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Abstract

:

Reducing waste, using byproducts, and natural food additives are important sustainability trends. In this context, the aim of this study was to produce and evaluate a natural food dye, extracted from pumpkin byproducts, powdered and protected by spray-chilling (SC) and a combination of spray-drying and spray-chilling techniques (SDC). The extract was obtained using ethanol as solvent; vegetable fat and gum Arabic were used as carriers. Formulations were prepared with the following core:carrier ratios: SC 20 (20:80), SC 30 (30:70), SC 40 (40:60), SDC 5 (5:95), SDC 10 (10:90), and SDC 15 (15:85). The physicochemical properties of the formed microparticles were characterised, and their storage stability was evaluated over 90 days. The microparticles exhibited colour variation and size increase over time. SDC particles exhibited the highest encapsulation efficiency (95.2–100.8%) and retention of carotenoids in the storage period (60.8–89.7%). Considering the carotenoid content and its stability, the optimal formulation for each process was selected for further analysis. All of the processes and formulations produced spherical particles that were heterogeneous in size. SDC particles exhibited the highest oxidative stability index and the highest carotenoid release in the intestinal phase (32.6%). The use of combined microencapsulation technologies should be considered promising to protect carotenoid compounds.
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1. Introduction


Pumpkins are widely cultivated and consumed worldwide. These vegetables are rich in provitamin A carotenoids [1]. However, when these products are processed, only their pulps are used, generating between 18% and 21% wastage [2]. Pumpkin peel represents about 10–40% of these vegetables and is a rich source of provitamin A carotenoids, which also have antioxidant properties [3,4]. Consumption of carotenoids has been associated with various health benefits, including a reduced risk of cataracts and age-related macular degeneration, coronary heart disease, and some cancers [5]. However, due to their high physicochemical instability, the carotenoids are easily degraded in the presence of light, oxygen, metals, and constituents present in the food matrix, as well as when exposed to heat during processing and storage, so it is necessary to use techniques that ensure their protection and, therefore, the integrity and maintenance of their functional properties [6].



Spray-drying (SD) is a traditional encapsulation technique that is widely used in the food industry. This method makes it possible to obtain powders with the desired physical properties, apply variable drying parameters—such as temperature and feed flow—and change the type of carrier material or the pretreatment of the raw material [7,8,9]. One disadvantage of this method is the production of matrix-type structures, so some carotenoids can remain on the surface of the microparticles, making them more likely to undergo oxidation [10]. Therefore, it is assumed that the coating of particles produced by this technique could offer extra protection to carotenoids, in addition to altering their release pattern. Thus, in this work, we propose covering the spray-dried particles with a lipid carrier using the spray-chilling (SC) technique.



The SC technique has been less explored for the encapsulation of food ingredients—both scientifically and commercially; it consists of the atomisation of a mixture, solution, or suspension of an active material and a molten fat carrier within an environment maintained at a temperature below the carrier’s melting point. The melted vegetable fat in contact with cold air produces solid particles [11,12]. Although simple, fast, and cheap, this technique has some disadvantages, such as low encapsulation efficiency and expulsion of the active ingredient during storage when there is recrystallisation of the lipid carrier, in addition to the hydrophobic character of the particles, which renders some applications difficult [12]. On the other hand, it is known that carotenoids are absorbed in the presence of lipids; therefore, their immobilisation in lipid particles should also favour their intestinal absorption, in addition to promoting protection.



Furthermore, the association of the two techniques—something that has been little explored—offers the possibility of better preservation of bioactive components considering the presence of a double-wall coverage. In the literature, there are few studies concerning the production of microparticles combining SD and SC. Fadini et al. [13] reported high protection of functional oils when using combined technologies. Arslan-Tontul and Erbas [14] observed higher thermal and gastric resistance of particles containing prebiotics produced by the combination of SD and SC than of those produced by the individual processes. Pinho et al. [15] observed high protection of carotenoids when using these combined technologies.



Brazil has the largest number of authorised synthetic dyes. However, there has been a change in the global trend, reducing the consumption of foods with synthetic dyes, due to the search for healthier foods [16]. Moreover, some of these synthetic dyes are allergenic, mutagenic, or carcinogenic, and may generate behavioural changes, such as hyperactivity, increasing the concern of health authorities worldwide [17]. Although natural dyes with the same economic and technological advantages as synthetic dyes are not available, there is a high preference for pigments obtained from natural sources, given their nutritional value and health benefits [18].



Thus, the aim of this study was to produce and evaluate a natural food dye composed of microparticles loaded with carotenoid-rich extracts from pumpkin peel and produced by SC and by the combination of SD and SC technologies, with the objective of verifying which encapsulation method would promote greater stability of the bioactive compounds. The microparticles were monitored during storage in terms of size, colour parameters, and carotenoid stability. The physicochemical properties of the microparticles—including morphology, oxidative stability of carotenoids, and release of carotenoids in the digestive system in vitro—were measured. The influence of different carrier materials on the properties of the microparticles was also investigated.




2. Results and Discussion


2.1. Encapsulation Efficiency, Carotenoid Stability during 90 Days of Storage, and Instrumental Colour Parameters


The main objective of encapsulation is to produce microparticles with good application properties. Factors related to the inlet air temperature, feed flow rates, formulation, and type of carrier material are essential because they affect the microparticles’ characteristics and encapsulation efficiency (EE).



The EE of microparticles produced through SC and the combined processes is shown in Table 1.



According to the results, the EE values after both spraying processes were high, showing that—at least initially—these were not harmful to the carotenoids, which demonstrates greater entrapment of the carotenoids in the microparticles for all treatments used. The SC-20 treatment presented the lowest value, which may have occurred due to a low EE, presenting carotenoids on the surface, and the occurrence of degradation. Rodriguez-Amaya [19] showed that the major cause of carotenoid degradation during the processing and storage of food is enzymatic or non-enzymatic oxidation. Isomerisation of trans-carotenoids to cis-isomers discolours food and is promoted by contact with heat treatment, acids, and exposure to light [19]. In the case of SDC particles, the EE values were higher, evidencing the protection offered to carotenoids by the double layer of gum Arabic and vegetable fat. Cutrim, Alvim, and Cortez [20], when encapsulating green tea polyphenols by SC, found values similar to those of the present study (83.5%). Gamboa, Gonçalves, and Grosso [21] found values similar to those of our study when encapsulating α-tocopherol by SC using different proportions of inter-esterified fat and hydrogenated soy oil (90–95.8%). Sartori et al. [22] obtained a high EE (89–98%) when encapsulating ascorbic acid by SC and using lauric and oleic acid as carrier materials.



Degradation of carotenoids loaded into spray-chilled and double-layer microparticles over the storage period under different conditions presented zero-order kinetics; the results are shown in Table 1. All formulations in all storage conditions presented significant zero-order constants of degradation (k = 0.017 to 1.096 μg.g−1.s−1), indicating an intense and accelerated degradation of carotenoids, as also evidenced by the half-life (t1/2). The results indicate that carotenoid degradation was highly influenced by the encapsulation method. Therefore, according to these aspects, SDC microparticles showed superior protective capacity, ensuring greater stability of the carotenoids over 90 days, as demonstrated by the half-life data.



When varying the carotenoid ratio in the microparticles, the stability was reduced in formulations with elevated ratios of free extract (SC particles) and spray-dried particles (SDC particles). This may indicate that carotenoids are less protected from environmental conditions in such formulations, since more carotenoid molecules may be present on the surface of the particles and become susceptible to degradation reactions. SC-30 showed the lowest half-life value; this was probably due to the large presence of carotenoids on the surface of the particles, with greater degradation, which can be explained by the retention value, which was the lowest of all treatments.



The carotenoid retention values (  C R  , %) in the SC particles varied from 51.1% to 65.9%. A possible entrapment of oxygen within the carrier matrix in the process may contribute to the oxidation of carotenoids during storage. In addition, isomerisation can also cause the degradation of these compounds. Furthermore, according to Lima et al. [23], the ethanolic extract of pumpkin peel has a high Fe content, which may have contributed to the greater degradation of carotenoids in the SC samples, since Fe is a pro-oxidant.



However, microparticles obtained via SDC displayed more effective preservation of the carotenoids, indicating that the composition of the carriers impacts the stability of the active components. This result is consistent with the colour change observed for the different samples. According to Provesi, Dias, and Amante [24], light and temperature are the main causes of carotenoid isomerisation. However, Rodriguez-Amaya [25] reported that the main causes of carotenoid degradation during storage are enzymatic and non-enzymatic oxidations caused by the presence of oxygen inside the particles and the carotenoids’ molecular structure. Similar results were found by Pelissari et al. [26]—when encapsulating lycopene with SC, they observed degradation rates of around 60%. Santos et al. [27], when producing nanoparticles loaded with lycopene, reported 50% retention after 14 days of storage at room temperature, indicating the influence of temperature on carotenoids’ stability. Fadini et al. [13] found retention values lower than those found in this study when combining SD and SC techniques to encapsulate fish oil and sacha inchi oil (45–60%). The retention values (  C R  , %) over the storage period found in this study were higher for the coated particles, indicating that this technique is a good alternative to protect carotenoids.



Colour is another parameter that may be related to the stability of carotenoids, since the higher the total colour difference value, the greater the pigment degradation. The instrumental colour parameters were monitored during 90 days of storage, since evaluations of colorimetric parameters may be considered simple but powerful alternatives for indirect measurement of the pigment contents in food products [28].



The colour brightness coordinate L* indicates the lightness value [29]. SDC-5 microparticles showed higher lightness (L*) compared to the other treatments. This was due to the higher content of hydrogenated vegetable fat, as well as the lower ratio between the concentrations of SD microparticles in their formulations. The value of L* (Table 2) decreased over the storage period; this was related to the way in which the particles absorb light, as confirmed by the increase in average diameter (Table 3).



McClements [30] reported that the increase in particle size caused by aggregation can influence the lightness of samples, affecting their L* value.



Values of chroma (Table 2)—considered to be a quantitative attribute of colourfulness—indicate the intensity of the colour. The samples with lower concentrations of carrier material had higher chroma values. These values were stable for most samples, with the exception of SC-40 and SDC-15, indicating a decrease in colour intensity, which was expected, since these samples had lower concentrations of carrier material.



Hue angle is considered to be a qualitative attribute of colour, and it is related to the differences in absorbance at different wavelengths. A hue angle of 0° or 360° denotes a red hue, while angles of 90°, 180°, and 270° represent yellow, green, and blue hues, respectively [31]. In the present study, the hue angle lay in the region of red and yellow, between 0° and 90°, indicating that the colour of the product was a yellow hue. After 90 days, there was no significant change in the samples, and the tonality was maintained for all treatments—with the exception of SDC-5 which, at the end of the stability period, showed a tonality tending towards green; this occurred because there was a decrease in the values of a * after 90 days (data not shown).



Another important parameter estimated was the total colour difference (   Δ E   ); according to the results shown in Table 2, the SC-30 and SC-40 particles showed higher values of    Δ E    when compared to SC-20. This result can be confirmed by the retention of carotenoids in this period and can be attributed to the highest rate of carotenoid oxidation, since they had the lowest concentration of the carrier, so the carotenoids were presumably less protected and more exposed to pro-oxidant factors, such as oxygen and temperature.



The SDC-5 treatment showed greater colour variation. These results are not consistent with the chroma values and carotenoid retention values, which may have been caused by the large variation in L*, which may itself have been caused by the increase in average diameter (i.e., agglomeration of particles), causing a reduction in this parameter and, consequently, a higher   Δ E  . Haas et al. [32] found similar results to those in our study when studying the influence of particle size on encapsulated carrot carotenoids, observing reduced brightness and increased colour saturation.



However, the other treatments showed lower values, indicating that the coating was effective in protecting the carotenoids, minimising their rapid degradation. However, these values were lower than those found by Pelissari et al. [26] when they encapsulated lycopene via SC and evaluated its stability for 90 days at room temperature with 33% relativity humidity, with   Δ E   ranging from 25.47 to 67.56. Even though the samples showed differences in   Δ E  , these values were relatively low, indicating that the encapsulation processes were effective in protecting the colour throughout the storage period.




2.2. Mean Size of Particles


In this study, the SC particles had smaller average diameters when compared to the SDC particles at the beginning and after 90 days of storage (Table 3). This was due to the coating of the spray-dried particles with fat, which resulted in a larger average diameter. The SC and SDC samples had average sizes that changed over 90 days; this increase in particle size may have been due to a change in the morphology or aggregation of the particles during storage. Studies have shown that certain kinds of solid lipid microparticles undergo an appreciable shape change after their formation, as a result of alterations in their polymorphic form, e.g., when the lipid phase undergoes a transition from the α-form to the β-form [33,34]. In addition, this increase in particle size over time can be explained by the use of a heterogeneous fat as carrier, which promotes the aggregation process due to some triacylglycerols that are eventually in liquid form. Process parameters—especially atomisation pressure and temperature—influence particle size [11,35,36]. In addition to the process parameters, the type of active material, the lipid carrier, and the design of the atomiser can also cause considerable size variations [37]. Pelissari et al. [26] found results similar to those in this work when lycopene was immobilised in vegetable fat using SC technology. On the other hand, Fadini et al. [13] found lower values (24.1–25.8 µm) than in the present study when covering particles of fish oil and sacha inchi produced by SD.



According to Pedroso et al. [38,39], particle size is an important parameter to consider for food applications, due to large particles conferring a sandy sensation in the mouth that can lead to consumer rejection of the product. For this reason, these authors suggested that particle size should be smaller than 100 μm in order to avoid negative effects on texture and, thus, on the sensory acceptance of products to which the particles are added. In this context, particles produced under the same conditions applied in this study should be applied to solid or crispy foods, such as cereal bars. Another option is to change the operation conditions and the RH of storage, aiming to reduce particle size.



Despite the fact that the particles produced with the smallest concentrations of carotenoids (i.e., SC-20 and SDC-5) displayed slightly better performance in terms of the stability of these compounds, the ones with the highest concentrations of carotenoids (i.e., SC-40 and SDC-15) were chosen for the subsequent assays (i.e., morphology, oxidative stability by the Rancimat method, and release of carotenoids during simulated digestion).




2.3. Morphology


Photomicrographs of SC-40 and SDC-15 particles were obtained via scanning electron microscopy (SEM; 1000× magnification) and are represented in Figure 1A,B, respectively. The SC-40 treatment presented particles that were spherical in shape with agglomerations, variable diameters, and a rough surface with some pores, but without cracks. It is important to produce spherical particles to favour the flow properties and facilitate powder application. Likewise, the agglomeration of particles can also positively contribute to the application of the powder by reducing dust formation. However, particles with rough surfaces can have a reduced flow and indicate the occurrence of a heterogeneous lipid matrix [26]. In addition, particles with pores can expose carotenoids to oxygen, which is a pro-oxidant factor, thereby reducing the functionality of the particles.



The SDC-15 treatment showed a smooth surface with a high level of agglomeration. This may have been related to the complex carrier matrix formed by the combination of hydrogenated vegetable fat and gum Arabic, as well as its water-holding capacity. Incomplete solidification of vegetable fat can occur and lead to the formation of partially melted microparticles; in addition, the collision of microparticles with a high moisture content can also occur, favouring agglomeration. On the other hand, Fadini et al. [13], when covering fish oil and sacha inchi oil particles, observed spherical and polydisperse structures without agglomeration, which could be attributed to the high melting point of the lipid wall. The agglomeration of particles can lead to the formation of structures that no longer have a spherical shape. These external structures can protect the internal ones from environmental conditions, providing additional protection to the encapsulated compounds. Indeed, microparticle morphology can be influenced by operational parameters, which include the temperature, solvents used, feed material composition, and drying rate [40,41].




2.4. Oxidative Stability Index by the Rancimat Method


The Rancimat method is widely used to investigate the oxidative stability of oil/lipid-containing samples [42]. Considering that the free extract had oil, and that all particles had oil or fat in their formulations, we studied the oxidative stability of these materials using the Rancimat technique; the results are shown in Table 4. For this evaluation, the following samples were analysed: free extract (as control), SC (spray-chilled particles with 40% raw extract), and SDC (coated particles with 15% spray-dried particles).



According to the results displayed in Table 4, the encapsulation by SC and the coating of the spray-dried particles by SC increased the extract’s oxidative stability in 0.11 and 32.88 h, respectively. These results allow us to infer that the particles have greater oxidative stability than the pure extract, since the pure extract contained sunflower oil, which is rich in unsaturated fatty acids that are very susceptible to oxidation. Sunflower oil is exposed in the free extract, while in the particles it appears to be protected by the carrier. Similar results were found by Santos et al. [43] when they analysed the oxidative stability of tucumã oil (free and encapsulated), which is also a source of unsaturated fatty acids and carotenoids.



In the particles produced in the chiller, sunflower oil was diluted with vegetable fat, which has a high melting point and is rich in saturated fatty acids that are less susceptible to oxidation, but this result was inferior to that for the coated particles because the Rancimat test was performed at a high temperature (120 °C) and the exposure to high-flow oxygen caused an increased surface area and morphological changes, as well as promoting exposure of the lipid matrix and carotenoids, which led to rapid degradation of the carotenoids. Moreover, in those particles produced in the dryer and covered in the chiller, the oil content was lower and was covered by gum Arabic and by the high melting point of the fat, ensuring its stability. In addition, thickening of the wall material and the absence of pores reduced the area of oxygen diffusion and made it possible to form stable systems and effectively protect the encapsulated material. This result is consistent with that obtained for total carotenoid retention (Section 2.1). Pinho et al. [15] found similar results to those of the present study when encapsulating the carotenoid-rich ethanolic extract from guaraná peel using SC and SDC techniques.




2.5. Release of Carotenoids from the Particles during Simulated Digestion


The presence of nutrients in foods is commonly assessed by determining their concentrations in products. However, foods go through a series of processes before reaching systemic circulation, which can affect the concentrations and even the chemical forms of food components. One of these processes is gastrointestinal digestion, which involves a series of enzymatic steps that can cause changes in some elements and compounds in the diet and favour hydrolysis and/or the formation of complexes [44].



The initial concentration of carotenoids (   c 0   , µg/g) in SC-40 microparticles was 237.9 µg/g, while SDC-15 contained 28.5 µg/g of carotenoids. The SC-40 microparticles were produced in the spray-chiller with 40% extract and with higher values of    c 0   . SDC-15 was produced via combined SD and SC methods, resulting in a higher solid barrier, but with lower values of    c 0   .



The relative release (  R R  , %) and total release (  T R  , µg/g) of carotenoids varied for each case study, as shown in Figure 2A,B, respectively.



The RR index of SDC-15 microparticles was higher than that of SC-40 microparticles. The addition of spray-dried particles in the SDC method probably led to the release of some of the carotenoids in the gastric phase as a result of the enzymatic degradation of gum Arabic, possibly caused by the presence of SD particles on the surface. In contrast, the lower RR of carotenoids in SC-40 microparticles indicates a more compact microcapsule, with a more efficient barrier to the diffusion of carotenoids.



Despite the    c 0    in SC-40 microparticles being 10 times higher than that in SDC-15 microparticles, the TR was similar in all digestion steps. These profiles provide extra evidence that SC microparticles have a more compact barrier, inhibiting the release of carotenoids in digestive fluids.



The RR of carotenoids from the particles after simulated oral, gastric, and intestinal digestion can be seen in Figure 2A,B. After the oral phase, 0.7% and 4.3% of the carotenoids in the SC and SDC particles, respectively, were released. The release of carotenoids in saliva from SC particles was not expected, because these structures are composed exclusively of lipid compounds that do not dissolve in saliva (aqueous material); in addition, there is no digestion of lipid compounds in this phase. Thus, the small release must have been due to diffusion or to the carotenoids present on the surface of the particles, i.e., the matrix type. Likewise, the release of carotenoids from the SDC particles was also not expected; however, as gum Arabic has a higher solubility of 50% (w/v) in water at 25 °C [45,46], some of it may have solubilised and released some of the carotenoids. Furthermore, the release of some of the carotenoids present in SDC particles in the saliva suggests that they may have remained on the surface of the microparticles, which we sought to avoid with the coating of spray-dried particles.



A considerable increase in carotenoids was observed after gastric digestion, mainly for the SDC particles, indicating their gradual release from the particles in the oral and gastric phases. In addition, this result indicates that a considerable amount of pigment had withstood the stomach’s acidic conditions, which is interesting since most carotenoids are very sensitive to low pH values.



The reduced levels of carotenoids released at the end of the intestinal phase suggest that one or both of the following possibilities occurred: In the SDC particles, some of the carotenoids may have remained emulsified with gum Arabic and bile salts after centrifugation, as only the supernatant was analysed. The second possible mechanism is that, for both treatments, pigments may have been partially degraded during the gastric and intestinal stages, as the carotenoids undergo rapid degradation when exposed to some enzymes, oxygen, light, and acidic conditions. According to Christophersen et al. [47], some types of solid lipid particles can release bioactive compounds, regardless of the degradation of lipase by diffusion processes, corroborating the results of the present study.



The RR of carotenoids from the SC particles was low (2.4%) compared to the SDC particles (32.6%). These results can be attributed to the polarity of the carriers used in both particles. Gum Arabic is highly hydrophilic and, according to Whorton [48], processes that employ hydrophilic carriers generally trigger a faster release of the active ingredient from the particles. On the other hand, particles produced with highly hydrophobic compounds—such as fats and waxes—as carriers delay the release of the active compounds/nucleus. In fact, the release of active ingredients from particles obtained through SC can occur via erosion and leaching of the matrix. In addition, depending on the type and concentration, some surfactants can dramatically affect the dissolution of the matrix [12]; however, surfactants were not used in the SC particles. Other factors that may have enabled the low release of carotenoids from the SC particles are the low EE with the presence of carotenoids on the surface of the particles, causing their degradation, and/or carotenoids being degraded in the acidic conditions of the stomach.



Santos et al. [43] reported a similar release behaviour of carotenoids from spray-dried particles loaded with carotenoid-rich tucumã (Astrocaryum vulgare Mart.) oil in simulated gastrointestinal conditions. At the beginning of the gastric phase, a considerable amount of carotenoids was released from the particles (21%), and the release gradually increased until the end of the gastric stage (34%). After intestinal digestion, the release of carotenoids decreased to 9%, following the same trend observed in this study. Donhowe et al. [49] reported 62.6% release of β-carotene after evaluating the in vitro digestion of spray-dried particles containing carotenoids and maltodextrin (also a hydrophilic carrier).



It is worthwhile to note that several factors can affect the release of bioactive compounds from particles during static ‘in vitro’ digestion assays, such as the molecular weight of the bioactive compound, the thickening and diffusion properties of the wall material, and bioactivity and carrier solubility. As expected, due to the high water solubility of gum Arabic, SDC particles released a higher percentage of carotenoids than SC particles in all digestion phases, despite having the lowest concentrations of these bioactive compounds, evidencing that the SDC particles with a double layer showed greater release of carotenoids in the digestive system in vitro.





3. Materials and Methods


3.1. Materials


Pumpkin peel from Cucurbita moschata Dusch. was used for the production of carotenoid-rich extracts. This peel was donated by the company Doces Frutas de Minas (Caldas, MG, Brazil). Gum Arabic (Nexira, Somerville, MA, USA) was used as the carrier for obtaining particles by SD. Al Home P54 hydrogenated vegetable fat with a melting point of 54 °C (Cargill, Itumbiara, Goiás, Brazil) was used as a carrier to obtain the particles by SC, and this same material was also used to cover part of the particles obtained in the spray-dryer. Petroleum ether and magnesium chloride (MgCl2·6H2O) were acquired from Synth (Diadema, Brazil). Ethanol (purity 99.5%) was purchased from Êxodo Científica (Sumaré, Brazil).




3.2. Production of Carotenoid-Rich Pumpkin Peel Extract


The raw peel was cut into small slices using a domestic chopper. The slices were placed on trays and dried in a convective oven (Marconi, MA035/1152, Piracicaba, Brazil) at 40 °C for 18 h and stored at −20 °C until further analysis. A knife miller (Marconi, MA340, Piracicaba, Brazil) was used to crush the dried peel, producing the pumpkin peel flour. This flour was sieved with an 80-mesh sieve. The carotenoids were extracted from the pumpkin peel as described by Ishida and Chapman [50], with some modifications, using absolute ethanol solution as a solvent at a ratio of 1:10 (peel:solvent, w/w). The use of ethanol as the solvent was based on the fact that it is recognised as safe and obtained from renewable sources. The extraction was carried out in a shaker at 40 °C for 2 h [51]. After this step, 3% sunflower oil was added to the extract relative to the mass of ethanol present in the ethanolic extract, and the mixture was concentrated to one-third of its initial volume using a rotary evaporator (TE-211, Tecnal, Piracicaba, SP, Brazil) at 48 °C [52]. The concentration of the oil was selected after considering the liquid–liquid equilibrium for a system composed of sunflower oil and ethanol [53]. The process was carried out in the absence of light to minimise the degradation of the carotenoids.




3.3. Production of Microparticles by Spray-Drying and Coating by Spray-Chilling


For the production of SDC microparticles, four operations were applied—(i) the production of an O/A emulsion; (ii) emulsion homogenisation at high pressure; (iii) encapsulation of this homogenised emulsion by SD; and (iv) coating of spray-dried particles by SD—as shown in Table 5.



An emulsion of ethanolic extract and gum Arabic solution (20% w/w) at a 1:2 ratio (mL of concentrated extract:mL of gum Arabic solution) was prepared by stirring in an Ultra-Turrax® IKA T25 (Labotechnic, Staufen, Germany) at 10,000 rpm for 3 min [54]. Soon after this process, this emulsion was homogenised at high pressure in a M-110 Y microfluidiser (Microfluidics, Newton, MA, USA) at 100 MPa for one cycle [55].



The obtained emulsion was atomised in a spray-dryer (Model MSD 1.0, Labmaq do Brasil, Ribeirão Preto, Brazil), according to the conditions described by Rocha, Fávaro-Trindade, and Grosso [56], with slight modifications to the drying temperature. The conditions were as follows: 1.2 mm double-spray nozzle, inlet air temperature of 130 °C with an air-drying speed of 2.5 m/s, feed flow of 10 mL/min guaranteed by a peristaltic pump model Labmaq OS-1 (Labmaq do Brasil, Ribeirão Preto, SP, Brazil), and air pressure of 823.8 kPa. During the drying procedure, the emulsion fed to the dryer was kept under magnetic stirring. The obtained powder was stored in a glass jar covered with aluminium foil and stored in a freezer at −20 °C until use.



The spray-dried microparticles were coated using the same equipment (model MSD 1.0 atomiser, from Labmaq de Brasil, Ribeirão Preto, SP, Brazil), using the operational conditions described by Pelissari et al. [26], with some modifications. Suspensions were made using 5%, 10%, and 15% spray-dried particles relative to the molten fat content at 64 °C (w/w) (the fat was kept 10 °C above the melting point). These suspensions were then atomised in a chamber maintained at 13 °C by means of a cold air stream with a 1.2 mm spray nozzle, 98.07 kPa of air pressure, and 40 mL/min feed flow (controlled by a peristaltic pump).




3.4. Production of Microparticles by Spray-Chilling


As shown in Table 5, the production of particles by spray-chilling (named SC particles), as well as their powders, was performed in a single step. For the production of SC particles, the same equipment used was used as for SD (model MSD 1.0 atomiser, from Labmaq de Brasil, Ribeirão Preto, SP, Brazil), using the operational conditions described by Pelissari et al. [26], with some modifications. Dispersions with different proportions of carotenoid-rich extract and high-melting-point hydrogenated vegetable fat were prepared using an Ultra-Turrax® IKA T25 (Labotechnic, Staufen, Germany) at 10,000 rpm for 3 min at 64 °C. The mixture was atomised using the equipment coupled with a 1.2 mm spray nozzle, 98.07 kPa of air pressure, a feed flow of 40 mL/min, and a temperature of 13 °C.



3.4.1. Encapsulation Efficiency (EE, %)


EE was determined as a function of the ratio of total carotenoid mass in the powders (   c P  )   to the carotenoid mass contained in the emulsion    (   c E   )    before drying, as indicated by Equation (1). Microparticle production was conducted in triplicate, and the total carotenoids were quantified as described in Section 3.4.3.


  E E  ( % )  = (  c P  /  c E  ) · 100  



(1)








3.4.2. Characterisation of the Microparticles and their Storage Stability


The microparticles were placed in vials and kept in desiccators containing saturated magnesium chloride solution to obtain a storage environment of 33% ± 5% relative humidity (RH), at 25 ± 5 °C, for 90 days.



Total carotenoid and colour parameter analyses were performed at 0, 15, 30, 45, 60, 75, and 90 days. Particle size, moisture content, and water activity analyses were performed only at 0 and 90 days after encapsulation.




3.4.3. Quantification of Total Carotenoids


Total carotenoids in powders were determined by a spectrophotometric method, as described by Rodriguez-Amaya [57]. Carotenoids were extracted as described by Pelissari et al. [26], with slight modifications to the solvents used. Carotenoids were extracted from 10 mg of powder, to which was added 1 mL of ethanol, 3 mL of petroleum ether, and 1 mL of deionised water. The mixtures were agitated for 1 min and kept in an ultrasound bath (USC-1400, Unique, Indaiatuba, Brazil) for 10 min. They were then centrifuged at 4930× g for 5 min, and petroleum-ether-rich phases were transferred to cuvettes and analysed at 450 nm in a spectrophotometer (Genesys 10S Thermo Scientific, São Paulo/SP, Brasil). Petroleum ether solvent was used as a blank sample. The quantification of total carotenoids was determined according to Equation (2):


  c =   A b s · V ·   10  4    A b  s  1 c m   1 %   ·   m    



(2)




where Abs is the absorbance, V is the final volume (mL),   A b  s  1 c m   1 %     is the β-carotene absorption coefficient in petroleum ether (2592 cm−1), and m is the sample mass (g).



Powders were periodically evaluated for carotenoid concentration and instrumental colour after 0, 15, 30, 45, 60, 75, and 90 days of storage in desiccators kept in a dark room. The quantification of total carotenoids in the powders was performed in triplicate, as described in Section 3.4.3, and the amount of total carotenoids at day 0 (t = 0 day) was considered as 100%. The degradation constant  k  (μg·g−1·s−1) (Equation (3)) and the half-life    t  1 / 2     (s) (Equation (5)) were determined according to the zero-order kinetics of degradation, as follows:


  −   ∂ c   ∂ t   = k  



(3)






  c =  c 0  − k t  



(4)






   t  1 / 2   =    c 0    2 k    



(5)




where    c 0    (µg/g) is the amount of total carotenoids at day 0 (t = 0 day) and  c  (µg/g) is the amount of total carotenoids determined over the timeline.




3.4.4. Carotenoid Retention


Carotenoid retention (  C R  , %) was determined according to the following equation:


  C R =  (   c  90   /  c 0   )  · 100  



(6)




where    c  90     (μg/g) is the carotenoid concentration after 90 days of storage and    c 0    (μg/g) is the initial carotenoid concentration in the microparticles.




3.4.5. Instrumental Colour Parameters


Instrumental colour parameters of the powders were determined using a MiniScan XE Plus (Hunter Lab, Reston, Virginia, USA) to establish a correlation between the stability and colour changes after total carotenoid degradation. The parameters chroma (   C *   ), and hue angle (  h °  ) were defined by Equations (7) and (8). Chroma is considered to be the quantitative attribute of colourfulness, while hue is the qualitative attribute. The total color difference (ΔE) on day 90 of storage was determined using Equation (9).


   C *  =    (   a 2  +  b 2   )    1 / 2    



(7)






  h ° = a r c t a n  (  b / a  )   



(8)






  Δ E =    (  Δ  L 2  + Δ  a 2  + Δ  b 2   )    1 / 2    



(9)




where   Δ L =  (   L  0   d a y  *  −  L  d a y   90  *   )   ,   Δ a =  (   a  0   d a y  *  −  a  d a y   90  *   )   , and   Δ b =  (   b  0   d a y  *  −  b  d a y   90  *   )    are the L*, a*, and b* values of the powder surface measured according to the CIELAB system, respectively.




3.4.6. Particle Size


The particle size distribution and the volumetric mean diameter were evaluated at day 0 and after 90 days of storage, using a laser diffraction particle analyser (Shimadzu Sald-201V, Kyoto, Japan). Before the analyses, the powders were added to ethanol (Synth, Diadema, SP, Brazil) for better dispersion of the material.





3.5. Analysis of Selected Microparticles


To further analyse the characteristics of the microparticles, two formulations were selected. Samples SC-40 and SDC-15 were chosen, mainly based on the results for their total carotenoid contents and their potential to be used as food colourings. They were evaluated in terms of their morphology, oxidative stability, and release of carotenoids during in vitro digestion, as described in the following sections.



3.5.1. Morphology


SC and SDC microparticles were placed on a double-sided carbon adhesive tape (Ted Pella Inc., Redding, CA, USA); they were coated with gold and analyzed using SEM (Benchtop Microscope Hitachi TM 300, Tokyo, Japan). SEM images of the microparticles were captured at an accelerating voltage of 15 Kv.




3.5.2. Oxidative Stability Index by the Rancimat Method


Accelerated oxidation tests were carried out using Rancimat equipment (model 873, Metrohm, Herisau, Switzerland). Samples were subjected to heating under a purified airflow rate of 20 L/h at 120 °C. The induction time of the sample was used as the oxidative stability index (OSI), measured in hours. Four grams of free extract and one gram of powders were used for this assay.




3.5.3. Total Release and Relative Release of Carotenoids during In Vitro Digestion


This study aimed to investigate the effect of the microencapsulation method on the release of carotenoids from particles by performing an in vitro simulated digestion test. The composition of simulated gastrointestinal fluids followed the recommended electrolytic concentration described by Minekus et al. [58]. Approximately 0.5 g of microparticles was added to 1.5 mL of distilled water and 2 mL of simulated salivary fluid (SSF) for 5 min. Subsequently, about 4 mL of simulated gastric fluid (SGF) was added to the tubes, followed by adjustment of the pH to 3 using HCl (5 M) and the addition of 0.2 mL of pepsin solution (2000 U/mL). The tubes were incubated at 37 °C under agitation at 200 rpm for 120 min. After that, simulated intestinal fluid (SIF) was added to the tubes, and the pH was changed to 7 using NaOH (1 M). Approximately 2 mL of pancreatin solution (100 U/mL) and 1 mL of bile salts (10 mM) were added to the mixture; thus, the tubes were incubated under the same conditions described. Samples were evaluated after 30, 60, and 120 min for SGF and 130, 180, and 240 min for SIF.



To quantify the carotenoids in SSF, SGF, and SIF, approximately 0.5 mL of supernatant was first centrifuged (2935× g, 5 min). The quantification of the carotenoids released was performed as described in Section 3.4.3.



The relative release   R R   (µg/µg) and total release   T R   (µg/g) of the carotenoids were evaluated during the digestion steps.



Analysis of the quantification of carotenoids measured the concentration of carotenoids (   c i   , µg/g) and the mass of the solvent (   m  f , i    , g) in the solvent phase. The mass of carotenoids (   m  c , i    , µg) in the microparticles was evaluated according to Equation (10), in each time step  i :


   m  c , i   =  c i  ·  m  f , i    



(10)







Given the initial concentration of carotenoids in the microparticles (   c 0   , µg/g) and the mass of microparticles (   m  s , i    , g) at digestion step  i , the   R R   (µg/µg) was determined by Equation (11). The RR index is the cumulative mass of carotenoids released during digestion (   m  c , i    , µg), relative to the initial mass of carotenoids (   m  s , i   ·  c 0   ).


  R  R i  =   ∑  0 i     m  c , i      m  s , i    c 0     



(11)







  T R   (µg/g) is the ratio between the mass of carotenoids released (   m  c , i    , µg) and the mass of microparticles (   m  s , i    , g) at step  i , as shown in Equation (12):


  T  R i  =   ∑  0 i     m  c , i      m  s , i      



(12)









3.6. Statistical Analysis


All experiments were performed in triplicate. Statistical analyses, including ANOVA and the Tukey–Kramer honestly significant difference test for comparisons of means, were conducted using the statistical program SAS (Statistic Analysis System) version 9.2; p < 0.05 was considered to be statistically significant.





4. Conclusions


In this study, the encapsulation process was shown to be an effective approach to provide pigment stability with a higher EE, ranging from 82.9% to 100%. Double-layer particles showed increased carotenoid retention (60.8–89.7%), prolonged half-life, and stable pigmentation with a smaller colour difference (3.48–6.39) on day 90 of storage. The mean diameter exhibited an increase of 33% for SC particles and 15% for SDC particles after 90 days; however, these particles can be applied to food products. The kinetics of carotenoid degradation followed zero-order kinetics for most samples, possibly caused by oxygen permeation in the microparticles’ core. Micrographs showed SDC samples with a smooth surface and heterogeneous sizes, while micrographs of SC samples showed particles that were spherical in shape with agglomerations, variable diameters, and a rough surface with some pores. SDC particles increased the oxidative stability of carotenoids and released more carotenoids than the chilled particles during digestion; however, they had lower concentrations of these compounds. SC and, in particular, the combination of SD and SC, represent promising alternatives for producing carotenoid-rich powders, representing opportunities to add value to a byproduct of the food industry and making it possible to produce a natural dye with the potential to be used in food, pharmaceuticals, and other materials. Further research should be conducted to evaluate the application of these particles in food products.
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Figure 1. Scanning electron micrographs (1000× magnification) of SC-40 (A) and SDC-15 (B). SC-40: particles produced in the spray-chiller with 40% extract; SDC-15: particles produced in the spray-chiller with 15% spray-dried particles. 
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Figure 2. Relative (A) and total (B) release of carotenoids during simulated digestion. 
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Table 1. Encapsulation efficiency (EE, %), retention index (  C R  , %) after 90 days of powder storage, initial concentration (   c 0   , µg/g), and regression coefficients (k, t1/2, and R2) of zero-order reaction fitting.
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	Trial
	EE

(%)
	   C R   

(%)
	    c 0    

(µg/g)
	  k  

(μg·g−1·s−1)
	    t  1 / 2     

(day)
	     R 2     







	SC-20
	82.9 ± 8.4 B
	65.9 ± 4.4 A
	66.4
	0.205
	161.4
	0.866



	SC-30
	97.4 ± 4.0 A
	51.1 ± 8.4 C
	133.97
	0.840
	79.7
	0.990



	SC-40
	94.3 ± 6.7 A
	59.9 ± 3.2 B
	237.96
	1.096
	108.6
	0.977



	SDC-5
	96.8 ± 13.7 A
	89.7 ± 7.0 A
	8.74
	0.017
	256
	0.857



	SDC-10
	100.8 ± 4.5 A
	66.9 ± 6.6 B
	16.8
	0.054
	154.3
	0.825



	SDC-15
	95.2 ± 15.4 A
	60.8 ± 7.2 C
	28.5
	0.094
	150.8
	0.946







Results are means ± SD (n = 3), values with different capital letters differ significantly (p < 0.05). SC: microparticles obtained by spray chilling; SDC: microparticles obtained by spray drying and chilling combination. The numerical suffix denotes the proportion of core/wall material of each formulation.
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Table 2. Values of instrumental colour parameters during storage of the microparticles measured on days 0 and 90 of storage, at 25 °C and 33% RH.






Table 2. Values of instrumental colour parameters during storage of the microparticles measured on days 0 and 90 of storage, at 25 °C and 33% RH.





	Trial
	Luminosity

   (  L ∗  )   

Day 0
	Luminosity

   (  L ∗  )   

Day 90
	Chroma

   (  C ∗  )   

Day 0
	Chroma

   (  C ∗  )   

Day 90
	Hue Angle

   ( h ° )   

Day 0
	Hue Angle

   ( h ° )   

Day 90
	Color Difference

   ( Δ E )   







	SC-20
	77.4 ± 3.3 a
	76.5 ± 1.5 b
	35.2 ± 0.18 c
	33.9 ± 0.99 c
	57.07 ± 0.13 e
	56.77 ± 0.01 e
	4.21 ± 0.2 B



	SC-30
	78.9 ± 0.8 a
	74.1 ± 1.4 b
	42.06 ± 3.52 c
	40.91 ± 2.77 c
	55.97 ± 0.07 e
	56.34 ± 0.15 e
	7.06 ± 1.3 A



	SC-40
	78.7 ± 0.08 a
	74.2 ± 1.8 b
	53.4 ± 1.11 c
	47.5 ± 0.28 d
	55.72 ± 0.11 e
	55.96 ± 0.22 e
	7.45 ± 2.2 A



	SDC-5
	84.5 ± 1.6 a
	78.2 ± 1.5 b
	22.45 ± 0.05 c
	22.2 ± 0.89 c
	57.36 ± 0.12 f
	86.68 ± 0.0 e
	6.39 ± 0.1 A



	SDC-10
	79.7 ± 1.12 a
	76.7 ± 1.5 b
	28.95 ± 1.09 c
	29.16 ± 0.74 c
	57.0 ± 0.02 e
	57.16 ± 0.03 e
	3.53 ± 0.4 B



	SDC-15
	79.4 ± 0.02 a
	77.4 ± 0.4 b
	35.51 ± 0.18 c
	32.7 ± 0.22 d
	56.64 ± 0.02 e
	56.94 ± 0.03 e
	3.48 ± 0.2 B







Results are means ± SD (n = 3). Different capital letters in a column represent a significant difference (p < 0.05) between formulations. The different lowercase letters (a–f) in a row indicate a significant difference among formulations by the Tukey test at the 5%. SC: microparticles obtained by spray chilling; SDC: microparticles obtained by spray drying and chilling combination. The numerical suffix denotes the proportion of core/wall material of each formulation. 
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Table 3. Volume-weighted mean diameter (D4,3) of the microparticles measured on days 0 and 90 of storage, at 25 °C and 33% RH.






Table 3. Volume-weighted mean diameter (D4,3) of the microparticles measured on days 0 and 90 of storage, at 25 °C and 33% RH.





	Trial
	    D  0 _ d a y     

(µm)
	    D  d a y _ 90     

(µm)





	SC-20
	70.9 ± 7.0 b
	99.5 ± 6.2 a



	SC-30
	72.1 ± 6.0 b
	109.4 ± 10.8 a



	SC-40
	72.1 ± 5.0 b
	112.7 ± 17.3 a



	SDC-5
	110.7 ± 7.8 b
	117.5 ± 9.7 a



	SDC-10
	106.9 ± 6.3 b
	122.9 ± 6.3 a



	SDC-15
	97.7 ± 2.2 b
	132.2 ± 13.9 a







The different lowercase letters in a row indicate a significant difference among formulations by the Tukey test at the 5%. SC: microparticles obtained by spray chilling; SDC: microparticles obtained by spray drying and chilling combination. The numerical suffix denotes the proportion of core/wall material of each formulation. 
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Table 4. Oxidation induction times of the non-encapsulated extract and powders obtained by spray-chilling (SC) and -coating (SDC), as evaluated by Rancimat at 120 °C.






Table 4. Oxidation induction times of the non-encapsulated extract and powders obtained by spray-chilling (SC) and -coating (SDC), as evaluated by Rancimat at 120 °C.





	Trial
	Induction Time (h)





	Non-encapsulated extract
	0.03 ± 0.01 C



	SC-40
	0.13 ± 0.02 B



	SDC-15
	32.91 ± 0.0 A







Values with the same capital letter are not statistically different (p > 0.05). SC: microparticles obtained by spray chilling; SDC: microparticles obtained by spray drying and chilling combination. The numerical suffix denotes the proportion of core/wall material of each formulation. 
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Table 5. Description of the components used in the production of powders/particles.






Table 5. Description of the components used in the production of powders/particles.










	Formulation
	Core (%)
	Carrier Material (%)





	
	Free extract
	Vegetable fat



	SC-20
	20
	80



	SC-30
	30
	70



	SC-40
	40
	60



	
	SD microparticles
	Vegetable fat



	SDC-5
	5
	95



	SDC-10
	10
	90



	SDC-15
	15
	85







SD: spray-dried particles/powders produced with a 1:2 extract:gum Arabic solution (20 g/100 g) ratio; SC: spray-chilled particles/powders; SDC: spray-dried particles coated by spray-chilling.
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