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ABSTRACT 

 

The overarching objective of this thesis research was to modify granular lentil (LS), faba 

bean (FBS), pea (PS), waxy maize (WMS), normal maize (NMS) and high-amylose maize (HAMS) 

starches with maltogenic α-amylase (MGA) from Bacillus stearothermophilus and to characterize 

the functional properties and in vitro digestibility of modified starches. Pulse starches have higher 

amylose contents and longer amylopectin branch chains than most of the cereal starches. The first 

study aimed to modify LS, FBS and PS with MGA in a native granular form and to characterize 

and compare the structural features, functional properties, and in vitro digestibility of the modified 

pulse starches with that produced from NMS. Three pulse starches showed comparable 

characteristics before and after MGA treatment. Upon MGA hydrolysis, the granules of pulse 

starches were broken into small pieces. In contrast, numerous pores were observed in MGA-

modified NMS granules. MGA treatment did not change the wide-angle X-ray diffraction (WAXD) 

patterns for all the starches, but slightly reduced the relative crystallinity of the three pulse starches. 

The chain lengths of amylose and long branch chain of amylopectin of all the starches were 

shortened by MGA hydrolysis. The shortening of amylopectin chain length reduced starch 

retrogradation rates. The degradation of molecular and granular structures led to the extremely low 

pasting viscosities of all MGA-modified starches. The 24-h MGA modification increased the 

resistant starch (RS) contents of cooked LS, FBS, PS and NMS by 5.9%, 6.5%, 4.2% and 4.7%, 

respectively, which could be attributed to the formation of retrograded amylose. The research 

demonstrated that MGA modification was an effective method to alter the functional properties 

and increase the RS contents of normal maize and pulse starches.  

In the second study, the effects of MGA modification on the starches from the same crop 

type but with different amylose contents were investigated. WMS, NMS and HAMS were selected 

for the modification with MGA. The structural features, functional properties, and in vitro 

digestibility of the modified maize starches were examined and compared with those of their 

respective controls. MGA performed limited enzymatic hydrolysis on HAMS because of its high 

amylose content and the B-type polymorphic structure. The MGA-modified WMS and NMS 

exhibited numerous pores in their granules. The WAXD patterns of the three maize starches were 

not changed by MGA treatment. MGA treatment significantly reduced the percentages of long 

branch chains and increased the percentages of short branch chains of WMS and NMS by 
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hydrolyzing the α-1,4 linkages. The percentages retrogradation of WMS and NMS were 

substantially decreased due to the shortening of the branch chains. MGA hydrolysis degraded both 

granular and molecular structure of WMS and NMS, which resulted in extremely low pasting 

viscosities. Among the three modified maize starches, only the cooked NMS showed an increase 

of RS from 2.6% (control) to 7.3% due to the formation of retrograded amylose. The new findings 

from the research advanced our understanding of the hydrolysis patterns and resultant effects of 

MGA on starches with different amylose contents. 

The thesis research illustrated the new method of using MGA to modify starches in a native 

granular form and provided new insights into the impacts of MGA modification on the structures, 

functionality and in vitro digestibility of different pulse and maize starches. The most attractive 

features of the MGA-modified starches for food applications included substantially low 

retrogradation rate (except for HAMS) and increased RS contents (except for WMS). The new 

information as presented in this thesis will be meaningful for utilizing MGA treatment as a clean-

label method to diversify the functional attributes and improve the nutritional value of starches 

from different botanical sources for wider industrial applications. 
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1.INTRODUCTION 

 

1.1 Overview 

Pulses refer to dried edible seeds of plants that belong to the Leguminosae family, 

excluding those used for oil production, such as soybean and peanut. Common pulse crops include 

pea (Pisum sativum L.), lentil (Lens culinaris L.), faba bean (Vicia faba L.), dry bean (Phaseolus 

vulgaris L.), and chickpea (Cicer arietinum L.) (Asif et al., 2013; McDermott & Wyatt, 2017). In 

recent years, pulses have gained growing popularity for food use due to the high nutritional value 

and affordable prices (Dilis & Trichopoulou, 2009; Kumar & Masood, 2001). Pulses are processed 

into various functional ingredients to prepare high-quality and nutritious food products for 

consumers. Pulse starch is one of the major co-products from such value-added processing. Like 

starches from many other botanical sources, however, certain undesirable inherent properties of 

pulse starch limit the industrial applications (Li et al., 2019). Therefore, in the starch industry, it is 

a common practice to apply different modifications, including chemical, physical, enzymatic and 

genetic approaches, to improve the functionalities and nutritional quality of pulse and other 

starches for increased industrial uses (Kaur et al., 2012). 

Among the different modification approaches, the enzymatic method has drawn increasing 

attention from the food industry primarily because the derived starch ingredients not only meet the 

“clean-label” trend but also have special functional properties (Maniglia et al., 2020; Saltmarsh, 

2015). Various enzymes have been commonly applied for starch modification, such as α-amylases, 

β-amylases, amyloglucosidases, isoamylases and debranching enzymes (Ao, Simsek, et al., 2007; 

Cai & Shi, 2010; Dura et al., 2014; Mendez-Montealvo et al., 2011). More recently, a new type of 

hydrolytic enzyme known as maltogenic α-amylase (MGA) has been used to increase the resistant 

starch (RS) content and enhance the cold-storage stability of starch (Zhang et al., 2008). MGA can 

effectively cleave the α-1,4 glycosidic bonds of starch, which thus shortens the length of amylose 

and amylopectin branch chains and increases the percentage of α-1,6 branch linkages 

(Christophersen et al., 1998; Miao et al., 2014). Therefore, MGA has been widely used as an anti-
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staling agent in bakery products (Hug‐Iten et al., 2003; Purhagen et al., 2011). Nevertheless, MGA 

has not been used for modifying pulse starch in the current literature. In addition, enzymatic 

modifications by MGA as reported in previous studies were carried out on starch in a cooked and 

dispersed/solubilized state, rather than the native granular form typically used for modifying starch 

at a commercial scale.  

 

1.2 Objectives 

(1) To modify lentil, faba bean, and pea starches with MGA and to characterize the structural 

features, functional properties, and in vitro digestibility of native and enzyme-treated pulse 

starches in comparison with those of native and MGA-modified normal maize starch; 

(2) To modify waxy, normal, and high-amylose maize starches with MGA and to compare their 

structural features, functionalities, and in vitro digestibility after MGA modification; 

(3) To elucidate the interrelationships among the granular and molecular structures, functional 

attributes, and in vitro digestibility of the pulse and maize starches of various amylose contents 

before and after the MGA treatment. 

The first study of this thesis project aimed to modify three different pulse starches – lentil, faba 

bean and pea – in a granular form using MGA. We hypothesized that the hydrolysis by MGA could 

inhibit the retrogradation and enhance the resistant starch contents of the pulse starches. The 

structures, functional properties, and in vitro digestibility of MGA-modified pulse starches were 

characterized and compared with their native counterparts, with commercial normal maize starch 

being included for comparison. Our research objective of Study 2 was to examine the effects of 

MGA modification on starches from the same type of crop but with different amylose contents. 

Waxy, normal and high-amylose maize starches were selected and then modified using MGA in a 

native granular form in the second study. The granular and molecular structures, functional 

properties, and in vitro digestibility of the maize starches were comprehensive characterized and 

compared before and after MGA modification. 

This thesis research will greatly advance our understanding of how MGA treatment altered 

the granular and molecular structures of pulse and maize starches of various amylose contents and 

how the changes in the structures influenced the functional attributes and digestibility of the 
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starches. The new knowledge as presented in this thesis will be meaningful for the starch industry 

to utilize MGA hydrolysis as an effective enzymatic modification method to improve the techno-

functional properties and enhance the enzymatic resistance of starch for promoted industrial 

applications. This will be particularly important for the pulse industry to find new markets for the 

underutilized pulse starches. 

 

1.3 Hypotheses 

(1) Compared to their respective native counterparts, the MGA-modified lentil, faba bean, pea, 

waxy maize, normal maize, and high-amylose maize starches will have: 1) lower amylose contents, 

decreased molecular weights, and shorter amylopectin branch-chain lengths; 2) lower pasting 

viscosities, lower gelatinization temperatures, and reduced retrogradation; and 3) higher enzymatic 

resistance. 

(2) Like the similarity among their native counterparts, the MGA-treated lentil, faba bean and pea 

starches will show comparable functionalities and in vitro digestibility because of the similar 

granular and molecular structures of these pulse starches before and after the enzymatic 

modification. 

(3) As the amylose content increased, the degree of hydrolysis by MGA will show a decreasing 

trend from waxy to normal and to high-amylose maize starches and thus the effects of the 

enzymatic modification on the functional attributes and in vitro digestibility of the starches will 

progressively become less obvious. 

 

1.4 Organization of the Thesis 

This thesis research shows the impacts of MGA modification on the structures, 

functionality and in vitro digestibility of different pulse and maize starches. The organization of 

this thesis is as follows. 

Section 2 introduces the background information: utilization and fractionation of pulses, 

structures, functionalities, and in vitro digestibility of native and MGA-modified starch. Section 3 

is the study 1 of this thesis research and describes the effects of MGA hydrolysis on functional 
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properties and digestibility of pulse starches. Section 4 is the second study of this thesis research 

and illustrates the effects of MGA hydrolysis on functional properties and digestibility of maize 

starches. Section 5 discusses the results of both studies in detail. Section 6 provides the general 

conclusions and offers recommendations for improvements to this thesis research and future 

studies.
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2.LITERATURE REVIEW 

 

2.1 Utilization of pulses in human foods 

According to the definition given by the Food and Agriculture Organization (FAO), pulses 

are dried, edible seeds of certain plants in the Leguminosae family, and the most widely grown 

pulse crops include pea, lentil, faba bean, dry beans, and chickpeas (Ratnayake et al., 2001). As of 

2015, India was the largest producer of pulses in the world, followed by Canada, Myanmar and 

China (Pulses, 2020). Canada was the largest producer of pea and the second largest producer of 

lentil globally. More specifically, Saskatchewan is the leading producer of pea, lentil and chickpea 

in the country (Hoover et al., 2010). 

Pulses have been consumed as an important component of human diets in different regions 

of the world. Pulses are a good source of complex carbohydrates (e.g., oligosaccharides, resistant 

starch and other dietary fibers). Because of this, pulses show lower glycemic impact compared to 

cereal grains and most other starchy foods, and thus they are recognized as a good choice for 

providing potential health benefits to humans and are also recommended for improving the 

glycemic control of individuals with diabetes (Rizkalla et al., 2002). Pulses are also rich in proteins 

and vitamins, which makes them a good protein alternative for vegetarians (Tiwari et al., 2011; 

Tosh & Yada, 2010). In addition, pulses are gluten-free, which renders them suitable to prepare 

gluten-free foods for people who are adversely affected by celiac disease (Han et al., 2010).  

Conventionally, pulses are consumed as whole seeds. However, directly consuming or 

using whole seeds in human foods may also bring the challenges of undesirable beany flavors and 

odors, hard texture, and long cooking time (Ma et al., 2016). Therefore, there is growing interest 

from the industry in processing pulses into various functional ingredients that can be used for the 

preparation of high-quality and nutritious food products. Pulse starch, protein concentrate/isolate, 

and hull fiber are the major products from the value-added processing of pulses. These ingredients 
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are widely used in the food industry to deliver attractive functional and nutritional attributes in 

different food products (Byars & Singh, 2016). 

 

2.2 Fractionation of pulses using dry and wet milling methods 

Pulses can be processed using different methods to prepare ingredients with enhanced 

functional properties for wider food uses. Two fractionation methods are commonly employed: 

dry and wet milling methods (Hoover et al., 2010). 

Dry milling process typically includes sequential steps of dehulling, milling, and air 

classification. Dehulling is the first and key step of dry milling because it can remove 97-98% of 

the fiber component of pulse seeds (Tulbek, 2010). Hammer mill, pin mill, or impact mill are 

commonly applied to reduce the particle size of pulse flours. Air classification is a fractionation 

method that separates starch (in a form of “starch-rich flour”) and protein (in a form of “protein-

rich flour”) components based on the differences in their sizes and densities (Rumpf, 1990). After 

air classification, the heavy, coarse fraction is starch-rich flour and the light, fine fraction is 

protein-rich flour. This air classification step can be repeated for several times to separate the 

starch from protein more effectively (Boye et al., 2010). However, the dry milling process can 

only produce starch of a low purity because the air classification step cannot separate protein and 

fiber from starch completely (Meuser et al., 1995). 

Wet milling process includes a series of steps of dehulling, soaking, milling, extraction of 

protein, washing and recovering of starch. The pulse seeds are firstly dehulled to remove the seed 

coat, followed by soaking in water and milling into fine particles. Protein in the resultant 

suspension is extracted by different approaches, such as alkaline extraction/isoelectric 

precipitation, acid extraction, water extraction, salt extraction, and ultrafiltration (Boye et al., 

2010). After further washing, the starch can be recovered by filtration or centrifugation and then 

dried. Compared to the described dry milling process, wet method can lead to a higher purity of 

the recovered starch. However, because of the higher capital and processing costs and larger use 

of water, wet method is less commonly utilized in the pulse industry in Canada (Sosulski & 

Sosulski, 1986). 
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The obtained protein fraction can be used to provide suitable functional properties for the 

development of bakery goods, meat analogues, snacks, beverages and other food products (Toews 

& Wang, 2013). In contrast, the pulse starch has undesirable inherent properties, and thus it has 

very limited applications in the food industry. Therefore, the pulse industry in Canada is exploring 

new methods that can improve the functional and nutritional properties of pulse starch for broader 

industrial uses. 

 

2.3 Structure of starch granules 

2.3.1 Starch granular morphology and structures of amylose and amylopectin 

Previous studies have been undertaken to advance our understanding of the structure, 

functionality and digestibility of pulse and maize starches (Hoover et al., 2010; Li et al., 2019). 

Most of pulse starches have granules of an oval shape with smooth surface, although spherical, 

round or irregular shapes also exist (Fig 2.1) (Tiwari et al., 2011). Pulse starches have comparable 

granule sizes: lentil starch has granules of 6 to 37 μm; faba bean starch of 9 to 48 μm; and pea 

starch of 14 to 37 μm (Hoover et al., 2010; Hoover & Ratnayake, 2002). Normal maize starch and 

waxy maize starch have granules of polygonal, spherical and irregular shapes with some 

indentations on the surface (Fig 2.1). The granule sizes of waxy maize starch and normal maize 

starch ranged between 5 to 30 μm, which were smaller than those of pulse starches. High-amylose 

maize starch granules exhibits similar shapes to waxy maize and normal maize starches. The starch 

granules of high-amylose maize starch exhibit heterogeneous shapes consisting of polygonal 

granules, spherical granules, irregular granules, and elongated granules (Fig 2.1) (Jiang, Horner, 

et al., 2010). 

 

   

Lentil Faba bean Pea 
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Fig. 2.1 Scanning electron microscopy (SEM) images of native lentil, faba bean, pea, waxy maize, 

normal maize and high-amylose maize starches. The images were taken at 1,500× magnification 

for lentil, faba bean, pea, waxy maize and normal maize starches. For high-amylose maize starch, 

the scale bar = 10 μm [with permission from Li et al. (2019) and Cai et al. (2014)]. 

 

Amylose and amylopectin are the two major components of starch (Hoover et al., 2010). 

Amylose is an essentially linear α-D-glucose polymer linked by α-1,4 glycosidic linkages and a 

few branches of α-1,6 linkages (Fig 2.2) (Takeda et al., 1984). Amylose can greatly affect the 

granular structure, functional properties, and digestibility of starch. Many studies have reported 

that the apparent amylose contents of the pulse starches are higher than those of most of the cereal 

starches (e.g., waxy maize, normal maize and tapioca), but lower than that of high-amylose maize 

starch (Hoover et al., 2010; Li & Yeh, 2001; Li et al., 2019; Wang et al., 2014). The apparent 

amylose contents of some representative pulse starches and cereal starches are presented in Table 

2.1. 

 

 

Fig. 2.2 Proposed structure of the branched amylose molecule incorporating immature clusters. 

EL, extremely long; L, long; and S, short; Ø, reducing end [with permission from Takeda et al. 

(1990)].  

Waxy maize Normal maize High-amylose maize 
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Table 2.1 Apparent amylose contents of representative pulse starches and cereal starches.a 

Starch Apparent amylose content (%) 

Lentilb 38.0 

Faba beanb 39.9 

Peab 41.1 

Waxy maizeb 1.9 

Normal maizeb 31.2 

High-amylose maizec 85.0 

Tapiocab 30.6 

a Determined using iodine colorimetry (Chrastil, 1987). 

b Li et al. (2019) 

c Wang et al. (2014) 

 

Amylopectin, with approximately 5% α-1,6 branch linkages, is a highly branched molecule 

(Hizukuri et al., 1981). Amylopectin branch-chain-length (BCL) is one important factor in starch 

that determines the structure, functionality and digestibility (Jane et al., 1999). Amylopectin 

branch chains have been classified into three different categories, A, B and C chains, by Hizukuri 

(1986). A chains have a degree of polymerization (DP) of 6 to 12 with no other A or B chains 

attached onto them. B chains can be further categorized to B1 (DP 13-24, spanning one cluster), 

B2 (DP 25-36, spanning two clusters), B3 (DP > 37, spanning three clusters) and B4 (DP > 37, 

spanning four or more clusters) based on their lengths and the number of clusters they extend 

through (Hoover et al., 2010). C chain carries the only reducing end of amylopectin molecule 

(Ratnavathi & Komala, 2016). Branch chains of amylopectins form double helices and contribute 

to the crystalline structure of native starch granules (Hoover et al., 2010). The amylopectin BCL 

distributions of lentil, faba bean, pea, waxy maize, normal maize and high-amylose maize starches 

are shown in Table 2.2. Li et al. (2009) have reported that the average BCL of pulse starches are 

higher than that of waxy maize and normal maize starches. 
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Fig. 2.3 Proposed cluster model of amylopectin molecule comprising A, B1, B2, and B3 chains. 

Ø represents the reducing end. The chain with Ø is C chain. C. L., chain length [with permission 

from Hizukuri (1986)].  

 

Table 2.2 Amylopectin branch-chain-length (BCL) distributions of lentil, faba bean, pea, waxy 

maize, normal maize and high-amylose maize starches.a 

Starch Amylopectin 

average chain length 

Amylopectin chain length distribution (%) 

DP 6-12 DP 13-24 DP 25-36 

Lentilb 20.4 22.1 55.0 13.6 

Faba beanb 20.4 21.5 56.0 12.8 

Peab 20.1 22.0 56.1 13.1 

Waxy maizeb 18.4 30.6 51.9 10.4 

Normal maizeb 19.7 27.0 51.5 12.1 

High-amylose maizec 26.9 18.5 45.3 14.4 

a Determined by fluorophore-assisted capillary electrophoresis (FACE). 

b Li et al. (2019). 

c Lin et al. (2016). 
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2.3.2 Organization of starch molecules within granules 

According to Jane et al. (1992), amylose and amylopectin are synthesized simultaneously 

from the hilum to the periphery of starch granules and amylose is interspersed with amylopectin 

molecules (Fig. 2.4). Amylose is present in the amorphous phase of starch granules, and branch 

chains of amylopectin develop double helices and lead to the formation of crystalline structure. 

Therefore, native starch granules have a semi-crystalline structure. X-ray diffraction patterns of 

starch granules reveal that there are three different types of polymorphs: A-, B-, and C-type (Zeng 

et al., 2011). Generally, A-type starches exist in common cereal crops (e.g., waxy and normal 

maize, waxy and normal wheat, waxy and normal rice), which consist of a large proportion of 

short branch chains (DP 6-12) in the amylopectin and have double-helical crystallites packed in 

monoclinic unit cells (Fig. 2.5 A). Compared to A-type starches, B-type starches are mostly found 

in tuber and root crops and high-amylose varieties (e.g., potato starch, high-amylose maize). They 

are composed of a smaller proportion of short chains (DP 6-12) in the amylopectin and have 

double-helical crystallites packed in hexagonal unit cells (Fig. 2.5 B) (Buleon et al., 1998; Gallant 

et al., 1997; Jane et al., 1999; Robyt, 2012). C-type starch has a combination of A- and B-type 

polymorphs, rather than a new organization pattern of double helices (Man et al., 2013). Most of 

the pulse starches, including lentil, faba bean, pea, chickpea and bean, have been revealed to have 

the C-type X-ray diffraction pattern (Chung et al., 2008; Robyt, 2012).  

 

 

Fig. 2.4 Schematic of the organization of a starch granule [with permission from Jane (2009)]. 
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Fig. 2.5 Packing patterns of double-helical crystallites in A- and B-type polymorphs. (A) 

Monoclinic unit cell in A-type starch. (B) Hexagonal unit cell in B-type starch [with permission 

from Pérez et al. (2009)]. 

 

2.4 Maltogenic α-amylase (MGA) modification of starch for enhancing functional 

properties and resistant starch (RS) content 

2.4.1 Overview of starch use and modification in the industry 

In the food industry, starch plays important roles in the quality and nutritional value of 

many food products. Starch can provide functions as a thickener, gelling agent, binder, stabilizer, 

encapsulant and/or emulsifier (Ai & Jane, 2015). Nevertheless, the undesirable inherent properties 

of starch, such as rapid retrogradation and associated poor cold-storage stability, and poor 

resistance to acid, shear, and high temperature, limit the application value of starch (Singh et al., 

2017). Meanwhile, as one of the most important glycemic carbohydrate components in human 

diets, starch is a good source of glucose for energy supply. However, long-term consumption of 

starch or starchy foods with a high level of rapidly digestible starch can also increase the risk of 

chronic diseases (e.g., type-2 diabetes, cardiovascular diseases) (Zhang & Hamaker, 2009). 

Therefore, there is growing interest in developing food ingredients rich in resistant starch (RS). 

RS refers to a portion of starch that cannot be digested in the small intestine of humans after 

ingestion (Englyst & Macfarlane, 1986). RS can provide various health benefits to humans after 

intake, but most of the RS ingredients in the market possess poor functional properties, which 
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impede their food uses (Reddy et al., 2014). Therefore, many researchers and industries are 

exploring new methods to modify starch and overcome these undesirable properties.  

Starch modification methods include physical, chemical, enzymatic and genetic 

approaches. Recently, enzymatic modification method has drawn much academic and private 

sector attention because this method can lead to desired functional properties and the resultant 

modified starch can meet the requirements of “clean-label” ingredients (Saltmarsh, 2015). In the 

past decade, studies have used different enzymes, such as α-amylase, β-amylase, amyloglucosidase, 

isoamylase and debranching enzymes, to modify starches (Ao, Simsek, et al., 2007; Kim et al., 

2014; Mendez-Montealvo et al., 2011). Among the different starch-related enzymes, maltogenic 

α-amylase (MGA) has received considerable attention due to its unique action pattern.  

MGA from Bacillus stearothermophilus is a thermostable α-amylase that can catalyze the 

hydrolysis of α-1,4 linkages in starch to release maltose as the main product from the non-reducing 

ends of the chain (Christophersen et al., 1998). This enzyme has a high degree of multiple attack 

action and has been reported to exhibit exo-action at a relatively low temperature (35 °C). However, 

when the temperature is increased (e.g., 70 °C), MGA mainly performs endo-hydrolysis (Fig. 2.6) 

(Grewal et al., 2015).  

 

 

Fig. 2.6 Schematic presentation of the action of MGA on amylopectin: (—), α-1,4 linkages; (→), 

α-1.6 linkages; G-G, maltose; G1-6, saccharides with 1-6 glucose units [with permission from 

Grewal et al. (2015)]. 

 

2.4.2 Effects of MGA hydrolysis on physicochemical properties of starch 

MGA can effectively shorten amylose chains and branch chains of amylopectin of starch 

(Leman et al., 2006). Consequently, the proportion of the α-1,6 linkages is increased by the 

enzymatic attack. The MGA-treated starch exhibits greater cold-storage stability, reduced 
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retrogradation, and decreased viscosities due to the shortening of starch branch chains (Leman et 

al., 2006; Miao et al., 2014). Therefore, MGA has been widely used as an anti-staling agent to 

extend the shelf life of bread and other bakery products (Goesaert, Leman, et al., 2009). 

 

2.4.2.1 Gelatinization properties 

Gelatinization is a process where the double-helical crystallites in starch granules are 

melted into an amorphous state after the starch is heated in the presence of a sufficient amount of 

water (Hoover et al., 2010). Differential scanning calorimetry (DSC) is widely used to determine 

the gelatinization properties of starch. An endothermic peak in the DSC curve reflects the process 

of gelatinization of the starch (Fig. 2.7). Onset temperature (To) indicates the beginning of 

gelatinization, and conclusion temperature (Tc) records the end of the process. Enthalpy change 

(ΔH), which is calculated based on the area under the DSC curve, indicates the energy required to 

melt double helices during gelatinization (Cooke & Gidley, 1992). Starches from various botanical 

sources have different gelatinization temperatures and ΔH, which could be attributed to the 

differences in their amylopectin BCL distributions, ratio of amylose to amylopectin, and ratio of 

amorphous region to crystalline region (Ai & Jane, 2015; Gunaratne & Hoover, 2002). It has been 

reported that starches with shorter branch chains of amylopectin and fewer double-helical 

crystallites will have lower gelatinization temperatures and ΔH (Jane et al., 1999). During MGA 

treatment, the double-helical structure of the MGA-treated starch will be broken down and 

removed, thus decreasing the ΔH of the starch. Meanwhile, MGA can shorten the chain length of 

the starch, which also limits the formation of double helices. The degree of heterogeneity of 

crystallites can also be decreased by MGA treatment because MGA-modified starch shows a 

narrowed range of gelatinization temperatures (Qin et al., 2011). 

 



 

15 

 

Fig. 2.7 A typical DSC thermogram of a wheat starch-water system (water : starch = 4 : 1) with a 

heating rate of 10 °C/min. To, onset temperature; Tp, peak temperature; Tc, conclusion temperature 

[with permission from Wang et al. (2016)]. 

 

2.4.2.2 Retrogradation  

When gelatinized starch is cooled and stored at a low temperature (e.g., 4 °C), it will return 

from a solvated, dispersed and amorphous state to an insoluble and crystalline state (Bello-Perez 

et al., 2005). This process is defined as “retrogradation”. Retrogradation of starch leads to an 

increased degree of crystallinity, an increased gel firmness, and enhanced syneresis (Hoover, 1995; 

Miles et al., 1985). The differences in retrogradation rates among starches can be attributed to 

various factors: water content, starch source, storage conditions and additives (Wang et al., 2015).  

Generally, starch with a higher amylose content and longer amylopectin branch chains tends to 

have a higher retrogradation rate and extent (Jane et al., 1999; Liu et al., 2019). MGA modification 

has been proven to be a useful method to retard the retrogradation of starch (Goesaert, Leman, et 

al., 2009; Grewal et al., 2015; Hug‐Iten et al., 2003). The enthalpy changes of retrograded 

amylopectin of bread crumb with and without MGA modification are summarized in Table 2.3. 
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MGA can shorten the amylopectin branch chains, which will therefore prevent the formation of 

double helices and hinder water immobilization, thus suppressing the retrogradation of starch 

(Goesaert, Leman, et al., 2009; Goesaert, Slade, et al., 2009). 

 

Table 2.3 Enthalpy change of retrograded amylopectin of bread crumb without and with MGA 

treatment before and after reheating.a,b 

Aging time (day) Enthalpy change of retrograded amylopectin (J/g) 

Without MGA addition With MGA addition 

7 (before reheating) 2.60 0.29 

0 (after reheating) ndc nd 

1 (after reheating) 0.50 nd 

2 (after reheating) 1.18 nd 

3 (after reheating) 1.32 nd 

4 (after reheating) 1.81 nd 

a Measured using differential scanning calorimetry. 

b Hug‐Iten et al. (2003). 

c Not detectable. 

 

2.4.2.3 Pasting properties 

Pasting of starch occurs when it is further heated and stirred after gelatinization. The 

increase in the viscosity of starch paste is primarily attributed to the swelling of starch granules 

and the leaching out of some amylose molecules and amylopectins of small molecular weights 

from the swollen granules (Atwell, 1988). A typical pasting profile of starch as determined using 

a Rapid Visco-Analyzer (RVA) is illustrated in Fig. 2.8. RVA has been widely used to study the 

pasting characteristics of different starches. During the procedure of continuous heating and 

stirring, gelatinized starch will hydrate and develop viscosity. Pasting temperature is defined as 

the temperature at which starch begins to develop detectable viscosity. After reaching the 

maximum viscosity (peak viscosity), the swollen starch granules collapse. The collapse of the 

swollen starch granules results in a “breakdown” in the viscosity. During the breakdown process, 
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amylose molecules diffuse out of the disrupted starch granules. When the starch paste is cooled, 

viscosity increased because of the re-association between starch molecules, especially amylose. 

The difference between the final viscosity and the holding strength is defined as the setback 

viscosity (Yildiz et al., 2013). It has been demonstrated that the pasting properties of starches are 

affected by amylose content, amylose molecular weight, and amylopectin BCL (Jane et al., 1999; 

Leman et al., 2006). 

 

 

Fig. 2.8 A typical starch pasting curve measured using Rapid Visco-Analyzer (RVA) [with 

permission from Wani et al. (2012)]. 

 

Many studies have been carried out to use MGA to modify the pasting properties of starch 

(Leman et al., 2006; Leman et al., 2005; Van Steertegem et al., 2013). MGA modification can 

significantly reduce the pasting viscosities by degrading starch molecules (Fig. 2.9). However, the 

rate of viscosity development is not affected by MGA because this enzyme is mainly active at 

higher temperature (Leman et al., 2006). MGA-modified starches can be used in beverages and 
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confectioneries to increase the solids content without considerably affecting the texture of the 

products. 

 

 

Fig. 2.9 Effect of MGA addition on RVA profiles of wheat starch slurries. 1, 4.52 EU/g; 2, 9.03 

EU/g; 3, 18.1 EU/g; 4, 36.1 EU/g [with permission from Leman et al. (2005)]. 

 

2.4.3 Digestibility of MGA-modified starch 

Starch is one of the most important carbohydrates in human diets. Starch can be hydrolyzed 

by different amylolytic enzymes, including salivary α-amylase, pancreatic α-amylase, 

glucoamylase, maltase, sucrase and isomaltase, into glucose for energy supply (Ao, Quezada-

Calvillo, et al., 2007; Chen et al., 2011). According to Rooney and Pflugfelder (1986) and Bird et 

al. (2009), variations in the digestibility of starch can be attributed to many factors, including 

composition of starch, physical form of starch, granular architecture, granular size, and interaction 

between starch and other components (e.g., lipids, fiber and protein).  

According to the study of Englyst et al. (1982), starch can be classified into three different 

fractions based on the digestibility: rapidly digestible starch (RDS), slowly digestible starch (SDS) 

and resistant starch (RS). RDS is hydrolyzed into glucose by amylolytic enzymes within the first 

20 min; SDS is the starch fraction that can be completely hydrolyzed between 20 and 120 min; 

and RS remains resistant after 120 min of hydrolysis. The Englyst method is one of the reliable 
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and common methods that can be used to determine the digestibility of starch in vitro. Studies have 

been carried out to compare the digestibility of pulse starches with other starches (Ambigaipalan 

et al., 2011; H.-J. Chung et al., 2009; Li et al., 2019). As shown in Table 2.4, raw native pulse 

starches have higher RS contents than those of waxy and normal maize starches due to their higher 

amylose contents and longer amylopectin BCL (Li et al., 2019). Higher amylose contents and 

longer branch chains can form more stable double-helical crystallites, which results in higher 

enzymatic resistance (Zhu et al., 2011). However, it is also important to note that the differences 

in the digestibility of pulse starches and cereal starches disappear after the starches are cooked (Li 

et al., 2019). With relatively greater amylose contents and longer amylopectin BCL, pulse starches 

are considered as a promising raw material to prepare RS in food applications. 

 

Table 2.4 In vitro digestibility of raw and cooked pulse and maize starches.a 

Starch Raw Cooked 

RDS (%) SDS (%) RS (%) RDS (%) SDS (%) RS (%) 

Peab 21.0 38.3 35.5 86.0 2.9 5.9 

Lentilb 19.0 37.6 41.3 89.3 1.8 6.9 

Faba beanb 15.3 34.5 46.7 88.1 2.5 5.9 

Waxy maizeb 34.7 51.9 10.9 90.3 0.6 6.6 

Normal maizeb 20.8 56.7 18.3 88.1 2.3 5.4 

High-amylose maizec 14.9 13.3 71.7 71.7 4.2 24.1 

a Determined using Englyst method (Englyst et al., 1992). 

b Li et al. (2019) 

c Ai et al. (2013) 

 

Starch modified by MGA has been shown to have reduced digestion rate and extent, which 

has been attributed to the decrease in the chain lengths of starch molecules and the increase in α-

1,6 branch linkages (Le et al., 2009; Miao et al., 2014). As presented in Fig. 2.10, the SDS and RS 
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contents of normal maize starch gradually increased and the RDS decreased upon MGA 

modification (Miao et al., 2014).  

 

 

Fig. 2.10 RDS, SDS and RS contents of raw normal maize starch after MGA hydrolysis. Control, 

native starch; MS1, 1-h hydrolysis; MS2, 2-h hydrolysis; MS3, 3-h hydrolysis; MS4, 6-h 

hydrolysis; MS5, 12-h hydrolysis; MS5, 24-h hydrolysis [with permission from Miao et al. (2014)]. 

 

Despite the noticeable changes in the structure, functionalities and digestibility of starch as 

induced by MGA modification, this α-amylase has been mainly used to modify starch in a 

gelatinized and dispersed form (Ao, Simsek, et al., 2007; Grewal et al., 2015; Miao et al., 2014). 

In the starch industry, however, it is a more common practice to perform starch modification in a 

raw and granular form. In addition, to the best of our knowledge, MGA has not employed to modify 

pulse starch in the current literature. The aforementioned impacts of MGA modification on the 

techno-functional characteristics of starch, such as reduced retrogradation rate and extent, 

controlled pasting viscosity, and decreased digestibility, can be beneficial to modify pulse starch 

into a more versatile and nutritious food ingredient. 
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3. UTILIZATION OF MALTOGENIC α-AMYLASE TREATMENT TO ENHANCE 

THE FUNCTIONAL PROPERTIES AND REDUCE THE DIGESTIBILITY OF 

PULSE STARCHES 

 

3.1 Abstract 

This study aimed to modify lentil (LS), faba bean (FBS) and pea (PS) starches with 

maltogenic α-amylase (MGA) from Bacillus stearothermophilus in a native granular form, and the 

MGA-modified starches were then characterized and compared with that produced from native 

normal maize starch (NMS). Upon a 24-h MGA treatment, the granules of pulse starches were 

broken into small pieces. Numerous pores were observed in MGA-modified NMS granules. MGA 

treatment did not change the WAXD patterns for all starches, but slightly reduce the relative 

crystallinity of three pulse starches. The chain lengths of amylose and long branch chain of 

amylopectin of all starches were shortened by MGA hydrolysis. The shortening of amylopectin 

chain length resulted in the retardation of retrogradation rates. The degradation of molecular and 

granular structures was attributed to the extremely low pasting viscosities of all MGA-modified 

starches. The 24-h MGA modification increased the resistant starch (RS) contents of cooked LS, 

FBS, PS and NMS by 5.9%, 6.5%, 4.2% and 4.7%, respectively, which could be attributed to the 

retrograded amylose formation. The information presented in this study will be particularly 

important for the pulse industry to improve functional properties and find new markets for the 

underutilized pulse starches. 

 

Keywords: Maltogenic α-amylase modification; Granular pulse starch; Granular normal maize 

starch; Starch structure; Functional properties of starch; In vitro digestibility of starch 
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3.2 Introduction 

Pulses are plants that belong to the Leguminosae family, which include a variety of dry, 

edible seeds, such as peas, lentils, chickpeas and faba beans (McDermott & Wyatt, 2017). Pulses 

are a good source of complex carbohydrates (e.g., resistant starch and other dietary fibers), proteins, 

vitamins, and minerals in the diets of populations in different regions of the world (Tosh & Yada, 

2010). Because of the balanced nutritional profile, continuous consumption of pulses has been well 

documented to enhance the health of humans (Hall et al., 2017; Mudryj et al., 2014). More recently, 

there is growing interest in processing pulses into various functional ingredients that can be used 

for the preparation of nutritious and high-quality food products. 

Like many other plants, pulses reserve starch as the most abundant carbohydrate polymers 

in the seeds. Starch consists of two major components: amylose and amylopectin (Hoover et al., 

2010). Amylose is an essentially linear α-D-glucopyranose polymer linked by α-1,4 glycosidic 

bonds and a few α-1,6 branch linkages (Takeda et al., 1984). In contrast, amylopectin, with 

approximately 5% α-1,6 branch linkages, is a highly branched molecule (Hizukuri, 1986). During 

the fractionation of pulses to develop new food ingredients in the industry, starch is generated as 

a major product that is underutilized. Compared with important commercial starches such as waxy 

maize, normal maize and tapioca, common pulse starches (e.g., pea, lentil and faba bean) have 

higher amylose contents (38.0-41.1%) and longer amylopectin branch chains (Li et al., 2019). 

Primarily due to these structural features, pulse starches tend to display higher retrogradation rates, 

develop lower peak and breakdown viscosities but higher final viscosities, and form more opaque 

pastes upon cooking and cooling, which may limit the industrial applications of pulse starches (Li 

et al., 2019; Sangokunle et al., 2020). On the other hand, the aforementioned structural traits render 

pulse starches more suitable for the development of resistant starch (RS) (Chung et al., 2010; Li et 

al., 2020), a nutritionally important food constituent attracting growing attention from food 

companies. Therefore, modifications that improve the functional properties and enhance the RS 

contents of pulse starches can potentially promote the industrial utilization of this main product 

from the pulse processing industry.  

Among the chemical, physical and enzymatic methods commonly applied in the industry 

to modify starch to achieve the abovementioned goals, enzymatic method has received increasing 

interest because it not only confers unique functional properties to starch but also enables the 

resultant modified starch to meet the growing demands for “clean-label” ingredients (Maniglia et 
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al., 2020; Sorndech et al., 2018). In the enzymatic approach, various types of starch-related 

enzymes, such as α-amylases, β-amylases, transglucosidases, pullulanases, isoamylases, and 

amylosucrases, have been widely employed to retard retrogradation and increase enzymatic 

resistance of starch (Ao, Quezada-Calvillo, et al., 2007; Cai & Shi, 2010; Demirkesen-Bicak et al., 

2018; Kim et al., 2014; Mendez-Montealvo et al., 2011). Among the starch-related enzymes, 

maltogenic α-amylase (MGA) has attracted tremendous research attention due to its unique action 

pattern on starch. This enzyme can catalyze the hydrolysis of α-1,4 glycosidic bonds in starch to 

liberate maltose, resulting in a higher proportion of α-1,6 branch linkages (Christophersen et al., 

1998). MGA exhibits both endo- and exo- hydrolysis patterns: it mainly shows exo-action at a 

relatively low temperature (such as 35 °C) but performs more endo-hydrolysis with a rise in the 

incubation temperature (Bijttebier et al., 2007). Consequently, MGA has been used to shorten the 

length of starch chains to slow down retrogradation (Goesaert, Leman et al., 2009). Additionally, 

the increase in α-1,6 branch linkages by MGA hydrolysis has been proposed to enhance the slowly 

digestibly starch (SDS) and RS contents of normal maize starch (Ao, Simsek, et al., 2007; Miao et 

al., 2014). 

To the best of our knowledge, despite the promising ability of MGA to improve the inherent 

properties and elevate the RS content of starch, this enzyme has not been utilized to modify pulse 

starches — particularly in a granular form — to enhance their potential for industrial applications. 

It is a common industrial practice to modify starch in a native granular state to better control the 

process and facilitate the recovery of final product.  In the present study, granular lentil (LS), faba 

bean (FBS), and pea starches (PS) were modified using a commercial Bacillus stearothermophilus 

MGA enzyme. The effects of MGA modification on the structures, functional properties, and in 

vitro digestibility of the three most representative pulse starches were comprehensively 

characterized and compared. A commercial normal maize starch (NMS) was included in the starch 

modification and subsequent characterization as a check for comparison. The new knowledge will 

be meaningful for the use of MGA to modify pulse starches to develop clean-label starch 

ingredients with improved functional attributes and enhanced nutritional value, which will help 

the pulse processing industry explore new markets for this predominant co-product. 
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3.3 Materials and methods 

3.3.1 Materials 

Lentil (LS) and faba bean starches (FBS) were isolated from starch-rich flours of lentil 

(Homecraft® 2103) and faba bean (Homecraft® 3103) air classified by AGT Food and Ingredients 

(Saskatoon, SK, Canada). The wet isolation was carried out following the method reported by Li 

et al. (2019), and the isolated LS and FBS had a purity comparable to that of commercial starches 

(~96% starch, dry basis, db; determined using Megazyme Total Starch Assay Kit). Pea starch (PS) 

was kindly donated by Roquette Canada Ltd. (Winnipeg, MB, Canada). Normal maize starch 

(NMS; Cargill GelTM 03420) was generously provided by Cargill Inc. (Minneapolis, MN, U.S.A.). 

Total Starch Assay Kit, D-Glucose Assay Kit, potato amylose standard, and isoamylase were 

procured from Megazyme International Ltd. (Co. Wicklow, Ireland). Deuterated dimethyl 

sulfoxide was purchased from Cambridge Isotope Laboratories Inc. (Tewksbury, MA, U.S.A.). 

Maltogenic α-amylase (MGA) from Bacillus stearothermophilus, maize amylopectin standard, 

pancreatin from porcine pancreas, amyloglucosidase and deuterated trifluoroacetic acid were 

obtained from Sigma-Aldrich Canada Co. (Oakville, ON, Canada). All the other chemicals used 

in this study were purchased from Fisher Scientific Company (Ottawa, ON, Canada) or Sigma-

Aldrich Canada Co. (Oakville, ON, Canada), which were of reagent grade or higher purity. 

 

3.3.2 Modification of starch using MGA 

The native granular LS, FBS, PS and NMS (20 g each, db) were mixed with 50.0 mM 

sodium acetate buffer (pH 5.5, containing 0.02% sodium azide) to reach 100.0 g total weight. After 

adding MGA to the starch slurry at a level of 1% (w/w, db; equivalent to 110 MANU per g of dry 

starch), the sample bottle was placed horizontally in a 50 °C water bath with 150 rpm shaking to 

initiate the enzymatic modification. The enzymatic hydrolysis was continued for 4, 8 and 24 h. At 

the end of the modification, four volumes of anhydrous ethanol were added to the mixture, 

followed by vigorous manual shaking to terminate the enzymatic reaction. The modified starch 

was further washed with 200 mL anhydrous ethanol twice, recovered by centrifugation at 5,000 g 

for 10 min, and then dried at 40 °C overnight. 

To determine the percentages of starch hydrolysis by MGA at 4, 8 and 24 h, the total mass 

of released soluble carbohydrates was quantitated (Mendez-Montealvo et al., 2011). After 

vigorously mixing with four volumes of anhydrous ethanol to stop the enzymatic hydrolysis, an 
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aliquot (1.0 mL) of the starch suspension was collected into a 1.5-mL microcentrifuge tube. Upon 

centrifugation at 3,000 g for 10 min, the concentration of soluble carbohydrates in the supernatant 

was measured using a phenol-sulfuric acid method (Dubois et al., 1956). The total mass of released 

soluble carbohydrates was applied to calculate the degree of starch hydrolysis: %Degree of starch 

hydrolysis = [Total mass of released soluble carbohydrates × (162 / 180)] / (Initial dry mass of 

starch) ×100. 

The native starch that was subjected to the same treatment for 24 h without the use of MGA 

was designated as the control for the subsequent characterization experiments. 

 

3.3.3 Amylose content of starch 

Amylose contents of the control and MGA-modified starches were measured using iodine 

colorimetry (Chrastil, 1987). A standard curve was drawn using the blends of commercial potato 

amylose and maize amylopectin standards at different ratios: 0.0%, 25.0%, 50.0%, 75.0% and 

100.0% amylose. 

 

3.3.4 Granular morphology of starch 

Granular morphology of the control and MGA-24 h-modified starches was observed using 

a field-emission scanning electron microscope (SEM, SU810, Hitachi High Technologies Canada 

Inc., Rexdale, ON, Canada) (Li et al., 2019). After being gold coated using a sputtering technique, 

each starch sample was viewed under the conditions of 3.0 kV and 10 μA. Representative images 

were captured at magnifications of 500×, 1,500× and 3,000×.  

 

3.3.5 WAXD of starch 

WAXD patterns of the control and MGA-24 h-modified starches were detected using a 

Rigaku X-ray diffractometer (Model Ultima IV, Rigaku Corp., The Woodlands, TX, U.S.A.). For 

each treatment, 1.0 g starch was collected from each of the three independent batches of 

modification and homogeneously mixed to obtain a composite sample. After the equilibration at 

25 °C with 100% relative humidity for 24 h, the composite starch sample was scanned from 

diffraction angle (2θ) of 3° to 40° at a rate of 1.3°/min under the conditions of 40 kV and 44 mA 

with Cu Kα radiation (λ = 1.5406 Å) at room temperature. The relative crystallinity of the starch 
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was calculated using Origin Software (Origin, OriginLab Corp., Northampton, MA, U.S.A.) 

following the method described by Hayakawa et al. (1997).  

 

3.3.6 Molecular-weight distribution of debranched starch 

Molecular-weight distributions of the debranched control and MGA-24 h-modified 

starches were analyzed to assess the effects of MGA modification on the molecular structures of 

amylose and amylopectin. The starch sample (20.0 mg) was dispersed in 2.0 mL of 90% dimethyl 

sulfoxide (DMSO) by boiling in a water bath for 20 min with gentle magnetic stirring. After 

cooling to room temperature, the starch molecules were precipitated by adding five volumes of 

anhydrous ethanol. Upon centrifugation at 3,000 g for 15 min, the supernatant was carefully 

decanted. The centrifuge tube was inverted and placed on a paper towel for 10 min to remove the 

liquid residue. An aliquot of deionized water (1.75 mL) was added to disperse the starch pellet in 

a boiling water bath with mild stirring for 10 min. Upon cooling to room temperature, 250 μL of 

sodium acetate buffer (160 mM, pH 4.75, containing 0.16 % sodium azide) and 2 μL of isoamylase 

(500 U/mL) were added to the sample. The sample tube was placed in a water bath of 37 °C for 

24 h to completely debranch the starch (Li et al., 2008). After the debranching step, the sample 

was boiled for 10 min and then cooled to ambient temperature, followed by the addition of 20 

volumes of anhydrous ethanol to precipitate the fully debranched starch molecules. The mixture 

was centrifugated at 5,000 g for 15 min, the supernatant was carefully removed, and the pellet was 

re-dispersed in 4.0 mL of DMSO containing 0.5% lithium bromide by boiling in a water bath with 

gentle stirring for 10 min. After cooling to ambient temperature, the starch dispersion was filtered 

through a 5-µm disc filter. A 20-μL aliquot of the prepared sample was automatically injected into 

a high-performance size exclusion chromatography (HPSEC) system (1260 Infinity II, Agilent 

Technologies Canada, Mississauga, ON, Canada) that was composed of an isocratic pump, a 

vialsampler, and a refractive index (RI) detector (Peng & Yao, 2018). Two Zorbax gel PSM 60-S 

columns (Agilent Technologies Canada, Mississauga, ON, Canada) were connected to separate 

amylose and amylopectin branch chains of different molecular weights for subsequent 

quantification by the equipped RI detector. The analytical columns were stored at 30 °C in the 

equipped Multicolumn Thermostat component, and the RI detector was maintained at 35 °C. The 

mobile phase was DMSO with 0.5% (w/w) lithium bromide at a flow rate of 0.5 mL/min. 

Calibration of the HPSEC system was performed using glucose, maltotriose, maltohexaose and 
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three pullulan standards (6.2 × 103, 48.8 × 103 and 348 × 103 g/mol). The collected raw data were 

normalized based on the total peak area and then used for the drawing of HPSEC profiles. 

 

3.3.7 Percentage of α-1,6 branch linkages of starch 

Percentages of α-1,6 branch linkages of the control and MGA-24 h-modified starches were 

measured using proton nuclear magnetic resonance (1H NMR) on a Bruker AVIII HD 600 NMR 

Spectrometer following the method described by Tizzotti et al. (2011) with slight modifications. 

Starch sample (~10 mg) was weighed into a 1.5-mL microcentrifuge tube, followed by the addition 

of 1.0 mL of deuterated dimethyl sulfoxide (DMSO-d6) to reach a concentration of 1% (w/v). The 

sample was incubated in an 80 °C water bath with 300 rpm shaking for 1 h. After the incubation, 

the sample was cooled to room temperature and an aliquot of 0.5 mL was transferred into a 5-mm 

NMR tube. A small amount of deuterated trifluoroacetic acid (TFA-d1) (5.66 μL) was immediately 

added into the tube prior to the NMR scanning. The 1H NMR spectrum was collected at 70 °C and 

Larmor frequency of 600.17 MHz with 300 scans: 6.25 μs 30° pulse; a repetition time of 6.6 s (an 

acquisition time of 5.45 s and a relaxation delay of 1.15 s). The percentage of α-1,6 branch linkages 

of the starch was calculated according to the following equation:  

DB% =  
I(4.80)

I(5.10)+I(4.80)
  

Where DB% is the degree of branching; I(4.80) is the integrated intensity of peak at 4.80 ppm; 

I(5.10) is the integrated intensity of peak at 5.10 ppm. Peaks at 5.10 ppm and 4.80 ppm 

corresponded to α-1,4 and α-1,6 glycosidic bonds, respectively (Gidley, 1985). 

 

3.3.8 Thermal properties of starch 

Thermal properties of the control and MGA-24 h-modified starches were analyzed using a 

differential scanning calorimeter (DSC 8000, Perkin Elmer, Waltham, MA, U.S.A.) in accordance 

with the method of Song and Jane (2000). The starch sample (~10 mg) was accurately weighed 

and then wet with three volumes of distilled water in a stainless-steel DSC pan. After being 

hermetically sealed, the sample was equilibrated at ambient temperature for more than 2 h. The 

hydrated starch was scanned from 10 to 160 °C at a rate of 10 °C/min. After the first scan, the 

gelatinized sample was stored at 4 °C for 7 days and then scanned for the second time using the 

same procedure to examine the retrogradation behavior. The endothermic peaks of starch 

gelatinization (in the first scan) and melting of retrograded starch (in the second scan after the 7-
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day cold storage) in the DSC thermograms were analyzed using Pyris Manager Software (Perkin 

Elmer, Waltham, MA, U.S.A.). Onset temperature (To), peak temperature (Tp), conclusion 

temperature (Tc), and enthalpy change (ΔH) were reported. Percentage of starch retrogradation 

was calculated as: % retrogradation (%R) = (ΔH of melting of retrograded starch) / (ΔH of starch 

gelatinization) × 100%. 

 

3.3.9 Pasting properties of starch 

A Rapid Visco-Analyzer (RVA Super 3, Newport Scientific, Sydney, Australia) was 

deployed to measure the pasting properties of the control and MGA-modified starches following 

a previous method (Li et al., 2019). The starch sample was mixed with distilled water to prepare a 

slurry of 28.0 g total weight containing 8% (db) starch. The starch suspension was loaded onto the 

RVA instrument and run using the Standard Method 2 in the Thermocline Software. 

 

3.3.10 In vitro digestibility of cooked starch 

In vitro digestibility of the control and MGA-24 h-modified starches after cooking was 

evaluated using the method of Englyst et al. (1992) with some modifications (Ai et al., 2013). The 

starch sample (containing 600 mg starch, dry starch basis, dsb) was suspended in 15.0 mL distilled 

water. The starch was cooked in a boiling water bath for 10 min with vigorous magnetic stirring. 

After the tube was cooled to ambient temperature, 5.0 mL of sodium acetate buffer (0.4 M, pH 5.2, 

containing 0.08% sodium azide) was added to the cooked sample. Equilibration in a 37 °C water 

bath with 160 rpm shaking was carried out before the addition of fresh enzyme cocktail (5.0 mL) 

that contained porcine pancreatin extract and amyloglucosidase. The amounts of glucose released 

from the amylolysis in the same water bath at 20 and 120 min were quantitated using Megazyme 

D-glucose Assay Kit. Rapidly digestible starch (RDS), slowly digestible starch (SDS), and 

resistant starch (RS) contents were calculated following the method reported by Englyst et al. 

(1992).  

 

3.3.11 Thermal properties of RS residue 

To better explain the increases in the RS contents of cooked pulse and maize starches after 

the 24-h MGA modification, RS residue of the samples immediately after the 120-min digestion 

as described in Section 3.3.10 was collected and further characterized for thermal properties. At 



 

29 

the end of the 120-min amylolysis, five volumes (125 mL) of anhydrous ethanol were added to the 

starch hydrolyzate to stop the enzymatic reaction. After vigorous manual shaking, the mixture was 

centrifuged at 4,000 g for 15 min, followed by careful decanting of the supernatant to recover the 

RS sediment. This anhydrous ethanol washing step was carried out for two additional times. After 

drying at 40 °C in a convection oven overnight, the collected RS residue was ground into a fine 

powder using a mortar and pestle, which was then scanned and analyzed following the same 

procedure as described in Section 3.3.8. 

 

3.3.12 Statistical analysis 

The enzymatic modification of LS, FBS, PS and NMS by MGA at 4, 8 and 24 h was carried 

out in three independent batches. Except for WAXD, all the described characterization 

experiments were performed in one replicate on each independent batch of the control and MGA-

treated samples (n = 3). WAXD was conducted in one replicate for each of the composite starch 

samples (n = 1) (Li et al. 2020). Statistical significance was evaluated using one-way ANOVA, 

Tukey’s multiple comparison test at a significance level of 0.05 on IBM SPSS Statistics Analysis 

(Version 24.0; IBM Corp., Armonk, NY, U.S.A.). 

 

3.4 Results and discussion 

3.4.1 Percentage of starch hydrolysis by MGA 

The degrees of hydrolysis of granular LS, FBS, PS and NMS by MGA for 4, 8 and 24 h 

are presented in Fig. 3.1. During the 24-h hydrolysis, PS showed the highest hydrolysis rate, while 

LS, FBS and NMS had similar hydrolysis rates. Upon 4-h MGA treatment, the degrees of 

hydrolysis of PS, LS, FBS and NMS were 23.6%, 19.7%, 20.7% and 19.8%, respectively; values 

gradually increased to 38.4%, 34.7%, 34.4% and 35.9% at 24 h, respectively. The reason for the 

difference in hydrolysis profile between PS and other pulse starches could be that the PS was 

purchased from the company, and the isolation method was different to that used on LS and FBS. 

However, pulse starch is C-type starch and it includes both characteristics of A-type starch and B-

type starch (Buléon et al., 1998). C-type starch is more resistant than A-type starch under 

enzymatic attack because it has larger population of long chains (Srichuwong et al., 2005). At the 

first 4 h of MGA treatment, pulse starches exhibited similar or higher hydrolysis rate compared 
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with NMS. With the modification going on, the degrees of hydrolysis of all starches reached 

similar value upon 24-h MGA treatment. 

 

 

Fig. 3.1 Degrees of starch hydrolysis after incubating LS, FBS, PS and NMS with maltogenic α-

amylase (MGA) for 4, 8 and 24 h. At the same modification time, the numbers with different letters 

are significantly different at p < 0.05 
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3.4.2 Apparent Amylose content of starch 

The apparent amylose contents of control LS, FBS, PS and NMS were 40.1%, 40.2%, 40.3% 

and 29.9%, respectively (Table 3.1). After 24-h hydrolysis by MGA, the apparent amylose 

contents of all the three pulse starches were gradually decreased to 33.7%, 35.6% and 37.5%, 

respectively, which were significantly lower than those of their corresponding control starches. In 

contrast, 24-h treatment only slightly diminished that of NMS from 29.9% to 27.9%, and the 

difference was statistically insignificant. It has been reported that the relative ratio of amylose and 

amylopectin will not change as hydrolysis progressed (Zhang et al., 2006). In this study, the larger 

difference in the amylose contents of MGA-modified pulse starches could be attributed to the 

higher amylose contents of their controls.  

 

3.4.3 Granular morphology of starch 

Under SEM observation, all the control pulse and maize starches displayed morphology 

resembling that reported in previous research (Fig. 3.2) (Hoover et al., 2010; Li et al., 2019). 

Interestingly, the morphology of MGA-24 h-modified starches revealed that the enzyme 

hydrolyzed pulse and maize starches following distinctly different patterns. It is known that pea, 

lentil and faba bean starch granules possessed a solid and homogenous internal structure (Chung 

et al., 2008; Li et al., 2019). Consequently, amylolytic enzymes, including amylases and 

amyloglucosidases, hydrolyze pulse starch granules through “surface pitting” (Gallant et al., 1992; 

Sujka & Jamroz, 2007), which was supported by the rougher surface of the MGA-modified pulse 

starches. With the high percentages of starch hydrolysis at 24 h (34.4% to 38.4%), MGA was able 

to split the pulse starch granules into small pieces (marked by up arrows). For some broken 

granules, prominent growth rings were observed (marked by chevrons) in the internal regions. For 

some granules resistant to MGA hydrolysis, fissures (marked by triangles in FBS) were found in 

them, which supported the aforementioned “surface pitting” hydrolysis pattern. By contrast, NMS 

were not split into small pieces by MGA. Instead, a hydrolysis degree of 35.9% generated 

numerous holes into the interior of NMS granules. It is a well-accepted fact that native NMS has 

endogenous pores and channels (Huber & BeMiller, 1997; Li et al., 2019), which could probably 

be further enlarged at 50 °C (i.e., the incubation temperature used for MGA modification in the 

present study). MGA was likely to initiate the hydrolysis from these “weak points”, created tunnels 

into the granule interior, and then hydrolyzed the granules using the “inside-out” pattern to 
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generate those large holes in NMS granules (MacGregor & Ballance, 1980; Zhang et al., 2006). 

The morphology of MGA-treated NMS resembled that of NMS hydrolyzed by other α-amylases, 

such as α-amylase from porcine pancreas (Zhang et al., 2006) and α-amylase from Aspergillus 

fumigatus (Planchot et al., 1995). 

 

3.4.4 WAXD and relative crystallinity of starch 

As shown in Fig 3.3, the control LS, FBS and PS exhibited the typical C-type WAXD 

pattern, whereas the control NMS had the typical A-type WAXD pattern (Chung et al., 2010; Li 

et al., 2019). Overall, the 24-h MGA modification did not change the WAXD patterns of the 

starches. The enzymatic modification marginally reduced the percentages of crystallinity of the 

three pulse starches, suggesting that the “surface pitting” hydrolysis pattern caused the loss of 

some crystalline structure in the pulse starch granules. The enzymatic modification, however, did 

not obviously alter the relative crystallinity of NMS. The observation could be explained by that 

the “inside-out” action pattern of MGA simultaneously degraded and removed amylose and 

amylopectin from NMS granules (MacGregor & Ballance, 1980; Zhang et al., 2006), which is 

consistent with the result that the MGA treatment did not significantly change the amylose content 

of NMS as reported in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 3.1 Apparent amylose contents of control and MGA-modified starches.1, 2 

Starch Apparent amylose content (%) 

LS3 FBS PS NMS 

Control 40.1 ± 0.6b 40.2 ± 1.7b 40.3 ± 0.9b 29.9 ± 1.4a 

4 h 35.4 ± 1.0a 37.8 ± 1.5ab 39.3 ± 1.7ab 30.4 ± 0.7a 

8 h 35.3 ± 1.3a 36.8 ± 0.8ab 38.0 ± 0.8ab 29.1 ± 1.6a 

24 h 33.7 ± 1.6a 35.6 ± 1.2a 37.5 ± 0.4a 27.9 ± 0.5a 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 Determined using iodine colorimetry (Chrastil, 1987).  

3 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch; 4 h, 8 h and 24 h: 4-, 8- and 24-h modified starch. 
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Fig. 3.2 Scanning electron microscopy (SEM) images of control and MGA-24 h-modified maize 

starches. LS-C: lentil control; LS-24 h: lentil 24-h modified; FBS-C: faba bean control; FBS-24 h: 

faba bean 24-h modified; PS-C: pea control; PS-24 h: pea 24-h modified; NMS-C: normal maize 

control; NMS-24 h: normal maize 24-h modified. The magnification at which the image was taken 

is given in parentheses. Up arrows mark broken starch granules caused by MGA hydrolysis; 

chevrons mark grow rings observed in the internal regions of broken starch granules; triangles 

mark fissures found in FB starch granules caused by MGA hydrolysis through “surface pitting” 

pattern; and right arrows mark large holes in NMS caused by MGA hydrolysis through “inside-

out” pattern. 
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Fig. 3.3 WAXD patterns of control and MGA-24 h-modified starches. LS-C: lentil control; LS-24 

h: lentil 24-h modified; FBS-C: faba bean control; FBS-24 h: faba bean 24-h modified; PS-C: pea 

control; PS-24 h: pea 24-h modified; NMS-C: normal maize control; NMS-24 h: normal maize 24-

h modified. Relative crystallinity is given in parentheses. 
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3.4.5 Molecular-weight distribution of debranched starch 

According to Fig 3.4 A, the normalized HPSEC profiles of debranched control starches 

were divided into four areas: Area 1 corresponding to amylose [peak value = degree of 

polymerization (DP) 1,074 for LS; DP 1,081 for FBS; DP 1,096 for PS; and DP 1,051 for NMS]; 

and Area 2 (DP 23-236), Area 3 (DP 11-23), and Area 4 (DP 3-11) corresponding to long, 

intermediate and short branch chains (LBC, IBC and SBC) of amylopectin, respectively. As 

summarized in Table 3.2, the percentages of amylose of the control LS, FBS, PS and NMS 

determined by the HPSEC method were 31.5%, 33.1%, 33.9% and 26.2%, respectively, which 

were consistently lower than the apparent amylose contents measured using the iodine colorimetry 

approach (40.1%, 40.2%, 40.3% and 29.9% as reported in Table 3.1). The differences in the data 

between these two methods could be attributed to the fact that a portion of the LBC of the 

amylopectin (DP 23-236) could also bind with iodine in the colorimetric method to inflate the 

apparent amylose contents (Jane et al., 1999). All the three control pulse starches had similar 

branch-chain-length (BCL) distributions for their amylopectin molecules: ~ 27.6% for LBC, ~34.2% 

for IBC, and ~38.3% for SBC. Compared with the pulse starches, NMS showed the lowest 

percentage of LBC (26.7%) and the highest percentage of SBC (39.8%), which could contribute 

to the smallest inflation in the apparent amylose content of NMS (3.7% versus 6.4%-8.6% of pulse 

starches). 

After 24-h MGA modification, the amylose and LBC peaks of all the four starches were 

shifted toward smaller DP (Fig. 3.4 B): the amylose peak was changed from DP 1,074 to 835 for 

LS, from DP 1,081 to 781 for FBS, from DP 1,096 to 615 for PS, and from DP 1,051 to 603 for 

NMS, respectively; and the LBC peak range was altered from DP 23-236 to DP 21-121 for all the 

four starches. The shift of the amylose and LBC peaks toward smaller DP was a result of molecular 

breakdown by MGA. 

The 24-h treatment with MGA did not considerably alter the percentages of amylose of all 

the starch samples (Table 3.2), which is inconsistent with the changes in their apparent amylose 

contents as reported in Table 3.1. The obvious reduction in the apparent amylose contents of the 

starches, particularly in the pulse starches, could be attributed to the shortening of amylose and 

LBC by MGA hydrolysis as discussed above. The modified amylose and LBC with markedly 

smaller DP possessed lower iodine affinity in comparison with their counterparts in the control 

starches. With respect to the BCL distributions of amylopectins, the modification with MGA 
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largely decreased the proportions of LBC or IBC and increased that of SBC, with the most 

significant change being found with NMS. The results are in good agreement with previous studies 

showing that MGA hydrolysis resulted in a higher proportion of SBC of amylopectin molecules 

(Ao, Simsek, et al., 2007; Grewal et al., 2015).   

 

3.4.6 Percentage of α-1,6 branch linkages of starch 

All the three control pulse starches exhibited comparable percentages of α-1,6 branch 

linkages (2.5-2.6%), while control NMS contained 3.0% α-1,6 glycosidic bonds (Table 3.3). The 

differences are generally in good accordance with their different amylose contents as demonstrated 

in Tables 3.1 and 3.2 because amylose is primarily linear with several branch linkages only and 

amylopectin is highly branched with around 5% branch linkages (Hizukuri, 1986; Takeda et al., 

1984). After 24-h MGA treatment, the percentages of α-1,6 glycosidic bonds of LS, FBS, PS and 

NMS were increased by 0.5%, 0.6%, 0.6% and 0.7% respectively, resulting from that MGA can 

only hydrolyze α-1,4 glycosidic bonds under the applied conditions (Christophersen et al., 1998). 
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Fig. 3.4 Normalized high-performance size-exclusion chromatograms (HPSEC) of debranched 

control (A) and MGA-24 h-modified (B) starches. LS-C: lentil control; LS-24 h: lentil 24-h 

modified; FBS-C: faba bean control; FBS-24 h: faba bean 24-h modified; PS-C: pea control; PS-

24 h: pea 24-h modified; NMS-C: normal maize control; NMS-24 h: normal maize 24-h modified. 

The solid line separates the amylose (AM) and amylopectin branch chains; and the dash lines 

separate the long (LBC; corresponding to DP 23-236 for A; DP 21-121 for B), intermediate (IBC; 

corresponding to DP 11-23 for A; DP 11-21 for B), and short (SBC; corresponding to DP 6-11in 

both A and B) branch chains of amylopectin. 
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Table 3.2 Molecular-weight distributions of debranched control and MGA-24 h-modified starches.1 

Starch2 Amylose (%) Amylopectin branch-chain-length distribution (%)3 

Long branch chain Intermediate branch chain Short branch chain 

LS, control 31.5 ± 0.1c 27.8 ± 0.1bc 34.4 ± 0.1d 37.8 ± 0.2a 

LS, 24 h 32.8 ± 0.0cd 27.3 ± 0.1b 34.3 ± 0.3d 38.4 ± 0.4abc 

FBS, control 33.1 ± 0.3d 28.0 ± 0.2bc 33.7 ± 0.3cd 38.3 ± 0.5ab 

FBS, 24 h 33.5 ± 0.6d 27.9 ± 0.7bc 33.0 ± 0.9bc 39.1 ± 0.3bcd 

PS, control 33.9 ± 0.3d 26.9 ± 0.1b 34.4 ± 0.1d 38.7 ± 0.1abcd 

PS, 24 h 32.4 ± 0.7cd 29.0 ± 0.6c 31.5 ± 0.7a 39.5 ± 0.2cd 

NMS, control 26.2 ± 0.1a 26.7 ± 0.0b 33.5 ± 0.1cd 39.8 ± 0.1d 

NMS, 24 h 27.7 ± 1.0b 24.3 ± 1.3a 32.0 ± 0.4ab 43.7 ± 0.9e 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch. 

3 Percentages of long, intermediate and short branch chains were calculated as the respective fractions divided by the total area of 

amylopectin branch chains as shown in Fig. 3.4. 
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Table 3.3 Percentages of α-1,6 branch linkages of control and MGA-24 h-modified maize starches.1 

Starch2 α-1,6 linkage (%)3 

LS, control 2.6 ± 0.1a 

LS, 24 h 3.1 ± 0.0b 

FBS, control 2.5 ± 0.1a 

FBS, 24 h 3.1 ± 0.0b 

PS, control 2.5 ± 0.0a 

PS, 24 h 3.1 ± 0.0b 

NMS. control 3.0 ± 0.1b 

NMS, 24 h 3.7 ± 0.0c 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly 

different at p < 0.05. 

2 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch. 

3 %Degree of branching = (Integrated intensity of peak at 4.80 ppm) / (Integrated intensity of peak at 5.10 ppm + Integrated intensity of 

peak at 4.80 ppm) × 100.  
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3.4.7 Thermal properties of starch 

The control pulse starches had significantly lower gelatinization temperatures (To of 59.8-

64.9 °C and Tc of 75.6-79.6 °C; Table 3.4) than control NMS (To of 70.9 °C and Tc of 81.9 °C), 

consistent with the findings from previous studies (Hoover et al., 2010; Li et al., 2019). The 

gelatinization ΔH of control LS and FBS (16.0-16.2 J/g) were similar to that of control NMS (16.6 

J/g, whereas that of control PS (13.4 J/g) was the lowest among all the four starches. The lowest 

gelatinization temperatures and ΔH of PS from a commercial source might be related to the 

destabilization of double-helical crystallites in the high-temperature drying step during the wet 

milling process to isolate the starch (Haros et al., 2003). Upon 24-h MGA treatment, the 

gelatinization temperatures of all the four starches were considerably increased and their 

gelatinization ΔH in general showed a decrease trend. The data suggested that MGA tended to 

break down and remove double-helical crystallites with lower thermal stability.  

The percentages of retrogradation of control pulse starches (46.2-56.9%) were remarkably 

higher than that of control NMS (34.8%), which were related to the longer branch chains of 

amylopectins and the greater contents of amylose of pulse starches (Tables 3.1 and 3.2) (Li et al., 

2019). The 24-h MGA treatment markedly lowered the percentages of retrogradation of all the 

four starches, which could be partly attributed to the shortening of amylopectin branch chains by 

MGA (Fig. 3.4 and Table 3.2). Therefore, the modified amylopectin molecules were unable to 

reform double-helical crystallites as stable as those of control samples during retrogradation: Tp 

and Tc of the retrograded MGA-modified starches were apparently lower than those of their 

respective controls. The observation is in good accordance with the data illustrated in the study of 

Ao, Simsek, et al. (2007). This research explicitly demonstrated that MGA treatment could be an 

effective approach to inhibiting the retrogradation pulse starches to reduce their syneresis.



 

 

Table 3.4 Gelatinization and retrogradation properties of control and MGA-24 h-modified starches.1 

Starch2 Gelatinization of starch3  Melting of retrograded starch3  % Retrogradation 

(%R)4 

To (°C) Tp (°C) Tc (°C) ∆H (J/g)  To (°C) Tp (°C) Tc (°C) ∆H (J/g)   

LS, control 64.9 ± 0.2c 70.3 ± 0.4b 79.6 ± 0.7bc 16.0 ± 1.7c  42.5 ± 0.6a 59.3 ± 0.8b 72.4 ± 0.8d 9.0 ± 0.3e  56.9 ± 7.5e 

LS, 24 h 72.3 ± 0.1e 75.8 ± 0.2d 81.5 ± 0.3cd 15.2 ± 0.5abc  49.5 ± 3.6bc 56.8 ± 0.3a 67.6 ± 0.9bc 2.1 ± 0.2b  13.7 ± 1.4b 

            

FBS, control 63.8 ± 0.4b 69.7 ± 0.3b 78.3 ± 1.3b 16.2 ± 1.3c  47.4 ± 3.2ab 60.4 ± 1.1b 70.3 ± 3.4cd 7.4 ± 0.6d  46.2 ± 5.5d 

FBS, 24 h 72.5 ± 0.2e 75.7 ± 0.2d 81.7 ± 0.3cd 15.6 ± 0.1bc  43.5 ± 0.3ab 56.5 ± 0.5a 64.9 ± 2.9ab 2.1 ± 0.3b  13.6 ± 1.6b 

            

PS, control 59.8 ± 0.0a 66.8 ± 0.0a 75.6 ± 2.2a 13.4 ± 0.3ab  46.2 ± 0.5ab 59.6 ± 0.0b 71.4 ± 0.2cd 7.5 ± 0.2d  56.2 ± 2.6de 

PS, 24 h 71.4 ± 0.1d 74.3 ± 0.1c 79.6 ± 0.1bc 13.0 ± 0.1a  47.6 ± 5.2ab 57.2 ± 0.3a 67.7 ± 1.7bcd 2.2 ± 0.0b  16.5 ± 0.7b 

            

NMS, control 70.9 ± 0.2d 75.8 ± 0.3d 81.9 ± 0.3cd 16.6 ± 0.3c  42.1 ± 0.1a 56.4 ± 0.0a 66.7 ± 0.4bc 5.8 ± 0.2c  34.8 ± 2.0c 

NMS, 24 h 72.5 ± 0.3e 77.4 ± 0.1e 83.1 ± 0.2d 14.4 ± 0.5abc  53.9 ± 1.1c 56.6 ± 0.3a 61.3 ± 0.0a 0.2 ± 0.0a  1.5 ± 0.0a 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly different at p < 0.05. 

2 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch; 24 h: 24-h modified starch. 

3 To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; ∆H: enthalpy change. 

4 % Retrogradation (%R) = (ΔH of melting of retrograded starch / ΔH of starch gelatinization) × 100%.
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3.4.8 Pasting properties of starch 

The MGA treatment diminished the pasting properties for all the starches substantially (Fig. 

3.5). Simply after 4-h MGA hydrolysis, the peak viscosity was decreased from 1,647 to 35 cP, 

from 1,346 to 8 cP, from 1,348 to 49 cP, and from 1,666 to 168 cP for LS, FBS, PS and NMS, 

respectively. A longer enzymatic modification period further reduced the peak viscosities of the 

starches. Additionally, all the modified starches showed very low viscosity after the pasting peak. 

The marked decreases in the pasting viscosities of the starches upon MGA modification resulted 

from the degradation of both granular (Fig. 3.2) and molecular (Fig. 3.4 and Table 3.2) structures 

of the starches. Furthermore, the extremely low viscosities of the MGA-modified starches allowed 

them to disperse easily during pasting. This behavior effectively reduced the molecular proximity 

of these samples, which could be another factor contributing to their lower percentages of 

retrogradation as demonstrated in Table 3.4 (Jane et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

  

Fig. 3.5 Pasting properties of control and MGA-modified starches analyzed using a Rapid Visco-Analyzer with 28.0 g starch suspension 

containing 8% (w/w, db) starch. A: lentil; B: faba bean; C: pea; D: normal maize; 4 h, 8 h and 24 h: 4-, 8- and 24-h modified. 
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3.4.9 In vitro digestibility of cooked starch 

The RDS (85.9%-90.5%), SDS (2.4%-6.5%), and RS (2.6%-5.8%) contents of the cooked 

LS, FBS, PS and NMS controls did not show significant differences (Table 3.5), suggesting their 

similar in vitro digestibility (Li et al., 2019). The 24-h MGA modification significantly increased 

the RS contents of cooked LS, FBS, PS and NMS by 5.9%, 6.5%, 4.2% and 4.7%, respectively. 

The improvement in the RS contents of the MGA-24 h-treated pulse and normal maize starches 

could not be attributed to the increases in the percentages of α-1,6 branch linkages of the modified 

starches: the MGA-treatment for 24 h noticeably increased the percentages of α-1,6 branch 

linkages of waxy maize starch as well but did not elevate its RS content in a cooked form according 

to the results reported in the subsequent Study 2 of this thesis. 

To elucidate the factor(s) contributing to the increased RS contents of the enzymatically 

modified starches, the RS residue was collected after the Englyst Assay, dried, and subjected to 

DSC scanning. As presented in Fig. 3.6, two endothermic peaks were observed in the RS residue 

samples of all the starches: the first peak (Tp ranging from 78.4 to 82.4 °C of all the residue samples) 

represented the melting of remaining double-helical crystallites of amylopectin, while the second 

peak (Tp ranging from 105.4 to 129.0 °C of the RS residue of the controls and Tp ranging from 

123.6 to 129.6 °C of the RS residue samples of MGA-treated counterparts) represented the melting 

of retrograded amylose (Sievert & Wuesch, 1993). In comparison with those of the corresponding 

controls, the RS residue samples of the MGA-modified starches showed a higher melting 

temperature and a greater enthalpy change of amylose double-helical crystallites (Table 3.6), 

which could contribute to the larger RS contents of the cooked modified starches (Li et al., 2020; 

Sievert & Pomeranz, 1989). The formation of such amylose double-helical crystallites probably 

occurred during the incubation of cooked starch samples with the amylolytic enzyme cocktail in 

the Englyst Method (Ring et al., 1988). Because the MGA treatment shortened amylose chains in 

all the four starches (Section 3.4.5), the resulting amylose molecules in the cooked modified 

starches could have better molecular mobility to re-associate with each other to develop stable 

double-helical crystallites during the incubation at 37 °C in the in vitro starch digestibility analysis 

(Buléon et al., 2007; Li & Hu, 2020).  

  

 



 

 

 

Table 3.5 In vitro digestibility of cooked control and MGA-24 h-modified starches.1, 2  

Starch3 RDS (%)4 SDS (%) RS (%) 

LS, control 85.9 ± 2.3abc 6.5 ± 2.3a 3.2 ± 0.9a 

LS, 24 h 81.6 ± 1.1a 4.7 ± 0.3a 9.1 ± 0.6bc 

FBS, control 86.0 ± 0.9abc 6.3 ± 0.3a 3.1 ± 1.1a 

FBS, 24 h 83.8 ± 2.5ab 2.3 ± 0.9a 9.6 ± 1.2c 

PS, control 87.0 ± 2.5bc 3.1 ± 1.9a 5.8 ± 1.4ab 

PS, 24 h 84.4 ± 2.2ab 2.0 ± 1.2a 10.0 ± 0.6c 

NMS, control 90.5 ± 1.3c 2.4 ± 2.2a 2.6 ± 2.0a 

NMS, 24 h 85.6 ± 1.6abc 2.5 ± 2.1a 7.3 ± 0.8bc 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 Starch samples were cooked in a boiling water bath for 10 min. 

3 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch. 

4 RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch; values were calculated on a dry starch basis. 
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Table 3.6 Thermal properties of RS residue samples recovered from control and MGA-24 h-modified starches after cooking and 

amylolysis in the Englyst Method.1 

RS residue2 Melting of amylopectin double-helical crystallites3  Melting of amylose double-helical crystallites3 

To (°C) Tp (°C) Tc (°C) ΔH (J/g)  To (°C) Tp (°C) Tc (°C) ΔH (J/g) 

LS, control 71.5 ± 2.2a 80.1 ± 0.7ab 85.2 ± 0.9a 1.1 ± 0.2a  99.3 ± 0.6a 106.5 ± 0.3a 111.2 ± 0.8a 0.7 ± 0.4ab 

LS, 24 h 72.4 ± 4.4a 79.7 ± 0.4ab 85.7 ± 0.2a 1.1 ± 0.3a  118.0 ± 4.8b 126.5 ± 1.1b 131.8 ± 5.5b 2.8 ± 0.6c 

          

FBS, control 74.1 ± 2.0a 79.8 ± 0.6ab 84.6 ± 1.3a 1.6 ± 0.7ab  99.9 ± 1.0a 106.1 ± 1.6a 110.8 ± 1.6a 0.7 ± 0.2ab 

FBS, 24 h 71.8 ± 3.5a 79.9 ± 0.7ab 85.3 ± 0.7a 0.9 ± 0.2a  103.7 ± 4.9a 123.6 ± 2.8b 136.4 ± 5.1b 3.1 ± 0.0c 

          

PS, control 72.1 ± 2.3a 80.1 ± 0.4ab 86.4 ± 0.3a 1.7 ± 0.3ab  100.7 ± 1.2a 105.4 ± 1.1a 110.3 ± 1.8a 0.2 ± 0.1a 

PS, 24 h 68.9 ± 3.1a 78.4 ± 0.8a 85.2 ± 1.6a 1.6 ± 1.0ab  113.9 ± 0.7b 125.4 ± 5.4b 139.3 ± 2.7b 2.7 ± 0.9c 

          

NMS, control 74.6 ± 1.1a 82.4 ± 1.1c 89.3 ± 2.2a 3.6 ± 0.8c  122.1 ± 1.1b 129.0 ± 2.4b 136.6 ± 2.1b 0.8 ± 0.1ab 

NMS, 24 h 74.1 ± 0.5a 80.8 ± 0.3bc 90.4 ± 5.8a 2.9 ± 0.5bc  116.2 ± 5.0b 129.6 ± 2.4b 138.3 ± 2.1b 2.4 ± 0.8c 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly different at p 

< 0.05. DSC thermograms of the RS residue samples are shown in Figure 3.6. 

2 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch. 

3 To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; ∆H: enthalpy change. 
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Fig. 3.6 DSC thermograms of RS residue samples recovered from control and MGA-24 h-modified 

starches after cooking and amylolysis in the Englyst Method. A: lentil; B: faba bean; C pea; D: 

normal maize. The black solid line with two end points is the baseline for the thermogram. The 

first endothermic peak of lower temperatures corresponded to the melting of remaining 

amylopectin double-helical crystallites, and the second endothermal peak of higher temperatures 

corresponded to the melting of amylose double-helical crystallites. 
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3.5 Conclusions 

Using MGA to modify granular pulse starches is a novel method to improve the functional 

properties and RS contents. In this study, LS, FBS and PS were modified with 1% (w/w, db) MGA 

for 4, 8 and 24 h. The MGA-modified LS, FBS and PS exhibited comparable structures, functional 

properties and in vitro digestibility, but different from that of MGA-modified NMS. MGA 

treatment degraded the structures of pulse starch granules and split them into broken granules, 

while it generated numerous pores into NMS granules by using the “inside-out” hydrolysis pattern. 

MGA treatment did not alter the WAXD patterns of pulse and maize starches. DP of amylose and 

LBC of amylopectin were reduced by 24-h MGA hydrolysis. The retardation of the retrogradation 

rates was due to the shortening of the amylopectin chains. The higher retrogradation rates of MGA-

modified pulse starches than NMS could be attributed to the higher amylose contents and longer 

branch chains of pulse starches. MGA caused degradation in both molecular and granular structure 

to all starches and results in the extremely decrease of pasting viscosities. The in vitro digestibility 

of cooked pulse starches was also decreased after 24-h MGA treatment, which could be explained 

by the recrystallization of the shortened amylose molecules. The results obtained in this study 

would help the pulse industry find new approaches to develop “clean-label” starch ingredients with 

improved functional properties and higher nutritional value. 

 

3.6 Connection to the Next Study 

In the present study, MGA-modified pulse starches were compared with MGA-modified 

NMS. Based on the reported results, the variations in the structures, functional properties, and in 

vitro digestibility among the pulse and normal maize starches after MGA treatment were mainly 

attributed to their differences in botanical origins, amylose contents, and polymorphic patterns. In 

the current literature, however, there is a lack of understanding regarding the hydrolysis patterns 

and resulting effects of MGA modification on granular starches from the same crop type but with 

various amylose contents. Therefore, waxy (3.3% apparent amylose), normal (29.9% apparent 

amylose) and high-amylose maize (58.6% apparent amylose) starches were selected for the 

subsequent study to modify with MGA treatment. Interrelationships between the structures, 

functional attributes, and in vitro digestibility of the MGA-modified maize starch samples were 

examined to investigate the influence of MGA hydrolysis on the starches. The second study greatly 

advanced our understanding of MGA modification on starches with a broad range of amylose 
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contents (3.3-58.6%) and clearly illustrated and highlighted the special functionality and 

nutritional quality of the enzymatically modified maize starches. The new insights will be 

meaningful for the starch industry to apply MGA modification to prepare “clean-label” maize 

starches with more diverse techno-functional characteristics and enhanced nutritional value to 

promote their industrial utilization.  
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4. MODIFICATION OF GRANULAR WAXY, NORMAL AND HIGH-AMYLOSE 

MAIZE STARCHES USING MALTOGENIC α-AMYLASE TO IMPROVE THE 

FUNCTIONALITY 

 

4.1 Abstract 

Maltogenic α-amylase (MGA) was used to modify granular waxy (WMS), normal (NMS), 

and high-amylose maize (HAMS) starches for improved functional attributes. MGA treatment for 

24 h significantly shortened the amylopectin branch chains of WMS and NMS, which retarded 

their retrogradation during cold storage. Due to the effective degradation at both granular and 

molecular levels, MGA modification markedly diminished the pasting viscosities of WMS and 

NMS. The MGA treatment increased the resistant starch (RS) content of cooked NMS from 2.6%, 

to 7.3%, resulting from the formation of retrograded amylose in MGA-modified NMS during 

incubation at 37 °C in the Englyst Assay. Different from the effective hydrolysis on WMS and 

NMS using an “inside-out” pattern, MGA hydrolyzed HAMS to a very low degree through 

“surface pitting”, thus showing limited influence on its functionality. The reported novel findings 

will be meaningful for utilizing MGA to develop “clean-label” starch ingredients with enhanced 

functional properties. 

 

Keywords: Maltogenic α-amylase modification; Granular maize starch; Amylose content; Starch 

structure; Starch functionality; In vitro digestibility of starch 
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4.2 Introduction 

Starch is one of the most abundant polysaccharides produced by green plants. In nature, 

starch exists as water-insoluble, semi-crystalline granules that have a particle density of around 

1.5 g/cm3 (Marousis & Saravacos, 1990). The insolubility and larger density of starch granules 

than that of water allow easy isolation and recovery in producing and modifying starch. Most 

starch granules are composed of two types of α-glucans: amylose and amylopectin. Amylose is 

essentially a linear glucan of α-1,4-linked D-glucopyranose with several α-1,6 branch linkages 

(Takeda et al., 1990), whereas amylopectin is a highly branched glucan with α-1,4-linked linear 

chains connected by approximately 5% α-1,6 branch linkages (Hizukuri, 1986). Based on the 

amylose content, starch can be broadly classified into three categories: waxy type with 0-8% 

amylose, normal type with 20-40% amylose, and high-amylose type with 50-90% amylose (Ai & 

Jane, 2015). Amylose content and branch-chain length of amylopectin are known to be two crucial 

structural features that govern the physicochemical properties and digestibility of starch (Ai et al., 

2016).  

In the food industry, starch is commonly utilized as a thickener, binder, stabilizer, gelling 

agent, emulsifier and/or encapsulant in various products. Nevertheless, native starch has certain 

undesirable inherent properties that limit its industrial use, such as high tendency to retrograde, 

fast digestion rate upon gelatinization, and poor resistance to high temperature, acid and shear 

(BeMiller, 1997). Therefore, native starch is usually modified to improve the functional properties 

and enhance the enzymatic resistance for wider industrial applications. In the past few decades, 

chemical methods have been primarily employed for this purpose (Chen et al., 2015). Recent 

research efforts, however, have concentrated on developing new enzymatic and physical methods 

that not only impart target physicochemical properties to native starch but also meet the 

requirements of clean label (Saltmarsh, 2015). 

In the enzymatic approach, different types of starch-related enzymes have been utilized for 

modifications, such as α-amylases, β-amylases, amyloglucosidases, α-glucanotransferases, 

debranching enzymes and amylosucrases (Ao, Quezada-Calvillo, et al., 2007; Cai & Shi, 2010; 

Dura et al., 2014; Kim et al., 2014; Mendez-Montealvo et al., 2011; van der Maarel & Leemhuis, 

2013). Among these enzymes, maltogenic α-amylase (MGA) has attracted tremendous research 

interest because of the unique action pattern. For example, MGA from Bacillus stearothermophilus, 

as the most researched commercial enzyme of the type, has been revealed to have the following 
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important features: (1) This enzyme is a thermostable α-amylase with a high degree of multiple 

attack action on starch (Christophersen et al., 1998); (2) This enzyme displays both exo- and endo-

hydrolysis patterns ‒ at a relatively low temperature (e.g., 35 °C), it primarily exhibits exo-action, 

releasing α-maltose as the main product from starch; as the temperature rises (e.g., at 70 °C), it 

tends to show increased endo-action (Bijttebier et al., 2007). Consequently, MGA has been used 

to shorten the branch chains of amylopectin and amylose chains to effectively retard the 

retrogradation of starch (Grewal et al., 2015; Leman et al., 2009). In the baking industry, MGA is 

commonly added in bread formulations to deliver the anti-staling effect, which has been related to 

the inhibition of both amylopectin recrystallization and amylose rearrangement during bread 

storage (Goesaert, Leman et al., 2009; Hug‐Iten et al., 2001). Moreover, extensive hydrolysis by 

MGA has been demonstrated to enhance the enzymatic resistance of starch as determined in vitro, 

which was attributed to the increase in the proportion of α-1,6 glycosidic bonds as the presence of 

more branch linkages was proposed to decrease the hydrolysis rate of starch by important 

amylolytic enzymes (e.g., porcine pancreatic α-amylase and amyloglucosidase) (Ao, Simsek, et 

al., 2007).  

In the current literature, however, the modification of starch by MGA has only been carried 

out on a gelatinized/solubilized form (Ao, Simsek, et al., 2007; Grewal et al., 2015), rather than 

the common insoluble granular form of starch used in industrial modification processes. Modifying 

starch in a gelatinized/solubilized state may not be easily controlled and complicates the recovery 

and drying steps, which is thus an undesirable practice in the industry (Richardson et al., 2000). 

To further explore the application value of MGA for starch modification, a commercial Bacillus 

stearothermophilus MGA enzyme was applied to modify granular waxy (WMS), normal (NMS) 

and high-amylose maize starch (HAMS) of a broad range of amylose contents in the current study. 

The structural features, functional properties, and in vitro digestibility of the modified maize 

starches were comprehensively characterized and compared with those of their respective controls. 

The fundamental understanding as presented in this work is of great value for the utilization of 

MGA to prepare “clean-label” starch ingredients with diverse functional attributes and increased 

resistant starch (RS) content. 
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4.3 Materials and methods 

4.3.1 Materials 

Waxy maize starch (WMS; AMIOCA TF) and high-amylose maize starch (HAMS; 

HYLON®VII) were obtained from Ingredion Inc. (Bridgewater, NJ, U.S.A.). Normal maize starch 

(NMS; Cargill GelTM 03420) was provided by Cargill Inc. (Minneapolis, MN, U.S.A.). D-Glucose 

Assay Kit, potato amylose standard, and isoamylase were purchased from Megazyme International 

Ltd. (Co. Wicklow, Ireland). Maltogenic α-amylase (MGA) from Bacillus stearothermophilus., 

maize amylopectin standard, pancreatin from porcine pancreas, α-amylase, amyloglucosidase and 

deuterated trifluoroacetic acid were procured from Sigma-Aldrich Canada Co. (Oakville, ON, 

Canada). Deuterated dimethyl sulfoxide was purchased from Cambridge Isotope Laboratories Inc. 

(Tewksbury, MA, U.S.A.). All the other chemicals used in this study were of reagent grade or 

higher purity, and they were purchased from Fisher Scientific Company (Ottawa, ON, Canada) or 

Sigma-Aldrich Canada Co. (Oakville, ON, Canada).  

 

4.3.2 Modification of starch using MGA 

Each of the WMS, NMS and HAMS (20.0 g, dry basis, db) was slurried in 50.0 mM sodium 

acetate buffer (pH 5.5, containing 0.02% sodium azide) to reach 100.0 g total weight. MGA was 

added to the starch slurry at a level of 1% (w/w, db; equivalent to 110 MANU per g of dry starch), 

and the sample bottle was placed horizontally in a 50 °C water bath with shaking of 150 rpm for 

the enzymatic hydrolysis to occur. The enzymatic modification was carried out for 4, 8 and 24 h. 

At the end of the modification step, four volumes of anhydrous ethanol were added to the mixture, 

followed by vigorous manual shaking to terminate the enzymatic reaction. The modified starch 

was recovered by centrifugation at 5,000 g for 10 min, which was then washed with 200 mL 

anhydrous ethanol twice. The recovered starch was dried at 40 °C overnight. 

To determine the percentages of starch hydrolysis by MGA at 4, 8 and 24 h, the total mass 

of released soluble sugars was quantitated (Mendez-Montealvo et al., 2011). After the addition of 

four volumes of anhydrous ethanol to stop the enzymatic hydrolysis, a 1.0-mL aliquot of the starch 

suspension was transferred into a 1.5-mL microcentrifuge tube, which was centrifuged at 3,000 g 

for 10 min. The concentration of soluble sugars in the supernatant was measured using a phenol-

sulfuric acid method (Dubois et al., 1956). The total mass of released soluble sugars was used to 
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calculate the degree of starch hydrolysis: %Degree of starch hydrolysis = [Total mass of released 

soluble sugars × (162 / 180)] / (Initial dry mass of starch) ×100. 

The corresponding native starches that underwent the same treatment for 24 h without the 

addition of MGA were used as the controls for the subsequent characterization tests. 

 

4.3.3 Amylose content of starch 

Amylose contents of the control and MGA-modified starches were determined using an 

iodine colorimetric method (Chrastil, 1987). Five different ratios of commercial potato amylose 

and maize amylopectin (0.0%, 25.0%, 50.0%, 75.0%, 100.0%) were used as the standards to draw 

a standard curve for the quantification. 

 

4.3.4 Granular morphology of starch 

Granular morphology of the control and MGA-24 h-modified starches was viewed using a 

field-emission scanning electron microscope (SEM, SU810, Hitachi High Technologies Canada 

Inc., Rexdale, ON, Canada) (Li et al., 2019). The starch sample was coated with gold using a 

sputtering method and then observed under the conditions of 3.0 kV and 10 μA. Representative 

images were taken at 500×, 1,500× and 3,000× magnifications. 

 

4.3.5 WAXD of starch 

WAXD patterns of composite control and MGA-24 h-modified starches were determined 

using a Rigaku X-ray diffractometer (Model Ultima IV, Rigaku, The Woodlands, TX, U.S.A.). 

For each treatment, 1.0 g starch was taken from each of the three independent batches of 

modification and then homogeneously blended to prepare the composite sample. The composite 

starch sample was equilibrated at 25 °C with 100% relative humidity for 24 h before the 

measurement. The diffractometer was operated at 40 kV and 44 mA with Cu Kα radiation 

(λ = 1.5406 Å) and the scanning diffraction angle (2θ) ranged from 3° to 40° at a rate of 1.3°/min 

at ambient temperature. The relative crystallinity of the starch was calculated using Origin 

Software (OriginLab Corporation, Northampton, MA, U.S.A.) according to a previous method 

(Hayakawa et al., 1997).  
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4.3.6 Molecular-weight distribution of debranched starch 

Molecular-weight distributions of the control and MGA-24 h-modified starches were 

analyzed after debranching to examine the effects of MGA hydrolysis on the molecular structures 

of amylose and amylopectin. The starch sample (20.0 mg) was dispersed in 2.0 mL of 90% 

dimethyl sulfoxide (DMSO) and boiled in a water bath for 20 min with mild magnetic stirring. 

After cooling to room temperature, five volumes of anhydrous ethanol were added to the sample 

to precipitate the starch. Upon centrifugation at 3,000 g for 15 min, the supernatant was poured 

out. The tube was inverted and dried on a clean paper towel for 10 min to remove almost all the 

ethanol. Deionized water of 1.75 mL was then added to disperse the pellet in a boiling water bath 

for 10 min with gentle stirring. After cooling to room temperature, 250 μL of sodium acetate buffer 

(160 mM, pH 4.75, containing 0.16 % sodium azide) and 2 μL of isoamylase (500 U/mL) were 

added to the sample. The mixture was incubated at 37 °C for 24 h to completely debranch the 

starch (Li et al., 2008). After the debranching reaction, the mixture was boiled for 10 min and then 

cooled to room temperature, which was followed by the addition of 20 volumes of anhydrous 

ethanol to precipitate the fully debranched starch chains. Upon centrifugation at 5,000 g for 15 

min, the supernatant was carefully decanted, and the pellet was re-dispersed in 4.0 mL of DMSO 

containing 0.5% lithium bromide and then boiled in a water bath for 10 min with mild magnetic 

stirring. After cooling to room temperature, the starch dispersion was passed through a disc filter 

with a 5 μm filtration level. A 20-μL aliquot of the prepared sample was injected into a high-

performance size exclusion chromatography (HPSEC) system (1260 Infinity II, Agilent 

Technologies Canada, Mississauga, ON, Canada) consisting of an isocratic pump, a vialsampler, 

and a refractive index (RI) detector (Peng & Yao, 2018). Two Zorbax gel PSM 60-S columns 

(Agilent Technologies Canada, Mississauga, ON, Canada) were used jointly to separate amylose 

and amylopectin branch chains of different molecular weights for subsequent quantification by the 

RI detector. The analytical columns were kept at 30 °C by using the equipped Multicolumn 

Thermostat component, and the RI detector was set at 35 °C. The mobile phase was DMSO with 

0.5% (w/w) lithium bromide at a flow rate of 0.5 mL/min. Calibration of the system was completed 

using glucose, maltotriose, maltohexaose and three pullulan standards (6.2 × 103, 48.8 × 103 and 

348 × 103 g/mol). The collected raw data were normalized on the basis of the total area under the 

curve and then used for the construction of HPSEC profiles. 
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4.3.7 Percentage of α-1,6 branch linkages of starch 

Percentages of α-1,6 branch linkages of the control and MGA-24 h-modified starches were 

determined using proton nuclear magnetic resonance (1H NMR) on a Bruker AVIII HD 600 NMR 

Spectrometer following the method of Tizzotti et al. (2011) with modifications. A quantity of 

starch sample (about 10 mg) was weighed into a 1.5-mL microcentrifuge tube, followed by the 

addition of 1.0 mL of deuterated dimethyl sulfoxide (DMSO-d6). The sample was incubated in an 

80 °C water bath with shaking of 300 rpm for 1 h. After the incubation, the sample was cooled to 

room temperature and 5.66 μL of deuterated trifluoroacetic acid (TFA-d1) was added immediately 

before the NMR measurement. Approximately 0.5 mL of the prepared sample was transferred into 

a 5-mm NMR tube. The 1H NMR spectrum was obtained at 70 °C and Larmor frequency of 600.17 

MHz with 300 scans: 6.25 μs 30° pulse; and a repetition time of 6.6 s composed of an acquisition 

time of 5.45 s and a relaxation delay of 1.15 s. The percentage of α-1,6 branch linkages of the 

starch sample was calculated using the following equation:  

DB% =  
I(4.80)

I(5.10)+I(4.80)
  

Where DB% is the degree of branching; I(4.80) is the integrated intensity of peak at 4.80 

ppm; I(5.10) is the integrated intensity of peak at 5.10 ppm. Peaks at 5.10 ppm and 4.80 ppm were 

assigned to α-1,4 and α-1,6 glycosidic bonds, respectively (Gidley, 1985). 

 

4.3.8 Thermal properties of starch 

A differential scanning calorimeter (DSC 8000, Perkin Elmer, Waltham, MA, U.S.A.) was 

used to determine the thermal properties of the control and MGA-24 h-modified starches according 

to the method of Song and Jane (2000). The starch sample (approximately 10 mg) was accurately 

weighed and thoroughly mixed with distilled water (three volumes) in a stainless-steel sample pan. 

After being hermetically sealed, the sample was equilibrated at room temperature for at least 2 h. 

The scanning of the hydrated starch was performed from 10 to 160 °C at a rate of 10 °C/min. After 

the gelatinization step, the starch was stored at 4 °C for 7 days and scanned again following the 

same procedure. The thermal transition peaks of starch gelatinization (in the initial scan) and 

melting of retrograded starch (in the second scan after the 7-day storage) in the DSC thermograms 

were analyzed using Pyris Manager Software (Perkin Elmer, Waltham, MA, U.S.A.). Onset 

temperature (To), peak temperature (Tp), conclusion temperature (Tc), and enthalpy change (ΔH) 
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were reported. Percentage of starch retrogradation was calculated as: % retrogradation (%R) = 

(ΔH of melting of retrograded starch / ΔH of starch gelatinization) × 100%. 

 

4.3.9 Pasting properties of starch 

Pasting properties of the control and MGA-modified starches were measured using Rapid 

Visco-Analyzer (RVA Super 3, Newport Scientific, Sydney, Australia) following the method of 

Li et al. (2019). The starch sample was suspended in distilled water at a concentration of 8% (db) 

to prepare a starch slurry of 28.0 g total weight, which was loaded to the RVA instrument and run 

using the Standard Method 2 in the Thermocline Software. 

 

4.3.10 In vitro digestibility of cooked starch 

In vitro digestibility of the control and MGA-24 h-modified starches after cooking was 

determined using the Englyst Method (Englyst et al., 1992) with minor modifications (Li et al., 

2019). The starch sample (containing 600 mg starch, dry starch basis, dsb) was suspended in 15.0 

mL distilled water. The starch suspension was cooked in a boiling water bath for 10 min with 

vigorous magnetic stirring. After cooling to ambient temperature, 5.0 mL sodium acetate buffer 

(0.4 M, pH 5.2, containing 0.08% sodium azide) was added into the cooked sample. Upon the 

equilibration at 37 °C with shaking (160 rpm) for at least 15 min, a freshly prepared enzyme 

solution (5.0 mL) containing porcine pancreatin extract and amyloglucosidase was added into the 

mixture to initiate the amylolysis. D-glucose Assay Kit was used to quantitate the amounts of 

glucose released from the enzymatic hydrolysis of starch at time intervals of 20 and 120 min. 

Rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS) contents 

were calculated in accordance with the method reported by Englyst et al. (1992). 

 

4.3.11 Thermal properties of RS residue 

To better elucidate the mechanisms responsible for the different effects of MGA treatment 

on the RS contents of the maize starches after cooking (data reported in Section 4.4.9), RS residue 

of the samples immediately after digestion for 120 min as described in Section 4.3.10 was collected 

and further analyzed for thermal properties. At the end of the 120-min amylolysis, the RS residue 

was precipitated by adding five volumes (125 mL) of anhydrous ethanol, followed by vigorous 

manual shaking to stop the enzymatic reaction. The mixture was then centrifuged at 4,000 g for 15 
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min, and the supernatant was carefully decanted. This anhydrous ethanol washing step was 

repeated two more times. After drying at 40 °C overnight in a convection oven, the recovered RS 

residue was ground into a fine powder using a mortar and pestle, which was then subjected to the 

same DSC scanning as indicated in Section 4.3.8. 

 

4.3.12 Statistical analysis 

The enzymatic modification of WMS, NMS and HAMS by MGA was conducted in three 

independent batches to prepare control, 4-, 8- and 24-h modified samples. The characterization 

experiments, except for WAXD (using composite samples only as described above; n = 1), were 

carried out in one replicate for each of the control and MGA-modified starches (n = 3). Statistical 

differences among the control and modified maize starches were evaluated using one-way 

ANOVA test with Tukey’s adjustment at a significance level of 0.05 on IBM SPSS Statistics 

Analysis (Version 24.0), IBM Corp., Armonk, NY, U.S.A.). 

 

4.4 Results and discussion 

4.4.1 Percentage of starch hydrolysis by MGA 

Fig. 4.1 shows the hydrolysis profiles of granular WMS, NMS and HAMS by MGA for a 

total period of 24 h. Overall, the three starches displayed hydrolysis rates in a descending order of 

WMS > NMS > HAMS. Upon 4-h hydrolysis, the degrees of hydrolysis of WMS, NMS and 

HAMS reached 22.5%, 19.8% and 4.8%, respectively; the values progressively increased to 39.7%, 

35.9% and 11.2% at 24 h. The observed different hydrolysis rates of the starches are in good 

accordance with the data reported for the hydrolysis of granular starches by other α-amylases (Ai, 

Nelson, et al., 2013; Li et al., 2019), which could be primarily attributed to the difference in their 

amylose contents (data presented in Section 4.4.2): enzymatic resistance of granular starch tends 

to increase with a larger amylose content (Jane et al., 2003). In addition, the substantially greater 

enzymatic resistance of HAMS could be ascribed to the B-type WAXD pattern (versus A-type of 

the other two maize starches; confirmed in Section 4.4.4) as well as the presence of more amylose-

lipid complexes in this high-amylose starch (Ai, Hasjim, et al., 2013; Jane et al., 1997).  
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Fig. 4.1 Degrees of starch hydrolysis after incubating WMS, NMS and HAMS with maltogenic 

α-amylase (MGA) for 4, 8 and 24 h. At the same modification time, the numbers with different 

letters are significantly different at p < 0.05. 
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4.4.2 Apparent amylose content of starch 

The apparent amylose contents of control and MGA-modified starches are presented in 

Table 4.1. The waxy, normal and high-amylose nature of the starches was confirmed by the 

apparent amylose contents of the controls: 3.3%, 29.9% and 58.6%, respectively. Interestingly, the 

extensive hydrolysis by MGA did not appear to significantly alter the apparent amylose contents 

of the starches, consistent with the hydrolysis of granular starches by porcine pancreatic α-amylase 

(Tawil et al., 2012; Zhang et al., 2006). The data suggested that MGA, like porcine pancreatic α-

amylase, simultaneously hydrolyzed the amylose and amylopectin in the starch granules (Zhang 

et al., 2006).  

 

4.4.3 Granular morphology of starch 

As shown in Fig. 4.2, the control WMS and NMS had granules of polygonal, spherical and 

irregular shapes with some indentations on the surface. The majority of control HAMS granules, 

despite having relatively smaller sizes, exhibited morphology similar to that of the other two maize 

starches. A notable feature of the control HAMS was the existence of elongated starch granules 

(indicated by chevrons), which resulted from the fusion of multiple small starch granules into one 

granule in the amyloplast during starch biosynthesis (Jiang, Horner, et al., 2010). The described 

granular morphologies of the WMS, NMS and HAMS controls are in good agreement with 

previous observations (Jiang, Horner, et al., 2010; Li et al., 2019).  

The modification by MGA for 24 h led to the formation of numerous holes into the interior 

of WMS and NMS granules (indicated by up arrows), which resembled the morphological features 

of granular WMS and NMS hydrolyzed by other α-amylases (Karim et al., 2008; Zhang et al., 

2006). It is a known fact that the native WMS and NMS granules possess endogenous pores and 

channels (Huber & BeMiller, 1997; Li et al., 2019), and the openings were likely further enlarged 

under 50 °C incubation (i.e., the temperature used for MGA modification in the present study). 

MGA probably initiated the hydrolysis from these discrete structures, formed tunnels into the 

granule interior, and then hydrolyzed the granules following the “inside-out” pattern to generate 

those large holes in WMS and NMS granules (MacGregor & Ballance, 1980; Zhang et al., 2006). 

In contrast, HAMS granules, with a remarkably larger amylose content (58.6%; Table 4.1) and the 

B-type polymorphic structure (confirmed in Section 4.4.4), do not have the same endogenous pores 

and channels as the other two maize starches (Glaring et al., 2006; Jiang, Horner, et al., 2010). 
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Thus, MGA was only able to hydrolyze HAMS through “surface pitting”, leading to the formation 

of small holes (indicated by triangles) and fissures (indicated by right arrows) in some granules 

(Gallant et al., 1992). The extents of hydrolysis by MGA as illustrated in the SEM images 

correspond well with the different degrees of hydrolysis of the three starches at 24 h (Fig. 4.1). 

 

4.4.4 WAXD and relative crystallinity of starch 

The control WMS and NMS displayed the typical A-type WAXD pattern, whereas the 

control HAMS had the typical B-type pattern (Fig. 4.3), consistent with previous literature (Jiang, 

Campbell, et al., 2010; Li et al., 2019). MGA treatment for 24 h did not alter the WAXD patterns 

of the starches. A slight decrease in the relative crystallinity was observed for WMS hydrolyzed 

by MGA for 24 h, suggesting that the extensive hydrolysis (39.7% in Fig. 4.1) resulted in the loss 

of some crystalline structure. The effect of 24-h MGA treatment on the relative crystallinity of 

NMS was negligible. By contrast, a considerable increase in that of HAMS was observed after the 

24-h treatment, suggesting that the limited hydrolysis through surface erosion by MGA (11.2% in 

Fig. 4.1) preferably removed the molecules present in the amorphous phase of the granules 

(Gallant et al., 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 4.1 Apparent amylose contents of control and MGA-modified maize starches.1, 2 

Starch Apparent amylose content (%) 

WMS3 NMS HAMS 

Control 3.3 ± 0.1a 29.9 ± 1.4a 58.6 ± 0.8a 

4 h 3.6 ± 0.1a 30.4 ± 0.7a 60.7 ± 1.8a 

8 h 3.5 ± 0.2a 29.1 ± 1.6a 60.6 ± 0.7a 

24 h 3.3 ± 0.2a 27.9 ± 0.5a 58.5 ± 0.3a 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 Determined using an iodine colorimetric method (Chrastil, 1987).  

3 WMS: waxy maize starch; NMS: normal maize starch; HAMS: high-amylose maize starch; 4 h, 8 h and 24 h: 4-, 8- and 24-h modified 

starch. 
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Fig. 4.2 Scanning electron microscopy (SEM) images of control and MGA-24 h-modified maize 

starches. WMS-C: waxy maize control; WMS-24 h: waxy maize 24-h modified; NMS-C: normal 

maize control; NMS-24 h: normal maize 24-h modified; HAMS-C: high-amylose maize control; 

HAMS-24 h: high-amylose maize 24-h modified. The magnification at which the image was taken 

is given in parentheses. Up arrows mark large holes in waxy and normal maize starches caused by 

MGA hydrolysis through “inside-out” pattern; chevrons mark elongated starch granules in high-

amylose maize starch; and triangles mark small holes and right arrows mark fissures caused by 

MGA hydrolysis of high-amylose maize starch through “surface pitting”.  
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Fig. 4.3 X-ray diffraction patterns of control and MGA-24 h-modified maize starches. WMS-C: 

waxy maize control; WMS-24 h: waxy maize 24-h modified; NMS-C: normal maize control; 

NMS-24 h: normal maize 24-h modified; HAMS-C: high-amylose maize control; HAMS-24 h: 

high-amylose maize 24-h modified. Relative crystallinity is given in parentheses. 
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4.4.5 Molecular-weight distribution of debranched starch 

Based on the study of Peng and Yao (2018), the normalized HPSEC profiles of debranched 

control starches were divided into four areas (from short to long elution time): Area 1 [peak value 

= degree of polymerization (DP) 1,051 for NMS and DP 988 for HAMS) corresponded to amylose, 

and Area 2 (DP 22-251), 3 (DP 11-22) and 4 (DP 6-11) corresponded to long, intermediate and 

short branch chains (LBC, IBC and SBC) of amylopectin, respectively (Fig. 4.4 A). The 

percentages of amylose in starch and the proportions of LBC, IBC and SBC in amylopectin of the 

debranched WMS, NMS and HAMS are summarized in Table 4.2. The percentages of amylose of 

the control WMS, NMS and HAMS as determined using the HPSEC method were 1.8%, 26.2% 

and 51.9%, respectively, consistently lower than the values measured by the iodine colorimetric 

method (3.3%, 29.9% and 58.6%, respectively; Table 4.1). The differences between these two 

methods could be attributed to that some of the LBC of amylopectin were able to bind with 

polyiodide ions to inflate the amylose contents in the iodine colorimetry (Jane et al., 1999). The 

amylopectin molecules of control WMS and NMS had comparable branch-chain-length (BCL) 

distributions: ~26.3% LBC, ~33.7% IBC, and ~40.0% SBC, whereas those of the control HAMS 

showed a significantly larger proportion of LBC (56.0%) and smaller proportions of IBC and SBC 

(26.1% and 17.9%, respectively). The observed differences in the amylopectin BCL distributions 

among the three control starches are in good agreement with previous research (Jane et al., 1999). 

Among the three starches, WMS had the highest percentage of SBC and the lowest percentage of 

LBC in amylopectin, which might explain the smallest inflation in the apparent amylose content 

of WMS (1.7%) when compared with those of NMS and HAMS (3.7% and 6.7%, respectively). 

In contrast, because of the largest proportion of LBC (56.0%), the most significant difference in 

the amylose contents as measured using the two abovementioned methods was found with HAMS 

(6.7%; Tables 4.1 and 4.2).  

After the 24-h treatment with MGA, the amylose and amylopectin LBC peaks of the maize 

starches were shifted toward longer elution times (i.e., smaller DP): amylose peak was diminished 

from DP 1,051 to DP 603 for NMS and from DP 988 to DP 482 for HAMS, respectively; and LBC 

peak area was shifted from DP 22-251 to DP 22-101 for all the three starches (Fig. 4.4 and Table 

4.2). Meanwhile, the DP ranges of the IBC and SBC largely remained unchanged after the 24-h 

enzyme treatment. The comparison between the HPSEC curves of the control and MGA-modified 

starches clearly illustrated that the enzymatic hydrolysis primarily degraded amylose and LBC of 
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amylopectin. Based on the new lines applied to divide the four areas in Fig. 4.4 B, the percentage 

of amylose of 24-h modified WMS slightly increased (Table 4.2), which was an artifact caused by 

the shifting of the dividing line between amylose and amylopectin branch chains toward a longer 

elution time. The 24-h treatment with MGA did not substantially change the percentage of amylose 

of NMS (Table 4.2), corresponding well with the results presented in Table 4.1. The modification 

noticeably reduced the percentage of amylose of HAMS (Table 4.2), which is in good accordance 

with the increase in the relative crystallinity of this starch as demonstrated in Fig. 4.3. The surface 

pitting by MGA in HAMS (Fig. 4.2) preferably broke down amylose existing in the amorphous 

phase of its granules as explained above. 

Furthermore, the modification by MGA significantly reduced the percentages of LBC and 

elevated the percentage of SBC of WMS and NMS and marginally changed the proportions of IBC 

of both starches. The data are in good agreement with previous findings that MGA hydrolysis 

resulted in a higher proportion of SBC of amylopectin molecules (Ao, Simsek, et al., 2007; Grewal 

et al., 2015). The enzymatic modification also significantly reduced the percentage of LBC of 

HAMS but only showed a slight increasing effect on the percentage of SBC.  

 

4.4.6 Percentage of α-1,6 branch linkages of starch 

WMS, NMS and HAMS controls consisted of 4.4%, 3.0% and 1.0% α-1,6 branch linkages 

(Table 4.3), respectively, which are in good accordance with the results reported by Tizzotti et al. 

(2011) and correspond well with the differences in their amylose contents (Tables 4.1 and 4.2) as 

α-1,6 linkages are essentially found in highly branched amylopectin molecules. After 24-h MGA 

treatment, the percentages of α-1,6 linkages of WMS, NMS and HAMS increased by 0.8%, 0.7% 

and 0.1%, respectively, corresponding well with their degrees of hydrolysis as reported in Fig. 4.1. 

As one type of α-amylase, MGA can only cleave α-1,4 glycosidic bonds and release maltose as 

the primary product (Christophersen et al., 1998), thus proportionally increasing the percentage of 

α-1,6 linkages.  
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Fig. 4.4 Normalized high-performance size-exclusion chromatograms (HPSEC) of debranched 

control (A) and MGA-24 h-modified (B) maize starches. WMS-C: waxy maize control; WMS-24 

h: waxy maize 24-h modified; NMS-C: normal maize control; NMS-24 h: normal maize 24-h 

modified; HAMS-C: high-amylose maize control; HAMS-24 h: high-amylose maize 24-h 

modified. The solid line separates amylose (AM) and amylopectin branch chains; and the dash 

lines separate the long (LBC; corresponding to DP 22-251 in A and to DP 22-101 in B), 

intermediate (IBC; corresponding to DP 11-22 in both A and B), and short (SBC; corresponding 

to DP 6-11 in both A and B) branch chains of amylopectin. 
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Table 4.2 Molecular-weight distributions of debranched control and MGA-24 h-modified maize starches.1 

Starch2 Amylose (%) Amylopectin branch-chain-length distribution (%)3 

Long branch chain Intermediate branch chain Short branch chain 

WMS, control 1.8 ± 0.3a 25.8 ± 0.0bc 33.9 ± 0.3de 40.3 ± 0.2b 

WMS, 24 h 4.7 ± 0.2a 21.5 ± 0.1a 34.4 ± 0.2e 44.1 ± 0.2c 

NMS, control 26.2 ± 0.1b 26.7 ± 0.0c 33.5 ± 0.1d 39.8 ± 0.1b 

NMS, 24 h 27.7 ± 1.0b 24.3 ± 1.3b 32.0 ± 0.4c 43.7 ± 0.9c 

HAMS, control 51.9 ± 0.4d 56.0 ± 0.2e 26.1 ± 0.1a 17.9 ± 0.2a 

HAMS, 24 h 44.1 ± 4.2c 53.6 ± 0.1d 27.5 ± 0.6b 18.9 ± 0.5a 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 WMS: waxy maize starch; NMS: normal maize starch; HAMS: high-amylose maize starch.  

3 Percentages of long, intermediate and short branch chains were calculated as the respective fractions divided by the total area of 

amylopectin as shown in Fig. 4.4. 
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Table 4.3 Percentages of α-1,6 branch linkages of control and MGA-24 h-modified maize starches.1 

Starch2 α-1,6 linkage (%)3 

WMS, control 4.4 ± 0.1d 

WMS, 24 h 5.2 ± 0.0e 

NMS, control 3.0 ± 0.1b 

NMS, 24 h 3.7 ± 0.0c 

HAMS, control 1.0 ± 0.1a 

HAMS, 24 h 1.1 ± 0.1a 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly 

different at p < 0.05. 

2 WMS: waxy maize starch; NMS: normal maize starch; HAMS: high-amylose maize starch.  

3 %Degree of branching = (Integrated intensity of peak at 4.80 ppm) / (Integrated intensity of peak at 5.10 ppm + Integrated intensity of 

peak at 4.80 ppm) × 100.  
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4.4.7 Thermal properties of starch 

Control WMS and NMS exhibited similar starch gelatinization temperatures (ranging from 

To of ~70.2 °C to Tc of ~83.0 °C; Table 4.4), which were noticeably lower than those of HAMS 

(ranging from To of 73.3 °C to Tc of 104.6 °C). The gelatinization ΔH of WMS, NMS and HAMS 

were 17.4, 16.6 and 14.0 J/g, generally consistent with their different amylose contents (Table 4.1 

and 4.2) as amylopectin is the main constituent contributing to the formation of double helices in 

starch (Ai & Jane, 2015). The noted differences in the gelatinization properties of the three control 

starches are in good consistency with the findings reported in previous studies (Ai & Jane, 2015; 

Kibar et al., 2010).  

The 24-h treatment with MGA elevated the gelatinization temperatures of WMS and NMS 

and lowered their gelatinization ΔH, suggesting that the extensive enzymatic hydrolysis removed 

double helices with poorer thermal stability. By contrast, the MGA modification increased 

gelatinization To, lowered Tc, and marginally increased gelatinization ΔH of HAMS. The opposite 

trend of change in the gelatinization ΔH of HAMS could be attributed to the considerably lower 

percentage of starch hydrolysis (Fig. 4.1) and the occurrence of such enzymatic reaction primarily 

to amylose in HAMS (Sections 4.4.4 and 4.4.5). 

Percentages of starch retrogradation were in an ascending order of WMS (7.5%) < NMS 

(34.8%) < HAMS (70.6%) (Table 4.4), which agrees well with previous observation of different 

retrogradation rates of waxy, normal and high-amylose maize and barley starches (Singh et al., 

2006; Song & Jane, 2000). The 24-h modification by MGA substantially lowered the percentages 

of retrogradation of WMS and NMS, which could be explained by that the enzymatic modification 

shortened the branch chains of amylopectins (Fig. 4.4 and Table 4.2) and increased the percentages 

of α-1,6 linkages of WMS and NMS (Table 4.3). The results are in good accordance with the data 

reported before (Ao, Simsek, et al., 2007). On the contrary, the 24-h enzyme treatment noticeably 

enhanced the percentage of retrogradation of HAMS from 70.6% to 96.9%. The opposite trend on 

HAMS retrogradation could be explained by that the limited enzymatic hydrolysis shortened the 

amylose molecules (Fig. 4.4 and Section 4.4.5) to improve the mobility, which thus allowed the 

amylose molecules to partly recrystallize with each other or to recrystallize with long branch chains 

of amylopectin during the 7-day storage of fully gelatinized HAMS at 4 °C. This explanation was 

supported by the observation that the retrograded modified HAMS showed considerably higher 
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melting Tp (96.3 versus 90.4 °C) and Tc (111.9 versus 106.5 °C) when compared with the 

retrograded control.  

 

4.4.8 Pasting properties of starch 

MGA treatment was very effective to diminish the pasting properties of WMS and NMS 

(Fig. 4.5). Upon 4-h MGA hydrolysis, the peak viscosities of WMS and NMS decreased from 

2,835 to 229 cP and from 1,666 to 168 cP, respectively. Extended hydrolysis for up to 24 h further 

reduced the peak viscosities of both starches. In addition, modified starches from both types 

displayed little viscosity after the pasting peak. The marked decreases in the pasting viscosities of 

enzyme-treated WMS and NMS could be related to the breakdown of the two starches at both 

granular (Fig. 4.2) and molecular (Fig. 4.4 and Table 4.2) levels. Moreover, because of the 

substantially low pasting viscosities, the MGA-modified WMS and NMS could be easily dispersed 

after cooking. Therefore, the enzyme-treated WMS and NMS had considerably poorer molecular 

proximity than their respective controls upon gelatinization, which could be another factor 

responsible for the considerably slower retrogradation of 24-h modified WMS and NMS as shown 

in Table 4.4 (Jane et al., 1999). All the control and modified HAMS did not exhibit any detectable 

viscosity by RVA, resulting from their high Tc (~103.5 °C) as shown in Table 4.4. The HAMS 

samples were only partially gelatinized and swelled to a very low extent under the applied pasting 

conditions (heating temperature = 95 °C) (Ai, Hasjim, et al., 2013; Liu et al., 2019). 



 

 

Table 4.4 Gelatinization and retrogradation properties of control and MGA-24 h-modified maize starches.1  

Starch2 Gelatinization of starch3  Melting of retrograded starch3  % Retrogradation 

(%R)4 

To (°C) Tp (°C) Tc (°C) ∆H (J/g)  To (°C) Tp (°C) Tc (°C) ∆H (J/g)   

WMS, control 69.5 ± 0.3a 76.5 ± 0.1a 84.0 ± 0.2c 17.4 ± 0.4b  42.0 ± 1.1a 56.3 ± 0.3b 67.2 ± 0.3c 1.3 ± 0.3b  7.5 ± 1.8a 

WMS, 24 h 73.2 ± 0.0d 78.4 ± 0.2a 85.7 ± 0.2d 13.5 ± 0.4a  43.5 ± 0.6a 45.9 ± 0.3a 49.2 ± 0.7a 0.2 ± 0.0a  1.4 ± 0.2a 

            

NMS, control 70.9 ± 0.2b 75.8 ± 0.3a 81.9 ± 0.3a 16.6 ± 0.3b  42.1 ± 0.1a 56.4 ± 0.0b 66.7 ± 0.4c 5.8 ± 0.2c  34.8 ± 2.0b 

NMS, 24 h 72.5 ± 0.3c 77.4 ± 0.1a 83.1 ± 0.2b 14.4 ± 0.5a  53.9 ± 1.1b 56.6 ± 0.3b 61.3 ± 0.0b 0.2 ± 0.0a  1.5 ± 0.0a 

            

HAMS, control 73.3 ± 0.2d 88.2 ± 2.5b 104.6 ± 1.2f 14.0 ± 1.2a  54.0 ± 0.4b 90.4 ± 0.6c 106.5 ± 3.4d 9.8 ± 0.2d  70.6 ± 7.2c 

HAMS, 24 h 75.7 ± 0.2e 89.3 ± 0.6b 102.3 ± 0.7e 14.6 ± 0.4a  54.1 ± 2.0b 96.3 ± 0.4d 111.9 ± 2.3e 14.2 ± 0.4e  96.9 ± 4.8d 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly different at p < 0.05. 

2 WMS: waxy maize starch; NMS: normal maize starch; HAMS: high-amylose maize starch.  

3 To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; ∆H: enthalpy change. 

4 % Retrogradation (%R) = (∆H of melting of retrograded starch / ∆H of starch gelatinization) ×100%. 
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Fig. 4.5 Pasting properties of control and MGA-modified maize starches analyzed using a Rapid Visco-Analyzer with 28.0 g starch suspension 

containing 8% (w/w, db) starch. A: waxy maize; B: normal maize; C: high-amylose maize; 4 h, 8 h and 24 h; 4-, 8- and 24-h modified starch. 
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4.4.9 In vitro digestibility of cooked starch 

The cooked control WMS and NMS displayed comparable digestibility: 91.7% and 90.5% 

RDS, 0.6% and 2.4% SDS, and 4.5% and 2.6% RS, respectively (Table 4.5). Compared with these 

two starches, the digestibility of cooked control HAMS was noticeably lower, which possessed 

58.2% RDS, 4.7% SDS and 32.4% RS. The markedly greater enzymatic resistance of control 

HAMS after cooking was a result of its high gelatinization Tc (Table 4.4). Upon boiling in water, 

the starch was only partially gelatinized and swelled to a limited level (Fig. 4.5), thus displaying 

the lowest digestibility among all the three control starches (Ai, Hasjim, et al., 2013; Liu et al., 

2020). The 24-h modification by MGA did not obviously alter the digestibility of WMS; however, 

the modification significantly decreased the RDS content of NMS from 90.5% to 85.6% and 

elevated the RS content from 2.6% to 7.3%, indicating that the enzyme treatment improved the 

enzymatic resistance of cooked NMS.  

Previous studies attributed the enhancement in the enzymatic resistance of soluble normal 

maize starch by MGA treatment to the increase in the percentage of α-1,6 linkages (Ao, Simsek, 

et al., 2007). However, in the present study, the increase in the percentage of α-1,6 linkages did 

not appear to play such an important role to increase the enzymatic resistance of the cooked MGA-

treated starches because the enzymatic treatment markedly increased the percentage of α-1,6 

linkages in WMS from 4.4% to 5.2% (Table 4.3) but did not significantly change the RDS, SDS 

and RS contents of the cooked WMS (Table 4.5). Thus, to reveal the mechanism(s) responsible 

for the enhanced enzymatic resistance of MGA-treated NMS, RS residue samples of the control 

and MGA-24 h-modified maize starches were collected and scanned by DSC as indicated in Study 

1 of the thesis. The RS residue from MGA-24 h-treated NMS after cooking and amylolysis in the 

Englyst Assay showed a considerably larger melting peak (ΔH = 2.4 J/g) of retrograded amylose 

of 116.2-138.3°C when compared with the counterpart from NMS control (ΔH = 0.8 J/g and 

meting temperatures of 122.1-136.6°C) (Table 4.6). The structure of retrograded amylose is known 

to be enzymatic resistant (Sievert & Pomeranz, 1989). The formation of more amylose double-

helical crystallites in the MGA-24 h-modified NMS could be explained by that the 24-h MGA 

treatment shortened the amylose chains (Fig. 4.4) for enhanced molecular mobility, which was 

favorable for the development of such amylose double-helical crystallites during the incubation of 

cooked starch at 37 °C in the amylolysis step in the Englyst Method (Buléon et al., 2007; Li & Hu, 

2020; Ring et al., 1988). However, only remaining amylopectin double-helical crystallites were 
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found in the control and MGA-24 h-modified WMS, with no amylose double-helical crystallites 

due to the absence of this linear component, which explained why the MGA treatment did not 

improve the enzymatic resistance of WMS after cooking.  

The 24-h MGA treatment showed negligible effect on the in vitro digestibility of cooked 

HAMS, which could be related to the following two factors: (1) The MGA treatment was only 

able to modify the granular HAMS to a very low extent (11.2% hydrolysis at 24 h; Fig. 4.1); (2) 

The MGA-modified HAMS was only partially gelatinized and swelled to a limited extent upon 

cooking (Fig. 4.5), and thus the amylose did not have good mobility to retrograde to further 

increase the enzymatic resistance of cooked HAMS as described above for cooked NMS. 

 



 

 

Table 4.5 In vitro digestibility of cooked control and MGA-24 h-modified maize starches.1,2  

Starch3 RDS (%)4 SDS (%) RS (%) 

WMS, control 91.7 ± 1.7c 0.6 ± 0.7a 4.5 ± 1.3ab 

WMS, 24 h 89.6 ± 1.8c 2.4 ± 0.2ab 2.8 ± 1.6a 

NMS, control 90.5 ± 1.3c 2.4 ± 2.2ab 2.6 ± 2.0a 

NMS, 24 h 85.6 ± 1.6b 2.5 ± 2.1ab 7.3 ± 0.8b 

HAMS, control 58.2 ± 1.0a 4.7 ± 1.4b 32.4 ± 1.4c 

HAMS, 24 h 59.2 ± 0.8a 2.8 ± 0.6ab 33.4 ± 1.1c 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with the same letter are not significantly 

different at p < 0.05. 

2 Starch samples were cooked in a boiling water bath for 10 min. 

3 WMS: waxy maize starch; NMS: normal maize starch; HAMS: high-amylose maize starch. 

4 RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch; values were calculated on a dry starch basis

8
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Table 4.6 Thermal properties of RS residue of control and MGA-24 h-modified starches after cooking and amylolysis in the Englyst 

Method.1 

RS residue2 Melting of amylopectin double-helical crystallites3  Melting of amylose double-helical crystallites3 

To (°C) Tp (°C) Tc (°C) ΔH (J/g)  To (°C) Tp (°C) Tc (°C) ΔH (J/g) 

WMS, control 75.6 ± 1.7a 81.4 ± 0.6ab 86.3 ± 2.0a 2.1 ± 0.3ab  N.D.4 N.D. N.D. N.D. 

WMS, 24 h 75.5 ± 1.9a 79.9 ± 0.6a 84.6 ±1.2a 1.2 ± 0.3a  N.D. N.D. N.D. N.D. 

          

NMS, control 74.6 ± 1.1a 82.4 ± 1.1b 89.3 ± 2.2a 3.6 ± 0.8c  122.1 ± 1.1a 129.0 ± 2.4a 136.6 ± 2.1a 0.8 ± 0.1a 

NMS, 24 h 74.1 ± 0.5a 80.8 ± 0.3ab 90.4 ± 5.8a 2.9 ± 0.5bc  116.2 ± 5.0a 129.6 ± 2.4a 138.3 ± 2.1ab 2.4 ± 0.8b 

1 Values are presented as average ± standard deviation (n = 3); in the same column, the numbers with different letters are significantly different at p 

< 0.05. DSC thermograms of the RS residue samples are shown in Fig. 4.6. 

2 WMS: waxy maize starch; NMS: normal maize starch. 

3 To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; ∆H: enthalpy change. 

4 N.D. = Not detectable.
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Fig. 4.6 DSC thermograms of RS residue samples recovered from control and MGA-24 h-modified 

starches after cooking and amylolysis in the Englyst Method. A: waxy maize; B: normal maize. 

The black solid line with two end points is the baseline for the thermogram. The first endothermic 

peak of lower temperatures corresponded to the melting of remaining amylopectin double-helical 

crystallites, and the second endothermal peak of higher temperatures corresponded to the melting 

of amylose double-helical crystallites.
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4.5 Conclusions 

MGA was used as a clean-label modification approach to diversifying the functionality of 

granular maize starches having a wide range of amylose contents for the first time. After up to 24-

h incubation, MGA hydrolyzed the granular maize starches in a descending order of WMS > NMS > 

HAMS. SEM observation revealed the “inside-out” hydrolysis pattern on WMS and NMS and the 

“surface erosion” pattern on HAMS by MGA, corresponding well with their different degrees of 

hydrolysis. The 24-h MGA modification did not alter the WAXD patterns of the three maize 

starches, only slightly decreasing the relative crystallinity of WMS but increasing that of HAMS. 

The 24-h enzyme treatment effectively reduced the retrogradation rates of WMS and NMS, which 

was mainly attributed to the shortening of their amylopectin branch chains by MGA. In contrast, 

the same modification enhanced the retrogradation of HAMS, which might be explained by that 

the limited hydrolysis by MGA (11.2% at 24 h) shortened amylose chains for improved molecular 

mobility to facilitate retrogradation during cold storage. MGA-treated WMS and NMS exhibited 

extremely low pasting viscosities, which was ascribed to the breakdown of WMS and NMS by 

MGA at both granular and molecular levels. Among the three maize starches, 24-h MGA treatment 

was only able to elevate the RS content of cooked NMS from 2.6% to 7.6%, resulting from the 

formation of more retrograded amylose in cooked, MGA-modified NMS during incubation at 

37 °C in the Englyst Method. The unique technological characteristics of the MGA-treated 

granular maize starches offered new insights for employing this commercial α-amylase to develop 

novel starch ingredients for broader food applications. 
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5. GENERAL DISCUSSION 

 

The overarching goal of this thesis project was to investigate the impacts of MGA 

modification on the structural features, functional properties, and in vitro digestibility of different 

starches. The results obtained from this thesis project will be important for utilizing MGA to 

modify starches in a native granular form for diversified functionality and enhanced RS contents 

in the starch industry. In the first study, three representative pulse starches (LS, FBS and PS) were 

subjected to MGA treatment and then compared with their corresponding native counterparts. 

NMS was included as the control and treated under the same modification conditions as pulse 

starches. The four native starches were modified with 1% (w/w, db) MGA at 50 °C for 4, 8 and 24 

h. The degrees of hydrolysis of LS, FBS, PS and NMS were 19.7%, 20.7%, 23.6% and 19.8% at 

4 h, respectively; and the values increased to 34.7%, 34.4%, 38.4% and 35.9% at 24 h, respectively. 

Upon 24-h MGA treatment, the apparent amylose contents of LS, FBS, PS and NMS decreased 

6.4%, 4.6%, 2.8% and 2.0%, respectively. The SEM images revealed the different hydrolysis 

patterns of MGA on pulse and maize starches. After 24-h MGA hydrolysis, the granules of the 

three MGA-modified pulse starches were disrupted into small pieces by the enzyme through 

“surface pitting” pattern due to the homogenous and solid internal structure of native starch 

granules. In contrast, MGA hydrolysis generated numerous pores in NMS granules via “inside-

out” pattern, which was related to the endogenous pores and channels in native NMS granules. 

The findings are consistent with the results reported in previous studies (Planchot et al., 1995; 

Zhang et al., 2006). The WAXD patterns of pulse starches and NMS remained the same after MGA 

treatment. However, the percentages of crystallinity of the three pulse starches were reduced, 

which could be explained by that the “surface pitting” hydrolysis pattern of MGA disrupted some 

crystalline structure during the enzymatic modification. After 24-h MGA treatment, the amylose 

and LBC of amylopectin peaks were shifted to smaller DP, indicating the shortening of starch 

chains due to molecular breakdown by MGA. Based on the NMR results, the percentages of α-1,6 

linkages of LS, FBS, PS and NMS were increased 0.5%, 0.6%, 0.6% and 0.7% after 24-h MGA 

treatment, respectively. During the MGA-modification, the double helices with poor stability in 

the starches could be removed and thus the modified starches displayed considerably higher 

gelatinization temperatures. The percentages of retrogradation of LS, FBS, PS and NMS were 

56.9%, 46.2%, 56.2% and 34.8%, respectively. With the shortening of amylopectin branch chains 
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by 24-h MGA treatment, the retrogradation rates of the pulse and normal maize starches were 

significantly decreased to 13.7%, 13.6%, 16.5% and 1.5%, respectively. All MGA-modified 

starches displayed extremely low pasting viscosities, resulting from enzymatic breakdown of 

starch at both granular and molecular levels. The MGA-24 h-modified starches showed an increase 

in RS contents of cooked LS, FBS, PS and NMS by 5.9%, 6.5%, 4.2% and 4.7%, respectively. A 

more obvious endothermic peak of retrograded amylose was observed in the RS residue samples 

recovered from MGA-modified starches after cooking and amylolysis in the Englyst Method than 

those recovered from their corresponding controls, suggesting that the increased RS contents could 

be attributed to the formation of retrograded amylose with great enzymatic resistance. 

According to Study 1, MGA modification was a useful method to improve the functional 

properties and in vitro digestibility of pulse and normal starches. To gain a greater understanding 

of the effects of MGA modification on the techno-functional attributes of starches with a broader 

range of amylose content will be valuable for using this α-amylase to modify starch in the industry. 

Thus, in Study 2, native granular WMS, NMS and HAMS with apparent amylose contents ranging 

from 3.3 to 58.6% were hydrolyzed by MGA under the same conditions as described in Study 1. 

Upon 24-h MGA treatment, the degrees of hydrolysis of WMS, NMS and HAMS were 39.7%, 

35.9% and 11.2%, respectively, which were inversely associated with their apparent amylose 

contents. The apparent amylose contents of maize starches were not significantly changed by 

MGA treatment. MGA hydrolysis created numerous pores into the interior of WMS and NMS 

granules, resulting from the “inside-out” hydrolysis pattern on these two maize starches. By 

contrast, only small holes and fissures were found in HAMS granules, which was due to the fact 

that MGA could only hydrolyze this B-type starch with exceptionally high enzymatic resistance 

through surface pitting. MGA treatment for 24 h did not alter the WAXD patterns of the three 

maize starches. The relative crystallinity of WMS was slightly decreased, suggesting the loss of 

some crystalline structure during the extensive 24-h MGA hydrolysis. In contrast, HAMS 

exhibited a noticeable increase in the relative crystallinity, which might be because of the removal 

of molecules in the amorphous regions of granules by MGA (Gallant et al., 1992). MGA hydrolysis 

for 24 h led to the shift of amylose and LBC peaks toward smaller DP, suggesting that MGA 

modification degraded the starch molecules and shorten the amylose and LBC of amylopectin. 

Consequently, the proportion of amylopectin SBC was increased for three MGA-modified maize 

starches. The NMR data revealed that 24-h MGA treatment elevated the percentages of α-1,6 
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linkages of WMS, NMS and HAMS by 0.8%, 0.7%, 0.1%, respectively. After 24-h MGA 

modification, the gelatinization temperatures of WMS and NMS were increased, while their ΔH 

values were decreased. In contrast, ΔH of HAMS was elevated, which is in good agreement with 

the increase in the relative crystallinity. Moreover, percentages of retrogradation of WMS and 

NMS were markedly diminished to 1.4% and 1.5% after MGA treatment for 24 h, which was 

attributed to the shortening of amylopectin branch chains. However, MGA treatment increased the 

retrogradation rate of HAMS from 70.6% to 96.9%. One possible explanation for this opposite 

trend on HAMS could be that the shortening of amylose chains fostered the recrystallization of 

amylose with each other or with amylopectin LBC. Both WMS and NMS displayed extremely low 

pasting viscosities after MGA treatment due to the degradation by the enzyme. For HAMS, it did 

not exhibit any detectable viscosity before and after MGA hydrolysis, which could be explained 

by the fact that control and modified HAMS was only partially gelatinized during pasting. Among 

the three maize starches, only MGA-24 h-modified NMS exhibited a significant increase in RS 

content from 2.6% to 7.3% as analyzed in a cooked form in the Englyst Assay, which could be due 

to the development of retrograded amylose with great enzymatic resistance in NMS as shown in 

Study 1. 

This thesis research clearly demonstrated that MGA treatment can be employed as a clean-

label method to markedly modify the granular and molecular structures, functionality, and in vitro 

digestibility of starches having amylose contents of 3.3-58.6%. The most desirable features of the 

MGA-modified starches included considerably low retrogradation rate (except for HAMS) and 

enhanced RS contents (except for WMS). The enzymatically modified starches can be utilized as 

a novel ingredient to prepare food products with good cold-storage stability and enhanced 

carbohydrate nutritional value. 
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6. GENERAL CONCLUSIONS AND FUTURE STUDIES 

 

The main goal of this thesis project was to modify granular starches with MGA and to 

develop “clean-label” starch ingredients with improved functional properties and nutritional value 

for promoted industrial applications. Three pulse starches (LS, FBS and PS) and three maize 

starches (WMS, NMS and HAMS) were chosen for this thesis research and modified with MGA 

in a native granular form. Structural features, functional properties and in vitro digestibility of 

MGA-modified starches were characterized and compared with their corresponding controls. 

According to the presented results, MGA hydrolyzed granular pulse and maize starches 

with different hydrolysis patterns. The C-type pulse starches and B-type HAMS were hydrolyzed 

by a “surface-pitting” pattern mainly due to their relatively high amylose contents (38.4-58.6%) 

and homogeneous, solid internal granular structure, while the A-type WMS and NMS were 

hydrolyzed via a “inside-out” pattern because of the endogenous pores and channels in their 

granules. MGA modification did not change the WAXD patterns of the studied starches. The chain 

lengths of amylose and LBC of amylopectin were reduced by MGA attack and thus the proportions 

of amylopectin SBC were increased for the starch samples. Consequently, the retrogradation rates 

of the starches (except for HAMS) were significantly reduced by 24-h MGA treatment, which have 

the potential to be used in food products to improve the cold-storage stability. After 24-h MGA 

hydrolysis, all the starches displayed extremely low pasting viscosities, which renders them 

suitable for the applications in beverage and confectionery products to increase the solids content 

without noticeably changing the viscosity. Upon 24-h MGA treatment, cooked pulse starches and 

NMS exhibited significant increases in the RS contents when compared with their respective 

control starches. 

Future studies can be conducted to evaluate the application value of MGA-modified 

starches in a broad range of food products, such as beverages, confectioneries, energy bars, meat 

products, and sauces. In addition, the control and MGA-modified HAMS exhibited little viscosity 

after being pasted as 95 °C because of limited starch gelatinization. The pasting behaviors of the 

control and MGA-modified HAMS can be determined at 95-140 °C using Rapid Visco Analyzer 

4800 (Liu et al., 2019), which will not only advance our understanding of the influence of MGA 

treatment on the pasting properties of HAMS but also generate new information useful for the 
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applications of native and modified HAMS in high-temperature food processing, such as canning, 

retorting, and extrusion. Additional research can also be carried out to combine MGA treatment 

with other clean-label modification methods, such as annealing and heat-moisture treatment, to 

further improve the RS contents of starch. 
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8. APPENDICES 

8.1 List of Tables 

Table 1 DP for AM peak of debranched control and MGA-24 h-modified starches. 

Starch1 DP for AM peak 

LS, control 1074 

LS, 24 h 835 

FBS, control 1081 

FBS, 24 h 781 

PS, control 1096 

PS, 24 h 615 

NMS, control 1051 

NMS, 24 h 603 
1 LS: lentil starch; FBS: faba bean starch; PS: pea starch; NMS: normal maize starch. 
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Table 2 DP for AM peak of debranched control and MGA-24 h-modified maize starches. 

Starch1 DP for AM peak 

NMS, control 1051 

NMS, 24 h 603 

HAMS, control 988 

HAMS, 24 h 482 
1 NMS: normal maize starch; HAMS: high-amylose maize starch. 
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Table 3 DP range for AM fraction of debranched control and MGA-24 h-modified maize 

starches. 

Sample DP range for Amylose fraction 

Control 251-84557 

MGA-24 h modified 101-3011 
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