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Carotenoids' inclusion in food matrices presents multiple challenges related to their low stability and low water
solubility. The inclusion of carotenoids in complexes with cyclodextrins constitutes a promising technology for the

stabilization of these pigments, with possible advantages in terms of their stability in food matrices.

inclusion complexes carotenoids cyclodextrins natural colorants encapsulation

| 1. Introduction

Pigments and dyes play an important role in the food industry as enhancers of homogeneity and stability of color
and appearance of the products. The most widely used colorants in the industry are synthetic azo-compounds,
classified as artificial colorants, due to their high solubility in water and chemical stability towards multiple stimuli.
However, some of the most used natural colorants, such as carotenoids, have low water solubility and stability 1.
Different approaches have been proposed to solve these disadvantages, such as micro- and nano-encapsulation
with host molecules, of which nano-encapsulation by formation of inclusion complexes has been highlighted as a
straightforward and effective alternative, with possible benefits in terms of increased stability, solubility, and

bioavailability of the guest compounds.

Most of the published evidence on the use of inclusion complexes as encapsulation systems relies on a model or
proof-of-concept guest compounds, and the complex formation methodologies have been tested at laboratory or
bench scale. Several authors have employed encapsulation with B-cyclodextrin since it is a molecule of great
commercial interest, cheaper compared to its a and y counterparts, and allows the encapsulation of hydrophobic
molecules as it has a non-polar center due to the arrangement of the internal hydrogens of the truncated cone,
while increasing the hydrophilicity of these molecules due to the conformation of the external hydrogens 22!, The
use of these encapsulations in natural extracts has been of great interest in the food industry, since they generate
great thermal, chemical and color stability in the product and permit exploring the use of natural ingredients as
colorants to replace the controversial use of artificial colorants BMIE |n order to enhance the commercial
application of this encapsulation strategy for natural carotenoids in the food industry, attempts must be made to
propose possible scaleups based on the published evidence on encapsulation of carotenoids, or carotenoid-rich

extracts, via the formation of cyclodextrin inclusion complexes.

| 2. Carotenoid Encapsulation Technologies
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Encapsulating is an expanding technological strategy, which refers to the incorporation or dispersion of active
components (cargo compounds) in the form of small vesicles, of micrometer or nanometer diameters in structures
generally formed by polymers or oligomers that function as a vehicle. The encapsulation of bioactive compounds
commonly seeks to improve their stability against degrading factors, e.g., electromagnetic radiation, high
temperatures, presence of reactive chemical species, their solubility (especially in water) and their bioavailability
when ingested (8],

For the encapsulation of carotenoids there are techniques of microencapsulation, which involve the formation of
particles between 1 and 5000 um, and nanoencapsulation, referring to particles between 10-1000 nm [ (Figure
1).
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Figure 1. Commonly used carotenoid encapsulation methods and techniques.

2.1. Microencapsulation

The process involves the coating of a solid, liquid, or gaseous substance with a coating material. The aim is to
make the material non-reactive and to achieve long-term stability in structures larger than 1 pm & through various

techniques, of which the principles and background of their use in carotenoid encapsulation are discussed below.

2.1.1. Coacervation

The technique involves liquid—liquid separation into a solution containing charged macro ions, producing a
polymer-rich phase; the separation of the polymer from the supernatant is followed by deposition of the resulting

coacervate containing the polymer around the active ingredient 1,

2.1.2. Spray-Drying
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The objective of this technique is to increase the area of heat and mass transfer between a liquid that contains both
the cargo and vehicle materials (usually a polymer or polymer combination) dispersed or dissolved in a solvent
(usually water or an aqueous solution), and a drying gas. To carry out this technique, a series of steps must be
considered. Initially, the main material to be encapsulated, filling or internal phase & is solubilized, dispersed or
emulsified with the encapsulating agent in a solution, suspension or emulsion. It is homogenized and fed to the
spray-dryer where it is atomized by a nozzle and a hot gas, generally air, so that the contact between drops and

the drying gas occurs.

2.1.3. Supercritical Micronization

This technique is used to avoid high temperatures that can affect the quality of carotenoids; carbon dioxide in
supercritical conditions is commonly used as a solvent due to its low cost and ease of downstream removal, given
by its low critical pressure and temperature (31.2 °C and 7.38 MPa), high volatility and diffusivity. The supercritical
anti-solvent procedure seems to have the more suitable results for carotenoid encapsulation and also the higher
level of carotenoid protection 8. In this process, the solvent (CO2) is used as an anti-solvent because it does not
dissolve the solute but is miscible with the solvent 19, First, the cargo material is dissolved in an organic solvent to

reach supercritical conditions required by the CO2 in a tank.

2.1.4. Emulsification

Emulsion formation has generally been used for encapsulation of bioactives in aqueous solutions, which can be
used directly in a liquid form, or can be dried to form powders after emulsification, for instance by freeze-drying or
spray-drying techniques. The emulsion consists of two immiscible phases, where one of the liquids is dispersed in
the form of small spheres in the other. In general, emulsions can be water in oil W/O or oil in water O/W 1],

2.2. Nano-Encapsulation

Nano-encapsulation seeks to form structures or particles that function as nano-carriers, which implies that at least
one of the characteristic dimensions of the capsules is smaller than 100 nm (or 1 um in some approaches). One of
the main advantages of these techniques over microencapsulation is that they provide larger surface areas, which
in turn can improve dispersibility in aqueous media, as well as penetrability throughout epithelial tissues of the
encapsulated compounds, thus potentially enhancing their inclusion in liquid matrices, as well as their
bioavailability 2. The most widely used nanoencapsulation methodologies that have been applied to carotenoids

are briefly described below.

2.2.1. Nano-Precipitation

This technique refers to the precipitation of a polymer from an organic solvent and the subsequent diffusion into
aqueous medium 12, |t is based on the spontaneous emulsification between an internal organic phase containing
the dissolved polymer, the cargo compound and the organic solvent, and an external aqueous phase . In the

procedure, the polymer is in the organic phase, which is poured into the aqueous phase under slight magnetic

https://encyclopedia.pub/entry/10656 3/12



Encapsulate Carotenoids with Cyclodextrin | Encyclopedia.pub

agitation. The technique has been used to encapsulated (-carotene in polymers as ethylcellulose with results of a
size particle of 60 + 9 nm and encapsulation efficiency of 74 + 2% and in zein with a size of 83 £+ 8 nm and

encapsulation efficiency of 93 + 4% 131,

2.2.2. Solvent Evaporation after Emulsification

This technique involves two main stages: the emulsification of the polymer solution containing the cargo compound
in an aqueous phase, and the evaporation of the solvent where the polymer is dissolved, inducing the precipitation
of the polymer in the form of nano-spheres. In detail, an organic solution of the polymer containing the dissolved
active component is dispersed and homogenized. Finally, the polymer precipitates in the form of nano-spheres in
which the bioactive component is finely dispersed in the polymer matrix network 24!, Usually, polymers such as
PLA or PLGA are used .

2.2.3. Inclusion Complexes

Inclusion complexes are defined as the supramolecular association of a ligand (encapsulated bioactive) in the
cavity of a substrate (cover material) using a hydrogen bond, Van der Waals forces or hydrophobic effect directed
by entropy [£2l. This technique is used to encapsulate volatile or small-molecule compounds, such as vitamins and
essential oils, greatly improving their stability. Only a few components can be used as a substrate for this purpose,
for example B-cyclodextrin and -lactoglobulin. It gives the encapsulated substance high stability and provides high

encapsulation yields.

3. Cyclodextrins: Physicochemical Properties and Complex
Formation Ability

Cyclodextrins are rings linked by a (1 -4) of d-glucopyranosyl units, composed by 6, 7 or 8 carbons, being a-, -,

and y-cyclodextrin those of greater commercial interest (Figure 2). Table 1 presents relevant physicochemical

properties of the most common cyclodextrins. These compounds are produced on an industrial scale from starch
by means of the enzyme cyclodextrin glycosyltransferase, obtained by different bacteria [28l. A selective synthesis
of some of the three varieties can be made by precipitation of the bacterial growth media in specific organic

solvents, e.g., toluene, decanol or butanone 17,

Table 1. Physical properties of cyclodextrins.

Cyclodextrin

Properties o-CD B-CD y-CD Ref.
Glucose units 6 7 8 -
Molecular formula C36H6003O C42H70035 C48H80045 -
Molecular weight (g/mol) 972.8 1135 1297.1 -
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Cyclodextrin

Properties o-CD B-CD y-CD Ref.
Melting point (°C) 278 290-300 No data (18]
Boiling point (°C) Discomposes Discomposes No data [L8]
Water solubility (25 °C) (g/100 mL) 12.8 1.8 25.6 (L9201
Water solubility (45 °C) (g/100 mL) 29.0 45 58.5 (19201
Water solubility (60 °C) (g/100 mL) 66.2 9.1 129.2 (1920
Internal volume (nm?®) 0.174 0.262 0.427 3l
Internal diameter (nm) 0.57 0.78 0.95 [21]
External diameter (nm) 1.37 1.53 1.69 [21]
Ring height (nm) No data 0.78 0.78 [21]
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Figure 2. Chemical structure and cavity dimensions of cyclodextrins. a-, 3-, and y-cyclodextrin (a-CD, 3-CD, and y-

CD) from left to right adapted from B2,

As observed in Figure 2, the cyclodextrin forms a truncated cone with a hydrophobic center and a hydrophilic
exterior. This allows its hydrophobic center to generate weak interactions (Van der Waals forces) with nonpolar
molecules that remain in its interior, while its exterior makes it more soluble or dispersible in an aqueous media, a

feature that is of great interest for the protection of poorly water-soluble molecules with use in medicine, food or

even cosmetics ZE],
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Inclusion complex formation takes advantage of the truncated cone shape of cyclodextrins to encapsulate
molecules capable of occupying the same or a smaller volume of the cavity. This interaction turns the cyclodextrin
into a host and the internal molecule into a guest, which interact by non-covalent molecular forces such as Van der
Waals forces, or by hydrogen bridges. It is used extensively in the encapsulation of nonpolar molecules in order to

increase their solubility and protect them from the environment, since cyclodextrins are not toxic to humans 2],

This interaction occurs through a dynamic balance between a recombination constant and a complex dissociation

constant. As the guest molecule increases in size, ionizes or increases in polarity, the complex formation constant
3]

K K
Cyclodeztrin (CD) + Molecule (M) f CD - M;K — K—E (1)
n n

where K is the formation constant in equilibrium, Kg is the formation constant of the complex and Kp corresponds to
the dissociation constant of the complex.

4. Previous Studies of Encapsulation of Carotenoids by
Formation of Inclusion Complexes in Cyclodextrins

In order to review the background of the use of inclusion in complexes of 3-cyclodextrin as a technique for the
encapsulation of carotenoids, a synthesis of the inclusion methodologies, recovery, inclusion efficiency and
instrumental characterization techniques, as reported by different authors, is presented in Table 2. The
methodologies for the preparation of carotenoid/cyclodextrin complexes can be classified in three main types:
ultrasound-assisted, mixture with mechanical stirring, and physical mixture. In general, the three of them, although
variable, present high inclusion efficiencies and yields.

Table 2. Encapsulation by inclusion complex formation with (-cyclodextrin and different guests, the inclusion

methodologies, recovery, inclusion efficiency and instrumental characterization techniques reported by different

authors.
Inclusion Preparation @ Mass Recovery Inqlqsmn Characterization
. . Efficiency . Summary Ref.
Complex Methodologies Ratio (%) * (%) ** Techniques
Red pepper FT-IR Greater (4]
extract and [3- Co-precipitation DSC performance
cyclodextrin with ultrasound Particle size and inclusion
homogenization  (1:4) 54.5 £ 62.4 + Size distribution efficiency
(100 W, 15 3.6 12.9 Zeta potential  were obtained
min). IH-NMR by using
Color stability ultrasound
over
- conventional
Co-precipitation (1:4) 40.8 + 529 + (magnetic)

with 2.8 9.4
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Inclusion

Inclusion Efficiency

Complex

Preparation Mass Recovery
Methodologies Ratio (%) *

Characterization Summary Ref.

(%) **

Techniques

conventional
(magnetic)
stirring (up to
22+1°C,~30
min).

Kneading

(1:4)

No data

No data

stirring. The
formation of
the inclusion
complex is
demonstrated,
with FT-IR
and DSC
better. High
color stability
in yogurt
matrix was
demonstrated.

Co-precipitation
with ultrasound
homogenization
(50 W, 15 min)
Yellow pepper
extract and (3-
cyclodextrin

(1:2)

781

57+5

(1:4)

63+4

73+8

(1:6)

51+3

75+ 6

Kneading (50
min)

(2:2)

96

37

FT-IR
DSC
Staining power

FT-IR and
CRP
techniques
confirmed the
formation of
the inclusion
complexes.
Also, through
the staining
power it was
decided that
the best
inclusion
corresponded
to 1:2. Finally,
a high color
stability was
demonstrated
in isotonic
beverages.

[2]

Red pepper
extract and 2-
hydroxypropyl-
B-cyclodextrin

Co-precipitation
with ultrasound
homogenization
(100 W, 5 min)

(1:4)

91.2 +
1.7

819+
2.4

(1:6)

92.7 +
1.2

75.2
7.5

(1:8)

90.7 +
1.2

69.0 +
&l

FT-IR
DSC
DLS
'H-NMR
Solubility essay

It was
observed that
the amount of

cyclodextrin
did not affect
the inclusion
efficiency and
high yields
were
obtained. The
techniques of
CSD, FT-IR,
DLS and
solubility test
were the
techniques
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Inclusion
Complex

Preparation

Mass

Methodologies Ratio

Recovery

(%) *

Inclusion
Efficiency

(%) **

Characterization

Techniques

Summary Ref.

[-carotene
(BCT) and f3-
cyclodextrin

Lycopene
(LYC) and 3-
cyclodextrin

Kneading (20
min)

(1:10)

93.0 =
2.0

69.7 =
3.7

(1:4)
(1:6)
(1:8)
(1:10)

No data

No data

Co-precipitation
with
conventional
(magnetic)
stirring (5 days,
N2 purge,
covered with
light)

(1:360)

No data

No data

FT-Raman
Computational
Quantum Model

that identified
the formation
of the
inclusion
complex.
Finally, the
use of 2-
HPBCD
increased
water
solubility by
660 times.

The most
intense band
vl assigned

to the
stretching -
C=C- was the
most sensitive
to change at
the time of
inclusion in
Raman, and it
was higher in
non-bulky
groups of the
studied
molecules, [22]
generating
greater
inclusion.
BCT, LYC and
AST

Astaxanthin
(AST) and 3-
cyclodextrin

Tomato oil and
a-cyclodextrin

Co-precipitation

with stirring and

(10:19)

No data

61.5

FTIR-ATR
DSC
SEM

presented
favorable
inclusion
energies. The
computational
calculations
agreed mostly
with the
experiments
carried out.

The B- [23]
cyclodextrin
complex
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Inclusion
Efficiency
(%) **

Characterization
Techniques

Inclusion Preparation @ Mass Recovery

Complex Methodologies Ratio (%) * SUUED 7 GUE

nitrogen LCSM showed the
sparging (24 h) Antioxidant best
activity dispersion in
oil. aand 3
showed the
best
antioxidant
activity as well
as oil-
Tomato oil and dispersing
B-cyclodextrin (10:23)  No data 62.4 agents and
antioxidant
carrier
systems in
aqueous
media. A
significant
improvement
in the stability
Tomato ol and (10:26) Nodata  44.0 e
y-cyclodextrin lycopenes
analyzed was
shown by the
three types of

cyclodextrins

FT-IR: Fourier transform infrared spectroscopy/ATR: attenuated total reflectance; DSC: differential scanning
calorimetry; 'H-NMR: proton nuclear magnetic resonance; DLS: dynamic light scattering; FR-Raman: Raman
spectroscopy with Fourier transform; XRD: X-ray diffraction; HPLC: high performance liquid chromatography;
LCSM: laser confocal scanning microscopy; * recovery (%) = 100 [powder of the recovered complex (g)/(initial
material (extract—f3-cyclodextrin)) (g)]; ** inclusion efficiency (%) = 100 (measured extract content/theoretical
extract content) usually with UV-Vis spectrophotometry at 451 nm. The mass ratio is indicated as the mass:mass

proportion of carotenoid or carotenoid-rich extract to cyclodextrin.

As shown in Table 4, the extract: cyclodextrin ratios vary between 1:2 and 1:10, except for one study 22! that uses
excess cyclodextrin to ensure complete encapsulation. The ratio most commonly reported as optimal is 1:4, which
offers the highest recoveries (mass of complex recovered/mass of initial material*100) and inclusion efficiencies
(measured extract content/theoretical extract content *100, assessed by UV-vis spectrophotometry); likewise, Lobo
et al. [ reported that with lower ratios, it is possible to obtain the same pigmentation power as with higher ratios,
suggesting to avoid excesses of cyclodextrin.

Recovery rates have a wide range of variation, from 40.79% * 2.76% to 96.9%. When the reaction is performed
with 2-hydroxypropyl-B-cyclodextrin using the ultrasound-assisted preparation methodology, recoveries from

90.75% + 1.24 to 93.03% * 1.99 were obtained. On the other hand, the inclusion efficiency reports have a range of
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variation between 37% and 81.87% + 2.44%. (2 a recovery percentage of 40.79% =+ 2.76% and 63% * 4%,

respectively, was obtained, and for the inclusion efficiencies of 52.95% + 9.39% and 73% + 8% were reported.

In addition to the characterization techniques previously described [, the stability of the complexes has been
evaluated by tristimulus colorimetry, using CIELAB space (L*, a* and b* coordinates), through the observation of
the loss of color over time of the synthesized complexes: in the cases in which carotenoids were used, the authors
reported an improvement in color stability over time. In addition, Lobo et al. 2, and De Oliveira et al. (22, confirmed

an improvement in the solubility of the carotenoids used through the formation of inclusion complexes.

| 4. Conclusions

The encapsulation of carotenoids using cyclodextrin offer positive and promising results that are potentially
applicable for obtaining novel coloring additives. Further research focused on the insights of the molecular and
physicochemical characteristics of the complexes carotenoid, as well as on the efficiency, recovery, and
mechanisms of losses during their formation, are of great scientific interest for their application in the industry of

natural food additives, and functional ingredients.

References

1. Rehman, A.; Tong, Q.; Jafari, S.M.; Assadpour, E.; Shehzad, Q.; Aadil, R.M.; Igbal, M.W.; Rashed,
M.M.A.; Mushtaq, B.S.; Ashraf, W. Carotenoid-loaded nanocarriers: A comprehensive review. Adv.
Colloid Interface Sci. 2020, 275, 102048.

2. Lobo, FA.T,; Silvana, R.; Domingues, J.; Rodrigues, S.; Costa, V.; Falcdo, D.; Araujo, K.G.D.L.
Inclusion complexes of yellow bell pepper pigments with 3-cyclodextrin: Preparation,
characterisation and application as food natural colorant. J. Sci. Food Agric. 2018, 98, 2665—
2671.

3. Astray, G.; Gonzalez-Barreiro, C.; Mejuto, J.C.; Rial-Otero, R.; Simal-Gandara, J. A review on the
use of cyclodextrins in foods. Food Hydrocoll. 2009, 23, 1631-1640.

4. Gomes, L.M.M.; Petito, N.; Costa, V.G.; Falcdo, D.Q.; Araujo, K.G.D.L. Inclusion complexes of red
bell pepper pigments with 3-cyclodextrin: Preparation, characterisation and application as natural
colorant in yogurt. Food Chem. 2014, 148, 428-436.

5. Petito, N.; Dias, D.D.S.; Costa, V.G.; Falcéo, D.Q.; Araujo, K.G.D.L. Increasing solubility of red
bell pepper carotenoids by complexation with 2-hydroxypropyl-3-cyclodextrin. Food Chem. 2016,
208, 124-131.

6. De Boer, F.Y.; Imhof, A.; Velikov, K.P. Encapsulation of colorants by natural polymers for food
applications. Color. Technol. 2019, 135, 183-194.

https://encyclopedia.pub/entry/10656 10/12



Encapsulate Carotenoids with Cyclodextrin | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

20.

. Anandharamakrishnan, C. Techniques for Nanoencapsulation of Food Ingredients; Springer: New

York, NY, USA, 2013.

. Janiszewska-Turak, E. Carotenoids microencapsulation by spray drying method and supercritical

micronization. Food Res. Int. 2017, 99, 891-901.

. Gongalves, A.; Estevinho, B.N.; Rocha, F. Microencapsulation of vitamin A: A review. Trends Food

Sci. Technol. 2016, 51, 76-87.

Ghosh, S.; Mishra, S.; Singh, T. Antisolvents in Perovskite Solar Cells: Importance, Issues, and
Alternatives. Adv. Mater. Interfaces 2020, 7, 1-24.

Ozkan, G.; Bilek, S.E. Microencapsulation of Natural Food Colourants. Int. J. Nutr. Food Sci.
2014, 3, 145-156.

Galindo-Rodriguez, S.; Allemann, E.; Fessi, H.; Doelker, E. Physicochemical Parameters
Associated with Nanoparticle Formation in the Salting-Out, Emulsification-Diffusion, and
Nanoprecipitation Methods. Pharm. Res. 2004, 21, 1428-1439.

Afonso, B.S.; Azevedo, A.G.; Gongalves, C.; Amado, |.R.; Ferreira, E.C.; Pastrana, L.M.;
Cerqueira, M.A. Bio-Based Nanoparticles as a Carrier of 3-Carotene: Production,
Characterisation and In Vitro Gastrointestinal Digestion. Molecules 2020, 25, 4497.

Reis, C.P.; Neufeld, R.J.; Ribeiro, A.J.; Veiga, F. Nanoencapsulation I. Methods for preparation of
drug-loaded polymeric nanoparticles. Nanomedicine Nanotechnol. Biol. Med. 2006, 2, 8-21.

Ezhilarasi, P.N.; Karthik, P.; Chhanwal, N.; Anandharamakrishnan, C. Nanoencapsulation
Techniques for Food Bioactive Components: A Review. Food Bioprocess Technol. 2013, 6, 628—
647.

Horikoshi, N.K.; Nakamura, N.; Matsuzawa, N.; Yamamoto, M. Industrial Production of
Cyclodextrins. In Proceedings of the First International Symposium on Cyclodextrins, Budapest,
Hungary, 30 September—2 October 1981; Szeijtli, J., Ed.; Springer Science and Business Media:
Berlin/Heidelberg, Germany, 1982; pp. 25-39.

Hedges, A.R. Industrial Applications of Cyclodextrins. Chem. Rev. 1998, 98, 2035-2044.
Caligur, V. Cyclodextrins. BioFiles 2008, 3, 32.

Wiedenhoff, N.; Lammers, J.N.J.J. Properties of cyclodextrins. Part Il. Preparation of a stable (3-
cyclodextrin hydrate and determination of its water content and enthalpy of solution in water from
15-30°. Carbohydr. Res. 1968, 7, 1-6.

Jozwiakowski, M.J.; Connors, K.A. Aqueous solubility behavior of three cyclodextrins. Carbohydr.
Res. 1985, 143, 51-59.

https://encyclopedia.pub/entry/10656

11/12



Encapsulate Carotenoids with Cyclodextrin | Encyclopedia.pub

21. Gidwani, B.; Vyas, A. A Comprehensive Review on Cyclodextrin-Based Catrriers for Delivery of
Chemotherapeutic Cytotoxic Anticancer Drugs. BioMed Res. Int. 2015, 2015, 1-15.

22. De Oliveira, V.E.; Almeida, E.W.C.; Castro, H.V.; Edwards, H.G.M.; Dos Santos, H.F.; De Oliveira,
L.F.C. Carotenoids and B-Cyclodextrin Inclusion Complexes: Raman Spectroscopy and
Theoretical Investigation. J. Phys. Chem. A 2011, 115, 8511-8519.

23. Durante, M.; Milano, F.; De Caroli, M.; Giotta, L.; Piro, G.; Mita, G.; Frigione, M.; Lenucci, M.
Tomato Oil Encapsulation by a-, -, and y-Cyclodextrins: A Comparative Study on the Formation
of Supramolecular Structures, Antioxidant Activity, and Carotenoid Stability. Foods 2020, 9, 1553.

Retrieved from https://encyclopedia.pub/entry/history/show/25357

https://encyclopedia.pub/entry/10656 12/12



