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Abstract

:

Large quantities of seeds are generated and discarded during agro-industrial mango processing. However, mango seeds still contain valuable components such as starch, which has applications in various industries. This study aimed to obtain and characterize starches from the seeds of five mango cultivars (Ataulfo, Manililla, Piña, Tapana, and Tommy Atkins). The isolated starches were evaluated for their physicochemical, morphological, structural, thermal, and rheological characteristics. The starches showed creamy white colorations, and their granules had spherical and oval shapes. This starch source contains a high percentage of apparent amylose, greatly influencing its thermal, rheological, and functional properties. Structural and molecular studies showed that all starches presented an A-type X-ray diffraction pattern, impacting their water absorption and viscosity. The transition temperatures were relatively high, which could be influenced by the length of the amylopectin chains and their intermediate components, the apparent amylose content, and other components such as lipids and anomalous amylopectin. The starches evaluated behaved as pseudoplastic materials, while oscillatory tests revealed that the pastes formed with mango starches are more elastic than viscous. In conclusion, research on the seed starch properties of different mango cultivars provides interesting results for their potential application in foods. It could contribute to the value-added processing of mango seeds as a potential starch source.
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1. Introduction


Mango (Mangifera indica) is a fruit crop grown in tropical regions with great economic value. It ranks third among the perennial crops grown in Mexico, covering an area of approximately 209,576 hectares [1]. Globally, Mexico is fifth in mango production, supplying about 4.3% (2.39 million tons) and having the most significant export share of this fruit in the market [1,2].



This fruit is also called the “king of fruits” because of its taste and high nutritional content; it provides numerous health benefits, so it is consumed fresh or processed [2]. In mango industrialization, only the ripe/unripe pulp is used, from which a wide variety of canned, frozen, dehydrated, or minimally processed foods can be prepared [3]. It is estimated that depending on the variety, between 40% and 60% of the total weight of the fruit is discarded after agro-industrial processing, of which the shell and seed constitute between 12 and 15% and 15 and 20%, respectively [4].



According to official data [1], between 360 and 480 thousand tons of seeds are discarded due to mango pulp processing in Mexico. If these wastes are not properly used, they become a source of environmental pollution due to incineration from methane emissions, leachates, and air pollution [5]. However, these agro-industrial wastes can be used or processed to generate products with commercial value because mango seed contains many nutrients and phytochemicals. Seed composition depends mainly on the cultivar and the different geographical regions that produce this fruit [6]. According to El-Sanafawy et al. [7], the composition of seeds, specifically the kernels (dry matter basis), presents 77% carbohydrates, 6–7% protein, 11% lipids, 2% crude fiber, and 2% ash. Among the components of interest are oil [8], polyphenols [9], phytosterols [10], antimicrobials [11], and starch [12,13,14,15,16].



Starch is a biopolymer composed of amylose and amylopectin. It is isolated from various conventional botanical sources, such as corn (Zea mays L.), wheat (Triticum aestivum L.), and potato (Solanum tuberosum L.) [17,18,19]. Unfortunately, these crops play an essential role in the human diet as significant energy sources during their intake [20], and their exploitation as sources of starch can negatively impact the food supply chain, compromising food security [21]. For this reason, there is a growing interest in obtaining starch from non-conventional sources, mainly from agro-industrial wastes, such as the seeds of avocado (Persea americana Mill.) [22], jackfruit (Artocarpus heterophyllus Lam.) [23], loquat (Eriobotrya japonica, Thunb.) [24], durian (Durio zibethinus Murr) [25], and mango (Mangifera indica L.) [26]. Special attention has been paid to revaluing mango seeds of different cultivars (Herein, Tommy Atkins, Ubá, Corazón, Totapuri, Namdokmai, Kaew, and Chokanan). This source stands out from other starches obtained from agro-industrial by-products due to its high yields (27–59%) [27,28], higher lipid content (10.7%) [29], apparent amylose (30–46%) [13,15], and high gelatinization temperature (79–85 °C) [12,29]. These results are supported by those reported in rheological behavior. Kaur et al. [12] and Mieles et al. [30] indicate that the temperature where storage modulus (G′) reached a maximum value for mango seed starch pastes was between 82.1 and 89.4 °C. In this temperature range, the storage modulus (G′ = 44.502 Pa) was higher than the loss modulus (G″ = 14.920 Pa), so the behavior was more elastic than viscous.



In addition, mango starches present small oval granules (~13 µm) [16,31] and a crystalline structure A-type with well-defined peaks at 15, 17, 18, and 23° [15,29,32]. In the short-range molecular order, this source shows the typical signals of a polysaccharide profile with absorption bands between 1155 and 1021 cm−1, where the amorphous and crystalline regions are located [29,30,32]. Although the antioxidant properties of starches have been scarcely researched, Ferreira et al. [27] and Mieles et al. [30] point out that mango seed starches contain bioactive compounds with antioxidant potential, which could potentially be applied in the formulation of food products or other industrial processes. These characteristics may vary depending on the cultivar used, extraction method, fruit maturity stage, and agro-climatological conditions at the source [15,28,33].



Among the possible applications of mango starch, it has the potential to formulate edible coatings for perishable foods such as fresh or dried fruits [28]. These coatings offer adequate protection against lipid oxidation, reduce the rate of respiration and weight loss rate, promote a higher content of phenolic compounds, and inhibit microbial growth. All these effects preserve foods for extended periods to avoid damaging their nutritional quality and commercial value [13,34].



Worldwide, the Tommy Atkins mango is the most studied cultivar for starch isolation due to the commercial importance of its fruits [13,32,35]. However, the morphological, structural, thermal, and rheological properties of starches depend largely on the type of cultivar, agroclimatic conditions, and fruit maturity [15,31,36]. In Mexico, there is great genetic diversity; this is reflected in the different established mango cultivars (Oro, Manzana, Bola, Machete, Talega, Petacón, Caramelo, Manila, Ataulfo, Tommy Atkins, and Criollo) [37]. Of these, only mango seeds of the Ataulfo, Tommy Atkins, and Criollo cultivars have been explored as a potential source for starch obtention. However, there are limited data about the functional, structural, and rheological properties [38,39]. Therefore, further studies are needed to determine the properties and potential applications of starches obtained from mango seeds. This study aimed to isolate and characterize the physicochemical, morphological, functional, structural, thermal, and rheological properties of native starches isolated from mango seeds of cvs. Ataulfo, Manililla, Piña, Tapana, and Tommy Atkins.




2. Materials and Methods


2.1. Materials


The cultivars used were Ataulfo, Manila, Piña, Tapana, and Tommy Atkins (MA, MM, MP, MT, and MT-A, respectively). Mango fruits of the five mentioned cultivars were harvested at a ripe stage in local orchards in Villa de Acapetahua, Chiapas, Mexico. They were selected for their uniformity in color and size, as well as the absence of spots, mechanical damage, and fungal infection. All chemical reagents used in this research were of analytical grade and were purchased from Sigma-Aldrich (St. Louis, MI, USA).




2.2. Starch Isolation


The ripe mangoes were washed and peeled until the seeds were obtained. The obtained cotyledons were washed with a 6% (v/v) NaClO solution to remove residual pulp. They were then dried at 40 °C for 30 h in a food dehydrator (Parallex, Sacramento, CA, USA) and crushed with an analytical mill (M20, Ika-Werke, Wilmington, NC, USA) until the particles were able to pass through a 150-micrometer sieve (100 mesh). Starch extraction was performed by wet milling, following the methodology of Kaur, et al. [12] with slight modifications. The obtained powders were mixed with 0.05% NaOH solution in a domestic blender (Osterizer, Blender Classic) at maximum speed for 1 min. The obtained dispersion was passed through a 53 µm sieve (270 mesh) to remove impurities. Subsequently, the permeate was re-suspended in 1.5 L of distilled water and then centrifuged (10,000× g at 15 °C) for 10 min. The supernatant was discarded, and the non-white layer containing fibers on the starch precipitate was removed (procedure performed in triplicate). Subsequently, the sediment was mixed with distilled water and neutralized with 0.05% hydrochloric acid (HCl). The dispersion was allowed to stand at 25 °C for two hours, and the supernatant was removed by decantation. The solids were washed with absolute alcohol (500 mL) and stirred continuously for 30 min. They were then allowed to stand for two hours, after which the supernatant was discarded. The starch was dried in a convection oven at 40 °C for 24 h. The dried starch was crushed in a mortar. It was then passed through a 150 µm sieve (100 mesh). The final product was sealed in polyethylene bags for subsequent analysis.




2.3. Starch Characterization


2.3.1. Proximal Analysis, Tristimulus Color, and Apparent Amylose Content


Proximate analysis was performed according to AOAC [40] with official methods 934.01 (moisture), 920.39 (fat), 942.05 (ash), and 954.01 (crude protein). The tri-stimulus color was evaluated in quintuplicate with a colorimeter (CR-300, Minolta, Osaka, Japan). Readings were taken according to the CIELAB scale (L*, a*, b*). Apparent amylose content was determined by the iodine colorimetric method reported by Williams et al. [41]. The standard curve was prepared using different ratios of purified amylose and amylopectin. Absorbance was measured at 625 nm in an Evolution 300 spectrophotometer (Thermo Scientific, Waltham, MA, USA).




2.3.2. Scanning Electron Microscopy (SEM)


The size and morphology of the granules of the starch samples were evaluated using an ESEM FEI QUANTA 200 scanning electron microscope (FEI Company, Eindhoven, The Netherlands), according to Gunning et al. [42].




2.3.3. Fourier Transform Infrared Spectrometry (FTIR)


The FTIR spectra of the starches were obtained from 450 to 4000 cm−1 with a resolution of 4 cm−1 and 34 scans with an infrared spectrophotometer (Spectrum Two, Perkin Elmer, Waltham, MA, USA) with a diamond ATR (attenuated total reflectance) accessory [43]. The baseline of the spectra was corrected from 400 to 1200 cm. The spectra were then deconvoluted employing an average bandwidth of 26 cm−1 with a deconvolution factor of 2.4 and triangular apodization. The relative absorbance intensities of the bands at 1022 cm−1 and 1047 cm−1 were recorded from the baseline. The ratio 1044/1022 cm−1 was taken as an indicator of the molecular arrangement (crystallinity index) on the surface of the samples [44].




2.3.4. Thermal Properties


The analysis was carried out using the methodology described by De Dios et al. [22]. The gelatinization transition temperatures (onset, To; peak, Tp; and conclusion, Tc) and the change in gelatinization enthalpy (∆Hgel) were obtained by using a differential scanning calorimeter (DSC) model 4000 (Perkin Elmer, Waltham, MA, USA).




2.3.5. X-Ray Diffraction


The crystallinity arrangement of the samples was evaluated with an X-ray diffractometer (Rigaku, model Startlab, Tokyo, Japan) with a Cu-Kα radiation generator and high-speed D/teX detector. Data collection was performed over a 2θ interval from 10 to 40° with a voltage of 40 kV and a current of 44 mA.




2.3.6. Functional Properties


The swelling power (SP) and percent water solubility (%S) of the samples were evaluated at 60, 70, and 80 °C in accordance with the methodology described by De Dios et al. [22]. The following equations were used for the calculations:


  S P =    G e l   w e i g h t   ( g )   S a m p l e   w e i g h t     g     d b − S o l u b l e   w e i g h t   ( g )     



(1)






  % S =    S o l u b l e   w e i g h t   ( g )   S a m p l e   w e i g h t     g     d b     



(2)








2.3.7. Rheological Properties


Flow Curves


The flow properties were determined using the method described by Sánchez-Rivera et al. [45], with slight modifications. The analyses were conducted with a rheometer AR 1500ex (TA Instruments, New Castle, DE, USA) with a parallel plate geometry (Ø = 60 mm, gap = 1000 µm). Dispersions of each starch (5% w/w, db) were prepared in distilled water. The mixture was stirred on a stir plate (PC 420, Corning Inc, Corning, NY, USA) at low revolution for 10 min and then placed on the Peltier heating plate of the rheometer. The parallel plates were covered with a trap sealed with mineral oil to minimize moisture losses in the sample during heating. The rheometer was programmed to heat and cool the sample at a constant shear and heating rate of 50 s−1 and 2.5 °C/min, respectively. The sample was first subjected to a heating ramp from 25 to 90 °C and held at this temperature for 10 min. After this time, the sample was cooled down to 60 °C. At this temperature, three consecutive rotational sweeps were performed: the first at a shear rate of 0.06 to 500 s−1, the second from 500 to 0.06 s−1, and the third from 1 to 500 s−1. Finally, the data from the third rotational sweep were fitted to the power law model (  τ = k     γ  ˙    n   )   proposed by Ostwal-De Waele. We obtained the flow behavior index (n, adimensional) and the consistency index (k, Pa × sn) from this model. All measurements were performed in triplicate.




Viscoelastic Properties


Viscoelastic properties were evaluated in the rheometer and configuration described above, according to the procedure reported by Singh et al. [46]. An aqueous dispersion of 20% (w/w, db) of each starch was prepared in distilled water and stirred for 1 h. The dispersions were placed on the Peltier heating plate of the rheometer at 40 °C. The rheometer was programmed to heat and cool the sample at a constant heating rate of 2.5 °C/min. The samples were first heated from 40 to 90 °C, held at 90 °C for 30 min, and then cooled to 25 °C. The changes in storage modulus (G′), loss modulus (G″), and loss factor (δ) during heating were evaluated within the linear viscoelastic region with a frequency and strain of 1 Hz and 0.5%, respectively. All measurements were performed in triplicate.





2.3.8. Statistical Analysis


The experimental design was completely randomized with a minimum of three replicates per treatment. The results were analyzed using a one-way analysis of variance (ANOVA) with Statistical Minitab® 18.1 software (SCIENTEC, State College, PA, USA). The comparison of means was carried out by the Tukey test (α = 0.05).






3. Results


3.1. Yield, Proximal Analysis, Color, and Apparent Amylose Content


The results for the yield and physicochemical composition of starches from mango seeds of different cultivars are presented in Table 1. The starch extraction process yielded 28.70–43.02%, showing significant differences (p < 0.05) among the sources evaluated. MT-A starch (43.02%) was the highest yielding source (p < 0.05), followed by MA, MT, MP, and MM (41.27, 35.07, 32.25, and 28.70%, respectively). Overall, these results are within the range of what has been reported for mango seed starches from Bagenpalli, Sindhoori, Tommy Atkins, Corazon, Uba, and Totapuri cultivars (27–59%) [27,29,30]. However, based on our results (Table 1), we highlight that the seeds generated during the processing of Tommy Atkins and Ataulfo mangoes could be the best candidates for exploitation as a source of unconventional starch.



Moisture contents ranged from 4.82 to 5.36%. These results are lower than those reported by other authors for starches from mango seed cultivars Tommy and Herein (6–10%) [15,27,35]. In this regard, Tesfaye et al. [47] indicated that the moisture content should be sufficiently low (5.68%) to avoid the growth of microorganisms that degrade starch during storage.



Seed starches from MA, MT, MT-A, MM, and MP showed significant differences in apparent amylose contents of 47.58, 35.79, 32.62, 31.68, and 25.65%, respectively. However, they can be classified as high amylose starches. These results agree with those reported by Souza et al. [15] and Rodrigues et al. [13] for cv. Tommy Atkins mango starch (46.7 and 30.4%, respectively). A wide variation in the amylose content in mango seed starch has been reported in the literature between different cultivars and even within the same cultivar (Tommy, Totapuri, Bagenpalli, Kaew, Chausa, Kuppi, Langra, and Dashehari) [13,15,39,48]. In general, MT starch was the starch with the highest amylose content; this source could have the ability to form firmer and more resistant gels. Therefore, the food industry could use this attribute as a thickening and binding agent [49].



Protein (0.77–0.84%) and lipid (0.10–0.54%) contents were relatively low, showing significant differences among the five mango cultivars. In this regard, Souza et al. [15] observed higher lipid and protein percentages in starch cv. Tommy Atkins (4.63 and 3.63%), which was extracted by wet milling using water as a solvent. These differences can be attributed mainly to the extraction method and salt solutions (NaOH, Na2S2O5, and NaHSO3), because these promote better protein solubilization and lipid elimination [48]. These results suggest that the starches obtained have high purity due to their low ash, protein, and lipid content [50].



All sources evaluated presented a creamy white starch coloration, with lightness values (L*) between 90.54 and 93.56. These results contradict those observed by Souza et al. [15], who suggest that the mango cultivar Tommy Atkins starches present a light brown coloration. On the other hand, Rodrigues et al. [13] report low lightness values (82.6) in the same cultivar, with a negative value in a*(−1.23) and positive in b* (13.5), highlighting a yellowish color; this characteristic is mainly attributed to the synthesis of carotenoids in the seed, with this being a natural colorant. Starch color is an important quality attribute; a high whiteness value suggests low protein and pigment content. This physical parameter significantly influences the industrial uses of starch in the food, pharmaceutical, and agricultural industries, among others [51].




3.2. Morphology and Particle Size of Starch Granules by Scanning Electron Microscopy (SEM)


Figure 1 shows the micrographs obtained by SEM analysis. Starch isolates from MA, MM, MP, MT, and MT-A showed spherical to oval-shaped granules of varying sizes. These results are consistent with those reported for mango seed starch granules from other cultivars [13,15,27]. Generally, smaller granules were spherical, while oval granules presented larger sizes [48]. According to Cordeiro et al. [32], spherical and oval shapes require less mechanical energy during processing, which results in higher water retention. In all cultivars evaluated, it was observed that the granules present smooth surfaces [16]. However, in some granules, it is possible to observe grooves or pore spaces, as in MA, MP, and MT-A starches, which are probably caused by the extraction method, especially during milling after the isolation process [16,29]. These characteristics have also been observed in other starch sources, such as jackfruit seed, corn, wheat, and potato, which may impact their thermal, functional, and digestibility properties [18,52].



Table 1 shows the average particle size, showing significant differences (p < 0.05) between the sizes of the sources evaluated. MA starch granules presented the largest average size of 19.1 µm, while in the rest of the sources, there were no differences between MT-A (16.9 µm), MP (16.5 µm), MT (16.3 µm), and MM (15.9 µm). These values are within the range observed by other authors for mango starches from different cultivars (7–28 µm) [27,29,31]. Granule size is an important factor during the gelatinization process of starches [39]. According to Rodrigues et al. [13], the size of starch granules affects the way particles interact during different transformation processes. For example, the homogenization process of starch-rich foods is facilitated by smaller starch granules.




3.3. Fourier Transform Infrared Spectrometry (FTIR)


The deconvoluted spectra (800 to 1200 cm−1) of mango starches are shown in Figure 2. In general, all FTIR spectra were similar in all samples evaluated. Within the fingerprint region (400–1200 cm−1), intense peaks characteristic of carbohydrates were recorded, showing no apparent structural differences in the low-range molecular order [53]. The bands 1047 and 1022 cm−1 correspond to the crystalline (amylopectin) and amorphous (amylose) zones, respectively. Ferreira et al. [27] and Ferraz et al. [29] identified signals at 1077, 1067, 1047, 1022, 994, and 930 cm−1 in cvs. Tommy and Uba mango starches, which they attributed to deformations of the C-OH and CH2 bonds.



The ratio between the bands 1047 cm−1 and 1022 cm−1 is used to characterize the molecular order and structure of double helices in the short range (Figure 3). Thus, if the ratio is higher, a great amount of ordered structure is present in the external region of the starch granules with an A-type crystallinity pattern [54]. In the present study, MA (1.01), MP (0.97), MT (1.01), and MT-A (0.97) starches presented the highest crystallinity index (p < 0.05), with no statistical differences among them, while MM starch (0.9) presented the lowest crystallinity index (p < 0.05). These values agree with Ferreira et al. [27] for Tommy Atkins mango starch, with a value of 0.90 for the ratio 1074/1022 cm−1. However, these values are higher than those reported for conventional starch sources such as corn and tubers [17,19] and non-conventional such as avocado seed (0.63) [22]. These results suggest that the starches evaluated in the present research have a higher degree of molecular order in their structures; in this sense, such molecular organization influences some functional properties related to water absorption and viscosity; this characteristic is closely related to XRD patterns [55]. Therefore, a high absorbance ratio of 1047/1022 cm−1 values could be interpreted as a high resistance to breaking the starch granule structure by enzymatic hydrolysis or heat treatment, which could impact the gelatinization process.



On the other hand, the ratio 1022/995 cm−1 has been used to indicate the characteristics of more hydrophilic materials [55]. The mango starches that showed the highest (p < 0.05) affinity for water were MM (0.82), MP (0.81), and MT-A (0.81), with no significant differences between them. In contrast, the MA and MT starches (0.78 and 0.77, respectively) showed the lowest (p < 0.05) affinity for water, with no statistical difference between them. These results are lower than those reported for blue, white, and hybrid (conventional source) corn starch, which showed values of 0.85 [19], but are higher than those reported by De Dios et al. [22] for starches from avocado seed cvs. Hass and Criollo (0.63) and by Wang et al. [17] for potato and sweet potato tuber starches (0.67 and 0.73, respectively).




3.4. Thermal Properties by DSC


The results of the DSC analysis of mango seed starches are presented in Table 2. The transition temperatures (To, Tp, and Tc) of the evaluated starches differed significantly among cultivars, whereas no differences were observed in the gelatinization enthalpy (∆Hgel).



MP and MT starches showed a To of 78.06 and 77.75 °C, respectively, significantly higher than the rest of the starches evaluated. On the other hand, the lowest To was presented by MA starch with 71.92 °C. The onset temperature represents the beginning of gelatinization and is closely related to granule swelling [19]. Low gelatinization onset temperatures could have important industrial implications because companies justify the cost of their processes, so lower temperatures and energy will be needed for gel formation [56]. These To values exceed those Patiño et al. [39] reported for immature mango seed starch (69.89 °C), but they are within the range of those reported for mango seed starches (To = 74.4–76.3 °C) [12]. On the other hand, the peak (Tp) and final (Tc) temperatures for all sources evaluated ranged from 77.04 to 81.87 °C and 84.19 to 88.55 °C, respectively. These are within the range of those observed for other mango cultivars, which ranged from 75 to 86 °C [12,39].



In general, gelatinization temperatures of mango starches were high (71.92–88.55 °C), similar to those recorded for non-conventional sources such as jackfruit (Artocarpus heterophyllus Lam.) seed starches by presenting temperatures ranging from 71 to 89 °C [57,58]. In general, starches with high apparent amylose contents tend to show higher final gelatinization temperatures than other starches due to the presence of intermediate components (they are amylose-like molecules but present branched structures with longer branching chain lengths than amylopectin) [58,59]. In contrast, compared to the reported present research, conventional starch sources’, such as corn and wheat, gelatinization temperatures are lower (65–79 and 53–66 °C, respectively) [19,60].



Concerning the enthalpy of gelatinization, no significant differences were observed in all the samples, which ranged from 11.08 to 11.86 J/g (Table 2). These results are higher than those Patiño et al. [39] reported for immature mango seed starch (9.04 J/g). The results indicate that starches absorbed more energy in the gelatinization process to break the crystalline arrangement of the granules [61].




3.5. X-Ray Diffraction (XRD)


Figure 4 shows the X-ray diffraction patterns of MA, MM, MP, MT, and MT-A starches. In general, all samples exhibited an A-type crystallinity pattern, with intense signals at angles (2θ) of 15° and 23° and two overlapping peaks at 17 and 18°. Tester and Debon [56] mention that A-type XRD patterns are characteristic of cereal starches; moreover, they are characterized by a high degree of packing (containing amylopectin chains of 23–29 glucose units), which makes them remarkably vulnerable to acid and enzyme attack, a key finding with potential implications for various industries [62]. These results are similar to those reported by several authors for mango seed starches of different cultivars, even with varying stages of fruit ripening [15,29,32,33]. According to Nayak et al. [48], mango starches with A-type patterns have excellent functional and thermal properties relevant to food applications and are employed in formulating biodegradable films.



On the other hand, the diffraction patterns of MA, MM, and MP starches present a low-intensity signal in the angle (2θ) at 19.3°. These results are similar to those found by Patiño et al. [39] in immature mango starch, which are attributed to the presence of lipid–amylose complexes, suggesting the presence of stearic and palmitic acids in mango seed. Therefore, this lipid–amylose complex makes it more resistant to hydrolysis and generates resistant starch type 5, which makes it important for food and drug formulation [63].




3.6. Functional Properties


Figure 5 report the values for the swelling power (SP) and percent solubility (%P) of mango seed starches, respectively. As can be seen in Figure 5, both properties are directly correlated with temperature increases. The SP is related to the ability of the granules to retain water through hydrogen bonds, which is influenced by the content of amylose and amylopectin side chains [26]. Figure 5a shows the SP results evaluated at 60 °C, ranging from 1.98–2.29 g/g. Samples of MA and MM recorded the highest values (p < 0.05) (2.28 and 2.29 g/g, respectively), presenting no significant differences between them (p > 0.05). These values are similar to those reported by Mendes et al. [35] and Souza et al. [15], who observed values close to 1.90 g/g for starches from mango cv. Tommy Atkins at 65 °C. These results reveal that starches obtained from mango seeds present low SP at 60 °C, compared to starches from non-conventional sources such as Pitomba (Talisia esculenta Radlk.) (3.51 g/g) [64] and avocado (3.6 g/g) seeds [22].



The SP values also increased from 60 to 70 °C after increasing the temperature. The SP values ranged from 2.35 to 3.94 g/g, where MA and MM starches presented the highest swelling power (3.94 and 3.66 g/g, respectively), with no significant differences. The MT-A starch (3.37 g/g) presented lower (p < 0.05) SP than MA starch but was statistically equal (p > 0.05) to MM starch. Finally, MP and MT starches presented the lowest values (p < 0.05) for SP (2.64 and 2.35 g/g, respectively), with no significant differences (p < 0.05) between them. These results are lower than those reported by Mendes et al. [35] and Rodrigues et al. [13] for cv. Tommy Atkins starches (from 6.0 to 9.39 g/g at 75 °C). In a recent study, Jia et al. [65] pointed out that starch granules present limited SP when the temperature is below their Tp. However, when exceeding it, their water absorption capacity increases dramatically. In this regard, de Castro et al. [64] suggest that this behavior can be attributed to the fact that during the increase in temperature, a greater vibration of the molecules is promoted, causing the rupture of intermolecular bonds, allowing the released binding sites to form hydrogen bonds with the water molecule and thus increasing its water absorption capacity. This trend was verified when the temperature increased to 80 °C (Figure 5a), observing a drastic increase in SP values for all samples (p < 0.05). The highest values (p < 0.05) in SP were observed in samples of MM and MT-A (9.65 and 8.96 g/g, respectively), with no statistical difference detected between them (p > 0.05). On the other hand, MA starch presented lower SP (8.28 g/g) than MM starch (p < 0.05) but behaved statistically the same as MT-A starch. Finally, the lowest values at the evaluated temperature were observed for MP (7.51 g/g) and MT (7.67 g/g) starches, with no statistical difference between the two samples. These results were similar to those Souza et al. [15] for starch from mango cv. Tommy Atkins (≈9.4 g/g) but lower than those Bello-Pérez et al. [38] observed for starches from mango seeds cvs. Criollo (≈20 g/g) and Manila (≈23.5 g/g).



On the other hand, the percentage solubility of starches is related to the level of structural degradation of the granules. In addition, it can be influenced by several factors, such as particle size, amylose content, and degree of branching of the amylopectin chains. Figure 5b shows the %S of mango starches evaluated at different temperatures. The results observed at 60 °C revealed the MP starch presented the highest value (p < 0.05) in %S (1.60%), with no significant differences observed among the rest of the starches, with %S ranging from 0.64 to 0.84%. The solubility percentage presented the same behavior as SP after the increase in temperature from 60 to 70 °C; the solubility values increased slightly from 0.64–1.60 to 0.83–2.26%, respectively. However, when reaching a temperature of 80 °C the %S values increased rapidly, with MA starch (7.98%) presenting the highest solubility (p < 0.05), followed by MM, MT, and MT-A starches (5.81, 5.48, and 6.24%, respectively), with no significant difference detected among them. At this temperature, the lowest solubility (p < 0.05) was recorded for MP starch (3.07%). This tendency can be attributed to the fact that during heating of the granules in excess moisture at a temperature close to their Tp, the granules lose their structural integrity, promoting the solubilization of amylose chains and, in minor grade, the amylopectin [15].



In general, the results of the present work evidenced that the functional properties of mango seed starches, such as SP and %S from the same botanical source, are influenced by the type of cultivars. These properties depend on the molecular structure of amylose and amylopectin, granule size, and amylose/amylopectin ratio [12,13,15,48]. Therefore, further studies are needed to help describe these characteristics of the starches analyzed in the present research.




3.7. Rheological Properties


3.7.1. Flow Curves


The flow curves of the mango seed starches are shown in Figure 6. The shear stress curves as a function of shear rate evidenced that all gelatinized starch samples exhibited a non-Newtonian behavior. The flow curves were fitted to the power law model (R2 > 0.99), and the flow behavior index (n) and consistency index (k) were obtained (Table 3). The results show that all gelatinized starches from mango seeds presented n < 1, characteristic of “shear-thinning” fluids known as pseudoplastics. The n values presented significant differences (p < 0.05) ranging between 0.32 and 0.56. These results were greater than those observed by Casarrubias-Castillo et al. [66] in starches from barley (0.23), corn (0.17), mango (0.16), and banana (0.22).



According to the n values (Table 3), the starches followed the following decreasing order (p < 0.05) in their flow tendency: MA > MM > (MP = MT-A) > MT. The MA starch presented a higher flow index (0.56); this may be related to its high apparent amylose content (47.58%, Table 1). On the other hand, MT starch presented lower values of n (0.32) despite its high apparent amylose content (35.7%). The shear flow behavior is related to the progressive orientation of the molecules in the flow direction and the rupture of the hydrogen bonds formed in the amylose–amylopectin–water structure during shear. Therefore, compared to the other cultivars, the MT starch exhibited a slightly smoother flow pattern, probably due to the formation of weaker bonds between the chains [67]. Gałkowska et al. [68] have previously reported this behavior during the behavior of the flow properties of corn and potato starches.



Regarding the consistency index (k), values varied significantly (p < 0.05) and ranged from 1.32 to 10.39 Pa × sn (Table 3) with the following descending order: MT > MP > (MM = MT-A) > MA. These results are within the range reported for starches from different mango cultivars (Tommy Atkins, Totapuri, Nawdokmai, and Kaew) evaluated by viscoamylograph and rheometry, with values ranging from 0.192 to 14.42 Pa × sn [15,16,31,48].



The consistency index is an analogy of viscosity, which determines the thickening power of starch for various applications [59]. According to the theory of Hoover and Vasanthan [69], the leaching of swollen starch granules during the gelatinization process also influences the viscosity of starches. The apparent amylose content reported in Table 1 was greater in MT starch (35.7%) than in MT-A and MP starches (32.6 and 25.6%, respectively), which could explain the higher values of k for MT starch (10.39 Pa × sn) (Table 3). However, in MA and MM starches, their k values (1.32 and 6.51 Pa × sn, respectively) cannot be correlated with this theory since the amount of amylose is quite comparable (47.5 and 31.6%, respectively). However, this behavior could be attributed to the relatively high lipid content of MM and MA starch (0.053%, Table 1). These components form lipid-soluble complexes, preventing water penetration into the granules during gelatinization. Similar behavior was reported by Saeaurng and Kuakpetoon [16] concerning Indian mango starch cultivars Namdokmai, Kaew, and Chokanan, with similar amylose and lipid contents (0.53–0.55 and 31.5–33.1%, respectively).



On the other hand, anomalous amylopectin (intermediate material between amylose and amylopectin) has been reported in starches with an A-type crystalline pattern [70]. According to Hoover and Vasanthan [71], anomalous amylopectin tends to be co-lixivated with amylose during gelatinization. Since the differences in swelling factor and amylose leaching between MA and MM starches were marginal (1.32 and 6.51 Pa × sn, respectively), it could suggest that anomalous amylopectin is present in the continuous matrix of MM starch to a greater extent compared to MA starch. In this sense, the present study requires further study of the composition of these portions to determine the implications of this behavior.




3.7.2. Viscoelastic Tests


According to Punia et al. [72], the dynamic viscoelastic properties reveal the ability of starches to form pastes or gels. Therefore, these properties are assessed under a wide temperature range since products with starch in their formulation are subjected to different temperatures during processing and storage. The storage modulus (G′) refers to the strain energy recovered per deformation cycle and reflects the elastic nature of the gel. In contrast, the loss modulus (G″) measures the energy dissipated as heat per deformation cycle, better known as the viscous modulus [72]. The relation G″/G′ represents the tan δ, also called the loss factor. When the tan δ recorded small values (δ < 1, G′ is greater than G″), the deformation is essentially recoverable, and the gels are rigid, behaving like a solid. In comparison, if tan δ > 1 (G′ is less than G″), the energy used to deform the gel is mainly dissipated; the material is less rigid, behaving more like a liquid [59].



The changes in the storage modulus (G′) and loss modulus (G″) of gels of mango seed starches during heating are shown in Figure 7. In all cases, a progressive increase in the values of G′ and G″ is observed until reaching a maximum value (G′max and G″max) as a consequence of swollen starch granules and leaching of amylose chains, which promote the formation of a composite network of solvated materials supporting partially disintegrated starch granules [30,73]. As the temperature increases, G′ and G″ decrease gradually due to greater mobility, breaking the network by rupturing bond hydrogens, other molecular forces, and swollen starch granules [14,74].



Table 4 shows the dynamic rheological properties of starches isolated from mango seeds of different cultivars during temperature sweep testing. The temperature TG′max, where the G′ reached a maximum value, ranged from 75.37 to 79.23 °C, showing significant differences (p < 0.05) among the five cultivars studied in the following order: (MP = MT) > MA > (MM = MT-A). These results are lower than those reported for mango seed starches (TG′max = 82.4–89.4 °C) [2,14,30]. These results suggest that the mango seed starches of the present study are less resistant to heat and mechanical shearing. Therefore, they are more susceptible to viscosity losses [19]. This behavior is attributed to the degree of parallel packing of the adjacent double helices of the granules [50]. In this regard, Vamadevan et al. [75] mention that a long chain length between blocks facilitates their parallel packing, resulting in high gelatinization temperatures, while a short chain contributes to a less ordered alignment of the double helices; thus, they tend to present low temperatures. In general, the TG′max results obtained from the viscoelastic tests are similar to the peak gelatinization temperatures (Tp) determined during thermal analysis by DSC (Table 2).



The maximum values for modulus G′ and G″ (G′max and G″max, respectively) are shown in Table 4. It is evident that all the samples evaluated presented more elastic than viscous behavior (G′ > G″). This behavior agrees with what has been reported for starches from various botanical sources, including mango seed starch [14,19,22]. According to Chel et al. [76], this characteristic can be used as an additive in the food industry in gel-type products, such as baby food, sauces, and jellies, providing a soft texture and remaining soft even at low temperatures.



The G′max and G″max of mango starches ranged from 650.90 to 1123.67 Pa and 135.15 to 231.06 Pa, respectively (Table 4). The G′max values varied significantly (p < 0.05) and presented the following descending order: (MP = MT-A) > (MA = MT) > MM. Meanwhile, the G″max values followed this decreasing order: (MP = MT-A) > MT > (MA = MM). These differences may vary depending on factors such as starch type, high polymorphic diversity among cultivars, amylose/amylopectin ratio, starch concentration in the suspension, pH, and presence/concentration of other compounds [77,78]. However, these results are similar to those reported by Thory and Sandhu [14] for mango starch gels (G′ = 1396 Pa, G″ = 162 Pa) at a concentration of 15% (w/w).



The tan δ values of the gels during heating (Table 4) ranged from 0.13 to 0.16 and are considered weak gels. According to the polymeric classification, gels obtained from amylaceous materials tend to present tan δ values close to zero [79]. This behavior is in agreement with that reported for starches from various botanical sources, such as corn (0.19–0.24) [19], avocado (0.18–0.21) [22], and even mango seed starch (0.11–0.38) [12,14]






4. Conclusions


Mango seeds of the cultivars Piña, Tapana, Manila, Ataulfo, and Tommy Atkins are a potential source for obtaining low-cost, high-yielding starch with promising characteristics for use in different industries. In this sense, the revalorization of these residues can contribute to the FAO Sustainable Development Goal 12, “Responsible production and consumption”, to achieve sustainable management and efficient use of resources through revalorization activities. For this reason, to suggest possible applications of mango seed starches, it is essential to know the characteristics and properties of each cultivar. All starches evaluated showed significant differences in physicochemical, morphological, molecular, thermal, and rheological properties. Tommy Atkins mango seed starch had the highest yield and amylose content than other cultivars.



On the other hand, it is important to note that the wet milling extraction method with alkaline solutions resulted in higher purity starches by reducing the ash, lipid, and protein content. On the other hand, the wet milling extraction method with alkaline solutions resulted in higher purity starches by reducing the ash, lipid, and protein content. Despite this, it is necessary to mention that in some sources, such as Ataulfo mango, pineapple, and Tommy Atkins, its application generated granules with slight surface damage, such as cracks and porous regions. However, these characteristics could improve their digestibility, texture, solubility, and gelling capacity, a desirable attribute in the formulation of food products. On the other hand, all the samples presented a more elastic than viscous behavior, a desirable attribute in the formulation of soft-textured products at low temperatures. Regarding the thermal analysis, the results indicate that the transition temperatures were higher than those of conventional sources. In general, mango seed starches from the different cultivars evaluated have potential for use in the food industry, especially in the formulation of baby food, sauces, and bakery products.
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Figure 1. Scanning electron micrographs of mango seed starches. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 2. Deconvoluted FTIR spectra of mango seed starches. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 3. IR ratios of the absorbances 1047/1020 and 1022/995 cm−1 of mango seed starches. Different letters (a and b) in the bars with the same color are statistically different (p ≤ 0.05). Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 4. X-ray diffractogram of mango seed starches. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 5. Functional properties of mango seed starches. (a) Swelling power (SP); (b) percent water solubility (%S). Values represent the mean ± standard error. Means with different letters (a–d)within the same temperature are statistically different (p ≤ 0.05). Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 6. Variation of shear stress as a function of shear rate of mango seed starches. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Figure 7. Changes in (a) storage modulus (G′) and (b) loss modulus (G″) of mango seed starches during heating. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A). 
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Table 1. Yield and physicochemical properties of mango seed starches.
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Parameter

	
Cultivar




	

	
MA

	
MM

	
MP

	
MT

	
MT-A






	
Yield (%)

	
41.27 ± 0.66 a,b

	
28.70 ± 0.30 c

	
32.25 ± 0.23 c

	
35.07 ± 0.63 b,c

	
43.02 ± 0.49 a




	
Moisture (%)

	
4.98 ± 0.48 a

	
5.15 ± 0.37 a

	
5.00 ± 0.10 a

	
5.36 ± 0.03 a

	
4.82 ± 0.04 a




	
Proteins (%)

	
0.77 ± 0.00 b

	
0.84 ± 0.00 a

	
0.84 ± 0.00 a

	
0.83 ± 0.00 a

	
0.80 ± 0.03 a,b




	
Lipids (%)

	
0.54 ± 0.02 a

	
0.54 ± 0.04 a

	
0.26 ± 0.01 b

	
0.23 ± 0.01 b

	
0.09 ± 0.07 b




	
Ash (%)

	
0.40 ± 0.05 a,b

	
0.50 ± 0.04 a

	
0.13 ± 0.04 b

	
0.14 ± 0.06 b

	
0.16 ± 0.09 b




	
Apparent

amylose (%)

	
47.58 ± 1.40 a

	
31.68 ± 0.37c

	
25.62 ± 0.30 d

	
35.79 ± 0.37 b

	
32.62 ± 0.37 b,c




	
Color

	

	

	

	

	




	
L*

	
90.54 ± 0.90 a

	
93.37 ± 0.72 a

	
93.56 ± 0.72 a

	
92.01 ± 0.87 a

	
91.53 ± 0.48 a




	
a*

	
0.38 ± 0.01 a

	
0.36 ± 0.01 a

	
0.24 ± 0.00 b

	
0.27 ± 01 b

	
0.19 ± 0.01 c




	
b*

	
10.68 ± 0.23 a

	
8.74 ± 0.13 b

	
7.18 ± 0.15 c

	
9.49 ± 0.29 b

	
11.59 ± 0.15 a




	
Particle size

(µm)

	
19.14 ± 0.36 a

	
15.91 ± 0.31 b

	
16.56 ± 0.37 b

	
16.39 ± 0.32 b

	
16.95 ± 0.32 b








Values represent the mean ± standard error. Means in the same line with different superscript letters (a–d) are statistically different (p ≤ 0.05). Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A).













 





Table 2. Thermal variables of mango seed starches.
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Gelatinization Temperature

	
Cultivar




	
MA

	
MM

	
MP

	
MT

	
MT-A






	
To (°C)

	
71.92 ± 0.18 d

	
73.32 ± 0.07 c

	
78.06 ± 0.05 a

	
77.75 ± 0.07 a

	
74.59 ± 0.09 b




	
Tp (°C)

	
77.04 ± 0.19 c

	
77.44 ± 0.07 c

	
81.64 ± 0.09 a

	
81.87 ± 0.11 a

	
79.06 ± 0.18 b




	
Tc (°C)

	
84.30 ± 0.38 c

	
84.19 ± 0.38 c

	
87.16 ± 0.13 a,b

	
88.55 ± 0.38 a

	
86.45 ± 0.51 b




	
∆Hgel (J/g)

	
11.36 ± 0.47 a

	
11.08 ± 0.67 a

	
11.71 ± 0.23 a

	
11.11 ± 0.28 a

	
11.86 ± 0.54 a








Values represent the mean ± standard error. Means in the same line with different superscript letters (a–d) are statistically different (p ≤ 0.05). To = gelatinization onset temperature; Tp = peak gelatinization temperature; Tc = conclusion gelatinization temperature; ∆Hgel = gelatinization enthalpy. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A).













 





Table 3. Rheological variables of mango seed starches obtained by the potential law model (τ = Kγn).
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	Source
	n
	k (Pa × sn)
	R2





	MA
	0.56 ± 0.01 a
	1.32 ± 0.09 d
	0.992 ± 0.00 a,b



	MM
	0.43 ± 0.01 b
	6.51 ± 0.20 c
	0.997 ± 0.00 a,b



	MP
	0.39 ± 0.00 c
	8.12 ± 0.14 b
	0.983 ± 0.00 c



	MT
	0.32 ± 0.00 d
	10.39 ± 0.00 a
	0.961 ± 0.00 d



	MT-A
	0.39 ± 0.00 c
	7.05 ± 0.06 c
	0.990 ± 0.00 b







Values represent the mean ± standard error. Means in the same column with different superscript letters (a–d) are statistically different (p ≤ 0.05). n: flow behavior index, k: consistency index. R2: coefficient of determination. Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A).













 





Table 4. Dynamic rheological properties of mango seed starches during heating.
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	Source
	TG′max (°C)
	G′max (Pa)
	G” (Pa)
	tan δ G′max





	MA
	76.95 ± 0.26 b
	933.2 ± 2.08 b
	158.85 ± 1.53 c
	0.13 ± 0.00 b



	MM
	75.37 ± 0.17 c
	650.9 ± 7.68 c
	135.15 ± 2.54 c
	0.16 ± 0.00 a



	MP
	79.23 ± 0.17 a
	1066.33 ± 27.55 a
	231.06 ± 8.80 a
	0.14 ± 0.01 a,b



	MT
	78.40 ± 0.29 a
	918.70 ± 18.05 b
	191.96 ± 7.60 b
	0.16 ± 0.01 a



	MT-A
	76.73 ± 0.23 c
	1123.67 ± 16.18 a
	213.46 ± 5.43 a,b
	0.14 ± 0.01 ab







Values represent the mean ± standard error. Means in the same column with different superscript letters (a–c) are statistically different (p ≤ 0.05). Cultivars: Ataulfo (MA), Manililla (MM), Piña (MP), Tapana (MT), and Tommy Atkins (MT-A).
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