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Abstract

:

Banana is a tropical fruit crop that is consumed at large, not only because of the quantity produced but also because it serves the calorific needs of millions of people. Banana is a potential source of high starch content (more than 60%). The application of starch for various purposes is dependent upon its structural, physicochemical, and functional properties. A native starch does not possess all required properties for specific use in the food product. To improve its application, starch can be modified physically, chemically, and enzymatically. Each of these modification methods provides different characteristics to the modified starch. This review aims to examine the chemical composition, granule morphology, crystallinity, pasting, thermal properties, and digestibility of banana starch, and discusses the various modifications and potential applications of banana starch in the food industry.
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1. Introduction


Banana (Musa sp.) is a widespread tropical fruit crop, largely consumed in the world; it consists of two major subgroups: banana and plantain. Both have high production and sources of calories that are required for millions of individuals, particularly across Asia and Africa. The term “banana” is used to extensively mean the dessert form and certain cooking types, while “plantain” is used for starchy bananas that are regularly cooked or processed [1,2].



Based on their genomic synthesis, palatable bananas are classified into 3 types: diploid (AA and AB), triploid (AAA, AAB, and ABB), or tetraploid (AAAA, AAAB, and AABB). Nonetheless, most pertinent bananas are triploid and are obtained from the wild species Musa acuminata (A) and Musa balbisiana [3,4]. Generally, dessert banana cultivars are AA or AAA and cooking bananas (plantains) are prevalently AAB, ABB, or BBB. The incredible biodiversity of banana plants provides potential for different utilizations and applications [5].



The chemical composition of bananas depends on the variety and ripening state; however, climatic conditions, agronomic traits, and type of soil also alter the major and minor components of banana. A previous study reported that unripe banana pulp has a lower moisture content than ripe banana pulp, and the carbohydrate content was higher in the unripe banana sample than in a ripe banana, but the opposite was true for fiber content [5]. Furthermore, Lii et al. [6] discovered that the starch encounters important changes during ripening. The chemical composition of bananas changes during the different stages of maturation: the starch degrades and the sucrose content increases.



Native banana starch has higher resistant starch content (65–98%) [7,8,9] than other native starches such as aracca starch (17.5%), cassava starch (1.8%), cush-cush yam starch (55.8%), potato starch (48.5%), and taro starch (13.8%) [10]. The high resistance of native banana starch to hydrolyze by α-amylase causes it to have a low glycemic index and makes it good for diabetic patients.



Generally, the application of bananas is still limited as a raw material for traditional foods. Banana has the potential to be processed into semifinished products such as starch or flour, which has several advantages: it is easier to apply and has a longer shelf life than the fresh form. Banana flour has the potential to replace wheat flour as a raw material in the manufacture of various bakery products such as bread, cookies, cakes, pasta, and others.



Native starch has several poor characteristics such as low thermal stability, creation of hard-formed gel, and creation of too-sticky pasta [11], making its applications limited in the food industry. To improve its characteristics, native starch must be modified so that it is more widely used as an ingredient in food products. The modifications alter the viscosity, association behavior, gel stability in final products [12], and the structure and the hydrogen bonding of native starch [13]. The change of starch properties occurs at the molecular level, with little or none later taking place in the superficial appearance of the starch granule [13]. One of the purposes of starch modification is to increase the thermal stability of starch pasta during heating and stirring, and to extend their application for many food industrial applications [12].



With the increasing demand for starch by the food industry, banana starch may be an alternative conventional starch source, which is used for various food industry applications. To support the current information on banana starch, a review is required to summarize various aspects of banana starch, i.e., extraction, chemical composition, structure, physicochemical properties, digestibility, modification, and potential applications in food products.




2. Banana Starch Extraction and Chemical Composition


Banana in a mature green stage is a great source of starch. The green banana pulp contains up to 70–80% starch on a dry weight basis [4]. A wet milling process is suitable for banana starch isolation due to low-level impurities [14]. Several techniques for starch isolation have been reported, such as alkaline [15,16] and non-alkaline extraction [17,18].



Zhang et al. [4] discovered that ripening stages and banana cultivars are the primary factors that affect the yield. Chávez-Salazar et al. [18] reported the extraction yield of banana starch of 5.78–12.73% and a total starch content of 74.9–84.0%. The starch consists substantially of carbohydrates; however, non-starch components such as lipids, proteins, and ash are present in the composition [19,20]. High purity of starch or low content of non-starch components indicates the best commercial quality of starch.



The chemical composition of starch extracted from various types of bananas and plantains is presented in Table 1. Starch extracted from banana has 6.83–14.00% moisture content and 0.03–2.08% ash. It also contains 0.01–2.46% and 0.17–2.16% lipid and protein, respectively. The difference in lipid and protein content of the starch might be caused by the different variety of banana and the different extraction technique that was used to extract the starch. The total starch ranged from 69.39% to 98.10%. The crude fiber and amylose contents of banana starch are 0.18–0.0.47% and 13.36–42.07%, respectively. As for the plantain, the amylose content of the starch is 22.76–38.79%.




3. Starch Properties


3.1. Granule Morphology


Generally, banana starch granules from various banana varieties are irregular, elongated, and round/spheroidal in shape [16,19,20,24,29]. Variety affects the granule shape of banana starch [19,20,22]. Furthermore, Marta et al. [20] reported that the elongated shape is mainly found in the granules of Kapas cultivars, while the round shape is mostly found in the granules of Kepok, Ambon, and Nangka cultivars.



The granule size of banana starch depends on the cultivar and the ripening state [18]. Based on the results of analysis using SEM, the size of starch granules from four banana cultivars varied (5.5–59 μm) [20], 3.33–56.66 μm [30], 18–50 μm [22], 6–80 μm and mostly between 20–60 μm [4], 10–80 μm and mostly between 30–50 μm [24]. The granule size of banana starch is larger than other starch, such as breadfruit starch (<10 μm) [31], wheat starch (2–20 μm) [32] and sorghum starch (4–35 μm) [33] (Figure 1).




3.2. Crystallinity


Starch granules are semicrystalline crystals that can be determined by an X-ray diffractometer (XRD). Several previous studies have reported that native banana starch exhibits various types of crystal structures, such as type-B [9,20,22,24,34], type C [16,35], and type A [36]. The crystallinity of banana starch is not clear. The type of crystal structure depends on the banana cultivar, plant growth conditions, isolation techniques and other factors [7,19,20,24]. Marta et al. [20] have discovered that three cultivars of cooking banana type demonstrated type B crystalline structure, i.e., Kapas, Kepok, and Nangka, while dessert banana has a type C crystalline structure, i.e., Ambon.



The crystalline type and relative crystallinity of various banana starch varieties are presented in Table 2. The RC of banana starch is 23.54–56.92% with A-, B-, or C-crystalline type. The RC of banana flour ranged from 31.9% to 36.6% while plantain starch has RC ranging from 18.4% to 21.9%.




3.3. Pasting Properties


The pasting properties of starch are analyzed using a Rapid Visco Analyzer (RVA) to provide information on the alteration of starch paste viscosity produced by heating and cooling starch in water. Pasting properties include pasting temperature (PT), peak viscosity (PV), holding viscosity (HV), breakdown viscosity (BV), final viscosity (FV), and setback viscosity (SV).



The botanical source of starch is one of the factors that affects the pasting properties of starch (Figure 2). Banana starch has a lower peak viscosity than breadfruit and corn starch. Banana starch also has the lowest breakdown viscosity, which indicates that it has the highest thermal stability among others.



The pasting properties of different banana starch cultivars have been reported [19,20,21,22,28]. Marta et al. [20] found that the cultivar affects the pasting properties of banana starch, i.e., PT, PV, BV, and SV of banana starch. The cooking banana has higher PT, PV, HV, FV, and SV, but lower BV compared to the plantain starch. Starch with higher PV and FV is more suitable as a thickener for food products that require high-temperature processing such as sterilization. The lower BV of banana starch indicated that the starch was more stable and resistant to a mechanical and heating process. Banana, which is cultivated and grown in Brazil, has a PT of 74.41–79.85 °C, PV 371.71–483.35 RVU, and BV 106.77–269.75 RVU [41]. Pelissari et al. [16] have reported that pasting properties of flour and starch extracted from green banana demonstrated a significant difference, banana starch having a lower PT, PV, BV, and FV than banana flour. The presence of other components and the reaction between amylose and the other components affect the pasting properties of banana starch [20].



Furthermore, Alimi et al. [42] reported that the plantain banana starch needs more thermal energy to form paste than the cooking banana starch (PT is 83.15 °C and 75.10 °C, respectively). The lower PV indicated the stronger cohesive strength between the starch granules, which causes a greater amount of heat energy needed to swell the starch. Plantain starch has a lower PV compared to cooking banana starch. The pasting properties of banana starch from various varieties are portrayed in Table 3.




3.4. Thermal Properties


Thermal properties of starch-based systems provide information about the gelatinization process, which occurs when the molecular order of starch granules is permanently lost and starch granules melt to generate the gel structure. The analysis of the thermal properties of starch is based on the heat absorption or loss that occurs as a result of phase changes (such as melting or crystallization) or chemical processes (for example, chemical decomposition) when a system is heated [45]. Several techniques may be used to analyze the thermal properties of starch. The commonly used technique to analyze the thermal properties of starch is using Differential Scanning Calorimetry (DSC), which measures the energy absorbed by the starch system as a function of temperature. DSC provides several thermal parameters by analyzing the endothermal curve, such as onset temperature (To), peak temperature (Tp), conclusion temperature (Tc), thermal transition temperature (Tc − To), and the overall enthalpy (ΔH).



The thermal properties of banana starch are varied depending on the cultivar and other factors. Table 4 portrays that the Tos of cooking and plantain banana starch were 59.98–76.02 °C and 76.02 °C, respectively. The To of banana starch is slightly higher than the To of Mung bean starch [46], potato starch [47], sweet potato starch [48], rice starch [49], and wheat starch [50].



Furthermore, Agama-Acevedo et al. [44] reported that the plantain banana has higher To, Tp, Tc, and Tc − To compared to the cooking banana planted in Mexico. The thermal properties analysis of the starch system using DSC also provides information about the gelatinization enthalpy or ΔH, measured as Joule per gram of sample. The internal arrangement of starch granules was measured by gelatinization enthalpy. A lower ΔH value indicates poor starch molecular structure. The ΔH value is related to the changes that occur during the melting of the crystallites and serves as a measure of the degree of crystallinity or damage in the starch structure before gelatinization. The ΔH value of banana starch ranged from 9.45 to 16.68 J/g. ΔH value is inversely related to amylose concentration, tiny granules, and disordered starch structure [51].




3.5. Functional Properties


Functional properties of starch include several parameters, i.e., swelling power (SP), solubility (SOL), water absorption capacity (WAC), oil absorption capacity (OAC), and freeze-thaw stability (FTS). The swelling power and solubility are useful metrics for determining the starch granule’s integrity. The proportion of soluble particles in the dry sample determines the solubility, allowing treatments based on gelatinization, dextrinization, and subsequent starch solubilization to be used [52]. The functional properties of banana starch from various varieties are portrayed in Table 5.



The swelling power and solubility of banana starch were 1.38–97.96 g/g and 1.29–11.76%, respectively. Banana starch also has relatively low freeze-thaw stability, indicated by the high syneresis of 12.16–44.40%. The WAC banana starch has a range from 130.45% to 251%. Meanwhile, plantain starch has a lower range of WAC value compared to cooking banana starch, which is 54.40% to 65.40%. The oil absorption capacity of banana starch ranges from 136.77% to 194.05%.




3.6. Digestibility


Digestion of starch granules is a complex process, which includes various phases: the diffusion of enzymes towards the substrate on the impact of the porosity of the substrate, enzyme adsorption on starch-containing materials, and hydrolytic events. Starch hydrolysis is also influenced by the crystallinity and granule surface properties of the native starch.



Increased blood glucose concentration after consuming foods containing high starch is due to the process of amylolysis of starch in the gastrointestinal tract, particularly maltose, maltotriose, and α-limit dextrin. Based on the length of time starch is digested in human digestion, starch can be classified into rapidly digestible starch, slowly digestible starch, and resistant starch [54]. Rapidly digestible starch causes an increase in blood glucose levels immediately after consumption, while slowly digestible starch will be fully digested in the small intestine at a slower rate than rapidly digestible starch. Resistant starch is not further digested in the small intestine but can be fermented in the large intestine into short-chain fatty acids [55].



Some of the digestibility features of native banana starch, which usually expressed as rapidly digested starch (RDS), slowly digested starch (SDS), and a resistant starch fraction (Table 6). RDS and SDS are considered available starch, which means the starch fraction that can be digested by digestion enzyme in the human’s small intestine, while RS is considered the starch fraction that cannot be digested by the enzyme that is produced by the human small intestine.



Native banana starches exhibit a low digestibility feature with RS content ranging from 65.3% to 98.98% (Table 6), which is much higher if compared to starches from wheat [56], pearl millet [57], and rice starch [58]. Furthermore, Toutounji et al. [59] reported that the digestibility of native starches, aside from their crystallinity, could also be affected by their granule morphology and their granule surface characteristics (e.g., the smoothness of the granule surface).



Marta et al. [8] reported that the banana starch has a smooth surface, i.e., no cracks or pores on its granule surface. This feature of granule surfaces could explain their resistance to the digestive enzyme. It would cause the digestion mechanism called “exo-pitting” which means the enzyme will digest the starch from the outside since the surface is impermeable to amylases [62]. The naturally occurring pores on the surface of the starch granule could increase the effective surface area to form greater enzyme-substrate complexes, causing a faster rate of enzymatic digestion of the starch.





4. Modification Practices


The properties of starch can be modified through physical, chemical, and enzymatic methods. Starch can be physically modified to change particle size and improve water solubility. The physical methods involve the treatment of native starch granules under different moisture and temperature combinations, shear pressure, and irradiation to alter the physical size of starch granules [12]. The physical method is the better method because it does not involve any chemical treatment.



4.1. Physical Method


Physical alterations of starch are changes given by physical treatments that do not result in modification of the starch polymer molecules’ D-glucopyranosyl units. By modifying the starch using physical treatment, only the arrangements of the starch polymer within the granules and the overall starch structure are changed. These changes could provide a significant effect on the properties of the starch, such as the properties of the pastes, gels, and the digestibility properties of the modified starch. Many modified starch users are interested in physically modified starch because it does not require any chemical reagent, thus they do not need to label the starch as a modified starch product. Physical modification of starch is usually divided into thermal (heat-moisture treatment, annealing, pre-gelatinization, extrusion, etc.) and nonthermal modification (ultrasound, high-pressure treatment, pulsed electric field, etc.).



4.1.1. Heat-Moisture Treatment


Heat-moisture treatment (HMT) of starch is a physical treatment in which starches are treated at varying moisture levels (<35% moisture w/w) during a certain period (15 min–16 h) at a certain temperature range (84–120 °C) [63,64]. Among the physical methods, HMT has several advantages such as being cost-effective, safe, and more suitable for commercial use [65].



HMT promotes the interaction of polymer chains by disrupting the crystalline structure and dissociating the double-helical structure in the amorphous region, followed by the rearrangement of the disrupted crystals [64]. Heat-moisture treatment can improve the properties of native starch, such as reducing the swelling volume and solubility and increasing the thermal stability of native banana starch. HMT may also increase the slowly digestible starch content of native banana starch [8,29], so it can be recommended as a functional food for diabetic patients. Food products with high slowly digestible starch content have a relatively slow effect on increasing the Glycemic Index (GI). Clinical data suggest that a diet with low IG is associated with a reduced risk of diabetes and cardiovascular disease [66].




4.1.2. Annealing


Annealing (ANN) is another starch modification technique which heats the starch and holds it in excess water (>40%) for a certain amount of time. The starch is heated at the temperature above its glass transition temperature (Tg) and below onset temperature of gelatinization (To). ANN alters the physicochemical characteristics of starch by enhancing its crystalline perfection and promoting interactions between starch chains. The ANN process retains the intact granular form of the starch with some notable changes on the surface of the starch granule, including crack and pore formation and increased roughness [67].



Some previous studies have reported the ANN modification on banana starch [29,68]. De la Rosa Millán et al. [68] reported that after annealing banana flour, some of the starch granular shapes retain their elongated lenticular shape, but some of them are swollen. The birefringence of the starch, however, is still retained after the ANN modification. Annealing-treated starch has lower amylose leaching, RDS, and SDS values but a higher RS value and To, Tp, and Tc values compared to its native counterpart. Furthermore, Cahyana et al. [29] reported that there was not a noticeable change in the starch granule morphology after annealing, which was indicated by the absence of aggregation, cohesive structure, holes, or fissures in the annealing-treated granules. The pasting temperature, peak, and breakdown viscosity of annealing treated starch were significantly higher than the native form. The annealing modified flour has a lower digestible starch content than the native form [68], which is not aligned with another study [29].




4.1.3. Pregelatinization


Pregelatinized starch, often known as instant starch, is modified starch which can be redissolved easily in room temperature water and increase viscosity without any heat treatment. Pregelatinized starch (PGS) has been gelatinized and pasted before it was dried and finally ground. These starches’ granules are often substantially degraded, and they are normally soluble in room-temperature water. Due to the modification process, the newer product, which is still intact but has a gelatinized starch granule, is formed. The starch granules have lost crystallinity and swell to form a paste when it is incorporated into the water.



Several studies have reported the application of pregelatinized banana starch and flour in food products. Loypimai and Moongngarm [69] have reported that the addition of pregelatinized banana flour significantly improves the rehydration rate of the instant porridge. The addition of pregelatinized banana flour also improved the dietary fiber content, RS content, and antioxidant capacity of the instant porridge. Furthermore, Olatunde et al. [28] reported that the water-absorbing capacity (WAC) of starches is significantly increased after subjecting banana and plantain starch to the pre-gelatinization modification. The WAC of native banana and plantain starch was 136.53% and 130.45%, respectively. After pre-gelatinization, the WAC of both native cooking banana and plantain starches increased to 155.47% and 203.25%, respectively. Furthermore, Azaripour and Abbasi [70] also reported that the pregelatinized cornstarch has significantly higher WAC than the native one. The increase in the water absorption index of native starch after pre-gelatinization was also reported on corn starch [71], rice starch [72], and maize starch [73].





4.2. Chemical Method


Chemical modification is accomplished by inserting a functional group into the polymer molecule of the starch granule in its native form, resulting in different changes in the physicochemical characteristics of the starch molecule. Chemical modification entails changing the physiochemical characteristics of starch by adding new chemical or functional groups into the starch without causing physical changes to the shape and size of the molecule [74]. Starch modification by oxidation, etherification, esterification, cationization, and cross-linking are the most modifications used for starch.



4.2.1. Esterification


The starch esterification process could produce acetylated starch, monostarch phosphate, and starch 2-octenyl succinate. Acetylated starch esters are usually made by subjecting the starch granules to the alkaline slurry and acetylating them using acetic anhydride where the acetyl group will replace the hydroxyl groups on C2, C3, and C6 positions. The resulting starch, when it has a degree of substitution (DS) of 0.09 or lower (which is the maximum DS allowed in acetylated starch for foods), generally has lower gelatinization and pasting temperature, has better clarity after the pasting process, and better stability to retrogradation and freeze-thaw process when compared to the native/uncooked starch [75]. Acetylated starch also has a higher swelling capacity and peak viscosity but lower final paste viscosity than the native starch [74].



The acetylation process promotes cracks on the starch granule surface. The acetylation increases swelling capacity, water absorption capacity, and pasting properties, and decreases the solubility of native banana starch [76]. Conversely, Olatunde et al. [28] have reported that the pasting properties parameters of acetylated banana starch were lower than the native form except for the breakdown viscosity. Furthermore, Olatunde et al. [28] and Dumancela et al. [77] reported an increase in swelling capacity and solubility of acetylated banana starch. The increase in swelling power and solubility of acetylated starch were also reported on sorghum [78], yam [79], and low DS cassava starch [80].



Banana starch can also modify using octenyl succinic anhydride by esterification. Carlos-Amaya et al. [81] have reported that the starch with 0.016 degrees of substitution (DS) was obtained by adding 0.60 g of 2-octen-1ylsuccinic anhydride for 100 g of banana starch. The study indicated that the OSA-modified banana starch has a significantly higher degree of crystallinity compared to the native one. It might be due to starch molecules in the amorphous lamella and a portion of the crystalline lamella being destroyed during the reaction. The increased crystallinity can be correlated to a higher number of short chains generated during the chemical modification, as observed in oxidized starch. The OSA modification could also significantly increase the RDS and SDS while decreasing the RS content of native banana starch. OSA banana starch has a higher peak viscosity, but lower To, Tp, Tc, and ΔH compared to the native starch [82]. The decreases in To, Tp, Tc, and ΔH after OSA modification are also reported on wheat starch, rice starch, corn starch, waxy corn starch, kidney bean starch, and sweet potato starch [83]. Furthermore, Bajaj et al. [83] have explained that the decrease in transition temperatures, particularly Tp, might be due to the insertion of octenyl-succinic groups into highly stabilized starches, resulting in chain instability and linearity. Bello-Pérez et al. [84] have reported that OSA modification to banana starch improves the emulsion stability of native banana starch. The improvement in emulsion stability was also supported by the change in the sample’s viscoelastic properties. The addition of OSA-modified banana starch to the emulsion made the G′ higher than G″ (it was G″ > G′ when native banana starch was used). The previous study reported the application of OSA-modified taro starch as an emulsion stability improvement in food products [85].




4.2.2. Etherification


Starch etherification is one of the starch stabilization processes. In most cases, native starch was etherified by reacting it with alkyl halides, acrylonitrile, or alkylene oxides in the presence of an alkaline catalyst. The active area in starch where etherification occurs was determined by the botanical source, the alignment of amylose and amylopectin, and the distribution of amorphous and crystalline regions [86]. Hydroxypropyl starch was created by reacting starch granules with propylene oxide in an alkaline slurry to create modest amounts of etherification. The introduction of hydrophilic hydroxypropyl groups on starch chains disrupts the starch granule structure and weakens inter- and intramolecular hydrogen bonding. As a result, increasing the accessibility of starch granules to water changes starch gelatinization and retrogradation behavior. The hydroxypropylated starch has lower pasting temperatures, so it is easier to cook and produces a clear paste that does not retrograde and has better freezing-thawing stability [75].



Waliszewski et al. [35] have reported that the hydroxypropylated banana starches have a higher water-binding capacity, swelling power, and solubility, but lower pasting temperature and paste clarity compared to the native form. Lee et al. [87] reported that the quantity of propylene oxide used in hydroxypropylation has the most pronounced effect on the Saba banana starch properties compared to pH and temperature reaction. The hydroxypropylated Saba banana starch was easier to cook, had higher freeze-thaw stability, more resistance to retrograde, and lower pasting properties and temperature. The decreasing To, Tp, Tc and ΔH values after hydroxypropylation were also reported on hydroxypropylated finger millet [88], Dioscorea alata starch [89], high-amylose corn starch [90], and yellow sorghum starch [91].



Hydroxypropylated banana starch has a higher granule swelling capacity and solubility compared to the native banana starch. The increase in granule swelling and solubility was also reported by several previous studies [92,93,94,95,96]. The increasing granular swelling and solubility of the hydroxypropylated starch might be due to the starch granules becoming more hydrophilic because of the incorporation of the hydroxypropyl groups.



Hydroxypropylated banana starch has a lower tendency toward retrograde and syneresis. The gel clarity of the hydroxypropylated banana starch was better than the native one. Amylose crystallization, intermolecular associations (including possible amylose–amylopectin interactions), and crystallization of amylopectin molecules’ exterior chains are reduced by the conversion of hydroxyl groups of starch molecules into larger hydroxypropyl groups via the reduction in inter-and intramolecular forces. The higher the degree of molar substitution (MS), the higher the gel clarity of the hydroxypropylated starch [97].




4.2.3. Cross-Linking


Cross-linking occurs in the majority of modified food starches. When starch granules are treated with bifunctional reagents that react with hydroxyl groups on two distinct molecules or neighboring chains inside the granule, cross-linking occurs. The most common method of cross-linking is the formation of distarch phosphate esters. The main food-grade reagents are sodium trimetaphosphate (STMP), monosodium phosphate (SOP), sodium tripolyphosphate (STPP), epichlorohydrin (EPI), phosphoryl chloride (POCl3), a mixture of adipic acid and acetic anhydride, and vinyl chloride [74].



Carlos-Amaya et al. [81] studied the effect of double modification (cross-linking and esterification) using 0.05% epichlorohydrin (EPI) on the physicochemical and digestibility properties of banana starch. The study found that cross-linked banana starches have a higher crystallinity but a lower peak viscosity than the native/uncooked banana starch, which indicates that cross-linking of banana starch using 0.05% EPI could hinder the swelling of the starch at the holding period of RVA (95 °C for approximately 5 min). Furthermore, Orsuwan and Sothornvit [98] reported that the cross-linked banana starch has significantly decreased the swelling power and solubility of its native counterpart.




4.2.4. Oxidation


Starch oxidation is a frequently used alternative technique for enhancing starch characteristics. Commercially, oxidized starch is made by reacting starch with a particular amount of oxidant at a regulated pH and temperature. When starch is exposed to higher concentrations of an oxidizing agent (oxidant), the outcome is oxidized starch. To oxidize starch, oxidants such as potassium permanganate, sodium hypochlorite, hydrogen peroxide, peracetic acid, nitrogen dioxide, and chromic acid have been used. The most often used commercial oxidant for this method is sodium hypochlorite [75].



Sánchez-Rivera et al. [99] reported that the higher the active chlorine concentration used, the whiter the color of the starch. The oxidation also increases the peak viscosity of banana starch, which was caused by the introduction of the carbonyl and carboxyl groups to the starch molecule, facilitating the granules to swell [99].



The oxidation decreased the crystallinity of native banana flour and did not change the starch crystalline type [100]. This result was aligned with another study on oxidized jackfruit seed starch [101]. Oxidation treatments decreased WHC, solubility, and whiteness index while increasing the swelling volume, freeze-thaw stability, and gel strength of banana flour [100]. The increasing swelling power after the oxidation process also occurred on oxidized jackfruit seed starch using 4–5% sodium hypochlorite [101] and oxidized whole grain flour using ozone [102]. On a contrary, Halal et al. [103] reported a decreasing swelling power and increasing solubility of the oxidized barley starch. Cahyana et al. [100] reported the reduction of pasting temperature, breakdown and setback viscosity, and increased peak viscosity after oxidation treatment, which is in agreement with other studies on barley starch [103] and oxidized jackfruit seed [101].






5. Potential Application in Food Products


Food processing is an attempt to transform the shape of food, including agricultural and animal crops, into the intended food items so that the food has additional value in terms of quality, acceptance, and storage stability. Banana is a highly perishable fruit, so needs to be processed to improve self-life such as processing into flour or starch. Transforming a banana into flour or starch not only improves its self-life but is also widely used in many different products. Banana flour can apply as a wheat flour substitute in pasta and bakery products (pasta, cake, bread, cookies, and biscuits) and banana starch can apply as a thickening agent, fat replacer, edible coating, etc.



Banana starch has not been used commercially. Native banana starch has different characteristics depending on some factors such as the variety and growing environment. Ambon variety banana starch has good freeze-thaw stability [20], so it is suitable for application in frozen food products. Several studies found that native banana starch has high levels of resistant starch 65–99% [7,8,20,39,60]. Resistant starch is a fraction of starch that cannot be digested by digestive enzymes, so it does not increase blood glucose levels when consuming it. Therefore, banana starch is recommended as a functional food product for diabetic patients.



Native banana starch was modified to improve its application. HMT starch can increase the thermostability of banana starch and decrease swelling volume and solubility [8,29,104,105,106]. Based on its pasting profile and functional properties, HMT starch in flour can apply as a raw material for noodle making, thus producing the desired characteristics of noodles, such as not being easy to break, limited swelling, and low cooking loss [107]. Furthermore, HMT can increase the slowly digestible starch (SDS) of native banana starch [8,29]. Food with high SDS can be beneficial for maintaining satiety and physical performance of the body, in addition to lowering blood fat levels and insulin resistance associated with glucose homeostasis [108].



OSA-modified starch also has the potential to be used as a fat replacer. Some previous studies have reported OSA-modified starch to have amphiphilic properties [83,84,109], making it possible to dissolve in polar and nonpolar systems. OSA-modified starch can be applied as an emulsifier, fat replacer, and encapsulation agent. As a fat replacer, OSA-modified starch can replace fat in fat-based products such as mayonnaise, salad dressing, margarine, etc., resulting in low fat-based products.



Several previous studies have reported the application of banana starch (in flour form) in food products such as pasta [110,111], bread [112], cookies [113], and biscuits [114]. In these products, banana flour is used to replace wheat flour, reducing the gluten content in the product. Pasta made from green banana flour was digested more slowly than wheat pasta [110,111]. In line with pasta, bread made from banana flour also has lower digestibility than wheat bread. The banana flour bread had a lower hydrolysis index (HI) and projected glycemic index (pGI). Substitution of 30% wheat flour with banana flour did not affect the aroma, flavor, or general acceptance of steam white bread, indicating banana flour bread is a highly marketable bread with enhanced functional value [112]. Aparicio-Saguilán et al. [113] reported cookies made from substitution wheat flour with autoclave-treated lintnerized banana starch to have a low digestibility and moderate GI. Furthermore, Cahyana et al. [114] found that biscuits made from the substitution of wheat flour with heat-treated banana flour have a high slowly digestible starch and have the potential to be a long-lasting energy product.



Banana starch can also be used as the base ingredient in a biodegradable film. However, the film produced from banana starch still has several flaws in its physical properties. Therefore, some research groups attempted to reinforce the banana starch film by adding another compound to improve the film’s physical properties. Pelissari et al. [115] reported that adding cellulose nanofibers extracted from banana peel to the banana starch film significantly enhanced its tensile strength, Young’s modulus, opacity, and crystallinity, and made the film more resistant to water. Furthermore, Viana et al. [116] reported that the film made from heat-moisture-treated banana starch has a more cohesive matrix with better mechanical properties than the film made from native banana starch. The enhanced mechanical properties of the film from heat-moisture-treated banana starch are related to the lower pasting viscosity and retrogradation. The heat-moisture-treated banana starch film also has lower water vapor permeability.




6. Potential Application in Non-Food Products


Banana starch can be utilized not only on food products but also for non-food products. Banana starch is one of the potential primary materials to produce a bio-based film, such as film-type packaging [117]. Furthermore, banana starch can be utilized as the primary material to produce bio-based packaging films [118,119,120,121]. However, because starch, including banana starch, imparts poor flexibility and poor barrier properties to both water and air, some chemical addition and modification practices are often applied [117]. To improve the barrier properties of banana starch, Pongsuwan et al. [122] utilize the banana inflorescence waste, which contains a high amount of fiber, as a filler for starch-based bioplastics which gave the bioplastics better physical properties, water, and thermal resistance. The addition of filler or banana starch modification in production, banana starch-based bio film was also reported by several studies [123,124,125]. Starch’s ability to absorb water easily often causes it to lose some of its dimensional stability and mechanical qualities [126]. Some materials, however, can be incorporated to improve this physical barrier properties of starch-based film. Cellulose can be used to improve the physical barrier properties of starch-based film. Azmin et al. [127] reported that by incorporating bagasse fiber into a bioplastic film made from cocoa pod husk cellulose, the water-vapor transmission rate decreased. More recently, Oyeoka et al. [128] studied the incorporation of hyacinth water cellulose nanocrystal to a nanocomposite film made from polyvinyl alcohol (PVA)/gelatin composite and reported that by incorporating water hyacinth cellulose nanocrystal, the water vapor permeability and the moisture uptake of the PVA/gelatin composite film was decreased, indicating an improvement water barrier properties of the bio-based film. Furthermore, the application of cellulose nanocrystal and cellulose nanofiber to improve barrier properties of starch-based film was also reported by Zhang et al. [129]. They reported that incorporating cellulose nanocrystal could improve the mechanical strength of the starch film and incorporating cellulose nanofiber imparts an improvement on thermal stability of the starch-based film. These previous studies on improving bio-based films mechanical properties using cellulosic material could be further applied to the starch film made using banana starch in order to reinforce the barrier properties of the banana starch-based film.



Starch, other than being utilized as the biofilm-making material, also has the potential to be transformed as porous carbon materials to produce an environment-friendly capacitor with high efficiency. Supercapacitors are being evaluated as prospective energy storage devices in applications with rising power needs because of their superior electrochemical characteristics [130]. From the author’s perspective, banana starch could also be utilized as the primary material to produce electrode materials or gel electrolytes for supercapacitors. This statement was based on the research done by Kasturi et al. [131] who utilized Artocarpus heterophyllus seed starch as a porous material for capacitor and flexible film from Manihot esculenta. They reported that this all-solid-state electric double-layer capacitor has great sustainability with superior electrochemical performance and stability. Furthermore, Kumar et al. [132] reported that cornstarch could be utilized as a porous carbon material by the carbonation process. According to the previous research, banana starch had the potential to be utilized as the precursor to synthesis porous carbon materials to produce eco-friendly capacitors with high efficiency in conducting electricity.




7. Conclusions and Future Research


Banana starch has good potential to be developed as an ingredient in the food industry. Banana starch has a high level of resistant starch, so it can be used as an ingredient in functional foods, such as food for diabetics. In addition, several banana varieties also have unique functional properties, such as having good stability when stored at low and frozen temperatures (high freeze-thaw stability), making them suitable for use as ingredients in frozen foods.



However, native banana starch has some drawbacks, so modifications are needed to expand its application. Several studies on the modification of banana starch, both physically and chemically, indicated that the modification treatment could improve the characteristics of native banana starch, such as increased thermal stability, amphiphilic characteristics, increasing slowly digestible starch (SDS) content, and others. Food products with high SDS content are also suitable for consumption by diabetic patients. Furthermore, SDS can be used as an ingredient for long-lasting energy products, because products high in SDS have a slower rate of digestion, decrease glucose and insulin response, and increase the subsequent feeling of satiety.



Further studies are needed to modify banana starch using other methods, such as enzymatic and nonthermal physical (ultrasonication, pulse electric field, high-pressure treatment, etc.), to obtain more information and alternative methods to improve banana starch characteristics. Conversely, the application of banana starch (in the form of flour) as a substitute for wheat flour must be studied, not only partially replacing but also 100% replacing the use of wheat flour to produce gluten-free products as a functional food for people with special diets, i.e., celiac disease and autism.
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Figure 1. SEM images of native banana, breadfruit and arrowroot starches (1000× magnification). 
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Figure 2. Viscoamylograph of native banana, breadfruit, corn, and arrowroot starches. 
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Table 1. Chemical composition of starches from various banana varieties.
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Variety

	
Moisture (%)

	
Ash (%)

	
Lipid (%)

	
Protein (%)

	
Total Starch (%)

	
Fiber (%)

	
Amylose (%)

	
Reference






	
Musa AAB—Mysore Var.

	
12.30

	
0.09

	
NR

	
0.44

	
90.08

	
NR

	
37.88

	
[21]




	
White Manzano

	
NR

	
0.08

	
0.06

	
0.22

	
99.6

	
NR

	
30.3

	
[22]




	
Dwarf Cavendish

	
NR

	
0.09

	
0.09

	
0.34

	
99.5

	
NR

	
26.5




	
Nanicao

	
14.00

	
0.13

	
0.18

	
0.61

	
84.94

	
0.14

	
NR

	
[19]




	
Grand Naine

	
10.82

	
0.09

	
0.26

	
0.38

	
87.86

	
0.59

	
NR




	
Maca

	
8.60

	
0.26

	
0.36

	
0.63

	
89.67

	
0.47

	
NR




	
Prata-Ana

	
9.90

	
0.38

	
0.46

	
0.99

	
87.88

	
0.38

	
NR




	
Fhia 18

	
10.28

	
0.34

	
0.01

	
1.09

	
88.08

	
0.18

	
NR




	
Terra var.

	
7.38

	
0.11

	
1.82

	
1.77

	
NR

	
NR

	
33.11

	
[23]




	
Banana (Kluai Khai var)

	
7.83

	
0.05

	
0.03

	
0.17

	
NR

	
NR

	
20.32

	
[15]




	
Banana (Hom Tong var.)

	
7.30

	
0.06

	
0.10

	
0.21

	
NR

	
NR

	
13.36




	
Banana (Namwa var.)

	
7.16

	
0.05

	
0.12

	
0.20

	
NR

	
NR

	
28.03




	
Banana (Enano var.)

	
7.03

	
1.43

	
0.73

	
0.92

	
NR

	
NR

	
25.38

	




	
Banana (Morado var.)

	
8.75

	
1.17

	
0.73

	
0.83

	
NR

	
NR

	
21.99

	
[24]




	
Banana (Valery var.)

	
8.96

	
1.27

	
0.78

	
0.93

	
NR

	
NR

	
19.32




	
Banana (macho var.)

	
7.72

	
1.11

	
0.82

	
0.98

	
NR

	
NR

	
26.35




	
Banana (Terra var.)

	
8.00

	
0.03

	
0.02

	
0.97

	
94.80

	
0.28

	
35.00

	
[16]




	
Banana (Karpuravali var.)

	
10.55

	
1.24

	
0.22

	
1.17

	
87.30

	
NR

	
27.66

	
[25]




	
Banana (Poovan var.)

	
9.53

	
0.78

	
0.25

	
0.67

	
81.71

	
NR

	
23.10




	
Banana (Sevvazhai var.)

	
11.18

	
1.68

	
0.23

	
1.15

	
89.62

	
NR

	
32.05




	
Banana (Thenvazhai var.)

	
8.76

	
2.08

	
0.28

	
0.86

	
85.63

	
NR

	
24.63




	
Plantain (Fench horn var.)

	
11.56

	
0.05

	
NR

	
NR

	
NR

	
NR

	
29.96

	
[26]




	
Plantain (Cadaba var.)

	
12.86

	
0.29

	
NR

	
NR

	
NR

	
NR

	
30.66




	
Plantain (Agbaba var)

	
13.15

	
0.45

	
NR

	
NR

	
NR

	
NR

	
30.91




	
Banana (Macho var.)

	
9.90

	
0.54

	
2.46

	
2.03

	
98.10

	
NR

	
NR

	
[27]




	
Banana (Honduras var.)

	
13.60

	
0.92

	
0.72

	
2.16

	
69.39

	
0.47

	
42.07

	
[28]




	
Plantain (Agbaba var)

	
11.20

	
0.62

	
0.44

	
2.53

	
63.90

	
0.72

	
38.79




	
Banana (Kapas var.)

	
8.92

	
NR

	
0.24

	
0.96

	
90.02

	
NR

	
38.63

	
[20]




	
Banana (Kepok var.)

	
6.83

	
NR

	
0.06

	
1.01

	
82.69

	
NR

	
40.88




	
Banana (Ambon var.)

	
7.98

	
NR

	
0.05

	
1.25

	
81.64

	
NR

	
32.56




	
Banana (Nangka var.)

	
7.97

	
NR

	
0.12

	
1.58

	
81.53

	
NR

	
37.78




	
Plantain (Gros Michel var.)

	
7.8

	
0.50

	
0.8

	
1.1

	
74.9

	
NR

	
22.76

	
[18]




	
Plantain (Dominico Hartón var.)

	
8.2

	
0.34

	
0.5

	
0.9

	
84.0

	
NR

	
31.12




	
Plantain (FHIA 20 var.)

	
7.3

	
0.29

	
0.6

	
0.9

	
83.5

	
NR

	
28.58








NR: Not Reported
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Table 2. The crystalline type and relative crystallinity of starch form various banana varieties.
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Variety

	
Relative Crystallinity

(%)

	
Crystalline Type

	
Reference






	
Banana (Kapas var.)

	
37.78

	
B-type

	
[8]




	
Banana (Nendran var.)

	
35.96

	
A-type

	
[37]




	
Banana (Kapas var.)

	
35.8

	
B-type

	
[34]




	
Banana (Hom Khieo var.)

	
23.54

	
B-type

	
[38]




	
Banana (Namwa var.)

	
26.84

	
B-type




	
Banana

	
30

	
B-type

	
[24]




	
Plantain (Dominico Harton var.)

	
21.9

	
C-type

	
[18]




	
Plantain (FHIA 20 var.)

	
21.4

	
C-type




	
Plantain (Gros Michel var.)

	
18.4

	
C-type




	
Banana (Musa Dwarf Red banana var.)

	
29.84

	
C-type

	
[39]




	
Banana (Pisang Awak var.)

	
33.02

	
C-type




	
Banana (Cavendish)

	
31.26

	
C-type




	
Banana (Musa Cocinea var.)

	
32.84

	
C-type

	
[40]




	
Banana (Williams banana var.)

	
33.02

	
C-type




	
Banana (Nangka var.)

	
33.2

	
B-type

	
[20]




	
Banana (Ambon var.)

	
34.76

	
B-type




	
Banana (Kepok var.)

	
39.36

	
B-type




	
Banana (Kapas var.)

	
38.64

	
B-type
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Table 3. The pasting properties of banana starch from various varieties.
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Variety

	
PT

(°C)

	
PV

(cP)

	
HV

(cP)

	
BD

(cP)

	
FV

(cP)

	
SV

(cP)

	
Reference






	
Kapas

	
79.11

	
4037

	
3049

	
988

	
5308

	
2258

	
[20]




	
Kepok

	
80.70

	
3996.5

	
2778

	
1218.5

	
4796

	
2018




	
Ambon

	
77.27

	
4529

	
3294.5

	
1234.5

	
4506.5

	
1212.25




	
Nangka

	
76.58

	
4535.5

	
3409.5

	
1126

	
4995.5

	
1586




	
Culinary Banana

	
81.80

	
4507

	
4060

	
447

	
4214

	
154

	
[43]




	
Cooking Banana starch

	
75.10

	
6403

	
5443

	
960

	
7090

	
1647

	
[42]




	
Plantain banana starch

	
83.15

	
5447

	
4783

	
664

	
7743

	
2960




	
Mysore

	
79.1

	
5455.3

	
3034

	
2421.3

	
3985

	
951

	
[21]




	
Macho

	
81.2

	
4152

	
NR

	
1290

	
4189

	
1327

	
[44]




	
Enano

	
77.2

	
4026

	
NR

	
1415

	
4072

	
1461




	
Morado

	
70.5

	
4141

	
NR

	
1648

	
3412

	
919




	
Valery

	
76.6

	
4848

	
NR

	
1534

	
3986

	
672








NR: Not Reported
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Table 4. Thermal properties of banana starch from various varieties.
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Variety

	
To (°C)

	
Tp (°C)

	
Tc (°C)

	
Tc–To

	
ΔH (J/g)

	
Reference






	
Macho

	
69.46

	
74.4

	
81.6

	
NR

	
13.0

	
[36]




	
Criollo

	
71.4

	
75.0

	
80.4

	
NR

	
14.8




	
Nanicão

	
68.07

	
70.58

	
73.73

	
5.66

	
14.73

	
[19]




	
Grand Naine

	
68.65

	
71.11

	
74.21

	
5.56

	
13.22




	
Macã

	
69.23

	
72.17

	
75.36

	
6.13

	
10.61




	
Prata-Anã

	
67.79

	
71.02

	
74.64

	
6.85

	
12.94




	
FHIA 18

	
68.5

	
71.69

	
74.67

	
6.17

	
9.45




	
Mysore

	
67.54

	
75.18

	
87.56

	
20.02

	
12.38

	
[21]




	
Macho

	
74.6

	
78.7

	
92.4

	
NR

	
15.1

	
[24]




	
Valery

	
71.9

	
76.2

	
88.71

	
NR

	
14.8




	
Morado

	
60.9

	
70.2

	
83.2

	
NR

	
10.4




	
Enano

	
71.3

	
78.4

	
91.5

	
NR

	
14.9




	
Valery

	
72.31

	
75.90

	
90.19

	
17.88

	
12.86

	
[44]




	
Morado

	
59.89

	
68.03

	
81.25

	
21.36

	
10.65




	
Enano

	
71.30

	
77.21

	
91.56

	
20.26

	
14.56




	
Macho (plantain)

	
76.02

	
79.98

	
99.08

	
23.06

	
14.53




	
Terra starch (plantain)

	
72.1

	
74.9

	
78.3

	
6.3

	
14.7

	
[16]




	
Terra flour (plantain)

	
72.3

	
76.2

	
80.5

	
8.2

	
13.0




	
Karpuravali

	
63.70

	
71.12

	
84.34

	
NR

	
16.05

	
[25]




	
Poovan

	
62.08

	
69.63

	
82.35

	
NR

	
15.06




	
Sevvazhai

	
65.54

	
72.81

	
87.99

	
NR

	
16.68




	
Thenvazhai

	
63.14

	
70.31

	
84.63

	
NR

	
16.41








NR: Not Reported
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Table 5. Functional properties of banana starch from various varieties.
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Variety

	
SP (g/g)

	
Sol (%)

	
Syneresis (%)

	
WAC (%)

	
OAC (%)

	
Ref






	
Nanicao

	
13.20

	
5.44

	
NR

	
NR

	
NR

	
[19]




	
Grand Naine

	
15.19

	
6.85

	
NR

	
NR

	
NR




	
Maca

	
14.42

	
9.88

	
NR

	
NR

	
NR




	
Prata-Ana

	
14.66

	
11.61

	
NR

	
NR

	
NR




	
Fhia 18

	
14.88

	
6.67

	
NR

	
NR

	
NR




	
Banana (Honduras Var.)

	
1.38

	
NR

	
NR

	
136.53

	
136.77

	
[28]




	
Plantain (Agbaba var)

	
1.99

	
NR

	
NR

	
130.45

	
194.05




	
Banana (Monthan Var.)

	
NR

	
NR

	
NR

	
176.10

	
186.56

	
[23]




	
Banana (Terra var.)

	
24.00

	
13.7

	
NR

	
NR

	
NR

	
[16]




	
Plantain (Fench horn var.)

	
9.48

	
7.49

	
NR

	
65.50

	
NR

	
[26]




	
Plantain (Cadaba var.)

	
10.76

	
3.55

	
NR

	
54.40

	
NR




	
Plantain (Agbaba var)

	
10.10

	
5.02

	
NR

	
62.90

	
NR




	
Banana (Musa AAA Cavendish)

	
85.13

	
5.31

	
NR

	
NR

	
NR

	
[53]




	
Banana (Musa ABB Bluggoe)

	
89.64

	
1.29

	
NR

	
NR

	
NR




	
Banana (Musa ABB Pisang Awak)

	
97.96

	
9.70

	
NR

	
NR

	
NR




	
Banana (Musa AA Pisang Mas)

	
82.45

	
8.69

	
NR

	
NR

	
NR




	
Plantain (Kapas Var.)

	
NR

	
NR

	
12.16

	
156.00

	
NR

	
[9]




	
Plantain (Kapas Var.)

	
NR

	
4.63

	
26.93

	
137.00

	
NR

	
[34]




	
Plantain (Kapas var.)

	
NR

	
4.48

	
22.23

	
149.00

	
NR

	
[20]




	
Plantain (Kepok var.)

	
NR

	
4.42

	
32.14

	
151.00

	
NR




	
Plantain (Nangka var)

	
NR

	
4.36

	
17.62

	
174.00

	
NR




	
Banana (Ambon var)

	
NR

	
3.21

	
0.59

	
178.00

	
NR








NR: Not Reported
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Table 6. Digestibility properties of banana starch.
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Variety

	
RDS (%)

	
SDS (%)

	
RS (%)

	
Reference






	
Musa Dwarf Red banana

	
2.34

	
12.12

	
85.54

	
[39]




	
Musa ABB Pisang Awak

	
3.03

	
4.81

	
92.16




	
Musa AAA Cavendish

	
8.19

	
6.61

	
85.20




	
Green Banana

	
1.7

	
4.3

	
94.1

	
[60]




	
Kapas

	
0.43

	
0.59

	
98.98

	
[8]




	
Musa coccinea

	
7.3053

	
14.7230

	
77.9718

	
[40]




	
Williams banana

	
8.3249

	
6.4137

	
85.2614




	
Kapas

	
0.41

	
0.61

	
98.98

	
[9]




	
Gros Michel

	
4.31

	
11.82

	
83.87

	
[18]




	
Dominico Harton

	
1.24

	
8.73

	
90.03




	
FHIA 20

	
3.19

	
5.10

	
91.71




	
Macho

	
1.3

	
6.8

	
91.9

	
[7]




	
Enano

	
5.8

	
4.4

	
89.9




	
Valery

	
7.2

	
4.7

	
88.1




	
Morado

	
16.6

	
18.1

	
65.3




	
Unripe Banana

	
3.2

	
13.2

	
65.8

	
[61]
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