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Abstract

:

This review discusses the innovative recovery techniques, the stability and the potential applications of pigments attainable from food waste and agro-food industries. It also discusses the effects of the extraction method on the chemical characteristics of the extracted pigments. The main pigment classes, namely anthocyanins, betalains, carotenoids and chlorophylls, are described with a focus on their beneficial health effects, antioxidant properties and chemical stability. The potential applications as food additives are also discussed, taking into account the legislative aspects of their usage, the stability in food matrices and the improvements of food nutritional and organoleptic quality.
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1. Introduction


Appearance is one of the characteristics of food that drives consumers’ choices, and color is the first organoleptic attribute that strikes their attention. Consumers, in fact, consistently link food color to other food properties such as freshness, ripeness and food safety [1]. Color is an intrinsic characteristic of all foodstuffs; however, being extremely sensitive to environmental conditions such as temperature, pH and light during storage and processing, it easily degrades, making food less attractive. For this reason, to increase consumers’ appreciation, pigments are often added to food to enhance or homogenize color or to replace the color degraded during processing and storage. Food additives and in particular colorants have been used by food industries to conceal unpleasant organoleptic characteristics of food or to level out the color differences from batch to batch.



Consumer choices oriented towards perfect and appealing produce have prompted processing industries to use additives to improve food characteristics and extend food shelf life. The use of colorants to improve the attractiveness of several foodstuffs is quite ancient. Recently the synthetic colorants previously approved by the European Food Safety Authority (EFSA) have been re-evaluated, and some of them banned because of rising concerns about their toxicity and potential carcinogenicity. The toxicity of synthetic colorants has become the limiting factor in their use since a potential carcinogenic effect mediated by the gut microbiota has been demonstrated [2,3]. Additionally, the consumers’ awareness of the link between diet and health has prompted manufacturers to seek alternatives to synthetic molecules. Naturally derived and safer food ingredients are increasingly requested by consumers that at the same time require delightful and perfect foodstuffs. In the last few years, the market demands have encouraged the replacement of synthetic colorants with natural ones. Food industries have to satisfy the consumers’ expectations for perfect and healthy food at the same time. Natural food colorants perfectly meet this expectation, having good coloring properties and several health effects. Based on this trend, the natural food color industry is expected to grow consistently at a rate of 6.9% by 2027 [4]. Plant pigments such as anthocyanins, carotenoids, chlorophyll and betalains perfectly meet this double expectation, making food more attractive and promoting health. Natural pigments are present in fruits and vegetables [1,3,5,6,7,8,9,10]. In plants, they are responsible for colorful appearances and the visual attractiveness of fruits and vegetables, but they also have essential roles in several biological processes. Food waste represents an important source of natural pigments: grape pomace, tomato waste, red beet waste and cactus pear peel fruit are particularly rich in anthocyanins, carotenoids and betalain [11,12,13,14,15,16,17].



In this review, we report the innovative recovery techniques, the stability and the potential applications of natural pigments obtained from food waste and agro-food industry by-products. The chemical stability and the health-promoting properties of the main classes of natural colorants are also discussed.




2. Pigments’ Health Effects and Antioxidant Properties


The importance of pigments goes beyond their coloring properties. Anthocyanins, betalains and carotenoids have outstanding health effects, including the prevention of and the protection against cancer and cardiovascular diseases, skin protection and antioxidant and antimicrobial activity [9]. These molecules are naturally present in many fruits and vegetables as well as in many food waste and by-products, as reviewed by Carrillo et al. [18].



2.1. Anthocyanins


The health benefits of these water-soluble flavonoid compounds have been studied in several in vitro and in vivo trials [19,20,21].



These studies highlighted a positive effect on the prevention of cardiovascular and metabolic diseases and cancer. These diseases are often associated with a metabolic oxidative imbalance due to bad dietary patterns based on the intake of saturated fats, high-energy food and refined carbohydrates [21]. By contrast, an anthocyanin-rich diet and more generally a polyphenol-rich diet is able to counteract the damages ensuing from oxidative stress and inflammation.



On several types of cancers, anthocyanins act by targeting inflammation, oxidative stress and apoptotic signaling pathways [22,23,24,25].



Anthocyanins present different glycosylations that may impact their bioavailability and hence their anticarcinogenesis activity. Monoglycosylated anthocyanins are prone to degradation under certain external conditions, thus compromising their application. On the contrary, polyglycosylated anthocyanins (PGAs) are less predisposed to degradation, offering a valid alternative in in vitro and in vivo trials [20].



Diabetes mellitus is a chronic metabolic disorder that causes high blood glucose concentration. Anthocyanin-rich food showed hypoglycemic effects and has been proposed for the prevention of the onset of diabetes or as a non-pharmacological approach for the treatment of patients affected by diabetes [26,27] and the prevention of diabetes complications. The mode of action of anthocyanins is still not completely clear; however several studies demonstrated that these pigments target the activity of enzymes such as α-amylase, α-glucosidase (α-GLU), protein tyrosine phosphatase 1B (PTP1B) and dipeptidyl peptidase IV (DPP-IV) [19,27,28]. The antidiabetic properties of anthocyanins are also associated with the modulation of genes involved in the insulin–glucose signaling pathways [27]. Moreover, anthocyanins can prevent the onset of diabetes complications by inhibiting the production of advanced glycation end products (AGEs) [29,30].



Anthocyanin-rich food has a positive role in the prevention of cardiovascular and neurodegenerative diseases. Epidemiological studies revealed that the frequent intake of anthocyanins lowered myocardial infarction and cardiovascular-disease-related mortality [8]. Berry supplementation was associated with reduced total cholesterol levels and low systolic blood pressure.




2.2. Betalains


Betalains are nitrogen-containing pigments with remarkable positive health effects. The toxicological safety of these molecules makes them valid supplements in the prevention of atherosclerosis, hypertension, inflammation, hepatitis, diabetes and cancer [31,32]. Betalains exert anti-inflammatory activity by modulating cyclooxygenase enzymes, COX-1 and COX-2, reducing inflammation mediators [33].



Betalain-rich food has been also proposed as a non-pharmaceutical treatment for the prevention and control of cardiovascular diseases. The intake of beetroot controlled all the risk factors leading to cardiovascular complications: the blood level of homocysteine, glucose, total cholesterol, triglycerides, and LDL. Moreover, this betalain-rich supplement lowered both systolic and diastolic blood pressures [34,35].




2.3. Carotenoids


Carotenoids play important biological, chemical and physiological roles in cell processes. They also exhibit health effects by preventing or treating different disorders and diseases related to skin and eye aging, cardiovascular diseases, cancer and neurodegenerative diseases [36,37]. Some of these health effects are associated with their antioxidant and anti-inflammatory properties [36,37].



The antioxidant properties of carotenoids are associated with their antioxidant properties. This is particularly important for the health properties of carotenoids linked to age-related macular degeneration. The free radical quenching ability increases with the increase in the number of conjugated double bonds in carotenoid molecules [38]. The antioxidant mechanism of carotenoids has been recently reviewed [39]. In cell culture models, the antioxidant activity of carotenoids involves the protection of membrane lipids and the modulation of cellular responses to inflammation mediated by nuclear receptors [39].



Under certain circumstances, carotenoids may behave as pro-oxidants and trigger ROS-mediated apoptosis [39,40]. In cancer cells characterized by a high level of intracellular ROS, carotenoids acting as pro-oxidants trigger ROS-mediated apoptosis of cancer cells. The shift between antioxidant and pro-oxidant activity depends on different factors; at high concentrations, carotenoids trigger ROS production, and this happens particularly in cancer cells with unbalanced and high ROS concentrations, low levels of antioxidants and endogenous antioxidant enzymes, and high levels of redox-active metal ions (e.g., Fe(III) and Cu(II)) [40,41].



Most of the health-promoting properties of the molecules indicated as natural colorants are associated with a modulation of the gut microbiota. Some recent reviews highlighted the effect of food additives on the gut microbiota [42,43,44]. This topic is gaining increasing attention because a strong relationship between the changes in the gut microbiota and some chronic diseases has been highlighted [42,45]. Dietary factors can exert selective pressure on microorganisms, changing the microbial community populations. For example, the intake of persimmon and blueberry by-products in the form of functional powders containing anthocyanins and carotenoids promoted the growth of beneficial bacteria such as lactobacillus and bifidobacterium [11]. Similarly, red beet consumption affected gut microbiota composition, exerting a prebiotic-like effect [46], whereas carotenoids can counteract dysbiosis caused by high-fat diets [47]. The intake of tomato powder rich in carotenoids increased gut microbiota diversity and decreased the clostridium bacteria population [48]. Additionally, being at the interface between the gut’s internal environment and the gut epithelium, the microbiota plays a crucial role in the bioavailability of natural compounds, including natural colorants. Anthocyanins for example are transformed into phenolic acids by bacterial β-glucosidases opening their pyrylium ring structure [49].




2.4. Chlorophylls


Besides providing food with a green color, chlorophylls and their derivatives have several bioactive and health-promoting properties. Chlorophylls a and b possess strong antioxidant properties which are mainly related to their porphyrin structure and are affected by the presence and the nature of the central metal [50]. The central metal seems to affect the cell uptake of chlorophyll derivatives, determining their pharmacokinetics and properties [51,52].





3. Innovative Extraction Methods


Natural pigments have received increasing interest as food additives and sources of biomolecules with interesting health properties due to the consumer awareness of natural and healthy products for humans and the environment. Besides the pigments themselves, the method for their extraction is increasingly affecting the recent research that is moving towards more sustainable methods.



At laboratory and industry levels, hydro distillation, Soxhlet extraction and maceration are conventionally employed, but recently other alternatives have been proposed for the extraction of natural pigments. The choice of the proper extraction method has a pivotal role in the definition of the biological and antioxidant properties of the pigments extracted as well as their stability [10,53]



Traditionally, the extraction of pigments is performed by maceration with solvents. The type of solvent used determines which molecules are preferentially extracted: polar molecules such as anthocyanins, chlorophylls or betalains are extracted with polar solvents, mainly water, ethanol, methanol and acetone, whereas carotenoids, being non-polar molecules, are preferentially extracted with chloroform, hexane isopropanol or diethyl ether. For both polar and non-polar molecules, a wide array of solvent combinations and experimental conditions in terms of temperature and extraction time have been proposed to increase extraction yield and to provide enhanced biological and antioxidant activities [9,10,54,55].



The drawback of these methods for industrial application is that they are time-consuming and expensive, present batch-to-batch variations and often use toxic organic solvents. Moreover, the stability of natural pigments is affected by temperature and long extraction times. To overcome these problems, novel extraction technologies have been developed and optimized for different types of raw materials and for each class of natural pigments.



Food waste provide a wide range of natural pigments that can be effectively extracted with supercritical fluid extraction, pressurized liquid extraction, microwave-assisted extraction, ultrasound-assisted extraction, pulsed-electric field extraction and enzyme-assisted extraction, as recently reviewed by Carrillo et al. [18].



Natural colorants can be added to food as plant extracts or purified molecules. The purification process has been the topic of several studies and patents, and different steps have been developed for the purification of coloring molecules. Purification affects the color and the stability of natural colorants. On anthocyanins extracted from grape skin by-products, the purification with a Sep-Pak C18 cartridge produced extracts with less vivid colors and less stability, maybe as a consequence of the removal of natural co-pigmenting molecules such as flavonols [56]. Carotenoids were purified from Pistacia lentiscus leaves, residues of essential oil production, and applied to the methanolic crude extract, chromatographic procedures based on centrifugal partition chromatography (CPC) separation and medium pressure liquid chromatography to obtain a purified extract of quercetin and loliolid [57]. A cost-effective and simplified one-step purification scheme was developed for the purification of four major xanthophyll carotenoids from lettuce by utilizing preparative thin layer chromatography on a Hyflo-Super-Cel: MgO (Heavy): calcium sulfate hemihydrate (9:9:2 w/w)-based adsorbent, obtaining high recovery of each xanthophyll, with 95–96% purity [58].



3.1. Supercritical Fluid Extraction (SFE)


SFE is a green extraction method successfully employed for the extraction of different bioactive molecules coming from plants or food processing residues. This technique is suitable for compounds that have low volatility and are sensitive to thermal degradation; moreover, the absence of oxygen and light during the extraction process protects the extracted molecules from oxidation, thus preserving their biological properties and extending their storage time. Tuning the process conditions allows SFE to be applied for the extraction of pigments with different chemical characteristics. Supercritical CO2 extraction is mainly used for the extraction of non-polar compounds, such as carotenoids, from several vegetable matrices and food industry by-products [12]. Lycopene and β-carotene were extracted with supercritical carbon dioxide extraction from industrial tomato waste. The yield of both molecules was significantly affected by temperature and pressure [59]. Temperature, pressure, time, CO2 density (solvent power) and CO2 flow rate significantly affect the extraction efficiency. Temperature, in particular, determines the stability of the carotenoids during the extraction process since too high temperatures cause carotenoids’ thermal degradation and isomerization [54]. The optimized conditions depend on each biomass or raw material: in general, pressures between 100 and 400 bar, temperatures ranging from 40 to 80 °C and CO2 flow rates of 3 mL/min provide high carotenoid extraction yields [54].



The use of polar co-solvents in association with CO2 has been proposed to enhance extraction selectivity and increase the polar pigment extraction yield [60,61,62]. Ethanol in fact is able to both lower the interactions of the extracted compound with the sample matrix and induce matrix modifications resulting in an easier release of metabolites [54]. Ethanol and water were used as co-solvents for the extraction of anthocyanins from Crocus sativus petals of saffron industry residues [63].



Similarly, chlorophyll was obtained by spinach by-products with supercritical CO2 extraction using ethanol as a co-solvent that significantly enhanced the recovery of chlorophyll [14].



Recently, on carotenoid analysis, a fast, effective and green separation technology based on the coupling of supercritical fluid chromatography to mass spectrometry has been developed [64,65]. This technique has the advantage of a good separation due to the supercritical carbon dioxide physical–chemical properties and the possibility of changing the fluid density by modifying temperature and pressure. Moreover, it requires low amounts of toxic solvents normally used for carotenoid separation.



Even more recently, a direct online supercritical fluid extraction coupled to supercritical fluid chromatography and mass spectrometry has been developed for the characterization of carotenoids and apocarotenoids in different chili pepper cultivars [66,67]. The automated on-line system enables the detection of very low amounts of analytes, reducing sample loss and avoiding sample degradation.




3.2. Pressurized Liquid Extraction (PLE)


PLE is a green extraction technique suggested for the sustainable extraction of bioactive compounds, including pigments [68,69]. PLE employs solvent extraction at high temperatures and pressures, below their respective critical points, that keep the solvents in their liquid state during the whole extraction process. The advantages of this extraction technique rely on solvent saving, good extraction yield, solvent physicochemical modification, an enhancement of the mass transfer rates, a decrease in the solvent surface tension and viscosity and an enhancement of molecule solubility.



A comparative evaluation of PLE, stirred-tank extraction (STE) and stirred-tank extraction with ultrasonication pre-treatment (STE/UP) for the recovery of anthocyanin pigments from saffron processing waste revealed that PLE produced extracts with lower polyphenolic concentration and weaker antioxidant properties than the other extraction methods [70]. The authors concluded that the short extraction time when using PLE might have negatively affected the anthocyanin extraction yield.



Anthocyanins from grape marc were effectively recovered with PLE [17]. The association of ultrasound with PLE enhanced the recovery of anthocyanins from Aronia melanocarpa pomace. Sonication, in fact, by enhancing the mass transfer of anthocyanins from the pomace to the solvent, had a positive effect on anthocyanin recovery, and this effect was greater at low temperatures [71].



PLE significantly improved the extraction of betalains from Opuntia Stricta var. Dillenii prickly pears, enhancing the extraction of neobetanin. Moreover, the PLE extracts provided enhanced in vitro antioxidant and anti-inflammatory properties [72].



Depending on the compound to be extracted, a wide range of solvents are suitable for PLE extraction. Recently, generally recognized as safe (GRAS) solvents, such as ethanol, ethyl acetate, ethyl lactate or D-limonene have been preferred over more toxic (n-hexane, methanol, dichloromethane) solvents for the extraction of polar and non-polar compounds [73,74]. The extraction selectivity can be tuned by modifying the extraction parameters, in particular the temperature. Water, for example, the greenest and the most polar solvent known so far, has been employed alone or in combination with ethanol for the extraction of medium- or low-polarity compounds, such as carotenoids, increasing the extraction temperature [68]. The temperature rise, in fact, lowers the polarity of the solvent, allowing the extraction of low-polarity compounds [55]. The drawback of the use of high temperatures is the thermo-lability of compounds such as carotenoids.




3.3. Pulsed Electric Field Extraction (PEF)


Pulsed electric field (PEF) technology is a non-thermal extraction method that enables the extraction of food colorants at low temperatures and is particularly suitable for thermo-labile pigments. PEF is based on the application of an external electric field that increases cell membrane poration, thus making the solvent extraction of bioactive compounds easier. PFE is normally applied as a pre-treatment before solvent extraction and has been optimized in terms of electric field strength, frequency, time and pulse numbers for several food matrices and food processing by-products [16,75]. By making the contact of the solvents with the biomolecules easier, this technique has the advantage of solvent saving and, as already underlined, a reduction in temperature during the extraction process. By contrast, it seems to enhance the formation of free radicals and promote the enzymatic degradation of pigments. Moreover, as recently highlighted by Bocker and Silva [76], the effectiveness of PEF depends on the conductivity of the food matrices to which it is applied. On an industrial scale, the application of this technique is still limited, mainly because of the high equipment costs [76].




3.4. Enzyme-Assisted Extraction


Enzyme-assisted extraction is an eco-friendly extraction technology used to maximize biomolecules’ extraction efficiency. It has been applied for the extraction of coloring molecules from several food matrices such as strawberries and cherries and recently from tomato waste, grape pomaces and red beets [13,77]. Enzyme-assisted extraction relies on a pre-treatment of the biomass to be extracted with cell wall-degrading enzymes allowing the release of the molecules bound to the macromolecules that make up the cell wall. The efficiency of the extraction is affected by the factors that regulate the enzymatic activity, such as temperature, pH and ionic strength of the environment, but even the time of extraction and particle size of the substrate are critical for the extraction process.



Enzymes employed to aid extraction are sourced from bacteria, fungi, yeast, archaea, animal organs or plant extracts. Microbial enzymes present some advantages over the other sources, being more stable and easily adapted to modifications, and their production is cost-effective [78].



The choice of the enzyme is tailored to the composition of the cell wall of the biomass to be extracted, and sometimes a mix of enzymes is preferred over a single enzyme. A wide range of cell wall-degrading enzymes is generally used during enzyme-assisted extraction: a mix of polygalacturonase, pectin lyase, cellulase and xylanase was employed to extract carotenoid-containing chromoplasts from tomatoes [79]. Similarly, industrial tomato waste pre-treated with a combination of cellulolytic and pectinolytic enzymes followed by ethyl acetate extraction had the highest phenolic compound concentration and improved antioxidant properties, as well as the highest lycopene recovery [13]. A mix containing polygalacturonase, hemicellulase, cellulase, protease and amylase was successfully employed to extract chlorophyll from spinach [80].



The advantage of this method relies on the use of mild conditions, mainly in terms of temperature and pH, that preserve the natural colors extracted and their biological properties, being very useful for the extraction of thermo-sensitive molecules.





4. Chemical Characterization and Stability of Natural Colorants


4.1. Anthocyanins


Anthocyanins are a subgroup of pigments belonging to flavonoids. They are found in almost all members of the plant kingdom, with more than 600 compounds identified [81]. The structure of the corresponding aglycones (anthocyanidins) is reported in Figure 1, and the glycosidation can take place at positions 3 and 5 forming the 3-glycosides or the 3,5-diglycosides.



Their color depends on the number and nature of the substituents of the rings, going from the orange-red of pelargonidin to the blue-violet of delphinidin. However, the color of anthocyanins strongly depends on the pH of the medium. In fact, they are stable only in very acidic environments, where they exist as flavylium cations (Figure 2). They undergo nucleophilic attack of water and subsequent proton loss followed by ring opening to give the light-yellow E- and Z-chalcones. With an increase in pH, the flavylium cation undergoes deprotonation to form the blue-violet quinoidal base [82].



Anthocyanins are a particular class of flavonoids that are stable only in a narrow pH range, and they are susceptible to oxidation analogously to flavonoids. However, there are differences among the six more common anthocyanins. In fact, those having only a free phenol group in the B ring (and eventually one or two methoxy groups) are more stable in alkaline solutions in comparison with those having a catechol moiety (and eventually another phenol or methoxy group) [83]. Their lower stability depends on the fact that they oxidize more easily because they can form semiquinones, stabilized by resonance, and quinones after the loss of one and two electrons, respectively (Figure 3).



The color of anthocyanins can be stabilized by co-pigmentation or self-association; both these mechanisms entail stacking interaction between aromatic rings with other aromatic components, e.g., flavonoids, or with the same anthocyanins [84]. The stabilization of the color could be important when employing anthocyanins as colorants for foods. Other stabilization phenomena towards the degradation of anthocyanins due to ascorbic acid can be achieved by the addition of (heat-denatured) whey protein isolate [85]. The interaction with the protein through the formation of hydrogen bonds hinders the interaction with other components which otherwise leads to degradation.



Co-pigmentation can also change the color of the anthocyanins towards blue shades. Metal complexation is another mechanism that leads to color change. Some interesting examples are given by flowers with blue colors [86]. As an example, we can mention Hydrangea macrophylla, which can show various colors ranging from pink to blue but contains only one anthocyanin, delphinidin 3-glucoside.



Recent studies demonstrated that this anthocyanin can coordinate Al3+ ions, and the interaction of this complex with a co-pigment contained in the sepals, acylquinic acid, leads to the formation of a supramolecular structure that originates the blue color. This structure is stable only around pH 4.0, while acidic soils destabilize it, leading to pink- or red-colored flowers [86]. As previously mentioned, the color stability of anthocyanins strongly depends on the pH of the matrices to which they are added. In fact, anthocyanins are susceptible to nucleophilic addition and oxidation with consequent color loss and browning.




4.2. Betalains: Betacyanins and Betaxanthins


Betalains comprise betacyanins (red-colored) and betaxanthins (yellow-colored). Both these classes of compounds are derived from the condensation reaction of betalamic acid (Figure 4) with amines or amino acids originating betaxanthins or with cyclo-Dopa with the formation of betanidin, whose glycosides or acylglycosides are the betacyanins [87].



The stability of the color of betalains extends over the pH range 3–7, making these pigments a valid alternative to anthocyanins when the foodstuff is not very acidic [88]. Moreover, since these pigments are intensely colored, their coloring properties could be competitive with synthetic colorants [7].



The red and violet colors of betacyanins result from different substitution patterns (glycosylation and acylation) of one or both hydroxyl groups located at position 5 or 6 of betanidin [89].



When used as colorants, a wide range of shades of colors going from the red-violet of betacyanins to the yellow-orange of betalains [89] can be obtained.



Betalains can react with molecular oxygen causing their degradation; therefore, during storage, antioxidants should be added or oxygen should be removed.



The principal thermal degradation reactions of betalains are isomerization, decarboxylation and cleavage [89]. The products of the latter reaction, when starting from betanin (Figure 4), are cyclo-Dopa glycosides and betalamic acid. As an example, betanin thermal degradation proceeds via deglycosylation, isomerization or decarboxylation [90].




4.3. Carotenoids


Carotenoids are a class of hydrocarbons consisting of eight isoprenoid units. The end groups are identified by Greek letters (β, γ, ε, κ, ϕ, χ, ψ) in the IUPAC nomenclature system [91] and are cyclic structures except in the case of lycopene, which is the parent compound in the biosynthesis of all carotenoids. Carotenoids are biomolecules employed in photosynthesis, photo-protection, plant coloration and cell signaling. This class of molecules includes carotenes, which are hydrocarbons and contain only hydrogen and carbon in their structures, and xanthophylls, which also contain oxygen. Carotenoids are found in chloroplasts of photosynthetic tissues and in chromoplasts of fruits and flowers.



In leaves of higher plants, the carotenoid composition is very similar, with lutein, β-carotene, violaxanthin and neoxanthin being the more abundant components [91]. β-Carotene (Figure 5), as its name suggests, belongs to the category of carotenes, while lutein, violaxanthin and neoxanthin are xanthophylls.




4.4. Chlorophylls


The most widespread structure among terrestrial plants is chlorophyll a (Figure 6). Chlorophyll b, found also in plants, has a formyl instead of a methyl group at C7. Chlorophylls c1 and c2 are found in algae, while d and f are contained in cyanobacteria. These differ in the structure of the substituent groups at C2, C3, C7 and C8 and in the C17-C18 bond, which is double only for chlorophylls c1 and c2. Only these latter two do not have the phytyl group (Figure 6) and therefore are more soluble in water.



Thermal degradation of chlorophyll generates pheophytins and pyropheophytins, which are the derivatives where the Mg2+ ion and both Mg2+ and the carbomethoxy group, respectively, have been lost [92]. It was also found that chlorophyll a degrades more rapidly than the b form. Recently, it was found that soybean protein isolate improved the thermal stability of chlorophyll [93]. The improvement in stability was explained due to interactions of the chlorophyll molecules with a hydrophobic cavity of the protein, with electrostatic interaction of the Mg2+ ion with a side chain Asp residue.





5. Natural Colorants as Food Additives


5.1. Legislative Aspects


After the Industrial Revolution, food processing at a large scale entailed a more general use of natural and synthetic colorants. During the 20th century, some colorants were banned in Europe and US since it became evident that they were toxic or induced cancer. Nowadays, only approved colorants can be used in the EU and in the US. Colorants in the EU are classified among food additives with numbers in the range E100–E199. The list of authorized colorants in the EU can be found in EU Regulation No 1129/2011 [94] and in the consolidated text amending Annex II to EC Regulation No 1333/2008 [95]. New food additives should be approved in the EU by the European Food Science Authority (EFSA).



In the US, color additives require approval by US Food and Drug Administration (FDA) and are grouped into two categories: certified [96] and exempt from certification [97] color additives. The first category includes synthetic organic dyes and pigments, while the latter includes color additives from plants, animals or minerals. Certified color additives can be used in all foods, while those exempt from certification may have limitations for their usage.



Based on Regulation EC 1333/2008 [98] and after the Southampton study [99], the safety of all food additives authorized for use in the EU prior to 20 January 2009 has to be re-evaluated. The deadline for completion of the re-evaluation of all food additives was originally 2020; however, given the large volume of work, the program is still in progress, and updates can be found on the website of the European Commission [100]. The authorization process for a new food additive in the EU is very rigorous, and the application, submitted to EFSA, should contain information about (i) chemistry and specifications, (ii) existing authorizations and evaluations, (iii) proposed uses and exposure assessment and (iv) toxicological studies. The process is described in detail in [101].




5.2. Effects on Food Nutritional and Organoleptic Quality


As previously described in this paper, natural colorants have health-promoting properties mainly mediated by their anti-inflammatory and antioxidant activities and by their interaction with gut microbiota.



Besides their health-promoting properties, natural colorants applied as food additives improve the organoleptic qualities and the nutritional properties of food. However, their employment as coloring additives is challenging because their stability is affected by food components, temperature, light, oxygen, pH, packaging materials and storage conditions.



Natural colorants have been used on a wide range of food and beverages to improve their color properties, but since their application should be tailored to each food matrix, there are many reports in the literature highlighting the proper doses, the interaction with the other food components and the stability of natural colorants [3,83,102,103,104,105,106,107,108].



To overcome stability problems and to protect natural pigments during food processing, storage encapsulation and incorporation in smart packaging are emerging as innovative technologies [1,104,109].



The largest example of natural colorant application is in food beverages [110]. Food additives based on anthocyanin extracts (red grape skin extract) can be used in alcoholic and nonalcoholic beverages according to the Codex Alimentarius of the Food and Agricultural Organization (FAO) of the United Nations [111]. As discussed in the previous paragraph, these colorants can undergo degradation and color loss depending on the interactions with the other beverage components. Recently Gérard et al. [112] studied, on a beverage model, the interaction of ascorbic acid, frequently added as an additive in beverages, with anthocyanins extracted from black carrot, grape juice and purple sweet potato, describing a possible mechanism of action and studying the effect of stabilizers such as chlorogenic acid, sinapic acid, tannic acid and fumaric acid on anthocyanin stability in the presence of ascorbic acid. Carotenoids, betalain and chlorophylls are also frequently added to beverages to improve their color properties, particularly during storage [113,114,115]. Different extracts containing carotenoids, betalaine or curcuma obtained from gardenia, safflower and curcuma, all providing a yellow color, were tested for stability in model beverages, highlighting the greater resistance of the safflower extract to temperature and light [116].



Natural colorants extracted from plants are used to improve the coloring and the nutritional properties of several products, including bakery, diary, confectionery and meat products [115]. Recently, natural colorants extracted from flowers were studied as a possible alternative to E163 (anthocyanin extract) for yogurt coloration, demonstrating that flowers extracts, rich in anthocyanins, maintained yogurt nutritional properties, in terms of free sugars and fatty acid composition, and had a similar coloring effect to E163 [107]. Similarly, a mix of colorants extracted from plants (10% hibiscus, 4% turmeric, 6% spinach and 4% blue pea) maintained the yogurts’ physicochemical (pH, total phenols), microbiological and organoleptic properties (color, sedimentation) at stable levels for over 14 days at 4 °C compared to the colorless control [117]. Natural colorants are also used to fortify pasta. The enrichment of pasta with carrot extract enhanced the concentration of carotenoids and increased the pasta antioxidant activity at the same time [108]. Similarly, the enrichment with saffron extract left the pasta textural properties unaltered while enhancing the antioxidant properties [102].



In edible oils, the enrichment with natural colorants preserved the nutritional properties during storage and cooking [15,103,118]. The addition of β-carotene inhibits the formation of flaxseed oil oxidation products [119]. The addition of chlorophyll to a smart biodegradable film based on wheat gluten used to package sesame oil improved all oils’ oxidative indices during storage [120].




5.3. Stability in Food Matrices


The stability of the classes of colorants described above is determined by their intrinsic chemical features and by those of the matrices to which these are added.



The stability of anthocyanins in food matrices is influenced by many parameters such as pH, co-pigmentation, water activity (aw), light, temperature and oxygen availability.



The effect of the temperature on their stability depends on the interaction with other components eventually present in food matrices. Co-pigmentation seems to be a key factor in determining the stability of anthocyanins.



In a recent review [121], it was shown that more thermally stable anthocyanins are contained in crude extracts in comparison with purified ones, and this was explained due to inter- and intramolecular co-pigmentation reactions with other phenolic compounds. In food matrices, the interaction with other components such as proteins and polysaccharides may stabilize anthocyanins. The thermal stability of pomegranate juices was examined by heating at temperatures up to 90 °C and from 15 to 300 min [105]. Even if the color losses were marked, the antioxidant capacity and the total phenolic amount were not significantly lowered upon heating. In fact, the anthocyanin loss was compensated by the abundance of colorless phenolics already present in the juice and by those formed upon heating.



The thermal and storage stability of an anthocyanin aqueous solution was monitored by examining the color and the antioxidant capacity after thermal treatment up to 65 °C [122]. It was shown that the anthocyanin degradation in an aqueous solution was much faster than that in real foods, and this was explained by the lack of other food components which could stabilize the color of anthocyanins. Only anthocyanins solutions stored at 4 °C showed excellent color and chemical stability, while there were considerable losses at higher temperatures.



The pH stability of anthocyanins extracted from purple corn pericarp was examined during storage up to 12 weeks [123]. Purple corn pericarp is rich in anthocyanins condensed with flavonols, and these compounds are only stable at pH 2, while at higher pH, these degrade during storage with kinetics similar to those of uncondensed anthocyanins. The authors suggested that “pigments extracted with water from purple corn pericarp can be used successfully in acidic foods and beverages with an acceptable shelf-life” even if it could be expected that co-pigmentation in foods and beverages could contribute to color stabilization.



Mulberry anthocyanin extract was stabilized with phenolic co-pigments (gallic acid, ferulic acid, (-)-epigallocatechin gallate and rutin) and subjected to thermal treatment at 80 °C for 120 min [124]. The best results in terms of total anthocyanins and color stabilization were achieved with rutin (0.8 mg/mL) and whey protein isolate.



Analogously to anthocyanins, the stability of betalains in food matrices is influenced by many parameters such as pH, aw value, temperature and oxygen availability, leading to isomerization, hydrolysis, decarboxylation and dehydrogenation reactions.



The color of betalains extracted from red beetroots was stabilized by the addition of soy protein isolate fibrils [125]. The interaction with betalains changes the secondary structure of the proteins, increasing the β-sheet content and leading to their thermal stabilization.



The thermal stability of betalains extracted from beetroots was enhanced by the addition of black carrot anthocyanins [126], a colorant allowed in the EU, known as E163. However, the mechanism underlying stabilization is unknown.



Carotenoids are lipid-soluble pigments and, being rich in conjugated double bonds, are susceptible to the same reactions that unsaturated fatty acids undergo. These compounds quench free radicals and singlet oxygen [127] which otherwise would react with unsaturated fatty acids, generating peroxides. Therefore, the largest degradation is achieved when oxygen and light are available, and the matrices, to which carotenoids are added, are heated. Thermal treatment of α- and β-carotene contained in raw carrot juices at boiling and pasteurization temperatures does not lead to significant changes, while sterilization causes rearrangement with the formation of the cis isomers, in particular 13-cis [128].



Thermal and photochemical degradation of carotenoids leads to isomerization (formation of cis isomers) and formation of volatile and non-volatile degradation chain-breaking degradation products [129]. The formation of cis isomers does not significantly change the color of carotenoids, while degradation products are less colored. The intermediate in the photochemical trans–cis isomerization is the carotenoid triplet excited state; the activation energy to reach this excited state in the photochemical process is 4 or 5 times lower than that in thermal isomerization. However, the stability of carotenoids and the formation of their degradation products are dependent on the medium properties, such as solvent polarity, pH and viscosity.



Chlorophyll may undergo enzymatic and/or chemical degradation leading to color change. Mg2+ loss, with replacement by two protons, in acidic conditions leads to the formation of pheophytin a, with olive-brown color, while the de-esterification reaction of the phytol chain, due to chlorophyllase or alkaline conditions, leads to pheophorbide a when starting from pheophytin a, or chlorophyllide a when starting from chlorophyll a [130]. The phytol loss, although generating more polar compounds, does not lead to a color change. Further degradation leads to chlorin ring opening with the formation of fluorescent and finally non-fluorescent colorless compounds.



Chlorophylls a and b have a long lipophilic tail (the phytyl group) which makes them insoluble in aqueous environments. Therefore, their use as colorants is limited to foods rich in oils and fats.



Among chlorophyll derivatives, copper complexes of chlorophylls (E141i) and chlorophyllins (E141ii) are allowed in the EU (in the US, only sodium copper chlorophyllin is allowed as a colorant for citrus-based dry beverage mixes [131]). These colorants contain copper(II) instead of Mg2+ coordinated by the chlorin ring, and the EFSA recently expressed a scientific opinion of re-evaluation of these colorants [132], concluding that that reliable data ADME, genotoxicity, toxicity, carcinogenicity and reproductive and developmental toxicity were lacking, and therefore the safety of their use as food additives cannot be assessed and the current acceptable daily intake should be withdrawn. Chlorophyllins can be used in foods rich in water since they are chlorophyll derivatives where the phytyl group has been removed, making them water-soluble.





6. Conclusions


The visual aspect of food and beverages influences their selection and appreciation by consumers. A vivid and brilliant color of a food or beverage is an index of freshness and wholesomeness. On the contrary, food and beverages with dull and non-inviting colors induce consumers to think of some sort of spoilage. This is an instinctive response of humans because freshly prepared foods or beverages have a more inviting color in comparison with stale ones. Now it is clear that food or beverages can maintain their nutritional features even if the color is slightly changed to a less bright color, but it is not easy to convince the consumers to select such aliments. To satisfy the consumers’ demands for inviting colors, the food industries turn to making use of colorant additives. The safety concerns about the toxicity of some synthetic colorants pushed public opinion to move towards natural colorants. To comply with these needs, research focused on new extraction methods for natural colorants and on the stabilization of their color. It is clear that the stabilization of the color of natural colorants is the key factor that is limiting their widespread usage. Anthocyanins are stable only in a narrow pH range, but their color could be stabilized by co-pigmentation; in this regard, crude extracts could be more profitably used in comparison with purified ones because other extracted components may contribute to color stabilization. Betalains are stable in a wider pH range in comparison with anthocyanins, and some stabilization procedures have also been identified for this class of colorants. Literature data indicate that the addition of crude extracts of these two classes of natural colorants to foods and beverages is more effective in comparison with the addition of purified ones. Secondary products present in the extracts not only contribute, by co-pigmentation, to the color stability of foods and beverages, but also enhance their antioxidant capacity.



Another factor that limits the diffusion of natural colorants is the economic affordability of the extraction processes. These extraction processes could become cheaper if plant waste is used as a source of natural colorants, in agreement with better exploitation of natural resources and with the principles of the circular economy.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ghosh, S.; Sarkar, T.; Das, A.; Chakraborty, R. Natural colorants from plant pigments and their encapsulation: An emerging window for the food industry. LWT 2022, 153, 112527. [Google Scholar] [CrossRef]

	



Feng, J.; Cerniglia, C.E.; Chen, H. Toxicological significance of azo dye metabolism by human intestinal microbiota. Front. Biosci. (Elite Ed.) 2012, 4, 568. [Google Scholar] [CrossRef] [PubMed]

	



Martins, N.; Roriz, C.L.; Morales, P.; Barros, L.; Ferreira, I.C.F.R. Food colorants: Challenges, opportunities and current desires of agro-industries to ensure consumer expectations and regulatory practices. Trends Food Sci. Technol. 2016, 52, 1–15. [Google Scholar] [CrossRef]

	



Global Natural Food Colors Market. Available online: https://www.researchandmarkets.com/reports/5546181/global-natural-food-colors-market-size-forecast (accessed on 14 October 2022).

	



Bendokas, V.; Skemiene, K.; Trumbeckaite, S.; Stanys, V.; Passamonti, S.; Borutaite, V.; Liobikas, J. Anthocyanins: From plant pigments to health benefits at mitochondrial level. Crit. Rev. Food Sci. Nutr. 2020, 60, 3352–3365. [Google Scholar] [CrossRef]

	



Fu, Y.; Shi, J.; Xie, S.-Y.; Zhang, T.-Y.; Soladoye, O.P.; Aluko, R.E. Red Beetroot Betalains: Perspectives on Extraction, Processing, and Potential Health Benefits. J. Agric. Food Chem. 2020, 68, 11595–11611. [Google Scholar] [CrossRef] [PubMed]

	



Henry, B.S. Natural food colours. In Natural Food Colorants; Hendry, G.A.F., Houghton, J.D., Eds.; Springer US: Boston, MA, USA, 1996; pp. 40–79. [Google Scholar]

	



Krga, I.; Milenkovic, D. Anthocyanins: From Sources and Bioavailability to Cardiovascular-Health Benefits and Molecular Mechanisms of Action. J. Agric. Food Chem. 2019, 67, 1771–1783. [Google Scholar] [CrossRef]

	



Leong, H.Y.; Show, P.L.; Lim, M.H.; Ooi, C.W.; Ling, T.C. Natural red pigments from plants and their health benefits: A review. Food Rev. Int. 2018, 34, 463–482. [Google Scholar] [CrossRef]

	



Ngamwonglumlert, L.; Devahastin, S.; Chiewchan, N. Natural colorants: Pigment stability and extraction yield enhancement via utilization of appropriate pretreatment and extraction methods. Crit. Rev. Food Sci. Nutr. 2017, 57, 3243–3259. [Google Scholar] [CrossRef]

	



Bas-Bellver, C.; Andrés, C.; Seguí, L.; Barrera, C.; Jiménez-Hernández, N.; Artacho, A.; Betoret, N.; Gosalbes, M.J. Valorization of Persimmon and Blueberry Byproducts to Obtain Functional Powders: In Vitro Digestion and Fermentation by Gut Microbiota. J. Agric. Food Chem. 2020, 68, 8080–8090. [Google Scholar] [CrossRef]

	



Borja-Martínez, M.; Lozano-Sánchez, J.; Borrás-Linares, I.; Pedreño, M.A.; Sabater-Jara, A.B. Revalorization of Broccoli By-Products for Cosmetic Uses Using Supercritical Fluid Extraction. Antioxidants 2020, 9, 1195. [Google Scholar] [CrossRef]

	



Catalkaya, G.; Kahveci, D. Optimization of enzyme assisted extraction of lycopene from industrial tomato waste. Sep. Purif. Technol. 2019, 219, 55–63. [Google Scholar] [CrossRef]

	



Derrien, M.; Aghabararnejad, M.; Gosselin, A.; Desjardins, Y.; Angers, P.; Boumghar, Y. Optimization of supercritical carbon dioxide extraction of lutein and chlorophyll from spinach by-products using response surface methodology. LWT 2018, 93, 79–87. [Google Scholar] [CrossRef]

	



Nour, V.; Corbu, A.R.; Rotaru, P.; Karageorgou, I.; Lalas, S. Effect of carotenoids, extracted from dry tomato waste, on the stability and characteristics of various vegetable oils. Grasas Y Aceites 2018, 69, e238. [Google Scholar] [CrossRef]

	



Pataro, G.; Carullo, D.; Falcone, M.; Ferrari, G. Recovery of lycopene from industrially derived tomato processing by-products by pulsed electric fields-assisted extraction. Innov. Food Sci. Emerg. Technol. 2020, 63, 102369. [Google Scholar] [CrossRef]

	



Pereira, D.T.V.; Tarone, A.G.; Cazarin, C.B.B.; Barbero, G.F.; Martínez, J. Pressurized liquid extraction of bioactive compounds from grape marc. J. Food Eng. 2019, 240, 105–113. [Google Scholar] [CrossRef]

	



Carrillo, C.; Nieto, G.; Martínez-Zamora, L.; Ros, G.; Kamiloglu, S.; Munekata, P.E.S.; Pateiro, M.; Lorenzo, J.M.; Fernández-López, J.; Viuda-Martos, M.; et al. Novel Approaches for the Recovery of Natural Pigments with Potential Health Effects. J. Agric. Food Chem. 2022, 70, 6864–6883. [Google Scholar] [CrossRef]

	



Ding, W.; Liu, H.; Qin, Z.; Liu, M.; Zheng, M.; Cai, D.; Liu, J. Dietary Antioxidant Anthocyanins Mitigate Type II Diabetes through Improving the Disorder of Glycometabolism and Insulin Resistance. J. Agric. Food Chem. 2021, 69, 13350–13363. [Google Scholar] [CrossRef]

	



He, J.; Ye, S.; Correia, P.; Fernandes, I.; Zhang, R.; Wu, M.; Freitas, V.; Mateus, N.; Oliveira, H. Dietary polyglycosylated anthocyanins, the smart option? A comprehensive review on their health benefits and technological applications. Compr. Rev. Food Sci. Food Saf. 2022, 21, 3096–3128. [Google Scholar] [CrossRef]

	



Huang, Y.; Park, E.; Edirisinghe, I.; Burton-Freeman, B.M. Maximizing the health effects of strawberry anthocyanins: Understanding the influence of the consumption timing variable. Food Funct. 2016, 7, 4745–4752. [Google Scholar] [CrossRef]

	



Fakhri, S.; Khodamorady, M.; Naseri, M.; Farzaei, M.H.; Khan, H. The ameliorating effects of anthocyanins on the cross-linked signaling pathways of cancer dysregulated metabolism. Pharmacol. Res. 2020, 159, 104895. [Google Scholar] [CrossRef]

	



Shi, N.; Chen, X.; Chen, T. Anthocyanins in Colorectal Cancer Prevention Review. Antioxidants 2021, 10, 1600. [Google Scholar] [CrossRef] [PubMed]

	



Mottaghipisheh, J.; Doustimotlagh, A.H.; Irajie, C.; Tanideh, N.; Barzegar, A.; Iraji, A. The Promising Therapeutic and Preventive Properties of Anthocyanidins/Anthocyanins on Prostate Cancer. Cells 2022, 11, 1070. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Pan, Y.; Zhao, Y.; Ren, M.; Li, Y.; Lu, G.; Wu, K.; He, S. Delphinidin modulates JAK/STAT3 and MAPKinase signaling to induce apoptosis in HCT116 cells. Environ. Toxicol. 2021, 36, 1557–1566. [Google Scholar] [CrossRef] [PubMed]

	



Barberis, A.; Garbetta, A.; Cardinali, A.; Bazzu, G.; D’Antuono, I.; Rocchitta, G.; Fadda, A.; Linsalata, V.; D’Hallewin, G.; Serra, P.A.; et al. Real-time monitoring of glucose and phenols intestinal absorption through an integrated Caco-2TC7cells/biosensors telemetric device: Hypoglycemic effect of fruit phytochemicals. Biosens. Bioelectron. 2017, 88, 159–166. [Google Scholar] [CrossRef] [PubMed]

	



Les, F.; Cásedas, G.; Gómez, C.; Moliner, C.; Valero, M.S.; López, V. The role of anthocyanins as antidiabetic agents: From molecular mechanisms to in vivo and human studies. J. Physiol. Biochem. 2021, 77, 109–131. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Wang, Q.; Wu, K.; Sun, Z.; Tang, Z.; Li, X.; Zhang, B. Anthocyanins’ effects on diabetes mellitus and islet transplantation. Crit. Rev. Food Sci. Nutr. 2022, 1–24. [Google Scholar] [CrossRef] [PubMed]

	



Khalifa, I.; Xia, D.; Dutta, K.; Peng, J.; Jia, Y.; Li, C. Mulberry anthocyanins exert anti-AGEs effects by selectively trapping glyoxal and structural-dependently blocking the lysyl residues of β-lactoglobulins. Bioorg. Chem. 2020, 96, 103615. [Google Scholar] [CrossRef]

	



Thilavech, T.; Ngamukote, S.; Abeywardena, M.; Adisakwattana, S. Protective effects of cyanidin-3-rutinoside against monosaccharides-induced protein glycation and oxidation. Int. J. Biol. Macromol. 2015, 75, 515–520. [Google Scholar] [CrossRef]

	



Rahimi, P.; Abedimanesh, S.; Mesbah-Namin, S.A.; Ostadrahimi, A. Betalains, the nature-inspired pigments, in health and diseases. Crit. Rev. Food Sci. Nutr. 2019, 59, 2949–2978. [Google Scholar] [CrossRef]

	



Madadi, E.; Mazloum-Ravasan, S.; Yu, J.S.; Ha, J.W.; Hamishehkar, H.; Kim, K.H. Therapeutic Application of Betalains: A Review. Plants 2020, 9, 1219. [Google Scholar] [CrossRef]

	



Martinez, R.M.; Longhi-Balbinot, D.T.; Zarpelon, A.C.; Staurengo-Ferrari, L.; Baracat, M.M.; Georgetti, S.R.; Sassonia, R.C.; Verri, W.A., Jr.; Casagrande, R. Anti-inflammatory activity of betalain-rich dye of Beta vulgaris: Effect on edema, leukocyte recruitment, superoxide anion and cytokine production. Arch. Pharm. Res. 2015, 38, 494–504. [Google Scholar] [CrossRef] [PubMed]

	



Rahimi, P.; Mesbah-Namin, S.A.; Ostadrahimi, A.; Abedimanesh, S.; Separham, A.; Asghary Jafarabadi, M. Effects of betalains on atherogenic risk factors in patients with atherosclerotic cardiovascular disease. Food Funct. 2019, 10, 8286–8297. [Google Scholar] [CrossRef] [PubMed]

	



Rahimi, P.; Mesbah-Namin, S.A.; Ostadrahimi, A.; Separham, A.; Asghari Jafarabadi, M. Betalain- and betacyanin-rich supplements’ impacts on the PBMC SIRT1 and LOX1 genes expression and Sirtuin-1 protein levels in coronary artery disease patients: A pilot crossover clinical trial. J. Funct. Foods 2019, 60, 103401. [Google Scholar] [CrossRef]

	



Fiedor, J.; Burda, K. Potential Role of Carotenoids as Antioxidants in Human Health and Disease. Nutrients 2014, 6, 466–488. [Google Scholar] [CrossRef]

	



Rivera-Madrid, R.; Carballo-Uicab, V.M.; Cárdenas-Conejo, Y.; Aguilar-Espinosa, M.; Siva, R. 1—Overview of carotenoids and beneficial effects on human health. In Carotenoids: Properties, Processing and Applications; Galanakis, C.M., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 1–40. [Google Scholar]

	



Edge, R.; Truscott, T.G. Singlet Oxygen and Free Radical Reactions of Retinoids and Carotenoids—A Review. Antioxidants 2018, 7, 5. [Google Scholar] [CrossRef]

	



Pérez-Gálvez, A.; Viera, I.; Roca, M. Carotenoids and Chlorophylls as Antioxidants. Antioxidants 2020, 9, 505. [Google Scholar] [CrossRef]

	



Shin, J.; Song, M.-H.; Oh, J.-W.; Keum, Y.-S.; Saini, R.K. Pro-oxidant Actions of Carotenoids in Triggering Apoptosis of Cancer Cells: A Review of Emerging Evidence. Antioxidants 2020, 9, 532. [Google Scholar] [CrossRef]

	



Hashemi, S.A.; Karami, M.; Bathaie, S.Z. Saffron carotenoids change the superoxide dismutase activity in breast cancer: In vitro, in vivo and in silico studies. Int. J. Biol. Macromol. 2020, 158, 845–853. [Google Scholar] [CrossRef]

	



Abiega-Franyutti, P.; Freyre-Fonseca, V. Chronic consumption of food-additives lead to changes via microbiota gut-brain axis. Toxicology 2021, 464, 153001. [Google Scholar] [CrossRef]

	



Cao, Y.; Liu, H.; Qin, N.; Ren, X.; Zhu, B.; Xia, X. Impact of food additives on the composition and function of gut microbiota: A review. Trends Food Sci. Technol. 2020, 99, 295–310. [Google Scholar] [CrossRef]

	



Rinninella, E.; Cintoni, M.; Raoul, P.; Gasbarrini, A.; Mele, M.C. Food Additives, Gut Microbiota, and Irritable Bowel Syndrome: A Hidden Track. Int. J. Environ. Res. Public Health 2020, 17, 8816. [Google Scholar] [CrossRef] [PubMed]

	



Lindell, A.E.; Zimmermann-Kogadeeva, M.; Patil, K.R. Multimodal interactions of drugs, natural compounds and pollutants with the gut microbiota. Nat. Rev. Microbiol. 2022, 20, 431–443. [Google Scholar] [CrossRef] [PubMed]

	



de Oliveira, S.P.A.; do Nascimento, H.M.A.; Sampaio, K.B.; de Souza, E.L. A review on bioactive compounds of beet (Beta vulgaris L. subsp. vulgaris) with special emphasis on their beneficial effects on gut microbiota and gastrointestinal health. Crit. Rev. Food Sci. Nutr. 2021, 61, 2022–2033. [Google Scholar] [CrossRef] [PubMed]

	



Tsiantas, K.; Konteles, S.J.; Kritsi, E.; Sinanoglou, V.J.; Tsiaka, T.; Zoumpoulakis, P. Effects of Non-Polar Dietary and Endogenous Lipids on Gut Microbiota Alterations: The Role of Lipidomics. Int. J. Mol. Sci. 2022, 23, 4070. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Liu, C.; Li, C.-C.; Fu, M.; Takahashi, S.; Hu, K.-Q.; Aizawa, K.; Hiroyuki, S.; Wu, G.; Zhao, L.; et al. Dietary Tomato Powder Inhibits High-Fat Diet–Promoted Hepatocellular Carcinoma with Alteration of Gut Microbiota in Mice Lacking Carotenoid Cleavage Enzymes. Cancer Prev. Res. 2018, 11, 797–810. [Google Scholar] [CrossRef]

	



Fabbrini, M.; D’Amico, F.; Barone, M.; Conti, G.; Mengoli, M.; Brigidi, P.; Turroni, S. Polyphenol and Tannin Nutraceuticals and Their Metabolites: How the Human Gut Microbiota Influences Their Properties. Biomolecules 2022, 12, 875. [Google Scholar] [CrossRef]

	



Kang, Y.-R.; Park, J.; Jung, S.K.; Chang, Y.H. Synthesis, characterization, and functional properties of chlorophylls, pheophytins, and Zn-pheophytins. Food Chem. 2018, 245, 943–950. [Google Scholar] [CrossRef]

	



Queiroz Zepka, L.; Jacob-Lopes, E.; Roca, M. Catabolism and bioactive properties of chlorophylls. Curr. Opin. Food Sci. 2019, 26, 94–100. [Google Scholar] [CrossRef]

	



Szczygieł, M.; Urbańska, K.; Jurecka, P.; Stawoska, I.; Stochel, G.; Fiedor, L. Central Metal Determines Pharmacokinetics of Chlorophyll-Derived Xenobiotics. J. Med. Chem. 2008, 51, 4412–4418. [Google Scholar] [CrossRef]

	



Cvitković, D.; Lisica, P.; Zorić, Z.; Repajić, M.; Pedisić, S.; Dragović-Uzelac, V.; Balbino, S. Composition and Antioxidant Properties of Pigments of Mediterranean Herbs and Spices as Affected by Different Extraction Methods. Foods 2021, 10, 2477. [Google Scholar] [CrossRef]

	



Saini, R.K.; Keum, Y.-S. Carotenoid extraction methods: A review of recent developments. Food Chem. 2018, 240, 90–103. [Google Scholar] [CrossRef] [PubMed]

	



Strati, I.F.; Oreopoulou, V. Recovery of carotenoids from tomato processing by-products—A review. Food Res. Int. 2014, 65, 311–321. [Google Scholar] [CrossRef]

	



Gordillo, B.; Sigurdson, G.T.; Lao, F.; González-Miret, M.L.; Heredia, F.J.; Giusti, M.M. Assessment of the color modulation and stability of naturally copigmented anthocyanin-grape colorants with different levels of purification. Food Res. Int. 2018, 106, 791–799. [Google Scholar] [CrossRef] [PubMed]

	



Maalej, A.; Elloumi, W.; Angelov, I.; Kardaleva, P.; Dimitrov, V.; Chamkha, M.; Guncheva, M.; Sayadi, S. Pistacia lentiscus by-product as a promising source of phenolic compounds and carotenoids: Purification, biological potential and binding properties. Food Bioprod. Process. 2021, 126, 245–255. [Google Scholar] [CrossRef]

	



Saini, R.K.; Moon, S.H.; Gansukh, E.; Keum, Y.-S. An efficient one-step scheme for the purification of major xanthophyll carotenoids from lettuce, and assessment of their comparative anticancer potential. Food Chem. 2018, 266, 56–65. [Google Scholar] [CrossRef]

	



Vági, E.; Simándi, B.; Vásárhelyiné, K.P.; Daood, H.; Kéry, Á.; Doleschall, F.; Nagy, B. Supercritical carbon dioxide extraction of carotenoids, tocopherols and sitosterols from industrial tomato by-products. J. Supercrit. Fluids 2007, 40, 218–226. [Google Scholar] [CrossRef]

	



de Andrade Lima, M.; Charalampopoulos, D.; Chatzifragkou, A. Optimisation and modelling of supercritical CO2 extraction process of carotenoids from carrot peels. J. Supercrit. Fluids 2018, 133, 94–102. [Google Scholar] [CrossRef]

	



Sánchez-Camargo, A.d.P.; Gutiérrez, L.-F.; Vargas, S.M.; Martinez-Correa, H.A.; Parada-Alfonso, F.; Narváez-Cuenca, C.-E. Valorisation of mango peel: Proximate composition, supercritical fluid extraction of carotenoids, and application as an antioxidant additive for an edible oil. J. Supercrit. Fluids 2019, 152, 104574. [Google Scholar] [CrossRef]

	



Borjan, D.; Šeregelj, V.; Andrejč, D.C.; Pezo, L.; Šaponjac, V.T.; Knez, Ž.; Vulić, J.; Marevci, M.K. Green Techniques for Preparation of Red Beetroot Extracts with Enhanced Biological Potential. Antioxidants 2022, 11, 805. [Google Scholar] [CrossRef]

	



Ahmadian-Kouchaksaraie, Z.; Niazmand, R. Supercritical carbon dioxide extraction of antioxidants from Crocus sativus petals of saffron industry residues: Optimization using response surface methodology. J. Supercrit. Fluids 2017, 121, 19–31. [Google Scholar] [CrossRef]

	



Giuffrida, D.; Zoccali, M.; Mondello, L. Recent developments in the carotenoid and carotenoid derivatives chromatography-mass spectrometry analysis in food matrices. TrAC Trends Anal. Chem. 2020, 132, 116047. [Google Scholar] [CrossRef]

	



Si-Hung, L.; Bamba, T. Current state and future perspectives of supercritical fluid chromatography. TrAC Trends Anal. Chem. 2022, 149, 116550. [Google Scholar] [CrossRef]

	



Zoccali, M.; Giuffrida, D.; Dugo, P.; Mondello, L. Direct online extraction and determination by supercritical fluid extraction with chromatography and mass spectrometry of targeted carotenoids from red Habanero peppers (Capsicum chinense Jacq.). J. Sep. Sci. 2017, 40, 3905–3913. [Google Scholar] [CrossRef] [PubMed]

	



Zoccali, M.; Giuffrida, D.; Salafia, F.; Rigano, F.; Dugo, P.; Casale, M.; Mondello, L. Apocarotenoids profiling in different Capsicum species. Food Chem. 2021, 334, 127595. [Google Scholar] [CrossRef]

	



Alvarez-Rivera, G.; Bueno, M.; Ballesteros-Vivas, D.; Mendiola, J.A.; Ibañez, E. Chapter 13—Pressurized Liquid Extraction. In Liquid-Phase Extraction; Poole, C.F., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 375–398. [Google Scholar]

	



Zielinski, A.A.F.; Sanchez-Camargo, A.d.P.; Benvenutti, L.; Ferro, D.M.; Dias, J.L.; Ferreira, S.R.S. High-pressure fluid technologies: Recent approaches to the production of natural pigments for food and pharmaceutical applications. Trends Food Sci. Technol. 2021, 118, 850–869. [Google Scholar] [CrossRef]

	



Pappas, V.M.; Athanasiadis, V.; Palaiogiannis, D.; Poulianiti, K.; Bozinou, E.; Lalas, S.I.; Makris, D.P. Pressurized Liquid Extraction of Polyphenols and Anthocyanins from Saffron Processing Waste with Aqueous Organic Acid Solutions: Comparison with Stirred-Tank and Ultrasound-Assisted Techniques. Sustainability 2021, 13, 12578. [Google Scholar] [CrossRef]

	



Andrade, T.A.; Hamerski, F.; López Fetzer, D.E.; Roda-Serrat, M.C.; Corazza, M.L.; Norddahl, B.; Errico, M. Ultrasound-assisted pressurized liquid extraction of anthocyanins from Aronia melanocarpa pomace. Sep. Purif. Technol. 2021, 276, 119290. [Google Scholar] [CrossRef]

	



Gómez-López, I.; Mendiola, J.A.; Portillo, M.P.; Cano, M.P. Pressurized green liquid extraction of betalains and phenolic compounds from Opuntia stricta var. Dillenii whole fruit: Process optimization and biological activities of green extracts. Innov. Food Sci. Emerg. Technol. 2022, 80, 103066. [Google Scholar] [CrossRef]

	



Otero, P.; López-Martínez, M.I.; García-Risco, M.R. Application of pressurized liquid extraction (PLE) to obtain bioactive fatty acids and phenols from Laminaria ochroleuca collected in Galicia (NW Spain). J. Pharm. Biomed. Anal. 2019, 164, 86–92. [Google Scholar] [CrossRef]

	



del Pilar Sánchez-Camargo, A.; Pleite, N.; Herrero, M.; Cifuentes, A.; Ibáñez, E.; Gilbert-López, B. New approaches for the selective extraction of bioactive compounds employing bio-based solvents and pressurized green processes. J. Supercrit. Fluids 2017, 128, 112–120. [Google Scholar] [CrossRef]

	



Nowacka, M.; Tappi, S.; Wiktor, A.; Rybak, K.; Miszczykowska, A.; Czyzewski, J.; Drozdzal, K.; Witrowa-Rajchert, D.; Tylewicz, U. The Impact of Pulsed Electric Field on the Extraction of Bioactive Compounds from Beetroot. Foods 2019, 8, 244. [Google Scholar] [CrossRef] [PubMed]

	



Bocker, R.; Silva, E.K. Pulsed electric field assisted extraction of natural food pigments and colorings from plant matrices. Food Chem. X 2022, 15, 100398. [Google Scholar] [CrossRef] [PubMed]

	



Montibeller, M.J.; de Lima Monteiro, P.; Stoll, L.; Tupuna-Yerovi, D.S.; Rodrigues, E.; Rodrigues, R.C.; de Oliveira Rios, A.; Manfroi, V. Improvement of Enzymatic Assisted Extraction Conditions on Anthocyanin Recovery from Different Varieties of V. vinifera and V. labrusca Grape Pomaces. Food Anal. Methods 2019, 12, 2056–2068. [Google Scholar] [CrossRef]

	



Streimikyte, P.; Viskelis, P.; Viskelis, J. Enzymes-Assisted Extraction of Plants for Sustainable and Functional Applications. Int. J. Mol. Sci. 2022, 23, 2359. [Google Scholar] [CrossRef]

	



Lombardelli, C.; Liburdi, K.; Benucci, I.; Esti, M. Tailored and synergistic enzyme-assisted extraction of carotenoid-containing chromoplasts from tomatoes. Food Bioprod. Process. 2020, 121, 43–53. [Google Scholar] [CrossRef]

	



Özkan, G.; Ersus Bilek, S. Enzyme-assisted extraction of stabilized chlorophyll from spinach. Food Chem. 2015, 176, 152–157. [Google Scholar] [CrossRef]

	



Riaz, M.; Zia-Ul-Haq, M.; Saad, B. Occurrence of Anthocyanins in Plants. In Anthocyanins and Human Health: Biomolecular and Therapeutic Aspects; Zia Ul Haq, M., Riaz, M., Saad, B., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 35–46. [Google Scholar]

	



Andrew L. Waterhouse, A.L.; Sacks, G.L.; David W. Jeffery, D.W. Chapter 16 – Anthocyanins in Understanding Wine Chemistry. John Wiley & Sons, Ltd.: Chichester, UK, 2016; pp. 131–139. [Google Scholar]

	



Cabrita, L.; Fossen, T.; Andersen, Ø.M. Colour and stability of the six common anthocyanidin 3-glucosides in aqueous solutions. Food Chem. 2000, 68, 101–107. [Google Scholar] [CrossRef]

	



Kammerer, D.R. 3—Anthocyanins. In Handbook on Natural Pigments in Food and Beverages; Carle, R., Schweiggert, R.M., Eds.; Woodhead Publishing: Sawston, UK, 2016; pp. 61–80. [Google Scholar]

	



Chung, C.; Rojanasasithara, T.; Mutilangi, W.; McClements, D.J. Enhanced stability of anthocyanin-based color in model beverage systems through whey protein isolate complexation. Food Res. Int. 2015, 76, 761–768. [Google Scholar] [CrossRef]

	



Yoshida, K.; Mori, M.; Kondo, T. Blue flower color development by anthocyanins: From chemical structure to cell physiology. Nat. Prod. Rep. 2009, 26, 884–915. [Google Scholar] [CrossRef]

	



Esquivel, P. 4—Betalains. In Handbook on Natural Pigments in Food and Beverages; Carle, R., Schweiggert, R.M., Eds.; Woodhead Publishing: Sawston, UK, 2016; pp. 81–99. [Google Scholar]

	



Stintzing, F.; Schieber, A.; Carle, R. Cactus pear-a promising component to functional food. Obs. Gemüse-Und Kartof. 2000, 85, 40–47. [Google Scholar]

	



Azeredo, H.M.C. Betalains: Properties, sources, applications, and stability—A review. Int. J. Food Sci. Technol. 2009, 44, 2365–2376. [Google Scholar] [CrossRef]

	



Kumorkiewicz, A.; Wybraniec, S. Thermal Degradation of Major Gomphrenin Pigments in the Fruit Juice of Basella alba L. (Malabar Spinach). J. Agric. Food Chem. 2017, 65, 7500–7508. [Google Scholar] [CrossRef] [PubMed]

	



Namitha, K.K.; Negi, P.S. Chemistry and Biotechnology of Carotenoids. Crit. Rev. Food Sci. Nutr. 2010, 50, 728–760. [Google Scholar] [CrossRef] [PubMed]

	



CANJURA, F.L.; SCHWARTZ, S.J.; NUNES, R.V. Degradation Kinetics of Chlorophylls and Chlorophyllides. J. Food Sci. 1991, 56, 1639–1643. [Google Scholar] [CrossRef]

	



Cao, J.; Li, F.; Li, Y.; Chen, H.; Liao, X.; Zhang, Y. Hydrophobic interaction driving the binding of soybean protein isolate and chlorophyll: Improvements to the thermal stability of chlorophyll. Food Hydrocoll. 2021, 113, 106465. [Google Scholar] [CrossRef]

	



Commission Regulation (EU) No 1129/2011 of 11 November 2011 amending Annex II to Regulation (EC) No 1333/2008 of the European Parliament and of the Council by Establishing a Union List of Food Additives Text with EEA Relevance. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32011R1129 (accessed on 13 September 2022).

	



Consolidated text: Commission Regulation (EU) No 1129/2011 of 11 November 2011 amending Annex II to Regulation (EC) No 1333/2008 of the European Parliament and of the Council by Establishing a Union List of Food Additives (Text with EEA relevance). Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02011R1129-20131121 (accessed on 13 September 2022).

	



Part 74—Listing of Color Additives Subject to Certification. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-74 (accessed on 13 September 2022).

	



Part 73—Listing of Color Additives Exempt from Certification. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73 (accessed on 13 September 2022).

	



Regulation (EC) No 1333/2008 of the European Parliament and of the Council of 16 December 2008 on Food Additives. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32008R1333 (accessed on 14 September 2022).

	



McCann, D.; Barrett, A.; Cooper, A.; Crumpler, D.; Dalen, L.; Grimshaw, K.; Kitchin, E.; Lok, K.; Porteous, L.; Prince, E.; et al. Food additives and hyperactive behaviour in 3-year-old and 8/9-year-old children in the community: A randomised, double-blinded, placebo-controlled trial. Lancet 2007, 370, 1560–1567. [Google Scholar] [CrossRef]

	



Re-Evaluation of Safety of Permitted Food Additives. Available online: https://food.ec.europa.eu/safety/food-improvement-agents/additives/re-evaluation_en (accessed on 13 September 2022).

	



Additives, E.P.o.F.; Food, N.S.a.t. Guidance for submission for food additive evaluations. EFSA J. 2012, 10, 2760. [Google Scholar] [CrossRef]

	



Armellini, R.; Peinado, I.; Pittia, P.; Scampicchio, M.; Heredia, A.; Andres, A. Effect of saffron (Crocus sativus L.) enrichment on antioxidant and sensorial properties of wheat flour pasta. Food Chem. 2018, 254, 55–63. [Google Scholar] [CrossRef]

	



Blasi, F.; Cossignani, L. An Overview of Natural Extracts with Antioxidant Activity for the Improvement of the Oxidative Stability and Shelf Life of Edible Oils. Processes 2020, 8, 956. [Google Scholar] [CrossRef]

	



Echegaray, N.; Guzel, N.; Kumar, M.; Guzel, M.; Hassoun, A.; Manuel Lorenzo, J. Recent advancements in natural colorants and their application as coloring in food and in intelligent food packaging. Food Chem. 2022, 404, 134453. [Google Scholar] [CrossRef]

	



Fischer, U.A.; Carle, R.; Kammerer, D.R. Thermal stability of anthocyanins and colourless phenolics in pomegranate (Punica granatum L.) juices and model solutions. Food Chem. 2013, 138, 1800–1809. [Google Scholar] [CrossRef] [PubMed]

	



Khoo, H.E.; Azlan, A.; Tang, S.T.; Lim, S.M. Anthocyanidins and anthocyanins: Colored pigments as food, pharmaceutical ingredients, and the potential health benefits. Food Nutr. Res. 2017, 61, 1361779. [Google Scholar] [CrossRef]

	



Pires, T.C.S.P.; Dias, M.I.; Barros, L.; Barreira, J.C.M.; Santos-Buelga, C.; Ferreira, I.C.F.R. Incorporation of natural colorants obtained from edible flowers in yogurts. LWT 2018, 97, 668–675. [Google Scholar] [CrossRef]

	



Porto Dalla Costa, A.; Cruz Silveira Thys, R.; De Oliveira Rios, A.; Hickmann Flôres, S. Carrot Flour from Minimally Processed Residue as Substitute of β-Carotene Commercial in Dry Pasta Prepared with Common Wheat (Triticum aestivum). J. Food Qual. 2016, 39, 590–598. [Google Scholar] [CrossRef]

	



Oliveira Filho, J.G.d.; Bertolo, M.R.V.; Rodrigues, M.Á.V.; Silva, G.d.C.; Mendonça, G.M.N.d.; Bogusz Junior, S.; Ferreira, M.D.; Egea, M.B. Recent advances in the development of smart, active, and bioactive biodegradable biopolymer-based films containing betalains. Food Chem. 2022, 390, 133149. [Google Scholar] [CrossRef]

	



Morata, A.; López, C.; Tesfaye, W.; González, C.; Escott, C. 12—Anthocyanins as Natural Pigments in Beverages. In Value-Added Ingredients and Enrichments of Beverages; Grumezescu, A.M., Holban, A.M., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 383–428. [Google Scholar]

	



FAO. Codex Alimentarius, General Standard for Food Additives (Codex Stan 192-1995); Food and Agriculture Organization of the United Nations: Rome, Italy, 2019. [Google Scholar]

	



Gérard, V.; Ay, E.; Morlet-Savary, F.; Graff, B.; Galopin, C.; Ogren, T.; Mutilangi, W.; Lalevée, J. Thermal and Photochemical Stability of Anthocyanins from Black Carrot, Grape Juice, and Purple Sweet Potato in Model Beverages in the Presence of Ascorbic Acid. J. Agric. Food Chem. 2019, 67, 5647–5660. [Google Scholar] [CrossRef]

	



Atencio, S.; Verkempinck, S.H.E.; Reineke, K.; Hendrickx, M.; Van Loey, A. Heat and Light Stability of Pumpkin-Based Carotenoids in a Photosensitive Food: A Carotenoid-Coloured Beverage. Foods 2022, 11, 485. [Google Scholar] [CrossRef]

	



Guo, Q.; Zhang, Z.; Dadmohammadi, Y.; Li, Y.; Abbaspourrad, A. Synergistic effects of ascorbic acid, low methoxy pectin, and EDTA on stabilizing the natural red colors in acidified beverages. Curr. Res. Food Sci. 2021, 4, 873–881. [Google Scholar] [CrossRef] [PubMed]

	



Luzardo-Ocampo, I.; Ramírez-Jiménez, A.K.; Yañez, J.; Mojica, L.; Luna-Vital, D.A. Technological Applications of Natural Colorants in Food Systems: A Review. Foods 2021, 10, 634. [Google Scholar] [CrossRef] [PubMed]

	



Cerreti, M.; Liburdi, K.; Del Franco, F.; Esti, M. Heat and light stability of natural yellow colourants in model beverage systems. Food Addit. Contam. Part A 2020, 37, 905–915. [Google Scholar] [CrossRef]

	



Wijesekara, A.; Weerasingha, V.; Jayarathna, S.; Priyashantha, H. Quality parameters of natural phenolics and its impact on physicochemical, microbiological, and sensory quality attributes of probiotic stirred yogurt during the storage. Food Chem. X 2022, 14, 100332. [Google Scholar] [CrossRef] [PubMed]

	



Fadda, A.; Sanna, D.; Sakar, E.H.; Gharby, S.; Mulas, M.; Medda, S.; Yesilcubuk, N.S.; Karaca, A.C.; Gozukirmizi, C.K.; Lucarini, M.; et al. Innovative and Sustainable Technologies to Enhance the Oxidative Stability of Vegetable Oils. Sustainability 2022, 14, 849. [Google Scholar] [CrossRef]

	



Shadyro, O.; Sosnovskaya, A.; Edimecheva, I. Effect of biologically active substances on oxidative stability of flaxseed oil. J. Food Sci. Technol. 2020, 57, 243–252. [Google Scholar] [CrossRef] [PubMed]

	



Chavoshizadeh, S.; Pirsa, S.; Mohtarami, F. Sesame Oil Oxidation Control by Active and Smart Packaging System Using Wheat Gluten/Chlorophyll Film to Increase Shelf Life and Detecting Expiration Date. Eur. J. Lipid Sci. Technol. 2020, 122, 1900385. [Google Scholar] [CrossRef]

	



Oancea, S. A Review of the Current Knowledge of Thermal Stability of Anthocyanins and Approaches to Their Stabilization to Heat. Antioxidants 2021, 10, 1337. [Google Scholar] [CrossRef]

	



Sui, X.; Bary, S.; Zhou, W. Changes in the color, chemical stability and antioxidant capacity of thermally treated anthocyanin aqueous solution over storage. Food Chem. 2016, 192, 516–524. [Google Scholar] [CrossRef]

	



Luna-Vital, D.; Li, Q.; West, L.; West, M.; Gonzalez de Mejia, E. Anthocyanin condensed forms do not affect color or chemical stability of purple corn pericarp extracts stored under different pHs. Food Chem. 2017, 232, 639–647. [Google Scholar] [CrossRef]

	



Chen, X.; Guan, Y.; Zeng, M.; Wang, Z.; Qin, F.; Chen, J.; He, Z. Effect of whey protein isolate and phenolic copigments in the thermal stability of mulberry anthocyanin extract at an acidic pH. Food Chem. 2022, 377, 132005. [Google Scholar] [CrossRef]

	



Zhao, H.-S.; Ma, Z.; Jing, P. Interaction of soy protein isolate fibrils with betalain from red beetroots: Morphology, spectroscopic characteristics and thermal stability. Food Res. Int. 2020, 135, 109289. [Google Scholar] [CrossRef]

	



Basavaraja, T.; Joshi, A.; Sethi, S.; Kaur, C.; Tomar, B.S.; Varghese, E.; Dahuja, A. Stability enhancement of beetroot betalains through copigmentation. J. Sci. Food Agric. 2022, 102, 5561–5567. [Google Scholar] [CrossRef]

	



Cantrell, A.; McGarvey, D.J.; George Truscott, T.; Rancan, F.; Böhm, F. Singlet oxygen quenching by dietary carotenoids in a model membrane environment. Arch. Biochem. Biophys. 2003, 412, 47–54. [Google Scholar] [CrossRef]

	



Jonsson, L. Thermal Degradation of Carotenes and Influence on their Physiological Functions. In Nutritional and Toxicological Consequences of Food Processing; Friedman, M., Ed.; Springer US: Boston, MA, USA, 1991; pp. 75–82. [Google Scholar]

	



Borsarelli, C.D.; Mercadante, A.Z. Thermal and Photochemical Degradation of Carotenoids. In Carotenoids: Physical, Chemical, and Biological Functions and Properties; CRC Press: Boca Raton, FL, USA, 2009; pp. 229–253. [Google Scholar]

	



Heaton, J.W.; Marangoni, A.G. Chlorophyll degradation in processed foods and senescent plant tissues. Trends Food Sci. Technol. 1996, 7, 8–15. [Google Scholar] [CrossRef]

	



Color Additives Approved for Use in Human Food Part 73 Subpart A. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-A (accessed on 13 September 2022).

	



Scientific Opinion on Re-Evaluation of Copper Complexes of Chlorophylls (E 141(i)) and Chlorophyllins (E 141(ii)) as Food Additives. Available online: https://www.efsa.europa.eu/it/efsajournal/pub/4151 (accessed on 13 September 2022).








[image: Nutraceuticals 02 00028 g001 550] 





Figure 1. Structures of the six more common anthocyanidins. Positions 3 and 5, where glycosylation takes place, are indicated. 
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Figure 2. pH-dependent reactions of anthocyanins. 
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Figure 3. Two-electron oxidation of anthocyanins which contain the catechol moiety in their structures. 
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Figure 4. Structures of betanin, betaxanthins and betalamic acid. 
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Figure 5. Structure of β-carotene. 
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Figure 6. Structure of chlorophyll a, with numbering at the chlorin ring. 
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