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RESUM 

El midó és la principal font de reserva d'energia en les plantes, està 

àmpliament present en diverses aplicacions alimentàries i no alimentàries, i 

constitueix un dels hidrats de carboni més abundants en la dieta humana. A 

més de l'ús freqüent i clàssic del midó natiu com a matèria primera en la 

producció d'aliments, els midons modificats han experimentat gran expansió 

en el desenvolupament de nombrosos productes a causa del seu caràcter 

versàtil. Les modificacions enzimàtiques es duen a terme per a realçar la 

funcionalitat del midó a fi d'esbiaixar les restriccions tecnològiques i millorar 

la qualitat del producte final. En concret, el midó de dacsa àmpliament 

produït i consumit, és apropiat com a ingredient principal en la producció 

d'aliments lliures de gluten. Aquesta Tesi aborda l'estudi de l'efecte individual 

de tres diferents enzims, α-amylasa fúngica, amiloglucosidasa i ciclodextrina 

glucosiltransferasa, sobre la temperatura de sub-gelatinizació del midó de 

dacsa. Es van realitzar diferents anàlisi per a ampliar el coneixement dels 

canvis estructurals i funcionals associats a l'acció de l'enzim. Així mateix, es 

va seleccionar el midó de dacsa modificat amb ciclodextrina 

glucosiltransferasa per a investigar la resposta glicémica en ratolins. L'índex 

glicémic es va relacionar amb l'absència/presencia de productes d'hidròlisis 

alliberats per l'acció catalítica de l'enzim i les propietats de gelatinización. Els 

midons de dacsa enzimàticament modificats van presentar alteracions 

funcionals en els grànuls de midó, la qual cosa els confereix característiques 

d'interès per a diversos usos alimentaris. 

  



  



 

 
 

RESUMEN 

El almidón es la principal fuente de reserva de energía en las plantas, está 

ampliamente presente en diversas aplicaciones alimentarias y no alimentarias, 

y constituye uno de los hidratos de carbono más abundantes en la dieta 

humana. Además del uso frecuente y clásico del almidón nativo como 

materia prima en la producción de alimentos, los almidones modificados han 

experimentado gran expansión en el desarrollo de numerosos productos 

debido a su carácter versátil. Las modificaciones enzimáticas se llevan a cabo 

para realzar la funcionalidad del almidón con objeto de soslayar las 

restricciones tecnológicas y mejorar la calidad del producto final. En 

concreto, el almidón de maíz ampliamente producido y consumido, es 

apropiado como ingrediente principal en la producción de alimentos libres de 

gluten. Esta Tesis aborda el estudio del efecto individual de tres diferentes 

enzimas, α-amylasa fúngica, amiloglucosidasa y ciclodextrina 

glucosiltransferasa, sobre la temperatura de sub-gelatinización del almidón de 

maíz. Se realizaron diferentes análisis para ampliar el conocimiento de los 

cambios estructurales y funcionales asociados a la acción de la enzima. Así 

mismo, se seleccionó el almidón de maíz modificado con ciclodextrina 

glucosiltransferasa para investigar la respuesta glicémica en ratones. El índice 

glicémico se relacionó con la ausencia/presencia de productos de hidrólisis 

liberados por la acción catalítica de la enzima y las propiedades de 

gelatinización. Los almidones de maíz enzimáticamente modificados 

presentaron alteraciones funcionales en los gránulos de almidón, lo que les 

confiere características de interés para diversos usos alimentarios.  



  



 

 
 

ABSTRACT 

 

Starch is the major energy reserve in plants, extensively present in many food 

and non-food applications, and is one of the most abundant carbohydrates in 

human diet. In addition to starch native form currently used as a raw material 

for industrial applications, modified starches have become very attractive to 

develop numerous products that have greatly expanded starch use and utility. 

Enzymatic modifications are carried out to enhance starch functionality with 

the aim of overcoming technological constraints and to improve final product 

quality. Above all starches, corn starch is widely produced and consumed, 

and used as main ingredient to produce gluten-free products. This Thesis 

focuses to the study of the individual effect of three different enzymes, fungal 

α-amylase, amyloglucosidase and cyclodextrin glycosyltransferase, on the 

above sub-gelatinization temperature of corn starch, in order to modify its 

properties and extend its applications. Different analyses have been 

performed to improve the understanding of functional and structural changes 

promoted by the enzyme action. Moreover, corn starch modified with 

cyclodextrin glycosyltransferase was selected to investigate the glycemic 

response in mice. The presence/absence of hydrolysis products released from 

the enzyme catalytic activity and gelatinization properties were related to 

glycemic index. Enzymatically modified corn starch resulted in a diversity of 

functional starch granules that may be used in food applications for many 

purposes.   
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I. Introduction  

1. Starch sources and molecular composition of starch granules 

Starch is produced by all green plants, occurs in the endosperm in granular 

form and is the main carbohydrate in the human diet. As the major 

component in cereals (corn, wheat, rice, barley, sorghum, etc.), tubers 

(potato, yam, sweet potato), roots vegetables (cassava, taro, etc.) and pulses 

(pea, lentil, bean, etc.) is contained in many staple foods. Corn, tapioca, 

potato and wheat starches are the most commonly used starches in the United 

States (US) and European Union (EU). In selected regions, rice, sorghum, 

sago and other starches are also used. The intrinsic starch properties 

(viscosity, stability to processing and distribution and gel strength), which are 

mainly influenced by the ratio amylose/amylopectin (Srichuwong et al., 

2005a,b),  determine the application of these starches in foods. 

1.1. Polysaccharide components 

Starch is a polysaccharide composed of a large number of glucose units 

joined by glycosidic bonds. It consists of two types of anhydroglucose 

polymers, amylose and amylopectin. Amylose is a mainly linear and helical 

polysaccharide made up of 300-3000 glucose units linked via α-(1,4) 

glycosidic bonds with very few branches involving α-(1,6) glycosidic 

linkages. Amylopectin is a highly branched polysaccharide consisting of 

glucose units linearly linked by α-(1,4) glycosidic bonds to form chains of 

between 6 and >100 glycosyl residues in length, and the branching takes 

place every 20-30 glucose residues with α-(1,6) glycosidic linkages (Figure 

1) (Buléon et al., 1998). The distribution of amylose and amylopectin 

molecules allows forming the matrix of the starch granule, which consists of 

alternating, concentric rings of amorphous and semicrystalline domains 

originated from the hilum toward the periphery. Crystalline layers are mainly 

amylopectin chains packed into a semi-crystalline structure, whereas the 

amorphous regions of the growth rings contain mainly amylose. Amylose 
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molecules are also scattered between the amylopectin in the crystalline 

layers, disrupting the crystal packing of amylopectin (Vermeylen et al., 

2004).  

 

Figure 1. The composition and structure of starch granules: (a) starch native granules from corn, 
(b) amorphous and semycrystalline growth rings, (c) schematic representation of amylopectin 

and molecular structure, (d) schematic representation of amylose and molecular structure 

(Picture composed by A. Dura). 

Generalities about structure, granule organization, properties and behavior of 

starches from different sources are limited. The ratio of amylose to 

amylopectin varies within the starch source. Most common cereals (corn, 

wheat, rice, barley, sorghum) range between 20-30% amylose content, while 

in roots and tubers 19-25% of starch is present as amylose. Higher amylose 

content, 30-40% is present in pulses. Waxy and high-amylose starches differ 

in amylose content from normal starches. High amylose starches (corn, 

barley) have 50-70% of amylose available, whilst waxy varieties (corn, rice, 

sorghum, barley) have no amylose and contain essentially 100% 

amylopectin. The amylopectin chain length determines the polymorphism of 

a starch granule depending on the origin. Starches with A type crystallinity 

(cereal) have shorter chain length and crystallize with slightly distorted 
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hexagonal packing with a low water content, while B type starches (tuber and 

high amylose starches), crystallize in a hexagonal unit cell with a more open 

structure containing a hydrated helical core. The C-polymorphic structure 

(pulses and root) is a mixture between A- and B-type patterns. The 

proportions can vary among pulse and root starches in packing density and 

structure (Tester et al., 2004). 

Starch granules can differ in shape, size and composition, depending on both 

the botanical source and the environment. Granule size diverges, from rice 

with only 2-10 μm of diameter, corn with a range of 5-20 μm of diameter, to 

a 10-35 μm of diameter in different wheat varieties. Starch granule shape, 

large, spherical, oval, polygonal, round or irregular, also determines the 

granule size (Lindeboom et al., 2004). 

Amylose/amylopectin ratio, granular size and shape are related to starch 

source and molecular fine structure will influence functionality of starch for 

their further applications in the food and non-food industries.   

1.2. Minor components 

Starch granules also contain very small amount of proteins, lipids and 

phosphorous. The protein content varied in the range 0.1-0.8% (Yusuph et 

al., 2003). Proteins are either found at the surface of the granules or within 

the inner parts. The presence of pores or channels as structural features in 

some starch granules (corn, sorghum and wheat) was first evidenced by 

Fannon et al. (1992); those extend from the granule surface into the interior 

parts. Han et al. (2005) showed that the channels were filled with proteins, 

indicating that proteins were native to the granules and not artifacts of 

isolation.  

Lipids are also found in low amount, especially in cereal starches, located on 

the surface, mainly triglycerides, followed by free fatty acids, glycolipids and 

phospholipids. They could be found also inside the granule in the form of 
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free fatty acids and lysophospholipids (Morrison et al., 1984). Surface and 

internal lipids are present in free form or bound to starch components, in the 

form of amylose inclusion complexes or linked via ionic or hydrogen 

bonding to hydroxyl groups of the starch components (Morrison, 1988). 

Amylose-lipid complexes range from less than 15% to more than 55% of the 

amylose fraction in cereal starches, whereas oat starches results especially 

rich in lipids complexed with amylose (Morrison, 1995).  

Starches also contain a small quantity of minerals with low functional 

significance, with an exception for phosphorous. The phosphorus is found in 

three major forms: phosphate monoesters, phospholipids and inorganic 

phosphates. Phosphate monoesters are selectively bound to specific regions 

within the amylopectin molecule (Blennow et al., 2002) and have diverse 

effects on starch paste properties from different botanical sources (Jane et al., 

1996).   

2. Starch production and consumption 

The importance of starches lies in their abundant availability, cheapness, 

renewability, biodegradability and non-toxic nature. 

Native starch is mainly isolated from plants. Starch is rarely a uniform 

product, as it is extracted from different crops offering diverse properties, 

which starch industry matches to a specific end-use to obtain the desirable 

product. Starch biosynthesis is subjected to changes with environmental 

temperature, leading to the formation of different starch structures that can 

cause different functional properties.  

Main sources with high starch content are potatoes, corn, sorghum, wheat, 

rye, barley, peas, rice, and cassava. Most of the starch produced annually is 

either directly consumed as food, used as animal feed or in non-food 

industries as a renewable raw material and bioethanol production. The latest 

Food and Agriculture Organization (FAO) outlook report for cereal world 
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production and consumption is displayed in Table 1 (FAO, June 2016). FAO 

forecasts world cereal production in 2016 at around 2,543 million tons, 0.6 

percent higher than in 2015 and only 0.7 percent below the 2014 record high. 

Compared to 2015, world wheat production is likely to decline, while rice 

and coarse grains outputs are forecast to increase. 

Table 1. World Cereal market  

 
2014/15 2015/16 

estimated 

2016/17 
forecast 

WORLD BALANCE  million tons  

Production 2 561.8 2 527.7 2 542.9 

Trade
1
 2 376.1 376.2 369.1 

Total utilization 2 501.2 2 522.9 2 545.7 
Food 1 080.2 1 091.7 1 105.7 

Feed 889.8 901.7 914.7 

Other uses 531.2 529.5 525.3 

Ending stocks 644.1 644.0 642.2 

SUPPLY AND  DEMAND INDICATORS  

Per caput food  consumption:   

World (kg/yr) 148.9 148.8 149.0 
Adapted from FAO Food Outlook. Biannual report of global food markets. (FAO, June 2016) 

1 Trade refers to exports based on a July/June marketing season for wheat and coarse grains and 

on a January/December marketing season for rice. 

Worldwide starch production has constantly enlarged due to an increasing 

demand. Global starch production is led by US with more than a half of 

starch world production, predominantly corn starch, in conjunction with 

China, which has increased its corn production over the years. In fact, China, 

India, Thailand, South Korea and Philippines, are slated to have a growth rate 

of 9% through 2018 (www.ers.usda.gov). Currently, global corn starch 

market is the predominant commercial starch, making up about 83% of the 

world supply. Corn is grown throughout the world, although there are large 

differences in yields (Figure 2). The ready disposal of corn at relatively low 

and steady prices, its storability from season to season, its ease of 

transportation and handling, and its high starch content led naturally to the 

development of commercial processes for recovery of corn starch. The 
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expansion of corn starch use for food and non-food applications catalyzed the 

growth of the global corn starch industry. 

 

Figure 2. Corn production average 2012-2014 by country. Source: FAO (June 2016). 

Nevertheless, the market is moving beyond the traditional sources of starch 

such as corn, potato and wheat, to consider other economical sources of 

starch, such as cassava, and sweet potato. There is a significant proportion of 

starch manufactured from cassava that is recently increasing its production, 

specifically in developing markets in Asia-Pacific. However, it also exists 

some starch output derived from rice, barley, oats, sweet potatoes and sago. 

EU starch production has increased from 8.7 million tons 2004 to 10.7 

million tons in 2015, leading corn and wheat starch production, with less than 

2 million tons for potato starch (www.starch.eu), whereas North American 

production of starch is based almost entirely on corn.  

Global starch consumption is projected to rise primarily prompted by the 

growing diversity of starch end-use applications. The largest single outlet for 

starches has always been for conversion into sweeteners. The global demand 

for cereal sweeteners is closely related to the development of the soft drink 

industry, which started several years ago in the US. About 54% goes to 

sweeteners, 27% goes to fuel alcohol manufacture and 19% is used as starch. 

The EU consumes 9.3 million tons of starch (excluding starch by-products 
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totaling around 5 million tons), of which 61% in food, 1% in feed and 38% in 

non-food applications, primarily paper making and biofuel production 

(www.starch.eu). 

Although new usages of starch have been developed, the food industry has 

always remained the traditional sustainer for global starch market. Intake of 

starch is mostly in the form of cereals, particularly breads and breakfast 

cereals, potatoes and rice. With the increasing demand for low fat and low 

calorie food, many food companies are replacing fats with gums and 

carbohydrates, such as starches and hydrocolloids. However, one of the key 

reasons of the increasing starch demand is the growing consumption of 

modified starches mainly used in processed and convenience foods.  

3. Starch properties 

The highly structured nature of the starch granule provides unique properties 

that depend greatly on the molecular components, distribution and structures 

that display different physicochemical (gelatinization, retrogradation) and 

functional (solubility, swelling, water absorption, viscoelastic and rheological 

behavior of pastes and gels) characteristics. 

Isolated starch is typically a dry, soft, white powder. It is insoluble in cold 

water, alcohol, ether and most organic solvents. Starch, if kept dry, is stable 

in storage for indefinite periods. However, heating the starch granules in 

excess of water to progressively higher temperatures enables an irreversible 

swelling of the granules that contribute to amylopectin-amylose phase 

separation and crystallinity loss, resulting in amylose leaching and increases 

the granular size and solubility to lose finally their structural integrity (Singh 

et al., 2003). The swelling capacity and solubility of starch illustrate the 

interactions of amylose-amylopectin proportion comprising the amorphous 

and crystalline domains and vary among starch molecules. These facts, 

associated with the disruption of the ordered structure, are called 

gelatinization. Amylose and amylopectin play an important role, where the 
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functionality of the two main components of starch differs significantly in the 

gelatinization process. On water dispersion, amylopectin is more stable and 

produces soft gels and weak films. It is responsible for the swelling power 

and viscosity development of starch during cooking, whereas amylose, 

particularly with the presence of lipids, tends to intertwine and restrict the 

swelling of starch granules. Gelatinization causes large changes in the 

rheological properties of the system (pasting properties, the viscosity of 

starch paste and the rheological characteristics of starch gel) and has a major 

influence on the behavior and functionality of starch-containing systems. 

Starches that contain high percentage of amylose are less accessible to 

gelatinize because of the extra energy needed to hydrate and disintegrate the 

firm interactions. At the opposite, waxy starches gelatinize easily and yield 

nearly-transparent viscous pastes (Schimer et al., 2015). Upon cooling, starch 

changes occur during retrogradation, amylose and amylopectin molecules 

realign (mainly hydrogen bonding) into more ordered structure, which leads 

to the formation of crystallites that resist enzymatic hydrolysis. Amylose that 

forms double helical large interactions between glucose units has a high 

tendency to retrograde, whereas amylopectin occurs by association of the 

outermost short branches to retrograde slowly. Rate of retrogradation 

depends on starch varieties. Starches that contain high amylose ≈28%, such 

as corn starch, retrograde more than starches with lower amylose content 

≈20%, such as potato starch (Wang et al., 2015). Starch properties are 

directly influenced by hydrothermal treatment and processing conditions (pH, 

rate of heating, amount of agitation and/or time duration), which can affect 

the final characteristics of the paste or gel formation (viscosity, shear 

resistance, textures, solubility, thickness, gel stability, cold swelling, 

hydration properties, retrogradation, etc.)   

Granule swelling, gelatinization, pasting and retrogradation are important 

aspects of starch functionality that vary in degree from one starch source to 

another depending on the starch granular and molecular composition 
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(amylose/amylopectin ratio) and may be influenced by the presence of minor 

components (Ai and Jane, 2015). For instance, normal corn starch, after 

being cooked, produces an opaque paste which is not sticky and in the end 

sets to a strong gel. Otherwise, waxy corn and potato starches produce clear 

but sticky long pastes, and the pastes have fewer tendency to set to gels 

(Swinkels, 1985). Differences among corn starches in granule swelling, peak 

temperature, peak viscosity, shear thinning during pasting, and gel firmness 

during storage, have been mostly attributed to differences in amylopectin 

structure (Bahnassey and Breene, 1994), whereas differences in setback and 

final viscosity during pasting have been attributed to amylose structure 

(Vasanthan and Hoover, 1992b). A wide range of studies have been reported 

based on the behavioral diversities of starches and other functional 

characteristics that differ with species and variants (Sasaki et al., 1999; 

Hoover 2001; Singh et al., 2003; Srichuwong et al., 2005; Sandhu and Singh, 

2007; Yoo et al., 2009; Waterschoot et al., 2015). 

For many applications, the native granule of starch is not used; instead, the 

gelatinization process is initiated leading to a destruction of the granule. 

Improving understanding on how starch structure affects its functionality 

provides remarkable information to a subsequent end-use of starch and 

further starch modification that will improve or change its functionality and 

may be beneficial to an end-product quality. Particularly, corn provides a 

high-quality starch used widely in the food industry in many applications 

requiring particular viscosities and textures. 

4. Starch modification 

Nowadays, industry demand for new technological properties requires the 

native starch to be physically, chemically or enzymatically modified to 

extend the range of functionality, and consequently new functional and value 

added properties (Kaur et al., 2012). 
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4.1. Physical modifications 

Physical modifications of starch combine temperature, moisture, pressure, 

shear and irradiation and can improve its water solubility and reduce the size 

of the starch granules. The processing conditions vary considerably between 

treatments. These treatments can be divided into thermal and non-thermal. 

Thermal treatments include: pre-gelatinization by spray cooking, drum 

drying, or solvent-based processing and extrusion. Pre-gelatinization results 

in a partially gelatinized starch, decreasing hydrogen bonding where the 

granular integrity of starch is lost; paste viscosity is reduced and gives higher 

water solubility. An alternative application of pre-gelatinized starch is the 

preparation of cold water swelling starch produced by a solvent-based 

method. These starches exhibit smoother texture, greater viscosity and more 

processing tolerance. They maintain granular integrity but losses its 

birefringence (Thomas and Atwell, 1999). 

High moisture treatment and annealing are common physical modifications 

regarded as hydrothermal processes that occur below gelatinization 

temperature. In heat-moisture treatment starches are treated at varying 

moisture levels (<35%) for a certain period and at a temperature above the 

glass transition temperature but below the gelatinization temperature. 

Conversely, the annealing to improve molecular mobility requires an excess 

of water. The starch integrity is preserved while properties of starches are 

enhanced to different extends, improving viscosity and stability when 

subsequently gelatinized and pasted (Zavareze and Dias, 2011). 

Non-thermal treatments include: Ultra high-pressure treatment, instantaneous 

controlled pressure drop, high-pressure homogenizers, dynamic pulsed 

pressure, pulsed electric field and freezing and thawing. Nowadays, the 

interest of non-thermal treatment is increasing as alternative processing 

method to the traditional ones to avoid high temperatures, which can alter 

organoleptic properties and cause a loss of vitamins and nutrients, and 
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eliminates pathogenic microorganism and spores. Non-thermal treatments 

can be used to preserve color, texture, taste, nutrients and other components 

of food as compared to the traditional thermal processes (Li et al., 2008). 

Ashogbon et al. (2014) reviewed some of the non-thermal physical 

treatments, including the effects caused on the starch granules. Non-thermal 

treatments affected the physicochemical properties of starch in a different 

way. High hydrostatic pressure permits to achieve starch gelatinization at 

room temperature. A better preservation of the granular structure was 

observed after pressure treatment compared to temperature treatment that led 

to stronger gels (Vallons and Arendt, 2009). Deep freezing and thawing of 

moistened starch resulted in an increased crystallinity of the granules 

(Szymonska et al., 2000) while multiple deep freezing and thawing caused an 

irreversible disruption of the crystalline order (Szymonska et al., 2003). An 

appropriate selection of the non-thermal treatment is required to obtain the 

desire effects on the physicochemical properties of starches. 

4.2. Chemical modifications  

Chemical modification of starch changes the functionality of the starch 

without affecting the morphology or size distribution of the granules. It is 

usually performed in a suspension of starch in water, typically 30-45% solids 

(by weight), then treated with the chemical reagent(s) under proper agitation, 

temperature and pH. The starch resulted from the complete reaction is 

brought to the desired pH by a neutralizing agent and then purified by 

washing with water and recovered as a dry powder. Modified starch presents 

enhanced molecular stability against mechanical shearing, acidic, and high 

temperature hydrolysis; obtaining desired viscosity; increasing interaction 

with ion, electronegative, or electropositive substances; and reducing the 

retrogradation rate of unmodified starch (Singh et al., 2007). 

Modification is generally achieved through derivatization such as 

etherification, esterification and crosslinking, oxidation, cationization and 
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grafting of starch. Crosslinking is perhaps the most common type of chemical 

reaction used, in which starches are produced by introducing a limited 

number of linkages between the chains of amylose and amylopectin using 

dysfunctional reagents. By reinforcing the hydrogen bonding, swelling of the 

starch granule under cooking conditions is restricted and gelatinization is 

prevented. In order to minimize or prevent retrogradation, substituted 

starches are produced by etherification or esterification by introducing 

monofunctional chemical “blocking groups,” such as acetyl or hydroxypropyl 

groups, along the polymer backbone. This reduces the tendency of chains to 

realign (retrograde) during cooling processing. The most common conversion 

methods used to reduce molecular weight polymers and to low viscosity in 

the starch industry include acid hydrolysis, oxidation and pyroconversion. 

The properties of converted starches can vary widely depending upon the 

type of base starch used and the conversion process (Ashogbon and 

Akintayo, 2014). 

However, the amount of the starches derived from these techniques allowed 

in food grade is limited due to consumer´s safety and environment. New 

trends are brought up to combine chemical modifications with physical 

methods (microwave, radiation and extrusion) to obtain starches with 

desirable functional properties (Kaur et al., 2012).  

4.3. Enzymatic modifications 

Enzymatic modification transforms native starch by modifying the molecular 

weight to produce end-products with variable structural and functional 

properties. Enzymes have long been recognized to play a diversified role as a 

useful tool for improving starch processing behavior and properties in the 

production of food and several industrial applications. The most common 

enzymes used to modify starch are the α-amylase family (van der Maarel et 

al., 2002). The trend from the food industry regarding enzymatic 

modification has been mostly focus in hydrolyzed starches producing a wide 
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range of glucose syrups and sweeteners, in the particular case of starch 

converting enzymes such as amylase (AM) and amyloglucosidase (AMG), 

and in the production of cyclodextrins by cyclodextrin glycosyltransferase 

(CGTase). The optimum conditions of hydrolysis depend on the origin of the 

starch, since they differ in their susceptibilities to be hydrolyzed and on the 

type of enzyme involved in the modification. Up to now, enzymatically 

modified starches have been extensively studied from different starch crops 

to fulfill knowledge. Research was focused at digestibility studies, the effect 

of the enzyme addition to the final product related to health requirements, 

degree of crystallinity, hydrolysis products and extent of the reaction 

(Colonna et al., 1992; Hoover, 2001; Biwer et al., 2002; Gujral and Rosell, 

2004; Li et al., 2004; Han et al., 2006; Ao et al., 2007; Zhekova et al., 2009; 

Gularte and Rosell, 2011; Zhang et al., 2012; van der Maarel and Leemhuis, 

2013). However, there is a continuously rising demand for new and improved 

specific functional traits and it is important to consider the requisites for 

further investigations to a significant improvement of enzymatically modified 

starch that could result in important impact in todays advanced technologies 

and end-use applications. The available information on corn starch granule 

structure and the individual effect of these enzymes on the starch and 

improve reaction conditions, still deserves attention.   

4.4. Combined treatments of starch 

Acquiring of desired functional properties is possible by using various 

methods of modification, which have specific applications in various 

industries. Mainly in food applications, starch modification using a 

combination of chemical, physical and enzymatic methods have grown 

rapidly to provide an assortment of products with a range of properties. 

Physical modifications are simple and inexpensive methods, despite energy 

requirements, which can be produced without chemicals or biological agents. 

The use of enzymes for modifications presents a wide number of advantages 

such as higher product quality, lower manufacturing cost, low amount of 
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enzyme used to achieve a desirable product, reduced energy consumption and 

environmental pollution. Therefore, they can often replace chemicals, like in 

the case of syrups replacing sulfuric acid or in baking application as an 

antistaling agents and dough strengtheners replacing bromate.  

Nowadays, many physical and chemical or enzymatic and chemical starch 

modifications have been combined to improve the functional properties of 

starch (Jacobs and Delcour, 1998; Sun et al., 2015). Nonetheless, 

combination of physical and enzymatic modifications result less common to 

bring about the desire effects for the utilization of starches for the specific 

application.  

5. Industrial applications of starch products 

The growing usage of starch as a raw material comes from many reasons: its 

abundance, it is the cheapest biopolymer, ease for modification and it is very 

degradable. The variation found in different sources of starch gives great 

versatility in its uses. Starch derivatives are used in food products as 

thickeners, gelling agents and encapsulating agents. Besides serving as food, 

starches are also industrially processed into a series of derivatives by 

modification treatments that are applied in various industries. Modified 

starches are also used in papermaking as wet-end additives for dried strength, 

surface sizes and coating binders, as adhesives (corrugating, bag, bottle 

labeling, laminating, cigarettes, envelopes, tube-winding and wallpaper 

pastes), for warp sizing of textiles, for glass fiber sizing, in tableting and 

cosmetic formulations. Table 2 shows some examples of native and modified 

starch and its particular application based on the functional characteristics of 

starch. 
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Within the properties required for a particular application, availability of the 

starch and economics play a role in selecting a particular native starch for 

subsequent modification. Among all kinds of starches, corn starch is one of 

the most available and accessible starches and an important ingredient in the 

production of foodstuffs. Corn starch has been widely used as a thickener, 

stabilizer, colloidal gelling agent, water retention and as an adhesive (Singh 

et al., 2003). Many different types of hydrolyzate products, such as 

sweeteners, are produced for a multitude of food products. In addition, 

ethanol is produced by fermentation of corn starch hydrolyzates and may be 

used in beverages. Corn starch is also used in non-food industries as paper, 

adhesive, textile, building materials, packaging, biopolymers, 

pharmaceutical, biofuel, etc. 

It is expected that, the need for starch would continue to increase especially 

as starch and modify starch continues finding applications among industries. 

6. Nutritional implications 

Starch plays an essential role in human nutrition as one of the main forms of 

dietary carbohydrates.  The increasing demand from consumers and industry 

for starch has driven to check the nutrition and health implications regarding 

the consumption of starch and starch-based foods (Ludwing, 2002).  Mann et 

al. (2007) provided a scientific report from WHO/FAO reviewing health 

implications of carbohydrates in human nutrition. Starch and starchy food 

products can be classified according to their digestibility, which is generally 

characterized by the rate and the duration of the glycemic response. The 

glycemic response and glycemic index (GI) is a physiological concept used 

to classify carbohydrate containing foods and refers to the ability of a 

particular food to elevate postprandial blood glucose concentrations. Diverse 

scientific studies have established the relationship between starch 

digestibility and some chronic diseases and some types of cancer (Yokoyama 

et al., 2002; Jacobsen et al., 2006; Yokoyama and Shao, 2006; Park et al., 
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2008; Nazare et al., 2010).  Therefore, low glycemic index foods are 

recommended for modulating the glucose response. 

One of the most common methods to classify starches based in their 

digestibility was suggested by Englyst et al. (1992). Most starches contain a 

portion that digests rapidly (rapidly digesting starch; RDS), a portion that 

digests slowly (slowly digesting starch; SDS) and a portion that is resistant to 

digestion (resistant starch; RS) (Singh et al., 2010). RS has been widely 

reviewed over the years (Annison and Topping, 1994; Haralamou, 2000; 

Fuentes-Zaragoza et al., 2010; Perera et al., 2010; Thompson, 2010; 

Homayouni et al., 2014) and has received considerable attention as a 

substitute or rather a supplement of dietary fiber and has found a number of 

applications for improving the functional properties of foods, in particular 

cakes and other bakery products, where it reduces the tempering step. RS, as 

a component of dietary fiber, has been has been related to the rate and extent 

of starch digestion and hence on glucose response. The production of short 

chain fatty acids (SCFA) in the large intestine (Andoh et al., 2003) may help 

improve colonic health. Animal studies in pigs and rats have reported that 

feeding RS increased the caecal and faecal production of total SCFA and the 

individual concentrations of propionate, butyrate and acetate (Ferguson et al., 

2000; Henningsson et al., 2003). The integration of variations in the starch 

foods, changing the physicochemical and functional properties of starch 

(altering the amylose/amylopectin ratio, increasing RS content, etc.), could 

affect and change physiologic responses which could influence satiety and 

lead to a different glucose/insulin response. These modifications are usually 

achieved by physical, chemical and enzymatic modifications (Dupuis et al., 

2014). 

Concerning nutritional implications, nowadays, an extensive world 

population is avoiding wheat-based products consumption as a result of 

gluten association with diverse autoimmune diseases. The design of 

alternative gluten-free baked foods has brought a deep research in the last 
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decade (Bonet et al., 2007; Marco and Rosell, 2008; Hüttner and Arendt, 

2010; Delcour et al., 2012; Gularte et al., 2012). However, nutritional 

composition and quality regarding gluten-free products is different from its 

counterparts and is still outlined from traditional wheat-based carbohydrate 

matrices. These carbohydrate matrices are mainly composed by starch, 

though less research has been brought concerning the physiological role of 

the starch in the development of carbohydrate matrix products with quality, 

shelf life and health benefits. Corn starch, as gluten-free cereal starch and one 

of the predominant starches produced, becomes suitable to produce foods 

addressed to celiac patient and attractive for scientific interest. Even more, 

enzymes have been extensively used as technological aids in cereal-based 

products (Rosell and Collar, 2008) and in improving gluten-free breads 

characteristics (Rosell, 2009; Rosell, 2014). Nevertheless, a new approach of 

the enzymes to change functional and physiological behavior of starches is 

still under research. Therefore, a better understanding of this modification on 

corn starch would provide basis for developing new products with enhanced 

properties. 
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II. Objectives 

The main objective of this research was to modulate functional and nutritive 

value of corn starch through enzymatic strategies for its further effective 

inclusion in a healthy diet.   

In order to achieve this main objective, the following specific goals were 

proposed to: 

1. Provide an updated revision of the current knowledge about cereal 

constituents involved in bread-making, and classification of the enzymes 

mostly used in baking, according to the substrate they are acting on, 

understanding the effect of these enzymes to improve the process.  

2. Study the individual effect of fungal α-amylase (AM) or amyloglucosidase 

(AMG) on corn starch at sub-gelatinization temperature and the subsequent 

impact of the catalytic activity in starch digestibility, functionality and 

structural properties.  

3. Appraise the resultant corn starch from the enzymatic modification of corn 

starch granules with cyclodextrin glycosyltransferase (CGTase) under sub-

gelatinization conditions, in relation to the biochemical features, thermal and 

structural changes induced by the enzymatic action. 

4. Evaluate possible health benefits of corn starch enzymatically modified by 

cyclodextrin glycosyltransferase (CGTase) containing hydrolysis products 

(cyclodextrins), specifically focused on the modulation of the glycemic 

response. In addition, to investigate the relationship between physical 

properties of modified corn starch and its in vivo glycemic effect in mice.
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1. Introduction 

Baking industries provide a whole range of bakery products, of which a 

common characteristic is that they are mainly fermented, cereal-based 

products subjected to high-temperature processes for increasing their 

organoleptic properties and shelf life. The main ingredients in baked goods 

are flours from cereals such as wheat, corn, and sorghum. Other major cereal 

crops produced include rice and barley, oats, millet, and rye. In general, all 

flours contain valuable amounts of energy, protein, iron, and vitamins, but 

the degree of milling will influence the final nutritional content. Cereals still 

remain important to human nutrition because they lead to nutrient-dense 

baked goods, which have a worldwide important contribution in the daily 

intake of macro- and micronutrients. In addition, the consumption of cereal 

baked foods produces feelings of satiety, and their regular consumption with 

main meals appears to be a key driver of healthier dietary patterns (Aisbitt et 

al., 2008).  

The almost ubiquitous consumption of baked goods all over the world 

confers those products a prominent position in international nutrition. Baked 

products account for a great part of our daily diet through the consumption of 

bread, breakfast cereals, cookies, snacks, cereal bars, cakes, and so on (Figure 

1). 

Many different types of bread formulations and many types of bakery goods 

have been developed so far due to increased awareness on the part of 

consumers as to the value of eating complex carbohydrates. In addition, bread 

is handy and very convenient for on-the-go consumers, available in any place 

and all year around, and affordable, and from a nutritional point of view, it is 

a source of energy in the form of starch in addition to the supply of dietary 

fiber and a range of vitamins and minerals. Bread has changed in many ways 

since the days of our ancestors, going from grainy flat bread to having an
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aerated texture. Nevertheless, many types of so-called bread are detected 

around the world (Rosell and Garzon, 2014). 

 

Figure 1. Different baked products  

Sliced pan bread is normally eaten in the United States, but Europe’s 

consumers prefer crispy breads with crusty surface, such as a French 

baguette. The opposite sensory characteristics can be found in the steamed 

bread that is consumed in Asian countries. In India, flat bread called chapatti 

is consumed with the main meals whereas flat bread in Mexico is made of 

corn, and is named tortilla. In Finland and Germany, a very dark rye bread 

made of 100% rye flour is the most common bread. In Venezuela, arepas are 

considered a staple part of the diet, and they are eaten for breakfast, as a 

snack, or together with a meal. In Brazil, pao de queijo, small, round, cheese-

stuffed bread balls, are traditionally served for breakfast. It seems that the 

term “bread” comprises thousands of different types of breads around the 

world, and there is a large amount of diversity within each country. 
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Worldwide bread consumption accounts for one of the largest consumed 

foodstuff with average consumption ranging from 41 to 303 kg/year per 

capita, and it is an essential part of the human diet, enjoyed at various times 

of the day. The most popular kind of bread is white bread made from white 

wheat flour, which attained great prominence up to the 1960s, but its 

consumption underwent a steady decrease. On the other hand, a variety of 

bread products have picked up a market share because they have a superior 

taste and desirable sensory and nutritional qualities; they include multigrain 

bread, high fiber bread, cracked wheat bread, sourdough bread, milk bread, 

composite flour bread, high protein bread, wheat germ bread, and gluten-free 

bread. Increasing consumer interest in health has had an effect on the types 

and varieties of breads available, such as whole-grain and multigrain breads. 

Particularly in Europe, more than 250 types of variety of breads are available, 

and more than 1000 types of biscuits compete for space on grocer’s shelves 

in Western countries.  

In the past, the general market image of baked products and some media 

negativity impacted the prospects for any growth in the consumption of 

cereal-based foods related to the prevalence of diets that stress the avoidance 

of carbohydrate-rich foods. Currently, the global baked goods market has 

shown rapid recovery following the economic recession, recording strong 

growth in recent years. Factors fueling market expansion include 

convenience, affordability, and the health benefits of baked goods products. 

Interestingly, the rise in cereal-based product consumption that started was 

also triggered by health concerns. Changing consumer habits have had an 

important impact on the bread industry. Nowadays, the commercial bakery 

industry has experienced some recent consolidation and is currently 

undergoing significant changes in how products are marketed and distributed. 

One of the most extensive areas of ongoing research within the industry 

involves investigating methods of extending shelf life and preserving product 

freshness. 
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Bakeries are very active industries in launching innovative foods regarding 

processing, recipes, shapes, and so on. In this picture, enzymes have played 

an important role as processing or technological aids. Baking enzymes have 

become an essential part of the industry throughout the ages. Enzyme 

supplements have been largely used in baking to make consistently high-

quality products by enabling better dough handling, providing antistaling 

properties, and allowing control over crumb texture and color, taste, 

moisture, and volume. Lately, a growing interest has been focused on 

enzymes owing to their generally recognized as safe (GRAS) notation 

because industries are facing changes due to the greater demand of chemical 

replacement. Enzymes with some contribution in bakery products can 

proceed from enzymes naturally present in flour, those associated with the 

metabolic activity of the dominant microorganism, or those intentionally 

added during the mixing step as technological or processing aids. The 

supplementation of flour and dough with enzyme improvers is a usual 

practice for flour standardization and also as baking aids. Over the years, 

enzymes gained importance in the bakery industry for their efficiency to 

modify dough rheology, gas retention, and crumb softness in bread 

manufacturing; to modify dough rheology in the manufacture of pastry and 

biscuits; to change product softness in cake making; and to reduce acrylamide 

formation in bakery products (Rosell and Collar, 2008). The enzymes can be 

added individually or in complex mixtures, which may act in a synergistic, 

additive, or antagonistic way in the production of baked goods, and their 

levels are usually very low. There are many enzymes used to alter major and 

minor biomolecule structures and to achieve desired functionality (Rosell and 

Collar, 2008). In baking, the most commonly used enzymes classes are 

hydrolases, such as amylases, proteases, hemicellulases, and lipases, and 

oxidoreductases, which comprise, among others, glucose oxidase and 

lipoxygenase. The enzymes most frequently used in bread making can be 

classified depending on the substrate on which they are acting. Particularly in 

bakeries, cereals are the raw commodity, and thus, when deciding on the 
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inclusion of enzymes as processing aids, it is fundamental to know the cereal 

constituents that will be present and, consequently, ready to be used as 

enzyme substrates. 

2. Enzymes in baking industries 

There are many enzymes used as processing aids to alter major (starch, 

nonstarch, and proteins) and minor (lipids) cereal structures and to achieve 

desired functionality (Rosell and Collar, 2008). In baking, the most 

commonly used enzyme classes fall within the category of oxidoreductases 

(i.e., glucose oxidase and lipoxygenase) and hydrolases, such as amylases, 

proteases, hemicellulases, and lipases. Nevertheless, due to the great number 

of enzymes used in bread making, the next sections will refer to enzymes 

grouped according to the substrate on which they are acting. Cereal grains 

contain 66%-76% carbohydrates; thus, this is by far the most abundant group 

of constituents. The major carbohydrate is starch (55%-70%) followed by 

minor constituents, such as arabinoxylans (1.5%-8%), β-glucans (0.5%-7%), 

sugars (~3%), cellulose (~2.5%), and glucofructans (~1%). The second 

important group of constituents is proteins, which fall within an average 

range of approximately 8%-11%. With the exception of oats (~7%), cereal 

lipids belong to the minor constituents (2%-4%) along with minerals (1%-

3%) (Rosell, 2012). 

Considering the importance of the cereal constituents to understanding the 

role of enzymes in baking, a description of the chemical structure and main 

characteristics of carbohydrates, proteins, and lipids is included in the 

following sections in addition to the description of the enzyme actions (Table 

1). 
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2.1. Starch-degrading enzymes 

These enzymes are the most extended and commonly used as processing aids 

in the bakery industry (Table 1). The starch-converting enzymes include α-

amylases (EC. 3.2.1.1), β-amylases (EC. 3.2.1.2), and glucoamylases (EC. 

3.2.1.3). Some other enzymes involved in starch degrading but not commonly 

used in bread making are the debranching enzymes isoamylase (EC. 3.2.1.68) 

and pullanase (EC. 3.2.1.41) and the transferases amylomaltase (EC. 

2.4.1.25) and cyclodextrin glycosyltransferase (CGTase) (EC. 2.4.1.19).  

2.1.1. Starch 

Starch is polymers of glucose linked to one another through the C1 oxygen, 

known as the glycosidic bond. It is the most important reserve polysaccharide 

and the most abundant constituent of many plants, including cereals. Two 

types of glucose polymers are present in starch: amylose and amylopectin. 

These two glucan polymers are organized into a complex, semicrystalline 

granular structure with a particle size ranging from 1 to 100 μm in diameter. 

Amylose and amylopectin have different structures and properties. Amylose 

is an essentially linear α-1,4-linked molecule containing very few branch 

points. There are usually between 1500 and 6000 glucose units in a single 

amylose molecule. Linear glucose chains, much like protein chains, tend to 

form helices. An important characteristic of amylose is its ability to form 

helical inclusion complexes with a number of substances-in particular polar 

lipids-and this can occur in native as well as in gelatinized starch. In contrast, 

amylopectin is a very large, highly branched polysaccharide of up to 3 

million glucose units, consisting of short α-1,4-linked linear chains of 10-60 

glucose units and α,1-6-linked side chains with 15-45 glucose units. The 

average number of branching points in amylopectin is 5%; the ratio of the 

two polysaccharides varies according to the botanical origin of the starch 

with typical levels of amylose and amylopectin of 20%-30% and 70%-80%, 

respectively (van der Maarel et al., 2002). Although an amylopectin molecule 
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has many nonreducing ends, it has only one reducing end. The “waxy” 

starches contain less than 15% amylose, “normal” contains 20%-35%, and 

“high” contains (amylo-) amylose starches greater than approximately 40% 

(Tester et al., 2004). 

The amylose and amylopectin in starch form a semicrystalline aggregate 

organized in granules. The size, shape, and morphology of these granules are 

dependent on the botanical origin. These granules are approximately 30% 

crystalline. The amylopectin molecules within the granule provide the 

crystallinity whereas the amylose is present in an amorphous form. The 

degree of crystallinity ranges from 20% to 40% and is primarily caused by 

the structural features of amylopectin. It is thought that the macromolecules 

are oriented perpendicularly to the granule surface (Buleon et al., 1998) with 

the nonreducing ends of the molecules pointing to the surface. It has long 

been recognized that the functional properties of starch depend on a number 

of integrated factors, which include polymer composition, molecular 

structure, interchain organization, and minor constituents, such as lipids, 

phosphate ester groups (typical of potato amylopectin), and proteins. Starch 

is a major component of bread making and plays an important role in the 

texture and quality of the dough and bread. Heat treatment during the baking 

process causes structural and often molecular changes in the granular and 

polymeric structures of starch. Functional properties of starch are directly 

influenced by hydrothermal treatment or processing conditions. During the 

gelatinization process, the semicrystalline nature of their structure is reduced 

or eliminated, and the granules break down; starch granules swell, and the 

molecular order of the granule is gradually and irreversibly destroyed (and 

thus the birefringence); a (limited) leaching of the polymer molecules, mainly 

amylose, and a (partial) granule disruption causes the amylose chains to 

solubilize, and a starch gel is formed, forming a viscous solution. At this 

point, starch is easily digestible. Gelatinization of granules in excess water 

causes large changes in the rheological properties of the system and has a 
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major influence on the behavior and functionality of starch-containing 

systems. 

2.1.2. Amylases 

α- and β-Amylases are naturally present in cereal flours, but although β-

amylases are always in a sufficient amount, very often flours require α-

amylase supplementation. The α-amylases (α-1,4-glucanohydrolase) are 

endo-enzymes that randomly catalyze the cleavage of α-1,4-glycosidic bonds 

in the inner part of amylose or amylopectin chains into a series of branched 

and linear fragments, called dextrins. Only damage or gelatinized starches are 

susceptible to enzyme hydrolysis, but after long incubation, even intact starch 

granules can be attacked, leading to perforated structures (Figure 2). These 

enzymes can be obtained from cereal, fungal, bacterial, and 

biotechnologically altered bacterial sources (Rosell et al., 2001). Depending 

upon their origin, they have significant differences in pH, optimum 

temperature, thermostability, and other chemical stability. In a comparison 

study, Rosell et al. (2001) showed that α-amylases from cereals (wheat and 

malted barley) were less sensitive to the presence of ingredients, additives, 

and metabolites. Fungal amylase (Aspergillius oryzae) is the least 

temperature stable. Bacterial amylase (Bacillus subtilis) has high thermal 

stability; in consequence, some activity might remain in the bread even after 

baking. Because of that, an α-amylase of intermediate thermostability was 

isolated and recommended as an antistaling agent in baked goods. Overall, 

structural changes induced by α-amylase in dough and bread microstructure 

are dependent on the α-amylase origin (Blaszczak et al., 2004). 

β-Amylases are exo-enzymes that generate maltose by breaking every second 

α-1,4 linkage from the nonreducing ends of amylose, amylopectin, or 

dextrins. Therefore, β-amylase needs the previous action of α-amylase that 

breaks starch into smaller pieces or dextrins for β-amylase efficiency.  
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Figure 2. Scanning electron micrographs of corn starch (control pH 6.0) and after treatment with 

fungal α-amylase (AM) under the same conditions. Arrows indicated the enzymatic action. 

Fungal α-amylases are routinely supplemented in bread making to produce 

small dextrins for the yeast to use during dough fermentation and the early 

stage of baking. This results in improved bread volume and crumb texture. In 

addition, the small oligosaccharides and sugars, such as glucose and maltose, 

produced by these enzymes enhance the reactions for the browning of the 

crust and baked flavor. Through starch modification, amylases improve 

moisture retention, have a crumb-softening effect, and decrease staling. 

Amylase supplementation can occur at the flour mill or at the bakery in 

dough and sponges. Addition of amylases mainly aims at optimizing the 

amylase activity of the flour (i.e., flour standardization) and at retarding 

bread staling. 

2.1.3. Glucoamylase 

Glucoamylase or amyloglucosidase acts on starch, dextrins, and 

oligosaccharides by cleaving α-(1,6)-linkages from the nonreducing ends. It 

is widely used in the manufacture of glucose and for conversion of 

carbohydrates to fermentable sugars. β-Amylases and glucoamylases have 

been found in a large variety of microorganisms (Pandey et al., 2000). 
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Although damaged starch and gelatinized starch are more susceptible to 

amyloglucosidase attack, Dura et al. (2014) reported the effect of 

amyloglucosidase on starch at the subgelatinization temperature, revealing 

that this mechanism might be an alternative to obtaining porous starch. 

Amyloglucosidase can be more effective than α-amylase for degrading intact 

or gelatinized starch (Figure 3). 

Isoamylase is a debranching amylase that hydrolyzes 1,6-α-D-glycosidic 

linkages of glycogen, amylopectin, and α- and β-limit dextrins, producing 

linear malto-oligosaccharides (Rani Ray, 2011). For the same purpose, 

pullulanases are used to exclusively hydrolyze α,1-6 glycosidic bonds in 

pullulan (a polysaccharide with a repeating unit of maltotriose), amylopectin, 

and related oligosaccharides (van der Maarel et al., 2002). 

Amylomaltase belongs to the 4-α-glucanotransferase group of the α-amylase 

family. The enzyme can produce cycloamylose or large-ring cyclodextrin 

through intramolecular transglycosylation or cyclization reactions of α-1,4-

glucan. Amylomaltase and CGTase form a new α,1-4 glycosidic bond while 

the branching enzyme (EC. 2.4.1.18) forms a new α,1-6 glycosidic bond. 

CGTase is an enzyme that cleaves α-1,4 glycosidic linkages degrading the 

starch and produces intramolecular transglycosylation or cyclization reaction. 

In the process, cyclic and acyclic dextrins are originated, which are 

oligosaccharides of intermediate size. The cyclic products are cyclodextrins 

(CDs), namely α-, β-, and γ-CDs consisting of six, seven, and eight glucose 

monomers in cycles, respectively (Alves-Prado et al., 2008). Cyclodextrin 

glycosyltransferase catalyzes the conversion of starch and related α,1-4 

glucans to cyclodextrins. These molecules have a hydrophilic exterior, which 

can dissolve in water, and a hydrophobic cavity can form inclusion 

complexes with a width variety of hydrophobic guest molecules (Astray et 

al., 2009). In addition to cyclization, the enzyme also catalyzes several 

intermolecular transglycosylations: coupling (opening of CD rings and 

transfer of resulting linear malto-oligosaccharides to acceptors), 
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disproportionation (transfer of linear malto-oligosaccharides to acceptors), 

and saccharification (hydrolysis of starch). CGTases are found in a wide 

array of bacteria and archaea living under various environmental conditions, 

including high temperature (Biwer et al., 2002; Kelly et al., 2009).  

Figure 3. Scanning electron micrographs of corn starch (control pH 4.0) and after treatment with 

amyloglucosidase (AMG). 

The effect of CGTase on wheat starch functionality was assessed by Gujral 

and Rosell, (2004c). When the ability of starch to form a complex with lipids 

was tested in the presence of CGTase, α-cyclodextrin occurred in the highest 

concentration followed by β- and γ-cyclodextrins, and the resulting starch 

exhibited better emulsifying properties owing to the presence of 

cyclodextrins. In fact, a bakery improver was proposed containing CGTase 

and, optionally, a starch-debranching enzyme (Rosell and Solis Nadal, 2004). 

A bacterial strain designated US132, isolated from Tunisian soil, has shown 

an ability to produce potent CGTase activity (Jemli et al., 2007) that can be 

used in bread making because it improves significantly the loaf volume and 

decreases the firmness of bread during storage. 
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2.2. Non-starch Polysaccharides Degrading enzymes 

2.2.1. Non-starch Polysaccharides (NSP) in cereal flours 

Polysaccharides other than starch are primarily constituents of the cell walls 

and are much more abundant in the outer than in the inner layers of the 

grains. Therefore, a higher extraction rate is associated with a higher content 

of NSP. From a nutritional point of view, NSPs are dietary fiber, which has 

been associated with positive health effects (Goesaert et al., 2008). There are 

two types of NSP, insoluble and soluble. The insoluble NSP content of most 

cereals is similar, and the composition of the water-soluble NSP varies. 

Pentosan refers to a polymer of pentose sugars, comprising xylan, xylobiose, 

arabinoxylan, and arabinogalactan. The insoluble pentosans are made up of 

the five-carbon sugars arabinose and xylose. Pentosans present in flour have 

an important role in bread quality due to their water absorption capability and 

interaction with gluten, which is vital for the formation of the loaf structure. 

The arabinoxylans (AX) are the major fraction from nonstarch 

polysaccharide (85%-90%), which consists of a backbone of β-(1,4)-linked 

xylose residues, which are substituted with arabinose residues on the C(O)-2 

and/or C(O)-3 position (Dornez et al., 2009). They are present in water-

extractable (WE-AX) and water-unextractable (WU-AX) forms. The former 

makes up 25%-30% of total AX in wheat and 15%-25% in rye (Izydorczyk 

and Biliaderis, 1995). Both WU-AX and WE-AX are polydisperse 

polysaccharides with one general structure. Endosperm arabinoxylans contain 

a backbone of 3-1,4-linked o-xylopyranosyl residues, either unsubstituted or 

substituted at the C(O)-3 and/or the C(O)-2 position with monomeric OL-L 

arabinofuranose residues. The xylose “backbone” is very insoluble but 

becomes more soluble as more arabinose is bound. The molecule becomes 

less soluble as it increases in size (Goesaert et al., 2008). Their structure and 

aspect result in unique physicochemical properties that strongly determine 

their functionality in bread making. In particular, WE-AX form highly 

viscous aqueous solutions because AX are able to absorb 15-20 times more 
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water than their own weight and, thus, form highly viscous solutions, which 

may increase the gas-holding capacity of wheat dough via stabilization of the 

gas bubbles. Numerous studies on the functional role of pentosans in dough 

development have been performed, studying their effect on bread properties 

(Ahmad et al., 2014; Butt et al., 2008; Denli and Ercan, 2001; Maeda and 

Morita, 2003; Oort et al., 1995). 

β-Glucans are another type of nonstarchy polysaccharide and are present in a 

water-extractable and water-unextractable form with one general structure. β-

Glucans are composed solely of glucose with β-1,3 and β-1,4 linkages 

without any branch points. The β-(1,3) linkages interrupt the extended, 

ribbon-like shape of β-(1,4)-linked glucose molecules, inducing kinks in the 

chain and making the β-D-glucan chains more flexible, more soluble, and 

less inert than cellulose (Goesaert et al., 2008). They are also called lichenins 

and are present particularly in barley (3%-7%) and oats (3.5%-5%). Although 

present in low concentrations, they can affect the quality of the flour in 

significant ways because of their ability to bind large amounts of water. 

2.2.2. Non-starch hydrolyses 

A number of other carbohydrate-degrading enzymes comprise those acting on 

nonstarch cereal carbohydrates. The use of some enzymes, such as 

pentosanases (hemicelluloses and xylanases), makes the dough easier to 

handle, and the resulting bread has a bigger loaf volume and an improved 

crumb structure (Oort et al., 1995). Pentosanases increase the WE-AX and 

the ratio of xylose to arabinose due to the enzyme-debranching action on 

arabinoxylans. The extent of their activity is dependent on the enzyme 

source; some act during fermentation and others increase their activity during 

baking (Jimenez and Martinez-Anaya, 2000). For instance, Bacillus subtilis 

endoxylanase has selectivity for WU-AX whereas Aspergillus aculeatus 

endoxylanase has selectivity for WE-AX, and they mainly act during mixing 

and fermentation, respectively (Courtin et al., 2001). In addition, breads 
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obtained in the presence of those xylanases confirm that WU-AX is 

detrimental for bread making whereas WE-AX has a positive impact on bread 

volume. 

Hemicellulases (EC. 3.1.1.73) are a diverse class of enzymes that hydrolyze 

hemicellulose. Hemicellulose comes in several chemical forms and requires a 

significantly large number of enzymes and processes to break it down to 

glucose. In bread making, the hemicellulose reduces the processing time for 

dough and increases loaf volume without changing the size of the gas cells 

(Morita et al., 1997). It seems that the presence of hemicellulose slightly 

increases both gelatinization temperature and enthalpy of starch, but the 

viscosity coefficient and dough modulus of elasticity decreases. 

Xylanase (EC. 3.2.1.8) is a glycosidase that catalyzes the endohydrolysis of 

1,4-β-D-xylosidic linkages in xylan and arabinoxylan, yielding arabinoxylo-

oligosaccharides. Β-D-xylosidases (EC. 3.2.1.37) cleave xylose monomers 

from the nonreducing end of arabinoxylo-oligosaccharides. The arabinose 

residues are removed by α-L-arabinofuranosidases (EC. 3.2.1.55), and ferulic 

acid esterases (EC. 3.1.1.73) cleave ester linkages between arabinose residues 

and ferulic acid (Collins et al., 2006; Goesaert et al., 2008). Xylanases from 

families eight and 11 have been found to be effective as baking processing 

aids (Collins et al., 2006), and within the fungal xylanases, Aspergillus 

oryzae xylanase was the best bread improver and Trichoderma reesei 

xylanase the best antistaling improver (Baskinskiene et al., 2007). In bread 

making, xylanase increases gluten strength, improves handling and 

fermentative dough characteristics, and avoids excessive dough hardness and 

stickiness by interfering with arabinoxylan action on the gluten network 

(Courtin and Delcour, 2002; Rosell and Collar, 2008), and that effect is even 

greater in whole wheat bread (Shah et al., 2006). They also play a significant 

role in increasing the shelf life of bread and reducing bread staling although 

the extent of this effect depends on their origin (Jiang et al., 2005, 2010). 

Nevertheless, we must consider the existence of naturally present 
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endoxylanases inhibitors in flours that are active in the bread making process 

and can affect the xylanase activity (Trogh et al., 2004). 

In rye breads, xylanases make the dough soft and slack and require shorter 

fermentation times; they induce the fragmentation of cell walls and the 

release of amylose from the starch granule, and even the release of proteins 

from aleurone cells is promoted at a high dosage (Autio et al., 1996). These 

enzymes are also useful for obtaining fiber-enriched breads. Particularly the 

preliminary treatment of rye bran with hemicelullases or xylanases improves 

its performance in bread making, reducing the content of total dietary fiber 

and increasing the amount of soluble pentosans (Laurikainen et al., 1998). 

Namely, doughs with treated bran are softer and have lower stability, and in 

general, enzyme mixtures are more effective than individual incorporation of 

enzymes (Laurikainen et al., 1998). 

Endo-glucanases have been also tested in rye breads, resulting in lower 

proofing times due to their action on the beta-glucans, but they do not 

influence the content or solubility of the arabinoxylans (Autio et al., 1996). 

2.3. Enzymes acting on cereal proteins 

The different aspects of gluten functionality can be impacted by different 

enzymes, such as depolymerizing enzymes (proteases) and enzymes 

enhancing cross-linking reactions (transglutaminases). 

2.3.1. Proteins 

The average protein content varies among cereals (8%-15%) although it 

depends on the genotype (cereal, species, variety), the growing conditions 

(soil, climate, fertilization), and the time of nitrogen fertilization. A common 

means of classifying the different proteins of wheat and other grains was 

devised by Thomas Osborne in the early 1900s. The Osborne classification 

system (Osborne, 1924) is based on solubility. Albumins, which are water 

soluble, make up about 15% of the proteins; globulins, which are relatively 
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minor, make up only about 3% of the total protein and are soluble in salt 

solutions but insoluble in water; and finally, prolamins and glutenins are 

soluble in alcohol or acids, respectively. The Osborne fractionation does not 

provide a clear separation of wheat proteins that differ biochemically or 

genetically or in functionality during bread making. Nowadays, proteins are 

preferentially classified from a functional point of view in the nongluten and 

the gluten proteins (Hui et al., 2006). Gluten proteins (ca. 80%-85% of total 

wheat protein), the main storage proteins of wheat, are insoluble in water and 

can be divided into gliadins and glutenins. Gliadin, one of the two major 

components of the wheat gluten complex, is a prolamin that constitutes about 

33% of all the proteins. Those have molecular weights between 30,000 and 

80,000 (Veraverbeke and Delcour, 2002) and are single chained and 

extremely sticky when hydrated. Gliadins are rich in proline and glutamine 

and have a low level of charged amino acids. Intrachain cystine disulphide 

bridges are present. The other major component of gluten, glutenins, is 

insoluble in neutral aqueous solutions, saline solutions, or alcohol. Glutelins 

make up approximately 55%-70% of the gluten complex and are larger (from 

100,000 to several million) than gliadin molecules because of the high 

number of disulfide bonds connecting the subunits. 

Sulfhydryl-disulfide interchanges are the major reactions responsible for the 

formation of wheat dough. It appears that a specific pattern of interaction 

between low molecular weight glutenin (<90 KDa) and high molecular 

weight glutenin (>90 KDa) is important for the development of a viscoelastic 

gluten (MacRitchie, 1992). The disulfide bonding occurs toward the end of 

the chains, so in effect, the glutenin molecule is linear. The tertiary structure 

is thought to be one containing repetitive β-turns, which form a β-spiral 

structure. This type of structure is stabilized by hydrogen bonding and may 

explain the elastic nature of glutenin. When stress is applied, this stable 

conformation is disrupted, but it returns when the stress is absent. 
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Concerning the amino acid composition of the proteins, glutamine that 

contains an amide side group constitutes more than 40% of the amino acids 

comprising these proteins on a molar basis. Another amino acid comprising 

about 15% of gliadin and 10%-12% of glutenin is proline, which has a cyclic 

R group structure that puts a bend in a chain of amino acids. Another amino 

acid of significance is cysteine, which has the ability to form bonds 

connecting protein chains with their sulfur-containing R group, the so-called 

disulfide bonds. These three amino acids (glutamine, proline, and cysteine) 

play a major role in explaining the characteristics of gluten proteins. 

2.3.2. Proteases 

The reaction catalyzed by proteinases, proteases, or peptidases is not 

reversible because the peptide bonds and the original rheological condition 

cannot be restored. Protease from bacteria or fungi can be added to dough to 

reduce the size of the gluten polymers, making dough easier to mix, but it 

may compromise the dough’s gas-holding ability during fermentation and 

baking (Goesaert et al., 2005). There are two main types of proteases (EC. 

3.4) according to their site of action: exopeptidases and endopeptidases. 

Exopeptidases cleave the peptide bond proximal to the amino- or carboxy-

termini of the substrate whereas endopeptidases cleave peptide bonds distant 

from the termini of the substrate (Rao et al., 1998). Based on the chemistry of 

their catalytic mechanism, proteases can be classified as serine, thiol, or 

cysteine, metallo, and aspartic proteases, which require a hydroxyl group 

(serine residue), a sulfhydryl group (cysteine residue), a metal ion (e.g., zinc), 

and a carboxylic function (aspartic acid residue), respectively, at the active 

site to function properly (Mathewson, 1998). Proteases shorten the flow 

process time and increase the relaxation rate of the flow processes occurring 

at long time (Wikstrom and Eliasson, 1998). In bakery products, tyrosinase 

makes the dough harder and less extendable, which results in breadcrumbs 

with uneven and large pore size but with a soft texture and increased volume 

(Selinheimo et al., 2007). 
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2.3.3. Transglutaminase 

Transglutaminase (TGase) is a protein-glutamine γ-glutamyl-transferase (EC. 

2.3.2.13), which catalyzes an acyl-transfer reaction between the γ-

carboxyamide group of peptide-bound glutamine residues and a variety of 

primary amines (Motoki and Seguro, 1998). When the ε-amino group of a 

peptide-bound lysine residue acts as a substrate, the two peptide chains are 

covalently linked through an ε-(γ-glutamyl)-lysine bond (Folk and Finlayson, 

1977). Thus, the enzyme is capable of introducing covalent cross-links 

between proteins (Nonaka et al., 1989). In the absence of primary amines in 

the reaction system, water becomes the acyl-acceptor, and the γ-carboxy-

amide groups of glutamine residues are deamidated, becoming glutamic acid 

residues. The enzyme builds up new inter- and intramolecular bonds with the 

former comprising new covalent nondisulfide cross-links between peptide 

chains. Transglutaminases for baking applications are usually obtained from 

microbial origin. Depending on the accessibility of glutamine and lysine 

residues in the proteins, transglutaminase shows different activity (Gerrard, 

2002; Houben et al., 2012). 

With regards to cereal proteins, TGase application has shown positive effects 

on wheat-based baked goods: It reduces the required work input, decreases 

water absorption of the dough (Gerrard et al., 1998), increases dough stability 

(Gottmann and Sproessler, 1992), increases volume, improves the structure 

of breads, and strengthens breadcrumbs (Gerrard et al., 1998) and the baking 

quality of weak wheat flours (Basman et al., 2002). 

TGase action on bread making is readily evident even after 15 min mixing, 

leading to a decrease in extensibility and an increase in the resistance to 

stretching due to the stronger protein network (Autio et al., 2005). With 

TGase supplementation, differences are also observed during proofing when 

the dough contains more small air bubbles than reference dough, and 

resulting breads have higher specific volume (Autio et al., 2005). 
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2.3.4. Asparaginase 

Asparaginase (EC. 3.5.1.1) is an enzyme that catalyzes the hydrolysis of the 

amino acid L-asparagine to L-aspartic acid and ammonia. Free L-asparagine 

present in food is the main precursor of acrylamide, which is considered to be 

a probable human carcinogen (World Health Organization, 2006). 

Acrylamide is formed from L-asparagine and reducing sugars primarily in 

starchy foods that are baked or fried at temperatures above 120°C. In a fried 

dough pastry model, Kukurova et al. (2009) confirmed that asparaginase 

almost completely converted asparagine to aspartic acid, and in consequence, 

acrylamide formation was reduced up to 90%; this enzyme also converted 

glutamine in glutamic acid, but neither action affected the browning and 

Maillard reactions. With that in mind, a enzymatic composition comprising 

asparaginase and one hydrolyzing enzyme has been reported for decreasing 

the levels of acrylamide in bakery products such as bread, pastry, cake, 

pretzels, bagels, Dutch honey cake, cookies, gingerbread, ginger cake, and 

crispy bread (De Boer and Boer, 2007). 

2.4. Lipid enzymes 

2.4.1. Lipids 

Lipids have great impact on the baking performance despite they are minor 

constituents of cereals (1%-3% in barley, rice, rye, and wheat; 5%-9% in 

corn; and 5%-10% in oats on a dry-matter basis). Cereal lipids consist of 

different chemical structures that vary in their content, depending on the 

cereal species. Cereal lipids have similar fatty acid compositions in which 

linoleic acid reaches contents of 39%-69%, and oleic acid and palmitic acid 

make up 11%-36% and 18%-28%, respectively (Delcour and Hoseney, 

2010). 

Based on solubility in selective extraction conditions, they are classified as 

starch lipids and free and bound nonstarch lipids (Hoseney, 1994). Nonstarch 
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lipids (NSL) comprise about 75% of the total flour lipids and consist 

predominantly of triglycerides as well as of other nonpolar lipids and 

digalactosyl diglycerides. The lipids bound to starch (25%) are generally 

polar. Lysophospholipids, in particular lysophosphatidylcholine 

(lysolecithin), are the major constituents of the starch lipids. Lipids that are 

strongly bound in starch granules are essentially unavailable until starch is 

gelatinized (Van Der Borght et al., 2005). Complexes present in native starch 

(starch lipids) increase the temperature of gelatinization and, thus, prolong 

the oven spring. Inclusion complexes between amylose helices and polar 

lipids are responsible for the antistaling effect. The nonpolar lipids are mainly 

present in the free NSL fraction, and the glycol and phospholipids are mainly 

associated with proteins and present in the bound NSL fraction (Hoseney, 

1994). In fact, most of the free nonstarch lipids “bind” to gluten during dough 

mixing (Hoseney, 1994). 

Protein-lipid interactions in wheat flour dough also play an important role 

because both lipids and proteins govern the bread-making quality of flour. 

Lipids are important components in bread making as they provide a variety of 

beneficial properties during processing and storage, which reflects their 

overall diversity. Lipids in bread come from different sources, such as wheat 

flour lipids, shortenings, and surfactants (Pareyt et al., 2011). Lipids have a 

positive effect on dough formation and bread volume, namely polar lipids or 

the free fatty acid component of the nonstarch lipids, whereas nonpolar lipids 

have been found to have a detrimental effect on bread volume (MacRitchie, 

1983). 

2.4.2. Lipases 

The use of lipases in bread making is quite recent when compared to that of 

other enzymes. Lipases (EC. 3.1.1.3) possess the unique feature of acting at 

the interface between an aqueous and a nonaqueous phase, yielding mono- 

and diglycerides and free fatty acids. In particular, 1,3-specific lipases acting 
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on 1- and 3-positions improve dough rheological properties and the quality of 

the baked product when added at 5000 LUS/g, specifically a strengthening 

effect on the gluten that leads to an increase in dough stability (Jensen and 

Drube, 1998). Moreover, lipases induce an improvement in breadcrumb 

structure and freshness retention (Poulson et al., 2006, 2010) in addition to an 

increase of specific volume when added in combination with vegetable oil 

(Jensen and Drube, 1998). 

Furthermore, a lipase was found to increase expansion of the gluten network, 

to increase the wall thickness, and to reduce cell density, enhancing volume 

and crumb structure of high-fiber white bread (Stojceska and Ainsworth, 

2008). 

Lipase was primarily used to enhance the flavor content of bakery products 

by liberating short-chain fatty acids through esterification. Along with flavor 

enhancement, it also prolongs the shelf life of most bakery products. Texture 

and softness could be improved by lipase as a dough and bread improver, 

which reduces crumb pore diameter, increases crumb homogeneity, and 

improves the gluten index in dough (Aravindan et al., 2007; Poulson et al., 

2010), and these effects could be enhanced when full-fat soy meal (0.5%) is 

supplemented (Ertas et al., 2006). More particularly, lipases can be used as a 

dough strengthener to increase bread oven spring and specific volume 

(Moayedallaie et al., 2010) or to alter bread crust fracture behavior (Primo-

Martin et al., 2008). 

Other lipolytic enzymes may also improve bread making, such as 

phospholipase A (EC. 3.1.1.4), which liberates one fatty acid from 

phospholipids. This enzyme improves dough-handling properties, suppresses 

dough stickiness, and increases loaf volume (Inoue and Ota, 1986; Sirbu and 

Paslaru, 2007). 
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2.5. Other enzymes that can be involved in bakery performance 

2.5.1. Phytase 

Phytase (EC. 3.1.3.26) is naturally present in cereal flour, and lately there is a 

growing interest in its action, owing to its nutritional significance. Much of 

the phosphate contained in cereals is bound in a molecule called phytate that 

consists of phosphate groups bound to the six-carbon ring molecule inositol. 

Inositol is a vitamin, but neither the inositol nor the bound phosphate in 

phytate is available upon digestion in the human gut. Additionally, phytate 

chelates (binds) minerals such as calcium and magnesium, rendering them 

inaccessible to the consumer, and hence it is considered to be an 

antinutritional compound. Phytase liberates the phosphate and increases the 

bioavailability of all these nutrients (Afinah et al., 2010). In bread making, 

the supplementation of phytase results in a shorter fermentation process, an 

increase of the specific bread volume, and softer crumbs, in addition to the 

nutritional benefits associated to the reduction of phytate content (Haros et 

al., 2001a,b). 

2.5.2. Oxidases 

Different oxidases (lipoxygenase, sulphhydryl oxidase, glucose oxidase, 

polyphenoloxidase, and peroxidase) have been used for their beneficial 

effects on dough development and dough quality, mainly ascribed to dough 

strengthening and stabilization (Oort, 1996), but also as dough-bleaching 

agents (Gelinas et al., 1998). Glucose oxidase (EC. 1.1.3.4) catalyzes the 

conversion of β-D-glucose to δ-D- 1,5 gluconolactone, which converts 

spontaneously into gluconic acid and hydrogen peroxide. The hard oxidizing 

agent hydrogen peroxide interacts with the very reactive thiol groups of the 

proteins by forming disulphide bonds and promotes the gelation of water-

soluble pentosans, changing the rheological properties of wheat dough 

(Hoseney and Faubion, 1981; Primo-Martin et al., 2003). Nonetheless, side 
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activities present in glucose oxidase commercial preparations might have a 

substantial effect on those reactions (Hanft and Koehler, 2006). 

The addition of glucose oxidase produces strengthening of wheat dough and 

an improvement of fresh bread quality. Studies on gluten proteins at the 

molecular level by high-performance capillary electrophoresis and at the 

supramolecular level by cryo-scanning electron microscopy revealed that 

glucose oxidase modifies gluten proteins (gliadins and glutenins) through the 

formation of disulfide and nondisulfide cross-links, mainly affecting high 

molecular weight glutenin subunits (Bonet et al., 2006). Treatment of dough 

with glucose oxidase increases the gluten macropolymer content due to 

disulphide and nondisulphide cross-linking (Steffolani et al., 2010) and leads 

to protein aggregates and broken segments (Indrani et al., 2003). Overdosage 

of glucose oxidase produces excessive cross-linking in the gluten network 

with a dramatic effect on the bread-making properties. Glucose oxidase 

decreases the relaxation time of the flow processes occurring in a short time, 

whereas it increases the relaxation time of the flow processes occurring over 

a long time (Wikstrom and Eliasson, 1998). 

A similar strengthening effect to the one obtained with glucose oxidase can 

be reached with hexose oxidase, which causes a dose-responsive reduction of 

thiol groups (Poulsen and Hostrup, 1998). At the same dosage, hexose 

oxidase increases dough strength and bread volume more efficiently than 

glucose oxidase (Gul et al., 2009; Poulsen and Hostrup, 1998). 

Lipoxygenase (EC. 1.13.11) is present in high levels in cereal germ and 

catalyzes the peroxidation of certain polyunsaturated fatty acids containing 

cis, cis-1,4-pentadiene systems to produce peroxy-free radicals in the 

presence of molecular oxygen. Its typical substrate is linoleic acid containing 

a methylene interrupted, doubly unsaturated carbon chain with double bonds 

in the cis-configuration. Many of the carotenoid pigments of flour are also 

subject to the action of lipoxygenase. In most flour-based products, the 
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destruction of these pigments and the resulting bleaching effect are positive. 

Lipoxygenase from soy flour has been used as a bleaching agent as well as 

dough conditioner to improve the viscoelastic property of the dough 

(Junqueira et al., 2007). 

Recent research (Zhang et al., 2013) evaluated the effects of a purified 

recombinant lipoxygenase produced extracellularly in Bacillus subtilis on 

flour, dough, and bread property variations. The textural and structural 

quality parameters of the enzyme-treated bread showed improved properties, 

including crumb color, specific volume, resilience, chewiness, and hardness. 

Polyphenoloxidases that catalyze the polymerization of the phenolic 

compounds, such as catechol, pyrogallol, and gallic acid, to quinones by 

molecular oxygen are naturally present in the outer layers of the grains. When 

oxygen is present, phenolic compounds polymerize to form very dark 

pigments that lead to a problem known as “gray dough.” Free radicals 

generated in these reactions are mainly responsible for the protein-protein 

cross-linking, ferulic acid-mediated, protein-arabinoxylan interactions and 

diferulated oxidation of arabinoxylans. Based on their substrate specificity, 

polyphenoloxidases are designated as tyrosinase (EC. 1.14.18.1), catechol 

oxidase (EC. 1.10. 3.2) and laccase (EC. 1.10.3.1).  

Laccase is able to stabilize the dough structure by cross-linking proteins and 

proteins with arabinoxylans, resulting in a strong arabinoxylan network by 

oxidative dimerization of feruloyl esters through ferulic acid, and this 

property is mainly responsible for the improvement of wheat flour dough 

properties (Houben et al., 2012; Labat et al., 2000). Laccase decreases 

arabinoxylan extractability due to the crosslinking and increases the 

oxidation of sulfhydryl groups and the rate of protein depolymerization 

during mixing (Labat et al., 2000). As a result of laccase action, dough 

increases in strength and stability as well as reducing stickiness, which 
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improves machinability and leads to a softer crumb in baked products 

(Caballero et al., 2007b; Selinheimo et al., 2006). 

Laccase catalyzes the oxidation of various aromatic compounds, particularly 

o-diphenols, producing semiquinones with the concomitant reduction of 

molecular oxygen to water. The free radical may lead to polymerization of 

the semiquinones. In wheat flour, laccase catalyzes the polymerization of 

feruloylated arabinoxylans by dimerization of their ferulic esters (Figueroa-

Espinoza and Rouau, 1998). Protein crosslinking may also result from 

oxidation of sulfhydryl groups, resulting in disulphide bonds (Labat et al., 

2000). In wheat flour-based bread-making applications, GO and LAC 

treatments increase dough strength and stability, increase loaf bread volume, 

and improve crumb structure and softness (Goesaert et al., 2005; Labat et al., 

2000; Si, 1994; Vemulapalli and Hoseney, 1998). Therefore, glucose oxidase 

and laccase may well promote the formation of a protein and/or nonstarch 

polysaccharide network in oat batters, resulting in improved bread-making 

performances. 

3. Effect of enzymes in the bread-making process 

Bread is considered a staple food worldwide although it must be considered 

that this term encompasses a wide variety of products that differ in the 

making process, recipes, shapes, and so on. The common features to all these 

types of breads are first that they use cereals as a raw commodity and second 

that mixing, proofing, and baking are the main bread-making stages. In these 

stages, enzymes play a fundamental role, which might become evident at the 

dough level and/or in bread quality. However, it must be stressed that in 

addition to the role of the enzymes intentionally added to dough recipes, 

enzymes naturally present in the flour (endogenous enzymes) and the yeast 

enzymes also act on the bread-making process (Rosell and Collar, 2008). 

Nevertheless, this section is focused on the enzymes used as processing aids 

in the bakery industry and the effects of those enzymes either in dough or 
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bread (Table 2). The inclusion of enzymes in bakery processes does not 

require any changes in the processing line operation. Enzymes are 

commercialized in powder or liquid forms, they are usually blended with the 

rest of the ingredients during the mixing stage, and their action occurs during 

all bread-making stages. 

For years, enzymes such as malt and fungal alpha-amylase have been used in 

bread making. Due to the changes in the baking industry and the awareness 

of consumers of more natural products, enzymes have gained real importance 

in bread making. 

Bread-making is one of the most common food processing techniques 

throughout the world. Bread processing can be divided into the following 

basic operations: mixing of wheat flour and water together with yeast and salt 

and other specified ingredients in appropriate ratios; fermentation and 

expansion of the bread dough; and after resting, the dough is divided into 

loaf-sized pieces, rounded, molded, placed on a baking tray, proofed, and 

baked. Through the process, a series of physical, chemical (baking time and 

temperature effect), and biochemical changes (including enzyme-catalyzed 

reactions) occur to obtain the final baked product. These changes include the 

development of a gluten network, which traps gas from the yeast 

fermentation and increases the volume; creation and modification of 

particular flavor compounds in the dough; evaporation of water; formation of 

a porous structure; denaturation of protein; gelatinization of starch; crust 

formation; and browning reactions. In bread making, mixing is one of the key 

steps that determine the mechanical properties of the dough, which has direct 

consequences on the quality of the end product. Bread dough is a viscoelastic 

material that exhibits an intermediate rheological behavior between a viscous 

liquid and an elastic solid. It is generally known that the formation of gluten, 

the combination of proteins, which form a large network during dough 

formation, plays a predominant role in dough development and textural 

characteristics of the finished bread (Rosell, 2011). The number and type of 
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sulfuric bonds between gluten proteins have a major effect on the properties 

of the three-dimensional glutenin network and the dough rheological 

properties. At optimal mixing, the dough develops because gluten proteins 

form a continuous network, and within gluten, gliadin and glutenin associate 

with different free polar lipid types, which contributes to increasing the gas 

cell stability throughout the bread-making process. During proofing or 

fermentation, yeast metabolism results in carbon dioxide release and growth 

of air bubbles previously incorporated during mixing, leading to expansion of 

the dough during fermentation and baking, and, in consequence, the bread 

structure and the volume and texture of the baked product. The yeast uses 

fermentable carbohydrate to produce carbon dioxide and alcohol during 

alcoholic fermentation, and the enzymes present in yeast and flour also help 

to speed up this reaction (Rosell, 2011). Baking is the last stage of the bread-

making process, in which dough is transformed into an edible final product 

with excellent organoleptic and nutritive characteristics. The different 

temperatures reached inside and outside the dough cause the formation of the 

crust and crumb of bread. The network-like structure of breadcrumb 

formation is mainly due to starch gelatinization and protein denaturation. The 

increase in temperature and lower moisture content induce a nonenzymatic 

browning reaction, which results in the crust formation at the surface of the 

bread. 
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Many authors have described the effect of various enzymes and combinations 

of them that directly or indirectly improve the strength of the gluten network 

and so improve the quality of the bread (Caballero et al., 2007b; Rosell and 

Collar, 2008; Selinheimo et al., 2006; Steffolani et al., 2010). Enzymes, such 

as xylanases, transglutaminases, glucose oxidase, laccase, or a combination 

of them all, have been used to increase gluten strength, and consequently, to 

improve dough functionality for bread making. Apart from the application of 

individual enzymes, such as amylases, proteases, or lipases, the use of 

enzymes in combination offers a wide range of alternatives to improve bread 

quality and antistaling or to provide nutritional benefits. 

The interactions between enzymes on the various components of bread dough 

are a very complex subject, and the wrong enzyme combination or even the 

wrong application rate can result in unfavorable effects on either the dough or 

the finished baked product (Collar et al., 1998; Rosell et al., 2001c). 

3.1. Enzymes added for improving processing 

Enzymes have been used extensively for improving dough performance in 

bread making and bread features. Usually enzymes are blended with the rest 

of the ingredients during the mixing stage, and their action occurs during all 

bread-making stages. Additionally, the supplementation of enzymes during 

grain tempering has been proposed for increasing the milling extraction rate 

or for extending the period of enzyme action and improving the bread-

making wheat flour performance. Rosell et al. (2003) tested the effect of 

transglutaminase and glucose oxidase supplemented during wheat tempering 

and investigated the performance of the treated flour. Enzymatically treated 

flour showed the same behavior as the dough supplemented with those 

enzymes, confirming the cross-linking effect by capillary electrophoresis and 

also by empirical rheological analysis. Later on, Yoo et al. (2009) reported 

the effect of an enzyme cocktail consisting of cellulase, xylanase, and 

pectinase added at different levels during tempering at the laboratory scale. 
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Some of those enzymatic treatment combinations affected flour yield from 

the break rolls more than that from the reduction rolls; nevertheless, results 

did not allow the confirmation of a significant effect on milling yield. 

However, the effects observed on the dough and bread characteristics 

confirmed that enzymes diffuse through the outer layers and remain in the 

milled flour. 

Changes in bread processing have prompted modifications in recipes and 

processing lines for answering consumer demands. Frozen dough and bake-

off technology of frozen dough or frozen partially baked breads have been 

important changes in bread making, and processing aids have been developed 

with this change in mind. The dough matrix is subjected to much stress 

during freezing, frozen storage, and thawing due to ice-crystal formation, and 

because of this, an extra reinforcement of the gluten matrix is generally 

required. Glucose oxidase reduces the dough damage caused by frozen 

storage due to its strengthening action, which counteracts the depolymeration 

effect of gluten induced by ice-crystal formation and released reducing 

substances (Steffolani et al., 2012). A frozen dough additive containing 

protease, glucose oxidase, gluten, and stearoyl lactate has been recommended 

for producing frozen dough with improved extensibility and workability and 

also higher dough stability over a long period of time (Anon, 2000). 

The combination of oxidases, such as glucose oxidase and peroxidase, has 

been proposed as an improver to form a stable gluten network structure with 

resistance to damage of ice crystals in frozen dough (Huang and Jia, 2006). 

For other enzymes with cross-linking action, the TGase has been combined 

with a recombinant lipase (Rhizopus chinensis lipase) for improving the 

rheological properties and structure of frozen dough (Li et al., 2011). That 

enzyme combination increases the water-holding capacity, leading to dough 

in which starch granules are embedded within the gluten network after 35 

days of frozen storage, and after baking, breads have a high specific volume, 

open network, and uniform crumb structure. Presumably, the new isopeptide 
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bonds within the proteins catalyzed by TGase give sufficient gluten stability 

to mitigate the damage caused by dough freezing (Steffolani et al., 2012). For 

the same application, Hsing et al. (2010) recommended a combination of 

hemicellulose and/or endoxylanase with ascorbic acid, which delayed the 

staling and also improved the quality of the freshly baked bread. 

3.2. Enzyme combination for improving bread quality 

Numerous enzyme combinations have been reported focused on improving 

bread technological or instrumental quality regarding crumb and crust 

properties. 

For bread made with durum and bread wheat flour, α-amylases, proteases, 

and a mixture of α-amylaseprotease was suggested by Pena-Valdivia and 

Salazar-Zazueta, (1997) confirming the dose-dependent effect of the enzymes 

on the loaf volumes and the best performance of fungal over bacterial α-

amylase in durum wheat flour. Those authors recommended a mixture of α-

amylase-protease for producing breads from durum wheat flour with more 

acceptable quality characteristics. 

Martinez-Anaya and Jimenez, (1997a) studied nine commercial enzyme 

preparations and two laboratory designed mixes with amylase and/or 

pentosanase activity for obtaining bread with improved volume, a soft crumb, 

and high aroma intensity. The individual or combined addition of commercial 

amylases, xylanases, lipases, and glucose-oxidases modifies the rheological 

behavior of dough; in general, enzyme supplementation results in softening 

and weakening of dough immediately after mixing although it could be 

counteracted with glucose oxidase (Martinez-Anaya and Jimenez, 1997b). 

Among the enzymes mentioned previously, pentosan-degrading enzymes 

cause the main changes, reducing consistency and increasing stickiness 

(Martinez-Anaya and Jimenez, 1998), and pure lipase preparations are the 

least significant when compared with unsupplemented dough (Martinez-

Anaya and Jimenez, 1997b). Enzymes act quickly and change the textural 
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properties of dough immediately after mixing and continue during resting 

(Martinez-Anaya and Jimenez, 1998). Similar effects are observed in 

sourdough wheat bread making (Martinez-Anaya and Devesa, 2000). 

Due to the complexity of finding the right and optimum enzyme 

combinations, a central composite design was initially proposed by Collar et 

al. (2000), comprising bacterial α-amylase, intermediate thermostability α-

amylase, xylanase, lipase, and glucose-oxidase. Results showed that xylanase 

resulted in softer, stickier, and less adhesive dough with higher gas retention 

capability but with weakened gluten, and when combined with intermediate 

thermostability, amylase decreased fermentation time and increased dough 

extensibility. According to these authors, the incorporation of xylanase with 

glucose oxidase is not recommended because glucose oxidase counteracts the 

softening effect of xylanases (Collar et al., 2000). This antagonistic effect has 

been elucidated on the basis of the glucose oxidase activity by Primo-Martin 

et al. (2005), who explained the glucose action through the formation of 

protein disulfide bonds and cross-links between arabinoxylans; the latter 

negatively affected the bread quality. The supplementation of xylanases 

combined with glucose oxidase counteracts that effect, breaking arabinoxylan 

complexes and releasing small arabinoxylan fragments that interfere with the 

cross-linking (Primo-Martin et al., 2005). This action could render a 

redistribution of the water from the nonstarch carbohydrates to gluten, 

leading to more extensible gluten (Dagdelen and Gocmen, 2007). 

Conversely, it has been reported that glucose oxidase acts synergistically 

with phospholipase, ensuring roll shape uniformity and tolerance to process 

changes in addition to greater bread volume (Novozymes, 2001). 

Similar to the effects observed with glucose oxidase, laccase leads to dough 

hardening, but this effect decreases over the dough resting period due to the 

laccase-mediated depolymerization of the crosslinked arabinoxylans network, 

which could be hindered by the addition of xylanase (Selinheimo et al., 

2006). 
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Gluten cross-linking enzymes can actively contribute to confer functional 

properties to dough. Caballero et al. (2007b) used a number of cross-linking 

enzymes (TGase, glucose oxidase, and laccase) along with polysaccharide 

and gluten-degrading enzymes in bread making (α-amylase, xylanase, and 

protease), systematically analyzing the individual and synergistic effects in 

bread-making systems. Moreover, they observed a significant synergistic 

effect within the pairs of glucose oxidase-laccase, glucose oxidase-

pentosanase, amylase-laccase, amylase-protease, and pentosanase-protease 

(Caballero et al., 2007a). Further on, Steffolani et al. (2010) investigated the 

effect of glucose oxidase, TGase, and pentosanase on wheat protein and 

bread quality. 

Bread-making ingredients greatly affect enzyme activities. For instance, 

TGase in combination with pectin and diacetyl tartaric acid ester improves 

water absorption and makes highly cohesive dough and gluten strength in 

addition to suitable pasting performance during cooking (Collar and Bollain, 

2004). 

Xylanase in combination with α-amylase and glucose oxidase, along with 

ascorbic acid, was reported to exhibit an excellent dough-strengthening 

effect. The effect of this combination of enzymes to weaken wheat flour was 

evaluated by Shafisoltani et al. (2014). The authors concluded that a 

combination of optimum levels of the three enzymes resulted in dough with 

low stickiness and bread with a higher specific volume, higher quality 

texture, better shape, and higher total score in a sensory evaluation test. 

Less attention has been paid to bread crust although lately different enzymes 

have been tested for extending the crispiness of baked bread. Hamer and 

Primo-Martin, (2006) proposed the application of an enzyme material with 

proteolytic activity onto the outside surface of the dough or partially baked 

bread to retain the crispy perception of the crust for an extended period of 

time. Lately, amyloglucosidase sprayed onto the partially baked surface has 
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also been reported for modulating the properties of the bread crust and 

increasing its crispness (Altamirano-Fortoul et al., 2013). The 

amyloglucosidase treatment affects the color of the crust and decreases the 

moisture content and water activity of the crust and the force required for 

crust rupture. It seems that amyloglucosidase induces the disruption of the 

crust structure by removing the starchy layer that covers the granules and 

increasing the number of voids, leading to texture fragility. 

3.3. Enzymes acting as antistaling agents 

Bread staling is a complex phenomenon that happens during storage, and it is 

largely caused by water migration and transformations that occur in the starch 

leading to crumb hardening. Staling implies a relatively short shelf life for 

fresh bakery products, leading to loss of consumer acceptance. Alterations 

related to this phenomenon include an increase in moisture in the crust (loss 

of crispiness), an increase in crystallinity in the starch granule, an increase in 

crumb firmness, a loss of organoleptic properties in the loaves, and the 

crumb’s loss of water-holding capacity (Gray and BeMiller, 2003; Ribotta 

and Le Bail, 2007). Specific amylases that produce maltotriose and 

maltotetraose (Min et al., 1998) or maltopentaose (Hyuck et al., 2005) have 

been reported as effective antistaling agents for retarding amylopectin 

retrogradation. It seems that the presence of a low degree of polymerization 

maltodextrins (DP 3-7) (Rojas et al., 2001) or even with a polymerization 

degree up to 66 (Defloor and Delcour, 1999) might be responsible for the 

antistaling effect of α-amylases. However, Hug-Iten et al. (2001) explained 

the antistaling action of α-amylase is due to its capacity to partially degrade 

amylopectin, hindering its recrystallization, and to slightly hydrolyze 

amylose by an endo-mechanism, which induces a part crystallization of 

amylose that contributes to the kinetic stabilization of the starch network 

during aging (Hug-Iten et al., 2003). Later on, Palacios et al. (2004) stated 

that the antistaling action of α-amylase might be a consequence of the 

decrease in the rate and extent of starch retrogradation that hampers the 
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formation of double helices, but also the antistaling efficiency of amylases 

have been related to water immobilization (Goesaert et al., 2009). 

Additionally, Goesaert et al. (2009) determined the structure of starch in 

amylase-supplemented breads and correlated these data with crumb firming 

and amylopectin recrystallization. Results showed that the use of bacterial 

endo-α-amylase from B. subtilis and maltogenic α-amylase from B. 

stearothermophilus reduced crumb firming during storage. 

Apart from α-amylase, it has been suggested that CGTase from B. 

stearothermophilus ET1 has potential application in bread making through 

modulation of the cyclizing and hydrolytic activities (Sung-Ho et al., 2002) 

because, by protein engineering, it was possible to replace residues Phe191 

and Phe255 of CGTase by glycine (Phe191Gly-CGTase) and isoleucine 

(Phe255Ile-CGTase), respectively, yielding reduced cyclization activity. 

α-Amylase antistaling effect can be more effective when combined with 

lipase, owing to the formation of thermostable amylose-lipid complexes 

(Leon et al., 2002), which can be enhanced with the addition of distilled 

monoglyceride, although motivating the formation of amylose-lipid 

complexes favors the water migration from crumb to crust (Purhagen et al., 

2011). In addition, a synergistic effect between intermediate thermostability 

α-amylase and TGase has been evident in white and whole wheat breads 

stored up to 20 days (Collar and Bollain, 2005). Supplemented breads with 

both enzymes had slower staling kinetics, particularly for hardness, 

cohesiveness, chewiness, resilience, and also sensory deterioration (Collar 

and Bollain, 2005). 

Different combinations of antistaling agents have been suggested for 

extending the freshness of breads. Armero and Collar, (1996) proposed the 

combination of emulsifiers, hydrocolloids, and α-amylase for retarding 

staling in white and whole meal breads, but different synergistic and 
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antagonistic effects were encountered (DATEM*SSL, α-amylase*SSL, α-

amylase*HPMC). 

The effect of pentosanase, bacterial α-amylase, and lipase added individually, 

or in their blends on the shelf life of white pan bread during storage, was 

reported by Gil et al. (1999), who showed that bacterial α-amylase, specially 

blended with pentosanase and lipase, increased bread crumb elasticity and 

reduced firmness during storage up to 72 h. That enzyme mixture has been 

also effective in high-fiber wheat bread, in which enzymes and sourdough 

lower the changes in firmness, amylopectin crystallinity, and rigidity of 

polymers (Katina et al., 2006). 

The influence of three different starch-degrading enzymes, a conventional α-

amylase, a maltogenic α-amylase, and β-amylase were investigated by Hug-

Iten et al. (2003). Results suggested that the enzyme induced fast formation 

of a starch network contributes to a kinetic texture stabilization, which 

prevents structure collapse and hinders rearrangements in the starch 

(amylose) phase, thus contributing to the antifirming effect by preventing 

further firming over time. Rosell and Collar, (2008) described the effect of 

different enzymes on bread staling, highlighting the antistaling effect of 

amylases, the combination of bacterial α-amylase with TGase or xynalases, 

which led to breads with softer and less chewy fresh crumbs, retarding the 

starch retrogradation and consequent staling effect on bread samples. Barrett 

et al. (2005) also confirmed the antistaling effect of two amylases reducing 

the amount of starch recrystallization, and that effect was even intensified in 

the presence of 6% glycerol. 

Nonstarch carbohydrases (cellulase, xylanase, and glucanase) decrease the 

starch retrogradation, but xylanases have the greatest antistaling effect (Haros 

et al., 2002). A kinetic study of the firmness during storage using the Avrami 

equation showed that carbohydrases reduced the rate of bread firming, but the 

simultaneous analysis of the hardening and starch retrogradation indicated 



Results and discussion 

77 
 

that the antistaling effect of xylanase might be due to the retardation in the 

starch retrogradation although, in the case of cellulase and beta-glucanase, 

some other mechanism should be also involved (Haros et al., 2002). 

Xylanases used at optimum levels play a significant role in increasing the 

shelf life of bread and reduce read staling (Butt et al., 2008). When xylanase 

is added in a binary combination with high ester pectin and/or hydroxypropyl 

methylcellulose, a shortened effect on dough extensional parameters is 

observed (Rosell and Collar, 2008). Caballero et al. (2007b) studied the 

changes in dough rheology, quality, and shelf life of breads caused by the use 

of cross-linking enzymes (TGase, glucose oxidase, laccase) and hydrolytic 

enzymes (α-amylase, xylanase, protease) and found that bread staling during 

storage was increased with TGase but was inhibited by amylase, xylanase, 

and protease. 

In a recent study, Oliveira et al. (2014) investigated the influence of the 

enzyme cocktail with xylanolytic activity from T. aurantiacus fungus 

CBMAI 756 on bread quality and the staling process as well as to identify the 

specific products released through its activity on wheat flour arabinoxylans. 

The main product released through enzyme activity after prolonged 

incubation was xylose, indicating the presence of xylanase; however, a small 

amount of xylobiose and arabinose also confirmed the presence of xylosidase 

and α-L-arabinofuranosidase, respectively. The enzyme mixture in vitro 

mainly attacked water-unextractable arabinoxylan, contributing to a 

beneficial effect in bread making. The use of an optimal enzyme 

concentration improved bread quality by increasing specific volume and 

reducing crumb firmness. 

3.4. Enzyme combinations for different bread specialties 

Some bread specialties require specific enzyme combinations adapted to the 

bread-making processes. Wen et al. (2003) reported the effect of α-amylase 

on steamed bread, showing an improvement in the elongation of the dough 
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and the elasticity of the bread. They did find a minor effect when flour was 

supplemented with xylanase. Bacterial maltogenic α-amylase also gave 

adequate properties to rice-steamed bread, which prevented the staling and 

maintained the flavor characteristics and the chewy taste (Ahn, 2008). 

Another improver defined for making this type of bread comprised fungal α-

amylase, xylanase, ascorbic acid, monoglycoside, and soybean powder (Jia et 

al., 2006). Specific thermophilic xylanase (131 U/ml) from Chaetomium sp. 

added in the range of 2.5–5.0 ppm produced up to a 25% increase in the 

specific volume of steamed bread and almost the same decrease in the 

firmness (Jiang et al., 2010). 

Turkish heart bread has been also supplemented with α-amylases obtaining 

differences depending on the enzyme source (from cereal and fungal sources) 

(Dogan, 2003). 

Unleavened Indian flat bread, namely South Indian parotta, improves the 

overall quality score when flour was supplemented with proteinase. It is 

likely this enzyme breaks large protein fibrils, leading to small ones that 

improve the continuous gluten formation (Prabhasankar et al., 2004). α-

Amylase and xylanase have also been tested as an antistaling agent in other 

unleavened Indian flat bread made from whole wheat flour, chapatti, and both 

enzymes inhibited staling to different extents (Shaikh et al., 2008). Moreover, 

these enzymes can change the nutritional, nutraceutical, and antioxidant 

properties of chapatti. α-Amylase and xylanase improve the antioxidant 

properties of this bread, particularly the amylase that increases antioxidant 

phenolic acids, such as caffeic, gentisic, and syringic acids, in addition to the 

phenolic acids as well as the soluble dietary fiber (Hemalatha et al., 2012). 

Nevertheless, at least one starch-degrading enzyme is advisable to be added 

for retarding flat bread staling and preferably a mixture of an α-amylase and a 

glucan 1,4-α-glucosidase (Forman and Evanson, 2011). 
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α-Amylase has been tested as an improver in teftoon, a flat bread prepared 

from whole wheat flour by hand sheeting and baking (Koocheki et al., 2009). 

The addition of amylase and emulsifiers decreased the force required to tear 

the fresh bread, and the best antistaling effect was observed with diacetylated 

tartaric acid esters of mono- and diglyceride of fatty acids. The optimization 

of the wheat α-amylase activity determines the softness and staling of the 

teftoon, and the right α-amylase level can be obtained by germinating wheat 

flour for a period of 72 h (Moharrami and Shahedi Baghkhandan, 2011). 

3.5. Enzyme supplementation for producing nutritional benefits 

Other enzymes that can be used in bread making, leading to nutritional 

improvement are the phytases (Haros et al., 2001a,b). Fungal phytases 

improve the firmness and chewiness of whole meal wheat bread over a period 

of 3 days of storage, and the extent of the effect was dose dependent (Zyla et 

al., 2005). Moreover, the supplementation of phytase induces a decrease of 

phytate content and an increase in the in vitro digestibility of phosphorus, 

calcium, carbohydrates, and proteins (Zyla et al., 2005). 

The impact of the exogenous fungal phytase on the phytate content of whole 

meal wheat breads has been reported by comparing different bread-making 

processes (Rosell et al., 2009). There was significant interaction between the 

bread-making process and enzyme addition concerning specific volume, 

crumb lightness, and crumb texture. Freezing and frozen storage of whole 

meal bread in the presence of fungal phytase decreased significantly the 

phytate content, independently of the bread-making process that was 

followed. Furthermore, Penella et al. (2008) studied the effect of a 

combination of fungal phytase and fungal α-amylase, bran content, and 

particle size distribution of bran on the technological performance of dough 

and on the amount of phytic acid remaining in the bread. The authors 

concluded that the combination of bran with amylolytic and phytate-

degrading enzymes could be recommended for overcoming the detrimental 
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effect of bran on the mineral availability (phytase) and on the performance of 

the dough (α-amylase). Fungal phytase can improve nutritional and bread-

making performance of whole wheat bread; however, not all the phytates are 

hydrolyzed (Haros et al., 2001a,b). 

4. Enzymes in “Gluten-free” products  

A variety of cereal foods are produced from wheat flour, such as bread, 

noodles, bulgur, and couscous, because gluten, which is formed by 

combining wheat proteins, has unique viscoelastic properties. However, 

many people suffer from gluten-related disorders, which prompted the 

development of gluten-free products. One of the main challenging aspects in 

gluten-free bread making is the production of high-quality bread with good 

structural properties using gluten-free cereals, such as rice or corn, or some 

pseudocereals, such as quinoa or amaranth. However, the proteins of those 

flours are incapable of retaining carbon dioxide during fermentation due to 

the lack of viscoelastic properties, which forced researchers to find 

technological alternatives to mimic gluten functionality (Arendt et al., 2008). 

In this respect, the addition of different groups of enzymes in gluten-free 

bread production plays an important role in achieving desirable properties to 

improve the quality of the final product, mainly by cross-linking proteins 

(Rosell, 2009). 

4.1. Transglutaminase 

In this respect, transglutaminase has been the enzyme most extensively 

proposed for creating protein cross-links in rice flour (Gujral and Rosell, 

2004a). Nevertheless, the protein network created by the TGase is greatly 

dependent on the protein origin, its thermal compatibility, and the dosage of 

the enzyme (Marco and Rosell, 2008c). Gujral and Rosell (2004a) initially 

proposed the hypothesis that the enzymatic creation of a protein network in 

gluten-free dough might mimic gluten functionality. With that aim, the 

authors studied the addition of increasing amounts of TGase (0.5%, 1.0%, or 
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1.5% w/w) to rice flour obtaining a progressive increase of the viscous and 

elastic moduli, but a higher bread volume and softer crumb was obtained 

with 1.0% TGase and further improvement was obtained with the addition of 

2% HPMC. 

Nonetheless, the flour source has great influence on the extent of activity of 

TGase as reported by Renzetti et al. (2008) when compared with the effect of 

that enzyme on six different gluten-free cereals (brown rice, buckwheat, corn, 

oat, sorghum, and teff). Three-dimensional confocal laser scanning 

micrographs confirmed the formation of protein complexes by TGase. Batter 

fundamental rheological analysis and bread quality indicated an improving 

effect of 10 U TGase on buckwheat and brown rice batters and breads and a 

detrimental effect on corn batters but with increased specific volume and 

decreased crumb hardness and chewiness on corn breads. Conversely, 

transglutaminase was not effective in making breads from oat, sorghum, or 

teff (Renzetti et al., 2008). Nevertheless, Onyango et al., (2010b) obtained 

changes in the rheological properties of gluten-free batters of sorghum 

blended with pregelatinized cassava starch when adding TGase, specifically, 

the enzyme decreased the resistance to deformation and compliances and 

augmented zero shear viscosity and elastic recovery. 

Surely, the amount and nature of the proteins present in those flours, 

considering that, for TGase action, lysine and glutamic acid are needed, must 

explain the differences encountered among flours. In answer to that possible 

protein deficiency for TGase activity, protein supplementation to gluten-free 

flours was proposed to increase the amount of substrate for the enzyme 

(Marco and Rosell, 2008b,c; Marco et al., 2007, 2008). 

Marco and Rosell, (2008b) reported the effect of transglutaminase on rice 

flour functionality when it was blended with protein isolates from different 

sources (pea, soybean, egg albumen, and whey proteins). The cross-linking 

action of TGase was confirmed by the decrease in the amount of free amino 
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acids. Pea, soybean, and whey proteins decreased the final viscosity, thus 

affecting amylose recrystallization during cooling. Viscoelastic moduli of the 

dough were significantly modified, but whereas pea and soybean increased 

this parameter, egg albumen and whey protein dramatically decreased it. 

Even a combination of soybean and pea protein optimized with an 

experimental design was recommended for obtaining a better-structured 

protein network (Marco and Rosell, 2008c). In fact, electrophoretic studies 

confirmed that TGase action resulted in the formation of isopeptide and 

disulfide bonds mainly within albumins and globulins and, to a lesser extent, 

within glutelins, and in consequence, large aggregates between pea and rice 

proteins were present (Marco et al., 2007). Similarly, soybean proteins were 

cross-linked with rice proteins through the formation of new intermolecular 

covalent bonds catalyzed by transglutaminase and the indirect formation of 

disulfide bonds among proteins, mainly involving β-conglycinin and glycinin 

of soybean and the glutelins of the rice flour although albumins and globulin 

also participated (Marco et al., 2008). The combination of gluten-free flours 

with legume flours has the additional benefit of improving the amino acid 

balance because the action of TGase does not have any nutritional 

repercussion. 

Concerning the effect of that strategy on bread making, Marco and Rosell, 

(2008a) proposed the protein enrichment of gluten-free breads with the 

additional benefit of creating a protein network through the use of 

transglutaminase. For doing that, those authors optimized the amount of 

water needed to hydrate the system, the level of protein and enzyme, and also 

included hydroxypropyl methylcellulose for additional structural strength and 

a more open aerated structure. Although soybean proteins reduced the 

specific volume of the bread, scanning electron micrographs confirmed the 

participation of those proteins in the network created by the TGase. 

Houben et al. (2012) proposed the addition of TGase in the presence of skim 

milk powder and egg protein powder to form protein networks that yielded 
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stiff crumbs. An experimental design carried out to obtain protein-enriched 

rice-based gluten-free breads showed that the combination of TGase (1.35 U 

of enzyme/g of rice flour protein), egg albumen (0.67 g/100 g of flour), and 

casein (0.67 g/100 g of flour) yielded the highest specific volume of rice-

based bread with the lowest crumb hardness (Storck et al., 2013). With the 

same aim, different extruded gluten-free flours (rice, potato, corn, 

buckwheat), proteins (egg-white powder, soybean isolate, caseinate), and 

TGase were included in an experimental design, showing the best quality was 

in the bread with extruded buckwheat extrudate, egg-white powder, and 10 

IU TGase per gram of protein (Smerdel et al., 2012). 

Gluten-free jasmine rice bread improved its specific volume with a 

simultaneous reduction in the crumb hardness when up to 10% rice flour was 

replaced by pregelatinized tapioca starch and TGase was added up to 1% 

(Pongjaruvat et al., 2014). 

Nevertheless, some concern about the use of microbial TGase arose due to its 

homology to tissue TGase that is mediated in celiac disease. A study carried 

out by Cabrera-Chavez et al. (2008) evaluated the reactivity of the IgA of 

celiac patients to proteins of wheat and gluten-free breads treated with 

microbial TGase, showing that the reactivity was higher against prolamins of 

TGase-treated breads due to two individual patients’ sera. 

4.2. Protease 

Even though the creation of a protein network was primarily thought to be 

the best alternative for improving gluten-free bread quality, proteases also 

have been proposed as processing aids. Proteases induce the release of low 

molecular weight proteins from macromolecular protein complexes, which 

results in lower complex modulus and initial viscosity in addition to a 

decrease in paste viscosity and breakdown but an increase in the paste 

stability (Renzetti and Arendt, 2009). Batters show lower resistance to 

deformation during proofing and in the early stages of baking while 
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preserving its elasticity. When added to brown rice flour, breads significantly 

increase the specific volume with a parallel decrease in crumb hardness and 

chewiness (Renzetti and Arendt, 2009). 

Kawamura-Konishi et al. (2013) reported improved crumb appearance, high 

volume, soft texture, and a low staling rate when a commercial protease from 

Bacillus stearothermophilus (thermoase) was added to rice flour. 

Presumably, this protease majorly hydrolyzed albumins and globulins, 

leading to many cellular structures in the breadcrumb. 

4.3. Oxidases 

Oxidases such as glucose oxidase and laccase could also yield the formation 

of networks. 

Glucose oxidase has been supplemented to rice flour, yielding an increase in 

specific volume with a simultaneous reduction of the crumb hardness (Gujral 

and Rosell, 2004b), owing that effect to the protein cross-linking as it reveals 

the decrease in the amino and thiol groups. In addition, electrophoresis 

analysis confirmed changes on glutelins (Gujral and Rosell, 2004b). 

Renzetti et al. (2010) reported the increased specific volume and softening 

crumb effect of commercial preparations of laccase (0.01%) and protease 

(0.001% and 0.01%) containing endo-β-glucanase side activity for making 

gluten-free oat flour. The authors attributed the improvement due to the 

increase in batter softness, deformability, and elasticity in part due to the β-

glucan depolymerization. In oat based breads, the extensive protein 

hydrolysis during baking may have improved the functionality of the soluble 

protein fraction. Flander et al., (2011) also observed an improvement in 

specific volume of oat bread with the combination of Trametes hirsute 

laccase and xylanase, although crumb softness remained unaltered. 
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4.4. Other enzymes 

A different alternative for improving the quality of gluten-free breads has 

been the addition of different α-amylases. Gujral et al. (2003a) investigated 

the use of CGTase as a processing aid in rice-based breads, obtaining a 

reduction of dough consistency and the elastic modulus and also acted as 

antistaling additive (Gujral et al., 2003b). At the bread level, using an 

experimental design, the authors optimized the combination of CGTase, 

HPMC, and oil amount for producing better specific volume and crumb 

texture. In addition, CGTase decreased the amylopectin retrogradation during 

storage (Singh et al., 2003), owing these effects to the hydrolyzing and 

cyclizing activity of the CGTase. α-Amylase of intermediate stability has 

been effectively used for antistaling in rice breads but resulted in sticky 

textures (Singh et al., 2003). Similarly, Onyango et al. (2010a) tested the 

effect of α-amylase in sorghum-based bread, observing that by increasing 

enzyme concentration (up to 0.3 U/g) decreased crumb firmness, 

cohesiveness, springiness, resilience, and chewiness but increased 

adhesiveness. 

Trichoderma reesei tyrosinase has been applied to oat breads, inducing the 

formation of protein aggregates of high molecular weight, which involved 

globulins (Flander et al., 2011). That cross-linking resulted in dough 

hardening and better bread characteristics, and further improvement was 

obtained when tyrosinase was combined with xylanase. 

A complex mixture comprising rice flour, dried albumin, cooking oil, sugar, 

yeast, emulsifier, salt, and an enzyme improver containing hemicellulase, 

glucose oxidase, xylanase, and α-amylase has been proposed as a gluten-free 

bread premix, which requires agitation for degrading the cell wall of rice 

starch and for improving expansion property (Kim et al., 2009). 
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5. Use of enzymes in making cakes, cookies, and pastries 

Another application of enzymes in baking is in the production of breakfast 

cereals, biscuits, buns, cakes, and pastries (Table 3). This kind of product, in 

addition to pasta, forms part of the group of “foods containing fat” and 

“foods containing sugar,” of which the nutritional composition in fat and 

sugar contents greatly differs from bread and is unique for each elaborated 

product. Even the process of making these products requires different 

operations. However, enzymes are also very useful as processing aids in 

those products although the aim of their application maybe different than the 

one described for bread making. Mostly, individual enzymes or combinations 

are added to retard staling and extend freshness perception over time. 

Table 3. Enzymes used in sweet baked goods 

Enzyme Cakes 
Biscuits or 

cookies 

Pastries and 

croissants 

Endoxynalases + - - 

Thermostable 4-alpha-

glucanotransferase 
+ - - 

α-amylase + - + 

β-amylase  + - - 

Lipase  + - - 

Xylanase  + + + 

Proteases  - + + 

Transglutaminase  - - + 

Glucose oxidase  - - + 

Phospholipase  - - + 

Oxygenases  - - + 

Oxidases  - - + 

Peroxidases  - - + 

 

5.1. Cakes 

In sponge cake systems, protein-foaming properties are fundamental in 

determining the overall textural quality of the product (Celik et al., 2007). 

Limited enzymatic hydrolysis of wheat gluten significantly increases its 
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foaming and emulsifying properties (Drago and González, 2000; Kong et al., 

2007), improving cake volume and moistness (Bombara et al., 1997). 

Other authors proposed to treat oat or rice bran with endoxylanase (70 and 

700 ppm) for improving the properties of the bran when used as an ingredient 

in cakes (Lebesi and Tzia, 2012). This treatment increased the amount of 

soluble dietary fiber and reduced the water-holding capacity of bran resulting 

in a softer cake crumb with high specific volume and better porosity and 

sensory characteristics. In addition, cakes containing treated bran showed 

better performance during storage with slower deterioration of the sensory 

characteristics (Lebesi and Tzia, 2011). 

Kim et al. (2012) recommended the use of rice flours previously treated for 

48 h with a thermostable 4-α-glucanotransferase from Thermus aquaticus to 

obtain rice cakes with better textural properties and retarded starch 

retrogradation. The authors explained the extended shelf life due to the action 

of the enzyme, reducing the chain length of the starch. 

The combination of a bacterial α-amylase with gums and pregelatinized 

starch has been proposed for making devil’s fudge cakes (Sozer et al., 2011). 

By adding these improvers, cakes showed 25% lower toughness and hardness 

and slower starch retrogradation.  

There are some sweet specialties in which enzyme supplementation has been 

tested leading to improved quality. Specifically, panettone made with the 

addition of lipase or amylase increases the height, whereas xylanase improves 

the crumb porosity and dough-handling properties, and the extent of the 

effect is dose-dependent (Benejam et al., 2009). A steamed, cooked Chinese 

cake, Mi Gao, stales more slowly when β-amylase, α-amylase, or 

hydrocolloids were added although considering sensory acceptability the β-

amylase was preferred (Ji et al., 2010). 
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5.2. Biscuits or cookies 

Proteases have been very useful for modifying the extensional properties of 

gluten and improving cookie performance of the wheat flours (Bruno and 

Oliveira, 1995; Kara et al., 2005; HadiNezhad and Butler, 2009). The action 

of proteases degrading gliadin and glutenin subunits of flour gluten led to an 

increase in the spread ratio values of cookies (Kara et al., 2005). 

The addition of xylanases is advisable when high fiber content flours are 

used. In fact, Jia et al. (2011) could make almond cookies adding up to 20%-

23% California almond skin flour in the presence of xylanase that acted on 

the noncarbohydrate polymers without affecting the spread ratio and the 

breaking force of the cookies. 

5.3. Pastries and croissants 

Gerrard et al. (2000) first tested the effect of microbial TGase on puff pastries 

and croissants, observing a similar cross-linking action as mentioned in the 

case of wheat breads. Particularly, TGase improved the expansion of puff 

pastry and the volume of yeasted croissants, and this enzyme also conferred 

stability to the dough during freezing and 90 days of frozen storage. The 

stabilization effect of the TGase was explained in terms of cross-linking of 

albumins and globulins, leading to high molecular weight aggregates and also 

cross-linking of gluten subunits (Gerrard et al., 2001). A similar cross-linking 

effect on the albumins and globulins was obtained by using glucose oxidase 

due to disulfide and nondisulfide linkages formation, but this enzyme was 

less effective in increasing croissant volume due to its minor action on cross-

linking glutenins (Rasiah et al., 2005). In the production of pastries, the 

combination of TGase (1.5 mg/100 g flour) with fermizyme (5 mg/100 g 

flour) has been recommended for improving sensory quality (Hozova et al., 

2003). 



Results and discussion 

89 
 

Conversely, proteolytic enzyme material has also been advisable for 

obtaining laminated dough, such as croissants (Hargreaves et al., 2005). The 

enzyme material is applied on the outside surface of laminated dough or the 

partially baked laminated dough; in this way, the baked product retains a 

crispy crust for an extended period after baking and even after reheating. 

In bakery products, such as croissants, pastries, pies, and so on, the water in 

an oil emulsion is fundamental for obtaining laminated dough that is a 

layered structure. Phospholipase has been recommended for totally or 

partially replacing emulsifiers such as lecithin, keeping the water-binding 

capacity of the spread, obtaining a baked product with thin and uniform 

layers (Nielsen, 2009). 

Another improver proposed for increasing the stability during frozen storage 

of Viennese pastries and brioche dough is comprised of gluten, natural 

flavoring, bean flours, and a blend of hemicellulose and α-amylase 

(Muchembled and Julien, 2005). Even more complex enzyme combinations 

have been reported for pastry production that comprises xylanases, α-

amylases, oxygenases, oxidases, peroxidases, phospholipases, and proteases 

(Anon, 2006). This preparation incorporates xylanases to enhance 

extensibility and improve hydration; α-amylases to produce fermentable 

sugars; oxidases, oxygenases, laccases, and peroxidases to improve 

consistency; glucose oxidases to reinforce dough; phospholipases to increase 

the volume of the bread and to improve crumb texture; and proteases to 

improve the effectiveness of kneading. 

6. Future trends 

Enzymes have been extensively applied in bakery industries, initially for 

modulating dough performance and improving fresh bread quality, and later 

on for extending shelf life of baked products. Over the years, fundamental 

insights about the enzyme activity have been gathered, which help to 

comprehensively apply individual enzymes or enzymatic combinations for 
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further applications. Owing to the intrinsic innovation of the bakery industry, 

future application of enzymes is foresight in different trends. First, is the 

search for new enzymes or new sources of enzymes with tailored properties 

for making baked products using mechanized processing and/or different 

baked specialties; second, a strong tendency is focused on the replacement of 

chemicals with enzymes moving to green labels in bakery products for 

answering consumers’ demands for more natural products free of chemical 

additives, and finally, the interest in nutritional aspects is exponentially 

growing, which is prompting the development of enzymatic applications for 

improving nutritional and healthy features of baked products. 
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Abstract 

Porous starch is attracting very much attention for its absorption and 

shielding ability in many food applications. The effect of two different 

enzymes, fungal α-amylase (AM) or amyloglucosidase (AMG), on corn 

starch at sub-gelatinization temperature was studied as an alternative to 

obtain porous starch. Biochemical features, thermal and structural analyses of 

treated starches were studied. Microscopic analysis of the granules confirmed 

the enzymatic modification of the starches obtaining porous structures with 

more agglomerates in the case of AMG treated starches. Several changes in 

thermal properties and hydrolysis kinetics were observed in enzymatically 

modified starches. Hydration properties were significantly affected by 

enzymatic modification being greater influenced by AMG activity, and the 

opposite trend was observed in the pasting properties. Overall, results showed 

that enzymatic modification at sub-gelatinization temperatures really offer an 

attractive alternative for obtaining porous starch granules to be used in a 

variety of foods applications.   

Keywords: corn starch; enzymatic modification; hydration properties; SEM; 

DSC; hydrolysis kinetics.  
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1. Introduction  

Starch is widely used in food and industrial applications asa thickener, 

colloidal stabilizer, gelling agent, bulking agent and water retention agent 

(Singh et al., 2007). In general, native starches produce weak-bodied, 

cohesive, rubbery pastes when heated and undesirable gels when the pastes 

are cooled (Abbas et al., 2010). In order to meet its intended function, 

physical, chemical or enzymatic modification sare applied to achieve the 

functional properties not found in native starches (Jayakody and Hoover, 

2002; Lacerda et al., 2008). The use of enzymatic modification has a number 

of advantages comprising fewer by-products, more specific hydrolysis 

products and high yield, besides better control of the process and end 

products with particular properties. There are many enzymes used to alter 

starch structure and to achieve desired functionality (Rosell and Collar, 

2008). Enzymes hydrolyze (1 → 4) or (1 → 6) linkages between α-D-

glucopyranosyl residues. The most common enzymes for starch modification 

include α-amylase, β-amylase, glucoamylase, pullulanase, and isoamylase. α-

Amylase can hydrolyze the (1 → 4)-α-glucosidic bonds of starch in an endo-

action. Hydrolysis occurs in a random fashion at any (1 → 4)-linkage within 

the starch chain to rapidly reduce the molecular size of starch and the 

viscosity of the starch solution during pasting. Amyloglucosidase is an exo-

acting enzyme that catalyzes the hydrolysis of both α-D-(1 → 4) and α-D-(1 

→ 6)-linkages from the non-reducing ends of the starch chain. Numerous 

researchers have investigated enzymatic hydrolysis of starches from cereals, 

roots, tubers, and legumes in terms of enzyme adsorption, action pattern, 

extent of hydrolysis, degree of crystallinity and hydrolysis products (Colonna 

et al., 1992; Gallant et al., 1992; Hoover, 2001; Kimura and Robyt, 1996; Li 

et al., 2004). Taking into particular account that corn starch makes up more 

than 80% of the world market for starch, many researchers have been focused 

on the hydrolysis products released from the enzymatic reaction (Huang et 

al., 2010; Khatoon et al., 2009; Li and Ma, 2011;Miao et al., 2011). 
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Therefore, kinetics mechanism of the enzymatic reaction and hydrolysis 

products have been studied by other researchers but the features of the 

modified starches have been the focus of a few studies. Simultaneous 

hydrolysis of waxy corn starch with amylase and amyloglucosidase have 

been reported for modifying the digestion of the starch (Miao et al., 2011), 

and reducing the digestibility of corn starch by partial α-amylase treatment 

(Han et al., 2006), or through the action of α-amylase or maltogenic α-

amylase with transglucosidase (Ao et al., 2007). In addition, Lacerda et al. 

(2008) studied the thermal properties of corn starch treated with fungal α-

amylase showing higher action on the amorphous region of the granule. 

Lately, there is an increasing interest for the developing corn porous starch 

due to it has interesting properties for being used in the areas of food, 

medicine, chemical industry, cosmetics, agriculture and other fields. In fact, 

porous starch might be used in foods to ensure a steady release of spices, 

sweeteners, acid condiments, flavorings, or even to protect from light or 

oxygen highly oxidized compounds (Zhang et al., 2012). Porous starch is a 

modified starch that contains micro sized pores on the surface and could be 

extended to the inner part of the granule. Previously, it has been reported its 

production by glucoamylase catalysis combined with ultrasonic treatment 

(Wu et al., 2011) and more recently Zhang et al. (2012) proposed the 

combination of α-amylase and glucoamylase optimizing the kinetic reaction 

for increasing the yield. Nevertheless, there is no information about the 

contribution of each enzyme to the starch changes. Because of modified 

starch is widely used in food formulations, it is of particular interest to 

determine biochemical features of starch and how they affect its functional 

properties. The aim of this research was to determine the independent effect 

of fungal α-amylase (AM) or amyloglucosidase (AMG) on corn starch at sub-

gelatinization temperature, with special emphasis on biochemical features, 

thermal and structural analyses of treated starches. 
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2. Materials and methods 

2.1. Materials 

Corn starch samples were generously supplied by Huici Leidan (Navarra, 

Spain). The enzymes used were of food grade. Fungal α-amylase (AM) 

(Fungamyl 2500 SG) and amyloglucosidase (AMG) (Amyloglucosidase 

1100L) were provided by Novozymes (Bagsværd, Denmark). Chemical 

reagents from Sigma-Aldrich (Madrid, Spain) were of analytical grade.  

2.2. Methods 

2.2.1. Sample preparation 

Preliminary assays were carried out for optimizing enzymatic reactions 

(starch quantity and pH), and pH 4.0 was selected for AMG reaction and pH 

6.0 in the case of AM modification. The quantity of enzymes was based on 

previous experiments, where the amount of enzyme required to hydrolyze 

50% of the starch (15%, w/v) at 95 ºC for 10 min was selected (Dura et al., 

2013).   

Corn starch (5.0 g) was suspended in 25 mL of 20 mM NaH2PO4 buffer at pH 

6.0 or in sodium acetate buffer at pH 4.0, those starch samples were referred 

as Control-6 or Control-4, respectively. For obtaining the enzymatic treated 

starches, enzymes (4 U of AMG /g starch and 5 U of AM /g starch) were 

added to the starch suspension. Samples were kept in a shaking water bath 

(50 rpm) at 50 ºC for 24 hours. Then, 50 mL of water were added and 

suspensions were homogenized with a Polytron Ultraturrax homogenizer 

IKA-T18 (IKA works, Wilmington, USA) during 1min at speed 3. Samples 

were centrifuged for 15 min at 7,000×g and 4 ºC. Starches were washed again 

and centrifuged at the same conditions as before. Supernatants were pooled 

together and boiled in a water bath for 10 min to inactivate the enzymes 

before any further analyses (hydration properties and iodine binding values). 

Sediments containing starch were freeze-dried and kept at -25 ºC for further 
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thermal, biochemical and microstructural analyses. Four batches were 

prepared for each treatment.  

2.2.2. Scanning electron microscopy (SEM) 

The structural properties of the samples were studied using a JSM 5200 

scanning electron microscope (JEOL, Tokyo, Japan). The corn starch 

powders were stick on a specimen holder using cuprum tape, and then coated 

with gold in a vacuum evaporator (JEE 400, JEOL, Tokyo, Japan). The 

obtained specimens were examined at an accelerating voltage of 10 kV.  

The size of the holes induced by enzymatic action was measured using the 

image analysis program (Image J, UTHSCSA Image Tool software). Value 

was the average of 10 independent measurements. Eccentricity (e) was 

calculated for starch granules according to the equation 1: 

e = [1-(b
2
/a

2
)] x 1/2   Eq. (1) 

where a corresponded to the larger diameter (length) and b to the shorter 

diameter (width) (Rojas et al., 2000). Values of eccentricity approaching 0 

indicate very rounded structures, while values approaching 1 describe very 

elongated structures. 

2.2.3. Starch content 

Remaining free sugars on the treated starches were determined. Treated 

starch (0.1 g) placed in 10 mL Pyrex tubes was suspended in 2 mL of ethanol 

(80%) and incubated at 85 ºC in a shaking water bath (50 rpm) for five min 

and then centrifuged (1,000×g, 10 min, at room temperature). Supernatant 

was separated to measured free sugars released. This was performed for two 

times.  

Damage starch was also determined by enzymatic method following the 

International Association for Cereal Chemistry standard method (ICC, 1996). 
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The absorbance was measured using an Epoch microplate reader (Biotek 

Instruments, Winooski, USA) at 510 nm. Starch was calculated as glucose 

(mg) ×0.9. Replicates (n=4) were carried out for each determination. 

2.2.4. Starch hydration properties and iodine binding values 

Swelling parameters and water soluble compounds of modified corn starch 

samples were determined following the method reported by Toyokawa et al. 

(1989), with slight modification as reported (Rosell et al., 2011). Briefly, the 

supernatant was decanted into an evaporating dish and the weight of dry 

solids was recovered by evaporating the supernatant at 70 ºC till constant 

weight. Four replicates were made for each sample. Residues (Wr) and dried 

supernatants (Ws) were weighed. Swelling power (SP), solubility index (SI) 

and swelling capacity (SC) were calculated as follows: 

Swelling Capacity (g/g)=Wr/Wi  Eq. (2) 

Solubility Index (%)=(Ws/Wi) x 100    Eq. (3) 

Swelling Power (g/g)=Wr/Wi  (100-SI)    Eq. (4) 

where Wi was the sample weight (g, db). 

Iodine binding values are indicative of amylose complex formation. The 

iodine binding value was determined in the soluble supernatant. The soluble 

supernatant (40 µL) was mixed with 2 mL of an aqueous solution of 0.2% KI 

and 0.65% I2. The absorbance at 690 nm was measured using a 

spectrophotometer (UV mini-1240, Shimadzu Corporation, Kyoto, Japan). 

Paste Clarity was directly measured in the supernatant as the absorbance at 

650 nm using a spectrophotometer (UV mini-1240, Shimadzu Corporation, 

Kyoto, Japan). Values were the average from four replicates. 
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2.2.5. Pasting properties 

The pasting properties were determined with rapid visco analyzer (RVA) 

(Newport Scientific, model 4-SA, Warriewood, Australia) by following the 

American Association of Cereal Chemists Approved Method (AACC 

International, 1997), with some minor modifications. Distilled water (25 mL) 

was added to two grams of corn starches placed into the aluminium RVA 

canister. RVA settings during assessment were: heating from 50 to 95 ºC in 

282 s, holding at 95 ºC for 150 s and then cooling to 50 ºC. Each cycle was 

initiated by a 10 s, 960 rpm paddle speed for mixing followed by a 160 rpm 

paddle speed for the rest of the assay. Viscosity was recorded during a 

heating-cooling cycle using Thermocline software for Windows (Newport 

Scientific Pty. Limited, Warriewood, Australia). 

2.2.6. Thermal Properties 

Thermal behavior  from starch samples were determined using a differential 

scanning calorimeter (DSC) from Perkin-Elmer (DSC 7, Perkin-Elmer 

Instruments, Norwalk, CT), equipped with a thermal analysis data station 

(Pyris software, Perkin-Elmer Instruments, Norwalk, CT).  For the study, 

corn starch samples were accurately weighed into aluminum DSC pans, and 

de-ionized water was added by micropipette to achieve a water-sample ratio 

of 2:1. The sample pans were sealed and equilibrated at room temperature for 

one hour before analysis. Nitrogen was used to purge analyses cells. 

Instruments were calibrated with indium, using an empty pan as reference. 

Thermal analysis consisted on heating from 30 to 120 °C at a rate of 10 

°C/min. The onset temperature To, peak temperature Tp, and conclusion 

temperature Tc, were determined from the heating DSC curves. 

Gelatinization enthalpy (∆H) was evaluated based on the area of the main 

endothermic peak, and peak height index (PHI) was calculated as PHI= ∆H/ 

Tp- To. All DSC experiments were replicated two times.  
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2.2.7. Starch hydrolysis kinetics 

Starch hydrolysis was measured following the method described by Gularte 

and Rosell, (2011) with minor modifications. Briefly, for free sugars 

removal, corn starch sample (0.1 g) suspended in two milliliters of 80% 

ethanol was kept in a shaking water bath at 85 ºC for five minutes, and then 

centrifuged for 10 min at 1000×g. The remaining pellet was incubated with 

porcine pancreatic α-amylase (6 U/mL) (Type VI-B, ≥ 10 units/mg solid, 

Sigma Chemical, St. Louis, USA) in 10 mL of 0.1 M sodium maleate buffer 

(pH 6.9) in a shaking water bath at 37 ºC. Aliquots of 200 μL were 

withdrawn during the incubation period and mixed with 200 μL of ethanol 

(96%, w/w) to stop the enzymatic reaction and the sample was centrifuged at 

10,000×g for 5 min at 4 ºC. The precipitate was washed twice with 50% 

ethanol (200 μL) and the supernatants were pooled together and kept at 4 ºC 

for further glucose enzymatic release.   

Supernatant (100 µL) was diluted with 850 µL of 0.1M sodium acetate buffer 

(pH 4.5) and incubated with 50 μL amyloglucosidase (33 U/mL) at 50 ºC for 

30 min in a shaking water bath. After centrifuging at 2000×g for 10 min, 

supernatant was kept for glucose determination. 

The glucose content was measured using a glucose oxidase-peroxidase 

(GOPOD) kit (Megazyme, Dublin, Ireland). The absorbance was measured 

using an Epoch microplate reader (Biotek Instruments, Winooski, USA) at 

510 nm. Starch was calculated as glucose (mg) ×0.9. Replicates (n=4) were 

carried out for each determination. 

Experimental data were fitted to a first-order equation (Goñi et al., 1997): 

Ct = C∞ (1-e 
–kt

 )   Eq. 5 

Where Ct is the concentration of product at time t, C∞ is the concentration at 

the end point, and k is the pseudo-first order rate constant. 
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2.2.8. Statistical analysis 

Experimental data were statistically analyzed for analysis of variance 

(ANOVA) using Statgraphics Centurion XV software (Bitstream, 

Cambridge, N). When analysis of variance indicated significant F values, 

multiple sample comparisons were also performed by Fisher’s least 

significant differences (LSD) test to differentiate means with 95% 

confidence. The correlation matrix was also performed using Statgraphics 

Centurion XV software. 

3. Results and discussion 

Enzymatic modification of the corn starch was carried out independently with 

α-amylase or amyloglucosidase under optimal pH conditions, 6.0 for α-

amylase and 4.0 for amyloglucosidase. The action of each enzyme was 

compared with their specific control, which was submitted to the same 

treatment in the absence of enzymes. Results will reflect the effect of the pH 

and the enzymes on the starch features after being treated at sub-

gelatinization temperature (50 ºC). Zhang et al. (2012) found that 50 ºC was 

the most suitable temperature for obtaining porous starch combining the 

action of AM and AMG. Also that temperature was useful for keeping the 

hydrolysis degree under control impeding the collapse and breakage of the 

granules that is produced during gelatinization.  

3.1. Microstructure of the starch 

To confirm the enzymatic action on the corn starch granules treated with α-

amylase or amyloglucosidase, the microstructure was analyzed using SEM at 

two different magnifications 2000x (Figure 1) and 3500x (Figure 2) times.  
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Figure 1. Scanning electron micrograph of corn starch samples treated enzymatically (b, d) and 

their counterparts controls (a, c). Magnification 2000x. Control pH 4 (a); AMG (b); Control pH 6 

(c); AM (d). 
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Figure 2. Scanning electron micrograph of corn starch samples treated enzymatically (b, d) and 

their counterparts controls (a, c). Magnification 3500x. Control pH 4 (a); AMG (b); Control pH 6 
(c); AM (d). 

Corn starches without enzymatic treatment (Figure 1a,c; Figure 2a,c) showed 

that pH did not affect the morphology of starch granules. Granules appeared 

with round and polygonal granular shape, and their surface was relatively 

smooth with some hollows, attributed to the fingerprints of the native protein 

bodies. Huber and BeMiller, (2000) explained that the crater-like impression 

resulted from pressing of protein bodies into the soft endosperm of the 

growing kernel. At high magnification some tiny cracks were visible. No 

swelling was observed in the native starch and the starch soaked at 50 ºC for 

24 hours (results not shown). At high magnification (Figure 2) it was 

observed that certain granules appeared pasted to each other, which was 

explained by the effect of some amylose leached out that acted as gluing 

material. No holes were visible on the control starches, indicating the absence 

of endogenous enzymes during the treatment period. Rocha et al. (2012) 
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found that some holes could appear on the starch surface due to endogenous 

enzymes action during annealing. 

The effect of enzymatic treatment was readily visible in the starches 

microstructure (Figure 1b,d; Figure 2b,d). Enzymatically treated starches 

showed changes in the surface but the shape of the granule hardly change. 

The microstructure of the starch granules was greatly dependent on the 

enzymatic treatment, but in both cases porous starch granules were obtained. 

α-Amylase produced some holes on the starch granules and its action was not 

dependent on the granule size. Amyloglucosidase was greatly active on the 

starch granules obtaining very perforated granules. At high magnification 

(Figure 2b) different concentric layers could be distinguished within the 

holes. Huber et al. (2000) described that in corn and sorghum starch granules, 

AMG produced openings to channels for providing access to the granule 

interior, and the surface pores enlarge through channels from hilum region 

toward the outsides. In the present study, it seems that both enzymes attacked 

the starch granules on the fingerprint of protein bodies, which seems to be the 

weaker points more susceptible to enzymatic hydrolysis. In addition, AMG 

treated starches displayed a more stacked structure, with a kind of gel joining 

the granules. Likely, the polymers’ chains leached out more easily during 

AMG enzymatic incubation and resulted in more abundant gel in the treated 

starch granules. Alternatively, it could be that the hydrolyzed amylose chains 

that leached out to the periphery of the granules were readily able to 

crystallize after cooling yielding the jelly structure. 

The analysis of the size of the holes revealed that α-amylase treatment led to 

small holes of 0.15 µm ± 0.04 µm, whereas amyloglucosidase action resulted 

in bigger holes (1.72 µm ± 0.18 µm) and the eccentricity ranged from 0.10 to 

0.13, indicating very rounded pores in both cases. 

It is generally accepted that granules contain amorphous and crystalline 

domains arranged in alternating concentric rings that create a semicrystalline 
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environment within the granule (Ratnayake and Jackson, 2008), which were 

only evident on the AMG treated starch granules. Considering that the 

crystalline domains are mainly composed of amylopectin while bulk 

amorphous domains are made up of amylose traversed by non-crystalline 

regions of amylopectin, it might be expected that treatment at 50 ºC promotes 

changes in the amorphous areas of granules (Ratnayake et al., 2008), leading 

to more structured internal structure.  

3.2. Assessing the enzymatic treatment of the corn starch 

After the enzymatic treatment, some information about the released 

compounds was gathered to confirm again that the enzymatic modifications 

occurred on the starch granules. Because of that, paste clarity, solubility 

index, swelling power, and apparent amylose content were measured (Table 

1). Considering the values obtained for the control at pH 4.0 and 6.0, it was 

observed that pH did not significantly affect those parameters. Paste clarity, 

related to the compounds leached out during enzymatic treatment, was only 

increased with the AMG treatment, which can be explained by the excision 

activity of this enzyme that hydrolyze α-1,4 and α-1,6 glycosidic linkages 

from non-reduced extremes releasing free sugars. Therefore, it was expected 

relatively higher amount of residual free sugars. In fact, the solubility index 

value was significantly (P<0.05) enhanced by AMG, followed by AM. 

Solubility index represents the amount of water soluble products obtained 

from the treated starch. AMG acted breaking the degree of association 

between intermolecular bonds (Dura et al., 2013), and more soluble 

compounds were leached. In opposition, it seems that the hydrolysis products 

released from α-amylase action were less soluble in water. Amylose that 

leached to the supernatant during incubation and enzymatic treatment was 

evaluated, but neither the pH nor the enzymatic modification of corn starch 

did cause changes in the apparent amylose content of the starches. 
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 Table 1. Effect of enzymatic treatment on the hydration properties and 

chemical composition of the resulting porous starches.  

  Control-4 AMG Control-6 AM 

Paste clarity  

(Abs 650nm) 
0.01±0.01a 0.26±0.03a 0.04±0.01a 0.03±0.00a 

Solubility index (%) 1.13±0.01a 20.08±2.16c 1.27±0.13a 4.3±0.08b 

Swelling power (g/g) 1.96±0.12a 1.93±0.00a 1.82±0.01a 2.68±0.15b 

Amylose content   

(Abs 690nm) 
0.03±0.01a 0.01±0.01a 0.04±0.02a 0.02±0.01a 

Swelling capacity (g/g) 1.94±0.11b 1.54±0.04a 1.80±0.01b 2.56±0.14c 

Free sugars 

(mg/100mg) 
0.10±0.01a 0.63±0.15b 0.11±0.03a 0.18±0.09a 

Damaged starch 

(mg/100mg) 
3.16±0.24a 2.49±1.22a 3.40±0.24a 3.03±0.97a 

Mean ± standard deviation values followed by different letters within a column denote 
significantly different levels (P < 0.05) (n = 4). 

These results indicated that the amount of leached amylose in the supernatant 

after thermal treatment at 50 ºC was insignificant, and that gelatinization of 

the starch granules did not occur during the process, which agrees with 

previous results (Rocha et al., 2012). Taking into account that no differences 

were observed on the apparent amylose content, thus water soluble 

compounds but no amylose chains were released during enzymatic treatment.  

Swelling power slightly increased in enzymatically modified samples from 

control samples. Swelling power and solubility can provide evidence in 

assessing the extent of interaction between starch chains within the 

amorphous and crystalline domains of the starch granule (Li et al., 2011; 

Ratnayake et al., 2002).  
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The enzymatically treated starches were washed to remove the remnant of 

any hydrolysis product and the swelling capacity of the porous starch 

granules as well as the amount of damage starch was determined (Table 1). 

The amount of free sugars was also quantified in the starch granule samples 

in order to verify the absence of hydrolysis products. The level of free sugars 

in the samples was very low (<1%). Thus, the washing carried out to remove 

the released products after hydrolysis was effective, although AMG treated 

starch had more residual sugars than its respective control. Damage starch 

content did not differ among samples. Presumably, enzyme treatment 

modified the structure of corn starch enough to permit the water intake but no 

the rapid enzyme absorption and penetration into the starch structure, 

required in the measurement procedure of damage starch. According to 

Biliaderis, (1991), the crystalline areas of starch maintain the structure of the 

granule, control its behavior in the presence of water and make it more or less 

resistant to chemical and enzymatic attack. The amorphous zone of starch 

granules is the least dense, is more susceptible to enzymatic attacks and 

absorbs more water at temperatures below the gelatinization temperature 

(Zavareze and Dias, 2011).  

Starch granule swelling is known to begin in the bulk relatively mobile 

amorphous fraction and, in the more restrained amorphous regions 

immediately adjacent to the crystalline region (Donovan, 1979). Factors such 

as temperature, pH and type of enzyme can greatly influence the starch 

structure. When starch granules are heated in the presence of water, the starch 

granules absorb water and swell but since the enzymatic reaction occurs at 

50ºC, below gelatinization temperature, the water absorption was rather low. 

Nonetheless, the porous structures obtained by enzymatic treatments showed 

opposite behavior pertaining swelling capacity, AMG reduced the swelling 

capacity of the starch granules, in contrast with the increase obtained in the 

AM treated starches.  During annealing, molecules in the amorphous regions 

of the granule hydrate and increase the mobility of amorphous area, and 
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cause a limited but reversible swelling of the granule (Perry and Donald, 

2000). The annealing results in a more perfectly ordered structure and in an 

increase in the granule stability by improving the arrangement of double 

helices, as well as the perfection of starch crystallites (Jayakody and Hoover, 

2008). Plausible explanations could be either the enzyme action on the 

granule surface seems to release the more accessible compounds that bind 

water molecules or the agglomerates structure reduces the surface area that 

might be in contact with water molecules.   

3.3. Pasting properties 

The pasting properties of the porous starches were determined following a 

heating-cooling cycle (Figure 3). Plots of the pasting portraits showed minor 

dissimilarities than expected taking into account the great microstructure 

divergences earlier mentioned. The viscosities of the control starches 

subjected to different pHs were initially overlapped indicating similar 

absorption. This agrees with reported results obtained for swelling capacity, 

but also alike swelling and gelatinization rate (Sandhu and Singh, 2007). The 

maximum viscosity reached after heating was higher at pH 6.0, and then 

higher viscosity was observed along the cooling stage. Therefore, pH during 

incubation affected the annealing process that might take place during 

incubation at 50 ºC, and lower pH caused larger changes than pH 6.0. 

Regarding the enzymes action, AMG treated starch showed a delayed pasting 

formation, likely water absorption and swelling ability of this starch was 

somewhat hindered after the enzymatic treatment, which was also observed 

when the hydration ability of the starch was determined. After gelatinization 

was completed, the AMG treated starch showed higher maximum viscosity, 

higher cooking stability and viscosity after cooling. Conversely, the AM 

treated starch showed similar swelling and hydration than its control 

counterpart, but displayed lower maximum viscosity after cooking and 

cooling, which has been related to the reduction of the molecular size of 

starch (Miao et al., 2011).  
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Figure 3. RVA profiles of the corn starches treated with amylase (◊) or amyloglucosidase (□) 
compared with their respective controls (without enzymatic treatment) in closed symbols (pH 

4.0, ■ ; and pH 6.0,  ♦ ).  

Parameters recorded from the pasting curves are shown in Table 2. The onset 

temperature, the temperature where viscosity first increased, was rather 

similar in the starches kept at different pHs. The trend observed was the same 

as the one followed by the swelling capacity, which might be expected since 

the initial stage of the gelatinization is the water absorption and in 

consequence the starch swelling. Values of the onset temperature for the 

enzymatically treated starches confirmed that AMG treated starch swelled 

slowly compared to its counterpart control. Hydrolysis percentage induced by 

each enzyme was calculated referred to the maximum viscosity given by a 

known amount of starch obtained after heating and cooling. AM promoted 

11% hydrolysis, but AMG did not decrease the viscosity, despite the porous 

structure of the modified starch.  The reduction in the viscosity led by AM 

was kept beyond heating and cooling. Therefore, although microstructure 

appearance of AM treated starch seems to be more intact than the one of 

AMG treated starch, pasting behavior suggested that AM affected the loosely 

packed internal region of the granules and in lesser extent the densely packed 

periphery. Miao et al. (2011) studying the digestion of waxy corn starch with 

a combination of pancreatic α-amylase and amyloglucosidase found that the 
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end distant from the hilum of native cereal starch was more susceptible to 

amylolysis, and empty shells were obtained when the hydrolytic reaction 

progressed in major extent. Nevertheless, although these authors proposed 

that hydrolytic enzymes act primarily through surface erosion of the starch 

granules, the results obtained with AM in the present study seem to indicate 

that AM exerts its major action in the inner core and only small pinholes are 

necessary for entering.  

The opposite trend was observed with AMG that increased the viscosity of 

starch granules, compared to its control at pH 4.0, and gave lower breakdown 

related to the cooking stability of the starch granules during heating (Rojas et 

al., 2001). In addition, this porous starch showed higher setback, related to 

amylose chains recrystallization, which suggested that higher amount of 

amylose chains leached out of the treated granule and they were rapidly able 

to form helical structures responsible of the gel formation.  

Table 2. Effect of enzymatic treatment on the pasting parameters of corn 

starch. 

 Control-4 AMG Control-6 AM 

Onset Temp (ºC) 83.2b 86.4c 82.5a 83.2b 

Peak Time (min) 5.6a 6.5b 5.5a 5.7a 

Peak viscosity (cP) 788a 809b 838c 747a 

Trough (cP) 650a 681b 715c 633a 

Breakdown (cP) 138b 128a 123a 114a 

Final Viscosity (cP) 773a 853b 861b 767a 

Setback (cP) 123a 172c 146b 134ab 

Hydrolysis 95°C (%) 0 0 0 11 

Hydrolysis 50°C (%) 0 0 0 11 

Values followed by different letters within a column denote significantly different levels            
(P < 0.05) (n = 4). 
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3.4. Thermal properties 

Thermal properties of the enzymatically modified corn starches were 

determined by differential scanning calorimetry (DSC) to detect possible 

changes in physical states of the starch structures (Table 3). The transition 

temperatures (To, Tp and Tc), gelatinization temperature range (Tc–To), 

enthalpies of gelatinization (∆H) and peak height index (PHI) significantly 

(P<0.05) differed among samples. Gelatinization temperature (Tp) of the corn 

starch was 71.4 ºC, which was higher than the 64-69 ºC previously described 

(Zhang et al., 2012; Rocha et al., 2012). Nevertheless, the increase could be 

ascribed to the annealing process that took place during incubation at 50ºC 

that produces an increase in the peak temperature (Rocha et al., 2012). 

Differences were observed in the thermal parameters derived from the pH 

effect; gelatinization temperatures were sifted to higher values, with 

exception of the Tp, when increasing the reaction pH. The effect was even 

more accentuated when compared the gelatinization temperature range at 

both pHs; pH 6.0 led to narrow gelatinization range, that has been related to 

major proportion of crystalline region (Zhang et al., 2012). It is well known 

that during the endothermic transition, namely gelatinization, primarily water 

molecules freely diffuse into the amorphous region of starch and secondly 

they penetrate the crystalline region (Biliaderis, 1991). Since differences 

were mainly observed on the To, it might indicate that amorphous region was 

more affected at higher pH during incubation.  

Enzymatic treatment significantly modified the thermal properties of corn 

starch, delaying the gelatinization process, which started at higher onset 

temperature (Table 3). Starch modified with AMG showed the highest value 

of To (67.48 °C) compared to its control (61.43 °C), therefore higher 

gelatinization temperature is required to initiate gelatinization of the starch, 

which agrees with previous observations described in the pasting behavior. 
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Table 3. Thermal properties of enzymatically modified corn starches 

determined by DSC.  

  Control-4 AMG Control-6 AM 

To (°C) 61.43a 67.48d 64.71b 66.54c 

Tp (ºC) 71.37b 72.18c 71.36b 70.43a 

Tc (ºC) 75.00a 77.00c 76.00b 75.00a 

Tp-To 9.94d 4.70b 6.65c 3.89a 

∆H (J/g) 28.24b 20.40a 28.04b 29.87c 

PHI (J/g ºC) 2.84a 4.34b 4.22b 7.68c 

To = onset temperature, Tp = peak temperature, Tc = conclusion temperature, ∆H = enthalpy 

change, PHI = Peak High Index.  

Values followed by different letters within a column denote significantly different levels (P < 
0.05) (n = 4). 

The overall effect of enzymes on the gelatinization temperatures resulted in 

significantly lower gelatinization temperature range, mainly in the case of 

AM. That result was due to a delay in the start of gelatinization more than a 

shift of the conclusion temperature. α-Amylase is a very common 

endoenzyme that cannot hydrolyze either the α-1,6 glycosidic bonds that 

form the branch points in amylopectin, or the α-1,4 glycosidic bonds that are 

in close proximity to a branch point. Higher transition temperatures in the 

AMG samples have been explained due to higher degrees of crystallinity, 

which provide structural stability and make the granules more resistant to 

gelatinization (Kaur et al., 2009). Despite the different catalytic mechanism 

of both enzymes, it seems that the modification of starch induced by enzymes 

mainly affected the swelling behavior, which initially governs the 

gelatinization. 

The higher ∆H of AM enzymatically modified corn starch compared to its 

respective control suggested that the state of the crystalline and amorphous 

regions differed from those of the AMG corn starch, in which the 

gelatinization enthalpy decreased in comparison with the control sample at 

pH 4. The lower ∆H values indicated that hydrolyzed starch by AMG 
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required less thermal energy for gelatinization compared to the other samples. 

Gelatinization involves the uncoiling and melting of the external chains of 

amylopectin that are packed together as double helices in clusters (Cooke and 

Gidley, 1992). Crystallinity of starch is caused essentially by amylopectin 

polymer interactions, with the outer branches of amylopectin molecules 

interacting to arrange themselves into ‘‘crystallites’’ forming crystalline 

lamellae within the granule (Tester et al., 2004). Studies carried out on 

granular starch and model crystallites confirmed that ∆H is mainly due to the 

disruption of the double helices rather than the long range disruption of 

crystallinity (Cooke et al., 1992). Therefore, AMG action affected the double 

helical conformation of the granule, both amorphous and crystalline domains, 

and likely acting on the amylopectin side chains, due to amylopectin plays a 

major role in starch granule crystallinity and the presence of amylose lowers 

the melting point of crystalline regions and the energy for starting 

gelatinization (Sodhi and Singh, 2003). Conversely, α-amylase acted mainly 

on the amorphous regions leading to a more crystalline structure that requires 

higher gelatinization enthalpy.  

Values of peak height index (PHI), a measure of uniformity in gelatinization, 

were clearly influenced by the pH used during the incubation of starch. Again 

the lower pH (4.0) was more aggressive on the starch granules, giving lower 

PHI, which suggests narrowed transition range for gelatinization (Kruger et 

al., 1987). Compared with their respective control starches, enzymatically 

modified corn samples showed higher PHI values, indicating differences in 

the granule structure.  

Overall, the low transition temperatures of the enzymatically treated starches 

indicates the reduction in the amorphous domain of the granules, which was 

accompanied by changes in the crystallite regions following a cooperative 

process in the case of AMG, but led to more crystalline structures in the AM 

treated starches.  



Chapter 2 

138 

3.5. Starch hydrolysis kinetics 

Even though corn starches are not consumed directly but after being 

subjected to different processes, the enzymatic in vitro hydrolysis was carried 

out with the aim to determine the susceptibility of those enzymatically treated 

starches, with a more porous structure, to the enzymatic digestion. The 

digestibility curves of the enzymatically treated starches besides their 

respective controls are displayed in Figure 4. No differences could be 

envisaged due to the pH difference between the control starches; only at the 

very end of the digestion reaction was observed that starch kept at pH 4.0 

showed higher hydrolysis. In fact, the reaction rate calculated as the slope of 

the very early hydrolysis stage (0-30 min), showed similar values (0.036 mg 

100g
-1

 s
-1

). Again, low pH seems to affect in greater extent the granule 

structure. It is clearly evident that enzymatically modified corn starches 

showed greater susceptibility to be digested. Non treated starch granules offer 

great resistance to enzymatic hydrolysis, thus the possible damage suffered 

by starch granules due to enzymatically treatment was clearly visible in the 

digestion. The increase in the enzymatic hydrolysis suggested that the starch 

granules became more accessible to enzyme hydrolysis. It has been reported 

that the presence of pores on the surface of annealed granules favored the 

action of endogenous amylases during annealing, contributing to a greater 

exposure of the amorphous areas to the exogenous enzymes (Rocha et al., 

2012; Zavareze et al., 2011). In the present study, the enzymes used for 

obtaining the enzymatically treated starches originated porous granules with 

diverse openings size, which seems to accelerate the enzymatic digestion, and 

that effect was even greater in the case of AM treated starches. In fact, the 

reaction rate at early stage was for AMG-starch and AM-starch 0.054 mg 

100g-1 s-1 and 0.067 mg 100g
-1

 s
-1

, respectively. The pancreatic α-amylase 

affinity for digesting starches is dependent on the particle size of starch, due 

to the enzyme feasibility for binding/absorption and the degree of order of 
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starch has important influence on the initial rate at which native starch is 

digested by amylase (Tahir et al., 2010). 

 

Figure 4. Enzymatic starch hydrolysis of the corn starches treated with amylase (◊) or 

amyloglucosidase (□) compared with their respective controls (without enzymatic treatment) in 

closed symbols (pH 4.0, ■; and pH 6.0,  ♦ ).  

Starch hydrolysis curves were plotted to obtain the rate constant fitting the 

values to a first-order equation. Table 4 shows that the pseudo-first order rate 

constant estimated by the first order model described by Goni et al. (1997). 

Significant (P<0.05) differences were found on the digestibility constant (k) 

due to the pH, showing higher rate constant the starch kept at pH 6.0. It has 

been described that significant differences in k are indicative of structural 

differences (Butterworth et al., 2012), which agrees with previous 

observation encountered on pasting and thermal properties. Regarding the 

enzymatic treatment, porous starches showed lower digestibility constant 

compared to their respective controls and no differences were observed 

pertaining the enzyme hydrolytic action. It has been proposed that low k 

values are related to a slow diffusion of pancreatic amylase into the starch 

granule as digestion proceeds (Dhital et al.,  2010), although considering the 

microstructure of the porous granules the most plausible explanation to those 
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values of rate constant seems to be the substrate exhaustion (Butterworth et 

al.,  2011).   

Table 4. Kinetic parameters extracted from first-order fitting of the 

experimental enzymatic hydrolysis of modified corn starches.  

 Control-4 AMG Control-6 AM 

k (min
-1

) 0.027±0.009 0.017±0.001 0.039±0.002 0.017±0.003 

C∞ (%) 1.939±0.150 4.114±0.219 1.607±0.065 4.592±0.195 

Mean±standard deviation values (n = 4). 

 

The percentage of enzymatic hydrolysis from the samples increased 

progressively with time during incubation. As described Butterworth et al. 

(2012), the rate of reaction decreases as the time is extended and plots of the 

concentration of product formed (or quantity of starch digested) against time 

are logarithmic. The plots approach an end point where no further reaction is 

measurable no matter how much longer incubation times are prolonged. This 

response is predictable based on the assumption that the concentration of 

available starch substrate decreases with time as starch is converted to 

products.  

The end point values (C∞) obtained in the hydrolyzed process reflected the 

concentration at the equilibrium point (Table 4).  Results were significantly 

different, being affected by pH and enzyme treatment. Starch kept at pH 4.0 

reached higher C∞ than that at pH 6.0, indicating again that low pH during 

annealing affected microstructure of the granule. Enzymatically modified 

corn starches resulted in higher C∞ values compared to their respective 

controls. Higher concentration of final product reflected increased 

digestibility of starch granules. AM treated starch showed higher C∞ than 

AMG treated starch. Therefore, AM action led to more accessible granules 

that were easily digested.  
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4. Conclusion 

Demands of modified starches are increasing in parallel to the rapid 

development of food industry. This study showed that enzymatic 

modification of corn starch by α-amylase or amyloglucosidase at sub-

gelatinization temperatures led to porous starch granules that differed in both, 

the microstructure surface and the internal morphology. Results confirmed 

that the loss of granular structural order and changes in both amorphous and 

crystalline domains during sub-gelatinization temperatures can be more 

influenced by the amyloglucosidase than α-amylase, and changes increased 

the susceptibility of starches to be digested.  

Overall, results showed that enzymatic modification at sub-gelatinization 

temperatures really offer an attractive alternative for obtaining porous starch 

granules to be used in a variety of foods applications.  The degree of porosity 

could be controlled by using different enzymes or a combination of enzymes 

might be considered as well. 
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Abstract 

Cyclodextrin glycosyltransferase (CGTase) has been used to produce 

cyclodextrins (CDs) from starches, but their ability to modify starches has 

been barely explored. The effect of CGTase on corn starch at sub-

gelatinization temperature (50 ºC) and at different pH conditions, pH 4.0 and 

pH 6.0, was evaluated. Biochemical features, thermal and structural analysis, 

oligosaccharides and CDs content were studied. Microscopic analysis of the 

granules confirmed the enzymatic modification of the starches obtaining 

structures with irregular surface and small pinholes. The extent of the starch 

modification was largely dependent on the pHs, being higher at pH 6.0. This 

was also confirmed by the low viscosity of the resulting pastes during a 

heating and cooling cycle. Thermal parameters were not affected due to 

enzymatic treatment. Modified starches were less susceptible to undergo α-

amylase hydrolysis. CDs released were higher for samples treated at pH 4.0. 

Therefore, CGTase modification of corn starches at sub-gelatinization 

temperature offers an attractive alternative for obtaining porous starches with 

different properties depending on the pH conditions. 

Keywords: starch, enzymatic modification, pasting properties, cyclodextrin 

glycosyltransferase. 
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1. Introduction 

Starch is a valuable ingredient being widely used in the food industry owing 

to its unique thermal, structural and functional properties. However, starch 

use in the food industry is limited by their weak-bodied, cohesive, poor 

thermal, shear and acid stability (Abbas et al., 2010). Because of that 

physical, chemical and enzymatic modifications have been proposed for 

modulating the functional properties of native starches (Kaur et al., 2012). 

Beyond all types of modifications, enzymatic modification has a number of 

advantages comprising replacement of synthetic chemicals, lowering energy 

consumption levels and fewer by-products. Nowadays, the increasing interest 

for clean labeled modified starches has prompted the enzymatic modification 

of starches. Particularly, those catalyzed by amylases and amyloglucosidases 

(Li and May, 2011; Zhang et al., 2012), looking for understanding starch 

modification and the released products. Cyclodextrin glycosyltransferase 

(CGTase) is an endoenzyme, member of the α-amylase family. This enzyme 

catalyzes four kinds of reactions by cleaving α-1,4 glycosidic bonds present 

in the inner part of a polysaccharide chain (van der Veen et al., 2000a). 

CGTase usually has minor hydrolysis activity and mainly catalyzes three 

transglycosylation reactions: cyclization, coupling and disproportionation. 

The production of CDs is the specific reaction of CGTase (Leemhuis et al., 

2010). The most common CDs are α-, β-, and γ-CD consisting of six, seven, 

and eight glucose monomers in cycles, respectively. Extensive research has 

been carried out to optimize catalysis conditions for increasing the CDs 

yields (Biwer et al., 2002; Szerman et al., 2007; Zhekova et al., 2009). Gujral 

et al. (2003)  proposed CGTase as antistaling agent in gluten free breads 

owing its action on rice starch and CDs production and their effect on wheat 

starch pasting behavior and the dynamic rheology was evaluated by Gujral 

and Rosell (2004). More recently, Han et al. (2014) reviewed the 

heterologous expression strategies used for enhancing the production of 

CGTases and discuss the molecular engineering approaches used to improve 
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the production, secretion, and properties of CGTase. In spite of previous 

research on the CDs production for many industrial/pharmaceutical 

applications, there is no information about the contribution of the enzyme to 

the starch changes. Therefore, the aim of this study was to explore the 

enzymatic modification of corn starch granules with CGTase under sub-

gelatinization conditions, which might open the possibility of obtaining 

enzymatically modified corn starch with diverse functionality. Special 

emphasis was placed on understanding the biochemical features, thermal and 

structural modifications promoted by the enzyme.  

2. Materials and methods 

2.1. Materials and reagents 

Corn starch samples were purchased by Daesang Corporation (Korea). 

Cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) from 

Thermoanaerobacter sp (Toruzyme® 3.0 L) of food grade was provided by 

Novozymes (Bagsværd, Denmark). Chemical reagents from Sigma-Aldrich 

(Madrid, Spain) were of analytical grade.  

2.2. Methods 

2.2.1. Preliminary test to determine the conditions for the enzymatic reaction 

Preliminary assays were carried out to determine the impact of pH on the 

enzymatic reaction of CGTase. 25 mL of 20 mM sodium phosphate buffer 

(for the range pH 6.0 to pH 8.0) or 20 mM sodium acetate buffer (for the 

range pH 3.0 to pH 5.0) were added to two grams of corn starch placed into 

the aluminum canister and then the enzyme (0.32 U of CGTase /g starch) was 

added. A heating-cooling cycle was applied using the rapid visco analyzer 

4500 (RVA) (Perten Instruments SA, Stockholm, Sweden) (RVA), heating 

from 50 to 95 ºC in 282 s and then cooling to 50 ºC in 282 s. Viscosity was 

recorded using Thermocline software for Windows provided by Perten 
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Instruments SA. The level of hydrolysis at 95 ºC and 50 ºC was defined as 

the %-change in paste viscosity recorded in the RVA at 50 ºC and 95 ºC. 

2.2.2. Sample preparation 

Corn starch (10.0 g) was suspended in 50 mL of 20 mM sodium phosphate 

buffer at pH 6.0 or in 20 mM sodium acetate buffer at pH 4.0. Starch samples 

were referred as C6 or C4, respectively. Enzyme (0.32 U of CGTase /g 

starch) was added to the starch suspension. Samples were kept in a shaking 

water bath (50 rpm) at 50 ºC for 24 and 48 hours. Starch suspensions without 

the addition of enzyme were used as reference. Distilled water (50 mL) was 

added for washing and suspensions were centrifuged for 15 min at 7,000×g 

and 4 ºC. Starches were washed twice to remove residual enzyme. No further 

release of sugars was produced, confirming the complete removal of the 

enzyme. Supernatants were pooled together and boiled in a water bath for 10 

min to inactivate the enzyme before any further analyses. Sediments 

containing starch were freeze-dried and kept at -25 ºC.  

2.2.3. Scanning electron microscopy (SEM) 

Corn starch powders were stick on a specimen holder using cuprum tape and 

then coated with gold in a vacuum evaporator (JEE 400, JEOL, Tokyo, 

Japan). Structural properties of the samples were assessed at 10 kV 

accelerating voltage with a SEM (S-4800, Hitachi, Ibaraki, Japan). The 

microstructure analysis was carried out using image analysis software 

(Image-Pro Plus 7.0, Media Cybernetics, USA) in the Central Service for 

Experimental Research of the Universidad de Valencia. 

2.2.4. High Performance Anion Exchange Chromatography (HPAEC) 

Supernatants containing released hydrolysis compounds were freeze-dried 

and oligosaccharides and CDs were detected by HPAEC through a CarboPac 

PA-100 column (250 mm×4 mm), coupled to a pulsed amperometric detector 

(Dionex). The flow rate was 1.0 mL/min and the volume injection 10 μL. 
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Using solutions A (water), B (1 mol/L NaOH), C (1 mol/L C2H3NaO2), and 

D (water), the following running profile was applied: time zero, 46.25% A, 

5% B, 2.5% C, 46.25% D; 25 min, 42.5% A, 5% B, 10% C, 42.5% D; 1 min, 

35% A, 15% B, 15% C, 35% D; 3 min, 33% A, 15% B, 19% C, 33% D; 5 

min, 28.5% A, 15% B, 28% C, 28.5% D; 1.5 min, 18.5% A, 15% B, 48% C, 

18.5% D. For the identification and quantification of each compound, 

standards of known concentrations were previously analyzed. Analysis was 

carried out at least in duplicate. 

2.2.5. Starch hydration properties 

Swelling parameters and water soluble released compounds of modified corn 

starch samples were determined following the method reported by Rosell et 

al. (2011). The iodine binding, indicative of amylose complex formation, was 

determined in the soluble supernatant. The soluble supernatant (40 µL) was 

mixed with 2 mL of an aqueous solution of 0.2% KI and 0.65% I2. The 

absorbance at 690 nm was measured using a spectrophotometer (UV mini-

1240, Shimadzu Corporation, Kyoto, Japan). Paste clarity (PC) was directly 

measured in the supernatant as the absorbance at 650 nm using a 

spectrophotometer. Values were the average from four replicates. 

2.2.6. Starch hydrolysis kinetics 

Starch hydrolysis was measured following the method described by Dura et 

al. (2014) for gelatinized and non-gelatinized samples. To obtain gelatinized 

samples previous to starch hydrolysis, corn starch sample (0.1 g) was 

suspended in 2 mL of 0.1 M sodium maleate buffer (pH 6.9) and incubated 

15 min at 100 ºC. Samples were then placed in water bath at 37 ºC. When 

temperature was reached, porcine pancreatic α-amylase (Type VI-B, ≥10 

units/mg solid, Sigma Chemical, St. Louis, USA) 40 CU/g starch and 240 

CU/g starch (CU, Ceralpha Units) was added for gelatinized and non-

gelatinized samples, respectively.  
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2.2.7. Pasting properties 

The pasting properties were determined with RVA by following the 

American Association of Cereal Chemists Approved Method (AACC, 1997).  

Again, the level of hydrolysis at 95 ºC and 50 ºC was defined as the %-

change in paste viscosity recorded in the RVA at 50 ºC and 95 ºC.  

2.2.8. Thermal Analysis of starch 

Thermal behavior of starch samples was determined using a DSC from 

Perkin-Elmer (DSC 7, Perkin-Elmer Instruments, Norwalk, CT). Corn starch 

samples were accurately weighed into aluminum DSC pans and de-ionized 

water was added by micropipette to achieve a water-sample ratio of 3:1. Pans 

were sealed and equilibrated at room temperature for one hour before 

analysis. Instrument was calibrated with indium, using an empty pan as 

reference. Thermal analysis consisted on heating from 30 to 120 °C at a rate 

of 5 °C/min. The onset temperature To, peak temperature Tp, and conclusion 

temperature Tc, were determined from the heating DSC curves. ∆H was 

evaluated based on the area of the main endothermic peak, and peak height 

index (PHI) was calculated as PHI= ∆H/ Tp- To. All DSC experiments were 

replicated three times.  

2.2.9. Statistical analysis 

Experimental data were statistically analyzed for analysis of variance 

(ANOVA) using Statgraphics Centurion XV software (Bitstream, 

Cambridge, N). When analysis of variance indicated significant F values, 

multiple sample comparisons were also performed by Fisher’s least 

significant differences (LSD) test to differentiate means with 95% 

confidence. The correlation matrix was also performed using Statgraphics 

Centurion XV software. 
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3. Results and discussion 

Previous analysis were performed to investigate the impact of pH and 

temperature on the enzymatic reaction and to select suitable reaction 

conditions for the enzymatic modification of corn starch. The level of 

hydrolysis obtained at 95 ºC was rather low, as indicated the %-change in 

paste viscosity recorded in the RVA at 95 ºC (Figure 1). Therefore, despite 

CGTase belongs to the α-amylase family, it showed rather low hydrolysis 

activity, which agrees with previous findings (van der Veen et al., 2000b). 

Enzymatic activity was mainly revealed during the cooling stage of the RVA 

analysis, resulting in high starch hydrolysis (50 ºC) in the pHs range of 4.0 to 

7.0, with two maxima observed at pHs 4.0 and 6.0. Those pHs were selected 

to perform further enzymatic modification of corn starch. 

 

Figure 1. Hydrolysis activity of CGTase at different pHs. The level of hydrolysis at 95 ºC and 50 

ºC was defined as the %-change in paste viscosity recorded in the RVA at 50 ºC and 95 ºC. 

3.1 Microstructure of the starch 

Samples were examined by SEM. No changes in granule size and shape and 

no holes were visible in C4 and C6 (Figure 2a and b), and surfaces appeared 
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smooth without any evidence of fissures. When samples were subjected to 50 

ºC for 24 and 48 hours (Figure 2c, d, g and h), changes were observed only 

after 48 hours treatment, starch granules showed shapeless structures, losing 

its smooth appearance, presumably due to annealing. Jayakody et al. (2008) 

reviewed the effect of annealing in granules morphology of different tubers 

and root starches reporting changes on the surface of the granules after 

treatment. These results were in accordance with Rocha et al. (2012), who 

found that the structural characteristics of normal and waxy starch granules 

were affected by annealing.  

The effect of enzymatic treatment was readily visible in the starches 

microstructure as pinholes (Figure 2e, f, i and j). CGTase was greatly active 

on the starch granules, resulting in uneven superficial porous that augmented 

as the time of incubation increased. The surface of the granules was 

extensively eroded with numerous fissures after 48 hours incubation, being 

less pronounced in samples treated at pH 4.0. It is generally accepted that 

starch granules have a unique semi-crystalline supramolecular structure with 

concentric layers of amorphous and crystalline regions radiating from the 

hilum (Ratnayake and Jackson, 2008). Considering that the crystalline 

domains are mainly composed of amylopectin while bulk amorphous 

domains are made up of amylose traversed by non-crystalline regions of 

amylopectin, it might be expected that treatment with CGTase promotes 

changes in the amorphous areas of granules, leading to an internally 

structured morphology. When starch granules are incubated with amylolytic 

enzymes, the enzymes migrate through the channels (Fannon et al., 1992) and 

initiate hydrolysis leading to an inside out pattern of digestion (Benmoussa et 

al., 2006). Surface pores were irregularly distributed, either absent, present in 

clusters or scattered over the surface (BeMiller, 1997). Micrographs 

confirmed that CGTase also led to porous corn starch but having smaller and 

randomly distributed holes. 
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Figure 2. Scanning electron micrograph of corn starch samples (a, b, c, d, g and h) and their 

counterparts treated enzymatically (e, f, i and j) at pH 4.0, after 24 h (c, e) or 48 h (g, i) and at pH 

6.0 after 24 h (d, f) or 48 h (i, j). Magnification 3500×. Control pH 4.0 (a); Control pH 6 (b); 

Control pH 4.0, 24 h (c); Control pH 6, 24 h (d); CGTase pH 4.0, 24 h (e); CGTase pH 6.0, 24 h 

(f); Control pH 4.0, 48 h (g); Control pH 6.0, 48 h (h); CGTase pH 4.0, 48 h (i); CGTase pH 6.0, 

48 h (j). 
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3.2. Enzymatic treatment of corn starch  

Hydrothermal properties and amylose content were significantly affected 

(Table 1). The ANOVA indicated a significant effect of the pH on the paste 

clarity, related to the compounds leached out, which was higher when treated 

at pH 6.0. The iodine binding value, thus the amount of amylose leached to 

the supernatant, after thermal treatment at 50 ºC was greater for samples 

soaked at pH 4.0 for some time. The solubility index (SI) value was 

significantly (P < 0.05) enhanced due to enzymatic treatment and the time of 

treatment. SI determines the amount of solid compounds leached when 

breaking intermolecular bonds between amylose and amylopectin. Despite 

the enzymatic activity at both pH, the amylose released was low, likely due 

to interaction between amylose-amylose and/or amylose-amylopectin 

(Waduge wt al., 2006) or reduction in granular swelling (Tester and Debon, 

2000). In fact, enzymatically treated corn starches showed significantly lower 

swelling capacity (SC), thus less amount of water was absorbed by these 

starches. It seems that either some physical impediment for bounding water 

molecules or the hydrophobic nature of the internal wall of the pinholes 

should be responsible of that behavior. Therefore, the enzymatic treatment 

modified the granular integrity of the starch affecting its swelling capacity.  

Overall, CGTase was greatly active breaking the degree of association 

between molecular bonds for longer time of incubation comparing with the 

control samples at both pH and more soluble compounds were leached, as 

was previously reported for amylase and amyloglucosidase (Dura et al., 

2013). 
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3.3. CDs and oligosaccharides released during enzymatic treatment  

Contents of glucose, maltose, maltotriose, maltotetraose, maltopentaose, α-

cyclodextrin, β-cyclodextrin and γ-cyclodextrin in mg.100 g
-1

 of starch are 

presented in Table 2. As it was expected, non-enzymatically treated samples 

did show neither oligosaccharides nor CDs, with the exception of the sample 

soaked at pH 4.0 for 48 hours that presented a small amount of glucose. 

Oligosaccharides and CDs were released from the corn starches when 

subjected to CGTase hydrolysis at pH 4.0 or 6.0. CGTase is an endo-amylase 

that cleaves α-1,4-glycosidic bonds present in the inner part of a 

polysaccharide chain (van der Veen et al., 2000). Results showed that the 

pattern of released compounds was dependent on the pH. At pH 6.0 the 

CGTase released mainly oligosaccharides and the production of CDs required 

longer incubation times (48 hours). Conversely, the treatment carried out at 

pH 4.0 released major amount of CDs, predominantly ß-cyclodextrin. 

At pH 6.0 the primarily cyclodextrin was the α-CD, which agree with 

Yamamoto et al. (2000) findings, when similar conditions were applied to 

heat treated potato starch at pH 5.5. Additionally, Kim et al. (1997) reported 

the production of a small amount of cyclodextrin. It must be stressed that 

being the CGTase a member of α-amylase family usually reactions are 

carried out at pH 6.0, but present results showed that specificity was pH-

dependent.  
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3.4. Starch hydrolysis kinetics 

Gelatinized samples (Figure 3 C, D) showed faster hydrolysis kinetic than 

non-gelatinized samples (Figure 3 A, B). Structural changes occurred during 

gelatinization of starch, losing its original granular structure and crystalline 

order and leading to more susceptible to enzymatic hydrolysis towards α-

amylase (Kimura and Robyt, 1996).  

Non-enzymatically treated starches showed higher susceptibility to be 

hydrolyzed, with the exception of samples soaked for 48 hours. Likely, 

annealing after 48 hours-soaking induces structural changes that made the 

granule more resistant to enzymatic attack. Enzymatically treated starches 

were less susceptible to hydrolysis, exhibiting slower hydrolysis and reaching 

lower maximum. Despite that the presence of surface porous in the starch 

granules could suggest an increase in the susceptibility to be hydrolyzed, as 

occurs with amylase or amyloglucosidase attack (Dura et al., 2014), results 

indicated the opposite behavior. Enzymatic treatment of the starch by 

CGTase seems to affect the amorphous zone, releasing sugars from those 

accessible chains, but leading to a more crystalline structure that was more 

resistant to the amylase hydrolysis (Kimura and Robyt, 1995). It must be 

remark at this point that CGTase catalyze mainly transglycosylation 

reactions, which can lead to starch structures less susceptible to amylase 

hydrolysis. The annealing after 48 hours led to starches with hydrolysis 

patterns close to those obtained with enzymatically treated starches.  

Faster hydrolysis (0-40 min) was observed in all the gelatinized starches 

(Figure 3 C, D), rapidly achieving a plateau at higher glucose percentage than 

the one obtained in non-gelatinized starches. During the gelatinization of 

starch the molecular order and thus birefringence disappears, the starch 

granule loses crystallinity, swelling of the granule is followed by leaching of 

mainly amylose, and when further heated, starch granules are disrupted and 

partial solubilization is achieved. 
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Gelatinization is a process that transforms the native crystalline structure of 

the starch granules into more amorphous structure, losing their physical 

integrity, favoring enzymes access to the starch chains. In consequence, 

enzymatically treated samples after gelatinization showed similar hydrolysis 

plots to their counterparts without treatment, and that effect was even more 

pronounced at pH 4.0 (Figure 3 C) than at pH 6.0 (Figure 3 D). Therefore, it 

seems that when starches loss their crystalline structure, due to gelatinization; 

structural changes promoted by CGTase were hardly evident. 

3.5. Pasting properties 

Typical pasting curves were observed when starch suspensions were 

subjected to a heating and cooling cycle (Figure 4). Enzymatic treatment at 

different pH promoted differences in the viscosity pattern of the starches 

especially during cooling, which was lower for the starches treated at pH 6.0. 

Therefore, pH affected the annealing process that might take place during 

soaking at 50 ºC. The effect of enzymatic treatment was manifested as a 

decrease in the maximum peak viscosity. After reaching the maximum 

viscosity, the swollen starch granules were easily broken and disintegrated by 

stirring, which was related to the starch stability during heating. 

Enzymatically treated starches at pH 6.0 showed lower stability than those 

performed at pH 4.0. PH significantly affected the peak viscosity, breakdown 

and final viscosity (Table 3). Enzymatic treatment resulted in significant 

changes on peak viscosity, trough, final viscosity and setback. Enzymatic 

modification of rice starch with pullulan also affected peak viscosity values, 

trough and final viscosity (Chen et al., 2015). In addition, enzymatic 

treatment exerted significant effects on hydrolysis percentage at 95 ºC and 50 

ºC. Therefore, the activity of CGTase led to starches with lower maximum 

peak viscosity and when performed at pH 6.0 also lower viscosity was 

obtained after cooling. Enzymatically modified samples at pH 6.0 showed 

lower setback and final viscosity than samples treated at pH 4.0, which 

suggested that lower amount of amylose chains were able to form helical 
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structures responsible of the gel formation. Presumably, CGTase at pH 6.0 

induced greater hydrolysis of the amylose chains, confirming the different 

action of this enzyme at both pH, which also agree with micrograph 

observations that showed erosion and pinholes in the surface of starch 

granules.  

A 

 

B 

 

Figure 4. RVA profiles of the corn starches at pH 4.0 (A) and pH 6.0 (B) treated with CGTase at 

24 hours, (■) and 48 hours, (♦) compared with their respective controls (without enzymatic 

treatment) at 24 hours, (□); and 48 hours, (◊). Control sample without any treatment at pH 4.0 

and pH 6.0, enclosed symbols, (+). 
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3.6. Thermal parameters 

Transition temperatures (To, Tp and Tc), gelatinization temperature range (Tp-

To), ΔH and the PHI are presented in Table 4. The pH during treatment 

significantly affected all thermal parameters. Unexpectedly, enzymatic 

treatment did not significantly modified thermal behavior of the starches, 

despite differences observed in the pasting parameters. It seems that changes 

promoted by CGTase were at the granule surface, whereas pH soaking during 

prolonged periods led to inner granule changes. Gelatinization temperature 

(Tp) of the corn starch samples range from 65.01 to 74.11 ºC, being slightly 

higher at pH 6.0 after the treatment, likely due to the annealing process that 

took place during soaking at 50 ºC that rose the peak temperature and 

narrowed the gelatinization temperature range (Dura et al., 2014). However, 

contradictory results have been reported regarding the gelatinization behavior 

of starches after annealing. Krueger et al. (1987) observed enhanced 

enthalpies for wild corn starches and mutant genotypes, while Tester et al. 

(2000) reported that the enthalpy for corn starch remained unaltered after 

annealing.  

ΔH values were significantly affected by pH and time of the treatment, being 

lower for samples treated at pH 6.0 for longer period. Considering that the 

ΔH reflects the disruption of double helices and crystalline order, partial 

solubilization of amylose and the development of glucan chain-water 

complexes and chain-chain interactions (Bogracheva et al., 2002), it seems 

that treatment at pH 6.0 was more aggressive. The decrease observed at pH 

6.0 suggests that some of the double helices present in crystalline and in non-

crystalline regions of the granule may have disrupted under the conditions 

treatment, which suggested that annealing was pH dependent. Values of PHI 

were clearly influenced by the pH used during the incubation of starch. Again 

the pH 6.0 was more aggressive on the starch granules, giving lower PHI, 

which suggests narrowed transition range for gelatinization (Krueger et al., 

1987)
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4. Conclusions 

CGTase offers an alternative for modulating the corn starch properties at sub-

gelatinization temperature and it encompasses the applications of this enzyme 

not only to be used for producing CDs. The extent of starch modification was 

pH dependent, being more aggressive at pH 6.0, where oligosaccharides were 

majorly released. Conversely, milder modification could be obtained at pH 

4.0, at which greater amount of cyclodextrins were released. CGTase seems 

to hydrolyze the amorphous part of the starch leading to starches less 

susceptible to amylase hydrolysis. Porous starches could be obtained with 

this enzymatic treatment, which keep their thermal characteristics but show 

different pasting behavior, again dependent on the pHs of the enzymatic 

treatment. 
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Abstract 

Corn starch was modified with cyclodextrin glycosyltransferase (CGTase) 

below the gelatinization temperature. The porous granules with or without 

CGTase hydrolysis products may be used as an alternative to modified corn 

starches in foods applications. The amount and type of hydrolysis products 

were determined, containing mainly β-cyclodextrin (CD), which will 

influence pasting behavior and glycemic response in mice. Irregular surface 

and small holes were observed by microscopic analysis and differences in 

pasting properties were observed in the presence of hydrolysis products. 

Postprandial blood glucose in mice fed gelatinized enzymatically modified 

starch peaked earlier than their ungelatinized counterparts. However, in 

ungelatinized enzymatically modified starches, the presence of β-CD may 

impede the orientation of amylases slowing hydrolysis, which may help to 

maintain lower blood glucose levels. Significant correlations were found 

between glycemic curves and viscosity pattern of starches. 

Keywords: corn starch; glucose response; enzymatic modification; CGTase; 

cyclodextrins.  

 



Chapter 4 

180 

1. Introduction 

Starch is one of the most important glycemic carbohydrates that provides 

great part of the energy requirement for humans through diet. Starch 

modification leads to structural changes of the granule varying also properties 

like pasting, gelling, digestibility and absorption. Enzymatic modification of 

starch has been proposed as a very attractive way to modulate those 

properties. Enzymatic modification under gelatinization temperature is less 

common but it may provide useful properties for some food applications. 

CGTase is an endoenzyme member of the α-amylase family or glycosyl 

hydrolase family 13.  It catalyzes the cleavage of an interior α-glycosidic 

bond producing oligosaccharides that subsequently cyclize into cyclodextrins 

(CDs). The most common CDs are α-, β-, and γ-CD consisting of six, seven, 

and eight glucose monomers, respectively. CDs have circular conformation 

in which the glucose units are arranged in a circle with the hydrophilic side 

facing out, which confers its solubility in water. An internal hydrophobic 

cavity is formed that can enclose inclusion complexes of hydrophobic 

compounds (Biwer et al., 2002). Some CDs may sequester cholesterol and 

reduce its absorption, apart from other applications as food preservatives 

(Astray et al., 2009).  

Moreover, enzymatic modification of starches has been proposed to reduce 

the glycemic index (GI) and to improve the quality characteristics of the 

foods. The GI is defined as the area under the curve of the blood glucose 

concentration in the 2 hour period immediately following consumption of a 

fixed amount of digestible carbohydrate compared to the in vivo digestibility 

of white bread as a standard (Jenkins et al., 2002). The rate of carbohydrate 

digestion and absorption affects blood glucose concentration and is of high 

interest because of its impact on diabetes and other metabolic diseases. 

Diabetics may benefit from low glycemic index (GI) foods as low GI diets 

protects against development of type 2 diabetes in general population 

(Kanellos et al., 2013). For instance the treatment of banana starch with 
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pullulanase reduced the available starch (Gonzalez-Soto et al., 2004), or α-

amylase treatment of corn starch reduced postprandial glycemic response in 

rats (Han et al., 2006). Moreover, the addition of CDs to soluble starch also 

contributes to lower the GI, owing the action of γ-CD (Sybuia et al., 2015). 

Therefore, starch state is crucial to the GI value and the role of some CDs has 

been reported, but there is no information about the impact of CGTase 

modified starch and the resulting hydrolysis products on the GI. Further, 

animal studies offer the possibility to study the GI concept in a near lifelong 

perspective. Hence, it is on our particular interest to study the effects of 

enzymatic modification by CGTase on corn starch samples and the possible 

health benefits of containing CDs and modify the GI in food formulation 

application. The present study evaluated the effect of enzymatic modification 

of corn starch by CGTase, under specific sub-gelatinization conditions, 

focused on the glycemic properties in mice and their relationship to physical 

properties.  

2. Materials and methods 

2.1. Materials and reagents 

Corn starch samples were generously supplied by Huici Leidan (Navarra, 

Spain). Cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) 

(Toruzyme® 3.0 L) of food grade was provided by Novozymes (Bagsværd, 

Denmark). Chemical reagents from Sigma-Aldrich (Madrid, Spain) were of 

analytical grade.  

2.2. Methods 

2.2.1. Samples preparation 

Corn starch (10.0 g) was suspended in 50 mL of 20 mM sodium phosphate 

buffer at pH 6.0. Modified starches were prepared by adding CGTase (0.32 U 

of CGTase/g starch). Samples were kept in a shaking water bath (50 rpm) at 

50 ºC for 48 hours. 50 mL of water were added to the suspensions and 
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homogenized with a Polytron Ultraturrax homogenizer IKA-T18 (IKA 

works, Wilmington, DE, USA) for 1 min at speed 3. Samples were 

centrifuged for 15 min at 7,000×g and 4 ºC. The starch pellets were washed 

with 50 ml of water and centrifuged again with the same conditions. 

Supernatants were pooled and boiled in a water bath for 10 min to inactivate 

the enzyme. To assess the role of the water soluble hydrolysis products, two 

enzymatically treated corn starches were prepared, washed enzymatically 

treated corn starch (CGT-W) and the enzymatically treated washed corn 

starch with hydrolyzates added back (CGT-NW). CGT-W sediments were 

freeze-dried and kept at 4 ºC for further analyses. CGT-NW contained CGT-

W and the water soluble compounds from heated and dried washings. The 

CGT-NW was also freeze-dried and kept at 4 ºC for further analyses. Native 

corn starch (N) without treatment was used as the control sample.  

2.2.2. CDs and oligosaccharides quantification by High Performance Anion 

Exchange Chromatography. 

Supernatants containing released hydrolysis compounds were freeze-dried 

and oligosaccharides and CDs were detected by HPAEC through a CarboPac 

PA-100 column (250 mm×4 mm), coupled to a pulsed amperometric detector 

(Dionex). The flow rate was 1.0 mL/min and the injection volume 10 μL. 

Using solutions A (water), B (1 mol/L NaOH), C (1 mol/L C2H3NaO2), and 

D (water), the following running profile was applied: time zero, 46.25% A, 

5% B, 2.5% C, 46.25% D; 25 min, 42.5% A, 5% B, 10% C, 42.5% D; 1 min, 

35% A, 15% B, 15% C, 35% D; 3 min, 33% A, 15% B, 19% C, 33% D; 5 

min, 28.5% A, 15% B, 28% C, 28.5% D; 1.5 min, 18.5% A, 15% B, 48% C, 

18.5% D. For the identification and quantification of each compound, 

standards of known concentrations were previously analyzed (Dura and 

Rosell, 2016). Analysis was carried out at least in duplicate. 
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2.2.3. Scanning electron microscopy (SEM) 

Corn starch powders, held to specimen holders with cuprum tape, were 

coated with gold in a vacuum evaporator (JEE 400, JEOL, Tokyo, Japan). 

Samples were scanned at 10 kV accelerating voltage with a SEM (S-4800, 

Hitachi, Ibaraki, Japan). The microstructure analysis was performed using 

image analysis software (Image-Pro Plus 7.0, Media Cybernetics, USA) in 

the Central Service for Experimental Research of the Universidad de 

Valencia. 

2.2.4. Pasting properties 

The pasting properties were determined with a rapid visco analyzer (RVA) 

(model 4500, Perten Instruments, Hägersten, Sweden) using the Approved 

Methods of the American Association of Cereal Chemists (AACC 

International, 1997), although 2 g of starch were used. Viscosity was 

recorded using Thermocline software for Windows (Newport Scientific Pty. 

Limited). Assays were carried out in triplicate.  

2.2.5. Determination of postprandial glucose by glucose tolerance test (GTT) 

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA) were 

used for the GTT. The mice were housed individually in an environmentally 

controlled room (20-22 °C, 60% relative humidity, 12-hours alternating 

light:dark cycle). Mice were acclimatized  and had ad libitum access to water 

and mouse chow diet (LabDiet, PMI International; protein, 239 g/kg; fat, 50 

g/kg; non-nitrogenous substances, 487 g/kg; crude fiber, 51 g/kg; ash, 70 

g/kg; energy, 17 MJ/kg; and sufficient amounts of minerals and vitamins for 

healthy maintenance). Samples tested included glucose (G), native corn 

starch (N), washed corn starch treated with CGTase (CGT-W) and non-

washed corn starch treated with CGTase (CGT-NW). The physiological 

effects of CGTase modified starches on postprandial glucose were assessed. 

Starch samples were administered by gavage. Starches were suspended in 
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water, 20% (w/v) for ungelatinized samples and 10% (w/v) for gelatinized 

samples, due to their high viscosity produced after heating, according to 

Ayala et al. (2010). Starches were gelatinized by immersion in a boiling 

water bath for 15 min. Determination of postprandial glucose was performed 

on 6 mice once a week for 4 weeks. The samples were administered using a 

4x4 Latin square design.  Mice were fasted for 4 hours prior to starch 

administration and administered 100 µl/g body weight of a suspension. Blood 

glucose levels were measured from the tail vein at 0, 15, 30, 60, and 120 min 

after sample administration using a OneTouch Ultrameter (LifeScan Inc., 

Milpitas, CA, USA).  

Statistical analysis 

Experimental data were statistically analyzed for analysis of variance 

(ANOVA) using Statgraphics Centurion XV software (Bitstream, 

Cambridge, N). When analysis of variance indicated significant F values, 

multiple sample comparisons were also performed by Fisher’s least 

significant differences (LSD) test to differentiate means with 95% confidence 

(P<0.05). Data was also evaluated using Pearson correlation coefficients to 

establish relationship among variables.  

3. Results and Discussion 

3.1. CDs and oligosaccharides in hydrolyzates 

Oligosaccharides and CDs content in the starch samples are presented in 

Table 1. The N and CGT-W did not contain hydrolysis products. The analysis 

confirms the removal of the water soluble CGTase hydrolysates. The CGT-

NW samples contained several oligosaccharides, with a large amount of 

maltose followed by maltotriose and glucose. CGTase cleaves α-1,4-

glycosidic bonds in the inner part of a polysaccharide chain, leading to CDs 

and oligosaccharides with different degrees of polymerization through 

disproportionation reactions (van der Veen et al., 2000). α-CD and β-CD 
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were found in CGT-NW samples, with predominance of β-CD, likely due to 

the reaction conditions. Blackwood and Bucke (2000) reported that β-CD 

was the main hydrolysis compound, although the release of α-CD could be 

favored by adding organic solvents. In the early stage and at low enzyme 

concentrations CGTase produces predominantly α-CD but with prolonged 

reaction time or high enzyme dosage, the amount of the other CDs exceeds 

that of α-CD (Slominska and Sobkowiak, 1997). CDs have been very useful 

in food formulations to encapsulate flavors, protect against oxidative 

degradation, and sequestrate cholesterol (Astray et al., 2002).  

3.2. Microstructure of starch 

Scanning electron micrographs of native and enzymatically modified starches 

are presented at low magnification (x2000) in Figure 1 and high 

magnification (x3500) in Figure 2. Changes in microstructures are readily 

evident. The native starch granules have flat polygonal faces, straight edges 

and smooth surface with no evidence of cracks or holes in the surface (Figure 

1a and 2a). Enzymatically modified starch granules (Figure 1b and c; 2b and 

c) have a distinctly different surface microstructure. After 48 hours of 

enzymatic treatment, shapeless structures appear where edges and corners 

were no longer visible. Native starch granules have a unique semi-crystalline 

supramolecular structure with concentric layers of amorphous, made up of 

amylose, and crystalline regions, manly composed of amylopectin, radiating 

from the hilum. It might be expected that treatment with CGTase at 50 ºC 

promotes hydrolysis of the amorphous areas of granules, leading to internal 

fissures whereas the crystalline lamellas are more resistant to hydrolysis. 

Small and randomly distributed porous starches were obtained when corn 

starch was treated with CGTase at sub-gelatinization temperature because 

starch in the interior is more susceptible to enzyme action than the outer part 

of the granules. 
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This mode of degradation differs from those exhibited by the action of other 

amylase enzymes on corn starch granules that yield bigger and open holes 

(Dura et al., 2014). This interior hydrolysis confirms the unique CGTase 

degradation mechanism of hydrolysis activity and transglycosylation 

reaction. At lower magnification, (Figure 1c), some hydrolysis products can 

be observed from the action of the enzyme, not present in CGT-W samples 

(Figure 1b) because those samples were washed. The action of the enzyme 

and the presence/absence of hydrolysis products are validated by SEM 

micrographs confirming the existence of hydrolysis products recovered from 

the supernatant. 

 

 

Figure 1. Scanning electron micrograph of corn starch samples treated enzymatically (b and c) 

and native corn starch sample (a). Magnification 2000×. Native corn starch (a); CGTase washed 

sample, CGT-W (b); CGTase non-washed sample, CGT-NW (c) (arrows show the hydrolysis 

products) 
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Figure 2. Scanning electron micrograph of corn starch samples treated enzymatically (b and c) 

and native corn starch sample (a). Magnification 3500×. Native corn starch (a); CGTase washed 

sample, CGT-W (b); CGTase non-washed sample, CGT-NW (c). Arrows indicate the presence 

of hydrolysis products 

3.3. Pasting properties 

RVA curves are plotted in Figure 3. Pasting properties of the enzymatic 

treatment were observed when compared to native starch (Table 2). Treated 

starches underwent the action of the enzymatic treatment and also possible 

rearrangement due to annealing during the preparation process under sub-

gelatinization temperature (van der Veen et al., 2000). The CGT-NW treated 

starch showed significant lowering of the peak time indicating either earlier 

granule swelling during heating or an effect due to hydrolysis products. The 

CGT-NW starch also had higher breakdown, indicating lower stability of the 

samples, and lower viscosity at the end point of the cooling cycle, likely due 

to steric impediment of the hydrolysis products on the amylose 

crystallization. The setback viscosity predicts the degree to which the starch 

polymers are able to form networks resulting in the formation of gels that 

 

a 

b c 
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have higher viscosity as the starch paste cools. The setback was very low for 

CGT-NW compared to N and CGT-W samples. 

 

Figure 3. RVA profiles of enzymatically treated corn starches. Legends: Native corn starch, N 

(■); CGTase washed sample, CGT-W (□); CGTase non-washed sample, CGT-NW (∆) 

The oligosaccharides and CDs from the hydrolysis of amylose might 

physically interfere with the reorganization (gelling) process (Xiaoming et 

al., 2002). The final viscosity of the CGT-W sample was lower than the N 

sample probably because it contained less amylose to form the gel or viscous 

paste after gelatinization and cooling. Similar results have been described by 

Gujral and Rosell (2004) when adding CGTase to wheat starch suspensions. 

They also observed a decrease in peak and final viscosity of the wheat starch 

suspension. Trough viscosity were higher for N and CGT-W compared to the 

CGT-NW samples because they were more stable during gelatinization and 

their peak and final viscosities were higher. Due to CGTase activity 

hydrolysis products were formed and these products were present in CGT-

NW samples resulting in higher hydrolysis percentage at 95 ºC and even 

higher at 50 ºC when comparing to N or CGT-W samples. The differences in 

pasting behavior between CGT-W and CGT-NW are attributed to the 

presence of β-CD and oligosaccharides in the CGT-NW samples. Similar 



Chapter 4 

190 

results were observed by addition of β-CD to cereal starches that caused early 

granule swelling, decreased onset of pasting temperature and decreased peak 

viscosity, likely due to its ability to form CD-lipid complex (Astray et al., 

2009). β-CD and oligosaccharides may disrupt formation of amylose-lipid 

complexes and increase the swelling and solubility of starch granules during 

gelatinization (Gunaratne et al., 2007). Viscosity differences have been 

linked with the GI of carbohydrates. Guar gum also decreased blood serum 

glucose in rats during the first month of the experiment (Prias and Sgarbieri, 

1998) suggesting that the viscosity of cereal carbohydrates may affect blood 

glucose and insulin responses. 

Table 2. Effect of enzymatic treatment on the pasting parameters of corn starch. 

  Native CGT-W CGT-NW 

Onset temp (ºC) 89±3ab 90±0b 87±0a 

Peak time (min) 6±0b 6±0b 5±0a 

Peak viscosity (cP) 892±6b 851±33b 584±a 

Trough (cP) 749±30c 660±26b 154±11a 

Breakdown (cP) 160±3a 191±9a 442±13b 

Final viscosity (cP) 883±2b 818±20b 183±13a 

Setback (cP) 151±1b 179±14b 29±4a 

Hydrolysis 95°C (%) 6±5a 13±3a 39±2b 

Hydrolysis 50°C (%) 9±8a 18±4a 82±1b 

a, b, c values followed by different letters within a column denote significantly different levels (P < 0.05).  

Results were presented as mean ± SD  (n = 3). 

 

3.4. Glycemic response 

Glycemic response is a numerical index that reflects the overall rate of 

absorption of glucose from the digestive tract into the blood and transfer of 

glucose from the blood into peripheral tissues. Jenkins et al. (2002) reported 

that the rate of food digestion was an important determinant of glycemic 

response. There was a significant difference (P<0.05) in blood glucose level 
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at 15 min between glucose and the nongelatinized N or CGTase modified 

starches (Figure 4).  

 

A 

 

B 

 

Figure 4. Glucose tolerance in mice gavage with ungelatinized samples. The samples studied 

were glucose, G (●); native corn starch, N (■); CGTase washed sample, CGT-W (□) and 

CGTase non-washed sample, CGT-NW (∆). (A) Glucose tolerance tests (GTT) were performed 

in the fasting state. (B) Area under the curve (AUC) values. Data are expressed as mean 

n=6/group 

As expected, glucose had the shortest time to peak and the highest peak 

because it is rapidly absorbed compared to all starches. Glucose also had the 
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most rapid decrease in blood level suggesting rapid uptake by tissues. All 

starches had a time to peak of about 30 min, later than glucose, attributed to 

the slower hydrolysis of amylopectin.  The crystalline regions of amylopectin 

resist the conformational changes necessary for enzymatic hydrolysis. CGT-

W had a slightly higher peak viscosity at 30 min compared to the other two 

starches. SEM had shown that starch granules incubated with amylolytic 

enzymes at 50 ºC results in changes in the amorphous areas, leading to 

granules with more ordered internal structure. Hydrolysis of the amorphous 

regions may lead to more internal surfaces that are accessible to enzyme 

attack and may be the reason that CGT-W samples seem to be more rapidly 

digested. CGT-NW had the lowest peak maximum and appeared to be more 

slowly digested. The presence of CDs may impede the orientation of 

amylases slowing hydrolysis. Weselake and Hill (1983) showed that β-CD 

inhibits hydrolysis of starch by α-amylase and intestinal α-glucosidase 

enzymes resulting in a longer period for absorption. This result suggests that 

CDs and oligosaccharides decrease the rate of absorption and may help to 

maintain lower blood glucose levels. Glucose concentration from all samples 

returned to the base line level 2 hours after the gavage samples. The area 

under the incremental glucose response curves (AUCs) were calculated from 

0 to 2 hours post feeding. No significant differences were found between 

samples. There is a trend where AUC for the CGT-NW starch appears to be 

lower than the CGT-W or N starches; this may be due to the rapid hydrolysis 

and absorption into the blood stream of the hydrolysis products but slower 

uptake by peripheral tissues due to β-CD inhibitory action. The time to peak 

of gelatinized starches were shorter and about the same as for glucose (Figure 

5). Starch gelatinization resulted in more rapid digestion as shown by the 

decrease in time to peak from 30 min for ungelatinized to about 17-27 min 

for gelatinized starches. When starch samples are subjected to extremely 

boiling temperatures water is absorbed, the granule swells and some amylose 

is leached, transforming the semicrystalline granules to an amorphous state 

that increases accessibility to enzymes (Dura and Rosell, 2016). These results 
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are similar to Collings et al. (1981) findings, who also found that the 

response of serum glucose to glucose monohydrate and cooked starch were 

very similar, while that to raw starch was significantly less. No significant 

differences in AUC were found between starch samples. Correlation between 

pasting properties and insulinemic responses in mice were analyzed. For 

ungelatinized samples, there was a negative correlation between setback 

values and glucose concentration at 2 hours (r=-1.0, P<0.05).  

A 

 

B 

 

Figure 5. Glucose tolerance in mice gavage with gelatinized samples. The samples studied were 

glucose, G (●); native corn starch, N (■); CGTase washed sample, CGT-W (□) and CGTase non-

washed sample, CGT-NW (∆). (A) Glucose tolerance tests (GTT) were performed in the fasting 

state. (B) Area under the curve (AUC) values. Data are expressed as mean n=6/group  
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Greater values of setback viscosity were related to lower values of glucose at 

2 hours. For gelatinized samples there were positive correlations between 

hydrolysis at 50 ºC and glucose concentration at 60 min (r=0.84,  P<0.05) 

and hydrolysis at 95 ºC and glucose concentration at 60 min (r=0.81,  P< 

0.05). A negative correlation was also found between peak time and glucose 

concentration at 60 min (r=-0.85, P<0.05); setback and glucose concentration 

at 60 min (r=-0.88, P<0.05), and finally trough and glucose concentration at 

60 min (r=-0.8218, P<0.05). These correlations support the idea that the 

different patterns of the glycemic curves are related to the viscosity of the 

samples. 

4. Conclusions 

Enzymatic modification at sub-gelatinization temperatures of corn starch by 

CGTase with or without hydrolysis products offers new possibilities to the 

modern food industry and the enormous variety of food products looking for 

healthy properties. Porous starches were obtained by CGTase treatment, 

which manage to have different pasting behavior and diverse glycemic 

response owing to the presence of β-CD that inhibits the α-amylase action. 

Significant correlations were found between glycemic curves and viscosity 

pattern of starches. Overall, CGTase enzymatically modified corn starch may 

fill a niche in the diverse uses of starches.  
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IV. General discussion  

Bread-making is an extensively investigated process based on many 

principles originated in ancient times. The process involves mixing flour 

(mainly wheat), water, salt, and yeast with other ingredients, dough 

fermentation, kneading, proving and baking, to finally result in a quality end-

baked product. Particularly, starch, as the most abundant carbohydrate in 

cereals, and protein (mainly gluten), which forms a continuous network that 

gives the structure of the bread dough making it elastic and extensible, play 

both an important role to achieve the desirable product (Dura and Rosell, 

2016). Cereal based products have long been a primary source of 

carbohydrates in the human diet. However, the consumers’ health awareness, 

besides the demanding of gluten-free products, drive to look for nutritious 

and added-value starches, since starch is the main player in cereal based 

foods and also in gluten-free bakery goods. Therefore, the research presented 

in the previous chapters, responds to the scientific and technological purposes 

of succeeding in the development and understanding of functional and 

structural properties of enzymatically modified corn starch. This opens 

promising ways for the incorporation into cereal-based products of obtained 

modified starches contributing to healthier and improved gluten-free 

products. 

An updated revision of the current knowledge was performed regarding 

enzymes involved in the baking process, in order to screen the individual 

effect of the enzymes according on the substrate they act on. Moreover, the 

effect from the individual and combined added enzymes as technological 

aids, on the carbohydrate matrix in the bread-making process was reviewed, 

along with the enzymes used in gluten-free breads. From that review, the role 

of carbohydrates, mainly starch, was clearly emphasized as one of the main 

biopolymers in the bakery matrices, including the enzymes that can act on its 

structure. Nevertheless, those enzymes have been usually employed as 

technological or processing aids in bread-making but they have not been 
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explored as healthy aids (Rosell, 2014), looking for modulating the potential 

healthy properties of starches.   

For further studies, based on preliminary assays, the choice of the three 

different enzymes, AM, AMG and CGTase, was based on the hydrolyzed 

substrate, as starch-degrading enzymes, along with corn starch, that was 

preferred as gluten-free raw material to fulfill the health requirements. 

Previous analyses were carried out to select the suitable conditions for the 

enzymatic modification of corn starch (starch quantity, enzyme 

concentration, pH, time and temperature). Sub-gelatinization temperature (50 

ºC) was chosen to modify the corn starch without losing its granular integrity. 

AM (5 U/g starch) starch modification was accomplished at pH 6.0 while pH 

4.0 was selected for AMG (4 U/g starch) starch modification, during 24 hours 

of incubation. Regarding CGTase (0.32 U/g starch), previous studies 

suggested to test the catalytic reaction at pHs 4.0 and 6.0, designated for the 

starch modifications after 24 and 48 hours of incubation. Starch suspensions 

without the addition of the enzyme at different pHs were used as controls.  

To acknowledge that enzymatic reaction occurred on the starch granules and 

to confirm modification of starch, functional properties, biochemical features, 

thermal and structural analyses of the treated starches were performed. The 

starch microstructure analyzed by SEM confirmed the effect of enzymatic 

treatments in the starch structures leading to different porosity degree 

depending on the enzyme specificity. AM and CGTase action lead to some 

uneven pinholes on the granules surface. AMG was readily active on the 

starch surface resulting in greatly holed granules when compared to the other 

enzymes. This technique allowed confirming at high magnification that 

enzyme modification also happened in the internal morphology, related to 

and inside out digestion pattern (Benmoussa et al., 2006), hydrolyzing the 

starch granules from the hilum region towards the out-sides. Therefore, less 

organized amorphous region of the granules could be more accessible to the 

enzyme attack and subsequent hydrolysis, remaining crystalline domains 
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resistant to enzymatic action. Nevertheless, slower hydrolysis can take place 

on the crystalline areas if a longer incubation endures or greater hydrolysis is 

produced (Wang et al., 1995; Gallant et al., 1997). However, the enzyme 

action patterns were dependent on the pH and incubation time. Treatment at 

pH 6.0 for longer period of incubation seemed to be more aggressive 

disrupting double helices and crystalline order. DSC analysis showed that for 

AMG-treated starches, gelatinization enthalpy showed lower values denoting 

that an extensive hydrolysis took place disturbing crystalline areas of the 

granule (Hoover and Zhou, 2003). Differently, AM-modified starches 

showed slightly increased gelatinization enthalpy, suggesting that hydrolysis 

mainly occurred at the amorphous regions while CGTase treatment hardly 

affected the thermal behavior of the starch, indicating more visible changes at 

the surface area, as was corroborated by SEM analysis.  

Hydrolyzing enzymes have been frequently used for enzymatic modification 

of different starches as potato, corn, wheat, rice and tapioca (Khatoon et al., 

2009; Kaur et al., 2012) to achieve the desired functional properties varying 

reaction conditions. Simultaneously to those changes in the starch granules, 

diverse compounds are released from the enzymatic reactions, which have 

been noticed only when syrup, dextrins and oligosaccharides production is of 

interest. In the present research, to support the evidence of modifying corn 

starch with amylolytic enzymes, the released compounds were evaluated. 

Overall, enzymes were greatly active breaking the degree of association 

between molecular bonds for longer incubation time, and more soluble 

compounds were leached out. In the specific reactions catalyzed by CGTase, 

the quantification of CDs and oligosaccharides released during the enzymatic 

treatment was performed by HPAEC, confirming a) the action of the enzyme 

on the starch granules during incubation time, b) the presence of hydrolysis 

products, and c) the pattern of released compounds was pH-dependent. 

Oligosaccharide final composition has proven to depend on the concentration 

at which hydrolysis reaction occurs (Marchal et al., 1999). 
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Once confirmed the enzymatic modification of the granular starch, its 

technological and functional properties such as gel formation were evaluated, 

since they are of key importance to define the industrial uses of starches. 

Viscosity profiles along a heating-cooling cycle were valuable indicators to 

characterize different modified starches. A typical viscosity pattern from a 

native starch, displayed an increase of viscosity up to peak (during heating) 

followed by a drop of viscosity (during cooling) under agitation and heating. 

Considering morphological and structural changes promoted by enzymes, 

pasting profiles were expected to change reducing the peak viscosity. 

However, changes in the properties were not as prominent as expected. 

Viscosity values of the enzymatically modified samples changed when 

comparing to their controls at different pHs. Different trends were observed 

revealing diverse pasting behavior, related to enzyme action on starch 

glycosidic linkages and subsequent starch structure modification.   

Potential nutritional benefits of the obtained starches were also evaluated. 

Digestion behavior of the starches is commonly assessed by in vitro 

hydrolysis test using enzymatic analysis. Enzymatic in vitro starch hydrolysis 

was performed to determine the rate and extent of hydrolysis during 

enzymatic digestion. High susceptibility to be digested was shown by AM- 

and AMG-treated starches. Enzymes involved in the digestion process had 

more ready access to hydrolyze enzymatically modified starches and released 

glucose. Opposite trend was displayed on CGTase-modified samples that 

resulted less susceptible to be hydrolyzed by digestion enzymes. 

Transglycosylation reactions, mainly catalyzed by CGTase, probably acted 

on the exterior surface and led to a more crystalline structure resistant to 

enzymatic hydrolysis after modification of starch granules (Kimura and 

Robyt, 1995). Since starch is mostly consumed in gelatinized form, the 

enzymatic hydrolysis of gelatinized samples was also assessed. It seems that 

conformation change and disruption of the granule during gelatinization led 

to structures that were more accessible, enhancing starch susceptibility to 
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enzymes during digestion (Kimura and Robyt, 1996), and thus leading to 

faster hydrolysis. 

Starch represents one of the most glycemic carbohydrates. Since GI is 

associated with the development of many diseases (Ludwing, 2002), it is 

attracting much attention the development of new strategies to produce low 

GI foods to control and prevent these diseases. Based on previous results, 

enzymatically modified corn starch samples by CGTase (0.32 U of CGTase/g 

starch) were selected to study the glycemic response in mice and its 

relationship to granule physical properties. Reaction conditions were pH 6.0 

at longer incubation time (48 hours) and sub-gelatinization temperature 

(50ºC). Due to the possible role of released compound, two enzymatically 

treated starches were prepared, washed enzymatically treated corn starch 

(CGT-W) and thus non-containing hydrolysis products, and enzymatically 

treated corn starch containing hydrolysis compounds (CGT-NW). HPAEC 

quantification of oligosaccharides and CDs confirmed the removal of 

hydrolyzates from CGT-W samples, and the presence of oligosaccharides and 

predominantly β-CD in CGT-NW samples, resulting from the enzyme action 

on starch glycosidic bonds and subsequent cyclization (Biwer et al., 2002). 

SEM-micrographs revealed small and randomly distributed porous on the 

starch surface and confirmed the presence of hydrolysis products in CGT-

NW samples. The presence of oligosaccharides and β-CD modified the 

pasting behavior. The ability of β-CD to form CD-lipid complexes may 

disrupt the formation of amylose-lipid complexes and lower viscosity values 

showing less stable samples during gelatinization (Gunaratne et al., 2007). 

Physiological effects of CGTase modified starches on postprandial glucose 

were determined using GTT (Glucose Tolerance Test). Starches were tested 

as gelatinized (G) and non-gelatinized (NG) to studied the influence of 

structure changes promoted by gelatinization in glycemic response in mice. 

Postprandial responses may be changed by altering starch structure in foods 

using thermal processing (Björck, 1996). Gelatinized samples resulted in 
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more rapid digestion. Disruption of the starch structure during heating 

facilitates starch availability for easier water penetration and consequent 

enzymes action in the digestion of starch in the gastrointestinal tract (Holm et 

al., 1988). On the contrary, for non-gelatinized samples, the presence of β-

CD seemed to inhibit α-amylase starch hydrolysis and intestinal α-

glucosidase enzymes resulting in a longer period of absorption for non-

gelatinized samples. Significant correlations were found between glycemic 

curves and viscosity pattern of starches. According to Holm et al. (1988), the 

degree of gelatinization is positively correlated with in vivo plasma glucose 

and insulin responses. A previous study conducted by Ross et al. (1987) has 

also related the degree of gelatinization with in vivo glycemic response and in 

vitro starch digestibility. Therefore, the different patterns of the glycemic 

curves were related to the viscosity of the samples. Taking into account the 

wide range of starchy foods and the presence of residual starch not fully 

gelatinized during processing, findings result profitable. The consumption of 

native or minimally processed cereal products could be of particular 

importance from nutritional science (Kang et al., 2003), and opens the 

possibility to modulate the gelatinization degree according with low GI. 

Increasing demand of modified starches requires developing new strategies to 

obtain modified starches with enhanced properties. The research conducted 

provides knowledge about modified functional and structural properties of 

enzymatically modified corn starch at sub-gelatinization temperature, which 

offers an alternative for applications in a variety of foods. Possible 

modulation of the enzymatic modified process permits to obtain desirable 

modified starch depending on the final application.  
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V. Conclusions 

1. Enzymes provide a powerful tool for modifying starch granules and thus to 

change functional properties and nutritional performance, but a careful 

selection of the enzyme and the conditions for the enzymatic reaction are 

needed. Modified starch could be matched to a specific end-use to obtain the 

desirable product. 

2. Enzymes are processing aids that act as catalysts for biochemical reactions, 

providing a wide range of quality improvements in baked goods. Up to now, 

efforts have been focused on using enzymes as processing aids for improving 

bakery products, but results show that enzymes’ action can be extended 

supporting the concept of “healthy aids”.  

3. Enzymatic modification of corn starch by α-amylase or amyloglucosidase 

at sub-gelatinization temperatures provides starch granules with porous 

structure that showed specific functional properties. Properties and structure 

could be modulated by enzymatic conditions (enzyme type, pH, time of 

reaction). The degree of porosity could be controlled by using different 

enzymes or a combination of enzymes, which offers a suitable possible 

application in starch-based food matrices. Amyloglucosidase was more active 

on starch glycosidic linkages obtaining greater porous starch.  

4. Corn starch modified by cyclodextrin glycosyltransferase showed to be pH 

dependent, being more aggressive at pH 6.0, where oligosaccharides were 

majorly released. CDs released during enzymatic modification of starch, 

enhanced the major benefits of the starch granules and thus their further 

application, taking into account their technological properties. Catalytic 

transglycosilation reaction of CGTase action on starch granules seemed to act 

on the amorphous zone, giving porous starches, but leading to a more 

crystalline structure resulting in more resistant starches to amylase 

hydrolysis. Nonetheless, after gelatinization, samples showed faster 

hydrolysis kinetics.      
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5. The presence of hydrolysis products obtained by enzymatic modification 

of corn starch with cyclodextrin glycosyltransferase, provoked different 

pasting behavior. The presence of β-CD in starch containing hydrolysis 

products hindered the α-amylase action, resulting in longer period required 

for their absorption affecting the glycemic index obtained after their 

ingestion. The different absorption patterns of modified starches lead to 

different glycemic curves, which were related to the viscosity of the samples. 

Overall, CGTase modified starches could offer a new ingredient to the 

modern food industry for obtaining food products looking for healthy 

properties.  
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AACC   American Association of Cereal Chemists 

AM   α-amylase 

AMG   Amylogulosidase 
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AX   Arabinoxylans 

CD  Cyclodextrin 

CGTase  Cyclodextrin glycosyltransferase 

CGT-NW Unwashed enzymatically modified sample with 

cyclodextrin glycosyltransferase 

CGT-W  Washed enzymatically modified sample with cyclodextrin 
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