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Abstract: Carotenoids are natural lipophilic pigments and antioxidants that are present in many fruits
and vegetables. The consumption of carotenoids is correlated with positive health effects and a de-
creased risk of several chronic diseases. Provitamin A carotenoids (β-carotene, α-carotene, γ-carotene,
and β-cryptoxanthin) are essential for the development and maintenance of sight. β-carotene, α-
carotene, zeaxanthin, β-cryptoxanthin, lutein, and lycopene have high antioxidant activity and
promote free radical scavenging, which helps protect against chronic diseases. However, carotenoids
are chemically unstable and prone to oxidation in the presence of light, heat, oxygen, acids, and
metal ions. The use of carotenoids in the food industry is limited due to their poor solubility in water,
bioavailability and quick release. Encapsulation techniques, such as microencapsulation, nanoencap-
sulation and supercritical encapsulation, are used to overcome these problems. The objective of this
paper is to describe the characteristics and potential health benefits of carotenoids and advances in
encapsulation techniques for protecting and enhancing their solubility or bioavailability.

Keywords: carotenoids; antioxidants; vitamin A; bioavailability; stability; carotenoid protection

1. Introduction

Carotenoids are a group of pigments found in fruits, flowers and vegetables, such
as tomato, carrot, pineapple, papaya, marigold flower, sunflower, annatto, saffron, and
green leaves. They are responsible for yellow, orange, and red colors in plants, and are
used commercially as natural colorants and ingredients in nutritional supplements [1].

In recent years, studies of plant pigments have increased in importance, given their
provitamin A activity, and they have been classified as natural antioxidants and bioactive
compounds. Studies have shown evidence of their role in the prevention of chronic de-
generative diseases, cardiovascular diseases, cancer, macular degeneration and cataract
formation [2]. Carotenoids are involved in immune system modulation and cell communi-
cation, embryonic development, hematopoiesis and apoptosis, and possess antioxidant,
anti-inflammatory, anti-angiogenic and antiproliferative properties [3,4].

However, the use of carotenoids in the food industry is restricted due to their poor
water solubility, low bioavailability, chemical instability and high sensitivity to oxidation in
multiple environmental conditions, such as heat, light, oxygen, acids and metal ions [5].
To overcome this inconvenience, encapsulation techniques have been used to improve the
stability, solubility and bioavailability of carotenoids. Encapsulation has been used in the
food industry for more than 60 years to cover food ingredients, enzymes, cells or other
functional compounds in small capsules, to protect them from environmental conditions,
increase their shelf life, or to mask component attributes such as undesirable flavors [6].
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Therefore, the objective of this paper is to provide an overview of the nature and
characteristics of carotenoids, their use in food and medicine as antioxidants and health
promoters, and encapsulation techniques employed to protect them from degradation and
to improve their bioavailability and solubility.

2. Chemistry of Carotenoids

Carotenoids are a group of pigments, mostly of plant origin, responsible for the
yellow, orange and red colors in fruits and vegetables. All have antioxidant activity,
and some are precursors of vitamin A. Moreover, carotenoids have a role in intercellular
communication, immune system activation and disease prevention [3,7], and hence they
promote human health.

Carotenoids comprise eight repetitive units of isoprene, with cyclic or linear structures
at both ends of the carbon chains, resulting in multiple cis and trans isomers, with the
latter being more abundant in nature [8,9]. Carotenoids are classified into carotenes and
xanthophylls. Carotenes, such as α-carotene, β-carotene, γ-carotene, and lycopene [8], are
highly soluble in organic solvents and insoluble in polar solvents. In contrast, xanthophylls
are soluble in polar solvents (e.g., alcohols) and organic solvents (e.g., ether and hexane).
They are oxygenated derivatives of carotenes, forming alcohols, aldehydes, ketones, and
acids. Examples of xanthophylls are fucoxanthin, lutein and violaxanthin [8,9]. Figure S1
shows the chemical structures of several carotenes and xanthophylls.

Carotenoids are stored in plant tissues (plastids), such as chromoplasts (colored plas-
tids), amyloplasts (starch storage plastids) and elaioplasts (lipid storage plastids). In
fruits, flowers and roots, carotenoids are located in the chromoplast, whereas in grains
and oilseeds they are located in amyloplasts and elaioplasts, respectively [10]. In contrast,
xanthophylls are freely found in green plant tissues, whereas in fruits and flowers they are
found as esters of fatty acids [11].

The biosynthesis of carotenoids (Figure 1) takes place in the chloroplasts. Two
molecules of geranylgeranyl diphosphate (GGPP) are produced from isopentenyl py-
rophosphate (IPP) and dimethylallyl diphosphate (DMAPP), catalyzed by geranylgeranyl
pyrophosphate synthase (GGPS). After this, two molecules of GGPP are condensed into
phytoene by phytoene synthase (PSY). Subsequently, phytoene is desaturated into lycopene
by ζ-carotene desaturase (ZDS) and phytoene desaturase (PDS). Lycopene is cyclized into
α-carotene (α pathway) and β-carotene (β pathway), in reactions catalyzed by lycopene-ε
(LYC-ε) and β-cyclase (LYC-β), respectively. Xanthophylls are synthesized from carotenes;
lutein is formed by the action α-carotene ring-ε hydroxylase (CHY-ε) via the α pathway;
β-carotene is converted into β-cryptoxanthin via the β pathway, in a reaction catalyzed by
β-carotene hydroxylase (CHY-β), which also catalyzes its conversion into zeaxanthin. In
turn, zeaxanthin can be converted into violaxanthin by zeaxanthin epoxidase (ZEP); con-
versely, violaxanthin can be converted into zeaxanthin by violaxanthin de-epoxidase (VDE).
Finally, violaxanthin is converted into neoxanthin by neoxanthin synthase (NXS) [5,10,12].
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Figure 1. Carotenoid biosynthesis pathway in plants. Geranyl-geranyl pyrophosphate synthase 
(GGPS), phytoene synthase (PSY),  ζ-carotene desaturase (ZDS), phytoene desaturase (PDS), lyco-
pene ε-cyclase (LYC-ε), lycopene β-cyclase (LYC-β), α-carotene ring-ε hydroxylase (CHY-ε), β-car-
otene hydroxylase (CHY-β), zeaxanthin epoxidase (ZEP), violaxanthin de-epoxidase (VDE), and ne-
oxanthin synthase (NXS). 
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(fruits and vegetables). α- and β-carotene are usually found in carrot, orange, pumpkin, 
pepper, sweet potato, mango, and vegetable leaves, varying in color from yellow, orange, 
and red. Lycopene imparts a bright red color to food, and is the main carotenoid in toma-
toes, although it is also present in watermelon, guava, and papaya. β-cryptoxanthin is 
found in citrus fruit, melon, potato, guava and apple, giving them yellow and orange col-
ors. The isomers lutein and zeaxanthin are found together naturally in yellow corn and 
marigold flower, although they are also found in broccoli, pumpkin, pepper, vegetable 
leaves, seeds and legumes. The xanthophylls violaxanthin (yellow), capsanthin, and 
capsorubin (orange to red) are frequently found in paprika and pepper. Neoxanthin, char-
acterized by its yellow color, is a natural component of vegetable leaves. Bixin is the main 
component of annatto and is responsible for its characteristic red-brown color. Crocin is 
responsible for the yellow coloration of saffron [3,8–10]. 

Some carotenoids are found only in algae and seafood. Astaxanthin is responsible for 
the pink-red color of shrimp, salmon, and flamingo feathers, as it is naturally found in 

Figure 1. Carotenoid biosynthesis pathway in plants. Geranyl-geranyl pyrophosphate synthase
(GGPS), phytoene synthase (PSY), ζ-carotene desaturase (ZDS), phytoene desaturase (PDS), lycopene
ε-cyclase (LYC-ε), lycopene β-cyclase (LYC-β), α-carotene ring-ε hydroxylase (CHY-ε), β-carotene
hydroxylase (CHY-β), zeaxanthin epoxidase (ZEP), violaxanthin de-epoxidase (VDE), and neoxanthin
synthase (NXS).

3. Natural Occurrence of Carotenoids

More than 700 carotenoids have been identified, yet only 40 are included in the human
diet, with β-carotene, α-carotene, lycopene, β-cryptoxanthin, lutein, and zeaxanthin the
most common [13]. Carotenoid intake comes primarily from foods of plant origin (fruits
and vegetables). α- and β-carotene are usually found in carrot, orange, pumpkin, pepper,
sweet potato, mango, and vegetable leaves, varying in color from yellow, orange, and
red. Lycopene imparts a bright red color to food, and is the main carotenoid in tomatoes,
although it is also present in watermelon, guava, and papaya. β-cryptoxanthin is found in
citrus fruit, melon, potato, guava and apple, giving them yellow and orange colors. The
isomers lutein and zeaxanthin are found together naturally in yellow corn and marigold
flower, although they are also found in broccoli, pumpkin, pepper, vegetable leaves, seeds
and legumes. The xanthophylls violaxanthin (yellow), capsanthin, and capsorubin (orange
to red) are frequently found in paprika and pepper. Neoxanthin, characterized by its yellow
color, is a natural component of vegetable leaves. Bixin is the main component of annatto
and is responsible for its characteristic red-brown color. Crocin is responsible for the yellow
coloration of saffron [3,8–10].

Some carotenoids are found only in algae and seafood. Astaxanthin is responsible for
the pink-red color of shrimp, salmon, and flamingo feathers, as it is naturally found in krill
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and microalgae haematococcus pluvialis, which are consumed by small crustaceans (shrimp
and crawfish), fish (salmon), and birds (flamingo) [14,15], in that order. Fucoxanthin has a
characteristic brown color and is only found in microalgae and the chloroplasts of brown
algae [16].

The most abundant carotenoids in the Western diet include β-carotene and α-carotene
from carrot, pumpkin, apricot, pepper, mango, coriander and spinach [3,13,17,18]; lutein
from broccoli, pumpkin, spinach, corn, mango and papaya [3,13]; and lycopene from
tomato, guava, papaya and watermelon [3,13,17–20].

Britton and Khachik (2009) proposed a ranking of fruits and vegetables based on their
carotenoid levels, grouping the foods into the following categories: low level (0–1 µg/g),
moderate level (1–5 µg/g), high level (5–20 µg/g), and very high level (>20 µg/g). Table S1
lists the carotenoid levels of some common fruits and vegetables consumed in America.

Carotenoid composition and content in food are affected by many factors, such as
those inherent to the plant (variety, genotype and ripening stage), external to the plant
(harvest season, growth conditions, post-harvest treatment, handling, storage conditions,
plant diseases, and climatic conditions) [3,13].

4. Bioavailability of Carotenoids

Carotenoid bioavailability is defined as the fraction of carotenoid released from food
that is absorbed in the intestine and made available for physiological processes or stor-
age [13].

The nature of the food matrix containing carotenoids strongly affects their bioavail-
ability. Due to their hydrophobic nature and location in plant tissues (plastids), carotenoid
bioavailability in raw fruits and vegetables is limited. Therefore, carotenoids must be
released from the cellular matrix and incorporated into a lipid fraction (micelles) during
digestion to be absorbed [2].

Carotenoids are released from food mechanically by chewing, and chemically by the
action of digestive enzymes (amylases, lipases, pepsin) and hydrochloric acid in the stom-
ach [21]. These processes contribute to particle size reduction, thus increasing contact area
for pancreatic lipases, bile salts, and enzymes, such as pancreatic amylases, nucleosidases,
trypsinogen, chymotrypsinogen, carboxypeptidase, elastases, phospholipases, and car-
boxyl lipase ester, and the release of carotenoids and their incorporation into micelles [3,22].
Bile salts act as emulsifiers assisting with micelles formation and stabilization, whereas
lipases break down lipids into fatty acids and monoglycerides, encouraging emulsifica-
tion [22]. Micelles are absorbed into the enterocytes through passive diffusion or by binding
to receptor proteins in the apical membrane for easy diffusion [2].

After absorption, carotenoids are enclosed in chylomicrons and transported to the
bloodstream through the lymphatic system [7,17]. Once they have entered the bloodstream,
the carotenoids are transported to the liver, where they are either stored or metabolized
into vitamin A (only provitamin A carotenoids) by β-carotene binding oxygenases (BCO1
and BCO2). The rest are released back into the circulation and integrated into very low
density (VLDL), low density (LDL), and high-density (HDL) lipoproteins to be distributed
to other tissues, such as adipose tissue (vitamin A storage), skin and subcutaneous tissues
(carotenes and xanthophylls reserve), macula lutea in the retina (lutein, zeaxanthin, and
mesozeaxanthin), pancreas and vascular endothelium [22].

Carotenoid bioavailability is influenced by dietary factors, such as content and nature
of carotenoids, fat content in the diet, and the interaction between carotenoids and other
food components; and physiological factors, such as the rate of carotenoid absorption, nu-
tritional state, genetic factors, and metabolism [2,17]. For instance, dietary fiber, especially
soluble fiber, has been found to limit carotenoid availability as it affects the viscosity of
the gastrointestinal content, size of lipid droplets, availability of bile salts, and enzymatic
lipolysis of triglycerides [21]. Furthermore, Gul et al. [17] and Saini et al. [3] reported that
the bioavailability of β-carotene in plants is low because carotenoids are bound to protein
complexes, fibers, and cell walls, rendering them resistant to digestion and degradation,
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thus limiting their release. In contrast, several researchers have demonstrated the effect
of minerals on the bioavailability of carotenoids. Borel et al. [23] found that the bioavail-
ability of lycopene found in tomato paste is limited when ingested with 500 mg of calcium,
although the mechanism is not completely understood, and micelle formation may be the
limiting factor. Corte-Real et al. [24] found that the bioavailability of spinach carotenoids is
not affected by 500 mg and 1000 mg of calcium.

Adding fat to the food improves the bioavailability of carotenoids as lipids favor mi-
celle formation through the release of bile salts [2]. In this sense, Marriage et al. [25] showed
that plasma concentrations of lycopene and zeaxanthin are higher when carotenoids are
ingested with mono-and diacylglycerides (safflower oil) than when fat is not consumed.
Similarly, White et al. [26] studied the effect of soybean oil on the absorption and bioavail-
ability of carotenoids from spinach, lettuce, carrot, and tomato. The plasma concentrations
of α-carotene, β-carotene, lutein, and lycopene increased as the concentration of soybean
oil increased.

Thermal treatment affects both the cell wall and carotenoid content of plants, in turn
altering their bioavailability. Aschoff et al. [27] demonstrated that the bioavailability of
β-cryptoxanthin, zeinoxanthin and lutein in pasteurized orange juice is higher than in
fresh orange juice. In contrast, Vimala et al. [28] evaluated carotenoid content in sweet
potato undergoing different treatments (cooking, frying, oven-drying, and sun-drying).
Oven-drying (50–60 ◦C) maintained 90% of β-carotene in sweet potato compared to the
fresh product, whereas all other treatments decreased carotenoid content between 15%
and 30%. Odriozola-Serrano et al. [29] examined the effect of pasteurization and electrical
pulses on the carotenoid content of tomato juice. They found that tomato juice treated
with electrical pulses had a higher carotenoid content. Thus, pulse treatment is the most
efficient method of preserving carotenoid content and increasing their bioavailability
compared to the traditional treatment. In all previously cited examples, there is a decrease
in total carotenoid content; nevertheless, the bioavailability of carotenoids improves by
reducing dietary fiber, releasing cellular content, softening plant material, and reducing the
interactions between carotenoids and other food components. Thus, promoting both the
release of carotenoids and formation of micelles helps increase their absorption.

5. Use of Carotenoids

Carotenoids are bioactive compounds found in fruits and vegetables. A bioactive
compound is defined as a natural food ingredient of plant origin without nutritional value,
which when ingested produces positive health effects, promotes health, or exerts toxic
effects [30]. Carotenoids have been used as natural colorants and antioxidants due to the
presence of conjugated double bonds. However, some carotenoids are a source of vitamin
A, whereas others have been employed in the treatment or prevention or both of certain
diseases. This section will describe some of the major uses of carotenoids.

5.1. Colorants

Natural colors are extracted or isolated from natural sources (plants, animals, or
microorganisms) and some can be synthesized, yet all are exempt from certification as
they are recognized as safe (GRAS). Carotenoids are used as natural colorants as they are
derived mainly from vegetable sources and add yellow, orange, and red colors to foods.
Table 1 lists carotenoids used as natural colorants, exempt from certification.
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Table 1. List of carotenoids used as food color in the European Union and United States.

Carotenoids Food Additive Color
Approved Use In

Food Application [14,31]
EU [31] USA [32]

Carotenes or
β-carotene E160a Yellow to Orange Yes Yes

Soft drinks, juice, butter,
preserves of red fruits, vegetables
in vinegar or brine, jam, chesses,
candies, breakfast cereals, fats,

sausages, pates, bakery products,
precooked and smoked fish.

Carrot oil Yellow to Orange NR Yes Food generally.

Bixin and norbixin
from/or Annatto

extract
E160b Orange to Brown

Red Yes Yes

Dairy products and fermented
milk, butter, fats, breakfast cereals,

ice cream, desserts, custards,
candies, snacks, cheeses, smoked

fish, alcoholic beverages and
sausages.

Capsanthin and
capsorubin

from/or Paprika
oleoresin

E160c Red Yes Yes

Breakfast cereals, cheeses, creams,
sausages, surimi, preserves of red

fruits, instant soups, snacks,
smoked fish, pates, jams, jellies

and marmalades.

Lycopene or
tomato extract or

tomato concentrate
E160d Bright to Deep Red Yes Yes

Sauces, fermented milk products,
edible ices, seafood, snacks,

desserts, condiments, dietary
supplements, meat substitutes,

coating, fillings and decorations
of bakery products, soups,

chesses and flavored drinks.

β-Apo-8′-
carotenal E160e Orange Red to

Yellow Yes Yes

Orange and lemon soft drinks,
juice, nectars, shakes, cheese,
jams, jellies, marmalades and

precooked food.

Ethyl ester of
β-Apo-8′-carotenic

acid
E160f Orange Red to

Yellow Yes No

Orange and lemon soft drinks,
juice, nectars, shakes, margarines,

butter, pies, cereals, and
precooked food.

Flavoxanthin E161a Yellow No No Candies, yoghurts and dairy
products.

Lutein E161b Orange Red to
Yellow Yes Yes a

Jams, instant soups, creams,
yoghurts, cheese, seafood, soft
drinks, alcoholic beverages and

poultry feed.
Cryptoxanthin E161c Orange to Red No No Confectionary.

Rubixanthin E161d Orange to Red No No Confectionary.
Violaxanthin E161e Orange No No Confectionary.

Rhodoxanthin E161f Yellow No No Confectionary and ice cream.
Canthaxanthin E161g Orange No Yes a Fish and poultry feed.

Zeaxanthin E161h Orange to Red No No Confectionary.
Citranaxanthin E161i Yellow No No

Astaxanthin E161j Red Yes a Yes a Fish and poultry feed.

Saffron (Crocin) E164 Gold Yellow to
Orange NR Yes

Rice dishes, sausages, margarine,
butter, cheese, ice cream, alcoholic

and non-alcoholic beverages.
a Only in animal feed. NR: not reported.
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The food additive E160a, which is a mixture of carotenes or β-carotene, is obtained
commercially from carrot. In contrast, the food additive E160b is obtained from the seeds
of the Bixa orellana tree and annatto extract or the purified compounds bixin and norbixin
can be used as additives. Paprika extract is obtained from bell pepper (capsicum annuum)
and is composed of the carotenoids capsanthin and capsorubin. Lycopene is mainly
extracted from tomato. β-Apo-8’-carotenal is a carotenoid by-product obtained from
carotenes or isolated from plants. Ethyl ester of β-Apo-8′-carotenoic acid is a slightly
water-soluble derivative of β-Apo-8′-carotenal. Xanthophylls such as flavoxanthin, lutein,
cryptoxanthin, rubixanthin, violaxanthin and rhodoxanthin are extracted from the petals
of buttercup (ranunculus sp.), tagetes sp., physalis sp., rosa rubiginosa, viola sp. and
taxus baccata, respectively. Canthaxanthin is obtained from mushrooms, crustaceans,
shrimp waste, and flamingo feathers, although it can also be prepared synthetically from
carotene. Zeaxanthin is obtained mainly from vegetables belonging to Zea. Citranaxanthin
is mainly obtained synthetically, although it can be extracted from several dried plant
species. Astaxanthin is naturally extracted from krill, shrimp, crawfish, shellfish, and
crustaceans and biosynthesized in microalgae (H. pluvialis). The colorant E164, saffron
(crocus sativus L.), contains crocin as the main carotenoid component [14].

5.2. Vitamin a Activity

The nutritional value of carotenoids is primarily based on their activity as provitamin
A, meaning their ability to be converted into vitamin A [13]. Provitamin A carotenoids,
such as β-carotene, α-carotene, γ-carotene, and β-cryptoxanthin, are obtained from carrot,
spinach, sweet potato, and orange. However, carotenoid concentration is not the only factor
that determines the quality of nutritional source; bioavailability and ability to be converted
into retinol must also be considered [13,33]. Furthermore, sapotexanthin, cryptocapsin, and
β-Apo-8′-carotenal are also carotenoids with provitamin A potential [14,34].

Provitamin A carotenoids have a β-ionone ring, responsible for their role as retinol pre-
cursors, which is not present in other carotenoids such as lycopene, lutein, and zeaxanthin,
none of which possess provitamin A activity [35].

Vitamin A exists in three forms: retinal, retinol, and retinoic acid. Vitamin A, ob-
tained through diet, comes from plants (provitamin A carotenoids) or animals (retinol
esters). After intake, retinol esters are stored in tissues, mostly liver, or converted into
trans-retinaldehyde and trans-retinoic acid, by the action of alcohol and aldehyde dehydro-
genases, respectively [36].

The main source of vitamin A is β-carotene as it can transform into two retinol
molecules in the presence of oxygen by β-carotene 15,15′-monooxygenase [17]. This en-
zyme splits β-carotene into two trans-retinal molecules, which are either oxidized into
retinoic acid by retinal dehydrogenase or reduced into retinol by retinal reductase [37]. In
contrast, enzymatic cleavage of α-carotene and β-cryptoxanthin produces only one retinol
molecule [17].

Vitamin A is essential for the development and maintenance of sight, although it
plays other roles in the body, such as modulating gene expression, promoting embryonic
development, reproduction, cellular growth and differentiation, strengthening the immune
system, stimulating metabolic processes in the gastrointestinal tract, and reducing the risk
of cancer [13,17,37] (Álvarez et al. 2015; Gul et al. 2015; Olmedilla-Alonso 2017). Table 2
shows the vitamin A requirements for men and women at various stages of life.
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Table 2. Intake recommendations for Vitamin A [38].

Age
Recommended Dietary Allowances (µg RAE/Day)

Male Female

0 to 6 months 400 400
7 to 12 months 500 500

1 to 3 years 300 300
4 to 6 years 400 400

9 to 13 years 600 600

14 to 18 years 900
700

750 a

1200 b

19 to 50 years 900
700

770 a

51+ years 900 700
RAE: retinol activity equivalents. 1 µg RAE = 1 µg retinol = 12 µgβ-carotene = 24 µgα-carotene orβ -cryptoxanthin.
a Pregnancy. b Lactation.

Retinoic acid serves as a signaling molecule in vascular development and hematopoiesis
during the embryonic stage. Moreover, it is involved in the regulation and homeostasis of
the immune system, differentiation of T cells, movement of T cells into tissues, development
of antibody-dependent T cells, proliferation and differentiation of B cells, protection of B
cells from apoptosis by binding with toll-like receptor 9, modulation of granulocyte lineage,
differentiation of neutrophils, and treatment of cancer [36]. The use of trans-retinoic acid
with arsenic trioxide improves the lifespan of patients with acute promyelocytic leukemia.
Furthermore, trans-retinoic acid combined with interferon-α disrupts the metabolism
of CD38 malignant cells, increasing their sensitivity to anti-CD38 antibodies in T cell
leukemia [36].

According to Rubin et al. [39], multiple studies have established a relationship between
low plasma levels of retinol and retinol-binding protein (RBP) and inflammatory processes,
such as acute infections, chronic degenerative diseases, and trauma. Cser et al. [40] found
that levels of β-carotene, α-carotene, β-cryptoxanthin, and retinol are lower in children
with acute infections, compared to healthy children. These alterations are characterized by
elevated levels of interleukin-6, which induces the expression of genes coding for acute-
phase proteins, leading to decreased levels and synthesis of RBPs, thereby decreasing the
intake of carotenoids and vitamin A levels and accumulation [39].

5.3. Antioxidants

An antioxidant delays or prevents the deterioration, damage, or destruction caused
by oxidation. Antioxidants are capable of slowing, inhibiting or preventing the oxidation
of molecules by quenching free radicals and stabilizing the molecules [41]. Recent studies
suggest that carotenoids possess antioxidant activity, which helps protect against chronic
diseases, such as cataract, coronary heart disease, certain types of cancer, obesity and
asthma [7,22]. Carotenoids play a key role as electron-carriers and protectors of cells, tissues
and organs from damage induced by reactive oxygen species (ROS), reactive nitrogen
species (RNS), and lipid peroxides [3,42]. Free radical scavenging is carried out through
electron transfer (Equations (1) and (2)), adduct formation (Equation (3)), and the transfer
of hydrogen atoms (Equation (4)) [21,43].

Car + R•+ → Car•+ + R (1)

Car + e− → Car•− (2)

Car + ROO• → [Car− ROO]• + ROO• → ROO− Car− ROO (3)

Car[H] + R• → Car• + RH (4)
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β-carotene, α-carotene, zeaxanthin, β-cryptoxanthin, lutein, and lycopene have high
antioxidant activity and promote the removal of singlet oxygen (1O2), H2O2, nitric oxide
radical (NO•), and peroxynitrite anion (ONOO−) owing to their isoprenoid structure
(conjugated double bonds) [17,21,44]. Even though all carotenoids display antioxidant
properties, lycopene, astaxanthin, and β-carotene are more effective at removing singlet
oxygen compared to other carotenoids [11,43].

Numerous researchers have reported that carotenoids have antioxidant properties
under both in vitro and in vivo conditions. Pons et al. [45] have shown that β-carotene,
extracted from oranges, increases the resistance of the nematode caenorhabditis elegans
to oxidation. You et al. [46] showed that β-carotene and synthetic carotenoids (BAS and
BTS) can reduce ROS levels in C. elegans. Liu et al. [15] and Yazaki et al. [47] demonstrated
the antioxidant capacity of astaxanthin through the increased lifespan of C. elegans via
DAF-16 (a homolog of the mammalian transcription factor FOXO) mediated expression of
catalase and superoxide dismutase (SOD), which are components of the antioxidant defense
mechanism and the decreased production of mitochondrial ROS. Lashmanova et al. [48]
found that fucoxanthin (0.3–10 µM) increases the longevity of and oxidative stress resistance
in C. elegans.

The intake of antioxidants in combination is more effective than when taken alone in
preventing oxidative stress. Carotenoids are a part of the organism’s antioxidant system,
working in synergy with other antioxidants [43,49]. Milde et al. [50] revealed that the
combination of rutin (flavonoid) and lutein or lycopene decreases LDL oxidation compared
to effects achieved when antioxidants were used alone. Varakumar et al. [51] demonstrated
that mango wine made from the Alphonso variety is rich in carotenoids and phenolic
compounds and inhibits LDL oxidation in rats, displaying a greater effect than that achieved
with other mango varieties with lower carotenoid or phenolic levels. In both studies, a
clear relationship was observed between carotenoids and phenolic compounds, revealing
a synergic interaction between both antioxidants. In both cases, the complex mixture
of compounds in extracts or food matrix enhances the effectiveness of antioxidants by
synergistic interactions between the antioxidants [45,52].

A hypercaloric diet combined with a lack of physical activity, alteration in lipid
metabolism, and oxidative stress damage lead to lipid oxidation and accumulation of
ROS [53,54]. As the generation of free radicals during lipid oxidation leads to cell mem-
brane damage, LDL oxidation is a key factor in the development of both atherosclerosis
and coronary heart disease [21,50]. The intake of β-carotene, astaxanthin, and lycopene
prevents LDL oxidation, neutralizes peroxide radical formation, and reduces platelet aggre-
gation [1,43]. Lutein ingestion caused a slight thickening of the carotid arteries, decreasing
the risk of atherosclerosis, compared to those without a carotenoid rich diet [55].

Macular degeneration is an age-related eye disease that leads to blindness and sight
loss. Evidence suggests that subjects with a low carotenoid diet and low xanthophyll levels
in the retina are more prone to macular degeneration [18,55]. Lutein and zeaxanthin protect
macular cells from oxidative stress and inhibit the formation of drusen (fat deposits) [1,55].

Carotenoids reduce hip fracture risk in men with osteoporosis by neutralizing ox-
idative stress, which plays a key role in the regulation of osteoblasts and osteoclasts
activities [56].

However, some studies have suggested that a high intake of carotenoids may result
in the production of pro-oxidative agents, thus harming health [21]. Ribeiro et al. [43]
suggested that pro-oxidant effects often occur in cases of high oxidative stress. Similarly,
Cruz-Bojórquez et al. [35] reported that animals supplemented with 30 mg β-carotene/day
and exposed to cigarette smoke for six months showed a decrease in retinoic acid levels,
causing precancerous cells to appear, a phenomenon not observed when lower doses (6
mg β-carotene/day) were used. The intake of β-carotene by smokers with a history of
myocardial infarction increases the risk of fatal coronary diseases [48]. Chen et al. [57],
Desjardins et al. [58], Jara-Palacios et al. [59] and Yazaki et al. [47] have suggested that high
levels of antioxidants exhibit a pro-oxidant and toxic effect on the organism, whereas lower
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concentrations display a protective effect. Moreover, some breakdown products, such as
epoxy-carotenoids, are harmful to the organism [43].

Pro-oxidant effects are reflected as oxidative damage to cellular structures (DNA, lipids,
and proteins), overproduction of ROS, and alteration of antioxidant defense mechanisms,
redox-sensitive genes and transcription factors (NF-κβ and activator protein 1) [43].

5.4. Biological Properties and Other Uses of Carotenoids

Despite the fact that more than 600 different types of carotenoids exist [3,60], few have
significant bioactivity [61]. Those which are precursors of vitamin A have been extensively
studied due to the importance of this vitamin in such essential activities as the growth and
maintenance of tissues, immune response, and regeneration of photoreceptors [62]. Fur-
thermore, the antioxidant properties of carotenoids have played a key role in cellular and
molecular processes associated with the prevention of chronic diseases [13]. Carotenoids are
involved in cell proliferation, signaling and communication, causing changes in transcrip-
tion and protein expression. These changes have been associated with interactions between
carotenoids or their derivatives (apocarotenoids and/or retinoids) and transcription factors,
or through indirect modification of transcriptional activity [11,37].

Nevertheless, the most important biological activity of carotenoids is their anticar-
cinogenic properties and induction of apoptosis due to their antioxidant power, although
beneficial properties against diabetes mellitus and cardiovascular diseases have also been
reported [63,64]. The positive effect of carotenoids against several types of cancer has been
previously reported, e.g., leukemia [65], colon cancer [66], prostate cancer [67], cervical
cancer [68], breast cancer [69], hepatocarcinoma [70] and skin cancer [71], among others.
Carotenoids have been used in cancer treatment because they regulate changes in the
expression of proteins involved in cell proliferation and differentiation, apoptosis, angio-
genesis, DNA repair, carcinogen elimination, and immune vigilance [11,72]. For example,
β-carotene can induce the caspase cascade by interacting with the signaling complexes
at the cell membrane, thereby triggering apoptosis or programmed cell death. Moreover,
β-carotene can induce the release of cytochrome c from the mitochondria and alter mito-
chondrial membrane potential to promote apoptosis [11]. Xavier and Pérez-Gálvez [44]
have reported that the intake of 50 mg of β-carotene for 10–12 years increases the activity of
NK (natural killer) cells and reduces tumor occurrence. The biosynthesis of prostaglandin
E2, an immune suppressor, is regulated by β-carotene, thereby strengthening the immune
system. Lycopene inhibits the growth of lung cancer cells [11]. Lycopene, zeaxanthin and
lutein inhibit cell proliferation in prostate and breast cancers [1], whereas capsanthin and
other carotenoids isolated from Capsicum annuum L. have anti-tumor properties [11].

For the case of the use of carotenoids for the treatment of diabetes [13], though the
action mechanism remains unclear, the antioxidant effect must have a pivotal role within
the process, but other mechanisms are presumably involved [63].

Other studies suggest that a rich diet in carotenoids significantly lowers the risk of
knee osteoarthritis [73], osteoporosis [74], and arthritis ([75], increased bone growth and
inhibition of bone resorption [76], significant decreased risk of aged-related cataract [77,78],
and enhanced risk reduction against late aged-related macular degeneration, which leads
to vision loss in older adults [13,79].

The role of carotenoids in cardiovascular disease also has been studied, with pre-
sumably beneficial effects by diminishing both oxidative stress and inflammatory re-
sponse [80]. Recent findings indicate a positive correlation between the concentration
of serum carotenoids and better cardiovascular disease markers such as high-density
lipoprotein cholesterol, triglycerides, blood insulin and fasting blood glucose, among
others [81].

Interestingly, recent studies demonstrate the role of carotenoids as therapeutic agents
against viral infections such as COVID-19 and HIV. In the case of their use against
COVID-19, carotenoids are important as immune regulators, diminishing the inflammation
caused by the activation of NF-κB and MAPK signaling pathways, which provokes an
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over-production of pro-inflammatory cytokines and hyperinflammation [60]. Moreover,
carotenoids have been demonstrated to potentially protect against tuberculosis in patients
with HIV due to their anti-inflammatory properties, although further investigation needs
to be carried out [82]. A low plasma concentration of carotenoids in patients with HIV
has been observed, but an alternative is the administration of β-carotene, which increases
the levels of CD4+ and CD8+ lymphocytes [64,83]. As previously stated [60,84], more
research must be carried out to understand the positive effect of these bioactive compounds,
particularly in the treatment of emerging diseases.

6. Stability of Carotenoids

As carotenoids are composed of repetitive units of isoprene, which has double conju-
gated bonds, they are highly sensitive to light, heat, high temperatures, acids, oxygen, met-
als, and free radicals. This leads to structural changes (cycling, migration of double bonds
and the addition of oxygen molecules) resulting in the formation of epoxy-carotenoids and
apocarotenoids, compounds without biological activity [5,43,85].

Light, high temperature, oil, and dehydration cause isomerization of carotenoids
and formation of 15-cis-, 9-cis- and 13-cis-β-carotene and α-carotene isomers. Cis isomers
have less provitamin A potential than trans isomers, thereby decreasing the nutraceutical
properties of carotenoids [5,86].

Several authors have reported the degradation of carotenoids in vegetable products ex-
posed to thermal treatments. Addis et al. [72] showed that the carotenoid content of coccinia
grandis and trigonella foenum-graecum leaves decrease upon drying (from 139.80 mg/100 g
to 109.90 mg/100 g) and dehydration (from 139.80 mg/100 g to 63.20 mg/100 g and
116.60 mg/100 g to 96.20 mg/100 g, respectively). In contrast, Aschoff et al. [27] demon-
strated that pasteurization of orange juice decreased its carotenoid content (230.50 µg/100 g)
compared to fresh oranges (328.70 µg/100 g). Moreover, Odriozola-Serrano et al. [29] found
that carotenoid levels in fresh tomato juice (14.10 mg/100 mL) decreased after pasteuriza-
tion and storage at 4 ◦C for 56 days (7.3 mg/100 mL).

Although heat treatment lowers carotenoid content, a few carotenoids have been
found to increase in concentration upon heat treatment. This is caused by enhanced
product stabilization, enzymatic denaturation, and moisture loss, all of which alter the
cell membrane and protein-carotenoid complexes, making carotenoids more accessible
to extraction [29]. Plasma levels of β-carotene, α-carotene, β-cryptoxanthin, lutein, and
zeinoxanthin were higher after the consumption of pasteurized orange juice instead of fresh
oranges, increasing carotenoid bioavailability between 25% and 30% [27]. Addis et al. [72]
reported that blanching (for a short time) of green leaves releases bound carotenoids and
improves their extraction, thereby increasing their content compared to raw products.

The loss of carotenoids in fruit and vegetable products is mainly caused by the oxida-
tion of highly unsaturated carotenoid structures. Oxidation can be caused by auto-oxidation
(spontaneous formation of free radicals in the presence of oxygen) or photo-oxidation
(caused by oxygen in the presence of light) leading to carotenoid bleaching and resulting in
colorless products. Some of these breakdown products are 5,6-epoxy-β-ionone, 5,6-epoxy-β-
carotene, 5,8-epoxy-β-carotene, 5,6,5′6′-diepoxy-β-carotene, 2,6,6-trimethyl-cyclohexanone,
dihydroactinidiolide, β-cyclocitral, 4-oxo-β-ionone, 2-methyl-2-hepten-6-one, β-ionone,
pseudo-ionone, 6-methyl-3,5-heptadien-2-one, β-carotene 5,8-endoperoxide, geranial, neral,
geronic acid, acycloretinal, aurochrome and mutatochrome [29,43,86–89].

7. Encapsulation Techniques for Carotenoid Protection

The use of carotenoids in the food industry has been limited because of their poor
stability against chemical (oxygen, metals, free radicals) and environmental (light and heat)
agents, insolubility in water, high melting points and low bioavailability. The lipophilic
nature of carotenoids limits their direct incorporation into aqueous systems, therefore mul-
tiple carriers have been designed such as emulsions, nanoemulsions, liposomes, hydrogel
particles (a network of hydrophilic polymer trapping solvent molecules), and solid-liquid
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particles (crystallized lipid dispersed in oil) [17,90]. Among them, emulsions are widely
used for carotenoid formulations.

Emulsions are colloidal dispersions of two immiscible liquids with one liquid dis-
persed (dispersed phase) into the other (continuous phase) as small droplets [91]. Emul-
sifying or stabilizing agents that reduce surface tension between phases are mostly used,
thus facilitating emulsion formation and sustaining its integrity [92]. Stabilizing agents
include small molecules such as polyoxyethylene sorbitan fatty acid esters (Tweens) or
larger molecules such as proteins (casein, whey protein, soybean protein and bovine
serum albumin), phospholipids (lecithin) and polysaccharides (gums, pectin, and modified
starch) [93].

Emulsions are divided into water in oil emulsions (w/o), where the dispersed phase is
water and the continuous phase is oil, and oil in water emulsions (o/w), where the dispersed
phase is oil and the continuous phase is water [91]. O/W emulsions are prepared before
carotenoid encapsulation to achieve high encapsulation efficiency and narrow particle size
distribution [90,94].

To prevent the degradation of carotenoids and preserve their antioxidant activity,
encapsulation techniques, which improve their stability and affect their bioavailability
and solubility [95], are used. Encapsulation techniques consist of coating one or more
sensitive substance (pigments, antioxidants, essential oils, and drugs), known as the core
material, with another component that acts as a barrier (wall material, carrier, capsule or
membrane) [6,17].

7.1. Microencapsulation

Microencapsulation involves covering a liquid, solid, or gas with a surrounding mate-
rial (carrier) [94]. Carrier agents must protect the coated substance against environmental
conditions such as moisture, heat, light, oxygen, pH, and other compounds [96]. Common
carriers include polysaccharides (maltodextrin, starch, chitosan, inulin, sodium alginate,
carrageenan, pectin, CMC and citrus fibers), gums (Arabic gum, Mesquite gum, Guar gum
and locust bean gum), and proteins (gluten, casein, gelatin, whey protein, soy protein, albu-
min, milk powder and oligopeptides) [17,94,97]. The selection of a suitable carrier is based
on its physical properties, such as molecular weight, melting point, solubility, viscosity,
diffusivity, film-forming capacity and emulsifying properties [97]. Table S2 summarizes
carriers and microencapsulation techniques used for carotenoids.

Spray drying is a widely used microencapsulation technique that involves the for-
mation of fine particles by passing a suspension through a sprayer where compressed air
heated to high temperatures flows. The flow of hot air dehydrates the particles and turns
them into powder, in which the substance of interest is encapsulated [17]. Thus, stable
powders (size range between 1 and 1000 µm) are obtained in a short time, at low cost and
temperature, which allows the encapsulation of thermolabile compounds and stabilizes the
encapsulated substance [85,98].

Freeze-drying is an encapsulation technique that involves the dehydration of a frozen
material (−80 to −40 ◦C) under vacuum sublimation at low pressure, widely used for
heat-labile bioactive compounds. This method minimizes changes associated with high
temperature, although it involves a long processing time and high cost. Although freeze-
drying protects carotenoids against oxidation and isomerization, it results in a large mean
particle size and high porosity [90,95].

Coacervation is a microencapsulation technique that includes phase separation of
a homogeneous polymer solution into a polymer-rich and a polymer-poor phase. The
procedure involves emulsification, followed by phase separation, cross-linking of coacer-
vates, and lyophilization. Phase separation is often achieved through changes in pH, which
results in breaking the interaction between polymers [85,90].

Another method of microencapsulation consists of the formation of inclusion com-
plexes with oligosaccharides and polysaccharides such as cyclodextrins, glycyrrhizic acid
and arabinogalactan [99]. The inclusion complex has a hydrophobic center that interacts
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non-covalently with the hydrophobic structure of carotenoids and traps them inside. The
use of inclusion complexes has advantages such as an improvement in chemical stability,
the protection of bioactive compounds from the environment, taste modification, and
controlled release [93,95]. This technique has been used for the encapsulation of lycopene,
β-carotene, lutein, canthaxanthin, zeaxanthin and bixin [100].

An effective microencapsulation process depends largely on the methodology em-
ployed, which affects the moisture content, water activity, particle size, encapsulation
efficiency, and the morphology of microcapsules [17]. For instance, high temperatures
reduce the formation time of the membrane surrounding the encapsulated compounds,
thereby preventing their retention. Moreover, high temperatures lead to a decrease in
carotenoid content and isomerization [94]. Juscamaita-Fabián et al. [101] have compared
the effectiveness of Arabic gum (GA) and maltodextrin (MD) in the formation of carotenoid
microcapsules from the petals of Tropaeolum majus. Researchers achieved better carotenoid
retention with GA and a drying temperature of 130 ◦C as higher temperatures led to higher
carotenoid loss. In contrast, encapsulation efficiency can be improved by increasing the ra-
tio of core to wall material, allowing more carotenoids to be trapped within the carrier [90].
In contrast, the degradation of carotenoids is prominent in microcapsules obtained by
freeze-drying than by spray drying as the latter has a smooth and less porous structure that
reduces oxygen diffusion inside the particles [102].

Microencapsulation of carotenoids enables them to be easily incorporated into food
as it increases their water solubility and stability. GA/MD tropaeolum majus carotenoid
particles have a solubility > 98% due to drying temperatures, resulting in the formation
of powders with higher porosity that increase the surface contact between particles and
water molecules [101]. De Marco et al. [103] reported a solubility of 72% for bixin extracts
from annatto seeds encapsulated with GA and MD, resulting in a water-soluble powder.
In contrast, Przybysz et al. [104] reported that the microencapsulation of carotenes with
GA-MD improves the retention of pigments and prevents their degradation during storage
(room temperature without daylight) compared to carotenes dissolved in oil (54.20% vs.
22.40%, respectively). Hojjati et al. [105] showed that encapsulation of canthaxanthin with
soluble soy polysaccharide (SSPS) prevents ~60% and ~70% degradation of carotenoids at
25 ◦C under light and dark conditions, respectively, after 16 weeks of storage, compared to
free canthaxanthin under the same conditions.

Numerous authors have reported that the antioxidant activity of encapsulated carotenoids
is higher compared to that of free carotenoids, given that microcapsules enhance their sta-
bility by forming a semipermeable wall that allows the diffusion of oxygen and other
reactive species into the microcapsules, where they interact with the antioxidants and are
eliminated [106]. Spray drying of β-carotene emulsion with GA [107–109] and complex
coacervation with casein (CA) and Guar gum (GG) preserves the antioxidant capacity of
the β-carotene in the microcapsule. Thakur et al. [85] found that CA-GG microcapsules of
β-carotene obtained by complex coacervation and freeze-drying have higher antioxidant ac-
tivity than free β-carotene. Faria et al. [110] and Rodrigues et al. [106] found that β-carotene,
apo-8′-carotenal, and apo-12′-carotenal GA microcapsules preserve their oxygen (1O2),
peroxide radical (ROO−), H2O2, hydroxide radical (OH−), hypochlorous acid (HOCl), and
peroxynitrite (ONOO−) scavenging properties. Boiero et al. [111] demonstrated that GA
microcapsules of β-carotene (1.37 mg/mL equivalent to 0.54 µg β-carotene/mL) protect
riboflavin from photodegradation in milk by 30%.

7.2. Nanoencapsulation

Microcapsules are relatively large (>1 µm) and their size slows down their absorption.
Microcapsules are polydisperse (their size is distributed) and often thermodynamically
unstable, as they tend to break down over time [112]. In contrast, nanoparticles (NPs)
are thermodynamically stable or exhibit long-term kinetic stability and have a small and
uniform size (<1000 nm) that guarantees the rapid release and adsorption of bioactive
compounds [93]. NPs are characterized by minimal phase segregation, limited interaction
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between bioactive compounds and other food components, preserved bioactive properties,
improved absorption and bioavailability, and reduced impact on sensory attributes [113].

Nanoencapsulation techniques have been used to protect sensitive compounds from
degradation, improve their bioavailability and preserve their biological activity. Nanoencap-
sulation techniques include top-down and bottom-up methods for the production of NPs.
Bottom-up technique includes self-organization and self-assembly of molecules through
nanoprecipitation, coacervation and inclusion complexion. Top-down techniques require
the use of special equipment to reduce particle size and obtain NPs. Top-down techniques
include extrusion, homogenization, electrospinning/spraying and emulsification-solvent
evaporation processes [114]. Nanocarriers such as nanoliposomes, nanoemulsions, and
lipid-based NPs are some examples of molecules used for the protection of carotenoids [115].
Table S3 lists carotenoid NPs obtained by different nanoencapsulation techniques, along
with some of their characteristics.

Nanoemulsions consist of colloidal systems made of lipid droplets, smaller than
100 nm in size, dispersed in a continuous aqueous phase [90]. They are used for the encap-
sulation of water-insoluble bioactive compounds. Nanoemulsions are characterized by their
efficiency, low production costs, increased dispersibility, stability over long periods, and
high bioavailability of active substances [17]. Droplet formation is usually a simple process,
however, breaking down into smaller droplets (50–200 nm) requires additional energy, often
mechanical. Nanoemulsion processes are commonly divided into high- and low-energy
techniques. High-energy techniques include high-pressure homogenization, sonication,
and microfluidization; low-energy techniques involve spontaneous emulsification and
phase inversion temperature (PIT) [115,116].

In high-energy techniques, special equipment is used to form nanoemulsions. High-
pressure homogenization consists of passing a solution through a narrow opening at
high pressure (100–2000 bar) and high speed (1000 km/h). Thus, droplets are deformed
and broken into smaller droplets (~50 nm). The use of ultrasound technology involves
the application of high vibration ultrasonic waves that break down emulsion droplets.
Microfluidization is similar to high-pressure homogenization in that an emulsion is passed
through a camera at an angle of 180◦ at high speed, decreasing the droplet size [116].

In contrast, low-energy techniques do not require mechanical energy to break down
droplets into smaller ones; rather, the chemical energy present in their components is used.
Spontaneous emulsification consists of preparing an organic solution, using an oil- and a
water-miscible solvent, which is added to an aqueous solution containing a hydrophilic
surfactant under constant stirring to form an o/w emulsion. Afterwards, the organic phase
is removed by evaporation at low pressure. In contrast, PIT does not require organic
solvents and instead non-ionic surfactants, such as polyethyloxylates, are used as they are
capable of modifying their affinity between oil and water according to temperature. At high
temperatures, polyethyloxylates are lipophilic and form w/o emulsions, whereas at low
temperatures they are hydrophilic and form o/w emulsions. During cooling, interfacial
tension is minimal, which facilitates the formation of nanoemulsion. However, for this to
happen, surfactant concentration must be higher than critical micellar concentration [116].

Liposomes are formed of a double lipid layer that separates an internal aqueous phase
from a continuous external phase. Liposomes are formed by hydrophilic-hydrophobic inter-
actions between amphipathic (phospholipids) and water molecules. Bioactive compounds
to be encapsulated (with sizes in the nanometer to micrometer range) can be confined either
inside the aqueous phase or within the lipid membrane [90]. Nanoliposomes can be pro-
duced by mechanical (ultrasonication, high-pressure homogenization) and non-mechanical
methods (reversed-phase evaporation). The use of liposomes as carriers has advantages
such as increased stability and efficiency; however, they also present several disadvantages
such as low solubility, short half-life, and difficulties in controlling liposome size that limit
their use in the food industry [115].

Lipid-based NPs are divided into solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC). Lipid-based NPs have a lipophilic matrix structure consisting of
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biocompatible and biodegradable lipids, which are mainly solid at room temperature,
and a surfactant and co-surfactant, which stabilize lipophilic components in the aqueous
phase [93]. SLN consist of a core of solid lipid, where bioactive compounds are embedded
into the lipid matrix [112], whereas NLCs are o/w emulsions in which the major portion
of the lipid phase is constituted of solid lipid in combination with liquid lipid [117]. SLN
presents several advantages in comparison with other carriers as they can incorporate both
hydrophilic and lipophilic compounds and avoid the use of organic solvents and large-scale
production. However, they have low loading capacity and stability problems caused by the
rigid structure [115]. In contrast, NLC are modified SLN that retain their advantages and
have better stability, higher loading capacity, and better release control [93].

Regardless of how nanoparticles are made, an aqueous colloidal suspension is ob-
tained. Therefore, nanoencapsulation techniques are usually combined with drying tech-
niques (freeze or spray drying) to improve their stability and to obtain NP powders [116].

7.3. Supercritical Fluids

Recently, supercritical fluids (SCF) have been suggested as an alternative for carotenoid
encapsulation. An SCF is a dense liquid with the physicochemical properties of a gas. The
use of SCF for the encapsulation of bioactive and thermolabile compounds has been
adopted in the food industry as a “green technology” because they are non-toxic, can be
easily removed without damaging the product, and generate many microencapsulated and
nanoencapsulated products [90,95,118]. Moreover, this new approach overcomes the disad-
vantages of conventional encapsulation techniques such as poor control of size and mor-
phology, loss of thermolabile compounds, low encapsulation efficiency, and yield [6,119].

Supercritical carbon dioxide (SC-CO2) is the most popular supercritical solvent used
in the food and pharmaceutical industry due to its low critical point (Tc = 31.10 ◦C,
Pc = 7.38 MPa), safety, low viscosity and reactivity, easy elimination, ability to inacti-
vate microbes, relatively low cost, and better solubility of some lipophilic compounds [94].
SC-CO2 has enhanced the solubility of essential oils, bioactive compounds of plant origin,
small molecular non-polar compounds, low molecular weight biopolymers, and low po-
larity lipophilic compounds [118]. Janiszewska-Turak [94] used SC-CO2 to encapsulate
carotenoids such as astaxanthin, β-carotene, bixin, lutein, lycopene and zeaxanthin.

Supercritical encapsulation or micronization is divided into the following categories:
supercritical anti-solvent or solution-enhanced dispersion by supercritical fluids (SAS/SEDS),
rapid expansion of supercritical solutions (RESS), particle production from gas-saturated
solutions (PGSS), and supercritical extraction from an emulsion (SFEE) [90,94].

SAS/SEDS is the most common method for micronization and consists of the use of
an SCF, usually SC-CO2, as an anti-solvent to reduce the solubility of the active substance
and encapsulating agent in their solvent and precipitate them into crystals of several
morphologies (threads, sponges, leaves, needles, crystals and spheres) [94]. NPs are formed
by the rapid diffusion of an organic solvent into the aqueous phase and co-precipitation
of active compounds and carriers at the solvent/anti-solvent interface. Afterwards, the
solvent can be removed by evaporation [90]. The main advantages of SAS/SEDS processes
are related to reduced particle size due to the rapid precipitation of solutes, higher solubility
rate, almost complete elimination of solvent, and the ability to encapsulate thermolabile
compounds [120].

The use of SCF as anti-solvents has been explored by Xia et al. [121] and Zhao et al. [122]
for the development of lutein-loaded liposomes through SAS using SC-CO2 as an anti-
solvent. The researchers obtained liposomes with a particle size of 500 and 155 nm and
encapsulation efficiency of 90 and 97%, respectively, using the following conditions: pres-
sure, 8 MPa; temperature, 35 ◦C; and flow rate, 1 mL/min and pressure, 300 bar; temper-
ature, 50 ◦C; and depressurization rate, 90 bar/min, respectively. In contrast, Machado
Jr. et al. [123] employed SEDS to encapsulate astaxanthin in poly(hydroxybutyrate-co-
hydroxyvalerate) using SC-CO2 as an anti-solvent. They tested different settings and found
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that the best encapsulation efficiency (48.25%) and smallest particle size (128 nm) were
obtained at 35 ◦C, 100 bar, and 1 mL/min.

RESS encapsulation uses the solvation power of SCFs by adjusting pressure and
temperature. The bioactive compound and the encapsulating agent are dissolved in SC-
CO2 and precipitated by rapid depressurization and nucleation when passing through
a nozzle [90,124]. RESS can be used to encapsulate a wide range of inorganic, organic
and polymeric materials, operated at low-temperature, with single-step processing [118].
However, the main limitation is the low solubility of wall materials in SC-CO2. Therefore,
RESS is rarely used for carotenoid encapsulation by SCF, and few reports have been
published. At least one of these reports is from a decade ago and was produced by
Quan et al. [125], who used SC-CO2 for astaxanthin encapsulation and obtained particles
ranging from 0.3 to 0.8 µm. However, it is possible to use a liquid anti-solvent (ethanol or
methanol) for the polymer as a co-solvent to overcome the drawback [6].

PGSS uses SC-CO2 as a solute to saturate the solution containing the bioactive. The
gas-saturated solution expands at atmospheric pressure as it goes through an atomizing
nozzle; gas vaporization cools the solution, promoting nucleation and precipitation of the
particles [90,94].

De Paz et al. [126,127] employed PGSS and SC-CO2 for the microencapsulation of
β-carotene. They used poly-(ε-caprolactones) as carriers to obtain particles of micrometer-
scale (111–652 µm). However, when soy lecithin was used for encapsulation with the PGSS-
drying technique, smaller particles (10–500 µm) were formed, which, upon rehydration,
formed liposomes with a diameter of 0.9–6.1 µm.

The SFEE method employs the recrystallization of the active compound, incorporated
in an o/w emulsion, using the supercritical anti-solvent process, combining the efficiency of
using SFC as an anti-solvent for the formation of particles with the effect of emulsification
on the formation of micro and nanoparticles (Silva and Meireles 2014) [120]. SC-CO2 is
used to extract the organic solvent from the emulsion, leading to the supersaturation of the
bioactive compound and polymer in the aqueous phase, resulting in their precipitation [118].
The presence of surface-active compounds in the emulsion promotes particle formation
without agglomeration and restricting particle size due to high nucleation rates. Surfactants
compatible with this technique include polysorbates (Tweens), sodium caseinate, whey
proteins, β-lactoglobulin, modified starch, MD, GA and pectin [90].

SFEE has been used by Tirado et al. (2019) for the encapsulation of astaxanthin with
ethyl cellulose. NPs with a size ranging from 242 to 363 nm were obtained. Santos et al. [128]
used SC-CO2 to generate lycopene and β-carotene nanoemulsions with particle sizes
between 344 and 366 nm.

Carotenoid stability in micronized particles depends on the composition and nature of
carotenoids, type and concentration of lipid phase, surfactant, particle size, interfacial com-
position, pH, ionic strength, and environmental conditions (light, oxygen, and temperature)
(Soukoulis and Bohn, 2018) [90].

Selecting the appropriate wall material is a crucial factor for supercritical encapsulation
of bioactive compounds because carriers must protect the core material from environmental
damage, limit the loss of volatile compounds, and allow the controlled release of the active
substance [120]. In light of this, polysaccharides (gums, starches, celluloses, inulin and
cyclodextrins), proteins (casein, gelatin and soy protein) and polymers (polylactic acid,
polyhydroxy butyric acid and polyethylene glycol) have been used as encapsulating agents
in micronization processes [95,119].

8. Conclusions and Future Perspectives

Carotenoids are natural hydrophobic pigments. The isoprenoid (conjugated double
bonds) structure of carotenoids contributes to their color (wide range of red, orange, and
yellow) and antioxidant activity. Moreover, carotenoids possess many health and nutri-
tional properties linked to health promotion and reduced risks of many diseases. However,
they are chemically unstable and prone to oxidation under various storage conditions (light,
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high temperature, oxygen, acid, and metal ions). To overcome this challenge, various en-
capsulation techniques, such as microencapsulation, nanoencapsulation and encapsulation
with supercritical fluids, have been employed. Encapsulation not only enhances the stabil-
ity of carotenoids and protects them from degradation but also increases their solubility in
aqueous systems and bioavailability. To achieve effective encapsulation, regardless of the
encapsulation technology employed, an appropriate wall material is essential for the pro-
tection and safe delivery of carotenoids. Microencapsulation is the most common method
for the encapsulation of carotenoids as it employs simple encapsulation techniques and
produces good quality products. However, microcapsules tend to decrease in stability over
time. In contrast, nanoencapsulation technology allows for obtaining more stable products
with excellent absorption and bioavailability. Multiple carriers, such as nanoemulsions,
nanoliposomes, SLN, and NLC, can be used for the encapsulation of carotenoids. In con-
trast, alternative technologies or “green technologies,” such as supercritical encapsulation,
are good alternatives for the micro and nanoencapsulation of thermolabile compounds
(carotenoids) and suitable for application in the food industry without having a detrimental
effect on the sensory attributes. Methods for carotenoid encapsulation presented in this
review have many advantages but also some disadvantages. As carotenoids are important
for the pharmaceutical and food industry, in the future it is crucial to examine encapsulation
technologies focusing on their biological application as well as their interactions with other
components in food systems. Moreover, it is important to evaluate their behavior in vivo
rather than just addressing encapsulation efficiency, particle size or other encapsulation
properties to determine the most suitable and sustainable method of encapsulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12020313/s1, Figure S1: Chemical structure of carotenoids;
Table S1: Carotenoid content in fruits and vegetables common in America; Table S2: Microencap-
sulation techniques and properties of encapsulated carotenoids; Table S3: Examples of carotenoids
encapsulated by nanoencapsulation techniques.

Author Contributions: Conceptualization, investigation, and writing—original draft preparation,
M.A.G.-P.; writing—review and editing, and supervision, A.E.O.-R., C.A.d.P. and J.D.L.-R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: M.A.G.-P. thanks Universidad de las Américas Puebla (UDLAP) and Consejo
Nacional de Ciencia y Tecnología (CONACYT) for the scholarship granted to complete his doc-
toral degree.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, H.; Tsao, R.; Deng, Z. Factors Affecting the Antioxidant Potential and Health Benefits of Plant Foods. Can. J. Plant Sci. 2012, 92,

1101–1111. [CrossRef]
2. Lemmens, L.; Colle, I.; Van Buggenhout, S.; Palmero, P.; Van Loey, A.; Hendrickx, M. Carotenoid Bioaccessibility in Fruit- and

Vegetable-Based Food Products as Affected by Product (Micro)Structural Characteristics and the Presence of Lipids: A Review.
Trends Food Sci. Technol. 2014, 38, 125–135. [CrossRef]

3. Saini, R.K.; Nile, S.H.; Park, S.W. Carotenoids from Fruits and Vegetables: Chemistry, Analysis, Occurrence, Bioavailability and
Biological Activities. Food Res. Int. 2015, 76, 735–750. [CrossRef] [PubMed]

4. Yahia, E.M.; Gutiérrez-Orozco, F.; Arvizu-de Leon, C. Phytochemical and Antioxidant Characterization of Mamey (Pouteria sapota
Jacq. H.E. Moore & Stearn) Fruit. Food Res. Int. 2011, 44, 2175–2181. [CrossRef]

5. Butnariu, M. Methods of Analysis (Extraction, Separation, Identification and Quantification) of Carotenoids from Natural
Products. J. Ecosyst. Ecography 2016, 6, 1–9. [CrossRef]

6. Santos, D.T.; Meireles, M.A.A. Carotenoid Pigments Encapsulation: Fundamentals, Techniques and Recent Trends. Open Chem.
Eng. J. 2010, 4, 42–50. [CrossRef]

7. Salter-Venzon, D.; Kazlova, V.; Izzy Ford, S.; Intra, J.; Klosner, A.E.; Gellenbeck, K.W. Evidence for Decreased Interaction and
Improved Carotenoid Bioavailability by Sequential Delivery of a Supplement. Food Sci. Nutr. 2017, 5, 424–433. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12020313/s1
https://www.mdpi.com/article/10.3390/plants12020313/s1
http://doi.org/10.4141/cjps2011-239
http://doi.org/10.1016/j.tifs.2014.05.005
http://doi.org/10.1016/j.foodres.2015.07.047
http://www.ncbi.nlm.nih.gov/pubmed/28455059
http://doi.org/10.1016/j.foodres.2010.11.029
http://doi.org/10.4172/2157-7625.1000193
http://doi.org/10.2174/1874123101004010042
http://doi.org/10.1002/fsn3.409


Plants 2023, 12, 313 18 of 22

8. Guerrero-Legarreta, I.; López-Hernández, E.; Armenta-López, R.E.; García-Barrientos, R. Pigmentos. In Química de Alimentos;
Badui-Dergal, S., Ed.; Pearson: Mexico City, Mexico, 2013; p. 379.

9. Schawartz, S.J.; Cooperstone, J.L.; Cichon, M.J.; von Elbe, J.H.; Giusti, M.M. Colorants. In Fennema’s Food Chemistry; Damodaran,
S., Parkin, K.L., Eds.; CRC PressTaylor & Francis: Boca Raton, FL, USA, 2017; p. 681.

10. Howitt, C.A.; Pogson, B.J. Carotenoid Accumulation and Function in Seeds and Non-Green Tissues. Plant Cell Environ. 2006, 29,
435–445. [CrossRef]

11. Perera, C.O.; Yen, G.M. Functional Properties of Carotenoids in Human Health. Int. J. Food Prop. 2007, 10, 201–230. [CrossRef]
12. Kang, L.; Park, S.-C.; Ji, C.Y.; Kim, H.S.; Lee, H.-S.; Kwak, S.-S. Metabolic Engineering of Carotenoids in Transgenic Sweetpotato.

Breed. Sci. 2017, 67, 27–34. [CrossRef]
13. Olmedilla-Alonso, B. Carotenoids: Content in Foods, in Diet and Bioavailability. COST Action EUROCAROTEN CA15136. Sci.

Newsl. 2017, 2, 1–9. [CrossRef]
14. Food-Info Foundation E-Numbers: E100–E200 Food Colours. Available online: http://www.food-info.net/uk/e/e100-200.htm

(accessed on 2 June 2020).
15. Liu, X.; Luo, Q.; Cao, Y.; Goulette, T.; Liu, X.; Xiao, H. Mechanism of Different Stereoisomeric Astaxanthin in Resistance to

Oxidative Stress in Caenorhabditis elegans. J. Food Sci. 2016, 81, H2280–H2287. [CrossRef] [PubMed]
16. Kumar, S.; Hosokawa, M.; Miyashita, K. Fucoxanthin: A Marine Carotenoid Exerting Anti-Cancer Effects by Affecting Multiple

Mechanisms. Mar. Drugs 2013, 11, 5130–5147. [CrossRef] [PubMed]
17. Gul, K.; Tak, A.; Singh, A.K.; Singh, P.; Yousuf, B.; Wani, A.A. Chemistry, Encapsulation, and Health Benefits of β-Carotene—A

Review. Cogent Food Agric. 2015, 1, 1018696. [CrossRef]
18. Yoon, G.-A.; Yeum, K.-J.; Cho, Y.-S.; Chen, C.-Y.O.; Tang, G.; Blumberg, J.B.; Russell, R.M.; Yoon, S.; Lee-Kim, Y.C. Carotenoids

and Total Phenolic Contents in Plant Foods Commonly Consumed in Korea. Nutr. Res. Pract. 2012, 6, 481. [CrossRef] [PubMed]
19. Bagetti, M.; Facco, E.M.P.; Piccolo, J.; Hirsch, G.E.; Rodriguez-Amaya, D.; Kobori, C.N.; Vizzotto, M.; Emanuelli, T. Physico-

chemical Characterization and Antioxidant Capacity of Pitanga Fruits (Eugenia uniflora L.). Food Sci. Technol. 2011, 31, 147–154.
[CrossRef]

20. Chandrika, U.G.; Fernando, K.S.S.P.; Ranaweera, K.K.D.S. Carotenoid Content and in Vitro Bioaccessibility of Lycopene from
Guava (Psidium guajava) and Watermelon (Citrullus lanatus) by High-Performance Liquid Chromatography Diode Array Detection.
Int. J. Food Sci. Nutr. 2009, 60, 558–566. [CrossRef]

21. Cervantes-Paz, B.; Victoria-Campos, C.I.; de Ornelas-Paz, J.J. Absorption of Carotenoids and Mechanisms Involved in Their
Health-Related Properties. In Carotenoids in Nature; Stange, C., Ed.; Springer International Publishing: Cham, Switzerland, 2016;
Volume 79, pp. 415–454. ISBN 978-3-319-39124-3.

22. Bohn, T.; Desmarchelier, C.; Dragsted, L.O.; Nielsen, C.S.; Stahl, W.; Rühl, R.; Keijer, J.; Borel, P. Host-Related Factors Explaining
Interindividual Variability of Carotenoid Bioavailability and Tissue Concentrations in Humans. Mol. Nutr. Food Res. 2017,
61, 1600685. [CrossRef]

23. Borel, P.; Desmarchelier, C.; Dumont, U.; Halimi, C.; Lairon, C.; Paige, C.; Sébédio, L.; Bulsson, C.; Buffiére, C.; Rémond, D.
Dietary Calcium Impairs Tomato Lycopene Bioavailability in Healthy Humans. Br. J. Nutr. 2016, 116, 2091–2096. [CrossRef]

24. Corte-Real, J.; Guignard, C.; Gantenbein, M.; Weber, B.; Burgard, K.; Hoffmann, L.; Richling, E.; Bohn, T. No Influence of
Supplemental Dietary Calcium Intake on the Bioavailability of Spinach Carotenoids in Humans. Br. J. Nutr. 2017, 117, 1560–1569.
[CrossRef]

25. Marriage, B.J.; Williams, J.A.; Choe, Y.S.; Maki, K.C.; Vurma, M.; DeMichele, S.J. Mono- and Diglycerides Improve Lutein
Absorption in Healthy Adults: A Randomised, Double-Blind, Cross-over, Single-Dose Study. Br. J. Nutr. 2017, 118, 813–821.
[CrossRef] [PubMed]

26. White, W.S.; Zhou, Y.; Crane, A.; Dixon, P.; Quadt, F.; Flendring, L.M. Modeling the Dose Effects of Soybean Oil in Salad Dressing
on Carotenoid and Fat-Soluble Vitamin Bioavailability in Salad Vegetables. Am. J. Clin. Nutr. 2017, 106, 1041–1051. [CrossRef]
[PubMed]

27. Aschoff, J.K.; Rolke, C.L.; Breusing, N.; Bosy-Westphal, A.; Högel, J.; Carle, R.; Schweiggert, R.M. Bioavailability of β-
Cryptoxanthin Is Greater from Pasteurized Orange Juice than from Fresh Oranges—A Randomized Cross-over Study. Mol. Nutr.
Food Res. 2015, 59, 1896–1904. [CrossRef] [PubMed]

28. Vimala, B.; Nambisan, B.; Hariprakash, B. Retention of Carotenoids in Orange-Fleshed Sweet Potato during Processing. J. Food
Sci. Technol. 2011, 48, 520–524. [CrossRef]

29. Odriozola-Serrano, I.; Soliva-Fortuny, R.; Hernández-Jover, T.; Martín-Belloso, O. Carotenoid and Phenolic Profile of Tomato
Juices Processed by High Intensity Pulsed Electric Fields Compared with Conventional Thermal Treatments. Food Chem. 2009,
112, 258–266. [CrossRef]

30. Sanches-Silva, A.; Albuquerque, T.G.; Finglas, P.; Ribeiro, T.; Valente, A.; Vasilopoulou, E.; Trichopoulou, A.; Alexieva, I.; Boyko,
N.; Costea, C.-E.; et al. Carotenoids, Vitamins (A, B2, C and E) and Total Folate of Traditional Foods from Black Sea Area Countries:
Health-Promoting Compounds in Traditional Foods from Black Sea Area. J. Sci. Food Agric. 2013, 93, 3545–3557. [CrossRef]
[PubMed]

31. Lehto, S.; Buchweitz, M.; Klimm, A.; Straßburger, R.; Bechtold, C.; Ulberth, F. Comparison of Food Colour Regulations in the EU
and the US: A Review of Current Provisions. Food Addit. Contam. Part A 2017, 34, 335–355. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-3040.2005.01492.x
http://doi.org/10.1080/10942910601045271
http://doi.org/10.1270/jsbbs.16118
http://doi.org/10.13140/RG.2.2.20315.98080
http://www.food-info.net/uk/e/e100-200.htm
http://doi.org/10.1111/1750-3841.13417
http://www.ncbi.nlm.nih.gov/pubmed/27527357
http://doi.org/10.3390/md11125130
http://www.ncbi.nlm.nih.gov/pubmed/24351910
http://doi.org/10.1080/23311932.2015.1018696
http://doi.org/10.4162/nrp.2012.6.6.481
http://www.ncbi.nlm.nih.gov/pubmed/23346297
http://doi.org/10.1590/S0101-20612011000100021
http://doi.org/10.3109/09637480801987195
http://doi.org/10.1002/mnfr.201600685
http://doi.org/10.1017/S0007114516004335
http://doi.org/10.1017/S0007114517001532
http://doi.org/10.1017/S0007114517002963
http://www.ncbi.nlm.nih.gov/pubmed/29151374
http://doi.org/10.3945/ajcn.117.153635
http://www.ncbi.nlm.nih.gov/pubmed/28814399
http://doi.org/10.1002/mnfr.201500327
http://www.ncbi.nlm.nih.gov/pubmed/26114420
http://doi.org/10.1007/s13197-011-0323-2
http://doi.org/10.1016/j.foodchem.2008.05.087
http://doi.org/10.1002/jsfa.6243
http://www.ncbi.nlm.nih.gov/pubmed/23722967
http://doi.org/10.1080/19440049.2016.1274431
http://www.ncbi.nlm.nih.gov/pubmed/28004607


Plants 2023, 12, 313 19 of 22

32. Food and Drug Administration Color Additive Status List. Available online: https://www.fda.gov/industry/color-additive-
inventories/color-additive-status-list (accessed on 2 June 2020).

33. Beltrán-de-Miguel, B.; Estévez-Santiago, R.; Olmedilla-Alonso, B. Assessment of Dietary Vitamin A Intake (Retinol, α-Carotene,
β-Carotene, β-Cryptoxanthin) and Its Sources in the National Survey of Dietary Intake in Spain (2009–2010). Int. J. Food Sci. Nutr.
2015, 66, 706–712. [CrossRef]

34. Chacón-Ordóñez, T.; Esquivel, P.; Jiménez, V.M.; Carle, R.; Schweiggert, R.M. Deposition Form and Bioaccessibility of Keto-
Carotenoids from Mamey Sapote (Pouteria sapota), Red Bell Pepper (Capsicum annuum), and Sockeye Salmon (Oncorhynchus nerka)
Filet. J. Agric. Food Chem. 2016, 64, 1989–1998. [CrossRef]

35. Cruz-Bojórquez, R.M.; González-Gallego, J.; Sánchez-Collado, P. Propiedades Funcionales y Beneficios Para La Salud Del
Licopeno. Nutr. Hosp. 2013, 28, 6–15. [CrossRef]

36. Cañete, A.; Cano, E.; Muñoz-Chápuli, R.; Carmona, R. Role of Vitamin A/Retinoic Acid in Regulation of Embryonic and Adult
Hematopoiesis. Nutrients 2017, 9, 159. [CrossRef] [PubMed]

37. Álvarez, R.; Meléndez-Martínez, A.J.; Vicario, I.M.; Alcalde, M.J. Carotenoid and Vitamin A Contents in Biological Fluids and
Tissues of Animals as an Effect of the Diet: A Review. Food Rev. Int. 2015, 31, 319–340. [CrossRef]

38. National Institutes of Health Vitamin A. Available online: https://ods.od.nih.gov/factsheets/VitaminA-HealthProfessional/
(accessed on 15 June 2020).

39. Rubin, L.P.; Ross, A.C.; Stephensen, C.B.; Bohn, T.; Tanumihardjo, S.A. Metabolic Effects of Inflammation on Vitamin A and
Carotenoids in Humans and Animal Models. Adv. Nutr. Int. Rev. J. 2017, 8, 197–212. [CrossRef]

40. Cser, M.A.; Majchrzak, D.; Rust, P.; Sziklai-László, I.; Kovács, I.; Bocskai, E.; Elmadfa, I. Serum Carotenoid and Retinol Levels
during Childhood Infections. Ann. Nutr. Metab. 2004, 48, 156–162. [CrossRef] [PubMed]

41. Liang, N.; Kitts, D.D. Antioxidant Property of Coffee Components: Assessment of Methods That Define Mechanisms of Action.
Molecules 2014, 19, 19180–19208. [CrossRef]

42. Nagayama, J.; Noda, K.; Uchikawa, T.; Maruyama, I.; Shimomura, H.; Miyahara, M. Effect of Maternal Chlorella Supplementation
on Carotenoid Concentration in Breast Milk at Early Lactation. Int. J. Food Sci. Nutr. 2014, 65, 573–576. [CrossRef] [PubMed]

43. Ribeiro, D.; Freitas, M.; Silva, A.M.S.; Carvalho, F.; Fernandes, E. Antioxidant and Pro-Oxidant Activities of Carotenoids and
Their Oxidation Products. Food Chem. Toxicol. 2018, 120, 681–699. [CrossRef]

44. Xavier, A.A.O.; Pérez-Gálvez, A. Carotenoids as a Source of Antioxidants in the Diet. In Carotenoids in Nature; Stange, C., Ed.;
Springer International Publishing: Cham, Switzerland, 2016; Volume 79, pp. 359–375. ISBN 978-3-319-39124-3.

45. Pons, E.; Alquézar, B.; Rodríguez, A.; Martorell, P.; Genovés, S.; Ramón, D.; Rodrigo, M.J.; Zacarías, L.; Peña, L. Metabolic
Engineering of β-Carotene in Orange Fruit Increases Its in Vivo Antioxidant Properties. Plant Biotechnol. J. 2014, 12, 17–27.
[CrossRef] [PubMed]

46. You, J.S.; Jeon, S.; Byun, Y.J.; Koo, S.; Choi, S.S. Enhanced Biological Activity of Carotenoids Stabilized by Phenyl Groups. Food
Chem. 2015, 177, 339–345. [CrossRef]

47. Yazaki, K.; Yoshikoshi, C.; Oshiro, S.; Yanase, S. Supplemental Cellular Protection by a Carotenoid Extends Lifespan via Ins/IGF-1
Signaling in Caenorhabditis elegans. Oxid. Med. Cell. Longev. 2011, 2011, 1–9. [CrossRef]

48. Lashmanova, E.; Proshkina, E.; Zhikrivetskaya, S.; Shevchenko, O.; Marusich, E.; Leonov, S.; Melerzanov, A.; Zhavoronkov, A.;
Moskalev, A. Fucoxanthin Increases Lifespan of Drosophila melanogaster and Caenorhabditis elegans. Pharmacol. Res. 2015, 100,
228–241. [CrossRef] [PubMed]

49. Van Rooyen, J.; Esterhuyse, A.J.; Engelbrecht, A.-M.; Du Toit, E.F. Health Benefits of a Natural Carotenoid Rich Oil: A Proposed
Mechanism of Protection against Ischaemia/Reperfusion Injury. Asia Pac. J. Clin. Nutr. 2008, 17, 316–319. [PubMed]

50. Milde, J.; Elstner, E.F.; Graßmann, J. Synergistic Effects of Phenolics and Carotenoids on Human Low-Density Lipoprotein
Oxidation. Mol. Nutr. Food Res. 2007, 51, 956–961. [CrossRef] [PubMed]

51. Varakumar, S.; Kumar, Y.S.; Reddy, O.V.S. Carotenoid Composition of Mango (Mangifera indica L.) Wine and Its Antioxidant
Activity. J. Food Biochem. 2011, 35, 1538–1547. [CrossRef]

52. Sangha, J.S.; Fan, D.; Banskota, A.H.; Stefanova, R.; Khan, W.; Hafting, J.; Craigie, J.; Critchley, A.T.; Prithiviraj, B. Bioactive
Components of the Edible Strain of Red Alga, Chondrus crispus, Enhance Oxidative Stress Tolerance in Caenorhabditis elegans. J.
Funct. Foods 2013, 5, 1180–1190. [CrossRef]

53. Brown, M.A.; Storlien, L.H.; Huang, X.-F.; Tapsell, L.C.; Else, P.L.; Higgins, J.A.; Brown, I.L. Dietary Fat and Carbohydrate
Composition: Metabolic Disease. In Fat Detection: Taste, Texture, and Post Ingestive Effects; Frontiers in Neuroscience; Montmayeur,
J.-P., le Coutre, J., Eds.; CRC Press: Boca Raton, FL, USA, 2010; ISBN 978-1-4200-6775-0.

54. Muskiet, F.A.J. Pathophysiology and Evolutionary Aspects of Dietary Fats and Long-Chain Polyunsaturated Fatty Acids across
the Life Cycle. In Fat Detection: Taste, Texture, and Post Ingestive Effects; Frontiers in Neuroscience; Montmayeur, J.-P., le Coutre, J.,
Eds.; CRC Press: Boca Raton, FL, USA, 2010; ISBN 978-1-4200-6775-0.

55. Shegokar, R.; Mitri, K. Carotenoid Lutein: A Promising Candidate for Pharmaceutical and Nutraceutical Applications. J. Diet.
Suppl. 2012, 9, 183–210. [CrossRef]

56. Dai, Z.; Wang, R.; Ang, L.-W.; Low, Y.-L.; Yuan, J.-M.; Koh, W.-P. Protective Effects of Dietary Carotenoids on Risk of Hip Fracture
in Men: The Singapore Chinese Health Study: DIETARY CAROTENOIDS in RELATION to HIP FRACTURE RISK in MEN. J.
Bone Miner. Res. 2014, 29, 408–417. [CrossRef]

https://www.fda.gov/industry/color-additive-inventories/color-additive-status-list
https://www.fda.gov/industry/color-additive-inventories/color-additive-status-list
http://doi.org/10.3109/09637486.2015.1077787
http://doi.org/10.1021/acs.jafc.5b06039
http://doi.org/10.3305/nh.2013.28.1.6302
http://doi.org/10.3390/nu9020159
http://www.ncbi.nlm.nih.gov/pubmed/28230720
http://doi.org/10.1080/87559129.2015.1015139
https://ods.od.nih.gov/factsheets/VitaminA-HealthProfessional/
http://doi.org/10.3945/an.116.014167
http://doi.org/10.1159/000078379
http://www.ncbi.nlm.nih.gov/pubmed/15133321
http://doi.org/10.3390/molecules191119180
http://doi.org/10.3109/09637486.2014.898257
http://www.ncbi.nlm.nih.gov/pubmed/24635025
http://doi.org/10.1016/j.fct.2018.07.060
http://doi.org/10.1111/pbi.12112
http://www.ncbi.nlm.nih.gov/pubmed/24034339
http://doi.org/10.1016/j.foodchem.2015.01.062
http://doi.org/10.1155/2011/596240
http://doi.org/10.1016/j.phrs.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26292053
http://www.ncbi.nlm.nih.gov/pubmed/18296367
http://doi.org/10.1002/mnfr.200600271
http://www.ncbi.nlm.nih.gov/pubmed/17639513
http://doi.org/10.1111/j.1745-4514.2010.00476.x
http://doi.org/10.1016/j.jff.2013.04.001
http://doi.org/10.3109/19390211.2012.708716
http://doi.org/10.1002/jbmr.2041


Plants 2023, 12, 313 20 of 22

57. Chen, W.; Rezaizadehnajafi, L.; Wink, M. Influence of Resveratrol on Oxidative Stress Resistance and Life Span in Caenorhabditis
elegans. J. Pharm. Pharmacol. 2013, 65, 682–688. [CrossRef]

58. Desjardins, D.; Cacho-Valadez, B.; Liu, J.-L.; Wang, Y.; Yee, C.; Bernard, K.; Khaki, A.; Breton, L.; Hekimi, S. Antioxidants Reveal an
Inverted U-Shaped Dose-Response Relationship between Reactive Oxygen Species Levels and the Rate of Aging in Caenorhabditis
elegans. Aging Cell 2017, 16, 104–112. [CrossRef]

59. Jara-Palacios, M.J.; González-Manzano, S.; Escudero-Gilete, M.L.; Hernanz, D.; Dueñas, M.; González-Paramás, A.M.; Heredia,
F.J.; Santos-Buelga, C. Study of Zalema Grape Pomace: Phenolic Composition and Biological Effects in Caenorhabditis elegans. J.
Agric. Food Chem. 2013, 61, 5114–5121. [CrossRef]

60. Khalil, A.; Tazeddinova, D.; Aljoumaa, K.; Kazhmukhanbetkyzy, Z.A.; Orazov, A.; Toshev, A.D. Carotenoids: Therapeutic Strategy
in the Battle against Viral Emerging Diseases, COVID-19: An Overview. Prev. Nutr. Food Sci. 2021, 26, 241–261. [CrossRef]
[PubMed]

61. Mezzomo, N.; Ferreira, S.R.S. Carotenoids Functionality, Sources, and Processing by Supercritical Technology: A Review. J. Chem.
2016, 2016, e3164312. [CrossRef]

62. Ambrósio, C.L.B.; de Campos, F.A.C.; de Faro, Z.P. Carotenóides como alternativa contra a hipovitaminose A. Rev. Nutr. 2006, 19,
233–243. [CrossRef]

63. Roohbakhsh, A.; Karimi, G.; Iranshahi, M. Carotenoids in the Treatment of Diabetes Mellitus and Its Complications: A Mechanistic
Review. Biomed. Pharmacother. 2017, 91, 31–42. [CrossRef] [PubMed]

64. Milani, A.; Basirnejad, M.; Shahbazi, S.; Bolhassani, A. Carotenoids: Biochemistry, Pharmacology and Treatment. Br. J. Pharmacol.
2017, 174, 1290–1324. [CrossRef]

65. Hussain, Y.; Alsharif, K.F.; Aschner, M.; Theyab, A.; Khan, F.; Saso, L.; Khan, H. Therapeutic Role of Carotenoids in Blood Cancer:
Mechanistic Insights and Therapeutic Potential. Nutrients 2022, 14, 1949. [CrossRef]

66. Koklesova, L.; Liskova, A.; Samec, M.; Zhai, K.; Abotaleb, M.; Ashrafizadeh, M.; Brockmueller, A.; Shakibaei, M.; Biringer, K.;
Bugos, O.; et al. Carotenoids in Cancer Metastasis—Status Quo and Outlook. Biomolecules 2020, 10, 1653. [CrossRef]

67. Van Hoang, D.; Pham, N.M.; Lee, A.H.; Tran, D.N.; Binns, C.W. Dietary Carotenoid Intakes and Prostate Cancer Risk: A
Case-Control Study from Vietnam. Nutrients 2018, 10, 70. [CrossRef]

68. Ono, A.; Koshiyama, M.; Nakagawa, M.; Watanabe, Y.; Ikuta, E.; Seki, K.; Oowaki, M. The Preventive Effect of Dietary Antioxidants
on Cervical Cancer Development. Medicina 2020, 56, 604. [CrossRef] [PubMed]

69. Kim, J.A.; Jang, J.-H.; Lee, S.-Y. An Updated Comprehensive Review on Vitamin A and Carotenoids in Breast Cancer: Mechanisms,
Genetics, Assessment, Current Evidence, and Future Clinical Implications. Nutrients 2021, 13, 3162. [CrossRef]

70. Koklesova, L.; Liskova, A.; Samec, M.; Buhrmann, C.; Samuel, S.M.; Varghese, E.; Ashrafizadeh, M.; Najafi, M.; Shakibaei, M.;
Büsselberg, D.; et al. Carotenoids in Cancer Apoptosis—The Road from Bench to Bedside and Back. Cancers 2020, 12, 2425.
[CrossRef] [PubMed]

71. Black, H.S.; Boehm, F.; Edge, R.; Truscott, T.G. The Benefits and Risks of Certain Dietary Carotenoids That Exhibit Both Anti- and
Pro-Oxidative Mechanisms—A Comprehensive Review. Antioxidants 2020, 9, 264. [CrossRef] [PubMed]

72. Addis, G.; Baskaran, R.; Raju, M.; Ushadevi, A.; Asfaw, Z.; Woldu, Z.; Baskaran, V. Effect of Blanching and Drying Process on
Carotenoids Composition of Underutilized Ethiopian (Coccinia grandis L. Voigt) and Indian (Trigonella foenum-graecum L.) Green
Leafy Vegetables. J. Food Process. Preserv. 2009, 33, 744–762. [CrossRef]

73. Xu, C.; Wang, S.; Ti, W.; Yang, J.; Yasen, Y.; Memetsidiq, M.; Shi, S. Role of Dietary Patterns and Factors in Determining the Risk of
Knee Osteoarthritis: A Meta-Analysis. Mod. Rheumatol. 2022, 32, 815–821. [CrossRef] [PubMed]

74. Sugiura, M.; Nakamura, M.; Ogawa, K.; Ikoma, Y.; Ando, F.; Shimokata, H.; Yano, M. Dietary Patterns of Antioxidant Vitamin and
Carotenoid Intake Associated with Bone Mineral Density: Findings from Post-Menopausal Japanese Female Subjects. Osteoporos.
Int. 2011, 22, 143–152. [CrossRef] [PubMed]

75. Estévez-Santiago, R.; Olmedilla-Alonso, B.; Fernández-Jalao, I. Bioaccessibility of Provitamin A Carotenoids from Fruits: Applica-
tion of a Standardised Static in Vitro Digestion Method. Food Funct. 2016, 7, 1354–1366. [CrossRef]

76. Yamaguchi, M.; Uchiyama, S. Beta-Cryptoxanthin Stimulates Bone Formation and Inhibits Bone Resorption in Tissue Culture in
Vitro. Mol. Cell. Biochem. 2004, 258, 137–144. [CrossRef]

77. Jiang, H.; Yin, Y.; Wu, C.-R.; Liu, Y.; Guo, F.; Li, M.; Ma, L. Dietary Vitamin and Carotenoid Intake and Risk of Age-Related
Cataract. Am. J. Clin. Nutr. 2019, 109, 43–54. [CrossRef]

78. Sharma, K.D.; Karki, S.; Thakur, N.S.; Attri, S. Chemical Composition, Functional Properties and Processing of Carrot—A Review.
J. Food Sci. Technol. 2012, 49, 22–32. [CrossRef]

79. Lem, D.W.; Davey, P.G.; Gierhart, D.L.; Rosen, R.B. A Systematic Review of Carotenoids in the Management of Age-Related
Macular Degeneration. Antioxidants 2021, 10, 1255. [CrossRef]

80. Yao, Y.; Goh, H.M.; Kim, J.E. The Roles of Carotenoid Consumption and Bioavailability in Cardiovascular Health. Antioxidants
2021, 10, 1978. [CrossRef]

81. Matsumoto, M.; Waki, N.; Suganuma, H.; Takahashi, I.; Kurauchi, S.; Sawada, K.; Tokuda, I.; Misawa, M.; Ando, M.; Itoh, K.; et al.
Association between Biomarkers of Cardiovascular Diseases and the Blood Concentration of Carotenoids among the General
Population without Apparent Illness. Nutrients 2020, 12, 2310. [CrossRef]

http://doi.org/10.1111/jphp.12023
http://doi.org/10.1111/acel.12528
http://doi.org/10.1021/jf400795s
http://doi.org/10.3746/pnf.2021.26.3.241
http://www.ncbi.nlm.nih.gov/pubmed/34737985
http://doi.org/10.1155/2016/3164312
http://doi.org/10.1590/S1415-52732006000200010
http://doi.org/10.1016/j.biopha.2017.04.057
http://www.ncbi.nlm.nih.gov/pubmed/28445831
http://doi.org/10.1111/bph.13625
http://doi.org/10.3390/nu14091949
http://doi.org/10.3390/biom10121653
http://doi.org/10.3390/nu10010070
http://doi.org/10.3390/medicina56110604
http://www.ncbi.nlm.nih.gov/pubmed/33182663
http://doi.org/10.3390/nu13093162
http://doi.org/10.3390/cancers12092425
http://www.ncbi.nlm.nih.gov/pubmed/32859058
http://doi.org/10.3390/antiox9030264
http://www.ncbi.nlm.nih.gov/pubmed/32210038
http://doi.org/10.1111/j.1745-4549.2008.00308.x
http://doi.org/10.1093/mr/roab059
http://www.ncbi.nlm.nih.gov/pubmed/34918108
http://doi.org/10.1007/s00198-010-1239-9
http://www.ncbi.nlm.nih.gov/pubmed/20480147
http://doi.org/10.1039/C5FO01242B
http://doi.org/10.1023/B:MCBI.0000012848.50541.19
http://doi.org/10.1093/ajcn/nqy270
http://doi.org/10.1007/s13197-011-0310-7
http://doi.org/10.3390/antiox10081255
http://doi.org/10.3390/antiox10121978
http://doi.org/10.3390/nu12082310


Plants 2023, 12, 313 21 of 22

82. Shivakoti, R.; Gupte, N.; Tripathy, S.; Poongulali, S.; Kanyama, C.; Berendes, S.; Cardoso, S.W.; Santos, B.R.; La Rosa, A.;
Mwelase, N.; et al. Inflammation and Micronutrient Biomarkers Predict Clinical HIV Treatment Failure and Incident Active TB in
HIV-Infected Adults: A Case-Control Study. BMC Med. 2018, 16, 161. [CrossRef]

83. Pechinskii, S.V.; Kuregyan, A.G. The Impact of Carotenoids on Immunity (Review) | SpringerLink. Pharm. Chem. J. 2014, 47,
509–513. [CrossRef]

84. Rowles, J.L.; Erdman, J.W. Carotenoids and Their Role in Cancer Prevention. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020,
1865, 158613. [CrossRef]

85. Thakur, D.; Jain, A.; Ghoshal, G.; Shivhare, U.S.; Katare, O.P. Microencapsulation of β-Carotene Based on Casein/Guar Gum
Blend Using Zeta Potential-Yield Stress Phenomenon: An Approach to Enhance Photo-Stability and Retention of Functionality.
AAPS PharmSciTech 2017, 18, 1447–1459. [CrossRef]

86. Delgado-Vargas, F.; Jiménez, A.R.; Paredes-López, O. Natural Pigments: Carotenoids, Anthocyanins, and Betalains—
Characteristics, Biosynthesis, Processing, and Stability. Crit. Rev. Food Sci. Nutr. 2000, 40, 173–289. [CrossRef]

87. Burton, G.W.; Daroszewski, J.; Mogg, T.J.; Nikiforov, G.B.; Nickerson, J.G. Discovery and Characterization of Carotenoid-Oxygen
Copolymers in Fruits and Vegetables with Potential Health Benefits. J. Agric. Food Chem. 2016, 64, 3767–3777. [CrossRef]

88. Carail, M.; Caris-Veyrat, C. Carotenoid Oxidation Products: From Villain to Saviour? Pure Appl. Chem. 2006, 78, 1493–1503.
[CrossRef]

89. Johnston, J.B.; Nickerson, J.G.; Daroszewski, J.; Mogg, T.J.; Burton, G.W. Biologically Active Polymers from Spontaneous
Carotenoid Oxidation: A New Frontier in Carotenoid Activity. PLoS ONE 2014, 9, e111346. [CrossRef] [PubMed]

90. Soukoulis, C.; Bohn, T. A Comprehensive Overview on the Micro- and Nano-Technological Encapsulation Advances for Enhancing
the Chemical Stability and Bioavailability of Carotenoids. Crit. Rev. Food Sci. Nutr. 2018, 58, 1–36. [CrossRef]

91. McClements, D.J. Food Emulsions: Principles, Practices, and Techniques, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2015; ISBN 978-0-
429-15403-4.

92. Walstra, P.; van Vliet, T. Dispersed Systems: Basic Considerations. In Fennema’s Food Chemistry; Damodaran, S., Parkin, K.L.,
Fennema, O.R., Eds.; Marcel Dekker: New York, NY, USA, 2007; pp. 783–847. ISBN 978-0-8493-9272-6.

93. Focsan, A.L.; Polyakov, N.E.; Kispert, L.D. Supramolecular Carotenoid Complexes of Enhanced Solubility and Stability—The
Way of Bioavailability Improvement. Molecules 2019, 24, 3947. [CrossRef] [PubMed]

94. Janiszewska-Turak, E. Carotenoids Microencapsulation by Spray Drying Method and Supercritical Micronization. Food Res. Int.
2017, 99, 891–901. [CrossRef] [PubMed]

95. Capelezzo, A.P.; Mohr, L.C.; Dalcanton, F.; de Mello, J.M.M.; Fiori, M.A. β-Cyclodextrins as Encapsulating Agents of Essential
Oils. In Cyclodextrin. A versatile Ingdredient; IntechOpen: London, UK, 2018. [CrossRef]

96. Donhowe, E.G.; Kong, F. Beta-Carotene: Digestion, Microencapsulation, and in Vitro Bioavailability. Food Bioprocess Technol. 2014,
7, 338–354. [CrossRef]

97. Arellano Corral, C.A. Extracción de Luteína a Partir de Flores de Tagete (Tagete erecta) y Estabilización por Microencapsulación.
Ph.D. Thesis, Facultad de Ciencias Químicas y Farmacéuticas, Universidad de Chile, Santiago, Chile, 2011.

98. Mestry, A.P.; Mujumdar, A.S.; Thorat, B.N. Optimization of Spray Drying of an Innovative Functional Food: Fermented Mixed
Juice of Carrot and Watermelon. Dry. Technol. 2011, 29, 1121–1131. [CrossRef]

99. Apanasenko, I.E.; Selyutina, O.Y.; Polyakov, N.E.; Suntsova, L.P.; Meteleva, E.S.; Dushkin, A.V.; Vachali, P.; Bernstein, P.S.
Solubilization and Stabilization of Macular Carotenoids by Water Soluble Oligosaccharides and Polysaccharides. Arch. Biochem.
Biophys. 2015, 572, 58–65. [CrossRef] [PubMed]

100. Nunes, I.L.; Mercadante, A.Z. Encapsulation of Lycopene Using Spray-Drying and Molecular Inclusion Processes. Braz. Arch.
Biol. Technol. 2007, 50, 893–900. [CrossRef]

101. Juscamaita Fabián, L.; Pérez Salvatierra, T.; Espinoza Silva, C.; Quispe Solano, M.; Hinostroza Quiñónez, G.; Flores Ramos,
O.; Manyari Cervantes, G. Evaluación de la Estabilidad de Carotenoides y Actividad Antioxidante de la Flor de Mastuerzo
(Tropaeolum majus L.) en la Microencapsulación por Spray-Drying. Rev. Soc. Quím. Perú 2017, 83, 282–293. [CrossRef]

102. Lim, A.S.L.; Roos, Y.H. Spray Drying of High Hydrophilic Solids Emulsions with Layered Interface and Trehalose-Maltodextrin
as Glass Formers for Carotenoids Stabilization. J. Food Eng. 2016, 171, 174–184. [CrossRef]

103. De Marco, R.; Vieria, A.M.S.; Ugri, M.A.; Monteiro, A.; Bergamasco, R. Microencapsulation of Annatto Seed Extract: Stability and
Application. Chem. Eng. Trans. 2013, 32, 1777–1782. [CrossRef]
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