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Abstract

:

The use of natural carotenoids as food colorants is an important trend of innovation in the industry due to their low toxicity, their potential as bio-functional ingredients, and the increasing demand for natural and organic foods. Despite these benefits, their inclusion in food matrices presents multiple challenges related to their low stability and low water solubility. The present review covers the main concepts and background of carotenoid inclusion complex formation in cyclodextrins as a strategy for their stabilization, and subsequent inclusion in food products as color additives. The review includes the key aspects of the molecular and physicochemical properties of cyclodextrins as complexing agents, and a detailed review of the published evidence on complex formation with natural carotenoids from different sources in cyclodextrins, comparing complex formation methodologies, recovery, inclusion efficiency, and instrumental characterization techniques. Moreover, process flow diagrams (PFD), based on the most promising carotenoid-cyclodextrin complex formation methodologies reported in literature, are proposed, and discussed as a potential tool for their future scale-up. This review shows that 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.
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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. These compounds are generally recognized as safe, however, there are rising concerns due to evidence of their long-term intake toxicity [1,2,3,4], which ultimately has increased the distrust in their use by consumers. Pigment compounds naturally present in foodstuffs are an interesting alternative to artificial colorants, in virtue of their low toxicity in recommended doses, and the growing ‘clean-label’ consumption trend, as well as their potential nutritional value [5,6,7]. However, some of the most used natural colorants, such as carotenoids, have low water solubility and stability [8]. 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 β-cyclodextrin since it is a molecule of great commercial interest, cheaper compared to its α and γ 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 [9,10]. Another benefit of using this molecule in the food industry is its toxicity as it is considered a GRAS (generally recognized as safe) molecule by the FDA [11]. 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 [9,12,13]. In 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.



The present review covers the basic concepts and literature related to the use of cyclodextrin/carotenoid inclusion complexes formation as an encapsulation method for this type of natural pigments and sets a basis for future studies focused on the use of this strategy for the enhancement of the solubility and the stability of carotenoids from plant sources, under an industrial perspective.




2. Food Colorants: Artificial vs. Natural


In food, an additive is purposely added to an edible matrix to impart a desired characteristic. In the specific case of color, the addition of a coloring compound or substance is aimed at guaranteeing homogeneity and stability over time, or at intensifying or providing non-previously existing color to the matrix [14]. A definition of a colorant as an additive, proposed by the FDA is as follows: “a color additive is a dye, pigment, or other substance, which is capable of imparting color when added or applied to a food, medicine, cosmetic or human body” [15]. All over the world, there has been management in the food additives regulation, risks, and safety assessments, evaluating the exposition, analytical methods and the development general principles had been handled through the Joint FAO/WHI Committee on Food Additives (JECFA), and the regulations are implemented by the respective entities in each country, such as, FDA in the United States or EFSA in the European Union.



Most of the regulatory frameworks recognize two classification of food colorants as additives: natural and synthetic (also known as artificial) [16,17,18]. Natural colorants are extracted from nature by physical methods. When they are synthesized in the laboratory with a structure similar to their natural analogues and are chemically modified from natural colorants or fully synthetized in the laboratory, they are called synthetic.



The principal advantage of artificial colorants is their high solubility in aqueous medium. Being in their majority sodium salts or sulphonic acids of azo-derivatives, they have polar groups that allow water solubility, an important fact in the industry, due to the wide variety of existing food high in water. They can also be used as lacquers, making them insoluble in water or grease, working as a coverage. These colorants are divided into two main groups: allowed and not allowed [1]. The main problem of these colorants is the increasing concern about their toxicity. For example, the tartrazine is officially declared by the FDA to be allergenic [2]. Allura red has been studied by the EFSA as teratogenic in mice, which has led to a prohibition on its use in animal feed, as well as to reports of allergy and hives in humans [2,3]. Another problem of artificial colorants lies in their purification, because it is necessary to eliminate subsidiary colorants and residual non-coloring reagents from their chemical synthesis [19].



In contrast, several natural colorants have been part for a long period of the human diet, so their toxicity is low in the doses recommended by national and international organizations. This asset becomes advantageous for the market trend towards organic and healthy food, in which the use of solely natural ingredients generates security in the consumers of all ages [5,6,7].



These advantages offered by natural colorants, combined with the increase of bans that artificial colorants have faced in recent years, mainly in the United States, have led to the change of formulations in different countries [20], a trend of “clean label” began, which, although not regulated and does not have a standardized definition by organizations or legislation, refers to the use of additives of natural origin in foods, transparency in their origin, greener and cleaner processes, or simply less chemical substances [21,22]. Thus, the food industry is focusing on the development, design and improvement of formulations with natural additives that preserve and conserve properties in the same way as synthetic additives do, generating an innovative challenge for the industry [22].



Certain natural colorants can exert toxic or allergenic effects, although to a minor extent compared to their artificial counterparts. Some examples include cochineal extract (carminic acid), which has shown severe cases of allergy possibly attributed to protein hypersensitivity due to the glycoproteins remaining in the extraction [23]. Charcoal has polycyclic aromatic compounds and tar, which have shown a carcinogenic effect, being prohibited in the United States, and strongly regulated in the European Union [24]. Another study has shown that annatto extract generates hypersensitivity and hives in mice [25]. The main technological drawbacks for the use of natural colorants are their lower stability, higher cost compared to their artificial analogues, the need for extraction processes, and difficulties to reproduce the color due to variability in the extraction source [6].



Different studies have been carried out on the functionalization of different natural pigments to take advantage of the benefits that natural colorants offer, as well as their use as biomolecules to give additional food properties. For example, Enache et al. [26] formed co-microencapsulates using chitosan, inulin and soy protein isolates, encapsulating anthocyanins and Lactobacillus casei ssp. generating antioxidant activity and inhibition of α-amylase and α-glucosidase, with the aim of being released into the body for use in food. Milea et al. [27] performed an extraction of anthocyanins in the essential oil of black rice and lavender and generated a microencapsulation of this with a mixture of soy protein isolate, soy protein hydrolysates and casein, which they lyophilized and obtained α-glucosidase inhibitory activity, radical scavenging and release in the intestine by in vitro assays. Other studies show the functionalization of carotenoids in different matrices. Nogueira et al. [28], using soy protein encapsulation and lyophilization in order to protect carotenoids extracted from Phaffia rhodozyma, obtained an inclusion efficiency of 65% and a protection against temperature determined by DSC. Deng et al. [29] encapsulated β-carotenoids in soy protein isolate and octenylsuccinic anhydride-modified starch, obtaining a significant improvement in terms of stability at low temperatures and protection against sunlight, avoiding carotenoid degradation.



In this context, there is an ongoing search for new sources of natural pigments, as well as for technological strategies for their enhancement in terms of stability, solubility, pigmentation quality, and ease for inclusion in food matrices.




3. Carotenoids: Sources, Physicochemical Characteristics, and Stability


Carotenoids are natural pigments, generally composed of eight isoprenoid units; they are lipid compounds, and for that reason they are insoluble in water and soluble in nonpolar organic solvents. These compounds are synthesized by plants and some fungi and bacteria [8,30] and they have the capacity to absorb light between 400 and 500 nm [8]. They are generally classified as carotenes or xanthophylls according to the absence or presence of oxygen functional groups in their molecular structure, respectively.



Carotenoids are the main responsible of the red, yellow, or orange pigmentation of fruits, vegetables, flowers, fungi, birds, insects, crustaceans, among others [31], some of which acquire them via dietary intake of carotenoid-rich plants and microorganisms. Indeed, they are considered essential for their role in the photosynthesis process by helping to capture light, photo-protecting chlorophyll in the visible spectrum near to the UV and dissipating excess energy [32]. Their coloration is due to the oscillation of electrons in the unsaturated hydrocarbon chain [32]. Table 1 presents the general classification of carotenoids and their primary sources and is directly associate with Figure 1.



Carotenoids have been of interest in food science and nutrition, initially because of the pro-vitamin A activity that some of them exhibit, in particular β-carotene, and over time they have become more important due to their association with a variety of beneficial health properties, such as antioxidant activity [33]. About 700 varieties of carotenoids were characterized and but only around 20 have been detected in human tissues and bloodstream [34].
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Table 1. Classification and sources of common carotenoids and their associated colors.
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Classification

	
Name

	
Sources

	
Associated Color






	
Carotene

	
β-carotene

	
Red and yellow pepper, ñame, bee pollen, carrot, tomato, squash, ahuyama, spinach, pumpkin, guayaba, apricot

	
Red, orange, yellow [35]




	
Lycopene

	
Carrot, tomato, purple cabbage

	
Red, orange [36]




	
Xanthophylls

	
Astaxanthine

	
Fish, crustaceans, salmon, pomegranate

	
Pink-red [36]




	
β-criptoxanthin

	
Lemons, paprika, oranges, green pepper, papaya, squash, peach, pumpkin

	
Yellow-orange [35]




	
Canthaxantin

	
Mushrooms, crustaceans, trout

	
Orange [36]




	
Capsanthin-capsorubin

	
Red paprika, rice endosperm

	
Yellow-orange [35]




	
Lutein

	
Potato, carrot, corn, tomatoes, egg yolk, papaya, pumpkin, red and yellow pepper

	
Yellow [36]




	
Zeaxanthin

	
Papaya, egg, orange, honey, pumpkin

	
Yellow [36]









Besides their insolubility in water, the use of carotenoids as food ingredients or additives can be limited by their promptness to isomerization and oxidation reactions, which is, on the other hand, part of their mechanism as antioxidants [37].



Carotenoids are relatively stable compounds while they are within the food matrix where they were synthesized; once extracted, they become highly labile, creating limitations for their use as ingredients, including the loss or decrease of their nutritional value, as well as undesired changes in their coloring features. Namely, carotenoids are sensitive to high temperatures and exposure to oxygen [8], which can induce either isomerization or oxidation reactions, as the main types of chemical instability.



3.1. Isomerization


An increase in temperature can provide the necessary energy that allows for geometric isomerization of both carotenes and xanthophylls, thus increasing the proportion of z-isomers. The 5,6-epoxides are not stable and undergo rapid isomerization to the furan form of 5,8-epoxide [38]. This type of isomerization is closely linked to the carotenoid structure, and it is induced by protonation. This process follows nine different mechanisms, including formal hemolytic or heterolytic addition of nucleophiles, radicals, or protons [39].




3.2. Oxidation


The oxidation is one of the main reactions that affect carotenoids, and it is favored by temperature, UV or visible light exposure, enzymes, and the presence of metals. It is counteracted by the presence of antioxidants, such as tocopherols or vitamin C. The mechanism of oxidation of carotenoids is not yet fully known, however, it is assumed that the process involves epoxidation reactions, apocarotenoids formation and hydroxylation, leading to lower molecular weight compound [32]. The oxidative reactions lead to the production of volatiles with a high stoichiometric influence, and different relations between cis or trans isomers and the volatile molecules produced. The oxidation can be also enzymatically catalyzed; when enzymes are present, they can be inactivated by rapid heat exposure, therefore, bleaching before cutting or grinding helps to avoid carotenoid losses [39]. Self-oxidation by oxygen results in a large and complex mixture of epoxides, aldehydes, ketones, peroxides, and other secondary reactions that produce short-chain carbonyl compounds, carbon dioxides and carboxylic acids [39,40].



Figure 2 summarizes the factors influencing carotenoid stability. Due to the chemical reactivity of carotenoids, alternatives have been sought to improve their stability, via encapsulation, from light, temperature, and oxygen exposure.





4. An Overview of Carotenoid Encapsulation Technologies


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 [8,41].



For the encapsulation of carotenoids there are techniques of microencapsulation, which involve the formation of particles between 1 and 5000 μm, and nanoencapsulation, referring to particles between 10–1000 nm [42] (Figure 3). Such technologies have been the subject of multiple studies, and some key aspects, related specifically to carotenoids, are summarized below (Table 2); however, their in-deep discussion is outside the scope of the present review.



4.1. 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 μm [45] through various techniques, of which the principles and background of their use in carotenoid encapsulation are discussed below.



4.1.1. 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 [8].



The cargo is dispersed in the solution, and the particle size is defined by the stirring speed, the shape of the stirrer, the surface tension and the viscosity. Coacervation starts with the change of the pH value by adding a strong acid, such as sulfuric or hydrochloric or organic acids. As a result, there is a reduction in the solubility of the dispersed phases. Depending on the number of polymers used, coacervation can be classified as simple (only one type pf polymers) and complex coacervation (two or more polymers) [50]. The use of this technique has been reported in palm oil with high carotenoid content [43], and in the encapsulation of β-carotene [44].




4.1.2. Spray-Drying


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 [57] 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. After the evaporation of the water, the powder produced is separated by a cyclone and subsequently recovered [45].



The homogenization of the mixtures before spray formation and the drop size are key factors, and they can be controlled by speed, flow and air temperature, as well as by the nozzle design [45].



Despite carotenoid sensitivity towards air and high temperatures the technique has been used for carotenoid encapsulation such as β-carotene and lycopene [45], with great variation in recovery efficiencies, but there are no generalizable parameters for its application, which must be found experimentally, depending on the specific carotenoids [8].




4.1.3. 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 [45]. 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 [58]. First, the cargo material is dissolved in an organic solvent to reach supercritical conditions required by the CO2 in a tank. Due to the reduction of solubility when de CO2 is added a local supersaturation conditions are created [58], as a result of this phenomena that take place between the supercritical phase of CO2 and the other solvents, precipitation of the active and the vehicle substances occurs in the form of crystals [45].



This method of supercritical anti-solvent has shown good yields or efficiency in the encapsulation of astaxanthin with an efficiency of 20%–74% using polymers as carriers in a small scale [46], also lutein with an efficiency of 90% using as carrier phosphatidylcholine [47] and in zeaxanthin with yields between 48%–74% [48].




4.1.4. 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 [50].



The emulsions oil in water are considered to be a low-cost, efficient method to increase the stability and bioavailability of β-carotene [49]. Different types of carotenoids have improved their stability because of the use of oil water emulsions—some examples are lycopene [51] and β-carotene [52].





4.2. 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 µm 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 [8]. The most widely used nanoencapsulation methodologies that have been applied to carotenoids are briefly described below.



4.2.1. Nano-Precipitation


This technique refers to the precipitation of a polymer from an organic solvent and the subsequent diffusion into aqueous medium [53]. It 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 [42]. In the procedure, the polymer is in the organic phase, which is poured into the aqueous phase under slight magnetic agitation. When both phases are in contact, the solvent diffuses into the water carrying some polymer chains that are in solution, from the organic phase. Then, when the solvent diffuses into the water, the polymer chains are aggregated forming the nano-particles [53]. It should be noted that to improve the efficiency of the technique, it is usually complemented with freeze drying as the final step. The technique has been used to encapsulated β-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% [54].




4.2.2. 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 [59]. Usually, polymers such as PLA or PLGA are used [42]. The size of the sphere is controlled by the stirring mode, the amount of dispersing agent, viscosity of the organic and aqueous phases, and temperature. This technique has been used to produce nanoemulsions where β-carotene has been encapsulated, the authors report a diameter from 9 to 280 nm [55].




4.2.3. 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 [56]. 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 β-cyclodextrin and β-lactoglobulin. It gives the encapsulated substance high stability and provides high encapsulation yields.



This approach has been explored for the encapsulation of carotenoids; this review focuses on inclusion complexes formed with cyclodextrins, especially β-cyclodextrin, due to their larger commercial availability, and its proven ability to protect and increase solubility of carotenoids in aqueous matrices [9,12].






5. Cyclodextrins: Physicochemical Properties and Complex Formation Ability


Cyclodextrins are rings linked by α (1→4) of d-glucopyranosyl units, composed by 6, 7 or 8 carbons, being α-, β-, and γ-cyclodextrin those of greater commercial interest (Figure 4). Table 3 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 [60]. Its chemical synthesis has been reported, but it is quite complex for its industrial scaling. 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 [61].
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Table 3. Physical properties of cyclodextrins.
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Properties

	
Cyclodextrin

	
Ref.




	
α-CD

	
β-CD

	
γ-CD






	
Glucose units

	
6

	
7

	
8

	
-




	
Molecular formula

	
C36H60O30

	
C42H70O35

	
C48H80O45

	
-




	
Molecular weight (g/mol)

	
972.8

	
1135

	
1297.1

	
-




	
Melting point (°C)

	
278

	
290–300

	
No data

	
[62]




	
Boiling point (°C)

	
Discomposes

	
Discomposes

	
No data

	
[62]




	
Water solubility (25 °C) (g/100 mL)

	
12.8

	
1.8

	
25.6

	
[63,64]




	
Water solubility (45 °C) (g/100 mL)

	
29.0

	
4.5

	
58.5

	
[63,64]




	
Water solubility (60 °C) (g/100 mL)

	
66.2

	
9.1

	
129.2

	
[63,64]




	
Internal volume (nm3)

	
0.174

	
0.262

	
0.427

	
[10]




	
Internal diameter (nm)

	
0.57

	
0.78

	
0.95

	
[65]




	
External diameter (nm)

	
1.37

	
1.53

	
1.69

	
[65]




	
Ring height (nm)

	
No data

	
0.78

	
0.78

	
[65]
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Figure 4. Chemical structure and cavity dimensions of cyclodextrins. α-, β-, and γ-cyclodextrin (α-CD, β-CD, and γ-CD) from left to right adapted from [10,65]. 
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As observed in Figure 4, 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 [9,10].



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 [9,10].



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 [10]:


  C y c l o d e x t r i n    (  C D  )  + M o l e c u l e    ( M )   ⇌   K D     K R    C D − M ; K =    K R     K D     



(1)




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



Among cyclodextrins, β-cyclodextrin is the most widely reported molecule as vehicle for encapsulation in inclusion complexes of carotenoids and carotenoid-rich extracts, under different methodologies for its encapsulation from different, as discussed below (see Section 6 and Section 7).




6. Characterization Methods for Inclusion Complexes


The physicochemical assessment of cyclodextrin inclusion complexes is a key aspect of the use of this technique as an encapsulation strategy for carotenoids. The main instrumental techniques that can be used to study the physical and chemical features of cyclodextrin inclusion complexes are briefly described below.



6.1. Fourier Transform Infrared Spectroscopy (FTIR)


This spectroscopic technique employs wavelengths in the medium infrared to obtain the characteristic molecular vibration spectra. It is not a quantitative technique, but it offers an approach to the formation of the inclusion complex by comparing the IR spectra of the guest molecule, the cyclodextrin, and the complex formed. In the latter, both the characteristic bands of cyclodextrin should be observed, being the O–H stretching wide band by the inter- and intramolecular hydrogen bridges formed in the region of 3500 cm−1, the aliphatic C–H stretching bands in 2900 cm−1, and the stretching of the C–O and C–C bonding bands between 1200 to 1000 cm−1.



The infrared spectrum of the guest carotenoid will depend on its nature, but molecules that distinguish with functional groups in clean zones of the cyclodextrin spectrum will be preferred, for example, the C=O stretch is in the range of 1650 to 1800 cm−1, which is a clean zone in the cyclodextrin spectrum. Changes have also been reported in the intensity and width of the O–H stretch bands of cyclodextrin compared to the inclusion complex due to the formation of hydrogen bonds with the host molecule [9,12].




6.2. Differential Scanning Calorimetry (DSC)


Using this technique, changes in matter can be analyzed as a function of temperature, such as fusion, boiling, decomposition, oxidation, glass transition, and crystallization, among others. These will be of endothermic or exothermic character according to the reference material used, which requires a well-defined calorific capacity. As in FTIR, this technique seeks to compare the characteristic peaks of degradation in cyclodextrin (which is a fairly high peak close to 300 °C) and the peaks of degradation, fusion, boiling or oxidation in the guest molecule (in this case the carotenoids), which will be at a lower temperature. If this peak appears at a higher temperature in the inclusion complex formed, it indicates that the host has increased its thermal stability [9]. For instance, an increase in the exothermic degradation peak of a red pepper extract was observed from a range of 115 °C to 160 °C, to a range of 300 °C to 320 °C, where degradation of both β-cyclodextrin and carotenoid-rich extract occurred in the inclusion complex formed, exhibiting thermal protection [12]. In addition, a DSC allows the observation of melting enthalpies or evaporation of remaining compounds in the molecules such as water.




6.3. Raman Spectroscopy


Raman spectroscopy gives a good indication of the formation of an inclusion complex by the presence of the host molecule in the cyclodextrin cavity as long as the host molecule has Raman dispersion [66]. In Raman spectroscopy, characteristic vibration bands are observed, similarly as in infrared spectroscopy. In the case of carotenoids, the main vibration modes are observed between 900 and 1600 cm−1, corresponding to a C=C stretch (ν1 near 1500 cm−1), an asymmetric angular deformation in the C=C–H plane (ν2 near 1150 cm−1) and a C–CH3 deformation (ρ3 near 1000 cm−1). These Raman displacements will change according to the carotenoid molecule as guest [67]. Raman spectra between the host molecules and the cyclodextrin inclusion complex are compared, observing a change both the intensities of ν1, ν2 and ρ3 bands, and their chemical displacement due to the matrix effect attributed to the positioning of the guest in the cyclodextrin cavity. De Oliveira et al. (2011) report a change in the pronunciation of the more intense band ν1, being greater as the inclusion is more effective. Performing the experiment with different carotenoids, being astaxanthin (AST), β-carotene (BCT), lycopene (LYC) and norbixin (NOR), the authors found that those with a less voluminous group at their extremes (LYC and NOR) generated a deeper inclusion with the β-cyclodextrin cavity through a theoretical and experimental Raman study.




6.4. Proton Nuclear Magnetic Resonance (1H-NMR)


This technique allows to observe the formation of the inclusion complex through the analysis of the change in the chemical displacement that is generated due to the interaction between the internal hydrogens of cyclodextrin and those of the guest molecule. Ficarra et al. (2000) conducted a 1H-NMR study between two types of drugs β-blockers and β-cyclodextrin, using a 300 MHz Gemini Variation Spectrophotometer in D2O, finding that the delta chemical displacements between the complex and β-cyclodextrin (defined as Δδ = δcomplex − δfree) were negative, which suggests a protection of the protonic nucleus by the electrons of the guest molecule, displacing these internal protons of the β-cyclodextrin in the inclusion complex at low frequencies.



This NMR behavior also occurs in the inclusion complex between β-caroten-8’-oic acid and β-cyclodextrin performed by Polyakov et al. on Bruker AM-360 and AM-500 NMR spectrometers (360 and 500 MHz operating frequency) [68]. Gomes et al [12] prepared an inclusion complex of carotenoids from an extract of red pepper and β-cyclodextrin, while Petito et al [13] carried out another inclusion among carotenoids from a yellow pepper extract with 2-hydroxypropyl-β-cyclodextrin; both investigations, using a Varian VNMRS equipment at 500 MHz in D2O, observed a displacement at low frequencies in the inclusion complex compared with the free β-cyclodextrin, but with a very low Δδ, arguably due to a low coupling constant between the guest and the internal protons in the cavity of the β-cyclodextrin, as it was described by Wimmer and collaborators previously [69], which suggests that the 1H-NMR technique commonly used in the laboratory allows us to know both the formation of the complex and stoichiometry as long as the coupling constants between the host and the cyclodextrin are high, otherwise it does not allow a conclusive result and the use of other techniques is necessary.




6.5. Scanning Electron Microscopy (SEM)


Through this qualitative technique, it is possible to know the morphology of the inclusion complexes obtained by different strategies. Although it does not allow us to know precisely the formation of the inclusion complex, it enables us to generate a differentiation between its crystalline structure compared to its precursors [70,71,72]. Ribeiro et al. (2008) carried out the inclusion of miconazole (MCZ) in methyl-β-cyclodextrin (MβCD) in a JEOL JSM-5310 electronic microscope, Tokyo, Japan, and found that the crystalline structure of the MCZ corresponded to a regular parallelogram, while the structure of the MβCD was composed of spherical particles; these authors showed that in some experiments with different inclusion strategies (co-evaporation, spray-drying and freeze-drying) no differentiation occurred, while by kneading a new solid phase and decrease in particle size was obtained. Wang et al. (2019) observed the inclusion of a complex between lycopene and β-cyclodextrin using an SEM electronic microscope, SU8020, Hitachi, Japan, and found that while lycopene aggregates corresponded to irregular block-shaped particles, and β-cyclodextrin aggregates corresponded to ellipsoidal crystalline shapes of different sizes, those of the corresponding inclusion complex showed a compact structure, different from its precursors both in shape and size.




6.6. X-ray Diffraction (XRD)


Through this technique it is possible to know the crystallinity of the precursors and compare them with the changes of crystallinity in the inclusion complex [69,71]. When both precursors are crystalline, an overlap of the peaks in the inclusion complex could be observed, as reported by Ficarra et al. (2000) in a study of β-blockers at β-cyclodextrin using a Philips PW 1050/25 diffractometer with Cu radiation Kα (λ = 1.5418 Å). Furthermore, these authors also reported that, although the precursors presented crystallinity, the inclusion product changed to an amorphous structure. This behavior was also observed by Ribeiro et al. (2008) in the study of the inclusion of miconazole (MCZ) with methyl-β-cyclodextrin (MβCD) using a Philips X’Pert diffractometer system, with Bragg-Bentano geometry and a cobalt X-ray source, finding that the MCZ has a crystalline structure, the MβCD has an amorphous structure and the inclusion complex obtained has a crystalline structure with a different X-ray pattern than the MCZ, which was attributed to the promotion of a crystalline structure through the inclusion strategy.





7. 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 β-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 4. 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.



As shown in Table 4, the extract:cyclodextrin ratios vary between 1:2 and 1:10, except for one study [66] 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. [9] 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-β-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 variation between 37% and 81.87% ± 2.44%. For the case of the 1:4 ratio, according to Gomes et al. [12] and Lobo et al. [9], 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 [9,12], 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. [9], and De Oliveira et al. [66], confirmed an improvement in the solubility of the carotenoids used through the formation of inclusion complexes.



According to Durante et al. [73], the highest oil-dispersion for tomato oil supercritical extract (TO) was achieved with β-cyclodextrin, significantly improving lycopene stability and antioxidant activity.



This information provides a solid ground for the use of cyclodextrins, in particular β-cyclodextrin, to nanoencapsulate carotenoids to be used as coloring additives and bioactive ingredients in food matrices.




8. Carotenoid/Cyclodextrin Inclusion Complex Manufacturing: A Preliminary Proposal for Industrial Scale-Up


There is an information gap regarding the scale-up of the preparation of inclusion complexes of carotenoids with cyclodextrins at pilot or industrial levels, with further studies needed to validate the feasibility and performance of the different processing stages regarding cost-efficiency with larger processing volumes. Indeed, there is a lack of certainty about whether there is currently commercial manufacturing of carotenoid-based food colorants by means of cyclodextrin complexation. Fully based on the literature review presented above, two process flow diagrams have been proposed, with preliminary mass balances, as a contribution to future studies, according to the most promising preparation methodologies reported.



8.1. Method 1: Co-Precipitation


The process schematized in Figure 5 is mainly based on the preparation methodology and results of Gomes et al. [12] at 1:4 extract:cyclodextrin ratio. Initially, the carotenoid, or carotenoid-rich extract (e.g., paprika), enters through Stream 1 to be dissolved or disperse in azeotropic ethanol, in the mixer, M-1. Parallelly, azeotropic ethanol and water are mixed at a 1:2 v/v ratio in the mixer A-1, which must be jacketed for cooling. The output current A-1 is split into Streams 9 and 10. Stream 10 takes fresh ethanol-water mixture fed to stirred tank M-2, where it is mixed with β-cyclodextrin (Stream 6) and the ethanol-dissolved/dispersed extract (Stream 8) from M-1. The mass ratios of the M-2 feed (Streams 8, 10, and 6) are presented in the mass balance (Table 5). These ratios can vary if Stream 17 is not considered, which is the recirculated proportion of Stream 14, a downstream current of the first permeate of filter F-1 that contains carotenoids and cyclodextrin.



The resulting dispersion (Stream 11) is kept at 10 °C for 12–18 h in the refrigeration chamber R-1. Under these conditions, the formation and precipitation of carotenoid/cyclodextrin inclusion complexes should be thermodynamically favored, and the refrigeration step is expected to maximize the encapsulation efficiency. However, this unit operation leads to an intrinsically batch process, and refrigeration time and temperature must be optimized to enhance the energetic sustainability of the whole manufacturing process.



The recovery of the precipitated complexes from the output of R-1 (Stream 13) is carried out in a three-step filtration process at filter F-1. First, Stream 13 is membrane-filtered (e.g., using cellulose acetate membranes with 0.2 µm nominal pore size), which can be carried out using either dead-end or crossflow filtration. A first permeate (Stream 14) corresponds to the ethanol-water mixture containing the carotenoids and β-cyclodextrin that were not retained in the precipitate. As mentioned above, this permeate should be partially recycled as a feed to M-2 (Stream 17) in a proportion that has be determined at the operating conditions on the basis of its cyclodextrin and carotenoid content; according to the results of Gomes et al. [12] by studying the complexation of carotenoids from red bell pepper extracts, considering a powder recovery of approximately 50% (recovered powder (complex)/initial dry matter (red bell pepper extract + β-cyclodextrin), the estimated proportion of recirculation of permeate could be up to approximately 65–70%, allowing to reduce the quantity of fresh raw materials in the process. In a second filtration step, the precipitate (or retentate) is re-suspended with an ethanol-water solution (a mixture of the fresh Stream 8 and the recirculated Stream 23), and filtered, to ensure that non-complexed carotenoids and excess cyclodextrin are washed out from the precipitate. The second permeate (Stream 21), is stored to recover ethanol by conventional distillation, or, depending on its purity, to be partially recirculated as the Stream 23. Finally, in a third step, the precipitate (or retentate) is re-suspended with a water, and filtered, to remove remaining ethanol. A crossflow membrane filtration process design, with subsequent ethanol-water washing solution feeds, can be implemented to reduce this to a single-step unit operation.



The precipitate or retentate obtained (Stream 18), is frozen in the cooling tower C-1, and subsequently subjected to a freeze-drying process (L-1), in which the moisture content of the mixture is reduced, and the complex is obtained in the form of a powder. This powder can be subsequently ground to obtain a suitable granulometry according to its use.



In this process flow diagram design, the use of a stirred tank is proposed (M-2). A higher performance should be obtained, in terms of encapsulation efficiency and recovery, if this step is substituted by an ultrasound-assisted homogenization process [12]; however, the feasibility of implementing such unit operation can be limited, since the design of ultrasonic equipment for industrial purposes remains challenging.



The recirculation is carried out to reduce the consumption of the ethanol–water mixture, which leads to require only the total fresh amount of ethanol-water for mixing and washing at the start of the process. The material balances show the importance of recovering the solvents as well as the β-cyclodextrin, highlighting that the profitability of the process depends on the implementation of the recycling.



The calculations made for the mass balance by stream presented in Table 5 were made using a calculation base of 1 kg of extract: also, the recovery efficiency of the extract given by [12] of 53%, was used. To implement sustainable co-precipitation process at industrial scales, further studies are required to characterize the recovery of carotenoids, as well as the sources and mechanisms of losses.




8.2. Method 2: Kneading


Figure 6 is mainly based on the results of Lobo et al. [9], in which the wet milling/kneading is proposed as an alternative for obtaining the complex of the β-cyclodextrin extract using a similar ratio, 1:4 extract:cyclodextrin, than the method present above. Initially, a wet milling is done in a high shear mixer (MR1). Currents 5, 8, 9, and 11 enter to this equipment, which allows for obtaining a semi-solid paste formed by the β-cyclodextrin, distilled water, ethanol, and dextrose. In parallel, in A-1, a mixture between ethanol and distilled water at 1:2 v/v proportion is prepared, giving as a result stream 10 that will be used to wash the precipitate in F-1.



After the wet milling, the paste mixture enters Stream 11 to a 24 h refrigeration process (around 4 °C), and, afterwards, a vacuum filtration process, using a 2 µm membrane in F-1. The filtrate (Stream 13) will contain some β-cyclodextrin, ethanol, water and dextrose that might be recirculated. Stream 14 will contain most of the β-cyclodextrin inclusion complex with the extract, as well as remaining ethanol and dextrose, which can be washed off with water in F-2. In addition, water in Stream 17 can be recirculated, to make the process more efficient. However, the convenience of these recirculations need to be validated experimentally. Finally, Stream 18 enters a cooler where the complex is frozen and finally lyophilized.



As in the co-precipitation method, in this case, a calculation base of 1 kg was used for the mass balances, and a 67% recovery efficiency of the extract as reported by [9]; the same recovery percentage is assumed for the β-cyclodextrin. The mass balance of the process is shown in Table 6.



Both processes could be carried out at an industrial level, but from the preliminary mass balances, kneading seems to be a more sustainable option in terms of water consumption; however, these process flow diagrams fully are based on the reported works, and therefore, there is a need of pilot-scale studies to carry out detail designs and accurate mass balances.





9. Conclusions


Inclusion complex formation with cyclodextrins is a suitable strategy for enhancing the use of carotenoids as natural food colorants. The incorporation of carotenoids in these supramolecular systems, either isolated or in carotenoid-rich extracts, allows for tackling some of the drawbacks related to their use as secondary ingredients, i.e., poor chemical and sensory stability, low water-solubility, and high viscosity. Co-precipitation and kneading, also known as physical mixture or wet milling, are promising preparation strategies, however, the latter implies much less water consumption, and therefore could be a more sustainable way of processing. There is a great variability regarding the preparation time of inclusion complexes, according to the reviewed literature, with faster methods of 5–15 min for ultrasound-assisted homogenization, and 20–60 min for physical mixing and kneading, and slower methods, such as five days or 24 h in physical mixing. However, mild reaction conditions are always used, such as temperatures between 35 °C and 40 °C for physical mixing, without the need for heat for ultrasound and kneading, as well as solvents with low or no toxicity (natural extracts, water, and ethanol). Limitations of these methods include the control of light and temperature that is necessary throughout the encapsulation to avoid degradation of carotenoids, reported by all authors, especially in ultrasound, arguably related to the effects of cavitation and temperature uprisals. The inclusion efficiencies reported range from less than 50% to around 80%. Carotenoids from natural sources, especially those obtained by supercritical fluid extraction, might be especially interesting as cargo compounds, due to the higher concentration in the extracts, and the possibility of using green solvents. Although there is a great variety of instrumental techniques for the characterization of carotenoid–cyclodextrin inclusion complexes, some physicochemical properties, in particular, their water solubility and dispersibility have been poorly described in the scientific literature.



As evidenced above, 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.
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Figure 1. Chemical structures of common carotenoids used as natural pigments. 
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Figure 2. Factors influencing carotenoids stability. 
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Figure 3. Commonly used carotenoid encapsulation methods and techniques. 
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Figure 5. Process flow diagram of inclusion complex formation by co-precipitation with recycling. 
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Figure 6. Process flow diagram of inclusion complex formation by kneading with recycling. 
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Table 2. Summary of the main encapsulation technologies applied for encapsulation of carotenoids or carotenoid-rich extracts.






Table 2. Summary of the main encapsulation technologies applied for encapsulation of carotenoids or carotenoid-rich extracts.





	

	
Encapsulation Technology

	
Advantages

	
Disadvantages

	
Reported Applicability to Carotenoids






	
Micro-encapsulation

	
Coacervation

	
The particle size can be engineered by stirring speed, shape of the stirrer, surface tension, and viscosity.

	
The required change of pH involves the use of denaturing substances, such as sulfuric or hydrochloric or organic acids.

	
This technique has been reported in palm oil with high carotenoid content [43], and in the encapsulation of β-carotene [44].




	
Spray-drying

	
Common technology easily scalable. Particle size and key factors can be controlled by speed, flow and air temperature, as well as by the nozzle design [45].

	
The use of hot air which can be deleterious, considering carotenoid sensitivity towards air and high temperatures.

	
The technique has been extensively used for carotenoid encapsulation, such as β-carotene and lycopene [45].




	
Supercritical micronization

	
The technique does not require high temperatures that can affect the quality of the carotenoids. In addition, using supercritical CO2 as solvent guarantees low cost and ease of downstream removal [45].

	
It needs the use of more than one solvent

	
This method has been used to encapsulated astaxanthin [46], lutein [47] and zeaxanthin [48].




	
Emulsification

	
The oil-in-water emulsions are consider to be a low-cost, efficient method to increase the stability and bioavailability of β-carotene [49]. Multiple strategies, either high-energy and low-energy, are available.

	
Emulsions can be dried to form powders, but further processing is required, such as freeze-drying or spray-drying [50].

	
Different types of carotenoids have improved their stability because of the use of oil water emulsions some examples are lycopene [51] and β-carotene [52].




	
Nano-encapsulation

	
Nano-precipitation

	
Relatively low energy requirements. It 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 [42].

	
To improve the efficiency of the technique, further processing is needed, usually freeze-drying [53].

	
The technique has been used to encapsulated β-carotene in polymers as ethylcellulose [54]




	
Solvent evaporation after emulsification

	
The size of the sphere is controlled by the stirring mode, the amount of dispersing agent, viscosity of the organic and aqueous phases, and temperature [42].

	
The use of solvents can be an environmental problem.

	
This technique has been used to produce nano-emulsions where β-carotene has been encapsulated [55].




	
Inclusion complexes

	
The method gives the encapsulated substance high stability and provides high encapsulation yields [12].

	
Only a few components can be used as a substrate for this purpose, for example cyclodextrins, and β-lactoglobulin [56].

	
The technique has been used to encapsulated β-carotene, Lycopene, yellow and red pepper extract











[image: Table] 





Table 4. Encapsulation by inclusion complex formation with β-cyclodextrin and different guests, the inclusion methodologies, recovery, inclusion efficiency and instrumental characterization techniques reported by different authors.






Table 4. Encapsulation by inclusion complex formation with β-cyclodextrin and different guests, the inclusion methodologies, recovery, inclusion efficiency and instrumental characterization techniques reported by different authors.





	
Inclusion Complex

	
Preparation Methodologies

	
Mass Ratio

	
Recovery

(%) *

	
Inclusion Efficiency

(%) **

	
Characterization Techniques

	
Summary

	
Ref.






	
Red pepper extract and β-cyclodextrin

	
Co-precipitation with ultrasound homogenization (100 W, 15 min).

	
(1:4)

	
54.5 ± 3.6

	
62.4 ± 12.9

	
FT-IR

DSC

Particle size

Size distribution

Zeta potential

1H-NMR

Color stability

	
Greater performance and inclusion efficiency were obtained by using ultrasound over conventional (magnetic) stirring. The formation of the inclusion complex is demonstrated, with FT-IR and DSC better. High color stability in yogurt matrix was demonstrated.

	
[12]




	
Co-precipitation with conventional (magnetic) stirring (up to 22 ± 1 °C, ~30 min).

	
(1:4)

	
40.8 ± 2.8

	
52.9 ± 9.4




	
Kneading

	
(1:4)

	
No data

	
No data




	
Yellow pepper extract and β-cyclodextrin

	
Co-precipitation with ultrasound homogenization (50 W, 15 min)

	
(1:2)

	
78 ± 1

	
57 ± 5

	
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.

	
[9]




	
(1:4)

	
63 ± 4

	
73 ± 8




	
(1:6)

	
51 ± 3

	
75 ± 6




	
Kneading (50 min)

	
(1:2)

	
96

	
37




	
Red pepper extract and 2-hydroxypropyl-β-cyclodextrin

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

	
(1:4)

	
91.2 ± 1.7

	
81.9 ± 2.4

	
FT-IR

DSC

DLS

1H-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 that identified the formation of the inclusion complex. Finally, the use of 2-HPβCD increased water solubility by 660 times.

	
[13]




	
(1:6)

	
92.7 ± 1.2

	
75.2 ± 7.5




	
(1:8)

	
90.7 ± 1.2

	
69.0 ± 3.3




	
(1:10)

	
93.0 ± 2.0

	
69.7 ± 3.7




	
Kneading (20 min)

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

	
No data

	
No data




	
β-carotene (BCT) and β-cyclodextrin

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

	
(1:360)

	
No data

	
No data

	
FT-Raman

Computational Quantum Model

	
The most intense band ν1 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, generating greater inclusion. BCT, LYC and AST presented favorable inclusion energies. The computational calculations agreed mostly with the experiments carried out.

	
[66]




	
Lycopene (LYC) and β-cyclodextrin




	
Astaxanthin (AST) and β-cyclodextrin




	
Tomato oil and α-cyclodextrin

	
Co-precipitation with stirring and nitrogen sparging (24 h)

	
(10:19)

	
No data

	
61.5

	
FTIR-ATR

DSC

SEM

LCSM

Antioxidant activity

	
The β-cyclodextrin complex showed the best dispersion in oil. α and β showed the best antioxidant activity as well as oil-dispersing agents and antioxidant carrier systems in aqueous media. A significant improvement in the stability of the lycopenes analyzed was shown by the three types of cyclodextrins.

	
[73]




	
Tomato oil and β-cyclodextrin

	
(10:23)

	
No data

	
62.4




	
Tomato oil and γ-cyclodextrin

	
(10:26)

	
No data

	
44.0








FT-IR: Fourier transform infrared spectroscopy/ATR: attenuated total reflectance; DSC: differential scanning calorimetry; 1H-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–β-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.
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Table 5. Mass balance of co-precipitation process with recycling.
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	Streams (kg)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26





	Distilled water
	-
	-
	-
	120.0
	60.0
	-
	-
	-
	19.8
	21.8
	60.0
	-
	60.0
	57.0
	57.0
	18.8
	38.2
	3.0
	3.0
	3.0
	-
	60.0
	60.0
	40.2
	19.8
	3.0



	Extract
	1.0
	-
	-
	-
	-
	-
	-
	0.7
	-
	-
	1.0
	-
	1.0
	0.5
	0.5
	0.2
	0.3
	0.5
	0.5
	0.5
	0.5
	-
	-
	-
	-
	-



	Ethanol
	-
	1.0
	60.0
	-
	-
	-
	-
	1.0
	24.9
	14.3
	31.0
	-
	31.0
	23.4
	23.4
	7.7
	15.7
	7.6
	-
	-
	-
	7.6
	7.6
	5.1
	2.5
	-



	β-cyclodextrin
	-
	-
	-
	-
	-
	2.7
	-
	-
	-
	-
	4.0
	-
	4.0
	1.9
	1.9
	0.6
	1.3
	0.8
	2.1
	2.1
	2.1
	-
	-
	-
	-
	-



	Refrigerant
	-
	-
	-
	-
	-
	-
	49.0
	-
	-
	-
	-
	49.0
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
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Table 6. Mass balance of kneading process with recycling.
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	Streams (kg)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27





	Distilled water
	-
	-
	60.0
	60.0
	4.0
	3.3
	-
	-
	-
	24.0
	19.0
	23.0
	-
	23.0
	78.4
	4.6
	60.0
	4.6
	4.6
	4.6
	60.0
	-
	24.0
	36.0
	78.4
	15.7
	62.7



	Extract
	-
	-
	-
	-
	-
	-
	-
	-
	1.0
	-
	-
	1.0
	-
	1.0
	0.2
	0.9
	-
	0.9
	0.9
	-
	-
	0.9
	-
	-
	0.2
	0.0
	0.1



	Carotenoids
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Ethanol
	-
	30.0
	-
	-
	-
	-
	-
	-
	-
	26.4
	-
	-
	-
	-
	24.0
	6.0
	6.0
	-
	-
	-
	6.0
	-
	2.4
	3.6
	24.0
	4.8
	19.2



	β-cyclodextrin
	-
	-
	-
	-
	-
	-
	-
	4.0
	-
	-
	-
	4.0
	-
	4.0
	0.6
	3.4
	-
	3.4
	3.4
	-
	-
	3.4
	-
	-
	0.6
	0.1
	0.5



	Dextrose
	55.3
	-
	-
	-
	-
	-
	1.0
	-
	-
	-
	1.0
	1.0
	55.3
	1.0
	0.2
	0.8
	0.2
	0.6
	0.6
	0.6
	0.2
	0.1
	-
	0.1
	0.2
	0.0
	0.2
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