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ABSTRACT: The current increased industrial food production has led to a significant rise in the amount of food waste generated.
These food wastes, especially fruit and vegetable byproducts, are good sources of natural pigments, such as anthocyanins, betalains,
carotenoids, and chlorophylls, with both coloring and health-related properties. Therefore, recovery of natural pigments from food
wastes is important for both economic and environmental reasons. Conventional methods that are used to extract natural pigments
from food wastes are time-consuming, expensive, and unsustainable. In addition, natural pigments are sensitive to high temperatures
and prolonged processing times that are applied during conventional treatments. In this sense, the present review provides an
elucidation of the latest research on the extraction of pigments from the agri-food industry and how their consumption may improve
human health.
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Bl INTRODUCTION Considering the above information, the aim of this review
paper is to provide a recent update on novel extraction
techniques that are utilized for the recovery of natural
pigments including anthocyanins, betalains, carotenoids, and
chlorophylls from food wastes. First, we presented the
significant food waste sources utilized for the extraction of
natural pigments. Following that, the effectiveness of novel
technologies, such as pulsed electric field, ultrasound-,
microwave-, and high-pressure-assisted-extraction, on the
recovery of natural pigments were discussed. Finally, we
highlighted the functional and bioactive properties attributed
to recovered natural pigments from food wastes using novel
approaches.

Over the past several decades, industrial-scale and centralized
production systems, such as large-scale farming and food
processing and distribution, have increased to meet the
demand for food associated with the growing human
population worldwide." Accordingly, processing of foods of
plant origin including fruits and vegetables, cereal grains, herbs
and spices, nuts, etc. generates large amounts of byproducts,
which are often discarded as waste. Damaged raw materials,
peels or skins, seeds, brans, husk, hulls, cobs, oilseed cakes,
spent grains, molasses are some examples of these processing
byproducts, which account for approximately 190 million
tonnes per year on a global scale.” For both economic and
environmental reasons, the large amount of food waste

produced during manufacturing has been investigated for the B ANTHOCYANINS

3 .

recovery of valuable components. Sources of Anthocyanins. Anthocyanins water-soluble

Due to both their coloring properties and potential positive pigments belonging to the group of secondary metabolites
effects on human health, recovery of natural pigments within the class of phenolic compounds.6 They are found as
including anthocyanins, betalains, carotenoids, and chloro- glycosides of their respective aglycones, called anthocyanidins.
phylls from food wastes is critical.* Conventional solid—liquid Cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and
extraction techniques used to recover natural pigments from petunidin are major anthocyanidins present in foods.” These
food wastes are often time-consuming, expensive, and compounds are widely distributed in fruit and vegetables such
unsustainable.” In recent years, novel extraction technologies as blackberry (Rubus fruticosus), blueberry (Vaccinium

such as pulsed electric field, ultrasound-, microwave-, and high-
pressure-assisted-extraction, among others, gained importance
due to the increased consumer demand for nutritious foods
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Foods rich in anthocyanins

Processing wastes

Figure 1. Sources of anthocyanin-rich wastes.

Pomace

myrtillus), cranberry (Vaccinium macrocarpon), fig (Ficus carica
L.), grapes (Vitis sp.), grumixama (Eugenia brasiliensis), jucara
(Euterpe edulis Mart.), purple corn (Zea mays), and petals of
saffron (Crocus sativus) (Figure 1).

The berries group is a comprised of several small size fruits
with intense color varying from purple and dark blue to black
that are usually pressed for juice production. The residue
generated from berries juice producing are mainly composed of
peels, seeds, and stems that can reach up to 30% of the fruit
weight.® Grapes are fruits largely produced on all continents,
wherein the main varieties produced in the past decade were
Cabernet Sauvignon, Merlot, Chardonnay, and Syrah,
especially for wine production.” Regarding grape processing
into wine, pomace (peels, seeds, and stalks) comprise between
15 and 25% of the total grape weight."’

Purple corn is a variety of corn with intense and
characteristic purple color that has originated from South
America in the Andean region. Milling purple corn into a fine
flour has a processing waste generation of around 36%.''
Saffron production is a highly appreciated food ingredient with
intense red color. The plant part commercialized as “saffron” is
the daughter corm, which is obtained from drying the red
colored saffron flower stigma. Saffron plant production has a
limited yield, and its main production residue is comprised of
flower petals that have a characteristic purple color. It is
estimated that up to 300 000 flowers are necessary to produce
1 kg of saffron spice.'” This scenario indicates the necessity to
improve the management of residues rich in anthocyanins and
explore the recovery of this highly valuable compound.

Novel Approaches for the Extraction of Anthocya-
nins from Food Waste. The extraction of anthocyanins from
food processing residues with novel strategies has been
explored in several studies in the last few years (Table 1).

The main technologies applied are ultrasound, pulsed
electric field, supercritical CO,, pressurized liquid extraction,
microwave, and ohmic heating. Among these technologies,
ultrasound has been the most studied technology wherein
several variables have been studied. For instance, a recent study
reported the use of response surface methodology to evaluate
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and optimize the extraction time, ultrasound power, and the
proportion of ethanol in the solvent.” In this study, the
maximum extraction yield of anthocyanins was obtained
increasing the wultrasound power. Reducing the ethanol
proportion in solvent was favorable to improve the extraction
of anthocyanins, and a short extraction time was suitable to
improve the anthocyanin content in the extract.

A similar experiment has been recently carried out to
optimize the extraction of anthocyanins from figs and explored
the effect of the same variables."* In this case, the use of 100%
ethanol solution was indicated as the optimum level of ethanol
in the solvent composition along with a short extraction time
and high ultrasound power to maximize the extraction of
anthocyanins. Likewise, the extraction of anthocyanins from
eggplant peels using ultrasound was affected by the solvent
composition (especially using methanol), ultrasonic frequency,
temperature, and time.

A recent study explored the effect of extraction time, solid/
liquid ratio, pulses, and ultrasonic power to obtain
anthocyanins from purple corn bran.'® All these variables
were indicated as significant to improve the extraction of
anthocyanins with ultrasound. Another recent experiment
reported the use of ultrasound to obtain anthocyanins from
berry residues.'” In this case, the effect of solvent was
evaluated, and no significant effects were indicated between
acidified water and hydroethanolic solutions. Additionally,
other studies indicated that anthocyanins can be obtained from
jugara (Euterpe edulis Mart.; a berry mainly found in Brazil)
residues'® and blackberry (Rubus fruticosus) residues'” using
ultrasound as the main extraction technology.

Along with the use as an extraction technology, the use of
ultrasound has also been explored as a pretreatment to increase
the conventional solvent extraction. This strategy was tested in
an experiment with wine lee.”” In this study, no significant
effects were observed among treatments with different
extraction times or wave amplitudes. According to the authors,
the phenomenon of cavitation improved the external mass
transfer, whereas internal mass transfer remained not affected
by ultrasound treatment, which limited the extraction process.

https://doi.org/10.1021/acs jafc.1c07208
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a 2 Pulsed electric fields are another technology with a relevant
effect in the extraction of anthocyanins from food residues. An
interesting outcome for the use of this technology was reported
in a study with grape pomace.”’ The application of a pulsed
electric field in the samples was associated with an increase in
anthocyanin content of the obtained extract. This result was
interpreted as a favorable selectiveness toward the extraction of
anthocyanins by the ratio between anthocyanins and total
flavan-3-ols content. This ratio was improved due to the
optimization of the energy input, field strength, and density of
the treated sample. Another related study highlighted the
importance of optimizing the intensity of the electric field,
number of applied pulses, and solvent proportion and
composition to improve the extraction anthocyanins from
blueberry processing byproducts.”

An interesting option to recover anthocyanins from food
byproducts is the use of supercritical CO,. The use of this
technology was recently tested to improve the extraction of
anthocyanins from saffron residues (mainly composed of
petals).”> Mild temperature with high pressure and carrying
out the extraction in less than 1 h were important advances
reported in this study. The use of this technology was also
applied to recover anthocyanins from jugara residue.'®

Pressurized liquid extraction has been suggested as an
interesting option to obtain anthocyanin-rich extracts. The
optimization of this technology was recently tested in a jugara
residue, and the optimum conditions were active with mild
heating treatment and the use of acidified water as a solvent.'®
Conversely, the use of this technology in blackberry residues
revealed that hydroethanolic solution and heating up to 100 °C
was necessary to maximize the recovery of anthocyanins.”*
Another experiment from the same research group explored
the use of this technology in three berries: grumixama,
blackberry, and blueberry.'” In this case, nonsignificant
differences were obtained from changes in the solvent
composition (50 and 70% ethanol and acidified water). An
experiment with cranberry pomace highlighted the importance
of optimizing pressure and solvent composition to increase the
extraction of anthocyanins from cranberry pomace.”> However,
temperature had a nonsignificant effect in the range of 40—120
°C.

Microwaves can greatly assist in the recovery of anthocyanin
from different food wastes. Recent experiments have been
focusing on process optimization with response surface
methodology, wherein the short extraction time is a common
characteristic of this technology. An example of the improve-
ment associated with microwave-assisted extraction was
reported in the recovery of anthocyanins from fig peels."* In
this residue, the optimum condition was achieved with a mild
heating of the sample and the use of pure ethanol as the
extracting solvent. A related experiment with sour cherry peel
indicated that increasing microwave power, irradiation time,
and the proportion of ethanol in solvent (500 W, 90 s, and
80% ethanol, respectively) were favorable aspects to recover
anthocyanins.

The use of microwave heating was also evaluated to obtain
anthocyanins from grape waste, wherein the optimum
extraction conditions were obtained with 428 W, 2.2 min of
irradiation, and using a solvent/solid ratio of 18.4 mL/g.27
Conversely, a recent experiment with blueberry bagasse
explored the effect of temperature and power in the extraction
of anthocyanins.”® A not significant improvement in the
anthocyanin content in the obtained extract in relation to

refs

extraction yield”
224.06 mg cyanidine-3-glucoside equivalents/kg dry weight

1.35 mg anthocyanins/g

extraction conditions

C, solvent 100% methanol, time 13 s
electric field 70 V/cm, frequency 25 kHz, temperature 100 °

electric field 30 V/cm, frequency 25 kHz, temperature 100 °
C, time 20 s

technology
ohmic heating
ohmic heating

Table 1. continued
source of anthocyanins
“Extraction yield: optimum conditions.

grape byproducts

grape skins
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extraction with conventional solvent extraction method were
reported. Alternatively, microwave heating was also tested as a
pretreatment to conventional solvent extraction.”” In this case,
the optimization was associated with a significant increase in
anthocyanins content in relation to conventional solvent
extraction without any pretreatment.

Another interesting technology to improve the recovery of
anthocyanins from residual sources is ohmic heating. Recent
studies have explored its use as a pretreatment to conventional
solvent extraction. For instance, ohmic heating favored the
release of anthocyanins from grape pomace with an important
reduction in extraction time (from 15 min to few seconds) and
also prevented the degradation obtained from application of
higher temperatures for long periods.29 However, no
significant increase in anthocyanin extraction yield was
reported in relation to conventional solvent extraction at
room temperature. A similar experiment with ohmic heating
(as pretreatment) in grape skin indicated significant increase in
the extraction of anthocyanin using a short-time high-
temperature.”® This study also indicated that mild ohmic
heating with prolonged exposure time did not improve the
release of anthocyanin in comparison to untreated residue.

Besides the methods previously described, fermentative
processes have been also considered potential alternatives to
assist in the extraction of bioactive compounds from food
wastes. In this sense, Amaya-Chantaca et al.”" explored the use
of grape pomace as a fermentation substrate for the extraction
of phenolic compounds. In this study, two fermentation
methods were compared (submerged and solid-state fermen-
tation), and Aspergillus niger GH1 was used as a biological
model. The results showed that both fermentation systems
increased the release of phenolic compounds, although the
highest yields were observed when using solid-state fermenta-
tion. Anthocyanins were among the main compounds
identified in the extracts. An increase in the recovery of
anthocyanins by solid-state bioprocessing has been also
observed in chokeberry pomace fermented with Aspergillus
niger and Rhizopus oligosporus.”> These findings highlight this
method as a potential alternative for the extraction of these red
pigments.

In general, novel extraction favor the release of anthocyanins
from different food wastes, wherein advantages in terms of
extraction time and compatibility with food grade solvents
(especially acidified water and hydroethanolic mixtures) can be
seen as favorable aspects for further application in functional
food development. It is also important to remember that some
recommendations to improve the anthocyanin extraction yield
in the conventional solvent method such as low temperature
and acidified water may not play a major role. This
consideration is supported by the diversity of mechanisms
and effect attributed to each technology, such as cavitation in
ultrasound and electroporation in a pulsed electric field.
However, further experiments are necessary to clarify optimum
conditions and the role of the matrix and avoid a low
extraction yield.

Influence of Novel Extraction Technologies on the
Bioactive Properties of Anthocyanins. Anthocyanins have
been associated with many potential health benefits.
Considering the importance of novel extraction methods in
the extraction of anthocyanins, recent studies have charac-
terized the effect of these methods in the biological potential of
extracted anthocyanins. The antioxidant activity in vitro has
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been the most studied biological effect explored in recent
studies.

Ultrasound extraction seems to not favor the antioxidant
activity of anthocyanin extracts. This outcome was reported in
a recent study with eggplant where solvent (methanol),
temperature (60 °C), and time (20 min) were associated
with improved antioxidant activity in the obtained extract."’
However, the optimum ultrasound frequency was 0 kHz. A
related experiment with wine lee indicated that ultrasound
extraction did not affect antioxidant activity of extracted
compounds.”® Another study with ultrasound treatment in
different berries (blackberry, blueberry, and grumixama)
indicated that significant reductions in antioxidant activity of
extracts were obtained in relation to conventional solvent
extraction, regardless of solvent composition.'”

In the case of pressurized liquid extraction, contrasting
results have been reported in recent experiments. The use of
pressurized liquid extraction in blackberry caused significant
increases in antioxidant activity evaluated with DPPH and
ORAC assays.”* A similar outcome was reported for the
extraction of antioxidant compounds from jugara using
acidified 50% ethanol.'® The DPPH assay revealed that a
significant increase in antioxidant activity was obtained by
increasing the temperature. Regarding the ORAC, the highest
mean values were obtained using this solvent an no significant
effect was indicated in relation to temperature (40—80 °C).

Solvent is another relevant factor to consider when using
pressurized liquid extraction to obtain antioxidant compounds.
This consideration was related to a recent experiment with
cranberry residue where the relation between antioxidant
activity (FRAP assay) and anthocyanin content was influenced
by solvent composition.”> When acidified water was used as
the solvent, antioxidant activity and anthocyanin content
displayed a negative correlation. Conversely, the use of ethanol
produced a positive correlation between antioxidant activity
and anthocyanin content. Although these studies indicate a
positive effect of pressurized liquid extraction in the recovery
of anthocyanins and antioxidant activity in the extracts, a
related study with differences indicated that this novel
technology did not affect the antioxidant activity of the
anthocyanin-rich extract in relation to conventional solvent
extraction.'”

Microwave heating is another novel technology that has
been associated with the production of antioxidant extracts.
This outcome was reported by an experiment with wine lee.”’
Both DPPH and ORAC assay indicated that microwave
pretreatment improved the antioxidant activity of the extract in
relation to conventional solvent extraction. Another experi-
ment with this technology indicated a positive correlation
between total and anthocyanin contents and antioxidant
activity measured with the DPPH assay in a cherry residue
extract.”

In the case of supercritical CO, extraction, the extraction
carried out in optimum conditions (at 62 °C and 16.4 MPa
with 5% cosolvent (99.9% ethanol) in supercritical CO, for 47
min) increased the antioxidant activity of jaboticaba extract
(rich on anthocyanins) measured by DPPH and FRAP assay.”’

Ohmic heating pretreatment increased DPPH radical
scavenge activity in relation to conventional solvent extraction
when methanol with 1% HCI, lactic acid, or citric acid solvents
were used to obtain an anthocyanin-rich extract from grape
byproducts.”” However, no significant difference was reported
when water was used as the solvent. The evaluation of
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antioxidant activity by the ORAC assay also revealed that this
novel extraction method increased the antioxidant activity in
the extract obtained with citric acid in relation to conventional
solvent extraction. Other solvents led to no effect (water and
lactic acid) or significant reduction (methanol with 1% HCI) in
antioxidant activity. It is worth commenting that this study also
explored the antimicrobial effect of the extract obtained with
ohmic heating against pathogenic bacteria Bacillus cereus,
Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis,
methicillin-resistant and -sensitive Staphylococcus aureus strains,
and Yersinia enterocolitica. The most intense inhibitory effect in
vitro was obtained with citric acid as the solvent, whereas the
other solvents did not inhibit microbial growth.

These studies indicate that some technologies (particularly
microwave heating, supercritical CO,, and ohmic heating) can
be explored to improve both anthocyanin and antioxidant
activity of extracts obtained from food wastes. In terms of
antimicrobial activity, major efforts are still necessary to clarify
the effect of these extracts.

B BETALAINS

Sources of Betalains. Betalains are water-soluble nitrogen
pigments responsible for the color of a limited family of
vegetables. These pigments are composed of a nitrogenous
core of betalamic acid [4-(2-oxoethylidene)-1,2,3,4-tetrahy-
dropyridine-2,6-dicarboxylic acid]. Betalamic acid can either
condense with amines to form betaxanthins (yellow pigments)
or with imino compounds (cyclo-DOPA and/or its deriva-
tives) to form betacyanins (violet pigments).33

These compounds can be mainly found in vegetables such as
beetroot (Beta vulgaris), prickly pear (Opuntia sp.), pitaya fruit
(Hylocereus sp.), and amaranth (Amaranthus tricolour).”* The
different colored phenotypes of these vegetables are related to
their relative content of betacyanins and betaxanthins.

Beetroot is one of the richest sources of betalains in nature,
with values ranging from 3 754 to 11 932 (mg/kg dry weight),
depending on the species, cultivar, or growing conditions.”*
Europe is the main producer of beetroot (around 70% of the
global production), and the United Kingdom generates alone
huge amounts of wastes as a consequence of the outstanding
beetroot juice production that occurs in this country.”” Taking
into account the health-related properties attributed to
beetroot products®®~** and the subsequent increasing popular-
ity of this vegetable, the market of beetroot is expected to
increase significantly during the next decade. These data
highlight the need of valorization approaches to reduce the
generation of wastes. In particular, industrial beetroot
processing generates large amounts of pulp waste (mainly
derived from the juice industry), along with peels, pomace,
leaves (which represent 50% of the whole plant), and stalks,
which are $enerally discarded after the processing of these
vegetables." These unexploited byproducts contain consid-
erable amounts of pigments and are therefore worthwhile to be
recovered and used as ingredients for functional foods.

Prickly pear or cactus pear fruits are mainly produced in
Mexico (44% of the global production, with 100 866 tonnes
per year)** and are available in a wide variety of colors (red,
violet, green, or yellow), depending on the genetic origin.
These fruits can be processed into different products such as
juices, jams, or candies, and during their processing, large
amounts of byproducts are generated, mainly peels (which
account for 40—50% of the whole fruit) and pulps, which are
both good sources of betalains.**
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Pitaya or dragon fruits are exotic fruits that can be
distinguished based on the color of their peel and pulp (red
peel-white pulp; red peel-red pulp; yellow peel-white pulp).*
Amaranth is a leafy vegetable found in the south of Asia and
widely consumed in Bangladesh, India, and several African
countries, both cooked and in salads. Their byproducts are also
interesting raw materials for the food industry as natural
pigment sources.** In view of the above information, it is
important to investigate the recovery of these high-added value
pigments through modern sustainable technologies.

Novel Approaches for the Extraction of Betalains
from Food Waste. So far, several studies have investigated
novel extraction approaches for the recovery of betalains from
food residues (Table 2).

Ultrasound has been successfully applied in different
beetroot byproducts. For instance, Maran and Priya®’ carried
out a study to optimize an aqueous ultrasound-assisted betalain
extraction from waste red beet stalks evaluating the effect of
four variables: ultrasonic power (60—120 W), extraction
temperature (40—60 °C), solid—liquid ratio (1:10—1:30 g/
mL), and extraction time (15—45 min). The maximum
extraction yield was obtained by increasing temperature
(until 55 °C), increasing ultrasonic power (until 100 W),
increasing time (until 38 min), and increasing the solid/liquid
ratio (until 1:25 g/mL). A similar study has been recently
developed by Nutter et al.*® to optimize the extraction of
betalains from underutilized beet leaves. These authors also
explored the effect of ultrasonic power (10—90 W), solid/
liquid ratio (1:20—3:20), and extraction time (4—16 min).
Similarly, pigment extraction was also influenced by the
variables tested. Higher betacyanin and betaxanthin yields were
reached when increasing extraction time and ultrasonic power,
although lower solid/liquid ratios enhanced the recoveries,
which is in accordance with the ratios suggested by Maran and
Priya.”> These authors monitored the temperature profile
along the experiment and highlighted the beneficial effect that
the heat generated in the medium could exert to improve the
extraction yields (after 16 min of ultrasound at 100 W, the
temperature in the medium increased above 80 °C). The
optimized conditions suggested in this study achieved betalain
yields by approximately 4.5 times higher than those obtained
by conventional maceration extractions during 30 min.
Seremet et al.”’ evaluated the efficiency of an aqueous
ultrasound-assisted extraction to recover betalains from red
beetroot peels. These authors used an ultrasonic bath (200 W)
and only evaluated the effect of the extraction time (30 vs 60
min). The extraction yield of betaxanthins was significantly
higher at shorter times (30 min), although the recovery of
betacyanins was not affected by the time interval. The
ultrasound-assisted extraction applied in this study improved
the extraction yields reached by conventional maceration
extraction (48 h extraction at room temperature) by
approximately 4.5 and 2 times for betacyanins and
betaxanthins, respectively. An ultrasonic bath under similar
conditions was used in another study for the extraction of
betalains from red beetroot waste derived from the juicing
industry,” although these authors tested the effect of solvent
on the extraction yield and highlighted 30% ethanol as the best
extraction solvent to maximize the recovery of the pigments.
Besides beetroot byproducts, prickly pear peels have been also
valorized using ultrasound.”” In this study, the effect of
extraction time (0.5—2.5 min), solid/solvent ratio (5—4S g/L),
methanol concentration (0—100%), and temperature (3—3$
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°C) was evaluated, and the authors found that the solid/liquid
ratio and solvent concentration were the most influential
variables for betacyanins extraction (low solid/liquid ratios and
methanolic concentrations increased the extraction yields).

Ultrasound have been also used as pretreatment methods to
improve conventional extraction yields. In this respect, Koubaa
et al.> tested this approach for the recovery of betacyanins
from red prickly pear peels and pulps and found that
ultrasound pretreatment significantly increased pigment
extraction in the case of peels (more than 2 times of an
increase).

Another interesting approach for the recovery of betalains is
microwave-assisted extraction, which has been recently tested
in a wide variety of food wastes. For instance, Ferreres at al’!
conducted a study in white-fleshed red pitaya fruit byproducts
and optimized different variables such as a solid/solvent ratio
(1:50—1:150 g/mL), temperature (25—75 °C), and extraction
time (5—65 min) using water as the extraction solvent. The
results highlighted the effect of time and temperature, where
short times and low/moderate temperatures maximized the
extraction of betacyanins (which is in agreement with the
decomposition of betacyanins into yellow degradation
products, such as cyclo-dopa-5-O-glucoside and betalamic
acid, when prolonged thermal treatments at high temperatures
are applied). Sharma et al.** optimized an aqueous microwave-
assisted extraction to recover betalains from unsalable
Amaranthus tricolor leaves, and besides temperature (30—90
°C) and extraction time (5—15 min), these authors also tested
the effect of the microwave power (200—700 W). Lower
microwave power and higher times increased the extraction of
betacyanins and betaxanthins. However, while high temper-
atures enhanced betacyanins recovery, low temperatures were
optimal in the case of betaxanthins, which is in agreement with
the different stabilities attributed to these two pigments.>”
Under the optimized conditions, microwave-assisted extraction
reached significantly higher pigments extraction than a
conventional Soxhlet method (15 h, 90 °C). Melgar et al.*’
optimized similar variables (extraction time (2.5—12.5 min),
solid/solvent ratio (5—4S g/L), and temperature (25—105
°C)) for the recovery of betalains from prickly pear peels, but
these authors also studied the effect of the extraction solvent
(methanol concentration (0—100%)). Increases in methanol
concentration and extraction temperature negatively affected
the extraction yields, since the effect of water polarity favors
betalain extraction and thermal treatment could cause
pigments losses. Red beetroot peels have been also valorized
through an aqueous microwave-assisted extraction with good
betacyanin recoveries (3 times higher yields than conventional
maceration extraction). In contrast, the recoveries of
betaxanthins were below those reached by conventional
methods.”” Using microwaves as a pretreatment method
have been also successfully applied for the recovery of
betalains from xoconostle byproducts.™

Pulse electric fields is another technique with promising
results for the extraction of betalains. This method has been
tested as a pretreatment for the recovery of betacyanins from
red prickly pear peels and pulps.’® PEF-pretreatment
significantly increased the extraction yields and allowed the
reduction of the extraction time in comparison with ultra-
sound-extraction pretreatment. In addition, the results of this
study highlighted that PEF consumed less energy than
ultrasound (27 kJ/kg and 800 kJ/kg for PEF and ultrasound,
respectively) and is therefore more economical.
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Another interesting option to recover betalains from food
byproducts is the use of pressurized water extraction. This
technology has been recently applied for the extraction of
betalains from pitaya fruits peels, red beet stalks, and cactus
pear peels.”* These authors demonstrated that temperature
plays a key role in the extraction of betacyanins through
pressurized hot water extraction, although the effect of such a
variable depends on the matrix. While optimal betalain
recoveries were achieved at low temperature in the case of
pitaya fruit peels, maximal yields were reached at relatively high
temperatures for red beet stalks. Although betacyanins are
easily decomposed into cyclo-dopa-5-O-glucoside and betala-
mic acid when submitted to high thermal treatments,>” it is
important to point out that the optimal extraction time was
relatively short (9 min). Therefore, it could be hypothesized
that within this short time interval, high pressure forces the
water to penetrate into the pores of the food matrix and
facilitates the extraction efficiency, which may compensate the
degradation of the target pigments along the extraction.

Considering the above information, novel extraction
technologies have demonstrated promising results for the
recovery of betalains from food wastes. In general, moderate
temperatures, short extraction times, and lower solid/liquid
ratios are good tips to maximize the extraction of these
pigments. It is important to highlight that most of the studies
optimized the procedure using water as the extraction solvent,
which reinforces the potential of these green approaches.
However, further research is needed to clarify the role of
matrix in the extraction procedure.

Influence of Novel Extraction Technologies on the
Bioactive Properties of Betalains. Betalains have been
associated with several biological activities such as anti-
inflammatory, antiproliferative, and antimicrobial activities,
together with free radical scavenging potential, DNA-damage
inhibition, gene regulation, or the prevention of lipid
peroxidation.”®**>* 'Furthermore, in vivo studies indicate
that betalain supplementations could play a beneficial role in
dyslipidemia-, oxidative stress, and inflammation-related
diseases (e.g.,, hypertension, cancer, dyslipidemia, or stenosis
of the arteries, among others). Moreover, beetroot betalains
have been demonstrated to enhance exercise performance
independently of nitrate physiological effects.’”~**

However, taking into account the promising role of novel
extraction technologies in the recovery of betalains, it is
important to understand the impact of these methods in the
functionality of the compounds recovered. In this respect,
betalain rich-extracts obtained from ultrasound-assisted tech-
nologies have exhibited good antioxidant potential. This
outcome has been demonstrated using beetroot wastes*® and
cactus pear peels as extraction raw materials.*’

Melgar et al.* pointed out that the extracts obtained from
cactus pear byproducts showed higher antioxidant capacity
when using high concentration of water in the extraction
solvent, which is in agreement with the extraction conditions
required to maximize the recovery of pigments discussed in the
previous section. However, when compared with conventional
extraction methods, contrasting results have been obtained.
Red beet peel extracts obtained by ultrasound-assisted
extraction showed lower antioxidant potential (measured by
DPPH and ABTS assays) than those obtained through
conventional maceration extraction.”” In contrast, both
DPPH antioxidant activity and FRAP reducing power were

https://doi.org/10.1021/acs jafc.1c07208
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higher in ultrasound-derived extracts than after a Soxhlet
extraction of amaranth leaves.™*

In the case of microwave-assisted extraction, inconsistent
results have been also found when comparing the antioxidant
capacity of the extracts obtained through modern and
conventional methods.***” Similarly, the fact of using a solvent
with high aqueous concentration has demonstrated a positive
effect in the antioxidant properties of the extract* obtained by
microwave-assisted extraction. The use of microwaves as a
pretreatment method increased the antioxidant capacity of the
extracts compared with nonpretreated samples.>

Extracts obtained by pressurized hot water extraction
method have also proven to have good bioactivities.”* For
instance, red beet stalks and cactus pear peels extracts obtained
by pressurized hot water extraction exhibited good superoxide
anion scavenging potential. Furthermore, these extracts could
inhibit the steatosis in a cellular model as well as the
intracellular reactive oxygen species. Also, genes involved in
lipogenesis and lipid oxidation can be regulated by such
betalain-rich extracts.”*

These studies suggest promising health-related properties of
the extracts obtained by modern extraction technologies,
although further research is needed to clarify some of the
bioactivities (since most of the research is focused on the study
of the in vitro antioxidant activity) and to maximize the
functionality of the extracts recovered.

B CAROTENOIDS

Sources of Carotenoids. Carotenoids are organic pig-
ments mainly produced by plants and algae, and they are
responsible for the characteristic yellowish, orange, and reddish
color of fruits and vegetables. Furthermore, due to its solubility
in fat, carotenoids are highly bioavailable in oils and fatty
tissues of animals, where they are accumulated.”® Such is the
case of salmon, flamingos, lobsters, mullets, crabs, and shellfish,
among others.”?

More than a thousand types of carotenoids have been
identified and categorized into two main groups: xanthophylls
(with oxygen in its chemical formula) and carotenes
(hydrocarbon chain with no oxygen in its chemical formula),
and most of them have their origin in the plantae kingdom. In
this sense, the general biochemical structure of the carotenoids
is a polyene chain of double bonds and possible rings in the
extremes (Figure 2), which allow their biological activities,
especially their ability as an electron donor throughout the
molecule, which contributes to their antioxidant activity. As a
matter of fact, when plant carotenoids act as light absorbers,
they help to trigger photosynthesis reactions, provide photo-
protection to abiotic stressors, produce plant coloration, and
stimulate cell signaling.***®

Furthermore, carotenogenesis of carotenes and xanthophylls
in the plantae kingdom is controlled by the transcrigt genes,
which are mainly regulated by light and temperature.”® As the
initial precursor of lycopene in the top of the carotenoid’s
chain (Figure 2), phytoene synthase (PSY) plays an essential
role in the conversion of geranylgeranyl diphosphate to
phytoene, whose stimulation directly depends on light
stimuli,”* especially wavelengths from 400 to 500 nm (blue
and green liﬁghting) and from 650 to 750 nm (red and far red
lighting).64’ As a matter of fact, this effects of blue, red, and
far red led light on caretonegenesis have been recently shown
in carrot sprouts”® and red bell peppers.”” On this point,
transcript genes play an essential role in the production of the
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Figure 2. Biosynthesis and main sources of carotenoids.

rest of the main carotenoids compounds (Figure 2), starting
from carotenes and followed with xanthophylls, when a-
carotene is converted into lutein while f-carotene is converted
into cryptoxanthin, zeaxanthin, antheraxanthin, capsanthin,
violaxanthin, and neoxanthin among other minor compounds.

As previously described, fruit and vegetables are the main
sources of phytochemicals as carotenoids (Figure 2).
According to Dias et al,”® the worldwide consumed products
richest in carotenoids are tomatoes, carrots, spinach,
mandarins, maize, pumpkins, rosehips, and watermelons.
Moreover, green leafy vegetables as kale, spinach, collards,
and mustard greens are the richest vegetables in lutein.

From the individual point of view of each carotenoid
compound, watermelons (Citrullus lanatus), rosehips (Rosa
canina), tomatoes (Solanum lycopersicum), and especially the
derivatives (processed foods obtained from tomato) are the
richest foods in lycopene, characterized by their red color.’*
Biosynthesized from this compound and characterized by their
orange color, carrots (Daucus carota), peppers (Capsicum
annuum), and pumpkins (Cucurbita maxima) are the richest
compounds in a- and f-carotene.
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On the one hand, lutein, characterized by its green color, is
synthesized from a- carotene. This compound is abundant
especially in green leafy vegetables, such as spinach (Spinacia
oleracea) and Brassicaceae.”””” On the other hand, cryptox-
anthin and zeaxanthin are synthesized from f-carotene, and the
richest foods in these compounds are pepper (Capsicum
annuum), apricot (Prunus armeniaca), mandarin (Citrus
reticulata), and tamarillo (Solanum betaceum) for the first
one, while pepper (Capsicum annuum), maize (Zea mays), goji
berries (Lycium barbarum), crabs (Brachyura), and salmon
(Salmo salar) are the main sources of the second one.”* Also,
algae and seaweed are important sources of these compounds
as well as asteraxanthin and neoxanthin.”* In fact, although
these foods have been widely used in oriental foods, and in the
last several years, the incorporation of algae in new cuisine has
introduced these “exotic” foods into our normal diet, making
them more common.

As observed by the richness of these nutraceuticals in fruits
and vegetables, Mediterranean and vegetarian diets could be
the most abundant dietary patterns, which includes these
phytochemical compounds.”*~"” Furthermore, because of their
solubility, carotenoids are more bioavailable when they are
embedded in foods with a lipid phase (which generally are
simultaneously consumed), like some fishes or yolks of eggs.

In this sense, the incorporation of oil during cooking helps
to break down the cell walls of the plant making these
compounds more bioavailable. In fact, in the case of lycopene,
the heating during processing transform the double bond of
the molecule from trans- to cis-, making it highly bioavailable
in the human body.”®

In this sense, nonedible parts, especially peels and leaves,
which are the most important photoreceptors of the plant
tissues, are one of the main sources of carotenoids, which also
increase with high exposure to solar light and environmental
changes. However, these parts of the plant are generally
discarded to be used as extracts for livestock feed or as fertilizer
in the fields.

Each year, billions of tones of fruits and vegetables are
directly wasted. In fact, between 30 and 40% of the food supply
chain is discarded in farms, supermarkets, and of course, in our
own homes.”” This, without considering nonedible parts of
fruits and vegetables that are discarded during food processing,
as it is the case of the industry of fresh-cut and pre-cooked
convenience food products, or the juice industry, among
others.

For that reason, in last 20 years, new extraction methods
have been developed to obtain carotenoid extracts, among
other nutraceuticals, from fruit and vegetable waste for their
subsequent incorporation into food products or supplements
with important functional properties.

Novel Approaches for the Extraction of Carotenoids
from Food Waste. In this case, peels, seeds, roots, and leaves
discarded by the food industry are the main sources for the
extraction of carotenoids. As a matter of fact, the waste
generated from them has got high water, oxygen, and nitrogen
contents, which can lead to an important focus of
contamination. Hence, as these food wastes are also rich in
nutrients, they can be recovered and reused.”

Usually, the methods used for the extraction of plant
carotenoids incorporate solvents, fermentations, enzymatic
extractions, and new technologies such as microwave, ultra-
sound, cold plasma, or supercritical fluids. After extraction, to
isolate pure compounds, these carotenoid extracts are purified
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by solid phase extraction and then separated by chromato-
graphic techniques.®' In Table 3, modern methods used for the
recovery of carotenoids are listed.

For instance, in recent years, green technologies, such as the
application of pulsed electric fields, ultrasound, and micro-
waves, have been highly developed to extract carotenoid
compounds. However, conventional procedures, such as
thermal extractions or application of polar solvents and oils
are still commonly used to isolate carotenoids from the main
food sources.

Martinez-Hernandez, Castillejo, and Artés-Hernandez®*
have recently shown how using a 2 h thermal extraction at
75 °C and in combination with TiO, it is possible to extract
more than 4000 mg kg™ from tomato peels, which is more
than the 50% of the total lycopene content in this food
byproduct. In addition, the application of the lycopene
microspheres of this revalorized product has potentially
increased the content in bioactive compounds in fresh-cut
apples while maintaining their phgsico-chemical properties.

Also in tomato, Nagarajan et al.”* showed the high yield and
versatility of the carotenoid-pectin complexation extraction
method with a low economic cost and impact to the
environment. In this sense, authors reached a 92% purity
level after the water-induced hydrocolloidal complexation
developed.

Similarly, using crustacean wastes from blue crab (Portunus
pelagicus) and shrimp (Penaeus semisulcatus), Hooshmand et
al.** have optimized the extraction method of carotenoid
compounds by using several polar solvents and oils. The
obtained results showed that the use of acetone as an
extraction solvent can report a yield of almost 7 mg of
carotenoids kg™' blue crab wastes and 61 mg of carotenoids
kg™! shrimp waste.

Because of its molecular hydrophobic characteristics,
lycopene is easily extractable by using vegetable oils. As a
matter of fact, Nour et al.*™> have shown the oxidative stability
of extracts from dry tomato waste by using several methods:
microwave, ultrasound, and 7 days of maceration. The
obtained results in this research showed that extra virgin
sunflower, unrefined corn, and refined rapeseed oils are good
extractors of carotenoids by the three technologies. Moreover,
although no significant differences were appreciated among the
chosen methods, soaked tomato waste reported a higher
concentration of carotenoids in all the studied vegetable oils.
Nevertheless, since the employed time in the maceration is too
long for its application in the food industry, the use of
microwaves and ultrasound have also shown mean extraction
values of 35 mg of carotenoids per kg of dry tomato waste,
approximately.

Similarly, according to Lasunon et al,®® a 300 W microwave
force is able to extract 57 mg of lycopene and 48 mg of f-
carotene per kg of tomato waste. In fact, authors also
demonstrated the high potential antioxidant content obtained
from tomato waste powder.

From the other point of view, ultrasonication is also a green
technology which has reported high carotenoid extraction
yields. For instance, using vegetable oils, Goula et al.¥” have
developed comparative studies between ultrasound-assisted
and a conventional solvent extraction with 60:40 hexane/
isopropanol in pomegranate wastes. The obtained results have
shown the optimum extraction yield using ultrasound
technology was 3.3 mg of carotenoids per kg of dry

https://doi.org/10.1021/acs jafc.1c07208
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pomegranate peels, which represented 94% of the total
carotenoid content in the discarded material.

Moreover, improvements of the extraction yield have been
shown by Ajlouni, Premier, and Tow®® in tomato pomace
waste. In fact, 1335 mg of lycopene per kg of tomato pomace
powder were obtained after extraction with ethyl lactate/ethyl
acetate for 20 min of sonication. Lycopene extracts showed
important scavenging capacities due to the high concentration
of antioxidant compounds.

Also from tomato waste, pulsed electric fields have shown
high extraction efficiencies for intracellular compounds, which
has been assessed with water-soluble molecules and depends
on the solvents employed and the procedure followed. As a
matter of fact, Luengo, Alvarez, and Raso® have extracted 44
mg of carotenoids per kg of fresh tomato waste mixed with
hexane/ethanol, while Pataro et al.”® extracted 11 820 mg of
lycopene per kg of dry tomato waste with acetone. Also, by
mixing with ethyl lactate and using the same technology
(pulsed electric fields), the lycopene extraction yield was
reduced almost to half (6311 mg of lycopene per kg of dry
tomato waste).

Furthermore, in the past years, the application of super-
critical fluids technology has demonstrated high extraction
yields in food wastes rich in carotenoids. Rubashvili et al.”" has
demonstrated high efficiency rates by using supercritical fluids
on food byproducts from tomatoes, tangerines, and oranges. As
a matter of fact, Andrade Lima et al.”> have developed a
standard method to reach carotenoid recovery percentages
higher than 90%, especially for f-carotene and lycopene, in
different food matrixes: waste from flesh and peels from sweet
potatoes, tomatoes, apricots, pumpkins, peaches, and bell
peppers.

Specifically, to extract carotenoids in tomato peels, super-
critical fluids have also been demonstrated to extract 1200 mg
of Iycopene and 28 mg of f-carotene kg™ of dry product.
Interestingly, accordingly in Kehili et al.,” supercritical CO,
exhibited an important quenching activity. For that, the
Tunisian industrial tomato byproduct can have promising
applications in the food industry.

In addition, this extraction procedure has also shown
important yields in Dunaliella salina microalgae. Hence,
suggested by Pour Hosseini et al,”* the highest carotenoid
extraction yields were obtained at 400 bar and 55 °C, with
mean values of 115 mg of carotenoids per kg of dry algae.

Along with the technologies aforementioned, some authors
have investigated the potential of solid-state fermentation to
enrich food byproducts with bioactive compounds in order to
promote a greater utilization of these byproducts in the
pharmaceutical and food industries. In this regard, Dulf et al.”®
observed that the amount of f-carotene in grape pomace
increased after 12 days of solid-state fermentation using two
filamentous fungal strains (Actinomucor elegans and Umbelopsis
isabelline). In this sense, the incorporation of such purified
compounds throughout green technologies can also show
potential health benefits in the human body.

Functional and Bioactive Properties of Carotenoids.
The main known function of carotenoids in humans is to serve
as precursors to vitamin A (retinol) and in gene regulation
linked to many physiological and developmental processes
(retinoic acid).”® fB-carotene (BC) is the main provitamin A
carotenoid in the human diet. Other carotenoids are f-
cryptoxanthin and a@-carotene. Nonprovitamin carotenoids A
(including zeaxanthin, lycopene, and lutein are abundant in the
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human body) and provitamin A can act as antioxidants and
photoprotective filters for blue light.”” Currently, there is a new
perspective on the role of carotenoids and their derivative
products that connects these compounds with control of the
accumulation of body fat and adipocyte biology, with possible
implications for the treatment of obesity.”>”’

In addition, they exert antioxidant effects, but individual
carotenoids may also act as a pro-vitamin A function (f-
carotene) or constitute a macular pigment in the eye (lutein/
zeaxanthin). Therefore, an intake recommendation of lutein
rich foods should be made for the general population.
Carotenoids also produce improvements in some types of
cancer prevention, cardiovascular health, and cognitive
function. The main benefits of carotenoids can be explained
by their antioxidant capacity,'” although, they may also act
through others mechanisms.'”"'”> For example, carotenoids
may help prevent heart disease by decreasing the oxidation of
low-density lipoproteins or avoiding their formation,'**'** by
interrupting gap-junctional communication, or avoiding the
abnormal growth of cancer cells and acting against certain
types of cancer.'”’

Moreover, there is evidence that carotenoids may have
effects on cognitive functioning, and this effect is related to
antioxidant activity.'”® In this sense, a long-term p-carotene
supplementation with 50 mg on alternate days maintained
cognitive performance in a healthy population.”’

Regarding the effects of carotenoids on cancer, there is
evidence that lycopene is related to prostate cancer, because it
has been found in high concentrations within the prostate
gland,'* reporting an inverse association between prostate
cancer and lycopene intake.'”” In this same line, a meta-
analysis of 42 epidemiological studies found that dietary
lycopene consumption was si%niﬁcantly and inversely corre-
lated with prostate cancer.''’ Plasma lycopene levels are
reduced in patients with nonalcoholic fatty liver, a disorder
which is associated with hepatocellular carcinoma. Other
studies have reported the relationship between lycopene levels
and hepatocellular carcinoma disease.''" This effect has been
shown in animal studies in which lycopene supplementation
for 24 weeks had a protection against hepatic tumorigenesis.''*

In addition, carotenoids may have beneficial effects on
cardiovascular disease because they have an effect on oxidative
stress, inflammation, dyslipidaemia, and thrombosis. Astax-
anthin has been reported to improve blood lipid profiles and to
reduce low-density lipoprotein peroxidation. Several studies
have shown that astaxanthin improves lipid profiles'** because
it reduces oxidation of low-density lipoprotein and its
contribution to develop.'”> Another carotenoid, lycopene,
shows potent antioxidant activity and reduces serum
cholesterol in animal studies.'"*"'"*

Epidemiological studies have associated circulating high
levels of f-carotene and other carotenoids with a lower risk of
suffering from metabolic and cardiovascular diseases,""> and
this is mainly due to a high consumption of fruits and
vegetables. Taking into account that the fabric adipose is an
important deposit of carotenoids and retinol and that body fat
is a determining factor in susceptibility to many metabolic
disorders,''® it is conceivable that the potential beneficial
effects of carotenoids and retinoids on health are closely linked
to the modulation of associated phenomena to “adiposopathy”
fat. In fact, numerous preclinical studies indicate that
carotenoids and derived apocarotenoids (retinoids and others)
modulate key aspects of adipose tissue biology, including

https://doi.org/10.1021/acs jafc.1c07208
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differentiation, hypertrophic expansion, capacity for fat
oxidation and thermogenesis, and secretory function of the
adipocytes. Specifically, in vitro''’ and animal studies have
shown that carotenoids (apo-carotenoids and retinoids) have a
beneficial effect on adipocyte differentiation."**'** Moreover,
the antioxidant potential of carotenoids might also be related
to its effects on obesity and weight management.''® In
addition, carotenoids have an effect on infant nutrition.'*
Zeaxanthin and lutein have been found in regions of the infant
brain that are specialized for language, visual processing,
learning, and memory.120

B CHLOROPHYLLS

Sources of Chlorophylls. Chlorophylls are oil-soluble,
amphiphilic pigments with a green color, which are extensively
distributed in several plants, algae, and cyanobacteria.'”’
Chlorophylls can be found in plants with two different
structures: Chlorophyll-a, which has a methyl (—CH,) group
at the 7-carbon position, and chlorophyll-b, which has an
aldehyde (—CHO) group at the 7-carbon position.” Due to
this structural difference, chlorophylls have different colors.
Thus, chlorophyll-a has a blue—%reen color, while chlorophyll-b
shows a blue-yellow color.'”” Both chloro};hyll—a and
chlorophyll-b coexist in plants in a ratio of 3:1."

The main sources of chlorophyll are the leafy vegetables
such as spinach (Spinacia oleracea), lettuce (Lactuca sativa),
and broccoli (Brassica oleracea) among others. For spinach,
Derrien et al.'** carried out a study to determine the
chlorophyll content of spinach byproducts. These authors
reported that the chlorophyll content (chlorophyll-a +
chlorophyll-b) in the samples was 112.8 mg/100 g fresh
weight. In a similar study, Zhang et al.'"*® investigated the
chlorophyll content of spinach that did not have the
commercial criteria and therefore were destined for waste.
They reported that the chlorophyll-a content was between
10.93 and 14.62 ug/mL of extract, while the chlorophyll-b
content ranged between 4.79 and 6.13 pig/mL of extract. In the
same way, Chemat et al.'?® informed that the chlorophyll
content of spinach leaves was 800 pg/mL of extract. Another
vegetal that generates large amounts of waste and can be a
source of chlorophylls is lettuce. Thus, in an interesting study,
Agiiero et al.'”’ analyzed the total chlorophyll content of
external leaves, which normally are discarded, of butter lettuce
(L. sativa var. Lores) cultivated in Argentina. These authors
reported that the chlorophyll content was of 35.65 mg/100 g
of fresh weight. More recently, Kowalczyk et al.'** analyzed the
chlorophyll content of lettuce of the butterhead type cv.
Omega’ F1. They informed that the chlorophyll content found
in the lettuce leaves was 24.0 mg/100 g fresh weigh, which
corresponds to 18.1 mg/100 g fresh weight of chlorophyll-a
and 5.9 mg/100 g fresh weight of chlorophyll-b.

Broccoli also generated a great amount of waste. Thus, only
around 10—15% of the total aerial biomass of the plant, which
represents 47% of the product, is consumed. Another source of
waste is the floret (which represents 15% of the product) that
did not have the commercial criteria. Thus, both leaves and
floret broccoli wastes are recognized as a great source of
chlorophylls. In this sense, Liu et al.'*’ reported that the
chlorophyll-a content of broccoli (cv. green magic) leaf was
447.79 mg/100 g dry weight, while the chlorophyll-b content
was 78.09 mg/100 g dry weight, values higher than found in
the stems and florets. More recently, Ferreira et al."*° carried
out a work to analyzed the chlorophyll content in broccoli
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byproducts composed of stalks and leaves from fresh broccoli
submitted for freeze-drying. These authors informed that the
chlorophyll-a content was 349.23 mg/100 g dry weight, while
the chlorophyll-b content was 53.05 mg/100 g dry weight.
Similarly, Borja-Martinez et al.’?! analyzed the chlorophyll
content of broccoli byproducts (leaves and stems) from the cv.
Parthenon and Naxos. These authors informed that in cv.
parthenon byproducts, the total chlorophyll was 32.64 mg/g
dry weight, while in cv. naxos the total chlorophyll was 40.89
mg/g dry weight.

Several others vegetable wastes can be considered as sources
of chlorophylls. In this way, Zeyada et al."** analyzed the total
chlorophylls content in several agro-industrial byproducts
including watermelon (Citrullus lanatus) and cucumber
(Cucumis sativus) peels. The values reported were for
watermelon 528 mg/100 g dry weight and for cucumber 346
mg/100 g dry weight. Singh et al.'>’ determined the total
chlorophyll content in the byproducts of kale (Brassica oleracea
L.) of three commercial cultivars, such as Siberian Kale,
Khanyari, and Japanese Green, which had values of 134.92,
157.01, and 169.89 mg/100 g dry weight, respectively. Ruiz-
Cano et al."** investigated the chlorophylls content in
artichoke (Cynara scolymus, L. cv. blanca de tudela)
byproducts, which consist of the raw outer bracts and stems
removed mechanically from the artichoke heads. These authors
reported that the total chlorophyll content of artichoke
byproducts was 27.50 mg/100 g dry weight. Fundo et al.
(2017)"* analyzed the total chlorophyll content of cantaloupe
melon (Cucumis melon L. var. reticulatus) waste composed of
peels and seeds. They reported that the total chlorophyll
content in the melon peel was 7.89 mg/100 g distributed by
chlorophylls-a (4.58 mg/100 g) and chlorophylls-b (3.29 mg/
100 g). More recently, Carbone et al."** examined the total
chlorophylls content present in kiwi (Actinidia deliciosa, cv.
“Hayward”) juice pomace and reported a concentration of 5.90
mg/100 g fresh weight. Chaiareekitwat et al. (2022)"7
reported that in cassava leaves (Manihot esculenta Crantz),
the total chlorophyll (sum of chlorophyll-a and chlorophyll-b)
content ranged from 326.27 to 747.86 mg/100 g dry weight
depending on the plant age, cultivar analyzed, and position.

Another very important source of chlorophylls are the
microalgae, mainly those belonging to genera Arthrospira and
Chlorella. For genus Arthrospira, Kent et al.'*® investigated the
total chlorophylls content of commercial Arthrospira platensis
strains from China. These authors reported values of total
chlorophylls of 1233 mg/100 g dry weight. Similarly, Aouir et
al."*” analyzed the chlorophylls content of A. platensis strains
obtained from the Pacific Ocean. These authors reported a
content of total chlorophylls of 849 mg/100 g dry weight
corresponding to 639 mg/100 g of chlorophyll-a and 210 mg/
100 g of chlorophyll-b. More recently, Tavanandi and
Raghavarao'*’ carried out a research study to analyze the
chlorophylls contents from spent biomass, left after recovery of
phycobiliproteins of A. platensis. They informed that the total
chlorophyll content was 595 mg/100 g dry weight. In the case
of genus Chlorella, Kong et al.'"*' reported that the total
chlorophyll content of Chlorella vulgaris residue after lipid
extraction is 3520 mg/100 g. Guo and Fang'** proposed a
study to analyze the chlorophyll content present in Chlorella
pyrenoidosa subjected to different light types. They found that
the values were comprised between 1480 and 1980 mg/100 g
dry weight.

https://doi.org/10.1021/acs jafc.1c07208
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In view of these studies, it can be said that, in general, the
residues from plants are a good source of chlorophylls;
however, it is the residues from microalgae where the greatest
concentration of these pigments can be found.

Novel Approaches for the Extraction of Chlorophylls
from Food Waste. Generally, to extract chlorophylls from
vegetables or microalgae matrixes, different conventional
methodologies such as maceration and Soxhlet extraction
techniques with organic or inorganic solvents have been widely
used.'”” Nevertheless, it is important to note that the
conventional extraction methodologies show several deficien-
cies including low extraction yield, long extraction times, very
complex processes, and elevated capital investments.* To avoid
these deficiencies, several novel technologies are being used
which could be classified as green extraction methodologies
that include supercritical fluid extraction, ultrasound assisted
extraction, microwave assisted extraction, pulsed-electric field-
assisted extraction, and enzyme-assisted extraction.®”'*?

In regards to the supercritical fluid extraction methodology,
in a research study with the byproducts obtained from two
different broccoli cultivars, Borja-Martinez et al.">' reported
that the chlorophylls content increased 8.72 and 32.64% in
cultivars parthenon and naxos, respectively, when using
supercritical fluid extraction with ethanol at a pressure of
400 bar in comparison with conventional extraction method-
ology. Similarly, Derrien et al.'** informed that the
chlorophylls extraction obtained from spinach byproducts
increased 50% with respect to conventional methodology when
using the supercritical CO, extraction methodology with the
parameters of temperature of 56 °C, extraction time of 3.6 h,
pressure of 39 MPa, and 10% ethanol as cosolvent. In a
previous study, Derrien et al.'”* reported that using super-
critical CO, extraction with 93% ethanol concentration for 4.3
h at 43 °C and a solvent to raw material ratio of 1/66, the
chlorophylls extraction from spinach byproducts increased
96% when compared with conventional extraction using
acetone.

In regards to ultrasound-assisted extraction methodology,
Chemat et al."** mentioned that the extraction of chlorophylls
from spinach byproducts is 4-fold higher when using
ultrasound than when using a traditional maceration.
Previously, Kong et al.'"* conducted an investigation of the
extraction of chlorophyll from Chlorella vulgaris residue after
lipid separation using ultrasound-assisted extraction. These
authors found that using an extraction temperature of 61.4 °C,
an extraction time of 78.7 min, with an ethanol volume of
79.4%, and a fixed ultrasonic power of 200 W, the extraction
rate reached up to 88.9%. These results confirm those exposed
by Kwang et al.'*® who mentioned that ultrasound-assisted
extraction resulted in an increased yield of chlorophyll content
present from Chlorella vulgaris (8.83 mg/g) when compared to
conventional extraction methods like maceration (6.84 mg/g).

Another very interesting novel methodology to extract
bioactive compounds in general and chlorophylls in particular
is microwave assisted extraction. Thus, Guo et al.'*® studied
the total chlorophyll content of sugar cane wastes using
microwave assisted extraction and ethanol as the solvent.
‘When compared with the traditional extraction methodologies,
microwave assisted extraction was more effective with 27.7
mg/100 g of total chlorophylls in 60 min, while in
conventional method 25.9 mg/100 g total chlorophylls in
240 min was obtained. Michalak et al.'*’ studied the
chlorophylls content of algae biomass (Polysiphonia, Ulva,
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Cladophora) from the Baltic Sea extracted by means of
microwave-assisted extraction. They reported that with these
extraction conditions 1000 W, liquid/solid ratio (3/1)
extraction time 30 min, and 60 °C of extraction temperature,
the cholorphylls content extraction increased to 12.5%.
Nguyen et al.'*® assessed the effect of microwave-assisted
extraction conditions on the chlorophyll content of pandan
(Pandanus amaryllifolius Roxb.) leaf. These authors reported
that these conditions: acetone as solvent at 90 °C, pandan
powder/acetone ratio of 1:30, microwave capacity of 300 W,
time 2 min were the best parameters for the highest extraction
efficiency (chlorophyll-a, chlorophyll-b, and total chlorophyll
content were, respectively, 9.4278 ug/mL, 4.2460 pg/mL, and
13.6738 pg/mL).

Pulsed electric field-assisted extraction is a very interesting
methodology to obtain bioactive compounds, like chlorophylls
from vegetable or algae tissues. In this sense, Luengo et al'?
analyzed the effect of pulsed electric field treatments on the
extraction of chlorophylls of the microalgae Chlorella vulgaris.
They found that after pulsed electric field treatments at 20 kV/
cm for 75 ps, the extraction yield for chlorophyll-a and
chlorophyll-b increased 1.6, and 2.1 times, respectively. Zhang
et al.'” investigated the effect of pulse-electric field-assistance
on the chlorophylls content present in spinach byproducts.
These authors informed that at 20 °C, 60 min, and an electric
field strength of 26.7 kV/cm, the chlorophylls extraction
increased to 24.63%. Pataro et al."”” evaluated the effect of
pulsed electric fields treatment on the extractability of
chlorophyll-a from microalgae Nannochloropsis oceanica.
These authors informed that after a pulsed electric field
treatment at 10 kV/cm and 100 kJ/kg, the extraction yield for
chlorophyll-a increased by 1.4 times.

Enzyme-based extraction of pigments from vegetables and
algae is a potential alternative to conventional extraction
methods. Therefore, Ozkan and Bilek'*" analyzed the effect of
enzyme concentration treatment, temperature, and time on
total chlorophyll content (TCC) present in spinach. These
authors concluded that enzyme-assisted extraction of zinc-
chlorophyll derivatives from spinach pulp under optimized
conditions (8% enzyme concentration, 45 °C, and 30 min) had
a significant increase in the yield by 39%.

Functional and Bioactive Properties of Chlorophylls.
As mentioned above, chlorophyll is a very important bioactive
compound present in vegetables and algae. This biomolecule
has several properties as color pigment as well as its
physiological role in plants."** Additionally, chlorophyll has
been related with several health benefits as a nutraceutical
agengﬁwith antioxidant, antimutagenic, and anti-inflamma-
tory.

The antioxidant activity of chlorophylls and chlorophyll
derivatives has been the subject of several in vitro
studies.">*™"*” Thus, Lanfer-Marquez et al."** reported that
chlorophyll-a obtained from spinach leaves showed lower
antioxidant capacity measured with the S-carotene bleaching
method than that the chlorophylls derivatives including
pheophorbide-a, pheophytin-b, pheophorbide-b, and Cu-
chlorophyllin with values of inhibition ranging between 42%
and 85% at concentrations of 200 mg of BHT equivalents/kg.
In a similar work, Hsu et al."*’ studied the antioxidant activity
of chlorophyll-a and chlorophyll-b extracted from spinach
leaves as well as the chlorophyll derivatives using the DPPH
radical scavenging assay. They found that chlorophyll
derivatives had higher antioxidant activity than chlorophylls.
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Thus, at concentrations of 200 yM chlorophyll derivatives
showed scavenging effects around of 50% while chlorophylls
were around 40%. Similarly, Kang et al."*® analyzed the
antioxidant activity of chlorophyll and chlorophyll derivatives
including pheophytins and zinc-pheophytins extracted from
spinach leaves using a DPPH radical scavenging assay and f-
carotene bleaching test. They reported that in the DPPH assay,
zinc-pheophytins had the higher antioxidant capacity (22.09%)
followed by chlorophylls (13.89%) and pheophytins (12.79%),
nevertheless all values were lower than Trolox (29.49%) which
was used as a positive control. For inhibition of the -carotene
bleaching test, zinc-pheophytins showed the higher antioxidant
activity (66.43%) followed by chlorophylls (49.63%), BHT
(31.75%) used as positive control, and finally pheophytins
(13.44%).

Numerous works have been conducted to assess the
effectiveness of chlorophylls and chlorophylls derivatives as
an antiproliferative, anti-invasive, and pro-apogtotic agent in
several cancer cell lines and animal models."**"*® Therefore,
Cheng and Lee'*® informed that three pheophorbide
compounds, which are produced by the breakdown of
chlorophyll isolated from the leaves and stems of Clerodendrum
calamitosum, demonstrated strong cytotoxicity against human
lung carcinoma (AS549), ileocecal carcinoma (HCT-8), kidney
carcinoma (CAKI-1), breast adenocarcinoma (MCEF-7),
malignant melanoma (SK-MEL-2), ovarian carcinoma (1A9),
and epidermoid carcinoma of the nasopharynx (KB). de Vogel
et al. (2005)"*? reported that rats which were fed with spinach
showed a chlorophyll concentration of 1.2 mmol/kg reduced
the formation of cytotoxic heme metabolites and decreased the
colon cancer risk.

In reference to anti-inflammatory properties, Kang et a
reported that chlorophyll and chlorophyll derivatives including
pheophytins and zinc-pheophytins extracted from spinach
significantly suppressed the lipopolysaccharide-induced nitric
oxide production in RAW 264.7 cells in a dose-dependent
manner. The tested Zn-pheophytin concentrations did not
show cell toxicity.
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B CONCLUSIONS

Globally, there has been a significant rise in the amount of food
waste generated because of increased industrial food
production to meet the consumer demand. These food wastes,
particularly fruit and vegetable byproducts, are potential
sources of natural pigments including carotenoids, anthocya-
nins, betalains, and chlorophylls. Incorporation of natural
pigments in food products would improve the appearance of
food products in addition to providing potential positive effects
on human health. Therefore, recovery of natural pigments from
food wastes is important for both economical and environ-
mental reasons. Conventional methods that are used to extract
natural pigments from food wastes are time-consuming,
expensive, and unsustainable. In addition, natural pigments
are sensitive to high temperatures and prolonged processing
times that are applied during conventional treatments. To
overcome these limitations, several novel food processing
approaches have been applied to recover natural pigments
from food wastes. Pulsed electric field, ultrasound-, micro-
wave-, and high-pressure-assisted-extraction methods are some
important examples of these novel food processing methods.
Extraction of natural pigments using novel food processing
technologies have several advantages including better isolation,
higher selectivity, reduced energy consumption, and low
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environmental impact. However, these methods also have
some limitations including high equipment cost, low possibility
of scale-up, and industrial applications. The polarity of the
natural pigment and sensitivity toward thermal treatment also
plays a critical role. In this respect, pulsed electric field
treatment could be suitable for the extraction of less polar
natural pigments, while high-pressure-assisted extraction could
be useful for heat sensitive pigments. In most cases,
ultrasound-assisted extraction is considered a suitable pretreat-
ment.

Opverall, there is a need for replacement of conventional
extraction methods with novel approaches. However, as
mentioned above, investment on new equipment is a challenge
and each emerging innovation requires considerable examina-
tion. This would lead to high-cost investments and industrial
risks. On the other hand, depending on the context, these
challenges may turn out to be advantageous as nowadays
consumers demand products with high sensorial quality, which
could be achieved using the novel food processing approaches.
Another challenge for future research involves the clarification
of legislative status. This issue may be hard to handle as the
manufacturer needs to ensure that the product produced with
the novel food processing method conforms to the conven-
tional processes. Furthermore, for the commercialization of
these products, there is a need for approval and certification
regarding the fact that the pigments still maintain the desired
bioactive properties despite the fact that they are recovered
from the food waste.
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