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Functional Properties of Physically Pretreated Kidney Bean and Mung Bean Flours and Their Performance in Microencapsulation of a Carotenoid-Rich Oil
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Microencapsulation can improve protection for compounds that degrade easily, such as β-carotene that is present in large amounts in buriti oil (Mauritia flexuosa). Encapsulating matrices are mainly composed of proteins and polysaccharides, which are often combined to improve their performance as a protective barrier. Beans, such as dark red kidney beans (Phaseolus vulgaris) and mung beans (Vigna radiata), are excellent protein sources that contain significant amounts of the essential amino acids. Bean flours are low in fat and naturally provide a blend of high-quality protein and carbohydrates that may stabilize lipophilic compounds for subsequent spray-drying. Whole bean flours, rather than refined individual biopolymers, may represent more sustainable alternative wall materials for microencapsulate bioactive compounds. This work aimed to evaluate the use of flours produced from red kidney beans and mung beans, which have been submitted to different physical pretreatments, as wall materials for microencapsulation of buriti oil by spray-drying. Different bean treatments were evaluated: untreated (control), soaked in water for 24 h, and soaked in water for 24 h followed by boiling for 30 min. The flours' proximate composition was not affected by the treatments (p < 0.05), showing similar values of carbohydrate (63.8–67.9%), protein (19.2–24.6%), and lipid (1.2–1.9%) contents. Both bean species had the water absorption capacity (WAC) increased by boiling, while the oil absorption capacity (OAC) was not altered by the treatments. Flours produced with raw or soaked beans showed emulsion activity (EA) and emulsion stability (ES) greater than 70%. Raw bean flours also showed better foaming properties, which may be indicative of higher levels of antinutritional factors. The soaked bean flours showed the best results for both type of beans, especially with regard to emulsifying properties, and were selected as wall materials for buriti oil microencapsulation. Different ratios of flour and maltodextrin were used to produce oil-in-water emulsions that were then spray-dried. Buriti oil microcapsules showed good physicochemical properties, with moisture around 3%, aw <0.3, and hygroscopicity around 5%. The carotenoid encapsulation efficiency ranged from 68.2 to 77.9%. Bean flours showed to function as a sustainable and nutrient-rich alternative wall material for microencapsulation.
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INTRODUCTION

Microencapsulation is widely applied for protection of bioactive compounds through formation of microcapsules or microparticles, in which the value compounds are enclosed or immobilized by one or more encapsulating (wall) material, generally biopolymers. The encapsulation process provides physical protection against external conditions, such as moisture and oxygen, increasing the stability of the encapsulated (core) compounds. Spray-drying is one of the most used techniques for encapsulating food ingredients, being an economical method that allows continuous operation. It consists of atomizing a suspension or emulsion in a drying chamber with hot air circulation. The air temperature is high enough to allow the material to dry quickly. Drying time is generally very short, which limits thermal degradation of heat-sensitive compounds (Flores et al., 2014).

Encapsulating matrices are mainly composed of proteins and polysaccharides, which are often combined to improve their performance as a protective barrier. The use of different polysaccharides has been reported, such as maltodextrin, pectin, and gum Arabic (Rascón et al., 2011; Carneiro et al., 2013; Böger et al., 2018; Ribeiro et al., 2020). Among the different proteins, encapsulation using whey and soy proteins have been reported (Robert et al., 2010; Tang and Li, 2013; Flores et al., 2014; Nesterenko et al., 2014; Zhang et al., 2014; Pereira et al., 2019). Due to changes in eating habits and the increase in vegetarian/vegan diets, new sources of plant proteins have been investigated. Pulses are of particular interest because they contain high amounts of protein (18–32%), including essential amino acids and bioactive peptides (Boye et al., 2010). Pulse proteins combined with polysaccharides have shown promising results for encapsulation purposes (Costa et al., 2015; Tamm et al., 2016; Moser et al., 2020). For example, microcapsules of flaxseed oil, using chickpea and lentil protein isolates in conjunction with maltodextrin as wall material, exhibited an efficient protective effect against oxidation during storage (Karaca et al., 2013).

In general, the proteins used as wall material are in the form of isolates and concentrates. Beans, such as red kidney beans (Phaseolus vulgaris) and mung beans (Vigna radiata), are considered as excellent sources of plant proteins, with significant amounts of the essential amino acids. Bean flours provide a natural blend of high-quality protein and complex carbohydrates (e.g., starch, fibers) that can be used as wall materials for microencapsulation.

The effects of thermal treatments on the functional properties of flours from particular types of pulses have been investigated (Giami, 1993; Ma et al., 2011; Ferawati et al., 2019; Medhe et al., 2019; Lin and Fernández-Fraguas, 2020; Stone et al., 2021). Heat-treatment (autoclave) was reported to improve the water holding capacity of cowpea flour (Giami, 1993). Thermal treatment (boiling) of common bean flour increased its water holding capacity and emulsion stability (Lin and Fernández-Fraguas, 2020). Roasting and boiling resulted in better emulsifying activities of chickpea and yellow pea flours (Ma et al., 2011). Emulsifying properties are most relevant when it comes to microencapsulation of lipophilic compounds, which requires stabilization of the dispersed lipophilic compounds for subsequent spray drying.

Buriti (Mauritia flexuosa) is a palm tree native to Brazil. Its fruit has an oval shape, a scaly red pericarp and an oily pulp (Silva et al., 2009; Cruz et al., 2020). Buriti oil has a bright and reddish color and is rich in carotenoids, especially β-carotene, which represents ~90% of the total carotenes (Silva et al., 2009; Zanatta et al., 2010). Buriti oil contains a high content of unsaturated fatty acids, which makes it susceptible to oxidation. The encapsulation of buriti oil is an alternative for the prevention of oxidative processes that may occur (Freitas et al., 2017).

The objective of this work was to evaluate the functional properties of whole meal flours obtained from red kidney beans and mung beans, which were submitted to different physical treatments (soaking and boiling), and their use as wall materials for microencapsulation of buriti oil by spray drying.



MATERIALS AND METHODS


Materials

Mung bean (Vigna radiata) and dark red kidney bean (Phaseolus vulgaris) seeds were purchased from a local market. Buriti oil (Mauritia flexuosa) was supplied by Amazon Oil™ (Ananindeua, Brazil) and maltodextrin DE 10 was supplied by Get do Brasil (São João da Boa Vista, Brazil).



Methods
 
Physical Pretreatments of Beans

Beans were previously selected for eliminating damaged seeds and underwent different pretreatments: soaking (S) and soaking + boiling (B). The control group (C) consisted of raw beans (untreated). Soaking (S) was carried out by immersing the seeds in distilled water at a ratio of 1:5 (seeds: water, w/v) for 24 h; the water was then discarded, the seeds were dried in an air-circulation oven (60°C/12 h), and ground in an impact mill to produce a flour that passed through a 400-μm sieve. The soaked + boiled seeds (B) were soaked as previously described, and then boiled in distilled water (1:3, w/v) for 30 min. After that, the seeds were dried and ground as in the S treatment. The control seeds (C) were only ground to produce the flour. The flours were stored in zip-lock bags and kept in a desiccator until use.

The flours produced from untreated, soaked, or soaked + boiled mung beans were repectively coded as MC, MS, and MB; the flours produced from untreated, soaked, or soaked + boiled red kidney beans were repectively coded as KC, KS, and KB.



Proximate Composition of Flours

The proximate composition of the bean flours was analyzed according to the Association of Official Analytical Chemists (AOAC, 1990). Proteins were determined by the Kjeldahl method, using 6.25 as the conversion factor. Lipids were determined in Soxhlet equipment with petroleum ether percolation. Moisture content was determined by gravimetry after drying in a vacuum oven at 70°C. Ash was determined by gravimetry after incinerating the samples at 550°C. Carbohydrate content was calculated as the residual weight after subtracting the amounts of protein, lipids, water, and ash found experimentally.



Scanning Electron Microscopy (SEM)

The microstructure of bean flours was analyzed by scanning electron microscopy (SEM). Samples were prepared by attaching small amounts of flour to SEM stubs and subsequent gold coating under vacuum. Images were captured using a JEOL JSM-7500F microscope (JEOL Ltd., Japan) at 400× magnification.



Functional Properties of Flours
 
Water Absorption Capacity and Oil Absorption Capacity

The water absorption capacity (WAC) and oil absorption capacity (OAC) of the flours were determined according to Argel et al. (2020), with modifications. About 1 gram of flour was added into falcon tubes and 10 mL of distilled water or soybean oil was added with subsequent vortexing of the tubes for 1 min. The tubes were centrifuged (3,000 × g, 20 min) and the supernatant was discarded. The tube contents were reweighed and the water or oil absorption capacity was calculated and expressed as g of water or oil g−1 of solids.



Color

The flour color was assessed in a Konica Minolta equipment (CR-S, Konica Minolta, Japan) by measuring the CIELab parameters: L (luminosity), a* (+a* = red, -a* = green) and b* (+b * = yellow, –b* = blue). Chroma (C) and Hue angle (h) were calculated from Equations (1) and (2):
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Emulsifying Activity and Emulsion Stability

The emulsifying properties of the flours were analyzed according to Argel et al. (2020). To determine the emulsifying activity (EA), 1.5 g of flour was dispersed in 30 mL of distilled water and homogenized at 20,000 rpm (T-25 Ultra-Turrax®, IKA, Germany) for 2 min. Then, 30 mL of soybean oil was added with further homogenization at 20,000 rpm for 2 min. The produced emulsion was centrifuged at 750 × g for 5 min, the height of the upper phase was measured in the tube and expressed as a percentage in relation to the total height. The emulsion stability (ES) was evaluated by immersing the emulsion in a water bath at 80°C for 30 min, with subsequent centrifugation and measurement of the upper phase height, following the same procedure described for EA.



Foaming Capacity and Foam Stability

The foaming properties of the flours were determined according to Vinayashree and Vasu (2021), with modifications. The foaming capacity (FC) was evaluated by adding 1.5 g of flour in 50 mL of water, followed by stirring at 20,000 rpm (T-25 Ultra-Turrax®, IKA, Germany) for 2 min. The obtained foam was added to a graduated cylinder and the volume of the formed foam was measured. The foaming capacity was calculated by Equation (3), whereas the foam stability (FS) was evaluated by measuring the foam volume reduction after 120 min of its preparation (Equation 4).
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Least Gelation Concentration

The least gelation concentration (LGC) was evaluated for flour suspensions at different concentrations (2–20%, w/v). The suspensions were prepared in distilled water and kept in a water bath at boiling temperature for 30 min. Then, the suspensions were refrigerated for 24 h and the tubes were inverted. LGC was determined as the lowest concentration necessary for hindering flow after the tube inversion (Sahni et al., 2020).




Microencapsulation by Spray Drying of Buriti Oil

Based on the results obtained for the functional properties, the flours treated by soaking (MS and KS treatments) were selected for microencapsulation of buriti oil. Four emulsion formulations were defined to evaluate two protein concentrations (1 or 2 g of protein in the flour/100 g emulsion), based on the proximate composition of MS and KS flours. The emulsion formulations are shown in Table 1.


Table 1. Formulation of buriti oil emulsions.
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The flour was dispersed in water and the pH was adjusted to 10 (using NaOH 0.1 M) to increase protein solubility. The buriti oil was added and the emulsion was homogenized (T-25 Ultra-Turrax®, IKA, Germany) at 20,000 rpm for 10 min, followed by addition of maltodextrin DE 10 and further homogenization at 20,000 rpm for 10 min. Maltodextrin DE 10 was added as a carrier agent, since spray drying was not feasible in the absence of this adjuvant. After homogenization, the emulsions were sonicated (Sonic Ruptor 4000, Omni International, USA) for 3 min (240 W/20 kHz) to help reduce droplet size.

The emulsions were fed into the spray-dryer (B-290, Buchi, Switzerland) equipped with an atomizing nozzle of 0.7 mm diameter. The operating conditions were based on previous work (Pereira et al., 2019), with inlet air temperature of 140°C, emulsion feed rate of 2 mL/min, drying air suction rate of 35 m3/h and atomization airflow rate of 819 L/h. After drying, the microcapsules were stored in polyethylene packages coated with aluminum foil and kept in a desiccator until analysis.



Characterization of Buriti Oil Microcapsules
 
Drying Yield

The drying yield was expressed as a percentage from the ratio between the mass of microcapsules obtained after drying and the solids present in the emulsion fed into the spray-dryer (including core and wall materials) (Equation 5).
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Moisture, Water Activity and Hygroscopicity

Moisture of the microcapsules was determined by gravimetry, after drying in a vacuum oven at 70°C for 48 h (AOAC, 1990). Water activity (aw) was determined at room temperature using an electronic hygrometer (AW Sprint, Novasina, Axair Ltd., Switzerland). The hygroscopicity of the microcapsules was determined according to Cai and Corke (2000). Approximately 1 g of microcapsules were stored in a desiccator containing saturated NaCl solution (relative humidity = 75.3%) for 7 days. After storage, the samples were weighed to determine the mass of water absorbed by mass of dry material. All measurements were conducted in triplicate.



Morphology and Color Parameters

The morphology of the microcapsules was evaluated by SEM analysis [as previously described in section Scanning Electron Microscopy (SEM)] at 2000× magnification. The CIELAB color parameters were determined using the Konica Minolta equipment (CR-S, Konica Minolta, Japan), as presented in section Color.



Oil Retention and Encapsulation Efficiency

The buriti oil retention (RTO) and encapsulation efficiency (EEO) were calculated from the initial oil content present in the emulsions (IO), the oil present on the microcapsule surface (SO) and the total oil present in the microcapsules (TO), based on the methodology described by Ribeiro et al. (2020). The surface oil (SO) was quantified by adding 50 mg of microcapsules to 5 mL of chloroform in a tube and manually stirring for 1 min. The organic phase was filtered on filter paper, transferred to a Petri dish and oven-dried at 60°C until constant weight. The total oil (TO) was determined by weighing 100 mg of microcapsules and mixing 20 mL of buffer solution (pH 7.4), stirring in a vortex for 30 s and keeping the mixture to rest overnight. Then, 25 mL of chloroform was added and vortexed again for 30 s and sonicated for 20 min. The aqueous and organic phases were separated by centrifugation at 1,800 rpm for 10 min and the organic phase was transferred to a Petri dish and oven dried at 60°C until constant weight. The encapsulation efficiency (EEO) and retention (RTO) of buriti oil were calculated, respectively, by Equations (6) and (7):

[image: image]

[image: image]
 

Encapsulation Efficiency of Carotenoids

The encapsulation efficiency of carotenoids (EEC) was calculated by quantifying the carotenoids present on the microcapsule surface (SC), and the total carotenoids present in the microcapsules (TC), as described by Ribeiro et al. (2020). The SC and TC were determined starting by the same procedure described in section Oil Retention and Encapsulation Efficiency for extracting the oil from the microcapsules; after that the mixtures of oil and solvent were added to 5- and 25-mL volumetric flasks, respectively, having their contents completed with chloroform. The absorbance was measured at 465 nm and the carotenoid contents, expressed as β-carotene, were determined by Equation (8):
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In which C is the carotenoid concentration (μg β-carotene/g sample), Abs is the absorbance reading, V is the dilution volume (mL) and m is the sample mass (g). The carotenoid encapsulation efficiency (EEC) was calculated by Equation (9):
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Statistical Analysis

The analyzes were carried out in triplicate. The data were submitted to Analysis of Variance (ANOVA) and the Tukey Test in order to detect significant differences in the results. All tests were applied at a significance level of 5% using OriginPro 2016 software.





RESULTS AND DISCUSSION


Proximate Composition, Microstructure and Color of Flours

The composition of mung and kidney bean flours are shown in Table 2. The proximate composition of the two species was quite similar in terms of proteins, carbohydrates and lipids. The physical pre-treatments (soaking and boiling) had no effect on the composition of macronutrients present in the flours (p < 0.05).


Table 2. Proximate composition of bean flours.
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The lowest moisture content observed for soaked and soaked + boiled flours (5.9–8.0%) is due to the drying of the seeds after the pre-treatment, which reduced the moisture levels to values lower than those of untreated seeds (~13%). The high levels of carbohydrates (63.8–67.9%) and proteins (19.2–24.6%), and the low levels of lipids (1.2–1.9%) observed for beans are similar to other pulses such as green pea, yellow pea, and navy bean (Millar et al., 2019; Kenar et al., 2020). Ash content ranged from 2.8 to 3.7% for bean flours, and these high ash contents (>1%) are also characteristic of pulse flours. Although a greater amount of ash brings nutritional benefits, it can also lead to lower quality flours for the production of bakery products, due to the dilution effect of functional proteins (Millar et al., 2019).

Soaking and boiling pretreatments had an impact on the flour microstructure of the two bean species (Figure 1). The SEM images show that the flours from untreated seeds presented the starch granules with an oval shape and smooth surfaces (Figures 1A,B), which appear to be larger in the red kidney bean flour. The soaked bean flours also showed whole starch granules that maintained their oval shape, but appeared to be in smaller numbers and with a more rough surface, which may have resulted from the partial hydration of the granules (Figures 1C,D). After the beans were boiled, the flours presented larger and lumpy structures, in which most of the starch granules that still remained intact appear wrapped in the protein matrix, possibly combined with leached starch fractions (Figures 1E,F), mainly in the mung bean flour. The heat treatment contributed to reduce the compartmentalization between the starch granules and the protein matrix. Acevedo et al. (2017) observed the same aspect for the microstructure of pigeon pea flour subjected to soaking and boiling pretreatments.


[image: Figure 1]
FIGURE 1. SEM micrographs (400× -magnification) of bean flours produced from mung bean (A,C,E) and red kidney bean (B,D,F) untreated (control) (A,B); soaked (C,D); soaked + boiled (E,F).


Regarding the color parameters, the values for L* decreased when the flours were boiled (p < 0.05) (Table 3). The a* and b* parameters varied in a similar way between the flours, with a predominance of the positive b* coordinate with a tendency to yellow, as evidenced by the hue angle. Kenar et al. (2020) observed similar results, with the boiling pretreatment affecting the color of navy bean flours, which was attributed to the loss of phenolic compounds that give color to the seeds, as well as to the redistribution of components in the seed matrix.


Table 3. Color parameters of bean flours.
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Functional Properties of Flours

The functional properties of the flours are related to the interaction of their constituents with other food components, mainly water and lipids. In the case of bean flours, the protein composition and structure (amino acid sequence, arrangements, distribution of charges, etc.), as well as the carbohydrate fraction, play an important tole. Structural changes that proteins may undergo during processing affect their functional properties (Bessada et al., 2019). In this section, the functional properties of mung and kidney bean flours produced from untreated seeds (MC and KC), after soaking (MS and KS), or after soaking and boiling (MB and KB) are discussed.


Water and Oil Absorption Capacity

The water absorption capacity (WAC) is defined by the maximum amount of water that can be absorbed by 1 g of protein or flour, whereas the oil absorption capacity (OAC) corresponds to the amount of oil that can be absorbed by 1 g of protein or flour (Bessada et al., 2019). Both bean species had the WAC increased by boiling (p < 0.05). The MC and MS flours had values of 2.3 and 2.4 g g−1, respectively, while the MB flour had the highest value (3 g g−1). The KC and KS flours had values of 2.1 and 2.0, respectively, while the KB flour had a higher value (2.6 g g−1). Ferawati et al. (2019) also observed an increase in WAC caused by boiling in yellow pea, gray pea, faba bean and white bean flours. The flour WAC is probably due to the presence of hydrophilic compounds, such as polysaccharides. Bean flours are rich in starch and fibers, which easily interact with water, contributing to WAC value (Kaur et al., 2007; Acevedo et al., 2017). Pretreatments involving heat application contribute to starch gelatinization, thus increasing water retention. In addition, heat treatment may unfold the proteins and expose polar amino acids, which have a greater affinity for water (Bhinder et al., 2020).

Regarding OAC, no difference was observed between treatments for both beans (p > 0.05). The MC, MS, and MB flours presented OAC values of 0.8 g g−1, while the KC, KS and KB flours presented values of 1.0, 0.9 and 0.8 g g−1, respectively. These values are lower than those found by Wani et al. (2013) and Gupta et al. (2018) for the same bean species. These differences may be related to seed maturation, cultivation conditions, storage and transport. OAC of pulse flour is related to the starch and protein contents of seeds and the presence and availability of non-polar side chain amino acids (Bhinder et al., 2020).



Emulsifying Properties

The emulsifying properties of flours can be mainly attributed to their protein components, which act as emulsifiers in the formation of a film around the oil particles dispersed in an aqueous medium, thus avoiding coalescence (Argel et al., 2020). Emulsifying activity (EA) indicates the ability of the protein to allow emulsion formation, while emulsion stability (ES) is a measure of the protein film strength at the oil/water interface over a certain period of time (Bhinder et al., 2020). The EA and ES results for mung and kidney bean flours are shown in Figures 2A,B. Boiling treatment (MB and KB) reduced EA and ES of pulse flours, while the other flours (MC, MS, KC and KS) presented values >70% for both parameters (p > 0.05). These values are higher than those found by Argel et al. (2020) for peas, chickpeas and common beans.
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FIGURE 2. Emulsifying capacity (EA) (A), emulsion stability (ES) (B), foaming capacity (FC) (C) and foam stability (FS) (D) of flours produced from untreated mung bean (control) (MC); soaked mung bean (MS); soaked + boiled mung bean (MB); untreated red kidney bean (control) (KC); soaked red kidney bean (KS); soaked + boiled red kidney bean (KB). Significant differences among samples are indicated by different letters (p < 0.05).


Ferawati et al. (2019) also observed a reduction in EA and ES caused by the boiling treatment in white bean flour. According to Pallares et al. (2021), this reduction may occur due to the thermal denaturation of bean proteins during boiling, leading to the occurrence of intra- and intermolecular interactions that cause protein aggregation. This process can result in loss of protein solubility, making them unable to adsorb at the oil/water interface.



Foaming Properties

Foaming properties, such as foaming capacity (FC) and foam stability (FS), are important parameters to evaluate the use of pulse flours in aerated food systems such as cakes, ice cream and whipped toppings. FC indicates the ability of proteins to create a film around air bubbles during whipping, while FS assesses the ability of this film to maintain air bubbles over time, resisting coalescence of air bubbles and drainage of liquid (Bhinder et al., 2020).

FC was higher for the control flours (71.1% for MC and KC), significantly decreasing for the flours that underwent soaking (32.4 and 31.7% for MS and KS, respectively) and boiling (11.7 and 6.8% for MB and KB respectively) (Figure 2C) (p < 0.05). In addition to protein denaturation and loss of functionality caused by boiling, contact with water during soaking can result in the leaching of components that are also important for foaming. Saponins, for example, are compounds that can contribute to foam formation due to their amphiphilic nature (Kenar et al., 2020).

Mung bean flour showed a similar result for FS, with MC (61.3%) having higher values compared to MS flour (41.9%) and MB (35.0%) (p < 0.05). For kidney bean flours, there was no difference between KC and KS (68.7 and 67.5%, respectively), but both had FS values higher than KB (50.0%) (Figure 2D) (p < 0.05). Ferawati et al. (2019) also observed lower FS values for yellow pea, gray pea, faba bean, and white bean flours that underwent heat treatment (boiling and roasting).



Gel Formation

Gelation of proteins and starch gelatinization are important properties for application in various food products such as frozen desserts (mousses, puddings, flans, jellies, among others). After denaturation, globular proteins (found in vegetables) are able to form gels by aggregation and interaction of proteins with other components found in food systems (Bessada et al., 2019). Starch granules can absorb water and increase in size, which also contributes to gel formation (Pallares et al., 2021).

Least gelation concentration (LGC) is a functional property that determines the least concentration of a protein extract or flour required to produce stable gels. This property depends on factors such as: growing conditions, seed composition, presence/absence of lipids, competition for water between protein and starch, ionic strength, pH and solvent temperature (Gupta et al., 2018). LGC was 10% for MC and MS samples, 12% for MB, KC and KS samples and 14% for KB sample. Gupta et al. (2018) determined higher values for gelatinization of mung bean and kidney bean flours (16 and 14%, respectively). In both cases, a slightly higher concentration of flour was necessary for the formation of gels from flours produced from seeds that underwent boiling pretreatment. Prinyawiwatkul et al. (1997) reported similar results for cowpea flour and suggested that the requirement of greater amounts of flour from boiled cowpeas to achieve thermal gel formation is linked to protein denaturation and starch gelatinization.




Microencapsulation of Buriti Oil Using Whole Bean Flours as Wall Material

Considering the results obtained for the functional properties (mainly for emulsifying properties), the flours produced after soaking pretreatment (MS and KS flours) were selected to be applied as wall materials on the microencapsulation by spray drying of buriti oil. In general, both flours allowed the production of carotenoid-rich microcapsules with suitable physicochemical properties (Table 4).


Table 4. Physicochemical properties of buriti oil microcapsules.
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Figure 3 shows SEM images of buriti oil microcapsules produced with bean flours. Both flours resulted in microcapsules with a slightly flattened rounded shape characteristic of the spray-drying process. The surfaces of the microcapsules were smooth and without porosities or holes, which is positive for the stability of the encapsulated oil. However, the mung bean flour (Figures 3A,B) resulted in larger microcapsules when compared to those produced by red kidney bean flour (Figures 3B,C), especially for formulations with a higher amount of flour. Moser et al. (2019) observed greater agglomeration in buriti oil microcapsules produced with chickpea protein concentrate, pectin and maltodextrin. This suggests that the polysaccharides present in whole flour (e.g., starch and fibers) may have a positive effect in reducing the agglomeration of spray-dried microcapsules.


[image: Figure 3]
FIGURE 3. SEM micrographs (2000× -magnification) of buriti oil microcapsules stabilized with mung bean (A,B) and red kidney bean (C,D) flours at a concentration equivalent to 1% (w w−1) (A,C) or 2% (w w−1) (B,D) of protein in the formulation.


The drying yield of microcapsules produced with mung bean flour was higher than with red kidney bean flour (p < 0.05). The proportion of flour in the formulation also had an impact on the drying yield, with less flour proportion (flour mass:total mass of emulsion) showing higher yield (p < 0.05). It is important to highlight that the low yield obtained was due to losses during the process on a laboratory scale equipment, since the small diameter of the drying chamber leads to high losses of product adhered on the dryer walls. These losses are easily avoided in the industry, with large-scale equipment.

Physical properties such as moisture, aw and hygroscopicity of powdered products are related to stability and their functional properties during desired applications. The moisture content of the powders was in the range of 3%, which is below the limit of 5% proposed for the water content contained in the powders dried by spray drying (Ramakrishnan et al., 2018). All formulations presented minimum values for aw, <0.3. There was no significant difference between the values obtained for the hygroscopicity of the microcapsules (p <0.05), which can be considered very low, demonstrating that the particles are little hygroscopic.

Table 4 shows that the color parameters of the microcapsules were influenced by the color of buriti oil. The capsules showed a yellow color (Figure 4), as observed by the h angle, which was located in the yellow region (h ~ 80) and the predominance of the positive b* coordinate for yellow. Chroma values around 50 indicated that the samples had high color saturation. Regarding the L* parameter, the formulations M1 and K1 with a smaller amount of flour were lighter than the microcapsules formulated with the higher flour content, i.e., the M2 and K2 samples (p < 0.05). The values obtained for the color parameters are in agreement with those found by other authors who produced buriti oil microcapsules using different wall materials, such as chickpea protein concentrate and pectin (Moser et al., 2019), soy protein isolate and pectin (Ribeiro et al., 2020), or gelatin and alginate (Lemos et al., 2017).
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FIGURE 4. Physical aspect of buriti oil microcapsules stabilized with: mung bean flour equivalent to 1% (w w−1) of protein (M1); mung bean flour equivalent to 2% (w w−1) of protein (M2); red kidney bean flour equivalent to 1% (w w−1) of protein (K1); red kidney bean flour equivalent to 2% (w w−1) of protein (K2) in the formulation.


High encapsulation efficiency and oil retention is desirable for the stability of microcapsules during storage. While encapsulation efficiency indicates the amount of oil or carotenoids that are truly encapsulated, i.e., entrapped inside the matrix and covered by the wall material, oil retention is a measure of the total oil contained in the microcapsules, including the oil that may be only adsorbed at the particle surface, and thus exposed to oxygen and light (non-encapsulated oil).

The encapsulation efficiency of buriti oil (EEO) in microcapsules ranged from 65.2 to 72.6%, while the retention of buriti oil (RTO) ranged from 76.9 to 85.9%. Regarding the encapsulation efficiency of carotenoids (EEC), the results ranged from 68.2 to 77.9%. No difference was observed between the EEO, RTO, and EEC values for the different formulations evaluated (p > 0.05) (Table 4). Small losses of carotenoids may have occurred during spray drying due to the exposition to drying air, in spite of the low exposure times typical of this process.

Ribeiro et al. (2020) observed oil encapsulation efficiency ranging from 52.4 to 65.7% for buriti oil microencapsulated using soybean isolate, high methoxy pectin and maltodextrin as wall materials. The authors also determined a total oil retention in the microcapsules, obtaining values that ranged from 51.5 to 56.4%. Moser et al. (2019) reported carotenoid encapsulation efficiency ranging from 81.9 to 91.6% for buriti oil microcapsules stabilized by chickpea protein, high methoxy pectin and maltodextrin. The authors highlighted that an interaction of pectin with the protein allowed greater encapsulation efficiency, compared to formulations stabilized only by proteins. In addition to the effect of emulsion stability on the retention and encapsulation efficiency values, these parameters may also be affected by the wall material composition. The fast formation of a glassy crust during drying of droplets that occurs in formulations containing higher maltodextrin content, as well as in formulations with higher wall material concentrations, favors higher encapsulation efficiency (Adhikari et al., 2003; Tonon et al., 2011).

In the present work, it was possible to obtain buriti oil microcapsules stabilized with whole bean flours with EEO, RTO and EEC values similar or even higher than those found by other authors using protein isolates or a combination of proteins and carbohydrates. Both bean species showed similar results in the microencapsulation of buriti oil. However, SEM images suggest a different microstructure for both types of microcapsules, mainly in relation to their size. This aspect can cause differences during their long-term storage, as well as the release of encapsulated compounds from the matrices. In this pilot study we were able to produce microcapsules stabilized with whole bean flour that showed efficient encapsulation of buriti oil and its carotenoid content.




CONCLUSIONS

Bean flours submitted to soaking and boiling pretreatments showed no changes in the composition of their macronutrients when compared to untreated beans. Flours produced with soaked seeds showed good emulsifying properties, whereas the boiled seeds resulted in flours with greater water absorption capacity, but a decrease in emulsifying, foaming and gel-forming properties. Whole mung and red kidney bean flours showed potential for application in buriti oil microencapsulation processes, demonstrated by the encapsulation efficiency and total oil retention values. The use of bean flours, which are rich in proteins, fibers, and starch is a promising alternative for more sustainable microencapsulation processes, without the need to previously fractionate or purify the biopolymers used as wall materials. Future work is needed to clarify other important aspects of using whole bean flours for microencapsulation, such as: (i) impact of antinutritional factors on microcapsules; (ii) in-depth understanding of the interpolymeric interactions within the whole flour matrix; (iii) changes in carbohydrates/starch present in the flours and their impact on the stabilization of microcapsules.
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MC, MS, MB: untreated mung bean flour (contro), soaked mung bean flour, and soaked +
boiled mung bean flour, respectively; KC, KS, KB: untreated red kidney bean flour (contro),
soaked red kihey bean flour, and soaked + boiled red kidney bean flour, respectively.
Means i standard deviation followed by different lowercase letters in the lines and for the
same bean and component are different at the 95% level of confidence.
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MC, MS, MB: untreated mung bean flour (control), soaked mung bean flour, and soaked +
boiled mung bean flour, respectively; KC, KS, KB: untreated red kidney bean flour (control),
soaked red kidney bean flour, and soaked + boiled red kidney bean flour, respectively.
Means : standard deviation followed by different lowercase letters in the lines and for the
same bean and parameter are different at the 95% level of confidence.

The asterisk () symbol of L*, a* and b* is part of the standard color parameters
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M1, M2: microcapsules formulated with mung bean flour equivalent to 1% (w w™") or 2%
(w w=") protein in the formulation, respectively. K1, K2: microcapsules formulated with
red kidney bean flour equivalent to 1% (w w~") or 2% (w w~") protein in the formulation,
respectively. EEO, encapsulation efficiency of burit oil. RTO, retention of buriti oi. EEC,
encapsulation efficiency of p-carotene. Means  stenderd deviation followed by different
lowercase letters in the lines and for the same property are different at the 95% level

of confidence.

The asterisk () symbol of L*, a* and b* is part of the standard color parameters
denomination in the color system CIELAB.
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