organic solvent extraction. Aqueous solvent extraction
involves the use of high temperatures, even close to 100°C, but this does not cause
anthocyanins degradation, they often remain stable despite the high temperature, and this
is probably due to the high stability in the triacylated form. This may be an advantage
over many other anthocyanin sources that degrade instead, allowing for potential
application as a functional ingredient or as a natural dye, given the resistance to high

temperatures during food processing.

6.2. Alternative techniques for anthocyanins extraction

Typically, solvent extraction processes require heat and a high extraction time. In a large-
scale, industrial application, this leads to high energy consumption, increased costs, and
a high environmental impact. Therefore, the development of new methods for extracting
anthocyanins is a key focus in the industrial applications of these compounds. In recent
decades, the trend has been to develop extraction techniques in line with 'green
technology, allowing lower solvent consumption, faster extraction times, and better
extraction efficiency. These techniques also meet the demand of consumers in terms of
greener products, sustainable energy, and environmental protection. The use of non-
thermal technologies for the extraction process has been widely studied, such as the
application of ultrasonic-assisted extraction, microwave-assisted extraction, supercritical

fluid extraction, and other extraction technologies.

6.2.1. Ultrasonic-assisted extraction (UAE)

Ultrasonic-assisted extraction (UAE) was considered an efficient and green technique for
extracting anthocyanins from edible flowers. Ultrasound with frequencies ranging from
20 kHz to 50 kHz can produce cavitation, vibration, shattering, mixing, and other effects

that can break down cell walls and enable the successful extraction of compounds such
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as anthocyanins (Wen et al., 2018). Mushollaeni & Tantalu (2021) successfully extracted
anthocyanins from the flowers of Hibiscus sabdariffa I. using the UAE method, and the
best-operating conditions for the extraction process were observed at a frequency of 24
kHz, a temperature of 40°C, and an extraction time of 5 minutes. It would be possible to
increase yields by increasing extraction times and temperatures, but this could damage
the pigments to be extracted. Ultrasonic-assisted extraction is widely used for the
extraction of bioactive compounds from plants and flowers, and the results of various

studies demonstrated that this system is rapid, convenient, and effective.

6.2.2. Microwave extraction (MWE)

This extraction technology involves the use of microwaves which cause continuous
molecular movement and stirring of liquids leading to an increased temperature. It is a
fast and efficient alternative extraction method for the extraction of analytes from solid
matrices, especially secondary metabolites from plant materials (Barani et al., 2022). This
is an efficient and modern tool with multiple benefits as compared to the traditional
methods of extraction, such as reduction in cost, time of extraction, amount of solvent
used, energy consumption, and low CO; emission (Akhtar et al., 2012). Microwave
extraction technology is widely used in the extraction of bioactive substances such as
anthocyanins from edible flowers. Pimentel-moral et al. (2018) used MWE for the
extraction of bioactive compounds from Hibiscus sabdariffa, and Marsin et al. (2020)
used this technique to extract anthocyanins from blue pea flowers (Clitoria ternatea),

suggesting better retention of the blue pigment in the final product.

6.2.3. Supercritical fluid extraction (SFE)

Supercritical fluid extraction (SFE) is based on the use of supercritical solvents with
different physicochemical properties, such as density, diffusivity, viscosity, and dielectric
constant. A substance goes into a supercritical state when it is forced to pressure and
temperature above the critical point. Due to the low viscosity and relatively high
diffusivity of the supercritical fluid, it has a stronger transport performance than the liquid

and is more easily diffused in the solid material, which ultimately increases the extraction
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speed (L. Zhao et al., 2019a). The consumption of toxic solvents is drastically reduced
compared to traditional extraction techniques and also has better selectivity (Justyna et
al., 2017). The most commonly used supercritical fluid is CO2 for several advantages
such as cost-effectiveness, non-toxicity, and convenience in operational terms. Despite
being an innovative and promising technique, the extraction of bioactive substances from
edible flowers with supercritical fluids has not yet been extensively developed, and more
studies are needed to improve this technique for the extraction of bioactive substances or

pigments such as anthocyanins.

6.2.4. Other extraction methods and considerations

There are other novel extraction methods (figure 6) such as pressurized liquid extraction,
pulsed electric field (PEF), thermo-mechanical transient controlled voltage drop (DIC),
ohmic accelerated steam distillation (OASD), and ohmic-assisted hydro-distillation
(OAHD). Depending on the type of these techniques, they could be used either as the
main extraction method or as a pretreatment before other extraction techniques (Ameer
et al., 2017; Kumari et al., 2017; Rajbhar et al., 2015). For example, (Tzima et al., 2021)
used the PEF technique as a pretreatment step before UAE of polyphenols from fresh
rosemary and thyme byproducts, with excellent results. In fact, because of the ability of
the pulsed electric field to electroporate cell envelopes, it could be used as a pretreatment
to facilitate the recovery of polyphenols using a subsequent conventional or novel
extraction method (Tzima et al., 2021). Furthermore, the usage of organic solvents or
water mixtures in combination with some nonthermal extraction methods could provide
promising results (H. Hosseini et al., 2018; Tzima et al., 2021). Analyzing the available
studies about extraction methods of anthocyanins from edible flowers emphasizes the
need to have a direct comparison between different techniques under the same conditions
and with the same sample, so there is no ideal extraction system and conditions for
anthocyanin extraction (Barani et al., 2022). In general, as seen above, traditional
extraction with organic solvents has some disadvantages, such as longer times, high
environmental impact, and the use of hazardous chemicals. Therefore, it is critical to
study the efficiency of mild technologies in the extraction of anthocyanins from edible
flowers. Another aspect that must be taken into consideration is the control of polyphenol-

oxidase during the extraction process, a crucial point in maintaining the color and
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nutritional characteristics of the extracted anthocyanins. The most appropriate method
should be selected by taking into consideration several important factors, including the
production target, costs, effect on PPO, yields of extraction, environmental impact, and

the characteristics of the sample.
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Figure 6. Mechanism and properties of various extraction methods (Barani et
al., 2022)
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7. POLYPHENOL-OXIDASE AND COLOR VARIATION IN EDIBLE
FLOWERS

7.1. Properties and physiological functions of polyphenol-oxidase

Polyphenol-oxidase (PPO), also known as tyrosinase, cresolase, polyphenolase,
phenolase, catechol-oxidase, or catecholase, is a generic name for a group of enzymes
typically present in most flowers, plants, and fruits (Yoruk & Marshall, 2003). It is
copper-containing oxidoreductase, belonging to group 1 of the European Classification.
PPOs are essential oxidases in biological systems, where they are involved in defense
mechanisms, biosynthetic processes, polymerization, and detoxification of plant phenolic

compounds (Polak et al., 2020). PPOs are divided into three different groups:

- Tyrosinases (E.C. 1.14.18.1; monophenol mono-oxygenase)
- Catechol oxidases (EC 1.10.3.1; oxidoreductase also known as o-diphenol
oxidase)

- Laccases (EC 1.10.3.2)

Although they belong to different groups, all polyphenol-oxidases have an overlapping
spectrum of substrates (Faccio et al., 2012), oxidizing phenolic or polyphenolic
compounds, particularly flavonoids (e.g. anthocyanins), which regulate all aspects of
plant life (Pourcel et al., 2006). These enzymes are primarily responsible for browning
reactions, which assume a major role in plant defense against biotic and abiotic stresses.
In the case of tissue injury, a melanin layer is formed that acts as protection against
microbial pathogens (Mayer et al., 2006). Melanin formation increases cell wall
resistance to insect and pathogen attacks (War et al., 2012). In addition, quinones
produced by the enzymatic reaction play a role in the digestibility and palatability of plant
tissues as they covalently bind to leaf proteins and hinder protein digestion by invading

insects (Constabel & Barbehenn, 2008).
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7.2. Characteristics and mechanism of action of polyphenol-oxidase

Beyond physiological functions in plants, enzymatic browning reactions cause problems
mainly in terms of color alteration and nutritional losses, so it is receiving a lot of attention
from food science. The substrate of PPOs is phenolic compounds, typically contained in
the vacuole of plant cells, and anthocyanins fall into this category. As phenolic
compounds are the substrate of this class of enzymes, antioxidant activity can also be
reduced by PPO activity. The enzymatic activity of PPO proceeds in two steps (Figure
7):

1) Cresolasic activity, where the PPO catalyzed the hydroxylation from monophenol to

ortho-diphenol (with the formation of H>O).

2) Catecholasic activity, where the previously formed ortho-diphenol is oxidized to ortho-

benzoquinone.

Polyphenol-oxidases have oxygen as a cofactor, without which they cannot conduct the
catalysis reaction, so both of the above steps must be conducted in the presence of O,.
The previously formed benzoquinone is unstable, tending to bind to other compounds and
generally polymerizing or reacting (non-enzymatically mediated reaction) leading to the
formation of brown compounds called melanins. The enzymatic browning leads not only
to color alteration and antioxidant degradation but also organoleptic and nutritional losses
because of the quinones’ condensation with other compounds such as amino acids,
proteins, phenols, and sugar (Queiroz et al., 2008). While phenolic substrates are found
in the vacuole of plant cells, PPOs are found dispersed mainly in cytoplasmic organelles.
This means that under normal conditions enzyme and substrate do not come into contact,
so the browning reaction cannot take place. When plant cells, in the presence of O, are
damaged during anthocyanins extraction, or by drying, peeling, trituration, or rupture,
enzyme-substrate contact is made possible, and the catalysis reaction begins. The
browning degrees vary with phenolic compounds, reducing substances, oxygen
concentration, metal ions, temperature, pH, and kind of PPO (H. Sun et al., 2012). As a
result, enzymatic browning reactions conducted by polyphenol-oxidases reduce the
anthocyanin content of plant products, such as edible flowers, significantly altering the

color while reducing shelf life and commercial value.
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Figure 7. Browning reaction of polyphenol-oxidase

7.3. Relationship between polyphenol-oxidase and anthocyanins

In contrast to the detailed molecular knowledge available on anthocyanin synthesis, little
is known about its catabolism in plants. The mechanisms of enzymatic degradation of
anthocyanins in plants are not yet fully clear, but three enzyme families have involved in
this process: polyphenol-oxidase, class III peroxidase, and B-glycosidase (Luo et al.,
2017; Luo et al., 2019). The collective name for this group of enzymes is anthocyanases
and it is worth noting that glycosidases directly affect anthocyanins, while peroxidases
and polyphenol-oxidases have indirect effects on their stability (Marszatek et al., 2017).
Specifically, glycosidases break the covalent bond between the glycosyl residue and the
aglycone of an anthocyanin, leading to the formation of unstable anthocyanidins. At this
point, polyphenol-oxidases and peroxidases, which are plant-specific enzymes, once
removed from cellular compartments (e.g., anthocyanins extraction or cells rupture),
accelerate the degradation of these compounds. As described in the previous section,
polyphenol-oxidase is the enzyme that will catalyze two types of reactions: o-
hydroxylation of monophenols in o-diphenols and oxidation of o-diphenols in o-
quinones. Quinones are highly reactive electrophilic compounds that can covalently alter
nucleophilic molecules like anthocyanins to produce brown pigments known as melanin.
Polyphenol-oxidases and peroxidases are mainly located in the plastids of photosynthetic
and non-photosynthetic tissues, or the cytoplasm, so it is unlikely to degrade anthocyanin
in living tissues, in which no cell decompartmentation occurs (Y. W. Zhao et al., 2021).
In summary, it is assumed that the first enzyme that affects the stability of anthocyanins
is B-glucosidase, which forms anthocyanidins that can be further oxidized by polyphenol-
oxidase and/or peroxidase (Marszalek et al., 2017). Following the action of these

enzymes, the solubility of anthocyanins decreases, and their transformation into colorless
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compounds takes place, thus losing the typical color intensity of these pigments (Enaru

etal., 2021).

7.4. Advances in the research on the effect of PPOs on anthocyanin’s degradation

Due to the problems mentioned above, the activity of PPOs on plant products has been
extensively documented in recent decades. Examples of fruits, flowers, and other fresh or
processed plant products with high anthocyanin content are numerous, and each of these
can be affected more or less by the action of polyphenol-oxidases. Blueberry juice is an
example of a product that undergoes heavy browning after processing and cold storage.
Ning et al. (2019) studied the anthocyanin content and color change in high hydrostatic
pressure (HHP) blueberry juice due to endogenous polyphenol oxidases, then looked at
the effect that different antioxidants could have. The color was expressed in L*, a*, and
b* values, and the total color difference (AE) in the various samples during the storage
period was calculated. After storage of 4 days, the control juice had a AE of 2.30,
indicating a noticeable change. At the same time as measuring color, a measurement of
anthocyanin content was conducted in the control juice, which dropped by 36% in 4 days.
However, after adding different antioxidants in the juice (ascorbic acid, gallic acid, ferulic
acid, tea polyphenol, and a-tocopherol) at 1 g/L, the AE values were within the range of
0.5 ~ 1.5, indicating a protective effect against color change. The degradation of the
anthocyanins of HHP juice during storage might be due to the incomplete inactivation of
polyphenol-oxidase by the HHP, leaving them to react with unstable anthocyanins in the
juice and form quinones, leading to browning and a decrease in the anthocyanins content

(Aaby et al., 2018).

A large part of the research on the degradation of anthocyanin by polyphenol-oxidase has
been mainly conducted in litchi (Litchi chinensis Sonn.). Litchi is a typical fruit from
China, but now worldwide cultivated, with high anthocyanin content in the pericarp. After
harvesting, the pericarp tends to change its color from a pink/red typical of the species to
brown, accompanied by a certain degree of anthocyanin degradation. To elucidate
enzymatic anthocyanin degradation in litchi, anthocyanin degradation enzyme (ADE)
was obtained by purification and identified as laccase (LAC). Epicatechin was found to

be the favorable substrate for the ADE/LAC. It was noted that there is a relationship
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between the degradation of epicatechins and anthocyanins content that suggests an
ADE/LAC epicatechin-coupled oxidation model. This model was supported by a
dramatic decrease in epicatechin content in the pericarp parallel to anthocyanin
degradation. It was therefore concluded that the ADE/LAC is responsible for epicatechin-
mediated anthocyanin degradation in litchi fruit pericarp (Fang et al., 2015; X. Zhang et
al., 2018).

Truong et al. (2019) have studied the content of phenolic compounds in the processing of
anthocyanin-rich juice and co-product recovery from purple-fleshed sweet potatoes. As
expected, the presence of polyphenol-oxidases correlates with browning and reduced
anthocyanins content. This drops the commercial value and consumer suitability of the
product, due to the loss of color and important antioxidant properties related to the
presence of anthocyanins. The study showed that acidification with citric acid proved to
be a successful technique in controlling polyphenol-oxidase in purple-fleshed sweet
potatoes resulting in the attractive reddish color of anthocyanin-rich extracts.
Furthermore, with high polyphenolic content, sweet potatoes juice can be used as a

functional ingredient in beverages and nutraceutical products.

There are many other articles describing the effect of PPOs on anthocyanins, with results
often in line with each other, highlighting, in most cases, that the action of these enzymes
cannot be overlooked. Although the impact of PPOs in plant-derived products is often
problematic, there are still cases where they appear to have little effect in terms of color
retention and anthocyanin loss during the process or shelf life. Teribia et al. (2021)
revisited the role of polyphenol-oxidases in color retention in strawberry puree under
storage conditions. Total anthocyanin content was monitored after 42 days of storage and
a loss of 95% was observed. However, before the storage, a complete polyphenol-
oxidases inactivation (activity below the limit of detection) was observed for all the
samples after pasteurization, and this suggests that the impact of these enzymes on
anthocyanin and color change during the shelf life of the puree may be limited, and non-
enzymatic reactions should be considered as the main pathway for anthocyanin
degradation. Therefore, in some cases, non-enzymatic reactions could play an important
role in browning during the shelf-life of some products and should be further studied.
Despite this, it is widely recognized that most plant products with high anthocyanin

content suffer from the effect of PPOs during their storage, so there is a need to study and
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develop methods to solve this problem or, at least, keep it under control. Consequently,
research is focusing primarily on treatments that can be carried out to effectively
inactivate this class of enzymes. A better understanding of these issues, along with the
development of the best techniques is crucial for eliminating or keeping under control
color alteration in plant products such as edible flowers, as well as for avoiding other
negative effects (e.g., loss of antioxidant activity and other benefits of bioactive
compounds). Methods and technologies to inactivate polyphenol-oxidases and prevent

anthocyanin decrease will be discussed in the following chapter.

8. PROGRESS OF PROCESSING TECHNOLOGIES TO INACTIVATE
POLYPHENOL-OXIDASE IN EDIBLE FLOWERS

Food science is particularly interested in inhibiting the action of PPOs, and in developing
different methods to ensure such inhibition to improve the stability of plant products. As
analyzed above, inhibiting the action of these enzymes would ensure better color retention
by improving the consumer acceptability of the product. Edible flowers are hardly
commercialized as a fresh product, and drying is one of the effective ways to reduce the
moisture content and prolong shelf life, but, despite this, the drying process can also cause
color change and the fading of flowers (Ran et al., 2021). Many flowers contain
significant amounts of anthocyanins, which are responsible for the color of the flowers
and their antioxidant properties. Anthocyanins show low stability during processing or
storage, and it was demonstrated that could be influenced by temperature, moisture
content, pH, oxygen, enzymes, metal ions, and other factors. Edible flowers are very
perishable, because of their high anthocyanin instability, and without processing cannot
be preserved for a long time. Thus, pre-treatment was necessary before drying to inhibit
browning and maintain the content of anthocyanins in fruits and vegetables (Doymaz,
2009). Thermal or non-thermal processing can be used to inactivate polyphenol oxidase.
Many of the systems used to control browning and color losses include physical and
chemical methods to inhibit PPO activity by focusing on the essential components for a
reaction such as oxygen, copper ion, substrate, products, or even the enzyme itself
(Queiroz et al., 2008). There are traditional and more innovative methods to process the
flowers but it should be considered that today’s trend and also customers tend to

encourage the usage of methods that are natural and environmentally friendly (O.Y. Al-
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abbasy et al., 2021). In addition, to apply anthocyanins as a natural pigment, it is
necessary to extract them from their matrix. The polyphenol extraction process brings the
polyphenols themselves into contact with PPOs, causing their oxidation. Therefore, it is
essential to provide appropriate solutions to reduce the inconvenience of PPOs and
prevent the oxidation of anthocyanins during the extraction process. All the methods used

to inactivate PPOs are described and discussed in detail in the next sections.

8.1. Conventional heating pre-treatment

Thermal technologies are the most commonly used physical-based preservation systems
for processing plant products and can also be used as a pre-treatment before drying in
edible flowers. These treatments are a classic method for destroying bacteria and
inactivating enzymes. Blanching is a classic example of heat treatment and it is usually
applied before processing, such as freezing, drying, frying, and canning (Barani et al.,
2022). It is a typical primary step in vegetable processing and can be briefly described as
the process of heating vegetables to a high enough temperature to destroy enzymes in the
tissue (Q. Chen et al., 2015). Thermal processes such as blanching cause the inactivation
of enzymes such as PPOs but also stabilizes the color of flowers and reduce subsequent
drying and dehydration time. In accordance with Pimpaporn et al. (2007), the main

objectives of the blanching process in plants products are as follows:

- to inactivate enzymes and quality deterioration
- to enhance product quality and drying rate
- to minimize non-enzymatic browning reactions

- to remove pesticide and toxic materials

Certain flowers such as daylilies present toxicity problems when eaten fresh, and
blanching has proven to be an excellent technique to make their consumption safe. Due
to the improperly edible methods of daylily flower, many poisoning cases were reported
every year in humans and animals, which were at risk for gastrointestinal distress and
acute renal failure (Poppenga, 2010). In the case of daylily flowers, the problem is
colchicine, an alkaloid that can be easily destroyed during the blanching process,

rendering the flowers edible (Hong et. al, 2003).
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8.1.1. Hot water blanching

Hot water blanching is defined as the most used and commercially adopted blanching
method, because of its simplicity and ease of carrying out. In a typical hot water
blanching, products are immersed in hot water (70 to 100 °C) for several minutes, and
then, blanched samples are drained and cooled before being sent to the next processing
operation (Xiao et al., 2017). In the flowers, the process is the same, with time-
temperature combinations that may differ from case to case. Despite the ease of
conducting the process, hot water blanching has several limitations such as the
consumption of high amounts of water and energy. Besides this, to preserve the color of
the product and inactivate microbial activity, sodium sulfite and sodium metabisulfite are
often added to the blanching water (Xiao et al., 2017). Hot water blanching cause also the
loss of water-soluble nutrients such as vitamins, minerals, and sugars, due to leaching or
diffusion, from plant tissues to blanching water (Pimpaporn et al., 2007). Numerous
studies showed also that blanching in boiling water causes the degradation of total
phenolics compounds and loss of antioxidant activity (Arroqui, 2002; Cies et al., 2008;
Gawlik-dziki, 2008; Ismail et al., 2004). Ran et al. (2021) demonstrated that blanching
would lead to the degradation of pigment in rose petals due to the high temperature of hot
water and the water solubility of rose anthocyanin. Nowadays, there is also a general
tendency to use practices that are green and environmentally friendly. The discharged
wastewater from hot water blanching contains high concentrations of biochemical,
soluble solids, and chemical oxygen demand due to the leaching and dissolution of sugars,
proteins, carbohydrates, and water-soluble minerals (Xiao et al., 2017). This treatment is
now recognized as a water-intensive industry and wastewater can cause environmental
pollution, such as eutrophication, if not well treated before discharge (Liu and Yang,
2012). The loss of phenolic compounds such as anthocyanins, together with other aspects
mainly related to the environment and costs, suggests that the use of this treatment
technique is not among the most suitable for inactivating PPOs in edible flowers. To
alleviate these problems, it would be better to choose a more appropriate blanching

method, more energy efficient and allows for better flower quality.
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8.1.2. Steam water blanching

Steam water blanching alleviates in parts the problems of the traditional hot water
blanching method. It is used superheated steam as a heating medium. The vapor
condenses on the surface of the product to be treated, transferring a large amount of latent
heat due to the temperature difference. The increasing temperature causes the
denaturation of the enzymes present in the matrix. It is believed that steam blanching is
relatively inexpensive and retains most minerals and water-soluble components when
compared with water blanching due to the negligible leaching effects (Kumar et al.,
2009). This method is often used in the inactivation of PPOs in edible flowers, it has some
advantages over water blanching but on the other hand, there are also some disadvantages.
There is often a need for longer heating times due to the lower heat transfer than with hot
water blanching and this can cause undesirable quality changes (Xiao et al., 2017). Chen
etal. (2015) studied the effect of two blanching methods (blanching in steam or hot water)
in fresh daylily (Hemerocallis fulva L.) flowers. The results showed that phenolic
compounds were affected significantly by blanching treatments, but steam blanching had
higher antioxidant activity and compounds retained than those of hot water blanching.
Steam blanching, at an industrial level, is carried out on moving belts and has often
resulted in non-uniform blanching effects (Mukherjee & Chattopadhyay, 2007) as well
as the fact that it needs long blanching time and therefore it affects the capacity and the
economics of processing. Often steam blanching technology is combined with infrared or
other novel blanching methods to make the treatment more effective, faster, and less

costly

8.2. Novel thermal processing

Given the disadvantages of classical blanching processes, new blanching and heating
technologies with higher energy efficiency, less nutrient loss, and lower environmental
impact are being developed and applied in recent years. The most commonly used

emerging heating technologies are infrared, microwave, and ohmic blanching.
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8.2.1. Infrared blanching

The infrared dry blanching technology can inactivate enzymes such as PPO with high-
energy efficiency and no leaching of solids and nutrients. Rastogi (2012) concluded that
IR heating offers many advantages over conventional heating such as steam or hot water
blanching under similar conditions, including uniform heating, reduced quality losses,
and significant energy savings. Compared to the classical thermal methods described
above, infrared blanching is more convenient as a pre-treatment to inactivate PPOs in
edible flowers, or it may be convenient if the techniques are combined. Although the
aforementioned advantages of infrared blanching, it does have some limitations such as
surface deterioration due to overheating, non-uniform heating due to poor penetration,
oxidation, charring due to the surface temperature of food products increasing rapidly and
overheating with time, and low yields due to loss water (Xiao et al., 2017). Li et al. (2019)
and Yuan et al. (2009) studied the effect of combined infrared and steam blanching on
enzyme inactivation and quality of Chrysanthemum indicum L. flower. The results
indicated that the color values of infrared steam-blanched, and steam-blanched
chrysanthemum flowers showed no significant differences, whereas infrared-blanched
and no pre-treated flower samples showed higher blue color than the fresh samples. For
the enzyme inactivation, the results demonstrated that combined infrared steam blanching
can be an alternative to conventional infrared blanching or steam blanching for the
inactivation of polyphenol-oxidase and peroxidase in fresh plants with the added values
of higher retention of bioactive compounds, better external appearance, lower evolution

of Maillard reaction and shortening the processing time.

8.2.2. Microwave blanching

In microwave heating, heated materials absorb microwave energy and convert it into heat
by the dielectric heating effect caused by molecular dipole rotation and agitation of
charged ions within a high-frequency alternating electric field (Chandrasekaran et al.,
2013). This causes the release of moisture due to the agitation of water molecules.
Compared to conventional heating methods applied in the food industry, microwave
heating has several advantages such as volumetric heating, high heating rates, and short
processing times (Xiao et al., 2017). Moreover, compared to traditional blanching

methods, the amount of nutrients lost by leaching is significantly reduced. Microwave
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heating can be successfully applied not only in blanching but also in drying,
pasteurization, thawing, tempering, and baking, which makes it very versatile (Bai et al.,
2013; Ramesh et al., 2001). To improve the quality and enhance the drying productivity
of Lonicera japonica flowers, Li et al. (2017) study the application of microwave
blanching to inactivate polyphenol oxidase before hot air drying. In Lonicera japonica
flowers, hot air-drying causes the oxidation of phenolic acids by endogenous polyphenol
oxidases that are not inactivated. Microwave blanching is a very fast method for
blanching and generates a low amount of heat. In this study, microwaves were applied to
rapidly inactivate polyphenol-oxidases, followed by drying at a higher temperature to
reduce the drying time. The results showed that a 2-minutes microwave treatment was
sufficient to completely deactivate polyphenol oxidases. Microwave-treated samples had
a higher chlorogenic acid content, and a brighter appearance, and the processing will also
make the product more stable during storage or extraction than samples treated only with

hot air drying.

8.2.3. Ohmic blanching

In ohmic blanching, food products are placed between two electrodes behaving like an
electrical resistor, in which heat is generated and the temperature of the product rises
rapidly (Sastry and Barach, 2000). 1t is widely known that the frequency of the voltage
determines the results of the ohmic heating. The heating rate decreases with increasing
frequency, so low frequency is frequently used (Xiao et al., 2017). Compared to
conventional hot water blanching, ohmic blanching requires a shorter time and it yields
better product quality as it reduces solids and nutrients leaching and preserves color and
texture (Himoni, 2005; Mizrahi, 1996). Moreno et al. (2013), studied the influence of
combining ohmic heating and osmotic dehydration in apples and they observed a
complete inactivation of polyphenol oxidase and an extended shelf life of 4 weeks when
stored at 5 °C. Sarkis et al. (2013) studied the effects of ohmic and conventional heating
on anthocyanin degradation during the processing of blueberry pulp. It was observed that
the degradation of anthocyanins increased with the increase of voltage and solids content.
In addition, when ohmic blanching under low voltage gradients, the percent of
anthocyanin degradation was similar to that obtained with conventional hot water

blanching or even lower. The application of ohmic heating has been studied in many other
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fruits and vegetables such as carrots, acerola fruit, strawberry, vegetable juices, etc. As
the edible flower market is an emerging market, there is a lack of information on the
application of this technology as pre-treatment in edible flowers and more studies will be

required to better understand the effect on PPOs and anthocyanin’s content.

8.3. Non-thermal technologies

As previously described, blanching processes, both conventional heating and novel
thermal processing have proven effective in inactivating PPO in plant products and edible
flowers. For a long time, thermal food preservation methods have dominated the food
processing sector because they are effective and easy to carry out and are therefore widely
used both in industry and experimentally. Besides that, as is the case with all thermal
technologies, some studies report a negative impact of heat processing on the organoleptic
and nutritional qualities of final products by significantly decreasing the content of
bioactive compounds such as phenolic compounds and vitamins (Rawson, Patras, et al.,
2011). A classic example is the fruit juice industry. Among the various sectors of
processed plant-based products, fruit juices are among the most affected by PPOs, and
therefore industry and researchers have developed non-thermal food preservation
techniques in response to consumer demand for safe, colorful, and nutritious juices
(Zawawi et al., 2022). In accord with Irondi et al. (2016), flavonoids such as anthocyanins
are susceptible to heat and they are also usually and mostly present in external layers of
flowers and are mostly heat labile. Non-thermal technologies represent an emerging
alternative in ensuring food processing and preservation with many advantages over heat
treatments. Using these processes allows for improving food safety and shelf-life thanks
to the inactivation of enzymes and microorganisms (Barba et al., 2017; Ma et al., 2017),
improves the retention of bioactive compounds (Khan et al., 2018; Oms-oliu et al., 2012;
Rawson, Patras, et al., 2011), minimize sensory and nutritional losses (Barba et al., 2017)
and reduce the environmental impacts of pre-treatment in terms of water waste,
emissions, and energy footprint (Pereira & Vicente, 2010). New food processing
techniques have therefore made it possible to reduce the environmental impact of food
processing and in a world that demands environmental sustainability and food security,
innovation is also the key to sustainable growth in the food industry. Non-thermal

technologies include innovative processing to control polyphenol-oxidase in fruit and
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vegetable products such as high hydrostatic pressure (HHP) processing, high-pressure
carbon dioxide (HPCD) processing, ultrasound processing, pulsed electric fields (PEF)
processing, UV—Vis radiation processing, pulsed light (PL) processing, cold plasma
processing, Ozone (O3) processing (Federica Tinello & Lante, 2018a). Although there are
many types of non-thermal treatments, the technology most widely used and of which we
have the most evidence to date in the pre-treatment of edible flowers is ultrasound
processing. This suggests that in the coming years there will be a need to focus research

on implementing the use of these novel treatments in edible flowers.

8.3.1. Ultrasound pre-treatment (US)

Publications on the use of ultrasound as a treatment in the food industry are several
(Ebrahimi & Lante, 2022; Y. Sun et al., 2019; Wen et al., 2018) and show that this
technique is effective in reducing PPO activity and producing high-quality products.
Among nonthermal techniques, ultrasound (US) processing produces a cavitation process
that increases the polyphenols of treated samples (Manzoor et al., 2021). Ultrasonic or
ultrasound technology allows plant products to be processed without the use of heat,
improving their quality and safety by converting electrical energy into mechanical energy
through piezoelectric materials (Abdullah & Chin, 2014). When sound waves pass
through the fluid of the matrix, continuous compression and relaxation will occur, and
then the negative pressure overcomes the tensile force, the transmission of sound waves
to the relaxed position causes the formation of micron-sized bubbles and spaces (Ba et
al., 2016). Strong physical effects lead to continuous compression and expansion of the
liquid, high local temperature, and pressure, accompanied by the production of hydrogen
and hydroxyl radicals from water decomposition will chemically damage proteins,
causing the loss of enzyme activity (Xu et al., 2022). The use of this technique in the food
industry may involve the use of low or high-energy ultrasound. Low-energy ultrasound
has an intensity of less than 1 W-cm™, and frequencies above 100 kHz; while high-energy
ultrasound has an intensity higher than 1 W-cm—2, and the frequency range is from 20 to
100 kHz (Abdullah & Chin, 2014). Ultrasound can be applied to a product using two
methods: submergence in an ultrasonic bath (Wu et al., 2008), or direct treatment of the
product using a probe sonicator (Marina et al., 2014; Rawson et al., 2011). This

technology has a direct effect on the structure of the enzyme itself. Xu et al. (2022)
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examined the influence of this treatment on the activity, structure, physicochemical
properties, and molecular microstructure of PPO. The results showed that ultrasound
treatments reduced the activity of PPO, and the dual-frequency mode treatment of 22/40
kHz had the most noticeable effect in this study. The inactivation followed first-order
kinetics and was successfully fitted to the Weibull distribution model. Structurally, the a-
helix and B-turn folding of PPO is decreased, resulting in the unfolding of the secondary
structure. After analysis by fluorescence spectroscopy, the destruction of the tertiary
structure of the enzyme was noted, which destroyed surface roughness resulting in
aggregation of the protein. This caused the active center of the enzyme covered, which
ultimately led to the loss of the catalytic function of the enzyme and the reduction of its

activity.

Many studies in the literature have investigated the positive effect of ultrasound on
enzyme inactivation, and ultrasonic treatment can also be combined with heat, taking the
name of thermosonication (TS), with other nonthermal processes such as pulsed electric
field, or with lactic acid or ultraviolet, thus creating a useful combination of factors.
Zawawi et al. (2022) have studied polyphenol-oxidase inactivation by ultrasonic
treatment in various fruit cultivars. It was found that the higher the intensity of the
ultrasound, the greater the effect on the enzyme, as greater intensity results in greater
energy released. Furthermore, PPO inactivation could be affected by different food
matrices and enzyme sources. Temperature-sensitive parameters, such as z-values and
Ea, were evaluated through slopes by plotting the linearized form of the Arrhenius
equation. The differences in PPO inactivation could be due to a difference in fruits’
cultivar or the fruits’ form, such as puree and juice. Different cultivars or forms have
different D, z, and Ea-values, showing different reaction rates (e.g., processes with high
activation energy and low z-values are extremely temperature sensitive). Figure 8 shows
how frequencies between 20 and 24 kHz cause polyphenol-oxidase deactivation of more
than 80 percent at temperatures between 60 and 72 °C, and treatment times between 3
and 20 min (Abid et al., 2014; Bot et al., 2018; Cao et al., 2018; Illera et al., 2018;
Sulaiman et al., 2015; Zawawi et al., 2022).
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Inactivation of PPO by Ultrasound

PPOin Apple juice/ 150mL, 6 minutes, 70°C (Bot

etal., 2018) L
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2015)
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Figure 8. Inactivation of polyphenol-oxidase by ultrasound
treatment in different cultivars (Abid et al., 2014, Bot et al.,
2018, Cao et al., 2018; Illera et al., 2018; Sulaiman et al.,
2015; Zawawi et al., 2022)

Some studies in the literature have been conducted on various edible flowers, showing
that the activity of PPOs was significantly reduced after ultrasonic treatment. Mounir et
al. (2017) observed that ultrasound combined with low-intensity pre-treatment was
effective in inhibiting the enzymatic activity of PPO and POD in daylily flowers
compared with thermal pre-treatment. The study showed that the browning index of
heat-treated flowers increased significantly compared with those treated with
ultrasound, emphasizing that this new technology can be not only effective but better
than classic heat treatment. In addition, it cannot be overlooked that low-frequency
ultrasound has been shown in the literature to have a positive effect on total phenolic

content and total flavonoid content (Barani et al., 2022).

Another interesting study on the application of ultrasound as a pre-treatment technique
in edible flowers was conducted by Barani et al. (2021). In this paper, the researchers
studied the effect of thermal and ultrasonic pre-treatment on enzyme inactivation, color,
phenolics, and flavonoid contents of infrared freeze-dried rose flowers. The goal was to
understand the effectiveness of the two pre-treatment techniques by comparing them
with each other. The above study found that ultrasonic treatment conducted at 45 kHz

was the only one to be effective in inactivating rose flower PPOs. Heat treatments
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conducted at 60, 70, and 80°C, as well as ultrasonic treatments conducted at 80 and 100

kHz, did not show relevant inhibitory activities toward polyphenol-oxidase (figure 9).
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Figure 9. Effect of infrared freeze-drying on PPO activity of pre-

treated rose flowers after thermal and ultrasonic pre-
treatments (Barani et al., 2021)

Interestingly, although drying usually results in anthocyanin loss, ultrasound pre-

treatment can help maintain a fairly close level to that of fresh samples. Compared with

other pre-treatments, the anthocyanin content in the samples pre-treated by low-

frequency ultrasound (45 kHz) was the highest, and the degradation index loss was the

smallest. The main reason for the low degradation index of anthocyanins is due to

increased inactivation of endogenous PPOs and PODs by ultrasound. This is also found

by color analysis. Following the drying process, the ultrasonically treated samples

showed a more vivid color and a lower browning index than the heat-treated samples. It
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is therefore noteworthy that ultrasonic pre-treatment could provide a unique opportunity
for the production of high-quality products rich in anthocyanins and other bioactive

phenolic substances.

8.3.2. High hydrostatic pressure pre-treatment (HHP)

High hydrostatic pressure (HHP) technology is another nonthermal technology that
could be useful to inactivate polyphenol-oxidase in edible flowers. In accord with Zhao
et al. (2019), high hydrostatic pressure (HHP) technology is all set to hold a prominent
space in the future food industry given its food preservation potential as well as the
advantages associated with the process and the product obtained. This technique is an
emerging nonthermal food processing method that subjects liquid or solid foods, with or
without packaging, to pressures between 50 and 1000 MPa (Tao et al., 2014). HHP is
now a commonly used technology to inactivate microorganisms and enzymes, with the
aim of preserving functional and nutritional properties. In general terms, HHP
treatments are uniform, independent of the product geometry and size, use minimum
chemical additives, and are environmentally friendly. HHP can extend product shelf-life
whilst retaining the natural freshness, stability, and functionality of compounds and
nutrients (Shantamma, Vasikaran, et al., 2021). Despite the ability to inactivate
enzymes, it must be emphasized that PPO is a pressure-resistant enzyme, and pressures
up to 800 MPa are required to inactivate it (Gonzélez-Cebrino et al., 2013). Fernandes
et al. (2017) conducted a study on the effect of HHP on four edible flowers (Viola x
wittrockiana, Centaurea cyanus, Borago officinalis, and Camellia japonica) and
showed that different flowers exhibit different tolerability to pressures. The above study
concluded that high-pressure HHP treatment causes destructive effects on the matrix of
some flowers such as camellia and borage, so the use of milder pressures is
recommended. Edible flowers have different cellular structures, which cause a different
behavior when submitted to HHP (Fernandes, Saraiva, et al., 2018). This phenomenon
might be associated with the structural alteration of the cells provoked by the HHPs,
yielding a higher amount of extracted metabolites or a physiological response of the
flower to stress conditions at higher pressurization levels (Fernandes et al., 2017). In
view of this, studies have shown that PPO not only cannot be deactivated by low-

pressure treatment but can be activated more, due to conformational changes,
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membrane-bound enzyme release, proteolysis, and cell wall disruption that increases
cell permeability and contact between enzyme and substrate (Izumi et al., 2015).
Queiroz et al. (2021) studied the effect of high hydrostatic pressure in fresh-cut cashew
apples and showed that HHP treatment at 250 MPa led to the activation of PPO
threefold higher than the control sample. In broccoli, a pressure of 210 MPa at —20°C
was insufficient to inactivate peroxidase and polyphenol-oxidase (Préstamo et al.,
2004). In summary, HHP could be a promising technology for treating edible flowers
and maintaining their quality during shelf life. However, each flower shows different
behavior to pressure, and considering that polyphenol-oxidases need high pressures to
be deactivated, further studies are needed to better understand the effects of this

technology on different types of flowers.

8.3.3. Pulsed electric field pre-treatment (PEF)

PEF is an emerging technology based on the usage of an external electric field that
yields reversible or irreversible electroporation in cell membranes (Ebrahimi & Lante,
2022). The electroporation phenomenon induces cell transformation or rupture under
the utilization of a few to several hundred short pulses (intensity between 50 and 100
kV/cm2) with a period ranging from microseconds to milliseconds (Federica Tinello &
Lante, 2018b; Zderic & Zondervan, 2016). In other words, the electroporation process
leads to the formation of transmembrane pores, and this process can be reversible or
irreversible depending on the intensity of PEF. When the electric field strength and
treatment duration increase, the treatment intensity also increases, leading to the
transformation of reversible membrane permeabilization into irreversible membrane
breakdown (Ebrahimi & Lante, 2022). This technology is applied to liquid or semi-
liquid foods placed between electrodes for effectively inactivate microorganisms and
enzymes (Huang et al., 2012). The available literature has investigated the deactivation
of PPOs by PEF technology in many plant products such as raspberry and blueberry
purees (Medina-Meza et al., 2016), apple juice (Bi et al., 2013; Noci et al., 2008; Riener
et al., 2008; Schilling et al., 2008) and grape juice (Marsellés-Fontanet & Martin-
Belloso, 2007). PEF was shown to be an effective technology in inhibiting PPO, and
similar to other nonthermal technologies it showed a synergistic effect when used with

heat. Increasing temperature contributes to further improving anti-browning
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performance since PPO is resistant to certain PEF conditions (Federica Tinello & Lante,
2018b). Riener et al. (2008), studied the PPO inactivation in clarified apple juice treated
by combining preheating to three temperatures (23, 35, and 50 °C) and PEF processing
at different values of electric field strength (20 and 40 kV/cm2) and time (25, 50, and
100 ps), obtained at 50 °C the highest level of PPO activity reduction ranging from 25
to 45% at 20 kV/cm2 and from 45 to 70% at 40 kV/cm2. Moreover, the degree of PPO
inactivation was shown to be higher than that obtained by pasteurization at 72°C for 26
seconds, where polyphenol oxidase activity dropped by 46%. However, Medina-Meza
et al. (2016) found PPO residual activities of 98% and 80% in respectively raspberry
and blueberry purees after the same processing conditions of 25 kV/cm2 and 66 ps in
the temperature range of 25-28 °C, showed that PEF technology had very low impact
on the activity of this enzyme. It should be kept in mind that the effect of an electric
field on enzymes is strictly related to the applied conditions, and comparison between
data needs to consider not only frequency and electric field strength but also the
characteristic of the chamber, the length, and frequency of pulses, as well as the time of
treatment (Zhong et al., 2007). In addition, the effectiveness of PEF technology against
browning is also attributed to properties of the foods themselves, such as electrical
conductivity, ionic strength, pH, or from the source of the enzyme, which can influence
the resistance of PPO (Meneses et al., 2011; Federica Tinello & Lante, 2018Db).
Currently, there would appear to be no work that has studied the effectiveness of PEF
technology on the inactivation of PPOs in edible flowers. Considering the above, further
studies would be needed to define the optimal treatment conditions, also taking into
consideration that different flowers might give different results in terms of enzymatic
deactivation. Nevertheless, the results on other matrices, conducted under certain
conditions, are encouraging and provide an incentive to study an application of this

technology also to inactivate PPOs in edible flowers.
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Figure 10. Relationship between PPO residual activity and PEF treatment time on
apple juice at 23°C (Riener et al., 2008)
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US, and PEF+US treatment on raspberry and blueberry purees at
25°Cand 25 kV/cm2 for 66 us (Medina-Meza et al., 2016)
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8.3.4. High-pressure carbon dioxide (HPCD) processing

High-pressure carbon dioxide (HPCD) processing is recognized as a valid alternative to
heat treatments for liquid foods as it effectively destroys microorganisms and enzymes
and retains sensory, nutritional, and physical properties (Reviews & Science, 2006). The
inhibitory effect of HPCD processing on PPO activity depends mainly on the processing
parameters such as pressure, CO2 level, and time (Federica Tinello & Lante, 2018b). In
Cucumis melo L. juice treated with HPCD at 55°C for 60 minutes, PPO deactivation
increased from 45% to 75% using a pressure of 8 to 35 MPa for 60 minutes. The
treatment was effective in inactivating PPO in addition to inactivating microorganisms
and preserving other important quality attributes such as color, browning, and aroma
compounds (J. L. Chen et al., 2010). Fresh carrot slices treated with HPCD at different
pressure values (1.5, 3, 5 MPa) and time (2, 5, 8, 12, 15 min) initially showed an
increase and subsequently a 91% reduction in PPO activity with treatment at 5 MPa for
15 min (Bi et al., 2011). Similar to other non-thermal technologies, the combination of

HPCD with mild heat treatment could further enhance PPO inactivation.

8.3.5. UV-Vis radiation processing

It has been shown in multiple food matrices that UV-Vis radiation is effective in
inactivating polyphenol-oxidase. The inhibitory effect has been associated mainly with
direct photo-oxidation arising from the absorption of light by amino acid residues (Ttp,
Tyr, His, Phe, Met, Cys), the resulting protein denaturation, and the formation of high
molecular weight aggregates (Lante et al., 2013). UV—Vis light can effectively and
safely control the enzymatic browning of fruit and vegetable products and
simultaneously minimize organoleptic and nutritional losses (Federica Tinello & Lante,
2018b). Aguilar et al. (2018) conducted a study in peach juice, demonstrating that with
a 460 W multi-wavelength emission lamp providing UV-Vis light in the range of 250-
740 nm and an irradiation power of 4.49 - 10> W/cm?, PPO was effectively inactivated
without affecting pH, acidity, vitamin C, sugars and brightness of the juice. In orange
juice, after combined UV-C and thermal processing (65 °C for 10 min), Sampedro &
Fan (2014) found a complete PPO inactivation.
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8.3.6. Cold plasma processing (CP)

The use of plasma is an emerging technology that has also proven useful in enzyme
inactivation. Plasma is defined as the “fourth state of matter” generated by applying
energy in the form of heat, voltage, or electromagnetic field to a gas which is
subsequently subjected to reactions such as ionization, excitation, and dissociation thus
producing various active species e.g. electrons, free radicals, ions, UV radiation, etc
(Federica Tinello & Lante, 2018b). Plasma causes the breakdown of specific bonds or
chemical modification in the enzyme's side chains, causing the loss of secondary
structure, resulting in the inactivation of the enzyme (Misra et al., 2016). Yi et al.
(2022), investigated the effect of plasma treatment on fresh-cut mango and observed
that this treatment was effective in inactivating PPO during storage (figure 12).
Suppression of PPO and POD activities by CP treatment could contribute to reduced
phenolic oxidation and amelioration of browning, as currently manifested by higher
levels of total phenolics and flavonoids concomitant with an improved color appearance
in CP-treated fruit (Yi et al., 2022). Illera et al. (2019) studied the effect of cold plasma
on polyphenol-oxidase inactivation in cloudy apple juice and noted that the reduction in
activity was significant. In the case of CP treatment for 4 or 5 min, the measured PPO
activity was minimal, both after 24h and after 7 days. After 24h post-treatment, there
was still residual activity in the juices that had been treated for 1, 2, and 3 min, but this
was very low, e.g. residual activity changed from 63.5 + 2.8 just after the treatment to

25.6 + 0.6 after 24 h of storage (Illera et al., 2019).
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Figure 12. PPO activity of fresh-cut mango treated
with CP (Yi et al., 2022)
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8.3.7. Other non-thermal pre-treatment and considerations

In addition to the non-thermal treatments discussed above, for the sake of completeness,
it is only fair to mention others that have proven effective in inactivating PPO.
Examples of these emerging new technologies include High pressure carbon dioxide
(HPCD) processing, Pulsed light (PL) processing, or Ozone (O3) processing. All these
techniques, despite in different matrices, have been shown to be effective in
deactivating PPO, suggesting their possible application also as pre-treatment of edible
flowers before the drying process. Deactivating PPOs using mild processing
technologies that minimally affect color and organoleptic characteristics would be of
great interest to the edible flower sector. Furthermore, it meets the consumer’s demands
of looking for minimally processed foods that are more similar to fresh products,
without the use of chemical preservatives (Shantamma, Monica, et al., 2021). In the
literature, studies related to the use of mild technologies in edible flowers are
increasing, which shows a growing interest from the scientific community in this area.
Today, analysing the available work, it is not clear which treatment is the most effective
in terms of PPO deactivation; each of the treatments listed above is effective for this
purpose, and it is therefore necessary to evaluate their application taking into
consideration matrix to be treated, physiological characteristics of the flower, economic
availability, and desired result in terms of deactivation. In addition, it is clear that using
nonthermal technologies as a pre-treatment technique is more advantageous than
traditional techniques such as blanching because they have proven to be effective and
less environmentally impactful. Considering that the market for edible flowers is
expanding, more research in this regard is expected in the coming years. Such research
will be needed to develop the best technological, environmental, and economical
solutions to inactivate polyphenol-oxidases, retard the degradation of anthocyanins in

edible flowers, and ensure the consumer or industry a product of excellent quality.
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8.3.8. Control of polyphenol-oxidase (PPO) during anthocyanins extraction

As described in previous chapters, the extraction of anthocyanins is a critically
important process to employ these molecules in subsequent applications as natural dyes
or as a source of bioactive compounds. During the process of anthocyanin extraction,
the breakdown of the cell structure is caused, making it possible for PPOs to interact
with the substrate, causing browning and loss of color of the anthocyanins themselves.
Therefore, it is crucial to find an appropriate solution to reduce the drawbacks derived
from PPO and prevent the oxidation of polyphenols during the extraction process
(Ebrahimi & Lante, 2022). Nowadays, the research on sustainable food processing is
concentrated on replacing conventional anti-PPO heating treatments with non-thermal
techniques such as ultrasound treatments. Application of nonthermal technologies in the
extraction of polyphenols may have different results for the enzymatic activity because
they influence PPO by several factors, including the intensity, duration, mode of
exposure, gas composition, electrical input, and degradation of enzymes or substrates
(Paixao et al., 2019). In Chapter 8, it was extensively discussed how non-thermal
treatments can inactivate polyphenol-oxidases thus causing increased anthocyanin
retention. Reducing PPO activity has a direct impact on polyphenol retention and could
increase the recovery yield of polyphenols during their extraction (Dayanne et al., 2021;

Reza et al., 2017; F Tinello & Lante, 2015; Federica Tinello et al., 2018).

As an example, the pulsed electric field pre-treatment (PEF) is helpful in the extraction
of intracellular compounds such as anthocyanins but can also alter the composition of
different enzymes. Enzymes such as polyphenol-oxidases or peroxidases are partially
inactivated by PEF treatment, which causes a decrease in their activity. Presently, the
exact mechanisms associated with enzyme inactivation by PEF are not fully explained,
but it is assumed that PEF causes variances in enzymes' conformational state which
causes their inactivation (Manzoor et al., 2021). This has been noted, for example, in
lysozyme, where there is an association between the loss of secondary and tertiary
structures of lysozyme by PEF and its inactivation (Hang et al., 2007). In spinach juice,
PEF can polarize the protein molecule and alter its conformation, appearing in the
protein inactivation, which could demonstrate the inactivation of POD and PPO in the

juice (Manzoor et al., 2021).
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Cold plasma pre-treatment (CP) is another example of non-thermal treatment that is
useful in inhibiting PPO before the extraction process. In the CP process, the higher the
frequency, the further the anti-PPO activity. The loss of polyphenol-oxidase in the CP
treatment may be due to the activity of free radicals produced in this process on protein
bands (Ebrahimi & Lante, 2022). Loss of enzyme activity could also be caused by the
modification of the secondary structure and side chain of amino acids of proteins, due to
CP free radicals (Raquel et al., 2020). Dayanne et al. (2021) evaluated the effect of
plasma pre-treatment in avocado pulp with the addition of lime extract. The results
showed that this combination can significantly reduce the activity of PPOs and increase
the phenolic content of the pulp. This could be explained by the fact that the addition of
lime extract causes slight acidification that can reduce polyphenol oxidase activity. This
effect is combined with the generation of free radicals typical of CP treatment, which
interact with the released enzymes and cause structural changes in them. From the
available literature, there would appear to be no research that has evaluated the impact
of non-thermal technologies on polyphenol-oxidase during the process of anthocyanins’
extraction from edible flowers. More research will be needed in the future, but despite
this, the available literature on non-thermal treatments has shown that they can

significantly reduce the action of PPOs (Table 2).
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Technique Treated Treatment Result Reference
Food/Compound Condition

Flat sweep Mushroom PPO The ultrasound was  Treatment with (Xu et al., 2022)

frequency and applied with a dual-frequency of

pulsed ultrasound frequency that 22/40 kHz mode
moved up and down  decreased PPO
within a activity
predetermined significantly.
range.

Ultrasound Potato Power: 540 W, The optimal (M. Wang et al.,
time: 15 min, condition had the 2021)
temperature: 20 °C.  highest PPO

inhibitory effect.

Ohmic heating Water chestnut juice ~ Voltage: 220 V; PPO activity (X. Lietal, 2019)
electric field decreased rapidly
strength: 22, 27.5, with ohmic heating
and 36.7 V/cm; treatment at the
with a titanium critical
electrode. deactivation

temperature (35
°C).

Ohmic heating Coconut water Electric field At 90 -C, PPO (Kanjanapongkul &
strength: 10 and 20 activity decreased Baibua, 2021)
V/cm, time: 3—15 to about 10% of its
min. initial activity at

only 3 min.

Ultrasound Spinach juice Power: 180 W, PPO activity (Manzoor et al.,
frequency: 40 kHz, decreased by 36%.  2021)
time: 21 min,
temperature: 30 °C.

Cold plasma Cut apple and potato ~ Time: 10 min, PPO activity was (BuBler et al., 2017)

frequency: 2.45
GHz, power: 1.2
kW, gas flow: 20
L/min.

reduced by about
62% and 77% in
fresh-cut apple and
potato tissue,

respectively.
Pulsed electric Spinach juice Electric field PPO activity (Manzoor et al.,
field strength:9 kV/cm, decreased by 44%.  2021)
frequency: 1 kHz,
treatment time: 335
us.
Ultrasound and Spinach juice Ultrasound was PPO activity (Manzoor et al.,
pulsed electric performed before decreased by 56%.  2021)
field the pulsed electric
field.
Microwave Peach puree Different power The PPO (Zhou et al., 2022)
densities (4.4, 7.7, significantly
and 11.0 W/g) were  decreased

applied, and
cooking value was
observed.

from around 50%
to around 5% with
increasing the cook
value level,
regardless of the
power density
applied.

Table 2. Effect of different novel technologies on PPO (Ebrahimi & Lante, 2022)
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CONCLUSIONS

In recent years, edible flowers are attracting the interest of many consumers because of
their color, aroma, and content of bioactive compounds. Although statistical data on the
market for these products are not yet available, it is assumed that demand will grow
rapidly in the coming years. Among the various bioactive compounds, anthocyanins are
mainly responsible for the gorgeous color of many flowers, and thus confer essential
visual and nutraceutical qualities to this class of products. Thus, the presence of
polyphenol-oxidase is a limiting factor that worsens the appearance of the flowers and
may severely limit their use by the consumer or the food industry. Analysis of the
available literature showed that it was essential to control polyphenol-oxidase to reduce
color loss, except for a few cases where discoloration was mainly due to non-enzymatic
reactions. There are many methods studied to deactivate PPO, but the demand for the
application of environmentally-friendly techniques is increasing, which invites a
preference to follow these alternatives. Among the new treatments available, ultrasound
appears to be among the most widely used to decrease polyphenol-oxidase activity in
edible flowers. The use of ultrasound has been shown to be more effective than heat
treatments, also ensuring greater retention of anthocyanins during the process. Despite
this, alternatives such as HHP, PEF, HPCD treatment, and others have still proven
effective in multiple plant matrices. Considering that the market for edible flowers is
expected to grow, it should be emphasized that more study is expected in the use of
these techniques to develop the best technological, environmental, and economic
solutions to inactivate polyphenol-oxidase, retard the degradation of anthocyanins,

preserve the color, and ensure the consumer or industry a product of excellent quality.

57



RINGRAZIAMENTI

A conclusione di questo elaborato, mi ¢ doveroso dedicare questo piccolo spazio a tutte

le persone che hanno contributo alla realizzazione di questo traguardo.

Un ringraziamento speciale va a tutte le persone che ho conosciuto e che mi hanno
accompagnato in questo percorso di studi e di vita. In questi anni ho imparato che
spesso il fato segna le nostre strade ma che camminando da soli non si va mai molto
lontano. Grazie a chiunque 1o abbia incontrato nel mio cammino ed abbia voluto

lasciarmi qualcosa, un consiglio, un sorriso, un gesto o molto di piu.

Ringrazio infinitamente tutta la mia famiglia, in particolare i miei genitori e mia sorella,
per cio che mi avete insegnato, per aver sempre creduto in me e per avermi sostenuto
incondizionatamente in ogni mia scelta. Un pensiero speciale va anche a mia nonna

Gina, saresti fiera di me, ne sono certo.

Non posso non ringraziare anche Wendy, Debra e Dexter, per tutto I’amore che mi date
e 1 sorrisi che mi strappate. Anche voi, inconsapevolmente, siete un tassello

fondamentale, grazie.

Infine, vorrei dedicare questo traguardo a me stesso, ai miei sacrifici e alla mia tenacia

che mi hanno permesso di arrivare fin qui. Avanti sempre.

58



REFERENCES

Abdullah, N., & Chin, N. L. (2014). Application of Thermosonication Treatment in
Processing and Production of High Quality and Safe-to-Drink Fruit Juices. ltalian
Oral Surgery, 2, 320-327. https://doi.org/10.1016/j.aaspro.2014.11.045

Abid, M., Jabbar, S., Hu, B., Muhammad, M., Wu, T., Lei, S., Ammar, M., & Zeng, X.
(2014). Ultrasonics Sonochemistry Thermosonication as a potential quality

enhancement technique of apple juice. Ultrasonics - Sonochemistry, 21(3), 984—

990. https://doi.org/10.1016/j.ultsonch.2013.12.003

Aguilar, K., Garvin, A., & Ibarz, A. (2018). Effect of UV—Vis processing on enzymatic
activity and the physicochemical properties of peach juices from different varieties.

Innovative Food Science and Emerging Technologies, 48(March), 83—89.
https://doi.org/10.1016/j.ifset.2018.05.005

Akhtar, 1., Javad, S., Yousaf, Z., Igbal, S., & Jabeen, K. (2012). Microwave assisted
extraction of phytochemicals an efficient and modern approach for botanicals and

pharmaceuticals. 223-230.

Al-snafi, A. E. (2015). 4sian Journal of Pharmaceutical Science & Technology THE
PHARMACOLOGICAL IMPORTANCE OF ANTIRRHINUM MAJUS- A REVIEW.
5(4),313-320.

Al-snafi, A. E. (2018). Chemical constituents , pharmacological effects and therapeutic
importance of Hibiscus rosa-sinensis- A review Chemical constituents ,
pharmacological effects and therapeutic importance of Hibiscus rosa-sinensis - A

review Prof Dr Ali Esmail Al-Snafi. August.

Alasalvar, C., Pelvan, E., Ozdemir, K. S., Kocadagili, T., Mogol, B. A., Pasli, A. A.,
Ozcan, N., Ozgelik, B., & Gokmen, V. (2013). Compositional, nutritional, and
functional characteristics of instant teas produced from low- and high-quality black
teas. Journal of Agricultural and Food Chemistry, 61(31), 7529-7536.
https://doi.org/10.1021/;f4015137

Ameer, K., Shahbaz, H. M., & Kwon, J. H. (2017). Green Extraction Methods for
Polyphenols from Plant Matrices and Their Byproducts: A Review.
Comprehensive Reviews in Food Science and Food Safety, 16(2), 295-315.

59



https://doi.org/10.1111/1541-4337.12253

Ana, A., Terreros, S., Cocero, J., & Mato, R. B. (2021). Microwave Pretreatment for the

Extraction of Anthocyanins from Saffron Flowers : Assessment of Product Quality.

Ananga, A., Georgiev, V., Ochieng, J., Phills, B., & Tsolova, V. (n.d.). Production of
Anthocyanins in Grape Cell Cultures : A Potential Source of Raw Material for
Pharmaceutical , Food , and Cosmetic Industries. December 2016.

https://doi.org/10.5772/3442

Aros, D., Orellana, K., & Escalona, V. (2017). Modified atmosphere packaging as a
method to extend postharvest life of tulip flowers. New Zealand Journal of Crop
and Horticultural Science, 45(3), 202-215.
https://doi.org/10.1080/01140671.2017.1296872

Arroqui, C. (2002). Losses by diffusion of ascorbic acid during recycled water
blanching of potato tissue. 52, 25-30.

Atuonwu, J. C., Van Straten, G., Van Deventer, H. C., & Van Boxtel, A. J. B. (2013).
Synergistic process design: Reducing drying energy consumption by optimal
adsorbent selection. Industrial and Engineering Chemistry Research, 52(18),
6201-6210. https://doi.org/10.1021/ie3030449

Bae, S. M., & Lee, S. C. (2008). Effect of hot-air drying temperature on volatile
compounds in Chrysanthemum boreale M. flowers. In Korean Journal of Food

Science and Technology (Vol. 40, Issue 4, pp. 466—469).

Bahuguna, A., Vijayalaxmi, K. G., & Suvarna, V. C. (2018). Formulation and
Evaluation of Fresh Red Hawaiian Hibiscus ( Hibiscus rosa-sinensis )

Incorporated Valued Added Products. 7(08), 4282—4290.

Bai, J., Sun, D., Xiao, H., Mujumdar, A. S., & Gao, Z. (2013). Novel high-humidity hot
air impingement blanching ( HHAIB ) pretreatment enhances drying kinetics and
color attributes of seedless grapes. Innovative Food Science and Emerging

Technologies, 20, 230-237. https://doi.org/10.1016/.ifset.2013.08.011

Barani, Y. H., Zhang, M., Mujumdar, A. S., & Chang, L. (2022). Preservation of color
and nutrients in anthocyanin-rich edible flowers: Progress of new extraction and

processing techniques. Journal of Food Processing and Preservation, February,

60



1-19. https://doi.org/10.1111/jfpp.16474

Barani, Y. H., Zhang, M., & Wang, B. (2021). Effect of thermal and ultrasonic
pretreatment on enzyme inactivation , color , phenolics and flavonoids contents of
infrared freeze - dried rose flower. Journal of Food Measurement and

Characterization, 15(2), 995-1004. https://doi.org/10.1007/s11694-020-00701-z

Barba, F. J., Koubaa, M., Prado-silva, L., Orlien, V., Souza, A. De, & Ana, S. (2017).
Trends in Food Science & Technology Mild processing applied to the inactivation

of the main foodborne bacterial pathogens : A review. Trends in Food Science &

Technology, 66, 20-35. https://doi.org/10.1016/;.tifs.2017.05.011

Benvenuti, S., Bortolotti, E., & Maggini, R. (2016). Scientia Horticulturae Antioxidant
power , anthocyanin content and organoleptic performance of edible flowers.
Scientia Horticulturae, 199, 170-1717.
https://doi.org/10.1016/j.scienta.2015.12.052

Bi, X., Liu, F., Rao, L., Li, J., Liu, B., Liao, X., & Wu, J. (2013). Effects of electric
field strength and pulse rise time on physicochemical and sensory properties of

apple juice by pulsed electric field. Innovative Food Science and Emerging

Technologies, 17, 85-92. https://doi.org/10.1016/j.ifset.2012.10.008

Bi, X., Wu, J., Zhang, Y., Xu, Z., & Liao, X. (2011). High pressure carbon dioxide
treatment for fresh-cut carrot slices. Innovative Food Science and Emerging

Technologies, 12(3), 298-304. https://doi.org/10.1016/j.ifset.2011.04.001

Bot, F., Calligaris, S., Cortella, G., Plazzotta, S., Nocera, F., & Anese, M. (2018). Study
on high pressure homogenization and high power ultrasound effectiveness in
inhibiting polyphenoloxidase activity in apple juice. Journal of Food Engineering,

221, 70-76. https://doi.org/10.1016/j.jfoodeng.2017.10.009

Bryta, A. (2015). Encapsulation of elderberry extract into phospholipid nanoparticles.
167, 189-195. https://doi.org/10.1016/j.jfoodeng.2015.07.025

BubBler, S., Ehlbeck, J., & Schliiter, O. K. (2017). Pre-drying treatment of plant related
tissues using plasma processed air : Impact on enzyme activity and quality
attributes of cut apple and potato. Innovative Food Science and Emerging

Technologies, 40, 78-86. https://doi.org/10.1016/].ifset.2016.05.007

61



Cao, X., Cai, C., Wang, Y., & Zheng, X. (2018). The inactivation kinetics of
polyphenol oxidase and peroxidase in bayberry juice during thermal and

ultrasound treatments. Innovative Food Science and Emerging Technologies,

45(September 2017), 169—178. https://doi.org/10.1016/].ifset.2017.09.018

Castafieda-Ovando, A., Pacheco-Hernandez, M. de L., Paecz-Hernandez, M. E.,
Rodriguez, J. A., & Galan-Vidal, C. A. (2009). Chemical studies of anthocyanins:
A review. Food Chemistry, 113(4), 859-871.
https://doi.org/10.1016/j.foodchem.2008.09.001

Cendrowski, A., Iwona, U., Mitek, M., Kieliszek, M., & Kolniak-ostek, J. (2017).
Profile of the Phenolic Compounds of Rosa rugosa Petals. 2017.

Chandrasekaran, S., Ramanathan, S., & Basak, T. (2013). Microwave food processing
— A review. FRIN, 52(1), 243-261. https://doi.org/10.1016/j.foodres.2013.02.033

Chen, J. L., Zhang, J., Song, L., Jiang, Y., Wu, J., & Hu, X. S. (2010). Changes in
microorganism, enzyme, aroma of hami melon (Cucumis melo L.) juice treated
with dense phase carbon dioxide and stored at 4 °c. Innovative Food Science and
Emerging Technologies, 11(4), 623—629.
https://doi.org/10.1016/].ifset.2010.05.008

Chen, N. H., & Wei, S. (2017). Factors influencing consumers’ attitudes towards the
consumption of edible flowers. Food Quality and Preference, 56, 93—100.
https://doi.org/10.1016/j.foodqual.2016.10.001

Chen, Q., Fu, M., Qu, Q., Dai, H., & Zhao, S. (2015). Effect of blanching pre-treatment
on antioxidant activities and involved compounds in fresh daylily ( Hemerocallis

fulva L . ) flowers. 7(3), 287-293. https://doi.org/10.3920/QAS2013.0344

Cies, E., Leszczyn, T., Filipiak-florkiewicz, A., & Pisulewski, P. M. (2008). Food
Chemistry The antioxidant activity of selected cruciferous vegetables subjected to

aquathermal processing. 107, 55-59.
https://doi.org/10.1016/j.foodchem.2007.07.023

Clifford, M. N. (2000). Review Anthocyanins — nature , occurrence and dietary burden.
1072(October 1999), 1063-1072.

Concentration, C. M., Hashim, Z., Halim, A., Yusof, M., & Muhamad, 1. I. (2020).

62



Microwave-assisted Encapsulation of Blue Pea Flower ( Clitoria ternatea )
Microwave-assisted Encapsulation of Blue Pea Flower ( Clitoria ternatea )
Colourant : Maltodextrin Concentration , Power , and Time. February.

https://doi.org/10.3303/CET2078034

Constabel, C. P., & Barbehenn, R. (2008). Defensive Roles of Polyphenol Oxidase in
Plants. 253-254.

Cruz, L., Basilio, N., Mateus, N., De Freitas, V., & Pina, F. (2022). Natural and
Synthetic Flavylium-Based Dyes: The Chemistry behind the Color. Chemical
Reviews, 122(1), 1416—1481. https://doi.org/10.1021/acs.chemrev.1c00399

Dayanne, J., Batista, F., Macedo, A., Viviany, J., Marta, F., Madruga, S., Andr¢, F.,
Fernandes, N., Rodrigues, S., & Campelo, S. (2021). Effects of cold plasma on

avocado pulp ( Persea americana Mill .): Chemical characteristics and bioactive

compounds. October 2020, 1-12. https://doi.org/10.1111/jfpp.15179

Deng, J., Chen, S., Yin, X., Wang, K., Liu, Y., Li, S., & Yang, P. (2013). Systematic
qualitative and quantitative assessment of anthocyanins , flavones and flavonols in
the petals of 108 lotus ( Nelumbo nucifera ) cultivars. Food Chemistry, 139(1-4),
307-312. https://doi.org/10.1016/j.foodchem.2013.02.010

Dujmovi¢, M., Radman, S., Opaci¢, N., Fabek Uher, S., Mikuli¢in, V., Vo¢a, S., & Sic
Zlabur, J. (2022). Edible Flower Species as a Promising Source of Specialized
Metabolites. Plants, 11(19), 2529. https://doi.org/10.3390/plants11192529

Ebrahimi, P., & Lante, A. (2022). applied sciences Environmentally Friendly
Techniques for the Recovery of Polyphenols from Food By-Products and Their
Impact on Polyphenol Oxidase : A Critical Review.

Faccio, G., Kruus, K., Saloheimo, M., & Thony-meyer, L. (2012). Bacterial tyrosinases
and their applications. Process Biochemistry, 47(12), 1749-1760.
https://doi.org/10.1016/j.procbio.2012.08.018

Falla, N. M., Contu, S., Demasi, S., Caser, M., & Scariot, V. (2020). Environmental
impact of edible flower production: A case study. Agronomy, 10(4), 1-17.
https://doi.org/10.3390/agronomy 10040579

Faustino, M., Veiga, M., Sousa, P., Costa, E. M., & Silva, S. (2019). Food Additives. 1—

63



23. https://doi.org/10.3390/molecules24061056

Fernandes, L., Casal, S., Pereira, J. A., Pereira, E. L., Ramalhosa, E., & Saraiva, J. A.
(2017). Effect of high hydrostatic pressure on the quality of four edible flowers:
Viola x wittrockiana, Centaurea cyanus, Borago officinalis and Camellia japonica.
International Journal of Food Science and Technology, 52(11), 2455-2462.
https://doi.org/10.1111/ijf5.13530

Fernandes, L., Casal, S., Pereira, J. A., Pereira, E. L., Saraiva, J. A., & Ramalhosa, E.
(2018). Effect of alginate coating on the physico-chemical and microbial quality of

pansies (Viola x wittrockiana) during storage. Food Science and Biotechnology,

27(4), 987-996. https://doi.org/10.1007/s10068-018-0326-0

Fernandes, L., Ramalhosa, E., Baptista, P., Saraiva, J. A., & Casal, S. I. P. (2019).
Nutritional and Nutraceutical Composition of Pansies ( Viola x wittrockiana )

During Flowering. 84. https://doi.org/10.1111/1750-3841.14482

Fernandes, L., Saraiva, J. A., Pereira, J. A., & Casal, S. (2018). Post-harvest
technologies applied to edible flowers : a review. Food Reviews International,

00(00), 1-23. https://doi.org/10.1080/87559129.2018.1473422

Flowers, L. (n.d.). Effect of various factors on extraction efficiency of total
anthocyanins from Butterfly pea ( Clitoria Effect of various factors on extraction
efficiency of total anthocyanins from Butterfly pea ( Clitoria ternatea L . Flowers )
in Southern Vietnam. https://doi.org/10.1088/1757-899X/544/1/012013

Gabriela, A., Teixeira, M., Martins, V., Sartoratto, A., Alexandre, R., Rodrigues, F., &
Dupas, M. (2016). Physical properties and morphology of spray dried
microparticles containing anthocyanins of jussara ( Euterpe edulis Martius )
extract. Powder Technology, 294, 421-428.
https://doi.org/10.1016/j.powtec.2016.03.007

Gawlik-dziki, U. (2008). Effect of hydrothermal treatment on the antioxidant properties
of broccoli ( Brassica oleracea var . botrytis italica ) florets. 109, 393-401.
https://doi.org/10.1016/j.foodchem.2007.12.058

Gongalves, J., Carlos, J., Borges, F., Carlos, L. D. A., Paula, A., Madeira, C., & Souza,
F. A. De. (2019). Bioactive compounds in edible flowers of garden pansy in

response to irrigation and mycorrhizal inoculation 1. 407-415.

64



Gonzalez-Cebrino, F., Duran, R., Delgado-Adamez, J., Contador, R., & Ramirez, R.
(2013). Changes after high-pressure processing on physicochemical parameters,
bioactive compounds, and polyphenol oxidase activity of red flesh and peel plum
purée. Innovative Food Science and Emerging Technologies, 20, 34—41.
https://doi.org/10.1016/j.ifset.2013.07.008

Grajeda-iglesias, C., Figueroa-espinoza, M. C., Barouh, N., Bare, B., Fernandes, A.,
Freitas, V. De, & Salas, E. (2016). Isolation and Characterization of Anthocyanins
from Hibiscus sabdarif fa Flowers. https://doi.org/10.1021/acs.jnatprod.5b00958

Hang, W. E. Z. (2007). Investigation of the Mechanisms of Pulsed Electric Fields on
Inactivation of Enzyme : Lysozyme. 9850-9858.

Harris, J. R., Fanelli, J., Niemiera, A., Wright, R., Hall, S., & Inst, V. P. (2000).
Morphology during Adventitious Rooting of Artemisia , Gaura , and Nepeta quent
Field Performance of Stem Cuttings of Loblolly Pine Rooting of Softwood Cuttings
from Dormant Woody Stems POSTER SESSION 13 ( Abstr . 349 — 367 ) Nutrition.
35(3), 451-480.

Himoni, E. Y. A. L. S. (2005). Effect of Ultrahigh-Temperature Continuous Ohmic
Heating Treatment on Fresh Orange Juice AND. 1-6.

Hosseini, H., Bolourian, S., Yaghoubi Hamgini, E., & Ghanuni Mahababadi, E. (2018).
Optimization of heat- and ultrasound-assisted extraction of polyphenols from dried
rosemary leaves using response surface methodology. Journal of Food Processing

and Preservation, 42(11), 1-15. https://doi.org/10.1111/jfpp.13778

Hosseini, S., Gharachorloo, M., Ghiassi-tarzi, B., & Ghavami, M. (2016). Evaluation of
the Organic Acids Ability for Extraction of Anthocyanins and Phenolic Compounds

from Different Sources and Their Degradation Kinetics During Cold Storage.
66(4), 261-269. https://doi.org/10.1515/pjfns-2015-0057

Huang, K., Tian, H., Gai, L., & Wang, J. (2012). A review of kinetic models for
inactivating microorganisms and enzymes by pulsed electric field processing.
Journal of Food Engineering, 111(2), 191-207.
https://doi.org/10.1016/j.jfoodeng.2012.02.007

Illera, A. E., Chaple, S., Sanz, M. T., Ng, S., Lu, P., Jones, J., Carey, E., & Bourke, P.
(2019). Food Chemistry : X E ff ect of cold plasma on polyphenol oxidase

65



inactivation in cloudy apple juice and on the quality parameters of the juice during

storage. 3(August). https://doi.org/10.1016/j.fochx.2019.100049

Illera, A. E., Sanz, M. T., Varona, S., Beltran, S., Melgosa, R., & Solaesa, A. G. (2018).
E ff ect of thermosonication batch treatment on enzyme inactivation kinetics and
other quality parameters of cloudy apple juice. Innovative Food Science and
Emerging Technologies, 47(February), 71-80.
https://doi.org/10.1016/].ifset.2018.02.001

Irondi, E. A., Akintunde, J. K., Agboola, S. O., Boligon, A. A., & Athayde, M. L.
(2016). Blanching influences the phenolics composition , antioxidant activity , and

inhibitory effect of Adansonia digitata leaves extract on o. - - glucosidase , and

aldose reductase. https://doi.org/10.1002/fsn3.386

Isabel, M., Neves, L., Silva, E. K., & Meireles, M. A. A. (2019). Trends and Challenges
in the Industrialization of Natural Colorants. March.

https://doi.org/10.5923/j.fph.20190902.01

Ismail, A., Marjan, Z. M., & Foong, C. W. (2004). Food Chemistry Total antioxidant
activity and phenolic content in selected vegetables. 87, 581-586.
https://doi.org/10.1016/j.foodchem.2004.01.010

Jan, N., Andrabi, K. I., & John, R. (2017). Calendula officinalis - An Important
Medicinal Plant with Potential Biological Properties. 4, 769—787.
https://doi.org/10.16943/ptinsa/2017/49126

Jangam, S.V., & Mujumdar. (2017). Drying of herbs and species. Handbook of Drying
of Vegetables and Vegetable Products.

Jedrusek-golinska, A., Wieczorowska-tobis, K., Szymandera-buszka, K., Gérecka, D.,
Buchowski, M., & Gramza-michatowska, A. (2022). Recent progress in the use of
functional foods for older adults : A narrative review. December 2019, 835-856.
https://doi.org/10.1111/1541-4337.12530

Jeyaraj, E. J., Lim, Y. Y., & Choo, W. S. (2021). E ff ect of Organic Solvents and Water
Extraction on the Phytochemical Pro fi le and Antioxidant Activity of Clitoria
ternatea Flowers. https://doi.org/10.1021/acsfoodscitech.1c00168

Jiang, Y., Ding, Y., Wang, D., Deng, Y., & Zhao, Y. (2020). Industrial Crops &

66



Products Radio frequency-assisted enzymatic extraction of anthocyanins from
Akebia trifoliata ( Thunb .) Koidz . fl owers : Process optimization , structure , and
bioactivity determination. Industrial Crops & Products, 149(February), 112327.
https://doi.org/10.1016/j.indcrop.2020.112327

Jin, W., Mujumdar, A. S., Zhang, M., & Shi, W. (2018). Novel Drying Techniques for
Spices and Herbs: a Review. Food Engineering Reviews, 10(1), 34—45.
https://doi.org/10.1007/s12393-017-9165-7

Johansson, E., Hussain, A., Kuktaite, R., & Andersson, S. C. (2014). Contribution of
Organically Grown Crops to Human Health. 3870-3893.
https://doi.org/10.3390/ijerph110403870

Journal, I., Shafaghat, A., Li, L., Liu, Z., & Wen, X. (n.d.). IJERT-Hot Air Drying
Combined with Intermediate Microwave Treatment Improving Production
Efficiency and Product ... Related papers Hot Air Drying Combined with
Intermediate Microwave Treatment Improving Production Efficiency and Product

Quality of Jin Yin.
Journal of Food Science - 2011 - SASTRY - Ohmic and Inductive Heating.pdf. (n.d.).

Justyna, P., Owczarek, K., Tobiszewski, M., & Namie, J. (2017). Trends in Analytical
Chemistry Extraction with environmentally friendly solvents. 91, 12-25.
https://doi.org/10.1016/j.trac.2017.03.006

Kanjanapongkul, K., & Baibua, V. (2021). Effects of ohmic pasteurization of coconut
water on polyphenol oxidase and peroxidase inactivation and pink discoloration
prevention. Journal of Food Engineering, 292(July 2020), 110268.
https://doi.org/10.1016/j.jfoodeng.2020.110268

Kelley, K. M., Behe, B. K., Biernbaum, J. A., & Poff, K. L. (2001). Consumer ratings
of edible flower quality, mix, and color. HortTechnology, 11(4), 644—647.
https://doi.org/10.21273/horttech.11.4.644

Khan, M. K., Ahmad, K., Hassan, S., Imran, M., & Ahmad, N. (2018). E ff ect of novel
technologies on polyphenols during food processing. Innovative Food Science and
Emerging Technologies, 45(June 2017), 361-381.
https://doi.org/10.1016/j.ifset.2017.12.006

67



Koche, D., Shirsat, R., & Kawale, M. V. (2018). AN OVERERVIEW OF MAJOR
CLASSES OF PHYTOCHEMICALS : THEIR TYPES AN OVERERVIEW OF
MAJOR CLASSES OF PHYTOCHEMICALS : THEIR TYPES AND ROLE IN
DISEASE PREVENTION. August.

Kou, L., Turner, E. R., & Luo, Y. (2012). Extending the Shelf Life of Edible Flowers
with Controlled Release of 1-Methylcyclopropene and Modified Atmosphere
Packaging. Journal of Food Science, 77(5), 188—193.
https://doi.org/10.1111/j.1750-3841.2012.02683.x

Kumar, M., Raj, L., Isobe, S., & Tsushida, T. (2009). Steam processed broccoli (
Brassica oleracea ) has higher antioxidant activity in chemical and cellular assay

systems. 114,263-269. https://doi.org/10.1016/j.foodchem.2008.09.050

Kumari, P., Raju, D. V. S., Prasad, K. V., Singh, K. P. A. L., Saha, S., Arora, A., &
Hossain, F. (2017). Quantification and correlation of anthocyanin pigments and
their antioxidant activities in rose (Rosa hybrida) varieties. Indian Journal of

Agricultural Sciences, 87(10), 1340—1346.

Kumari, P., Singh, K. P., Prasad, K. V, & Panwar, S. (2018). Characterization of
phenolic compounds in petal extracts of rose. 75(June), 349-351.

Kumari, P., Ujala, & Bhargava, B. (2021). Phytochemicals from edible flowers:
Opening a new arena for healthy lifestyle. Journal of Functional Foods,

78(February), 104375. https:/doi.org/10.1016/j.jff.2021.104375

Landim Neves, M. 1., Silva, E. K., & Meireles, M. A. A. (2021). Natural blue food
colorants: Consumer acceptance, current alternatives, trends, challenges, and future

strategies. Trends in Food Science and Technology, 112(February), 163—173.
https://doi.org/10.1016/j.tifs.2021.03.023

Lante, A., Tinello, F., & Lomolino, G. (2013). Effect of UV light on microbial
proteases: From enzyme inactivation to antioxidant mitigation. Innovative Food
Science and Emerging Technologies, 17, 130—134.
https://doi.org/10.1016/].ifset.2012.11.002

Li, X., Xu, X., Wang, L., & Regenstein, J. M. (2019). Effect of ohmic heating on
physicochemical properties and the key enzymes of water chestnut juice. July 2018,
1-9. https://doi.org/10.1111/jfpp.13919

68



Li, Y., Wu, Z.,, Tang, X., Yu, F., Wang, X., & Yang, M. (2019). Application of infrared-
assisted steam blanching to improve enzymatic inactivation and quality retention
of Chrysanthemum. Journal of Food Science and Technology, 56(9), 4274—4281.
https://doi.org/10.1007/s13197-019-03897-1

Luo, H., Deng, S., Fu, W., Zhang, X., & Zhang, X. (n.d.). Characterization of Active
Anthocyanin Degradation in the Petals of Rosa chinensis and Brunfelsia calycina
Reveals the Effect of Gallated Catechins on Pigment Maintenance. 1-17.
https://doi.org/10.3390/ijms 18040699

Luo, H., Li, W., Zhang, X., Deng, S., Xu, Q., Hou, T., & Pang, X. (2019). In planta
high levels of hydrolysable tannins inhibit peroxidase mediated anthocyanin

degradation and maintain abaxially red leaves of Excoecaria Cochinchinensis. 1—

20.

Lysiak, G. P. (2022). Ornamental Flowers Grown in Human Surroundings as a Source
of Anthocyanins with High Anti-Inflammatory Properties. Foods, 11(7).
https://doi.org/10.3390/foods11070948

Ma, L., Zhang, M., Bhandari, B., & Gao, Z. (2017). Trends in Food Science &
Technology Recent developments in novel shelf life extension technologies of
fresh-cut fruits and vegetables. Trends in Food Science & Technology, 64, 23-38.
https://doi.org/10.1016/j.tifs.2017.03.005

Manzoor, M. F., Ahmed, Z., Ahmad, N., Karrar, E., Rehman, A., Muhammad, R., &
Ammar, A. (2021). Probing the combined impact of pulsed electric field and

sonication on the quality of spinach juice. March, 1-11.

https://dot.org/10.1111/jfpp.15475

Marina, S., Re, A., & Dobrovi, S. (2014). Rheological properties of ultrasound treated

apple , cranberry and blueberry juice and nectar. 51(December), 3577-3593.
https://doi.org/10.1007/s13197-013-0958-2

Marsellés-Fontanet, A. R., & Martin-Belloso, O. (2007). Optimization and validation of
PEF processing conditions to inactivate oxidative enzymes of grape juice. Journal
of Food Engineering, 83(3), 452—-462.
https://doi.org/10.1016/j.jfoodeng.2007.04.001

Marszalek, K., Wozniak, L., Kruszewski, B., & Skapska, S. (2017). The effect of high

69



pressure techniques on the stability of anthocyanins in fruit and vegetables.
International Journal of Molecular Sciences, 18(2).

https://doi.org/10.3390/ijms 18020277

Mayer, A. M. (2006). Polyphenol oxidases in plants and fungi : Going places ? A
review. 67, 2318-2331. https://doi.org/10.1016/j.phytochem.2006.08.006

Mechanisms of plant defense against insect herbivores _ Enhanced Reader.pdf. (n.d.).

Medina-Meza, 1. G., Boioli, P., & Barbosa-Céanovas, G. V. (2016). Assessment of the
Effects of Ultrasonics and Pulsed Electric Fields on Nutritional and Rheological

Properties of Raspberry and Blueberry Purees. Food and Bioprocess Technology,
9(3), 520-531. https://doi.org/10.1007/s11947-015-1642-5

Meneses, N., Jaeger, H., & Knorr, D. (2011). PH-changes during pulsed electric field
treatments - Numerical simulation and in situ impact on polyphenoloxidase
inactivation. Innovative Food Science and Emerging Technologies, 12(4), 499—

504. https://doi.org/10.1016/j.ifset.2011.07.001

Misra, N. N., Pankaj, S. K., Segat, A., & Ishikawa, K. (2016). Trends in Food Science
& Technology Cold plasma interactions with enzymes in foods and model systems.
Trends in Food Science & Technology, 55, 39—-47.
https://doi.org/10.1016/j.tifs.2016.07.001

Mizrahi, S. (1996). Leaching of Soluble Solids during Blanching of Vegetables by
Ohmic Heating. 29(m), 153—-166.

Mlcek, J., & Rop, O. (2011). Fresh edible flowers of ornamental plants - A new source
of nutraceutical foods. Trends in Food Science and Technology, 22(10), 561-5609.
https://doi.org/10.1016/j.tifs.2011.04.006

Moreno, J., Simpson, R., Pizarro, N., Pavez, C., Dorvil, F., Petzold, G., & Bugueio, G.
(2013). In fl uence of ohmic heating / osmotic dehydration treatments on
polyphenoloxidase inactivation , physical properties and microbial stability of
apples ( cv . Granny Smith ). Innovative Food Science and Emerging

Technologies, 20, 198-207. https://doi.org/10.1016/j.1fset.2013.06.006

Mounir, S., Mujumdar, A. S., Zhang, M., & Bhandari, B. (2017). Advances in Drying
Science and Technology : Handbook of Drying of Vegetables and Vegetable

70



Products (Issue November).

Moura, S. C. S. R. De, Berling, C. L., Germer, S. P. M., Alvim, L. D., & Hubinger, M.
D. (2018). Encapsulating anthocyanins from Hibiscus sabdari ff a L . calyces by

ionic gelation : Pigment stability during storage of microparticles. Food Chemistry,

241(May 2017), 317-327. https://doi.org/10.1016/j.foodchem.2017.08.095

Mukherjee, S., & Chattopadhyay, P. K. (2007). Whirling bed blanching of potato cubes
and its effects on product quality. 78, 52—60.
https://doi.org/10.1016/j.jfoodeng.2005.09.001

Mushollaeni, W., & Tantalu, L. (2021). Extraction of anthocyanin pigment from
hibiscus sabdariffa | . by ultrasonic-assisted extraction Extraction of anthocyanin

pigment from hibiscus sabdariffa | . by ultrasonic-assisted extraction.

https://doi.org/10.1088/1757-899X/1010/1/012032

Noci, F., Riener, J., Walkling-Ribeiro, M., Cronin, D. A., Morgan, D. J., & Lyng, J. G.
(2008). Ultraviolet irradiation and pulsed electric fields (PEF) in a hurdle strategy
for the preservation of fresh apple Juice. Journal of Food Engineering, 85(1), 141—
146. https://doi.org/10.1016/j.jfoodeng.2007.07.011

Nurtiana, W. (2019). ANTHOCYANIN AS NATURAL COLORANT : A REVIEW. 1(1).
https://doi.org/10.33512/fsj.v1i1.6180

Oms-oliu, G., Odriozola-serrano, 1., Soliva-fortuny, R., Elez-mart, P., & Mart, O.
(2012). Stability of health- related compounds in plant foods through the
application of non thermal. 23. https://doi.org/10.1016/.tifs.2011.10.004

Paixdo, L. M. N., Fonteles, T. V, Oliveira, V. S., Fernandes, F. A. N., & Rodrigues, S.
(2019). Cold Plasma Effects on Functional Compounds of Siriguela Juice. 110—
121.

Patras, A., Brunton, N. P., Donnell, C. O., & Tiwari, B. K. (2010). Effect of thermal
processing on anthocyanin stability in foods ; mechanisms and kinetics of
degradation. Trends in Food Science & Technology, 21(1),3—11.
https://doi.org/10.1016/;.tifs.2009.07.004

Pereira, R. N., & Vicente, A. A. (2010). Environmental impact of novel thermal and

non-thermal technologies in food processing. Food Research International, 43(7),

71



1936—-1943. https://doi.org/10.1016/j.foodres.2009.09.013

Pimentel-moral, S., Borras-linares, 1., & Lozano-sanchez, J. (2018). Journal of
Pharmaceutical and Biomedical Analysis Microwave-assisted extraction for

Hibiscus sabdariffa bioactive compounds. Journal of Pharmaceutical and

Biomedical Analysis, 156, 313-322. https://doi.org/10.1016/j.jpba.2018.04.050

Pimpaporn, P., Devahastin, S., & Chiewchan, N. (2007). Effects of combined
pretreatments on drying kinetics and quality of potato chips undergoing low-
pressure superheated steam drying. Journal of Food Engineering, 81(2), 318-329.
https://doi.org/10.1016/j.jfoodeng.2006.11.009

Pinela, J., Prieto, M. A., Pereira, E., Jabeur, 1., Filomena, M., Barros, L., & Ferreira, .
C. F. R. (2019). Optimization of heat- and ultrasound-assisted extraction of
anthocyanins from Hibiscus sabdariffa calyces for natural food colorants. Food
Chemistry, 275(July 2018), 309-321.
https://doi.org/10.1016/j.foodchem.2018.09.118

Pires, T. C. S. P., Barros, L., Santos-Buelga, C., & Ferreira, I. C. F. R. (2019). Edible
flowers: Emerging components in the diet. Trends in Food Science and

Technology, 93(April), 244-258. https://doi.org/10.1016/5.tifs.2019.09.020

Pires, T. C. S. P., Dias, M. L., Barros, L., Barreira, J. C. M., Santos-Buelga, C., &
Ferreira, I. C. F. R. (2018). Incorporation of natural colorants obtained from edible
flowers in yogurts. Lwt, 97(April), 668—675.
https://doi.org/10.1016/j.1wt.2018.08.013

Pires, T. C. S. P., Dias, M. 1., Barros, L., Calhelha, R. C., Alves, M. J., Oliveira, M. B.
P. P., Santos-Buelga, C., & Ferreira, 1. C. F. R. (2018). Edible flowers as sources

of phenolic compounds with bioactive potential. Food Research International,

105(November 2017), 580-588. https://doi.org/10.1016/j.foodres.2017.11.014

Polak, J., & Jarosz-wilkotazka, A. (n.d.). Laccase Properties , Physiological Functions ,

and Evolution.

Poppenga, R. H. (2010). Poisonous plants. Exs, 100, 123—-175.
https://doi.org/10.1007/978-3-7643-8338-1 4

Pourcel, L., Routaboul, J., & Debeaujon, 1. (2006). Flavonoid oxidation in plants : from

72



biochemical properties to physiological functions. 12(1).
https://doi.org/10.1016/j.tplants.2006.11.006

Préstamo, G., Palomares, L., & Sanz, P. (2004). Broccoli (Brasica oleracea) treated

under pressure-shift freezing process. European Food Research and Technology,

219(6), 598-604. https://doi.org/10.1007/s00217-004-1022-2

Queiroz, C., Lopes, M. L. M., Da Silva, A. J. R, Fialho, E., & Valente-Mesquita, V. L.
(2021). Effect of high hydrostatic pressure and storage in fresh-cut cashew apple:

Changes in phenolic profile and polyphenol oxidase activity. Journal of Food
Processing and Preservation, 45(10), 1-12. https://doi.org/10.1111/jfpp.15857

Queiroz, C., Lucia, M., Lopes, M., Fialho, E., & Lucia, V. (2008). Polyphenol Oxidase :
Characteristics and Mechanisms of Browning Control Polyphenol Oxidase :

Characteristics and Mechanisms of Browning Control. 9129.

https://doi.org/10.1080/87559120802089332

Rajbhar, K., Dawda, H., & Mukundan, U. (2015). Polyphenols: Methods of Extraction.

Sci. Revs. Chem. Commun, 5(1), 1-6. www.sadgurupublications.com

Ramesh, M. N., Wolf, W., Tevini, D., & Jung, G. (2001). In  uence of processing
parameters on the drying of spice paprika. 49, 63-72.

Ran, X., Zhang, M., Liu, W., Qiu, L., Wang, Y., & Wang, B. (2021). Effects of
hibiscetin pretreatment on the color and anthocyanin level of microwave vacuum
dried edible roses. Drying Technology, 0(0), 1-9.
https://doi.org/10.1080/07373937.2021.1880433

Raquel, D., Castro, G. De, Moreira, J., Santos, L., Aratjo, K., Aparecido, E., Araujo, J.
De, Rodrigues, S., Fernandes, F. A. N., & Henrique, P. (2020). Dielectric barrier
atmospheric cold plasma applied on camu-camu juice processing : E ff ect of the
excitation frequency. Food Research International, 131(January), 109044.
https://doi.org/10.1016/j.foodres.2020.109044

Rawson, A., Patras, A., Tiwari, B. K., Noci, F., Koutchma, T., & Brunton, N. (2011).
Effect of thermal and non thermal processing technologies on the bioactive content

of exotic fruits and their products : Review of recent advances. FRIN, 44(7), 1875—
1887. https://doi.org/10.1016/j.foodres.2011.02.053

73



Rawson, A., Tiwari, B. K., Patras, A., Brunton, N., Brennan, C., Cullen, P. J., &
Donnell, C. O. (2011). Effect of thermosonication on bioactive compounds in

watermelon juice. FRIN, 44(5), 1168—1173.

Reis, B., Cabral, P., Martins, P., Oliveira, D., Martins, G., Souza, T. De, Quintao, C.,
Alexandre, J., Gomes, M., Karnikowski, D. O., & Fortes, E. (2018). Improving
stability of antioxidant compounds from Plinia cauli fl ora ( jabuticaba ) fruit peel

extract by encapsulation in chitosan microparticles. Journal of Food Engineering,

238(March), 195-201. https://doi.org/10.1016/j.jfoodeng.2018.06.004

ResearchNester. Floriculture Market by Product type, by Application, by Price range,
by Region — Global Demand Analysis & Opportunity Outlook 2027. (2019).

https:// www.researchnester.com/reports/floriculture-market/1083.

Reviews, C., & Science, F. (2006). R : Concise Reviews / Hypotheses in Food Science
Review of Dense Phase CO 2 Technology : Microbial and Enzyme Inactivation ,.

Science, 71(1), 1-11.

Reyes, A., Bubnovich, V., Bustos, R., Vasquez, M., Vega, R., & Scheuermann, E.
(2010). Comparative study of different process conditions of freeze drying of
“Murtilla” berry. Drying Technology, 28(12), 1416—-1425.

Reza, M., Shokri, B., & Khajeh, K. (2017). Studying the performance of dielectric
barrier discharge and gliding arc plasma reactors in tomato peroxidase inactivation.
Journal of Food Engineering, 197, 107-112.
https://doi.org/10.1016/j.jfoodeng.2016.11.012

Riener, J., Noci, F., Cronin, D. A., Morgan, D. J., & Lyng, J. G. (2008). Combined
effect of temperature and pulsed electric fields on apple juice peroxidase and
polyphenoloxidase inactivation. Food Chemistry, 109(2), 402—407.
https://doi.org/10.1016/j.foodchem.2007.12.059

Rodrigues, H., Cielo, D. P., Goméz-Corona, C., Silveira, A. A. S., Marchesan, T. A.,
Galmarini, M. V., & Richards, N. S. P. S. (2017). Eating flowers? Exploring
attitudes and consumers’ representation of edible flowers. Food Research
International, 100(August), 227-234.
https://doi.org/10.1016/j.foodres.2017.08.018

Rodrigues, H., Cielo, D. P., Goméz-corona, C., Silveira, A. A. S., Marchesan, T. A.,

74



Galmarini, M. V, & Richards, N. S. P. S. (2017). Eating fl owers ? Exploring
attitudes and consumers ’ representation of edible fl owers. Food Research
International, 100(August), 227-234.
https://doi.org/10.1016/j.foodres.2017.08.018

Rodriguez-amaya, D. B. (2016). ScienceDirect Natural food pigments and colorants.
Current Opinion in Food Science, 7, 20-26.
https://doi.org/10.1016/j.cofs.2015.08.004

Salacheep, S., Kasemsiri, P., Pongsa, U., & Okhawilai, M. (2020). Optimization of
ultrasound-assisted extraction of anthocyanins and bioactive compounds from
butterfly pea petals using Taguchi method and Grey relational analysis. Journal of
Food Science and Technology, 57(10), 3720-3730. https://doi.org/10.1007/s13197-
020-04404-7

Sampedro, F., & Fan, X. (2014). Inactivation kinetics and photoreactivation of
vegetable oxidative enzymes after combined UV-C and thermal processing.
Innovative Food Science and Emerging Technologies, 23, 107-113.
https://doi.org/10.1016/j.ifset.2014.02.007

Sarkis, J. R., Jaeschke, D. P., Tessaro, I. C., & Marczak, L. D. F. (2013). LWT - Food
Science and Technology Effects of ohmic and conventional heating on anthocyanin

degradation during the processing of blueberry pulp. LWT - Food Science and
Technology, 51(1), 79-85. https://doi.org/10.1016/j.1wt.2012.10.024

Schilling, S., Schmid, S., Jager, H., Ludwig, M., Dietrich, H., Toepfl, S., Knorr, D.,
Neidhart, S., Schieber, A., & Carle, R. (2008). Comparative study of pulsed
electric field and thermal processing of apple juice with particular consideration of

juice quality and enzyme deactivation. Journal of Agricultural and Food

Chemistry, 56(12), 4545-4554. https://doi.org/10.1021/jf0732713

Shantamma, S., Monica, E., Waghmare, R., Nimbkar, S., Moses, J. A., &
Anandharamakrishnan, C. (2021). Emerging techniques for the processing and
preservation of edible flowers. Future Foods, 4(July), 100094.
https://doi.org/10.1016/j.fufo.2021.100094

Shantamma, S., Vasikaran, E. M., Waghmare, R., Nimbkar, S., Moses, J. A., &
Anandharamakrishnan, C. (2021). Emerging techniques for the processing and

75



preservation of edible flowers. Future Foods, 4(July), 100094.
https://doi.org/10.1016/j.fufo.2021.100094

Silva, V. O., Freitas, A. A., Maganita, A. L., & Quina, F. H. (2016). Chemistry and
photochemistry of natural plant pigments : the anthocyanins . 2016(October
2015). https://doi.org/10.1002/poc.3534

Simoni, K., Santos, F. F., Andrade, T. A., L0, A., & Pinto-e-silva, E. M. (2018). The
Use of Edible Flowers in Human Food : Sensory Analysis of Preparations. 4(2),
140—143. https://doi.org/10.18178/ijfe.4.2.140-143

Siresha, M., & Reddy, M. V. (2016). Package of practices for freeze dried rose flower.

International Journal of Science and Research, 5(7), 359-365.

Sirithon, S., Onanong, K., & Meeso, N. (2012). Changes in colour, antioxidant activities
and carotenoids (lycopene, b-carotene, lutein) of marigold flower (Tagetes erecta
L.) resulting from different drying processes. Journal of Functional Foods, 4, 757—

766.

Skrajda-Brdak, M., Dgbrowski, G., & Konopka, 1. (2020). Edible flowers, a source of
valuable phytonutrients and their pro-healthy effects — A review. Trends in Food
Science and Technology, 103(June), 179—-199.
https://doi.org/10.1016/].tifs.2020.06.016

Sulaiman, A., Soo, M. J., Farid, M., & Silva, F. V. M. (2015). Thermosonication for
polyphenoloxidase inactivation in fruits : Modeling the ultrasound and thermal
kinetics in pear , apple and strawberry purees at different temperatures. JOURNAL
OF FOOD ENGINEERING, 165, 133-140.
https://doi.org/10.1016/j.jfoodeng.2015.06.020

Sun, H., Wang, J., Tao, X., Shi, J., Huang, M., & Chen, Z. (2012). Purification and
Characterization of Polyphenol Oxidase from Rape Flower.

Sun, Y., Zhang, M., & Fan, D. (2019). Effect of ultrasonic on deterioration of oil in
microwave vacuum frying and prediction of frying oil quality based on low field
nuclear magnetic resonance (LF-NMR). Ultrasonics Sonochemistry, 51(October

2018), 77—-89. https://doi.org/10.1016/j.ultsonch.2018.10.015

Takahashi, J. A., Rezende, F. A. G. G., Moura, M. A. F., Dominguete, L. C. B., &

76



Sande, D. (2020). Edible flowers: Bioactive profile and its potential to be used in
food development. Food Research International, 129(April 2019).
https://doi.org/10.1016/j.foodres.2019.108868

Tao, Y., Sun, D. W., Hogan, E., & Kelly, A. L. (2014). High-Pressure Processing of
Foods: An Overview. In Emerging Technologies for Food Processing (Second

Edi). Elsevier Ltd. https://doi.org/10.1016/B978-0-12-411479-1.00001-2

Tinello, F, & Lante, A. (2015). Evaluation of antibrowning and antioxidant activities in
unripe grapes recovered during bunch thinning. 33—41.

https://doi.org/10.1111/ajgw.12256

Tinello, Federica, & Lante, A. (2018a). Recent advances in controlling polyphenol
oxidase activity of fruit and vegetable products. Innovative Food Science and
Emerging Technologies, 50(October), 73—83.
https://doi.org/10.1016/j.ifset.2018.10.008

Tinello, Federica, & Lante, A. (2018b). Recent advances in controlling polyphenol
oxidase activity of fruit and vegetable products. Innovative Food Science and
Emerging Technologies, 50(October), 73—83.
https://doi.org/10.1016/j.ifset.2018.10.008

Tinello, Federica, Mihaylova, D., & Lante, A. (2018). Effect of Dipping Pre-treatment
with Unripe Grape Juice on Dried B Golden Delicious ™ Apple Slices. 2275-2285.

Tsimitri, P., Michailidis, A., Loizou, E., Mantzouridou, F. T., Gkatzionis, K.,
Mugampoza, E., & Nastis, S. A. (2022). Novel Foods and Neophobia: Evidence
from Greece, Cyprus, and Uganda. Resources, 11(1), 1-16.
https://doi.org/10.3390/resources11010002

Tuladhar, A. (2021). Eating flowers-The consumption and market of edible flowers. 25—
33.

Tzima, K., Brunton, N. P., Lyng, J. G., Frontuto, D., & Rai, D. K. (2021). The effect of
Pulsed Electric Field as a pre-treatment step in Ultrasound Assisted Extraction of
phenolic compounds from fresh rosemary and thyme by-products. Innovative Food
Science and Emerging Technologies, 69(September 2020), 102644.
https://doi.org/10.1016/].ifset.2021.102644

77



Villa-Rodriguez, J. A., Kerimi, A., Abranko, L., Tumova, S., Ford, L., Blackburn, R. S.,
Rayner, C., & Williamson, G. (2018). Acute metabolic actions of the major
polyphenols in chamomile: An in vitro mechanistic study on their potential to
attenuate postprandial hyperglycaemia. Scientific Reports, 8(1), 1-14.
https://doi.org/10.1038/s41598-018-23736-1

Wang, K.-H.; Hooks, C.R.; Ploeg, A. Protecting Crops from Nematode Pests: Using
Marigold as an Alternative to Chemical Nematicides. Plant Dis. 2007, 37, 1-6.

Wang, M., Zhang, F., Wang, D., Zhao, M., & Cui, N. (2021). Optimization of the
process parameters of ultrasound on inhibition of polyphenol oxidase activity in
whole potato tuber by response surface methodology. LWT, 144(March), 111232.
https://doi.org/10.1016/j.1wt.2021.111232

Wang, Y., Zhang, M., & Mujumdar, A. S. (2012). Influence of green banana flour
substitution for cassava starch on the nutrition, color, texture and sensory quality in
two types of snacks. LWT - Food Science and Technology, 47(1), 175-182.
https://doi.org/10.1016/j.1wt.2011.12.011

Wen, C., Zhang, J., Zhang, H., Dzah, C. S., & Zandile, M. (2018). Ultrasonics -
Sonochemistry Advances in ultrasound assisted extraction of bioactive compounds

from cash crops — A review. Ultrasonics - Sonochemistry, 48(July), 538-549.
https://doi.org/10.1016/j.ultsonch.2018.07.018

Wrolstad, R. E., Durst, W., & Lee, J. (2005). Tracking color and pigment changes in
anthocyanin products. 16, 423—428. https://doi.org/10.1016/j.tifs.2005.03.019

Wu, J., Gamage, T. V, Vilkhu, K. S., Simons, L. K., & Mawson, R. (2008). Effect of
thermosonication on quality improvement of tomato juice. 9, 186—195.

https://doi.org/10.1016/].ifset.2007.07.007

Xiao, H. W., Pan, Z., Deng, L. Z., El-Mashad, H. M., Yang, X. H., Mujumdar, A. S.,
Gao, Z. J., & Zhang, Q. (2017). Recent developments and trends in thermal
blanching — A comprehensive review. Information Processing in Agriculture, 4(2),

101-127. https://doi.org/10.1016/j.inpa.2017.02.001

Xie, D. D. (2015). Optimization of coating formulation for vegetable night-fragrant
flower fresh keeping. Northern Horticulture, 12, 127-131.

78



Xu, B., Chen, J., Chitrakar, B., Li, H., Wang, J., Wei, B., Zhou, C., & Ma, H. (2022).
Ultrasonics Sonochemistry Effects of flat sweep frequency and pulsed ultrasound
on the activity , conformation and microstructure of mushroom polyphenol

oxidase. Ultrasonics Sonochemistry, 82, 105908.
https://doi.org/10.1016/j.ultsonch.2022.105908

Yi, F., Wang, J., Xiang, Y., Yun, Z., Pan, Y., Jiang, Y., & Zhang, Z. (2022). Postharvest
Biology and Technology Physiological and quality changes in fresh-cut mango

fruit as influenced by cold plasma. Postharvest Biology and Technology, 194(July),
112105. https://doi.org/10.1016/j.postharvbio.2022.112105

Yoruk, R., & Marshall, M. R. (2003). Physicochemical properties and function of plant
polyphenol oxidase: A review. Journal of Food Biochemistry, 27(5), 361-422.
https://doi.org/10.1111/j.1745-4514.2003.tb00289.x

Yuan, A., Li, Z., Li, X., Y1i, S., Wang, S., Shi, K., & Bian, J. (2009). Distinct effect of
Chrysanthemum indicum Linné extracts on isoproterenol-induced growth of
human hepatocellular carcinoma cells. Ici 118551, 1357-1363.
https://doi.org/10.3892/or

Zannou, O., Pashazadeh, H., Ghellam, M., Ibrahim, S. A., & Koca, I. (2022). Extraction
of Anthocyanins from Borage (Echium amoenum) Flowers Using Choline
Chloride and a Glycerol-Based, Deep Eutectic Solvent: Optimization, Antioxidant
Activity, and In Vitro Bioavailability. Molecules, 27(1).
https://doi.org/10.3390/molecules27010134

Zawawi, N. A. F., Hazmi, N. A. M., How, M. S., Kantono, K., Silva, F. V. M., &
Sulaiman, A. (2022). Thermal, High Pressure, and Ultrasound Inactivation of
Various Fruit Cultivars’ Polyphenol Oxidase: Kinetic Inactivation Models and

Estimation of Treatment Energy Requirement. Applied Sciences (Switzerland),

12(4). https://doi.org/10.3390/app12041864

Zderic, A., & Zondervan, E. (2016). Chemical Engineering Research and Design
Polyphenol extraction from fresh tea leaves by pulsed electric field : A study of
mechanisms. Chemical Engineering Research and Design, 109, 586—592.
https://doi.org/10.1016/j.cherd.2016.03.010

Zhang, M., Bhandari, B., & Fang, Z. X. (2017). Advances in drying science and

79



technology: Handbook of drying of vegetables and vegetable products (1st ed.).
FL: CRC Press (Chapter 10).

Zhang, W. (n.d.). Anthocyanins — More Than Nature " s Colour.

Zhao, L., Fan, H., Zhang, M., Chitrakar, B., Bhandari, B., & Wang, B. (2019a). Edible
fl owers : Review of fl ower processing and extraction of bioactive compounds by

novel technologies. 126(September). https://doi.org/10.1016/j.foodres.2019.108660

Zhao, L., Fan, H., Zhang, M., Chitrakar, B., Bhandari, B., & Wang, B. (2019b). Edible
flowers: Review of flower processing and extraction of bioactive compounds by
novel technologies. Food Research International, 126(March).

https://doi.org/10.1016/j.foodres.2019.108660

Zhao, L., Fan, H., Zhang, M., Chitrakar, B., Bhandari, B., & Wang, B. (2019c). Edible
flowers: Review of flower processing and extraction of bioactive compounds by
novel technologies. Food Research International, 126(September).

https://doi.org/10.1016/j.foodres.2019.108660

Zhao, Y. W., Wang, C. K., Huang, X. Y., & Hu, D. G. (2021). Anthocyanin stability
and degradation in plants. Plant Signaling and Behavior, 16(12).
https://doi.org/10.1080/15592324.2021.1987767

Zheng, M. Y., Xia, Q. L., & Lu, S. M. (2015). Study on drying methods and their
influences on effective components of loquat flower tea. LWT- Food Science and

Technology, 63, 14-20.

Zhong, K., Wu, J., Wang, Z., Chen, F., Liao, X., Hu, X., & Zhang, Z. (2007).
Inactivation kinetics and secondary structural change of PEF-treated POD and
PPO. Food Chemistry, 100(1), 115-123.
https://doi.org/10.1016/j.foodchem.2005.09.035

Zhou, L., Ying, C., Bingol, G., Balaban, M. O., & Cai, S. (2022). Current Research in
Food Science Effect of different microwave power levels on inactivation of PPO
and PME and also on quality changes of peach puree. Current Research in Food

Science, 5, 41-48. https://doi.org/10.1016/j.crfs.2021.12.006

80



81



