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ABSTRACT

Carotenoids represent a large group of mainly red, orange, and yellow natural metabolites mainly involved in
regulation of many metabolic processes. Carotenoids are beneficial for human health. Current study describes
the importance, chemical composition and functioning of carotenoids. It is well known that carotenoids support
pigments acting in light absorbance mechanisms during photosynthesis, and are known to protect the chlorophyll
molecules from oxidative stress and reactive oxygen species (ROS) damage. Carotenoids are involved in signaling
processes in plants, responses to environmental stresses, pollination, germination and reproduction, and develop-
ment regulation. As nutrients of strong antioxidant activity that is primarily linked to their polyene molecular
structure, the carotenoids are reported as immune-enhancement and anticancer agents, which are also involved
in prevention of eye-, gastric and neurocognitive disorders, and in regulation of obesity and anti-ageing. Concern-
ing the wide prospective applications of carotenoids as pharmaceuticals and nutraceuticals, there are some critical
aspects associated with carotenoids’ bioavailability and challenges in their bioengineering. This mostly refers to
the needs for identification and cloning of genes responsible for carotenoid biosynthesis and transformation
and related development of transgenic carotenoid-rich crops. In the recent years, technologies of micro- and
nanoencapsulation have addressed the needs of carotenoid entrapping to enhance their bioavailability, solubility
and chemical stability, and to ensure the target delivery and manifestation of their strong antioxidant and other
biological activity. Among standard and some advanced analytic tools for carotenoid determination (e.g., High
performance liquid chromatography-HPLC, Liquid chromatography-mass spectrometry-LC-MS, Ultra high per-
formance liquid chromatography-UHPLC, High-performance thin-layer chromatography-HPTLC and others),
the vibrational spectroscopy techniques, primarily Raman spectroscopy coupled with chemometric modeling,
opened a new era in carotenoid research and application.
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1 Introduction

Bioactive molecules present in horticultural crops are widely studied for their beneficial prophylactic
and curative effects on the ability to regulate different metabolic processes. Carotenoids comprise a class
of natural pigments formed from eight molecules of isoprenoids, the unit blocks of five carbon atoms.
Carotenoids are characterized by hydrocarbon polyene chain ending with rings which provide different
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coloration, i.e., yellow, red and orange [1]. Carotenoids are produced by plant and microbial cells. The
biosynthesis and transformation of carotenoids is regulated during the entire life cycle of a plant, which
results in significant changes in carotenoids content and composition depending on the developmental
needs and responses to environmental stimuli [2]. Enzymatic cleavage of carotenoids results in
occurrence of smaller molecules, the apocarotenoids, of some act as important bioactive metabolites in
both plants (hormones and signaling molecules) and animals (retinoids) [3]. Carotenoids and their
derivatives have an essential importance in photosynthetic organisms in processes of photosynthesis,
signaling and stress-related responses, in addition to the role in plant pollination, reproduction and
dispersal. There are currently over a thousand of identified carotenoids, about 40 of which are regularly
represented in human nutrition [4]. Lately, carotenoids have been widely researched and acknowledged
for their health-related benefits, mostly linked to their high antioxidant activity [5] resulting in their
extensive utilization in food, cosmetics, pharmaceutical and nutraceutical industries (Fig. 1). Carotenoids
exhibit a range of functions in human health; for example B-carotene has a pro-vitamin A function,
whereas lutein/zeaxanthin form macular pigment of the eye [6]. There is strong evidence of their role in
improvement of cardiovascular, immune and skin disorders, as well as in the anticancer prophylaxis [7].
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Figure 1: Role of carotenoids in plant and human health with advantages of their determination by Raman
spectroscopy
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Due to high chemical instability and low solubility and bioavailability, the application of encapsulated
carotenoids is recommended for functional foods, fortified food colorants, and various cosmetic products [8].
Encapsulation techniques are needed to protect the carotenoids from oxidation and to maintain their original
properties during processing, storage and intake, as well as to enable and enhance their health promoting
effects [9]. The global market value for carotenoids was estimated at USD 1,5 billion [10]. Natural
carotenoid market is anticipated to achieve significant gain of over 4.5% by 2024, due to growing
demand for natural food colorants and additives. Moreover, there is a strong increase in the demand for
encapsulated and microcapsulated products estimated at 34 and 12,5 billion US $, respectively, with a
share of 400-500 million for carotenoids [11]. However, so far most of the market needs have been met
by chemical synthesis and to a minor extent by extraction from natural sources, despite resources in
carotenoid-rich plants and the fact that natural carotenoids are more stable and have more expressed
biological activity as compared to the synthetic carotenoids [2]. There is a great potential in
bioengineering and application of carotenoids in agriculture, food, and pharmaceutical industries.

2 Chemical Structure and Biosynthesis of Carotenoids

Carotenoids are known as an evolutionary old group of molecules exhibiting various roles in plants
growth and development. In addition to photosynthetic organisms, such as some photosynthetic bacteria,
algae and plants, the carotenoids are also synthesized by archaea, non-photosynthetic bacteria and some
fungi [3]. However, the remarkable occurrence of particular carotenoids, i.e., astaxanthin in some marine
invertebrates, is linked to the ability of these animals to transform and/or accumulate ingested carotenoids
originally synthesized by several microalgae (primarily by Haematococcus pluvialis) or red yeast, the
Phaffia rhodozyma [12]. The term “carotene” was derived from the Latin word “carota” (meaning carrot),
reflecting the first isolation of one carotenoid in 1831 by Wackenroder, while “xanthophylls” are linked to
pigments of the yellowish autumn leaves discovered by Berzelius a couple of years later. The discovery
of the chemical structure of carotenoids required exactly one century and was acknowledged by the
Nobel prize rewarded to Paul Karrer and Richard Kuhn in 1937 and 1938, respectively [2].

Regarding the chemical structure, all carotenoids are classified into: a) carotenes, the hydrocarbon
carotenoids (e.g., lycopene, [-carotene, a-carotene) and b) xanthophylls, the oxygen containing
carotenoids, i.e., lutein, astaxanthin and zeaxanthin [13]. Polar groups, i.e., epoxy, keto and hydroxyl and
their combinations have capability to modify biological functions of carotenoids [14], while biological
behavior related to small chemical modifications is not still well understood. In fact, the high chemical
diversity of carotenoids is caused by chemical alterations of the core structure, including the shifting of
conjugated double bonds and the addition of different functional groups in the terminal rings of a
molecule (Fig. 2) [4]. Apart from the long chain carotenoids (40 and > 40), there is a group of so called
apocarotenoids (<C,4 ) derived by enzymatic modification reflecting the oxidative cleavage at specific
double bonds of the parent carotenoid molecule [15].

Carotenoids are mostly synthesized in algal and plant chloroplasts. In contrast to eukaryotes producing
C49 or Cyo-derived carotenoid molecules, the bacterial species produce all C45 and most of the Cs and Cs
carotenoids, while the rest of the identified forms are linked to archaea [3]. The biochemical pathway of
carotenoid biosynthesis begins with condensation of geranylgeranyl pyrophosphate (GGPP), a precursor
of the methylerythritol (MEP) pathway, resulting in production of the C4l5-cis-phytoene, further
undergoing a series of successive modifications such as desaturation and isomerization to form lycopene,
which is later cyclized to carotenes, and carotenes by oxygenation to xanthophylls [16].
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Figure 2: Examples of carotenoids and some of their sources

The enzymes encoding the carotenoid biosynthesis are predominantly localized in the plant plastids,
referring to isopentyl pyrophosphate isomerase, phytoene synthase and geranylgeranyl pyrophosphate
synthase found in the plastid stroma, following with the thylakoid membrane enzymes, such as phytoene
desaturase, zeta-carotene desaturase, lycopene € cyclise and some others enzymes [2]. Apocarotenoids are
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synthesized due to the existence of carotenoid-specific cleavage oxygenases [17], such as CCD (carotenoid
cleavage dioxygenases) and NCED (9-cis-epoxycarotenoid dioxygenas, involved in biosynthesis of the
phyto-hormone ABA and other apo-carotenoids and their products [18].

The starting steps of the carotenoid biosynthetic pathway lead to appearance of about 40 carbon
phytoene intermediate products, undergoing the complex enzymatic processes, such as hydroxylation,
epoxidation, desaturation, cyclization, polyene cleavage, etc., resulting in occurrence of a range of
structurally different carotenoid products [19].

Carotenoids are characterized by remarkable coloration as a consequence of their chromatophoric
molecular structure able for high blue light absorption, although some colorless precursors contribute to their
overall chemical diversity [20]. Carotenoids are among the most vital colored phytochemicals, occurring as
all-trans and cis-isomers, and accounting for the brilliant colors of a variety of carotenoid-rich sources [21].

The color of carotenoids might be masked by chlorophyll in photosynthetic tissues but during
ontogenesis, maturation and ageing of plant body, the amount of carotenoids increases, because
of chloroplasts transition into chromoplasts [2]. Among several important features, first of all their
conjugated double bond system, the carotenoids are characterized by strong lipophilic nature and
their occurrence in a hydrophobic surrounding [22]. Carotenoids’ esterification with fatty acids increases
their lipophilic behavior, whereas interaction with proteins or sugars decreases it [3].

3 Role of Carotenoids in Plants

3.1 Photosynthesis and Antioxidant Activity

Photosynthesis is among the most crucial and most miraculous metabolic processes on the Earth,
performed by plants and some other photosynthetic organisms, i.e., algae and some bacteria. The final
results of photosynthesis are food and oxygen which are used by non-photosynthetic organisms.
Chlorophylls play pivotal roles in light absorption of the blue and red spectra, in energy capture, transfer
and charge separation during light-depending reactions of the photosynthesis. Apart from chlorophyll,
there are other important pigments in plants, such as carotenoids, betalains and anthocyanins. Together
with chlorophyll molecules, carotenoids are components of the photosystems I and II, acting as accessory
light-harvesting pigments, in addition to photoprotective functions and appearance as precursors for
biosynthesis of abscisic acid (ABA) and strigolactone [23,24]. Carotenoids involved in photosynthesis are
located in the chloroplast thylakoid membranes in green tissues and are connected with the reaction
centers and antenna complex of the photosystems I and II. In order to provide the right positioning for
efficient energy transfer, carotenoids are present in the form of pigment protein complexes. Photosystems
I and II are rich in B-carotene and lutein, respectively [25].

During the photosynthesis, carotenoids absorb and transfer the light energy towards chlorophylls.
Chlorophyll a is able to absorb the light of wavelengths at 430 and 662 nm, while chlorophyll b at 453 and
642 nm. Carotenoids, however, absorb the light at the wavelengths where chlorophyll molecules do not
respond, i.e., in the range of 460 and 550 nm, initiating the primary photochemical events of photosynthesis
[26]. In this way, carotenoids serve as an “extended arm” of the chlorophyll photosynthetic complex. The
energy and electron transfer reactions of the light phase of the photosynthesis are the result of reactions
performed by light harvesting antennae molecules (chlorophyll a and b and carotenoids) and reaction
centers (photosystem I and photosystem II) [27]. Out of the total of over 1000 naturally occurring
carotenoids, only approximately 50 participate in a light-harvesting role in photosynthesis [26].

Beside their function in photosynthesis as a light harvesting molecules, carotenoids have an important
photoprotective role, which is reflected in the ability to prevent photo-damage that occurs under conditions of
excess light [28]. If chlorophyll absorbs more energy than it could receive, there is a possibility of
overheating, disruption of the balance of light-dependent reactions and damage of photosystems, leading
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to formation of reactive oxygen species (ROS), such as singlet oxygen, superoxide anion radicals, hydroxyl
radicals and hydrogen peroxide [29,30]. Proteins, lipids and pigments of the thylakoid membrane may be
oxidized by this reactive species, which finally results in the destruction of the photosynthetic apparatus
[26]. Because of that, plants evolved several photo-protective strategies. Carotenoids (particularly the f-
carotene) are pivotal molecules in these strategies [31]. During sunlight radiation, beta carotene bound in
the photosystem II reaction centers is able to transfer an electron to P680+ when it is over-oxidized
preventing the harmful oxidation reactions that could damage the PS II [32]. The yield of singlet oxygen
is significantly increased if the number of beta carotene molecules bound per isolated complex is reduced
from two to one [33]. Therefore, carotenoids are involved in quenching the triplet chlorophylls and
scavenging the singlet oxygen and other ROS [34]. The energy level requirements mean that thylakoid
carotenoids should have more than eight conjugated double bonds to express the photoprotective ability.

During biosynthesis of carotenoids and chlorophylls and their subsequent binding to pigment-binding
proteins, these complexes should be precisely balanced in order to fulfill the photosynthetic demands
[35]. Carotenoids regulate the flow of energy within the photosynthetic apparatus and protect the
chlorophylls from photo-induced damage caused by excess of light absorption.

Along with beta carotene, the zeaxanthin is also known for its photo-protective role in photosynthesis,
according to reports on its role in regulation of photon harvesting and energy dissipation upon irradiance
stress [36]. De-epoxidation of zeaxanthin and violaxanthin leads to alterations in structure and properties
of these xanthophylls causing significant structural changes in the LHC and light harvesting complex [34].

The ability of carotenoids to scavenge ROS refers not only to the role in photoprotection of chlorophyll
and photosystems, but also to the involvement of carotenoids in responses of plants to environmental
stresses. ROS, particularly singlet oxygen, which is produced during stress conditions, can oxidize
carotenoids resulting in occurrence of different aldehydes, ketones, endoperoxides and lactones. These
products (e.g., volatile B-cyclocitral) are very reactive electrophile species which can induce changes in
gene expression and lead to responses to stress conditions [37].

3.2 Carotenoids and Plant Stress

Responses of plants to extra-optimal environmental factors imply expression of different tolerance
mechanisms, including biosynthesis and accumulation of different antioxidant molecules such as
carotenoids, capable to act as quenchers and scavengers of ROS, as well as dissipators of excess harmful
energy and the membrane stabilizers [38]. It was shown that particular carotenoid derivatives, such as
plant hormones ABA and strigolactones, and apocarotenoid volatiles, mainly the B-cyclocitral and -
ionone play important roles in stress tolerance of plants [39].

Production and alterations in the content of carotenoids and their products under stress conditions is very
complex and primarily dependent on the concentration of soluble sugars and H202 production as result of
photosynthesis and photorespiration rates, respectively [40].

The increase of carotenoids upon stress induction is probably linked to activation of the xanthophyll
cycle which can be induced by high light intensity, hypersalinity and drought [41]. The rise of
carotenoids and luteolin-7-O-glucoside was noticed in bell pepper cultivars exposed to UV-B radiation
and low temperature stress [42]. Salinity stress lead to a significant increase in lycopene content in
tomato [43]. Water stress has induced the significant increase in carotenoids content which was observed
for several species, including the olive trees for example [44]. It is thought that accumulation of the
zeaxanthin may be response to different abiotic stresses [45]. Increase in zeaxanthin and antheraxanthin,
and the corresponding decrease in violaxanthin were correlated with high light intensity in microalgae
[46]. However, exposure to environmental stresses may also diminish the content of carotenoids. Water
deficiency caused a reduction in carotenoids concentration in different crops, as was shown for wheat
[47], similarly to effects of salinity stress which was reported for chickpea [48] and beans [49].
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Transcription of carotenoid genes is up regulated under abiotic stresses by red-ox balance mediation [40].
The homeostasis and antioxidant activity of carotenoids are linked with the expression of the multifunctional
Orange (Or) protein, which was confirmed in studies with transgenic tobacco lines exhibiting increase in
carotenoids content under drought, heat, salt, and methyl viologen-mediated oxidative stress [50].

3.3 Other Roles in Plants

In addition to key roles in photosynthesis, photoprotection and response to environmental stress,
carotenoids are involved in interactions with pathogens and symbiotic organisms [23]. Moreover, these
pigments play important roles in germination, photomorphogenesis, fruit development and different
signaling and regulatory processes [51]. It was shown that apocarotenoids of plants serve as visual or
volatile signals to attract pollinators, provide allelopathic interactions, enable plant defense and seed
dispersal [52] and act as feeding deterrents in plant-herbivorous insect interaction [53].

Carotenoids are very abundant in flowers and fruits conferring yellow, orange and red colors to attract
insects and animals for pollination or seed dispersal [51,54]. Carotenoids as attractants are accumulated in the
chromoplasts in a significant amount [55]. The methylerythritol pathway of carotenoid biosynthesis is also
activated in case of production of some volatile apocarotenoids, involved in pollinator attraction [56], as
reported for the cyclohexenone and mycorradicins derivates [57]. Since chromoplasts are crucial for
accumulation of attractant-related roles of carotenoids, the regulation of chromoplast biogenesis is an
important aspect in carotenoid production [58]. During enzymatic oxidation of carotenoids some
signaling molecules are produced. The ABA hormone is involved in regulation of early embryo
development, stomatal regulation, seed germination and stress tolerance responses, and it is derived from
the enzymatic oxidation of the xanthophyll neoxanthin [59]. Carotenoid-derived strigolactones are known
as terpenoid lactones constituting a class of hormones which were initially reported as signal molecules in
establishment of plant-microbial symbioses, arbuscular mycorrhizae and parasitic seed germination [60].
Strigolactones were further evaluated for regulation of shoot development and branching [61], and
coordination of shoot and root development [62]. It is known that carotenoids which contain polar groups
at the two ends of the molecule (xanthophylls) are localized in the membrane bilayer forming hydrogen
bonds with the hydrophilic groups of lipids [63]. These interactions between xanthophyll molecules and
membrane lipids result in a decrease in membrane fluidity, an increase in membrane thermo-stability, and
a lowered susceptibility to lipid peroxidation [37], which points out some additional functions of
carotenoids at subcellular organizational level.

Accumulation of carotenoids in plastids, mainly chromoplasts, is very complex and dependent on
transcriptional and post-translational control of biosynthesis pathways, carotenoids’ degradation and
transformation, as well as the influence of regulatory networks of different metabolic and physiological
processes [64].

3.4 Occurrence of Carotenoids and Carotenoid-Rich Plants

Carotenoids are predominately synthesized by plants, the fruits and vegetables represent their principal
sources. Dietary carotenoids are obtained from a number of foods, such as carrots, sweet potato, peach,
apricot, tomato, orange, pumpkin and many others. Generally, the type and intensity of a color are in
proportion with the composition and concentration of carotenoids, respectively [21]. Yellow-orange
vegetables and fruits are generally rich in B-carotene, in addition to a-carotene, and often the xantophylls,
while cryptoxanthin and zeinoxanthin can be frequently found in orange fruits [20]. Lutein and
zeaxanthin are present in green and dark green leafy vegetables, which also could contain significant
portions of B-carotene too [65]. The red and purple vegetables contain a significant amount of non-
vitamin A active carotenoids, where tomato and watermelon are major sources of lycopene [66], and red
paprika of capsanthin [67]. Different apocarotenoids are typical for saffron plants, for example [68,69]. In
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general, the content and types of carotenoids are dependent on genotype, maturation phase, cultivation and
climatic conditions, as well as postharvest and processing practices [20]. However, the composition and order
of the most represented carotenoids in carotenoid-rich sources, is a species-specific feature (Tab. 1).

Tab. 1 shows the list of some edible plants rich in carotenoids (43 species totally).The most dominant
carotenoids (minimum 1 and maximum 5) are presented in the table. The most frequent carotenoids were
beta-carotene (in 33 species), lutein (in 16 species) and zeaxanthine (in 14 species). Among the less frequent
the following could be stated: mutatoxanthin, picrocrocin, sapotexanthin, neurosporene, mimulaxanthin.

Table 1: The most dominant carotenoids in plants

Plant name Family

Common name

Carotenoids

Reference

Aiphanes aculeata Willd. Arecaceae

Daucus carota L. Apiaceae

Averrhoa carambola L. Oxalidaceae

Brassica rapa L. Brassicaceae

Capsicum annuum L. Solanaceae

Carica papaya L. Caricaceae

Citrullus vulgaris Schrad. Cucurbitaceae

Rutaceae

Citrus paradisi Macfad.

Citrus reticulata Blanco

Citrus sinensis (L.) Osbeck

Corozo

Carrot

Star fruit

Field mustard

Paprika

Papaya

Watermelon

Grapefruit

Mandarin orange

Orange

Zeaxanthin

B-Carotene
a-Carotene
y-Carotene
Lutein
15-cis-B-carotene

Phytofluene
(-Carotene
B-cryptoflavin
Mutatoxanthin
B-Carotene
Lutein
Capsanthin
B-Carotene
B-Cryptoxanthin
Zeaxanthin
Capsorubin
Lycopene
B-Carotene
B-Cryptoxanthin
B-Carotene
Neoxanthin
Lycopene
Phytofluene
Phytoene
B-Carotene
Lycopene
(-Carotene
Phytofluene
Violaxanthin
B-Carotene
a-Carotene
Lutein
B-Cryptoxanthin
a-Carotene
B-Carotene
Neoxanthin

Phytoene

[70]
(711

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]

(Continued)
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Table 1 (continued).
Plant name Family Common name Carotenoids Reference
Citrus unshiu (Yu.Tanaka ex Swingle) Satsuma Mandarin  B-Cryptoxanthin [81]
Coffea Arabica L. Rubiaceae Arabica coffee Zeaxanthin B-
Carotene
B-Cryptoxanthin (82]
Zeaxanthin
Coffea canephora Pierre ex a Froehner Robusta coffee B-
Carotene
B-Cryptoxanthin
Zeaxanthin
Crocus sativus L. Iridaceae Saffron Crocin [83]
Safranal
Picrocrocin
Cucumis melo L. Cucurbitaceae Muskmelon B-Carotene [84]
Cucurbita maxima Duchesne Pumpkin B-Carotene [85]
Zeaxanthin
Lutein
Diospyros kaki Thunb. Ebenaceae Kaki Zeaxanthin [86]
Cryptocapsin
Lycopene
B-Carotene
Elaeis spp. Arecaceae Oil palm B-Carotene [87]
Helianthus annuus L. Asteraceae Sunflower Lutein [88]
Antheraxanthin
Zeaxanthin
Violaxanthin
Ipomoea batatas (L.) Lam. Convolvulaceae Sweet potato Lutein [89]
B-Carotene
Zeaxanthin
a-Carotene
Lactuca sativa L. Asteraceae Cultivated lettuce Lutein [90]
B-Carotene
Lamium montanum Pers. Lamiaceae Yellow Archangel Mimulaxanthin [o1]
Lycium barbarum L. Solanaceae Goji berry Zeaxanthin [45]
B-cryptoxanthin
-Carotene
Lycium chinense Mill. Chinese boxthorn B-Carotene [92]
a-Carotene
Lutein
Zeaxanthin
Lycopene
Mammea Americana L. Calophyllaceae Mamey Apo-10'-B-carotenol [93]
Mangifera indica L. Anacardiaceae Mango B-Carotene [94]
a-Carotene
Lutein
Oryza sativa L. Poaceae Rice Lutein [95]
B-Carotene
Zeaxanthin

(Continued)
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Table 1 (continued).

Plant name

Family

Common name

Carotenoids

Reference

Panicum maximum Jacq.

Passiflora edulis Sims

Phaseolus vulgaris L.

Physalis alkekengi L.

Pleioblastus chino (Franchet et Savatier) Makino

Polygonum hydropiper L.

Pouteria sapota (Jacq.) H. E. Moore & Stearn

Prunus domestica L.

Prunus armeniaca L.

Prunus persica (L.) Batsch

Prunus salicina Lindl.

Rosa canina L.

Solanum lycopersicum L.

Spinacia oleracea L.

Vitis vinifera L.

Zea mays L.

Passifloraceae

Fabaceae

Solanaceae

Poaceae

Polygonaceae

Chrysophylloideae

Rosaceae

Rosaceae

Rosaceae

Rosaceae

Rosaceae

Solanaceae

Chenopodiaceae

Vitaceae

Poaceae

Millet

Passion fruit

Green beans

Chinese lantern

Bamboo

Water-pepper

Mamey sapote

Common plum

Apricot

Peach

Chinese plum

Dog-rose

Tomato

Spinach

Grape vine

Corn

Lutein 3-acetate

Phytoene
Phytofluene
{-Carotene
Neurosporene
B-Carotene
B-Carotene
Zeaxanthin
B-Cryptoxanthin
Lutein
B-Carotene
Lutein 3-acetate
Lutein
B-Carotene
Lycopene
Sapotexanthin
Cryptocapsin
Capsoneoxanthin
B-Carotene

B-carotene
y-Carotene
B-Cryptoxanthin

B-Cryptoxanthin
B-carotene

B-Carotene
B-Carotene
Lycopene
Lycopene
Neoxanthin
Lutein
a-Carotene
B-Carotene
B-Carotene
Lutein
Violaxanthin
Neoxanthin
Lutein
B-Carotene
Zeaxanthin
Violaxanthin
B-Carotene
a-Carotene
B-Cryptoxanthin
Lutein

Zeaxanthin

[96]
[97]

(98]
[99]

[96]
[100]

[93]

[101]
[102]

[103]

[104]
[105]

[106]

[107]

[108]
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4 Carotenoids and Human Health

Carotenoid-rich sources, mainly fruits and vegetables, have received a lot of attention recently due to
health-related benefits expressed after their regular consumption. Carotenoids are associated with
enhancement of the immune system functions and lower risk of developing degenerative chronic diseases,
such as age-related macular degeneration, type 2 diabetes, obesity, neurological and cognitive disorders,
and osteoporosis [5,7]. Deficiency of carotenoids leads to clinical signs of different corneal aberrations,
including night, scarring and irreversible blindness, in addition to other eye disorders [109].

Patients with Crohn’s disease and celiac disease have irregular carotenoid levels in blood and certain
tissues [110]. Specific dietary recommendations and increased intake of carotenoids is required in case of
gastrointestinal disorders [4]. According to the World Cancer Research Fund (WCRF), the intake of
carotenoids may reduce cancer risk. The complex anticancer properties of carotenoids are associated with
phosphorylation and activation of major signing kinase, modulation of cellular pathways of Nrf2 and
NF-xB transcription factors, apoptosis, cell cycle progression, gap junction intercellular communication
(GJIC) and angiogenesis [3,10]. It should be stressed that carotenoids are known as anti-ageing agents, the
skin photoprotectants and providers of various cosmetic benefits [111]. It is generally assumed that favorable
biological effects of carotenoids mainly refer to their provitamin A activity and strong antioxidant properties.

The immune-boosting and prophylactic anticancer effects of carotenoids are most likely linked to their
high antioxidant property and ability to reduce the DNA damage induced by reactive oxygen species.
Carotenoids are known as antioxidant molecules able to scavenge ROS thanks to polyene backbone with a
series of conjugated double-bonds system stabilizing the unpaired electrons after radical quenching [112].
The antioxidant capacity of carotenoid molecule depends on the number of double-bonds in their backbone.
Consequently, the lycopene, a-carotene and B-carotene are strong antioxidants and they were the most
frequently reported as carotenoids able to lower risks of carcinogenesis of different human organs [113].

5 Bioavailability of Carotenoids

Bioavailability of a nutrient includes two interconnected subsets: the bioaccessibility and the bioactivity.
The concept of bioaccessibility is defined as the quantity or fraction that is released from the food matrix in
the gastrointestinal tract and able to be absorbed, while bioactivity refers to the processes of a nutrient
entering into systemic circulation, its transportation to the target site, resulting in expression of various
metabolic and physiological effects [114]. In general, carotenoids are unstable molecules sensitive to
light, temperature and extreme pH in the presence of oxygen. Low bioavailability of carotenoids
represents a limitation in expression of their potential bioactivity, since bioaccessibility, absorption, and
transformation of highly lipophilic compounds are rather low being linked with their weak solubility and
sensibility to gastrointestinal fluids [10]. The bioavailability of carotenoids is mainly dependent on
carotenoid type, heat treatment, presence of lipids and their interaction [115]. Some processing conditions
could induce trans-to-cis carotenoid isomerization. For example, all food trans-B-carotene, which is
highly unstable, immediately undergoes isomerization, chemical and thermal oxidation, and
photosensitization when exposed to light or high temperature [20,65]. The absorption efficiency of
carotenoids is also influenced by food matrix and food formulation [116].

6 Raman Spectroscopy and Carotenoids

Raman is a vibrational spectroscopy technique based on the interaction of high-energy light radiation
with molecular vibrations. Raman spectra and images can be used to evaluate physical, chemical,
biological [117,118] and sensory properties [76] of food and agricultural products. Current analytic tools
for carotenoid determination include HPLC, HPTLC, LC-MS, UHPLC, Orbitrap MS, NMR, etc. [20,35].
All these methods require application of specific and often long extraction procedures, facing high
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sensitivity of carotenoids and their fast degradation by isomerisation and oxidation. Furthermore, these
techniques cannot meet the demand for in sifu, fast and multiple analyses as compared to modern optical
sensing technologies. Raman spectroscopy allows identifying the species, content and distribution of
carotenoids in biological systems, in addition to ability to recognize the isomeric forms [119].

Raman spectroscopy or spectral microscopy has become increasingly common in various fields of
research in recent decades due to its many positive characteristics: a) a small amount of sample is needed;
b) the sample is not damaged during measurement; ¢) measurement can be done in a very short time; d)
measurement can be repeated several times as needed; ) sample can be used in any physical state, etc.

The application of Raman spectroscopy in solving biochemical problems emerged in the eighties of the
20th century. Carotenoids have shown to be suitable for this type of analysis because vibrational spectra can
be obtained even at very low sample concentrations, even if the chromophores are located in a very complex
system [120].

Carotenoid molecules are among the most efficient Raman scatterers [121]. Carotenoids are strongly
colored as they have an allowed m-m* transition occurring in the visible region. When the laser
wavelength coincides with the m-m* (S-Sg) electron transition, Raman spectra are obtained [122].
Functional groups of molecules can be identified by their unique pattern of light scattering, called the
Raman spectrum, with a signal intensity being proportional to its relative concentration in the sample.
Plant tissues contain enzymes and coenzymes that can be absorbed in the visible spectral range, inducing
fluorescence that can overlap with Raman carotenoid signals [123]. Raman spectra of carotenoids show
strong bands in the range of 1500-1550 cm™ ' and in the range of 1150-1170 cm ' due to C = C (v;) and
C-C vibrations (v,) in the polyene chain. C-CH; deformation also occurs, which is denoted by v; and
occurs in the range of 1000-1005 cm™' (Fig. 3). Raman spectroscopy was applied for non-destructive and
simultaneous determination of carotenoids of very different samples, such as human skin [124,125] and
tomato fruit [126] using laser excitations in the visible part of the spectrum (488-514.5 nm). Such
experiments enabled rapid resonant signal amplification, but didn’t allow discrimination between
lycopene and beta carotene for example. All bands of both carotenoids were observed at the same wave
numbers (1525, 1159, 1008 cm ') [124—126]. However, the use of FT-Raman spectrophotometers with
near-infrared excitation (1064 nm) provides discrimination between lycopene (1510 cm ') and beta-
carotene (1520 cm ') [127]. Therefore, FT-Raman spectroscopy is suitable for simultaneous
determination of different carotenoids in carotenoid-rich sources compared to standard Raman
spectroscopy tools [128].

Schulz et al. [129] used the Raman spectroscopy technique to map carotenoids in carrot tissues. They
concluded that B-carotene accumulates in the secondary phloem and gradually increases from the
periderm to the cortex, whereas a- carotene and lycopene were stored in younger cells and throughout the
secondary phloem, respectively. FT-Raman spectroscopy is also used for in situ analysis of carotenoids in
red pepper, nectarine, pumpkin, corn seed and apricot [35].

Application of Raman spectroscopy represents the alternative method in analyses and determination of
carotenoids in different samples. It is characterized by speed, simplicity, safety, low operating costs, and non-
destructiveness [125,126] and therefore spectra can be obtained directly from the sample without prior
carotenoid extraction [130]. In addition to the standard analytics, the frequently used techniques for
carotenoids determination refer to FT-Raman (Fourier Transform-Raman Spectroscopy Measurements),
ATR-IR (Attenuated Total Reflection Infrared Spectroscopy) and NIR (Near Infrared Spectroscopy) [128].
These methods exhibit a high correlation with the results obtained by the HPLC and other standard
analytic methods [35].
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Figure 3: Raman carotenoid spectra of Capsicum anuum fruit (red bell pepper local Balkan variety in full
ripening phase (original authors’ unpublished data); strong bands most likely associated with the capsanthin

Since Raman spectra from biological samples are complex and diverse, the interpretation of such data is
difficult. In order to overcome some difficulties and to obtain meaningful information, multivariate
chemometric analysis is performed. The first step in multivariate analysis is pretreatment of data which
includes spike correction, wavenumber calibration, intensity calibration, smoothing, baseline correction,
outlier detection and normalization. After this, data reduction is performed and data are ready for further
modeling [131]. Data modeling in Raman-based carotenoid studies includes performance of both
unsupervised classification models such as Principal component analysis (PCA) and Hierarchical Cluster
Analysis (AHC) and supervised classification models such as Linear discriminant analysis (LDA) [132],
Partial least square discrimination analysis (PLS-DA) and k-nearest neighbors (KNN) [133]. In addition
to classification, regression models can be performed. The most used regression models are: Multiple least
regression (MLR) [134], Principal component regression (PCR) [134]. Artificial neural networks (ANN),
Soft independent modeling of class analogy (SIMCA) and Partial least squares regression (PLSR) [135].

7 Biotechnologies Linked with Application of Carotenoids

Modern biotechnologies, colloquially known as “omics”, are widely used in crop modifications aiming
to improve their stress tolerance and nutrient quality. There are two main strategies in overcoming the
problem of dietary carotenoid deficiency: a) bioengineering for enhancement of the nutritional carotenoid
value in staple crops, and b) encapsulation of carotenoids to prevent their degradation and low bioavailability.

Genetic engineering of carotenoid biosynthesis and induction of higher carotenoid accumulation are
beneficial for the nutritive improvement of vital crops, where system biology tools, including genome-
scale metabolic models with the computational tools, allow the identification of the candidate pathway
genes in a genome and characterization of the germplasm diversity [2]. Over the last few decades, range
of genes involved in carotenoid biosynthesis, accumulation and transformation have been cloned and
used to improve and increase the carotenoid content in different crops [3]. There are already some
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transgenic crops with enhanced carotenoid content, i.e., rice [136], tomato [137], sweet potato [138], and
some others, such as corn, canola, potato, soybean, tobacco, Arabidopsis and wheat [2].

Encapsulation of carotenoids is a relatively new technology relying on entrapment of the bioactive
ingredient inside a different polymer carrier(s), i.e., poly(lactic acid) (PLA) and its copolymers, poly
(lactide-co-glycolide) (PLGA); and poly(e-caprolactone) (PCL) [139], lipid-based carriers [140],
cyclodextrins, glycyrrhizin and arabinogalactan [141], which all are “generally recognized as safe”
(GRAS). Encapsulation of carotenoids is a promising approach using different micro- and nano-
encapsulation technologies, such as extrusion, homogenization, electrospinning/spraying, (nano) spray
drying, and emulsification [9]. Application of encapsulated carotenoids mostly refers to functional foods,
fortified food colorants, as well as use in cosmetics.

From nutritional perspective, the encapsulation of carotenoids is advanced technology mainly because
of the low bioavailability and low uptake (lower than 1%) of these micronutrients from fresh and processed
foods [142]. Encapsulation of carotenoids has two functions: (1) to enhance the oxidative stability, thermo
stability, photo stability, shelf-life, and degradation during processing, storage and digestion and (2) to
increase their bio-accessibility and ensure the target delivery for performance of desired biological
activity [139,143]. Recent advances in encapsulation of carotenoids with bio-polymeric (nano) carriers,
solely or in combination (in form of complex carriers), announce the new era of further novel
applications and appearance of new formulations and products [9].

8 Future Challenges and Concluding Remarks

Due to the fact that carotenoids have many health beneficial and nutritional effects, the interest for these
compounds and their application is gradually increasing. However, the only small portion of a number of
carotenoids and their cleavage products that have been already described is being studied in depth. In
fact, the mechanisms of carotenoids’ involvement in signaling and developmental processes in plants are
not fully understood, as well as the mechanisms related to prophylactic and health beneficial effects in
human. There is still many challenges in the field of carotenoid research and further use of new
biotechnologies for wider application of carotenoid-rich products. The data on nutritional needs and
appropriate supplementation, especially in studies of anticancer, chemoprotection and chemotherapeutical
effects of carotenoids are still controversial. Further studies on the safety of nano-encapsulated
carotenoids are crucial, as well as the understanding of their complex interactions with the cellular
systems and delivery mechanisms to the target sites. Genetic engineering, breeding, and research on
transgenic carotenoid-producing crops in addition to development of appropriate carriers for micro/nano-
capsulation of carotenoids will be the key approaches to meet the growing global demand for these
micronutrients. Recent achievements in encapsulation of carotenoids with biopolymeric (polysaccharides
and proteins), and lipid-based carriers (emulsions and liposomes) seem promising for innovative
developments in carotenoids application strategies. Finally, wider application of modern analytic tools,
first of all the vibrational spectroscopy, mainly referring to Raman (micro)spectroscopy coupled with
complex and advanced chemo-metric modeling, will enable more efficient, more comprehensive and
more accurate determination of carotenoids in different biological and food systems, which will further
facilitate the application of carotenoids as valuable pharmaceuticals and nutraceuticals.
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