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                                                             ABSTRACT 

STRUCTURAL EVOLUTION OF STARCH HYDROLYSATES BY LUMINAL AMYLASES 

 

Komeine K. M. Nantanga     Advisor: 

University of Guelph, 2012     Prof Koushik Seetharaman 

 

Digestion of starch in humans starts in the mouth and progresses to the small intestine. Structures 

from salivary and pancreatic amylases hydrolysis can impact subsequent steps of digestion at the 

mucosa of the small intestine. However, structures of the starch digestion products along the gut 

from the mouth to the small intestines – products that impact glucose homeostasis are not well 

understood.  This thesis focuses on the luminal step of starch digestion, i.e. impact of salivary 

and pancreatic amylase on the structure of hydrolysis products obtained from cooked starches 

from different botanical sources. Normal corn (NCS), wheat (NWS) and potato (NPS) starches 

were cooked at 1:0.7 (T0.7) or 1:2 (T2) starch:water ratios. Cooked starches were subjected to 

salivary amylase at conditions mimicking oral digestion. The composition of the hydrolysates 

was characterised by gel-permeation chromatography. Extent of hydrolysis was lower at T0.7 

compared to T2, but the amount of carbohydrates in different fractions and the molecular weight 

profiles within each treatment were not different between starches from different botanical 

sources. However, debranching of the hydrolysates revealed structural differences in extent of 

amylose hydrolysis and amount and profile of lower molecular weight fractions between 

different starches. Cooked starches were also subjected to salivary and pancreatic amylases 



 

 

hydrolysis. Extent of 20 min hydrolysis was lower at T0.7 compared to T2 for all the starches. 

Oligosaccharide composition of 120 min hydrolysates differed in amounts of DP 2, 3, 5, 6 and 7 

between processing treatments and starches. NCS (T2) was treated with saliva from six 

participants at equal activity. Salivary amylase activities ranged from 470 x 10
3
 to 118 x 10

3
 

U/mL among the participants. While saliva from participant 2 (high amylase activity) greatly 

reduced the high molecular weight fraction, saliva from participant 6 (low amylase activity) 

more extensively hydrolysed the starch to small molecular weight fractions of oligosaccharides. 

These results show that different starch hydrolysates are produced during oral digestion by saliva 

from different individuals and are also different based on cooking condition or botanical source 

of starch. Further research is therefore needed to understand how these hydrolysate structures, 

impact glucose homeostasis.  
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Chapter 1: Introduction and Problem Statement 

Starch is one of the major and essential components in the diet of the world’s population [1]. It is 

also the main energy reserve in plants. Starch provides at least 70% of the calories consumed by 

people. The major traditional staple foods such as cereals, tubers and roots are the main sources 

of starch in our diet. Cereal grains normally contain up to 70% starch, whereas tubers and roots 

are essentially composed of starch.  

Products with specific matrices are consumed and digested in the human digestive tract. In 

humans, starch digestion involves several enzymes including salivary α-amylase, pancreatic 

amylase, sucrase-isomaltase and maltase-glucoamylase enzymes [2-4]. The hydrolysis reactions 

from the oral cavity to the gut occur almost sequentially. Therefore, products from the oral cavity 

act as substrates for and affect the subsequent steps in the digestion.  The molecular structure of 

starch digestion products in the upper gut can thus synergistically amplify and/or inhibit 

(“brake”) [2, 3, 5] further steps in the hydrolysis of glucan polymers into glucose in the lower 

gut. This may impact on the rate of gastric emptying following digestion of processed starchy 

foods which in turn may influence glucose delivery into the blood (and/or levels of glucose in the 

blood). The molecular structure and different steps of starch digestion can affect glucose 

regulation regarding insulin release and/or secretion of incretin hormones that influence the 

release of insulin [6].  

Therefore, there is a need to understand the influence of molecular structure of starch on 

digestion of cooked starches following consumption – and on glycemic response and on other 

gut physiological consequences such as glucose sensing and control of digestive tract motility 

(on gastric emptying). The overall goal of this project is to improve the knowledge on the 
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relationship between starch molecular structure and evolution of structures during starch 

digestion following consumption of processed/cooked starchy products. Ultimately, this 

knowledge will contribute to the improved control and modulation of starch through processing 

to make its digestion more beneficial to human health. 
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Chapter 2: Literature Review  

2.1 Starch granule composition and organisation 

Starch is primarily composed of two polyglucans, amylose and amylopectin [7]. Amylose has a 

nearly linear structure with α-(1,4)-D-glucosidic linkages, while amylopectin has a branched 

structure with an α-(1,4)-D-glucosidic linked backbone and α-(1,6)-D-glucosidic linkages at 

branching points. Some of the characteristics of these two polymers are shown in Table 2.1.  

Starch molecules are organized in a form of partially crystalline granules [7-8]. Granules of 

starches from different botanical origins show characteristic morphologies. Starch granules are 

organized into what is termed “growth rings”. These are alternating amorphous and semi-

crystalline “rings” of about 100-400 nm thickness [7, 9]. The semi-crystallinity of the semi-

crystalline “growth ring” is apparently due to another level of organisation made up of 

alternating crystalline and amorphous lamellae [10]. The total thickness of one crystalline 

lamella and one amorphous lamella is about 9-10 nm [7, 10, 11]. Essentially, one semi-

crystalline “growth ring” is made up of several crystalline and amorphous lamellae. The branch 

chains of amylopectin molecules are thought to form a “short order” of double helices between 

two branch chains. The parallel double helices are believed to give rise to the crystalline 

lamellae, whereas their branch points (joints where they branch into two) are thought to be 

located in the amorphous lamellae [7, 10, 11].    
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Table 2.1: Some characteristics of amylose and amylopectin [7, 12, 13] 

Characteristic Amylose Amylopectin 

Weight percentage in the granule 15-35 65-85 

General structure Essentially unbranched Branched 

Branch (%) 0.2-1 4-6 

Degree of polymerisation (DP) 10
2
-10

3
 10

3
-10

6
 

Weight average molecular weight (g/mol) 10
4
-10

6 
10

7
-10

9
 

Number average unit chain length (CL) 100-550 17-26 

External chains length (DP) ------- 6-16 

Iodine binding capacity λmax (nm) 640-660 (blue) 530-550 (red-brown) 

β-amylolysis limit (%) 70-95 55-60 

 

Noteworthy is that the location of amylose in the granule is not known but appears to primarily 

exist as single helices [7]. Some suggest that it is located primarily in the amorphous lamellae 

[14]. Others suggest that it may be present in the crystalline regions of normal potato starch and 

absent in the crystalline regions of normal corn starch [15]. Also, not all amylopectin molecules 

are contained in the parts that contributes to the crystallinity of the granules, i.e., the crystallinity 
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(15-45%) of the granules is less than the amount of amylopectin (60-75%) in the granules even 

in starches that have little or no amylose in them [16].  

Commonly, starches and their properties are correlated to starch botanical origins e.g. potato, 

wheat, rice, cassava [17, 18] and/or to starch granule architecture as broadly grouped depending 

on X-ray diffraction patterns [19, 20]. According to X–ray patterns, starches can generally be 

grouped into a) those with A-type allomorph crystalline architecture (mainly but not exclusively 

cereal starches); b) those with a B-crystalline allomorph architecture (mainly tubers, rhizomes 

and high-amylose starches) and c) those that give a C-crystalline allomorph architecture (mainly 

legumes), which was shown to be a mixture of A- and B- allomorphs.  

Starch molecules and/or hydrolysis products are analysed using different techniques. These 

include chemical, chromatographic and enzymatic methods. Chemical methods include 

estimation of reducing sugars following a reduction of alkaline copper (II) to Cu (I) by reducing 

sugars [21]. Cu2O (aq) reduces molybdic acid to molybdenum thereby forming a blue colour. 

Spectrophotometric analysis (Beer-Lambert’s law) can then be used to determine the content of 

reducing sugars in a sample.  Another common example of a chemical method is the estimation 

of total carbohydrate by concentrated acid hydrolysis of starch to glucose [22]. Glucose is 

immediately dehydrated to hydroxymethyl furfural, which forms coloured condensation product 

with phenol. The quantity of glucose produced can then be determined through colourimetric 

measurements. 

Size-exclusion chromatography (SEC) is widely used chromatographic technique in the study of 

size distribution of whole or hydrolysed starch molecules or after debranching of the starch using 

enzymes to give an overall view of the amylopectin chain length distribution [23]. High-
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performance anion-exchange chromatography with pulsed amperometric detection (HPAEC–

PAD) provides even more details such as the amount of the individual unit glucan chains. 

Enzymes such as α-amylases, β-amylases, phosphorylases, pullulanases, isoamylases and 

amyloglucosidases have been used in the characterization of starch polymers in combination 

with chemical and/or chromatographic techniques. 

A new way of grouping starches, based on the internal unit chains of amylopectin distribution 

has been proposed. Through enzymatic and chromatographic analyses, Bertoft et al. [24] 

proposed 4 characteristic groups of starches. Group 1 is characterised by a low content of long 

chains (DP > 24) and a broad size distribution of B-chains (DP 10-24 and DP > 24). This group 

also shows a clear distinction in chromatograms between short chains (DP 3-7) and those of DP 

8-24. This group includes barley, oat, rye and possibly wheat starches. All starches in this group 

show an A-crystalline granular architecture.  

Group 2 is characterised by a relatively considerable amount of B2-chains (DP 24-50) and a 

narrower size-distribution of chains of DP 8-24. Like Group 1, starches in this group also show a 

clear distinction in chromatogram between short chains (DP 3-7) and those of DP 8-24. This 

group includes corn, rice and sago starches. Corn and rice exhibit an A-crystalline granular 

architecture, whereas sago exhibits a C-crystalline granular architecture. Group 3 starches are 

characterised by a higher content of long chains (DP > 24) than those in Groups 1 and 2. Unlike 

Groups 1 and 2, starches in Group 3 do not show a clear distinction in chromatogram between 

short chains (DP 3-7) and those of DP 8-24. This group consists of cassava and arrow root 

starches, which exhibited A- and C-crystalline granular architectures, respectively. Starches in 

Group 4 were characterised by a high content of long chains (DP > 24), especially at DP > 50. 
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All starches that fell into this group exhibited a B-crystalline granular architecture, e.g., potato 

starch. For this project, starches will be chosen based on this classification. 

2.2 Sources of starch and starch-containing foods 

Starch mainly exists in granular form in grains, tuber, roots, stems, leaves, fruits and even pollen 

[7]. Grains include cereals (corn, wheat, barley, oats, sorghum, millets, rice) and legumes (beans, 

peas), tubers include potato, while roots include cassava/tapioca, yam, arrowroot and sweet 

potato. Stems include sago palm and fruits include green banana.  

Starch is mainly consumed after various cooking processes. These can be in the form of boiled 

grains, tubers, porridges, steamed breads, fried (fries, chapatti, roti, oshikwiila (unleavened pearl 

millet bread), noodles) baked (breads, cakes, cookies, muffins, injera, noodles) and extruded 

(pasta, flakes) starchy food products. Processing improves the degree of cook and subsequent 

digestion of starch by disorganising the granular structure of raw starch [25]. However, 

processing parameters and degree of processing may not lead to disorganisation of all starch 

granules [25, 26]. Thus, there is a presence of raw or perhaps minimally disorganised starch 

granules in some processed foods (e.g. cookies). Consumption of unripe banana and uncooked 

plantain is another form by which raw granular starch can be consumed [27]. Upon cooling 

following thermal processing, molecular interactions take place (retrogradation) and this may 

influence, among others enzymatic susceptibility of processed starches [28]. 

Starch can be extracted and isolated from its crop sources such as grains and tubers. Raw starch 

can be processed into food products such as noodles [29]. Starch is also used in food 

formulations to impart functional properties [1] such as the control of consistency/thickening and 

texture in foods like sauces, soups, dressings and spreads. However, foods consumed as a source 
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of carbohydrate contain a starch component of at least 68% (db), whereas for functional 

properties, the starch component is often less than 10%, as is found in food thickening 

applications. 

2.3 Starch consumption correlations to health concerns 

Starch in many processed cereal products, including bread, is apparently rapidly digestible and 

absorbed after a meal [30]. This can result in unfavourable high glucose levels in the blood and 

insulin release [31]. Chronic consumption of foods with rapid digestibility of starch causes 

substantial fluctuation of glucose homeostasis regulatory hormones and high stress to the 

regulatory system. This is apparently associated with health disorders such as diabetes, 

cardiovascular disease and obesity [31]. The focus of this research is however, not to determine 

rapidly digestible (RDS), slowly digestible (SDS) or resistant (RS) starch fractions but it is to 

characterise the structures of starch breakdown products that enter the gut from the mouth. 

2.4 Effect of hydrothermal treatments on starch digestibility (enzymatic hydrolysis)  

Typically, in the presence of water the native semi-crystalline structure of starch undergoes, 

through a thermal process, a series of irreversible physical changes [32]. Processing temperature 

and water content influence the different changes occurring in starch granules during processing 

[33-34].  

Thus, the final structure established in a hydrothermally treated product is a function of 

particular thermal history (processing) [35-36], and that structure relates to the way starch is 

digested in the body [37].  

The extent and rate of digestion, however, may differ between starches (raw or disorganized 

through processing) from different botanical origins (e.g., wheat versus corn), type of processing 
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(e.g., baking versus extrusion) and processing parameters (e.g., moisture content, temperature) 

during processing [38-40]. It should, however be noted that raw starch is digestible [41-42] but 

relatively more slowly digested and/or perhaps the rate of glucose production and delivery into 

the bloodstream is slower than its processed counterpart [6, 43].  

Several intrinsic factors affect the digestibility of raw starch. These include botanical source, 

polymorph type, shape, size, amylose:amylopectin ratio and polymer organization/distribution 

within a granule (granular architecture) of starch [44]. These factors do not seem to influence the 

digestibility of starch that has been subjected to certain hydrothermal treatments. For example, 

when different starches are subjected to heat treatments above 70
o
C in relatively excess water 

e.g., cooking 1:2 starch-water systems, starch digestibility of fresh products/starch pastes was 

high (≥ 90%) but not different [45]. 

However, extent of enzymatic hydrolysis of starches following thermal processing of starch 

especially in limited water (concentrated starch) systems can be different. For instance, fungal α-

amylase hydrolysis of waxy maize, normal maize, normal wheat, normal potato and tapioca 

subjected to heating at 70
o
C with 1:1 starch water-ratios were 53%, 38%, 62%, 52% and 73%, 

respectively [38]. Starch granule architecture seems to have significant influence on this because 

even starches from same botanical source or starches with same polymorphs (not necessarily 

from same botanical source) and starches with similar amylose:amylopectin ratio showed 

different extents of enzymatic hydrolysis after being subjected to same hydrothermal processing 

[38]. This suggests a possible way to modulate through processing the digestibility of starch that 

could be beneficial to human health. 
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Moisture levels in formulation of dough/starch water systems, heating [35-36] and cooling rates 

[33] greatly influence the physico-chemical properties of the products. But, the effect of these 

processing parameters on starch digestibility of processed concentrated starch systems is scant in 

literature [46]. 

2.5 Intermediate products of starch digestion and health implications 

Regarding digestion in the gut, salivary amylase can yield different types and amounts of soluble 

saccharides (DP 2-10), insoluble α-dextrins [39] and possibly some intact starch polymers 

following chewing of processed starchy foods. Structures of starch digestion products produced 

during the course of digestion appear to have implications on glucose delivery and regulation in 

blood circulatory system of humans. For instance, postprandial rise in blood glucose and insulin 

levels can be different between starchy foods containing similar amounts of starch [47]. 

Moreover, different starch hydrolysis products also appear to have an influence on the release of 

incretin hormones [6], which play a role in the regulation of insulin release [48]. The structures 

of most products from most sequential steps in the hydrolysis of starch in the gut are scant in 

literature. 

In humans, the digestion of starch requires a consortium of enzymes (salivary α-amylase, 

pancreatic α-amylase, sucrase-isomaltase and maltase-glucoamylase) [2-4]. Some of these are 

released at specific but varied points along the gastrointestinal tract. Those released into and 

primarily active in the upper part (lumen) of the gut such as in the mouth (salivary amylase) can 

move down in the tract together with their substrates and/or products. Others are located at 

intestinal mucosa down in the lower gut. While these enzymes may have complementary 

activities in their luminal and mucosal digestive roles, the molecular structure of starch digestion 
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products in the upper gut affect [2, 3, 5] further steps in the hydrolysis of starch into glucose in 

the lower gut.  

2.6 Conclusions 

Starch is a major component of our diet. Its digestion process is complex. In monogastric in vivo 

systems, starch is digested almost sequentially by several enzymes (salivary amylase, pancreatic 

amylase, sucrase-isomaltase, maltase-glucoamylase). However, current studies mostly look at 

starch digestion as a state function, i.e., independent (e.g., Englyst, Kingman & Cummings, [49] 

method) of the way in which a starchy food is sequentially digested in vivo. The evolution, 

identity and characteristics of molecular structures of starch hydrolases intermediate digestion 

products and how these impact on subsequent digestion of starch, and possibly on the rate of 

glucose release further down in the gut, is not yet well understood.  

 

2.7 Objectives of the Project 

 

To investigate the interplay between the botanical sources of starch, processing conditions and 

the” individuals” ability to digest the starch matrix with consequent implications for human 

health. To determine effect of structural differences between starches (corn, wheat and potato) at 

the molecular level on the hydrolysis of structures produced under two hydrothermal regimes at 

two luminal stages of the digestion process (oral digestion by salivary  and duodenal digestion by 

pancreatic amylase). 

This work aims to contribute towards a clarifying bridge between the classification of starches by 

molecular structure and the common classification of starches based on digestibility (RDS, SDS, 



 

12 

 

RS). It is hoped that this bridging relationship will contribute to a better explanation of the 

structural basis of differences in digestibility and provide predictive control of baked starch 

structures of known digestibility. 

 

2.8 Significance of this Research 

To understand the relationship between starch molecular structures and digestion, this research 

project characterised the molecular structures and determine enzymatic hydrolysis extent and 

products of processed starches.  

To understand the relationship between saliva of individuals with different amylase activities and 

the composition and structures of their oral digestion starch hydrolysates. This project 

determined baseline information by cooking aqueous suspensions of starch (40-60% starch), i.e., 

by using starch-water models. Based on generated information from starch-water model studies 

in this project, further studies, e.g. using dough systems, can then be planned and executed.  

Although food products are complex matrices of various components, it is important to first 

characterise molecular structures formed in starch-water model systems following pre-

determined processing conditions. This will generate baseline structural information regarding 

starch responses to moisture and heat without interactions with other components normally 

present in foods.  
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Chapter 3: Structures of human salivary amylase hydrolysates 

from starch processed at two water concentrations 
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 Abstract 

Digestion of starch in humans starts in the mouth and progresses to the small intestine. A 

thorough understanding of the progression of digestion, of consequence to glycemic and possibly 

insulinemic responses, requires a better characterisation of the digestion products along the gut – 

products that are the substrates in the subsequent hydrolysis by sucrase-isomaltase and maltase-

glucoamylase. This submission focuses on the first step of digestion, i.e. impact of human 

salivary amylase on the structure of hydrolysis products obtained from cooked starch. Starch was 

cooked at 1:0.7 (T0.7) or 1:2 (T2) starch:water ratios. To remove the effect of granular structure, 

starch was also dispersed using DMSO (TD) prior to amylase treatment. Cooked and dispersed 

starches were subjected to salivary amylase at conditions mimicking oral digestion. All samples 

gave rise to different and complex mixtures of hydrolysates with broad size-distributions as 

measured by GPC. Following hydrolysis, the smallest dextrins (DP < 30) constituted 35% in TD 

and only ~20% in both T0.7 and T2. Cooking appeared to protect amylose molecules from 

hydrolysis with less hydrolysis in T0.7. These results show that the amount of water present 

during processing of starch affects structures of salivary amylase hydrolysates, which potentially 

impact on glucose homeostasis. 
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3.1 Introduction 

 Starch is a major component of our diet. Starch in many processed cereal products, 

including bread, is apparently rapidly digestible and absorbed after a meal [1]. This can result in 

unfavourable high glucose levels in the blood and on insulin release [2]. Chronic consumption of 

foods with rapidly digestible starch causes substantial fluctuation of glucose homeostasis 

regulatory hormones and results in high stress to the regulatory system. This is apparently 

associated with health disorders such as diabetes, cardiovascular disease and obesity [2]. 

Noteworthy is that the structures of starch digestion hydrolysates produced during the course of 

digestion appear to have implications on glucose delivery and regulation in blood circulatory 

system of humans. For instance, postprandial rise in blood glucose and insulin levels can be 

different between foods from different botanical sources containing similar amounts of starch 

[3]. Interestingly, different starchy foods gave rise to similar high amounts of blood glucose but 

different insulin levels. Moreover, some starch hydrolysis products also appear to have an 

influence on the release of incretin hormones [4], which in turn play a role in the regulation of 

insulin release [5]. Based on these observations, questions arise such as: What are the structures 

of starch hydrolysates during the process of digestion? Are these structures different between 

starches of different molecular structures [6]? Can subjecting a starch/starchy food to different 

processing or formulations yield different hydrolysate structures? If different, will they affect the 

rate of glucose production and/or insulin levels? Yet, there is little, if any, literature on the 

evolution of molecular structures of cooked starch through the digestion process. This study is 

the first in a series of studies focusing on these aspects. 

 Starch digestion is complex. In monogastric in vivo systems, starch is digested almost 

sequentially by several enzymes; salivary amylase, pancreatic amylase, sucrase-isomaltase, and 
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maltase-glucoamylase. These enzymes are released at specific but varied points along the 

gastrointestinal tract. Those released into and primarily active in the upper part (lumen) of the 

gut such as in the mouth (salivary amylase) can move down in the tract together with their 

substrates and/or products [7]. Other enzymes are located at the intestinal mucosa down in the 

lower gut. While these enzymes may have complementary activities in their luminal and mucosal 

digestive roles, the molecular structure of starch digestion products in the upper gut can 

synergistically amplify and/or inhibit [8-10] further steps in the hydrolysis into glucose in the 

lower gut. For instance, luminal α-amylase products such as maltotriose, maltotetraose and 

maltopentaose can inhibit the action of maltase-glucoamylase, an enzyme located in the mucosa 

of the small intestine [10]. This enzyme is one of the carbohydrate digestive enzymes important 

for glucose production in the gut. This study focuses on oral digestion by mimicking it in vitro. 

Salivary amylase can yield different types and amounts of oligosaccharides [11] and possibly 

some intact starch polymers following chewing. The few seconds of digestion in the mouth 

might bring significant changes to the starch structure, which could influence subsequent glucose 

homeostasis. However, the identity and molecular structures of starch hydrolysates from salivary 

amylase activity are unknown. Furthermore, the sequential steps in the digestion of starch in the 

gut, and how the structures impact (amplify/inhibit) on subsequent digestion of starch, or 

possibly on the rate of glucose release further down in the gut, is not yet well understood.  

 Starch is mainly consumed after various cooking processes. Processing increases 

gelatinisation and subsequent digestion of starch by disorganising the granular structure of raw 

starch [12]. Gelatinisation occurs in the presence of water when the native starch granule 

undergoes a series of irreversible physical changes [13]. Processing temperature and water 

content influence the different changes occurring in starch granules [14-15]. Upon cooling, 
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molecular interactions take place (retrogradation) and this may influence, among others factors, 

enzymatic susceptibility of processed starches [16]. However, the effect of lower moisture 

contents during cooking (1:2 starch:water ratio or less) on starch digestibility is scant in literature 

[17]. This study looks at two moisture treatments mimicking two different common product 

categories, such as breads or crackers. 

 This study suggests that processing conditions result in different starch molecular 

networks in products, which in turn affect the composition and type of structures produced by the 

human salivary amylase. Thus, how starch is processed could modulate the type and/or amounts 

of structures, which will then act as substrates for further digestion in the gut. 

 

3.2 Materials and Methods 

3.2.1 Materials 

 Normal corn starch was a gift from National Starch, Bridgewater, NJ, USA. Human 

salivary amylase (human saliva form, A-1031, 108 U/mg) was purchased from Sigma-Aldrich. 

Pullulanase Klebsiella planticola (amylopectin 6-glucanohydrolase; EC 3.2.1.41, E-PULKP, 

36.3 U/mg, 699 U/mL) and isoamylase from Pseudomonas sp., (glycogen 6-glucanohydrolase, 

EC 3.2.1.68, E-ISAMY, 1000 U/mL, 210 U/mg) were purchased from Megazyme International 

Ltd. (Wicklow, Ireland).  

3.2.2 Cooking of starch 

 Starch was cooked using the method described by Hickman et al. [18] with modification. 

A total of 1700 mg starch-moisture suspension was prepared for each starch at starch:water ratios 

of 1:2 (T2) and 1:0.7 (T0.7) in glass centrifuge tubes. Centrifuge tubes containing the samples 
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were placed into a water bath at 60
o
C for 5 min. The temperature was increased by 5

o
C and again 

held at the new temperature for 5 min. These heating steps were continued up to 95
o
C, which is 

representative of the final internal temperature of bread during baking [19]. Samples were then 

held at 95
o
C for 30 min, after which the centrifuge tubes were removed from the water bath and 

allowed to cool to ambient conditions for overnight. The samples were then freeze-dried and 

reduced to small particulates (≤850 µm). Two separate samples were made for each of the two 

water concentrations used, i.e. the two treatments were replicated 2 times. 

3.2.3 Dispersed starch preparation 

 Non-granular starch preparation was carried out as described by Klucinec & Thompson 

[20]. It involved starch dispersion by using 90% dimethyl sulphoxide (DMSO) and heat, 

followed by alcohol precipitations. The dispersed samples were then freeze-dried and reduced to 

small particulates (≤850 µm). Unlike cooking in water, DMSO disperses the granules and 

solubilises starch with minimal degradation [21]. This allowed for comparison between salivary 

amylase hydrolysis of starch polymers in a network form, when cooked at two different moisture 

contents, versus non-granular, dispersed form. Like for the hydrothermal treatments, two 

separate preparations were made, i.e. the two treatments were replicated 2 times. Dispersed 

starch sample is abbreviated as TD. 

3.2.4 Starch hydrolysis  

 The hydrolysis was intended to mimic starch digestion in the mouth. According to 

Hoebler et al. [22], a ratio of enzyme to starch of apparent 200 U per gram of starch and a 

hydrolysis time of 5 min would simulate oral starch digestion. The total reaction volume was 4 

mL. Therefore, to simulate oral digestion, 200 mg of freeze-dried starch was mixed with 800 µL 

of sodium phosphate buffer (20 mM, pH 6.9 containing 6.7 mM NaCl) containing 40 U of the 
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enzyme (based on the units given by the supplier). The starches and the buffer with and that 

without salivary amylase were pre-incubated in a water bath set at 37
o
C. Control starches were 

mixed with 800 µL of the buffer that did not contain the enzyme. The reaction mixtures were 

incubated for exactly 5 min and then immediately placed in ice water and were quickly stored at 

-80
o
C to stop the reaction and finally freeze-dried. To inactivate salivary amylase, before any 

further analysis, a sample was dispersed in hot 100% DMSO and heated with gentle stirring for 5 

min in a hot (~95
o
C) water bath. Dispersed starch, starch cooked in 1:0.7 and in 1:2 starch:water 

after being subjected to salivary amylase hydrolysis will be referred to as TD-sAA, T0.7-sAA 

and T2-sAA, respectively.  

3.2.5 Analysis of oligosaccharides 

 Soluble oligosaccharides were obtained by adding 80% ethanol (1 mL) to freeze-dried 

samples (4 mg). The mixtures were thoroughly mixed by vortexing and were kept at 6
o
C for 

overnight until centrifugation (10,000 g; 10 min at ambient conditions). To identify the type of 

sugars in the supernatants, supernatants were filtered (0.45 μm) and transferred into glass vials 

and dried under N2 gas. The dried sugars that were present in the supernatants were then 

dissolved in 1 mL water (HPLC grade). The soluble sugar samples (25 μL) were analysed by 

using a High Performance Anion Exchange Chromatography (HPAEC) system (ICS-3000, 

Dionex, USA) equipped with a single pump and pulsed amperometric detection (PAD). The 

column (Carbo-Pac PA-100, 250 mm × 4 mm) was eluted at 1 mL/min with a mixture of eluent 

A (150 mM NaOH) and eluent B (150 mM NaOH containing 500 mM NaOAc) for 2 hours. The 

elution gradient was made by increasing the proportion of eluent B: from 0 to 9 min from 15% to 

36%; 9–18 min from 36% to 45%; 18–60 min from 45% to 100%; 60–62 min from 100% to 15% 
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(return to the start mixture); and 62–120 min equilibrates at 15%. Glucose, isomaltose, maltose, 

maltopentaose, maltohexaose and maltoheptaose were used as standards. 

3.2.6 Molecular size distribution of hydrolysed starches  

 Gel-permeation chromatography (GPC) was performed to analyse the molecular weight-

distributions of fractions using a column (1.6 cm × 90 cm) of Sepharose CL 6B (GE Healthcare, 

Uppsala, Sweden). A freeze-dried control or salivary amylase hydrolysed sample (~4 mg) was 

dissolved in 150 μL of DMSO by gently stirring overnight at room temperature. 800 μL of hot 

(just boiled) water was added to this dispersion. After cooling to room temperature, 50 μL of 5 M 

NaOH was added to minimize retrogradation and to bring the pH in the range of that of the 

eluent. The sample (0.5 mL) eluted through the column with 0.5M NaOH. Fractions (1 mL) were 

collected and analysed for TCC [23].  The column was calibrated with branched dextrins 

according to Bertoft & Spoof [24]. 

3.2.7 Debranching 

 A freeze-dried control or salivary amylase hydrolysed sample (~4 mg) was dissolved in 

150 μL of DMSO by gently stirring overnight at room temperature and diluted with 800 μL of 

hot water. After cooling to room temperature, 100 μL of 0.01 M NaOAc buffer, pH 5.5 was 

added. To debranch, 2 μL of isoamylase and 2 μL of pullulanase were added. The reaction 

mixture was gently stirred overnight at room temperature and then boiled for 5 min to terminate 

the reaction. The sample was analyzed by GPC as described above. 

3.2.8 Statistical analyses  

 The effects of salivary amylase, water concentrations and starch dispersion by DMSO on 

the relative amounts of polymer chains of starch as size-fractionated by the GPC were 
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determined using one-way analysis of variance (ANOVA) and Duncan’s least significant 

difference test (LSD, p < 0.05). 

3.3 Results and Discussion 

 Control samples (not subjected to salivary amylase) did not yield detectable amounts of 

soluble sugars as expected (data not shown). After salivary amylase hydrolysis, the amount of 

soluble sugars extracted ranged between 8.7 and 13.6%. These results fall in the range of 

percentage hydrolysis observed from chewed foods [11]. However, it seems that this 

measurement does not necessarily give a true picture of the extent of hydrolysis by an endo-

acting enzyme such as salivary amylase. For instance, TD-sAA and T0.7-sAA gave similar 

amount of soluble sugars, 7.8% and 7.5%, respectively, but the size distributions of their 

respective hydrolysates were different (Figure 3.2). This was perhaps because the polymer 

networks in TD and T0.7 were different as a function of moisture during cooking. Consequently, 

this possibly affected the location and level of multiple attack of starch polymers by salivary 

amylase whilst producing similar amounts of soluble sugars [25]. Thus, analysis of hydrolysate 

structures is better than simply measuring extent of hydrolysis (expressed in the form of 

extractable oligosaccharides) to understand the effect of salivary amylase during oral digestion of 

starchy foods. 

3.3.1 Oligosaccharide composition 

 A representative chromatogram of the soluble products from the hydrolysis of processed 

starches by salivary amylase is shown in Fig. 3.1. The hydrolysates comprised sugars ranging 

from glucose to oligosaccharides of about DP 5 with minor traces of larger oligosaccharides. 

Interestingly, peaks that corresponded to glucose and isomaltose were observed in all hydrolysed 

samples irrespective of the processing treatment. Maltose, maltotriose and maltotetraose were the 
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major components. Hoebler et al. [11] reported production of some of these oligosaccharides 

(maltose, maltotriose and maltotetraose) from bread and pasta chewed by humans. Bijttebier et 

al. [25] also reported DP 2 to DP 8 among the products of porcine pancreatic amylase hydrolysis 

of a cooked gel. This suggests that these oligosaccharides and other hydrolysates (discussed 

below) are precursors for subsequent hydrolysis by starch digestive enzymes in the gut.   

3.3.2 Molecular size-distribution of hydrolysates 

 The size-distribution of salivary amylase hydrolysates is shown in Figure 3.2. All the 

chromatograms were divided into four parts, namely fraction 1 (DP >3000), fraction 2 (DP 3000-

600), fraction 3 (DP 600-30) and fraction 4 (DP < 30). The size-distribution of all control 

samples was not significantly different and therefore the result for only one control sample is 

reported. The control samples showed one major peak at void volume (fraction 1) representing 

the co-elution of amylopectin and amylose of large molecular weight. The tail represented 

portions of amylose with relatively lower DP, mostly included in fraction 2. All samples gave 

rise to different and complex mixtures after hydrolysis with variable amounts of dextrins 

included in fractions 2, 3 and 4 at the expense of the high molecular weight dextrins in fraction 1. 

These samples probably contained complex mixtures of branched and linear dextrins resulting 

from cleavage of α-1,4-glycosidic bonds of starch polymers. Table 3.1 gives the relative amounts 

of these fractions. For all DP fractions, T2-sAA and T0.7-sAA had amounts different from TD-

sAA (Table 3.1). The relative amount of dextrins remaining in fraction 1 after hydrolysis of the 

starch cooked at low moisture content was significantly (p < 0.05) higher than when cooked at 

higher moisture content. T2-sAA had the highest amount of fractions 2 and 3. This was expected 

because T2 would have more accessible substrates for salivary amylase to act upon than T0.7 

due to different moisture content during cooking. No differences were observed for fraction 4 
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between T0.7-sAA and T2-sAA suggesting that amount of oligosaccharides produced was 

independent of moisture content during cooking.  

 TD-sAA showed similar trends as cooked starches after salivary amylase hydrolysis (Fig. 

3.2). However, TD-sAA gave significantly lower amount of fraction 2 and higher amount of 

fraction 4 (p < 0.05) compared to cooked starches (Table 3.1). Significant differences were also 

observed for the other fractions when compared to cooked starches. This indicates that salivary 

amylase accessed and hydrolysed different locations of polymer chains in TD resulting in more 

oligosaccharides in fraction 4 compared to cooked starch. This suggests that the enzyme attacked 

a chain multiple times thus resulting in small oligosaccharides possibly because, without the 

granular structure in dispersed starch, polymers were more accessible to salivary amylase than 

those of cooked starch.  

 Fig. 3.3 shows a schematic of the differences in the mechanism of enzyme attack when 

starch is dispersed or cooked under different water contents. The left panel shows the differences 

in the disintegration of the granule following cooking at low or high moisture and following 

complete dispersion. The right panel visualizes the changes to the amylopectin component 

following these treatments. Low moisture processing allowed salivary amylase to access fewer 

polymer chains compared to high moisture processing. During low moisture processing starch is 

likely gelatinised primarily by helix-helix dissociation followed by partial helix-coil dissociation 

[26]. Thereby, salivary amylase possibly accessed chains between clusters relatively more easily 

than the partially unwound double helices of external chains. In contrast, high moisture 

processing possibly led to helix-helix and helix-coil dissociation simultaneously during 

gelatinisation. This, then possibly allowed salivary amylase to access and hydrolyse α-1,4-
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glycosidic bonds within unwound chains of double helices and of chains between clusters (right 

panel in Fig. 3.3). In contrast, in dispersed starch where there are no helical structures, the 

enzyme is more efficient in hydrolysing the molecule. The above interpretations only relate to 

the amylopectin fraction of starch. However, amylose is a key component of starch and also 

contributes to the structure of the hydrolysates following salivary amylase treatment (left panel 

in Fig. 3.3).  It is therefore, necessary to investigate the fate of amylose in the cooked and 

dispersed starches. 

3.3.3 Fate of amylose 

 To investigate the extent of hydrolysis of amylose and amylopectin branch chains by 

salivary amylase, hydrolysates of T0.7-sAA and T2-sAA were subjected to debranching 

enzymes. Figure 3.4 shows the chromatograms of debranched salivary amylase hydrolysates and 

the control sample. The long chains of amylose elute before the short chains of amylopectin. 

Based on this, the amylose content of the control starch was 30%. Following salivary amylase 

hydrolysis of TD-sAA, all amylose was hydrolyzed into smaller oligosaccharides, while the 

proportion of amylose in T0.7-sAA and T2-sAA was 13.8 and 9.5%, respectively. Furthermore, 

T0.7-sAA had slightly larger molecular weight amylose molecules present compared to T2-sAA. 

Correspondingly, the proportion of small oligosaccharides was highest in TD-sAA, followed by 

T2-sAA and T0.7-sAA (arrow in Fig. 3.4). Therefore, the network established following cooking 

protected the amylose from amylase attack. The lower proportion of oligosaccharides in T0.7-

sAA compared to the other treatments supported the observation that the external chains of the 

amylopectin component in this sample was less accessible to amylase as shown in the amount of 

fraction 4 (Fig. 3.2) and visualized in the schematic diagram in Fig. 3.3 (left panel). 
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 The results thus show that cooking at different moisture contents influence the structure 

and composition of the salivary amylase digests, which are the substrates for subsequent 

hydrolysis by pancreatic amylase. Further research is underway that studies the impact of these 

structures on the kinetics of hydrolysis and composition of products from pancreatic amylase and 

subsequently of sucrase-isomaltase and maltase-glucoamylase. 

3.4 Conclusions 

 This study showed that the amount of water present during cooking of starch affects the 

structure and composition of salivary amylase hydrolysates due to the specific networks of starch 

polymers formed under these conditions. The mode of enzyme attack in dispersed starch is likely 

through multiple attacks on the same chain. However, in starch cooked in higher moisture 

content, this mode is only evident on the external chains, and not on the internal chains. Starch 

cooked in low moisture is more resistant to enzyme attack and the hydrolysis occurred only on 

the internal chains. The different moisture content during cooking also establishes different 

networks that protect the amylose fraction from being completely hydrolyzed. These differences 

in structures of starch hydrolysates potentially impact on subsequent steps of starch digestion 

and/or in glucose homeostasis in vivo. 
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3.5 Table and figures  

Table 3.1: Relative amounts of maltodextrins of starches following salivary amylase hydrolysis.
1
 

Treatment Fr 1 

(DP >3000) 

Fr 2 

(DP 3000-600) 

Fr 3 

(DP 600-30) 

Fr 4 

(DP < 30) 

C 87.5±3.8
c
 8.8±2.3

a
 3.6±1.7

a
 N.D 

T0.7-sAA 52.7±3.9
b
 13.9±1.2

b
 22.6±2.8

b
 10.8±7.9

a
 

T2-sAA 15.2±1.4
a
 17.9±0.8

c
 50.3±12.1

c
 16.6±11.6

a
 

TD-sAA 24.9±7.6
 a
 7.1±0.6

a
 33.0±3.9

b
 35.0±4.3

b
 

1
Results are means of two replicate experiments; mean±standard deviation (n=2). Fr = Fraction; 

C = Control starch; sAA = salivary α-amylase; N.D = Not detected. Values with different letters 

within each column are significantly different at p < 0.05. 
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Figure 3.1. HPAEC chromatograms of soluble sugars extracted from T0.7-sAA 

hydrolysates. T0.7-sAA = starch cooked in 1:0.7 starch:water and subjected to amylase; 

Peaks: 1 = glucose, 2 = isomaltose, 3 = maltose, 4 = maltotriose, 5 = maltotetraose, 6 = 

maltopentaose. 
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Figure 3.2. Gel-permeation chromatograms of processed starch salivary amylase 

hydrolysates. C = control; T0.7-sAA = starch cooked in 1:0.7 starch:water and subjected 

to amylase; T2-sAA = starch cooked in 1:2 starch:water and subjected to amylase; TD-

sAA = starch dispersed with DMSO and subjected to amylase. DP = degree of 

polymerization. Fr 1-4 represents divisions of DP fractions; fraction 1 (DP >3000), 

fraction 2 (DP 3000-600), fraction 3 (DP 600-30) and fraction 4 (DP < 30). 
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Figure 3.3. Schematic sketches of whole starch transformation and the networks formed in dispersed starch (TD) and starches 

cooked at two different moisture contents (left panel) and amylopectin attack by salivary amylase (right panel). Low water 

content processing (T0.7) formed a network of less unwound chains and fewer leached amylose compared to high water 

content processing (T2) and in fully dispersed starch. This influenced the type of chains accessible for salivary amylase to 

attack. Single arrow indicates that at least one amylase attack occurred, whereas double arrow indicates occurrence of at least 

two sequential attacks on a single chain. 
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Figure 3.4. Gel-permeation chromatograms of processed starch salivary amylase 

hydrolysates that were further debranched. C = control sample; T0.7-sAA = starch 

cooked in 1:0.7 starch:water and subjected to amylase; T2-sAA = starch cooked in 1:2 

starch:water and subjected to amylase; TD-sAA = starch dispersed with DMSO and 

subjected to amylase. 

 



 

 

40 

 

3.6 References 

[1]  Englyst, K. N., Englyst, H. N., Carbohydrate bioavailability. Br. J. Nutr. 2005, 94, 1–11. 

[2]  Ludwig, D. S., The glycemic index: physiological mechanisms relating to obesity, 

diabetes, and cardiovascular disease. J. Am. Med. Assoc. 2002, 287, 2414–2423. 

[3] Crapo, P. A., Reaven, G., Olefsky, J., Postprandial plasma-glucose and insulin responses 

to different complex carbohydrates. Diabetes 1977, 26, 1178–1183. 

[4] Wachters-Hagedoorn, R. E., Priebe, M.G., Heimweg, J. A. J., Heiner, A. M., et al., The 

rate of intestinal glucose absorption is correlated with plasma glucose-dependent 

insulinotropic polypeptide concentrations in healthy men. J. Nutr. 2006, 136, 1511–1516.  

[5] Holst, J. J., Gromada, J., Role of incretin hormones in the regulation of insulin secretion 

in diabetic and nondiabetic humans. Amer. J. Physiol. Endocrinol. Metab. 2004, 287, 

E199–E206. 

[6] Bertoft, E., Piyachomkwan, K., Chatakanonda, P., Sriroth, K., Internal unit chain 

composition in amylopectins. Carbohydr. Polym. 2008, 74, 527–543. 

[7] Rosenblum, J. L., Irwin, C. L., Alpers, D. H., Starch and glucose oligosaccharides protect 

salivary-type amylase activity at acid pH. Am. J. Physiol. 1988, 254, G775-G780. 

[8] Nichols, B. L., Quezada-Calvillo, R., Robayo-Torres, C. C., Ao, Z., et al., Mucosal 

maltase-glucoamylase plays a crucial role in starch digestion and prandial glucose 

homeostasis of mice. J. Nutr. 2009, 139, 684–690. 



 

 

41 

 

[9] Quezada-Calvillo, R., Robayo-Torres, C. C, Opekun, A. R., Sen, P., et al., Contribution 

of Mucosal maltase-glucoamylase activities to mouse small intestinal Starch alpha-

glucogenesis. J. Nutr. 2007, 137, 1725–33.  

[10] Quezada-Calvillo, R., Robayo-Torres, C. C., Ao, Z, Hamaker, B. R., et al.. Luminal 

substrate ‘‘brake’’ on mucosal maltase-glucoamylase activity regulates total rate of starch 

digestion to glucose. J. Pediatr. Gastroenterol. Nutr. 2007, 45, 32–43. 

[11] Hoebler, C., Karinthi, A., Devaux, M-F., Guillon, F., et al., Physical and chemical 

transformations of cereal food during oral digestion in human subjects. Br. J. Nutr. 1998, 

80, 429–36. 

[12] Lineback, D.R., Wongsrikasen, E., Gelatinization of starch in baked products. J. Food 

Sci. 1980, 45, 71–74. 

[13] Svensson, E., Eliasson, A. Crystalline changes in native starches during gelatinization. 

Cereal Foods World, 1995, 40, 694.  

[14] Patel, B. K., Seetharaman, K., Effect of heating rate at different moisture contents on 

starch retrogradation and starch-water interactions during gelatinisation. Starch/Starke 

2010, 62, 538-546. 

[15] Tananuwong, K., Reid, D.S., DSC and NMR relaxation studies of starch-water 

interactions during gelatinization. Carbohydr. Polym. 2004, 58, 345-358.  

[16] Singh, N., Singh, J., Kaur, L., Sodhi, N. S., et al., Morphological, thermal and 

rheological properties of starches from different botanical sources: A review. Food 

Chem. 2003, 81, 219–231.  



 

 

42 

 

[17] Goldstein, A., Nantanga, K. K. M., Seetharaman, K., Molecular interactions in starch-

water systems: Effect of increasing starch concentration. Cereal Chem. 2010, 87, 370-

375. 

[18] Hickman, B. E., Janaswamy, S., Yao, Y., Properties of starch subjected to partial 

gelatinisation and β-amylolysis. J. Agric. Food Chem. 2010, 345, 235-242. 

[19] Patel, B. K., Waniska, R.D., Seetharaman, K., Impact of different baking processes on 

bread firmness and starch properties in breadcrumb. J. Cereal Sci. 2005, 42, 173-184. 

[20] Klucinec, J. D., Thompson, D. B., Fractionation of high-amylose maize starches by 

differential alcohol precipitation and chromatography of the fractions. Cereal Chem. 

1998, 75, 887-896.  

[21] Gidley, M. J., Hanashiro, I., Hani, N. M., Hill, S. E., et al., Reliable measurements of the 

size distributions of starch molecules in solution: Current dilemmas and 

recommendations. Carbohydr. Polym. 2010, 79, 255-261. 

[22] Hoebler, C., Lecannu, G., Belleville, C., Devaux, M. F., et al., Development of an in 

vitro system simulating bucco-gastric digestion to assess the physical and chemical 

changes of food. Int. J. Food. Sci. Nutr. 2002, 53, 389-402. 

[23] Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., Smith, F., Colorimetric method 

for determination of sugars and related substances. Anal. Chem. 1956, 28, 350–356. 

[24] Bertoft, E., Spoof, L., Fractional precipitation of amylopectin alpha-dextrins using 

methanol. Carbohydr. Res. 1989, 189, 169-180. 



 

 

43 

 

[25] Bijttebier, A., Goesaert, H., Delcour, J. A., Hydrolysis of amylopectin by amylolytic 

enzymes: structural analysis of the residual amylopectin populations. Carbohydr. Res. 

2010, 345, 235-242. 

[26] Waigh, T. A., Gidley, M. J., Komanshek, B. U., Donald, A. M., The phase 

transformations in starch during gelatinisation: a liquid crystalline approach. Carbohydr. 

Res. 2000, 328, 165-176. 

  



 

 

44 

 

Chapter 4: Structure of starch hydrolysates following in vitro 
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 Abstract 

Digestion of starch in humans occurs progressively in the gut. Different foods can give rise to 

similar high amounts of blood glucose but different insulin levels. This highlights a need to 

investigate differences in structures of the starch digestion products along the gut from the mouth 

to the small intestines – products that impact glucose homeostasis. This submission focuses on 

the first step of starch digestion, i.e. impact of human salivary amylase on the structure of 

hydrolysis products obtained from cooked starches from different botanical sources. Normal corn 

(NCS), wheat (NWS) and potato (NPS) starches were cooked at 1:0.7 (T0.7) or 1:2 (T2) 

starch:water ratios. Cooked starches were subjected to salivary amylase at conditions mimicking 

oral digestion. Extent of hydrolysis was lower at T0.7 compared to T2, but the amount of 

carbohydrates in different fractions and the molecular weight profiles within each treatment were 

not different between starches from different botanical sources. However, debranching of the 

hydrolysates revealed structural differences between the different starches with regards to extent 

of amylose hydrolysis and the amount and profile of lower molecular weight fractions. 

Therefore, the structures of hydrolysates that are the substrate for subsequent hydrolysis in the 

gut are different based on cooking condition or botanical source of starch, with potential 

consequence for glucose homeostasis. 
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4.1 Introduction 

Starch is a major component of our diet. It is mostly digested to glucose, which is absorbed into 

the blood. Starch has also been implicated in health disorders such as obesity, coronary heart 

disease, diabetes and other chronic diseases [1]. Molecular composition and/or physical 

structures of starch digestion hydrolysates produced during the course of digestion appear to 

have implications on glucose delivery and regulation in blood circulatory system of humans [2, 

3]. For instance, different starchy foods can give rise to similar high amounts of blood glucose 

but different insulin levels [3]. This hints that some starch hydrolysis products have an influence 

on the release of incretin hormones [4], which in turn play a role in the regulation of insulin 

release [5]. Based on these observations, questions arise such as: What are the structures of 

starch hydrolysates during the process of digestion? Are these structures dependent on the 

botanical origin of the starch [6]? Can subjecting a starch/starchy food to different processing or 

formulations yield different hydrolysate structures? If different, will they affect the rate of 

glucose production and/or insulin levels? There is little, if any, literature on the evolution of 

molecular structures of cooked starch through the digestion process. This study is the second in a 

series of studies focusing on these aspects. The first study [7] suggested that processing 

conditions result in different starch molecular networks in products, which in turn affect the 

composition and type of structures produced by the human salivary amylase. 

 Products with specific matrices are consumed and digested in the human digestive tract. 

In humans, starch digestion involves several enzymes including salivary α-amylase, pancreatic 

amylase, sucrase-isomaltase and maltase-glucoamylase enzymes [8]. The hydrolysis reactions 

from the oral cavity to the gut occur almost sequentially. These enzymes appear to have 
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complementary activities but the molecular structure of starch digestion products in the upper gut 

can synergistically amplify and/or inhibit [9-11] further steps in the hydrolysis of glucan 

polymers into glucose in the lower gut. For instance, luminal α-amylase products such as 

maltotriose, maltotetraose and maltopentaose can inhibit the action of maltase-glucoamylase, an 

enzyme located in the mucosa of the small intestine [11]. This may have implications on the rate 

of gastric emptying following digestion of processed starchy foods, which in turn may influence 

glucose delivery into the blood (and/or levels of glucose in the blood) and insulin release and/or 

secretion of incretin hormones that  influence the release of insulin [4].  

 This study, like the first study in this series [7] focused on in vitro oral digestion. Salivary 

amylase yields different types and amounts of oligosaccharides and possibly some intact starch 

polymers following chewing [7, 12]. The digestion of starch begins in the mouth and continues 

during the transition through the esophagus to the stomach and in the stomach before enzyme 

inactivation by apparently low pH. However, this digestion can continue all the way to the small 

intestine because some food matrices protect the enzyme from low pH inactivation [13]. Thus, 

salivary amylase digestion in the gut might bring significant changes to starch structure, which 

could influence subsequent glucose homeostasis. However, the identity and molecular structures 

of starch hydrolysates from salivary amylase activity are not well known. Furthermore, the 

sequential steps in the digestion of starch in the gut, and how the structures impact 

(amplify/inhibit) on subsequent digestion of starch, or possibly on the rate of glucose release 

further down in the gut, is also not understood.  

 Starch is mainly consumed as a component of processed foods. Processing such as 

cooking causes gelatinisation by disorganising the granular structure of raw starch [14], which 
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increases the digestion of starch [15]. Processing temperature and water content drives the 

gelatinisation of starch granules [16-17]. Gelatinised starch molecules interact (retrograde) upon 

cooling and this may slow down the enzymatic digestibility of processed starches [18]. However, 

the effect of lower moisture contents during cooking (1:2 starch:water ratio or less) on starch 

digestibility is scant in literature [19]. This study looks at differences in salivary amylase 

hydrolysis products of starches from different botanical origins cooked at two moisture 

treatments. The two cooking treatments mimic two different common product categories, such as 

breads or crackers.  

 This study suggests that processed starches from different botanical origins result in 

different starch molecular networks in products, which in turn affect the composition and type of 

structures produced by the human salivary amylase. Thus, different processed starches could 

modulate the type and/or amounts of structures that are substrates for further digestion in the gut. 

 

4.2 Materials and Methods 

4.2.1 Materials 

Normal corn (NCS) and normal potato (NPS) starches were gifts from National Starch, 

Bridgewater, NJ, USA. Normal wheat starch (NWS) was a gift from MGP ingredients, Atchison, 

KS, USA. Human salivary amylase (human saliva form, A-1031, 108 U/mg) was purchased from 

Sigma-Aldrich. Pullulanase Klebsiella planticola (amylopectin 6-glucanohydrolase; EC 3.2.1.41, 

E-PULKP, 36.3 U/mg, 699 U/mL) and isoamylase from Pseudomonas sp., (glycogen 6-

glucanohydrolase, EC 3.2.1.68, E-ISAMY, 1000 U/mL, 210 U/mg) were purchased from 

Megazyme International Ltd. (Wicklow, Ireland).  
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4.2.2 Cooking of starch 

Starch was cooked using the method described by Hickman et al. [10] with modification. A total 

of 1700 mg starch-moisture suspension was prepared for each starch at starch:water ratios of 1:2 

(T2) and 1:0.7 (T0.7) in glass centrifuge tubes. The tubes were placed into a water bath at 60
o
C 

for 5 minutes. The temperature was increased by 5
o
C and again held at the new temperature for 5 

min. These heating steps were continued up to 95
o
C, which is representative of the final internal 

temperature of bread during baking [21]. Samples were then held at 95
o
C for 30 min, after which 

the centrifuge tubes were removed from the water bath and allowed to cool to ambient conditions 

for overnight. The samples were then freeze-dried and reduced to small particulates (≤850 µm). 

Two separate samples were made for each of the two water concentrations used, i.e. the two 

treatments were replicated 2 times. 

4.2.3 Starch hydrolysis  

The hydrolysis was conducted as described in Nantanga et al. [7]. It involved incubation of 

freeze-dried samples with salivary amylase in a sodium phosphate buffer, pH 6.9. The samples 

were freeze-dried again after the enzyme treatment. 

4.2.4 Analysis of oligosaccharides 

Soluble oligosaccharides were obtained by washing freeze-dried samples (4 mg) with 80% 

ethanol (1 mL). The preparation and analyses by high-performance anion-exchange 

chromatography (HPAEC) were done as described previously [7]. 

4.2.5 Molecular size distribution of hydrolysed starches  

Gel-permeation chromatograpy (GPC) was performed to analyse the molecular weight-

distributions of fractions using a column (1.6 cm × 90 cm) of Sepharose CL 6B (GE Healthcare, 
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Uppsala, Sweden). A freeze-dried control or salivary amylase hydrolysed sample (~4 mg) was 

dissolved in 150 μL of DMSO by gently stirring overnight at room temperature. 800 μL of hot 

(just boiled) water was added to this dispersion. After cooling to room temperature, 50 μL of 5 M 

NaOH was added and the sample (0.5 mL) was eluted through the column with 0.5M NaOH. 

Fractions (1 mL) were collected and analysed for total carbohydrate content [24].  The column 

was calibrated with branched dextrins according to Bertoft & Spoof [25]. 

4.2.6 Debranching and amylose determination 

Freeze-dried control or salivary amylase hydrolysed samples (~4 mg) were prepared and 

debranched as described by Nantanga et al. [7]. The samples were then analyzed by GPC. This 

procedure was also used to estimate amylose content [26] in controls and following amylase 

treatments. 

4.2.7 Statistical analyses  

The effect of salivary amylase on cooked starches from different botanical sources on the relative 

amounts of carbohydrate polymers and oligosaccharides size-fractionated by GPC were 

determined using one-way analysis of variance (ANOVA) and Duncan’s least significant 

difference test (LSD, p < 0.05). 

 

4.3. Results and Discussion 

4.3.1 Oligosaccharide composition in cooked and dispersed starches 

A representative chromatogram of the products soluble in ethanol from the hydrolysis of 

processed starches by salivary -amylase (sAA) is shown in Fig. 4.1. The oligosaccharides 

detected corresponded to mostly maltose, maltotriose and maltotetraose and minor traces of 
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larger oligosaccharides. Peaks corresponding to glucose and isomaltose were also observed in all 

hydrolysed samples irrespective of the processing treatment. The isomaltose was identified by 

comparison with the elution behaviour of a standard isomaltose. Hoebler et al. [27] reported the 

presence of maltose, maltotriose and maltotetraose but not of glucose and isomaltose in the 

soluble fraction from salivary hydrolysis of wheat bread and pasta. Mormann et al. [28] noted the 

presence of the same oligosaccharides including traces of glucose but not of isomaltose in the 

human salivary amylase hydrolysis products from bread and biscuits. The presence of 

isomaltose, therefore, needs to be further investigated and confirmed. 

 Besides the major products, a population of oligosaccharides with DP between 6 and 

approximately 12 was produced. It is known that branched dextrins are eluted in front of linear 

dextrins with the same DP in HPAEC [29]. Differences between starches were observed in peaks 

7, 9, 11 and 13, which represented branched dextrins (Figs 4.2a and 4.2b). NWS had overlapping 

peaks (Figure 4.2a), whereas NPS (Figure 4.2b) showed differences between T0.7-sAA and T2-

sAA samples. NCS (data not shown) had a profile similar to NPS. This suggested that branched 

oligosaccharides represented by peaks 7, 9, 11 and 13 were not affected by the moisture 

differences in the cooking treatments of NWS, whereas those of NCS and NPS were affected. In 

corroboration of differences in structure of hydrolysates discussed in Nantanga et al. [7], the 

composition of linear oligosaccharides was also different between T0.7-sAA and T2-sAA 

samples. This was notably exhibited from peaks corresponding to DP 5–12 (peaks 6, 8, 10 and 

12) for all starches.  
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4.3.2 Size-distribution in cooked starch hydrolysates 

The size-distribution of salivary amylase hydrolysates of different starches cooked at 1:2 starch 

to water ratio is shown in Figure 4.3, and these are representative examples of hydrolysis for 

T0.7 treatments as well. The untreated samples were eluted almost exclusively in the void 

volume. After hydrolysis the fraction at the void volume decreased with corresponding increase 

in the lower molecular weight fractions, particularly the smallest molecular weight. All the 

chromatograms were then divided into four parts, namely fraction 1 (DP >3000), fraction 2 (DP 

3000-600), fraction 3 (DP 600-30) and fraction 4 (DP < 30). The size-distributions of all control 

samples were similar with about 90% carbohydrates in fraction 1, about 8% in fraction 2, and 2% 

in fraction 3. 

 Table 4.1 gives the relative amounts of the demarcated fractions in Fig. 4.3 for the treated 

samples. Extent of hydrolysis was greater in T2-sAA than in T0.7-sAA samples. Fraction 1 

decreased dramatically in T2 with concurrent increase in fraction 3 compared to the 

corresponding fractions for T0.7 following the amylase treatment. However, within each cooking 

treatment there were no major differences in the amount of carbohydrates in the different 

fractions or in the molecular weight profile. Interestingly, amounts of carbohydrates in fraction 4 

were similar regardless of cooking treatment or botanical source of starch. This suggests that 

amount of soluble carbohydrates, which to a large part are included in fraction 4 and are 

typically measured in digestion studies, are not reflective of the structures of the hydrolysates as 

can also be seen in Fig. 4.2. This also highlights differences in the hydrolysis pattern likely due 

to differences in the starch network established following cooking as described earlier by 

Nantanga et al. [7]. 
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 4.3.3 Structural characterisation of hydrolysates 

To investigate the structure of amylose and amylopectin branch chains following salivary 

amylase digestion, the hydrolysates were subjected to debranching enzymes. Figs. 4.4a and 4.4b 

show chromatograms of the debranched hydrolysates of NWS and NPS and their control 

samples, respectively. The long chains of amylose elute before the short chains of amylopectin 

[29]. Based on this, the amylose contents of the control NWS and NPS were 34% and 32%, 

respectively. Following salivary amylase hydrolysis the amylose fraction was almost completely 

hydrolysed in NPS regardless of cooking condition. However, under both cooking conditions, a 

significant proportion of amylose remained (~17%) in NWS. The amylose fraction also remained 

in NCS and was thus similar to NWS in this respect. 

 Significant differences were also observed as a function of both botanical source and 

cooking conditions in the lower molecular weight fractions. The proportion of smallest 

oligosaccharides was significantly higher in T2-sAA samples for all starches compared to T0.7-

sAA (Figs. 4.4a and 4.4b). Furthermore, there were also differences in the proportion of the 

larger oligosaccharides as a function of cooking treatments for the different starches. In NPS the 

profile of the larger oligosaccharide in T0.7-sAA was similar to that of the control, whereas the 

molecular weight was reduced substantially in T2-sAA sample. In contrast, in NWS the 

molecular weight reduction was gradual (C > T0.7-sAA > T2-sAA). NCS had a profile 

intermediate to NWS and NPS as reported earlier by Nantanga et al. [7]. 

 These results strongly suggest that the established matrices following cooking were 

different, thus presenting different accessibility of the enzyme to its substrate. In addition, the 

resistance of amylose to hydrolysis in NWS and NCS, compared to NPS, suggests a different 
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involvement of amylose in the matrix. Klucinec and Thompson [30, 31] have reported on the 

involvement and interplay of amylose and amylopectin in gels from dispersed starches 

containing different amylose content. They explained that the amylose interact with external 

chains of amylopectin in such networks. Most of the small oligosaccharides included in fraction 

4 are probably derived from attack at external chains by the salivary amylase, in analogy with the 

mode of attack by B. subtilis amylase [32]. Rather small differences in this fraction was obtained 

in this work, however (Fig. 4.3 and Table 4.1), whereas more interesting differences were 

obtained within fractions 2 and 3, which is indicative of hydrolytic attack at internal chains of the 

amylopectin component [32]. Possibly therefore, this suggested that, in the starch network, 

amylose also was involved in interactions with the amylopectin backbone, which affected the 

hydrolysis of amylopectin chains and resulted in the observed profiles for the larger and smaller 

oligosaccharides for the different starches at the different cooking conditions. As these starches 

were not fully dispersed, it also suggested that different types of network of amylose and 

amylopectin already pre-existed in the starch granules.  

 This study showed that the structures of the hydrolysates are different and further 

research is underway to study their impact on subsequent hydrolysis by pancreatic amylase, 

sucrase-isomaltase and maltase-glucoamylase. 

 

4.4. Conclusions 

The results show that botanical source of starches and cooking conditions influences the 

structure and composition of their salivary amylase digests, which are the substrates for 

subsequent hydrolysis by pancreatic amylase. Starches cooked at higher water content exhibits 
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greater propensity to hydrolysis than those cooked at lower water content. Within a given water 

content, the hydrolysis profiles are similar for NWS, NCS and NPS. However, the underlying 

structures of the hydrolysates are different based on botanical source and cooking conditions. 

The amylose fraction in NPS is not resistant to hydrolysis compared to the other starches, thus 

suggesting that different matrices are established following cooking that then have an impact on 

the accessibility of salivary amylase to its substrate. 
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4.5 Table and figures 

Table 4.1: Hydrolysates produced by salivary amylase hydrolysis of different starches cooked at 

1:0.7 and 1:2 starch to water ratios
1
 

Treatment Starch type Fr 1 

(DP >3000) 

Fr 2 

(DP 3000-600) 

Fr 3 

(DP 600-30) 

Fr 4 

(DP <30) 

T0.7-sAA      

 NCS 52.7±3.9
bc

 13.9±1.2
cd

 22.6±2.8
a
 10.8±7.9

a
 

 NWS 44.4±6.0
b
 8.6±0.8

ab
 23.4±2.0

a
 23.5±3.3

ab
 

 NPS 57.3±2.4
c
 5.5±0.3

a
 17.0±0.2

a
 20.0±2.6

ab
 

T2-sAA      

 NCS 15.2±1.4
a
 17.9±0.8

d
 50.3±12.1

b
 16.6±11.6

ab
 

 NWS 12.2±1.3
a
 16.9±2.6

d
 42.9±0.6

b
 27.7±4.4

b
 

 NPS 23.8±8.3
a
 11.9±2.3

bc
 37.1±2.9

b
 27.3±3.4

ab
 

 1
Results are means of two replicate experiments; mean±standard deviation (n=2). Values with 

different letters in a column are significantly (p < 0.05) different from each other.
 
NCS = normal 

corn starch. NWS = normal wheat starch. NPS = normal potato starch. C = control sample. sAA 

= salivary α-amylase. Fr = Fraction. 
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Figure 4.1. HPAEC chromatograms of soluble sugars extracted from T0.7-sAA 

hydrolysates of normal potato starch. C = control (flat line in the bottom of the 

chromatograms); T0.7-sAA = starch cooked in 1:0.7 starch:water and subjected to 

amylase; Peaks: 1 = glucose, 2 = isomaltose, 3 = maltose, 4 = maltotriose, 5 = 

maltotetraose. 
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Figure 4.2a. Enlarged graph contrasting HPAEC chromatograms of soluble sugars 

extracted from starch salivary amylase hydrolysates of cooked normal wheat starch 

samples. C = control (flat line in the bottom of the chromatograms);  T0.7-sAA = starch 

cooked in 1:0.7 starch:water and subjected to amylase; T2-sAA = starch cooked in 1:2 

starch:water and subjected to amylase; Peaks: 1 = glucose, 2 = isomaltose, 3 = maltose, 4 

= maltotriose, 5 = maltotetraose, 6 = maltopentaose. Peaks 8 and 10 corresponded to 

maltohexaose and maltoheptaose, respectively. Peak 7, 9, 11 and 13 presumably 

represented branched counterparts of DP 6, 7, 8 and 9, respectively. 
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Figure 4.2b. Enlarged graph contrasting HPAEC chromatograms of soluble sugars 

extracted from starch salivary amylase hydrolysates of cooked normal potato starch 

samples. C = control (flat line in the bottom of the chromatograms); T0.7-sAA = starch 

cooked in 1:0.7 starch:water and subjected to amylase; T2-sAA = starch cooked in 1:2 

starch:water and subjected to amylase; Peaks: 1 = glucose, 2 = isomaltose, 3 = maltose, 4 

= maltotriose, 5 = maltotetraose, 6 = maltopentaose. Peaks 8 and 10 corresponded to 

maltohexaose and maltoheptaose, respectively. Peak 7, 9, 11 and 13 presumably 

represented branched counterparts of DP 6, 7, 8 and 9, respectively. 
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Figure 4.3. Gel-permeation chromatograms of salivary amylase hydrolysates of starch 

cooked at 1:2 starch to water ratio. C = control; NCS = normal corn starch subjected to 

amylase; NWS = normal wheat starch subjected to amylase; NPS = normal potato starch 

subjected to amylase. DP = degree of polymerization. Fr 1-4 represents divisions of DP 

fractions; fraction 1 (DP >3000), fraction 2 (DP 3000-600), fraction 3 (DP 600-30) and 

fraction 4 (DP < 30). Kav = gel partition coefficient. 
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Figure 4.4a. Gel-permeation chromatograms of debranched salivary amylase 

hydrolysates from normal wheat starch. C = control sample; T0.7-sAA = cooked in 1:0.7 

starch:water and subjected to amylase; T2-sAA = cooked in 1:2 starch:water and 

subjected to amylase. Kav = gel partition coefficient. 
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Figure 4.4b. Gel-permeation chromatograms of debranched salivary amylase 

hydrolysates from normal potato starch. C = control sample; T0.7-sAA = cooked in 1:0.7 

starch:water and subjected to amylase; T2-sAA = cooked in 1:2 starch:water and 

subjected to amylase. Kav = gel partition coefficient. 
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Chapter 5: Structures of salivary and pancreatic amylase 

hydrolysates from processed starches 
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 Abstract 

Digestion of starch in humans includes luminal and mucosal steps. Structures from the luminal 

phase of amylases hydrolysis can impact subsequent steps of digestion at the mucosa of the small 

intestine. However, structures of the starch digestion products along the gut from the mouth to 

the small intestines – products that impact glucose homeostasis are not well understood. This 

submission focuses on the luminal step of starch digestion, i.e. impact of salivary and pancreatic 

amylases on the structure of hydrolysis products obtained from cooked starches from different 

botanical sources. Starch to water ratios of 1:0.7 (T0.7) or 1:2 (T2) were used to cook normal 

corn (NCS), wheat (NWS) and potato (NPS) starches. Comparatively, DMSO was used to 

disperse the starches to remove the effect of granular organisation. Cooked and dispersed 

starches were then subjected to salivary and pancreatic amylases hydrolysis for 20 min and 120 

min. Extent of 20 min hydrolysis was lower at T0.7 compared to T2 and TD for all the starches. 

The molecular weight profiles of 20 min hydrolysates between the processing treatments were 

more different for NPS than for the other starches. Oligosaccharide composition of 120 min 

hydrolysates differed in amounts of DP 2, 3, 5, 6 and 7 between processing treatments and also 

between the starches. These differences, however, did not necessarily follow the intensity of 

cooking treatment. These differences in structures of hydrolysates, which are the substrate for 

mucosal hydrolysis in the small intestine, can potentially influence glucose homeostasis.
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5.1 Introduction 

Starch is a major component of our diet. It contributes to the energy we use. However, starch 

digestion in humans may also result in unfavourable high glucose levels in the blood [1]. These 

levels impact on insulin release into the blood. Thus, long-term eating foods with rapidly 

digestible starch apparently can negatively affect glucose homeostasis regulatory hormones and 

places high stress to the regulatory system. This is associated with ill-health such as diabetes, 

cardiovascular disease and obesity [1]. This needs to be better controlled and managed. To 

control glucose homeostasis, the many factors that impact on the digestion of starch need to be 

better understood. Structures of starch digestion hydrolysates produced during the course of 

digestion appear to impact glucose homeostasis in humans. For instance, it is known that foods 

from different botanical sources containing similar amounts of starch can yield different 

postprandial rise in blood glucose and insulin levels [2]. Starch hydrolysis products thus appear 

to impact on the regulation of insulin release [3]. They also influence the release of incretin 

hormones, which are in turn involved in insulin release [4]. However it is unclear as to what the 

structures of starch hydrolysates during the process of digestion are.  Are these structures 

different between starches from different botanical sources? Would different processing or 

formulations of starch/starchy food yield different hydrolysate structures? How do the 

hydrolysates affect the rate of glucose production and/or insulin levels? Literature is scant on 

data about the evolution of molecular structures of cooked starch through the digestion process. 

This study is the third in a series of studies focusing on these aspects. 

Food digestion begins in the mouth and culminates in the small intestine in monogastric in vivo 

systems. Starch is digested first by luminal (salivary and pancreatic) amylases and finally by 
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sucrase-isomaltase and maltase-glucoamylase at the mucosa in small intestine. Products of 

luminal enzymes can influence the digestion of starch and production of glucose by gastro-

intestine mucosal enzymes [5-7]. For instance, maltase-glucoamylase can be inhibited by luminal 

α-amylase products such as maltotriose, maltotetraose and maltopentaose [7]. This study focuses 

on in vitro luminal (oral and duodenal) digestion. Salivary amylase can yield different types and 

amounts of oligosaccharides [8, 9]. Moreover, most studies investigated the glycemic index or 

resistant starch fractions of foods [10-12]. The focus has mostly been placed on the amount of 

glucose produced at 20 min and 120 min of in vitro digestion. However, the identity and 

molecular structures of starch hydrolysates from salivary amylase and pancreatic amylase are not 

well known. It is these structures in the sequential steps during the digestion of starch in the gut 

that impact (amplify/inhibit) subsequent digestion of starch, and/or possibly influence the rate of 

glucose release further down in the gut.  

Processing makes food palatable. It gelatinizes starchy foods by disorganising the granular 

structure of native starch [13]. For instance, cooking native starch in the presence of water, the 

granule undergoes a series of irreversible physico-chemical changes [14]. These changes are 

primarily driven by processing temperature and water content [15-16]. Gelatinisation improves 

the susceptibility of starch to hydrolysis. However, cooling the gelatinized starch causes 

retrogradation. This involves molecular reorganization and could decrease enzymatic 

susceptibility of processed starches [17]. Little data can be found on starch digestibility as 

affected by lower moisture contents during cooking (1:2 starch:water ratio or less) [18-19]. 

Therefore, this study investigates the digestion of two moisture treatments that represent typical 

water contents of two different common product categories, such as breads or crackers. 
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This study shows differences in the composition and type of structures produced by the luminal 

enzymes (human salivary and pancreatic amylases). Thus, differences in botanical sources of 

starch and in processing could modulate the type and/or amounts of oligosaccharides, which will 

potentially be the substrates for subsequent digestion in the gut. 

 

5.2 Materials and Methods 

5.2.1 Materials 

Normal corn (NCS) and normal potato (NPS) starches were gifts from National Starch, 

Bridgewater, NJ, USA. Normal wheat starch (NWS) was a gift from MGP ingredients, Atchison, 

Kansas, USA. Human salivary amylase (human saliva form, A-1031, 108 U/mg) and porcine 

pancreatic amylase (Pancreatin, P1625, from porcine pancreas with activity at least equivalent to 

10 x U.S.P specifications) were purchased from Sigma-Aldrich.  

5.2.2 Cooking of starch 

Starches were cooked as described in Nantanga et al. [9]. Two separate samples were made for 

each of the two water concentrations used, i.e. the two treatments were replicated 2 times. 

5.2.3 Dispersed starch preparation 

Nongranular starch preparation was carried out as described in Nantanga et al. [9]. Like for the 

hydrothermal treatments, two separate preparations were made, i.e. the two treatments were 

replicated 2 times. Dispersed starch sample will be abbreviated as TD. 

5.2.4 Pancreatic amylase activity  

To measure the porcine pancreatic amylase activity in pancreatin, normal corn was used as the 

substrate. Corn starch was solubilized in double distilled water with heating and stirring to form 
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a solution (10 mg/mL). The solution was allowed to return to room temperature with stirring 

maintained. Pancreatin solution was prepared as described by Englyst et al. [10] with 

modifications. It was made by using 20 mM sodium phosphate buffer, pH 6.9, containing 6.7 

mM sodium chloride. Only pancreatin was used for enzyme preparation. Solutions were pre-

incubated at 37
o
C. Pancreatin solution (0.5 mL) was added to 0.5 mL starch solution and 

incubated for exactly 1 minute. The reducing sugars content produced by α-amylase of 

pancreatin was determined by Nelson-Somogyi method [20]. Reducing sugar concentrations 

were calculated relative to maltose standards. 1 U is defined as the amount of enzyme that 

produces 1 mol reducing ends (maltose equivalents) per min from a 0.5% starch solution. 

Based on this method, the pancreatin solution used in this study contained 7,4 x 10
5
 ± 1,3 x 10

4
 

U/mL. 

5.2.5 Starch hydrolysis  

The hydrolysis conditions such as substrate to enzyme ratio, weight to volume of reaction 

mixture and duration were based on Hoebler et al. [21] and Englyst et al [10] for salivary 

amylase and porcine pancreatic amylase hydrolysis, respectively. 200 mg of freeze-dried starch 

was mixed with 800 µL of sodium phosphate buffer (20 mM, pH 6.9 containing 6.7 mM NaCl) 

containing 40 U of the enzyme (based on the units given by the supplier). The starches and the 

buffer that contained salivary amylase were pre-incubated in a water bath set at 37
o
C. The 

reaction mixtures were incubated for exactly 5 min and then immediately a solution of 2950 µL 

of a pancreatin solution containing about 3.14 x 10
5
 U/mL was added. The reaction mixtures 

were further incubated for exactly 20 min or 120 min and then immediately placed in ice water 

and were quickly stored at -80
o
C to stop the reaction and finally freeze-dried. To inactivate the 
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enzymes, before any further analysis, a sample was dispersed in hot 100% DMSO and heated 

with gentle stirring for 5 min in a hot (~95
o
C) water bath. Dispersed starch, starch cooked in 

1:0.7 and 1:2 starch to water ratios after being subjected to salivary and pancreatic amylase 

hydrolysis will be referred to as TD-S&P, T0.7-S&P and T2-S&P, respectively.  

5.2.6 Molecular size distribution of hydrolysed starches  

Gel-permeation chromatograpy (GPC) was performed as described in Nantanga et al [9]. 

Analysis of the molecular weight-distributions of fractions was done using a column 

(1.6 cm × 90 cm) of Sepharose CL 6B (GE Healthcare, Uppsala, Sweden).  

5.2.7 Analysis of oligosaccharides 

Samples that were subjected to hydrolysis for 120 min were reduced to hydrolysis products that 

were analysed by using High Performance Anion Exchange Chromatography (HPAEC). To 

identify the type of oligosaccharides in those samples, a freeze-dried salivary and pancreatic 

amylase hydrolysed sample (1 mg) was dissolved in 150 μL of DMSO by gently stirring 

overnight at room temperature. 850 μL of hot (just boiled) HPLC grade water was added to this 

dispersion. Samples (25 μL) were then analysed by using a HPAEC system (ICS-3000, Dionex, 

USA) equipped with a Carbo-Pac PA-100 (250 mm × 4 mm) column, a single pump and pulsed 

amperometric detection (PAD). The column was eluted at 1 mL/min with eluent A (150 mM 

NaOH) and eluent B (150 mM NaOH containing 500 mM NaOAc) for 2 hours. The elution 

gradient was as follows: eluent B was increased at 0 to 9 min from 15% to 36%; 9–18 min from 

36% to 45%; 18–60 min from 45% to 100%; 60–62 min from 100% to 15% (as it was at the 

start); and 62–120 min equilibrated at 15%. For quantitative analysis of the major peaks, samples 
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were diluted by a factor of 27 and analysed again with HPAEC. Glucose, isomaltose, maltose, 

maltopentaose, maltohexaose and maltoheptaose were used as standards.  

5.2.8 Statistical analyses  

The effects of water concentrations, starch dispersion by DMSO on the relative amounts of 

oligosaccharides produced by the hydrolysis of different starches as determined using HPAEC 

were determined using one-way analysis of variance (ANOVA) and Duncan’s least significant 

difference test (LSD, p < 0.05). 

5.3 Results and Discussion 

5.3.1 Molecular size-distribution of hydrolysates 

The size-distribution chromatograms of salivary and pancreatic amylase hydrolysates produced 

within 20 min of hydrolysis is shown in Figs. 5.1a, 5.1b and 5.1c. The chromatograms were 

divided into three parts, namely fraction 1 (DP >1500), fraction 2 (DP 1500-60) and fraction 3 

(DP < 60). The size-distribution of all control samples was not different between the treatments 

and the starches. The control samples eluted primarily at the void volume (fraction 1). This 

indicated co-elution of amylopectin and amylose of large molecular weight. The tail represented 

portions of the starch polymers that have relatively lower DP. Following hydrolysis, samples 

yielded variable proportions of dextrins included in fractions 2 and 3 from the hydrolysis and 

thus decrease of high molecular weight dextrins in fraction 1. Major differences were observed 

in fractions 1 and 3. For example, T0.7-S&P had dextrins left in fraction 1, whereas T2-S&P and 

TD-S&P had little if any dextrins remaining after hydrolysis for all the starches. Relative 

proportions of fraction 3 hydrolysates were in the order of TD-S&P > T2-S&P > T0.7-S&P for 

NPS (Figure 1c). For NCS, the order was TD-S&P = T2-sAA > T0.7-sAA and for NWS it was 
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TD-sAA ≥ T2-S&P ≥ T0.7-S&P. These results indicate that more gelatinised starch (T2 and TD) 

led to more conversion of large polymers (fraction 1) to oligosaccharides (fraction 3) when 

hydrolysed for 20 min. The differences observed between the hydrolysate structures from the 

different processing treatments may possibly affect the matrix and provide different substrates 

for mucosal enzymes in the small intestine. The impact of these differences in substrates on 

glucose production by mucosal enzymes, sucrase-isomaltase and maltase-glucoamylase in the 

small intestine is underway. Hydrolysis for 120 min chromatograms (data not shown) exhibited 

size-distributions that were similar to T2-S&P or TD-S&P shown in Fig. 5.1 and that of extruded 

normal corn starch reported by Witt et al. [22]. With no long chains (Fractions 1 in Fig. 5.1), 

these samples were analysed by using the HPAEC-PAD system to determine the oligosaccharide 

composition.  

5.3.2 Oligosaccharide composition 

A representative HPAEC chromatogram of the products from the hydrolysis of processed 

starches by salivary and pancreatic amylase after 120 min of hydrolysis is shown in Fig. 5.2. The 

carbohydrates detected corresponded to mostly maltose (DP 2), maltotriose (DP 3), and 

oligosaccharides corresponding to DP 5, DP 6 and DP 7. In addition, traces of larger 

oligosaccharides were observed. Peaks corresponding to glucose and isomaltose were also 

observed in all hydrolysed samples irrespective of the processing treatment. However, a 

pancreatin solution in the buffer with no starch had peaks that eluted at the same positions as the 

peaks of glucose and isomaltose standards. This compounded our analysis of these two 

oligosaccharides. Peaks 5, 6 and 7 indicated the presence of branched oligosaccharides with DP 

5, DP 6 and DP 7, respectively, because peak 5 eluted between that expected from maltotetraose 
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and maltopentaose standards. Similarly, peak 6 fell at elution time in between those of 

maltopentaose and maltohexaose, whereas peak 7 was present at a position between 

maltohexaose and maltoheptaose. This is a sign of the presence of a branch point in 

oligosaccharides [23], and the structure of small, branched limit dextrins produced by the 

pancreatic amylase are known [24]. Table 5.1 gives the proportions of the major 

oligosaccharides detected in the hydrolysates of processed starches after 120 min of hydrolysis. 

Maltose and maltotriose constituted the majority by weight (together around 85–87%) of the 

carbohydrates. The presence of glucose and the high amounts of maltose and maltotriose 3 is in 

agreement with data reported by Jones et al. [25] of hydrolysate composition of pre-digested 

corn starch (Caloreen) following a 120 min hydrolysis by porcine pancreatic amylase.  

In this study, the amount of maltose and maltotriose did not change between the treatments for 

each of the starches. But there were differences (p < 0.05) in amounts of other oligosaccharides 

between the processing treatments. Peak 5 was significantly lower in T2 for NCS than in the 

other treatments. For NWS, this peak was lowest in TD and highest in T2. For NPS, peak 5 was 

lower in T0.7 than in the T2 and TD. The amount of peak 6 was highest in T2 than in the other 

treatments for NWS but no significant differences were observed between the treatments for the 

other starches. NCS gave a higher amount of peak 7 in T0.7 than in the other treatments. NWS 

had a higher amount of peak 6 in T2 than in TD. No significant differences were observed for 

this peak in NPS between the treatments. 

These results show differences in the proportions of oligosaccharides between starches and 

between the processing treatments. Surprisingly, hydrolysis for 120 min of T0.7 treatment 

yielded same (p < 0.05) amounts of oligosaccharides as those of TD treatment as evident from 
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NPS (Table 1). These results therefore raise questions such as: Do differences in 

processing/water content matter in the digestion of starch in the small intestine? Do the 

differences observed affect glucose homeostasis? A study subjecting the hydrolysis products 

characterized in this study is underway to shed some light on these questions with regard to rate 

of glucose production by sucrase-isomaltase and maltase-glucoamylase. 

 

5.4 Conclusions 

The amount of water present during cooking of starch affects the structures and composition of 

starch hydrolysates from luminal (salivary and pancreatic) amylases. The differences in 

structures and composition differ depending on botanical sources of the starch. These differences 

in structures of starch hydrolysates and in proportions of oligosaccharides may impact on starch 

digestion by mucosal enzymes in the small intestines and/or possibly influence glucose 

homeostasis in vivo. 
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5.5 Table and figures 

Table 5.1: Relative amounts of oligosaccharides of starches following salivary and pancreatic 

amylase hydrolysis.
1 

Starch type Treatment DP2 DP3 DP5 DP6 DP7 

NCS       

 T0.7-S&P 52.8±0.1
bcd

 32.0±1.0
ab

 4.4±0.1
d
 6.0±1.0

bc
 4.7±0.2

d
 

 T2-S&P 53.5±0.0
cd

 32.6±0.0
ab

 3.9±0.0
c
 5.9±0.0

bc
 4.1±0.0

b
 

 TD-S&P 54.3±1.5
d
 31.1±1.2

a
 4.3±0.0

d
 6.1±0.0

bc
 4.2±0.4

b
 

NWS       

 T0.7-S&P 50.8±0.3
abc

 34.6±1.2
abc

 3.9±0.2
c
 6.1±0.5

bc
 4.6±0.2

cd
 

 T2-S&P 49.7±0.8
a
 34.8±1.4

bc
 4.3±0.0

d
 6.4±0.5

d
 4.8±0.1

d
 

 TD-S&P 50.3±0.7
ab

 37.1±0.0
c
 3.2±0.2

ab
 5.2±0.4

ab
 4.2±0.1

bc
 

NPS       

 T0.7-S&P 52.9±2.3
bcd

 36.1±2.9
c
 2.9±0.3

a
 4.5±0.2

a
 3.6±0.1

a
 

 T2-S&P 52.4±1.7
abcd

 35.2±1.3
bc

 3.3±0.0
b
 5.2±0.2

ab
 3.9±0.2

ab
 

 TD-S&P 53.7±1.5
cd

 34.5±1.5
abc

 3.2±0.1
ab

 4.9±0.0
a
 3.8±0.1

ab
 

1
Results are means of two replicate experiments; mean±standard deviation (n=2). Values with 

different letters in a column are significantly (p < 0.05) different from each other. DP = degree of 

polymerisation. T0.7 = cooked at 1:0.7 starch to water ratio. T2 = cooked at 1:2 starch to water 

ratio. TD = dispersed using DMSO. NCS = normal corn starch. NWS = normal wheat starch. 

NPS = normal potato starch. S & P = subjected to salivary and pancreatic α-amylases hydrolysis.  
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Figure 5.1a. Gel-permeation chromatograms of salivary and pancreatic amylase 

hydrolysates of normal corn starch digested for 20 min. C = control; T0.7-S&P = starch 

cooked in 1:0.7 starch:water and subjected to salivary and pancreatic amylases 

hydrolysis. T2-S&P = starch cooked in 1:2 starch:water and subjected to salivary and 

pancreatic amylases hydrolysis. TD-S&P = starch dispesed with DMSO and subjected to 

salivary and pancreatic amylases hydrolysis. DP = degree of polymerization. Fr 1-3 

represents divisions of DP fractions; fraction 1 (DP >1500), fraction 2 (DP 1500-60) and 

fraction 3 (DP < 60). Kav = gel partition coefficient. 
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Figure 5.1b. Gel-permeation chromatograms of salivary and pancreatic amylase 

hydrolysates of normal wheat starch digested for 20 min. C = control; T0.7-S&P = starch 

cooked in 1:0.7 starch:water and subjected to salivary and pancreatic amylases 

hydrolysis. T2-S&P = starch cooked in 1:2 starch:water and subjected to salivary and 

pancreatic amylases hydrolysis. TD-S&P = starch dispesed with DMSO and subjected to 

salivary and pancreatic amylases hydrolysis. DP = degree of polymerization. Fr 1-3 

represents divisions of DP fractions; fraction 1 (DP >1500), fraction 2 (DP 1500-60) and 

fraction 3 (DP < 60). Kav = gel partition coefficient. 



 

 

82 

 

 

Figure 5.1c. Gel-permeation chromatograms of salivary and pancreatic amylase 

hydrolysates of normal potato starch digested for 20 min. C = control; T0.7-S&P = starch 

cooked in 1:0.7 starch:water and subjected to salivary and pancreatic amylases 

hydrolysis. T2-S&P = starch cooked in 1:2 starch:water and subjected to salivary and 

pancreatic amylases hydrolysis. TD-S&P = starch dispersed with DMSO and subjected to 

salivary and pancreatic amylases hydrolysis. DP = degree of polymerization. Fr 1-3 

represents divisions of DP fractions; fraction 1 (DP >1500), fraction 2 (DP 1500-60) and 

fraction 3 (DP < 60). Kav = gel partition coefficient. 
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Figure 5.2. HPAEC chromatograms of oligosaccharides of normal wheat starch cooked 

with 1:2 starch:water ratio and then subjected to salivary and pancreatic amylase for 120 

min. Peaks: 1 corresponded to glucose, 2 corresponded to isomaltose, 3 corresponded to 

maltose, 4 = DP 3, 5 = DP 5, 6 = DP 6, 7 = DP 7. Note: Peaks 1 and 2 also include 

materials present in porcine pancreatic amylase solution. 
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Abstract 

High salivary amylase activity is associated with improved glycemic homeostasis in humans. 

Therefore, high salivary amylase activity is associated with greater digestion of starch. 

However, it is unclear if the structures of the hydrolysates from different individuals with 

different salivary amylase activity are the same. To test this, cooked starch (1:2 starch:water 

ratio) was treated with saliva from six participants at equal activity and conditions mimicking 

oral digestion. Salivary amylase activities ranged from 470 x 10
3
 to 118 x 10

3
 U/mL among 

the participants. The composition of the hydrolysates was characterised by gel-permeation 

chromatography. All samples gave rise to different and complex mixtures of hydrolysates 

with different breakdown structures. While saliva from participant 2 (high amylase activity) 

greatly reduced the high molecular weight fraction, the saliva from participant 6 (low 

amylase activity) more extensively hydrolysed the starch to small molecular weight fractions 

of oligosaccharides. These results show that different starch hydrolysates are produced 

during oral digestion by saliva from different individuals. Further research is therefore 

needed to understand if hydrolysate structure, rather than level of amylase activity, impacts 

glucose homeostasis.   
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6.1 Introduction 

A major source of energy in humans is starch. Salivary amylase present in saliva starts its 

digestion in the mouth. Pancreatic amylase, maltase-glucoamylase and sucrase-isomaltase 

continue the digestion in the small intestine [1]. Each of these enzymes is released at specific 

but varied points along the gastrointestinal tract. Enzymes released into and primarily active 

in the upper part (lumen) of the gut, such as in the mouth (salivary amylase), can move down 

in the tract together with their substrates and/or products. Others are located at intestinal 

mucosa down in the lower gut. While these enzymes may have complementary activities in 

their luminal and mucosal digestive roles, the molecular structure of starch digestion 

products in the upper gut can synergistically amplify and/or inhibit [2-4] further steps in the 

hydrolysis of starch into glucose in the lower gut. This, consequently, could impact on 

glucose homeostasis. 

The digestion of starchy foods to glucose can have health implications [5]. This depends on 

the rate of digestion and glucose delivery into the blood. Starchy foods such as white bread 

that lead to high postprandial glycemic and plasma glucose responses are unfavourable in the 

long-term [6] because they can lead to substantial fluctuation of glucose homeostasis 

regulatory hormones and high stress to the regulatory system [5]. This, in turn is apparently 

associated with ill health conditions such as diabetes, cardiovascular disease and obesity.  

Different individuals have different levels and activities of salivary amylase [7]. Recently, it 

was found that individuals with high salivary amylase activities had a significantly lower 

postprandial glycemic response following starch digestion than those with low salivary 

amylase activities [8]. It thus appears that the salivary amylase starch hydrolysates and/or 
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interaction of different salivary amylases with certain ingested starch complex hydrolysates 

affect insulin and glycemic responses. On average, populations that have historically 

consumed high levels of starch possess more salivary amylase gene (AMY1) copies than 

those with lower starch diets [7]. The number of AMY1 copies an individual possesses 

correlates with their enzymatic levels and activities of salivary amylase [7]. This raises the 

question of whether there is a difference between the structures of hydrolysates of starch 

digested by salivary amylase present in saliva collected from individuals with different 

salivary amylase activities. 

Essentially, the contribution of salivary amylase to the overall digestion and glucose 

homeostasis is not well understood, which points to the need of a thorough understanding of 

the progression of digestion, with regards to glycemic and possibly insulinemic responses. To 

contribute to this, a better characterisation of the digestion products that are the substrates in 

the subsequent hydrolysis by pancreatic amylase, sucrase-isomaltase and maltase-

glucoamylase is required. This submission focuses on the impact of human salivary amylase 

in saliva collected from individuals with different salivary amylase activities on the 

hydrolysis products obtained from cooked starch.  

6.2 Materials and methods 

6.2.1 Materials 

Normal corn starch was a gift from National Starch, Bridgewater, NJ, USA. Quick start 

Bradford protein assay kit was purchased from Bio-Rad (Heracules, CA. USA). Pullulanase 

Klebsiella planticola (amylopectin 6-glucanohydrolase; EC 3.2.1.41, E-PULKP, 699 U/mL) 
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and isoamylase from Pseudomonas sp., (glycogen 6-glucanohydrolase, EC 3.2.1.68, E-

ISAMY, 1000 U/mL) were purchased from Megazyme International Ltd. (Wicklow, Ireland). 

6.2.2 Saliva collection 

Adult volunteers were recruited from the Department of Food Science at the University of 

Guelph. Participants (n = 6) were selected based on geographic origin, non-smoking, normal 

dentition and good overall health (reported no illness or use of medication), ranging in age 

from 23–42 years. They consisted of four female and two male participants. They gave 

informed, written consent to participate in the study voluntarily, which was approved by the 

Ethics Research Board of the University of Guelph, Ontario, Canada. To capture differences 

in salivary amylase activities participants had to be at least six generations inhabitants of 

their continents of origin. The participants’ origins were Africa, Asia, Australia, Europe, 

New Zealand, North America and South America. Saliva was collected in one session in the 

morning and participants were asked to refrain from eating or drinking anything other than 

water for two hours prior to collection. They were also asked to refrain from consuming 

polyphenol-rich foods such as tea or coffee the night before and the morning of saliva 

collection. Participants sat in a separate sensory booth located at the University of Guelph for 

the duration of the collection period. Saliva was stimulated by chewing a 5 cm square of 

parafilm, and then expectorated into a 50 mL polypropylene tube. Saliva was collected in 

strictly five-minute intervals alternating with a five-minute rest period, up to a minimum of 

20 mL. During collection the saliva samples were kept on ice when not in use. The final 

volume, collected after the number of time-intervals where at least 20 mL was obtained, was 

used to calculate saliva flow (mL/min). The samples were stored at -80
o
C until required for 

testing. 
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6.2.3 Protein content  

The concentration of protein in the saliva of each participant was quantified by performing a 

Bradford protein assay [9]. Each determination was performed at least in duplicate. 

6.2.4 Salivary amylase activity  

To determine salivary amylase activity, normal corn was used as the substrate. Corn starch 

was solubilized in double distilled water with heating and stirring to form a solution (10 

mg/mL). The solution was allowed to return to room temperature with stirring maintained. 

Salivary amylase was diluted with 20 mM sodium phosphate buffer, pH 6.9, containing 6.7 

mM sodium chloride, to give appropriate absorbance. Solutions were pre-incubated at 37
o
C. 

0.5 mL enzyme was added to 0.5 mL starch solution and incubated for exactly 1 minute. The 

reducing sugars content produced by each participant’s saliva was determined by Nelson-

Somogyi method [10]. Reducing sugar concentrations were calculated relative to maltose 

standards. 1 U is defined as the amount of enzyme that produces 1 mol reducing ends 

(maltose equivalents) per min from a 0.5% starch solution. 

6.2.5 Preparation of starch 

Starch was cooked using the method described by Hickman et al. [11] with modification. A 

total of 1700 mg starch-moisture suspension was prepared for each starch at starch:water 

ratios of 1:2 in glass centrifuge tubes. Centrifuge tubes containing the samples were placed 

into a water bath at 60
o
C for 5 minutes. The temperature was increased by 5

o
C and again held 

at the new temperature for 5 min. These heating steps were continued up to 95
o
C, which is 

representative of the final internal temperature of bread during baking [12]. Samples were 

then held at 95
o
C for 30 min, after which the centrifuge tubes were removed from the water 

bath and allowed to cool to ambient conditions for overnight. The samples were freeze-dried.  
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6.2.6 In vitro starch hydrolysis by salivary amylase (saliva) 

According to Hoebler et al. [13], a ratio of one gram of starch in 4 mL of saliva and a 

hydrolysis time of 5 min would simulate oral starch digestion. Therefore, 200 mg of freeze-

dried starch was mixed with 800 µL of saliva. To determine the effect of salivary amylase 

from different individuals, all saliva was diluted with the buffer to normalise the activity 

units to 118,000 U/mL, which was the lowest salivary amylase activity in this study. The 

starches and the saliva were pre-incubated in a water bath set at 37
o
C. Control starches were 

mixed with the buffer replacing saliva. The reaction mixtures were incubated for exactly 5 

min and then immediately placed in ice water and were quickly stored at -80
o
C to stop the 

reaction and finally freeze-dried.  

6.2.7 Analysis of oligosaccharides 

 Soluble sugars were extracted with 80% ethanol (1 mL) from freeze-dried samples (4 

mg). The samples were treated and analysed as followed by Nantanga, Bertoft & Seetharaman 

[14]. 

 

6.2.8 Molecular size distribution of human salivary amylase hydrolysates 

Gel-permeation chromatography (GPC) was performed to analyse the molecular weight-

distributions of fractions using a column (1.6 cm × 90 cm) of Sepharose CL 6B (GE 

Healthcare, Uppsala, Sweden). A freeze-dried control or salivary amylase (saliva) hydrolysed 

sample (~4 mg) was dissolved in 150 μL of DMSO by gently stirring overnight at room 

temperature. 800 μL of hot (just boiled) water was added to this dispersion. After cooling to 

room temperature, 50 μL of 5 M NaOH was added to minimize retrogradation and to bring 

the pH in the range of that of the eluent. The sample (0.5 mL) was eluted through the column 
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with 0.5 M NaOH. Fractions (1 mL) were collected and analysed for total carbohydrate 

content (TCC) [15].  The column was calibrated with branched dextrins according to Bertoft 

& Spoof [16]. 

6.2.9 Effect of human salivary amylase hydrolysis on the starch polymer chains of 

cooked starch  

A freeze-dried control or salivary amylase (saliva) hydrolysed sample (~4 mg) was dissolved 

in 150 μL of DMSO by gently stirring overnight at room temperature and diluted with 800 

μL of hot water. After cooling to room temperature, 100 μL of 0.01 M NaOAc buffer, pH 5.5 

was added. To debranch, 2 μL (containing 2 U) of isoamylase and 2 μL (1.4 U) of 

pullulanase were added. The reaction mixture was gently stirred overnight at room 

temperature and then boiled for 5 min to terminate the reaction. The sample was analyzed by 

GPC as described above. 

6.3 Results 

6.3.1 Saliva properties 

Protein content, salivary amylase activities, saliva flow (mL/min) and specific activity are 

shown in Table 6.1. Amount of saliva collected per minute was between 1.7 mL and 0.9 mL. 

The protein content and salivary amylase activity were in the range of values reported in 

literature [17]. The salivary amylase activities ranged widely between participants. Three 

participants had salivary amylase activity above 200,000 U/mL of saliva, whereas the other 

three had lesser than that. These are classified as high amylase activities and low amylase 

activities, respectively. Saliva protein content ranged between 1.1 and 0.3 mg/mL of saliva. 

Based on this, the specific activities were different between different participants. For 

example, participant 7 with lower amylase activity had the highest specific activity. The 
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specific activity was positively correlated (R
2
=0.77) with saliva flow, suggesting that the 

proportion of amylase was higher in participants with higher flow of saliva.  

6.3.2 Soluble oligosaccharides 

A representative chromatogram of the soluble oligosaccharides from the hydrolysates of 

starch subjected to saliva of different participants is shown in Fig. 6.1. For all saliva treated 

samples, the hydrolysates were composed of sugars ranging from glucose to oligosaccharides 

of about DP 4 with minor traces of larger oligosaccharides. Major peaks corresponded to 

maltose, maltotriose and maltotetraose. Peaks that corresponded to glucose and isomaltose 

were also observed in all hydrolysed samples from different participants.  

6.3.3 Starch hydrolysates 

Gel-permeation chromatography (GPC) separates molecules by size and is suitable to analyse 

the size-distributions of starch hydrolysates. The size distributions of the saliva treated 

cooked starch samples are shown in Fig. 6.2. They were demarcated into size groups based 

on the degree of polymerisation (DP; number of glucose residues/molecule) as follows: 

fraction 1 (DP > 3000), fraction 2 (DP 3000-40) and fraction 3 (DP < 40). The control 

sample was not subjected to salivary amylase hydrolysis. Most of the starch polymers in this 

sample eluted at the void volume (Fraction 1). Only a minor fraction of the smallest amylose 

molecules penetrated the gel particles and were eluted after the void in fraction 2. Following 

treatment with saliva, polymers in fraction 1 was greatly reduced due to hydrolysis by the 

amylase resulting in a range of small molecular weight polymers and higher amounts of 

oligosaccharides (fraction 3). Interestingly, the hydrolysate compositions were not all similar 

between saliva from different participants. For example, the hydrolysate from saliva of 
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participant 2 contained the least amount of polymers in fraction 1, while saliva from 

participants 1 and 4 did not hydrolyse these large polymers to the same extent. 

6.3.4 Effect of saliva hydrolysis on the starch polymer chains of cooked starch  

Fig. 6.3 shows the chromatograms of the debranched samples, i.e., the composition of linear 

chains. The long linear chains of amylose from the control sample elute before chains from 

amylopectin following debranching. In the saliva treated samples, only a small portion of the 

long linear chains remained; and the amount of this fraction was similar from saliva of all 

participants. These chains are likely remnants from partial hydrolysis of the amylose 

molecules. However, considerable differences were observed in the small molecular weight 

fractions in the salivary hydrolysates from different participants. The hydrolysates from 

participants 3, 4 and 5 were mostly oligosaccharides (fraction 3), while the other samples 

also had more of the longer chains (fraction 2). These data are not clearly explained solely 

based on differences in the specific activity of salivary amylase (Table 6.1).   

6.4 Discussion 

A prior study focused on the amount of soluble carbohydrates released, but did not report on 

the structures of salivary amylase hydrolysates [18]. It should be noted that endo-acting 

enzymes such as α-amylases may not necessarily produce soluble saccharides such as 

maltose [19]. Thus, analysis of hydrolysate structures is better than simply measuring the 

extent of hydrolysis to understand the effect of endo-acting enzymes such as salivary 

amylase during oral digestion of starchy foods. This preliminary study investigated the 

composition of salivary amylase hydrolysates and compared the composition following 

treatment with saliva from different individuals. An in vitro study was chosen because it is 

practically difficult to quantitatively recover whole and/or representative sample after 
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chewing in vivo. Furthermore, different individuals have different salivary amylase activities 

and saliva flow, thus making it difficult to conduct studies on an equivalent amylase activity 

basis in vivo. As expected, the saliva attributes were different between the participants in this 

study (Table 6.1). Because the samples were treated with equivalent salivary amylase 

activities, the extent of small oligosaccharides produced was similar between the participants 

(Fig. 6.2). These oligosaccharides correspond to the soluble carbohydrates typically reported 

in literature, such as maltose or maltotriose [13, 18]. They affect the rate of glucose 

production and/or delivery into the blood by amplifying or inhibiting mucosal maltase-

glucoamylase, one of the enzymes responsible for converting starch structures into glucose in 

humans [2-4] However, the composition and structures of the hydrolysates were more 

complex. In particular, the proportion of remnant high molecular weight polymers was 

different between the participants. These complex mixtures of hydrolysates are precursors for 

subsequent digestion in the gut with potential to impact glucose homeostasis, for example by 

signalling for cephalic phase insulin release [17] for the body to be ready for an incoming 

starch. It would therefore be important to better know the molecular structures in these 

mixtures. 

The starch hydrolysates were thus further subjected to debranching enzymes to better 

understand the nature of hydrolysis by saliva. Interestingly, not all amylose (linear 

molecules) were completely hydrolysed by saliva as is evident from amount of carbohydrates 

in fraction 1 (Fig. 6.3) and this was similar between saliva from different participants. In 

contrast, the amylopectin fraction seems to have been hydrolysed to different extents, as 

evident from amount of carbohydrates in fraction 2 and the proportion of carbohydrates in 

fractions 2 and 3 (Fig. 6.3). These results show that saliva from different individuals react 
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with starch in different ways. Clearly, there is a need for more research to understand the 

relationship between genetic factors, such as copy number variation in the gene that codes for 

salivary amylase, differences in salivary amylase isozymes between individuals and salivary 

amylase hydrolysis structures, which ultimately culminate into glucose in the gut. 

6.5 Conclusions 

 This preliminary study highlight that not only do differences exist in salivary amylase 

activities, but there are also differences in the way salivary amylase from different 

individuals hydrolyse starch. These differences have possible implications on the overall 

digestion of starch as different substrates will enter the gut from the mouth in different 

individuals even if they have the same salivary amylase activities.  
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6.5 Table and figures 

Table 1: Salivary amylase activity, protein content, saliva flow and specific activity for each 

participant.  

Participant Salivary amylase 

activity
1
 

(U/mL x 1000) 

Protein 

content
1
 

(μg/mL) 

Saliva 

flow 

(mL/min) 

Specific 

activity 

(U/μg) 

2 470 ± 14 1,108 ± 65 1.4 424.2 

3 239 ± 12 534 ± 21 1.2 447.6 

1 208 ± 6 528 ± 6 1.3 393.9 

6 140 ± 13 279 ± 14 1.7 501.8 

5 139± 14 375 ± 19 1.3 370.7 

4 118 ± 8 440 ± 8 0.9 268.2 

1
Results are means of duplicate measurements; mean±standard deviation (n=2). 
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Figure 6.1. HPAEC chromatograms of soluble sugars extracted from starch salivary 

amylase hydrolysate of a participant. Chromatograms were similar between all 

participants. Peaks: 1 = glucose, 2 = isomaltose, 3 = maltose, 4 = maltotriose, 5 = 

maltotetraose. 
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Figure 6.2. Chromatograms of cooked starch salivary amylase hydrolysates. C = control 

samples. P1, P2, P3, P4, P5 and P6 = sample hydrolysed by salivary amylase of 

participants 1, 2, 3, 4 and 5, respectively. P6 chromatogram was similar to that of P5. DP 

= degree of polymerization. Fr 1-3 represents divisions of DP fractions, fraction 1 (DP 

>3000), fraction 2 (DP 3000-40) and fraction 3 (DP < 40).  
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Figure 6.3. Chromatograms of cooked starch salivary amylase hydrolysates that were 

further debranched by isoamylase and pullulanase. C = control samples. P1, P2, P4 and 

P5 = sample hydrolysed by salivary amylase of participants 1, 2, 4 and 5, respectively. P3 

and P6 chromatograms were similar to those of P4 and P1, respectively. 
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Chapter 7: Overall conclusions and future work 

This study has highlighted the interplay between the botanical sources of starch, processing 

conditions and the” individuals” ability to digest the starch matrix with consequent implications 

for human health.  

 

It showed that water content during cooking of starch affects the structure and composition of 

salivary amylase hydrolysates due to the specific networks of starch polymers formed. The mode 

of enzyme attack can be influenced by the network. Starches cooked at higher water content 

exhibits greater propensity to hydrolysis than those cooked at lower water content. 

 

Botanical source of starches and cooking conditions can influence the structure and composition 

of their salivary amylase digests, which are the substrates for subsequent hydrolysis by 

pancreatic amylase. While the hydrolysis profiles can be similar between cooked normal wheat, 

corn and potato starches at a given water content, the underlying structures of the hydrolysates 

can be different based on botanical source and cooking conditions. For instance, the amylose 

fraction in cooked potato starch is not resistant to hydrolysis compared to the other starches. This 

suggests that different matrices that then have an impact on the accessibility of salivary amylase 

to its substrate are established following cooking. 

Structures and composition of starch hydrolysates from luminal (salivary and pancreatic) 

amylases can be affected by the amount of water present during cooking of starch. The 

differences in structures and composition also differ depending on botanical sources of the 

starch. These differences in structures of starch hydrolysates and in proportions of 
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oligosaccharides may impact on starch digestion by mucosal enzymes in the small intestines 

and/or possibly influence glucose homeostasis in vivo. 

 

Using saliva collected from different individuals, this study highlight that not only do differences 

exist in salivary amylase activities between people, but there are also differences in the way 

salivary amylase from different individuals hydrolyse starch. These differences, in addition to 

those due to processing and botanical sources may have possible implications on the overall 

digestion of starch as different substrates will enter the gut from the mouth in different 

individuals even if they have the same salivary amylase activities.  

 

This study has raised interesting questions that deserves further attention. We found  

 isomaltose from luminal phase enzymatic hydrolysates. This needs to be confirmed using 

techniques such as NMR. 

 Different proportions of branched oligosaccharides in soluble fractions from cooked 

starches salivary amylase hydrolysates.  

Moreover, future work can focus on 

 the effect of structures characterized in this study on rate of glucose production by 

mucosal enzymes (sucrase-isomaltase and maltase glucoamylase).  

 the effect of real food matrix on mucosal enzymes and evolution of structures that 

reaches them as substrates will be useful to investigate using similar strategies as those 

employed in this study. 

 further characterisation of final (120 min hydrolysis of processed starch or starchy food 

product) molecular species produced by luminal enzymes by strategies that include Mass 
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Spectrometry and 
13

C NMR will be useful for a better understanding of the glycosidic 

linkages of those species. These linkages have potential to regulate glucose production 

by mucosal enzymes. 

 

The importance of this study arises from data in literature. Structures of starch digestion of starch 

can impact on  

1) glucose production 

Some structures can amplify glucose production, whereas some or perhaps proportions of 

some can inhibit it. 

 

2) insulin release 

Starch structures can arise in high glucose release in the body but some can lead to higher 

insulin release while others lead to a lower insulin release. 

 

Thus, the study of the evolution and identity of structures during the digestion process of starch 

in the gut can improve our understanding of glucose homeostasis and we will then be able to 

develop better strategies to control or manage ill-health such as diabetes. 


