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ABSTRACT 

 

The health impact of carbohydrates is often debated in questions regarding nutrition and health. 

One reason is that intake of carbohydrates affect the blood glucose level to different extent 

depending on the characteristics of the carbohydrate. Starch is the most common carbohydrate 

and it can be categorized as rapidly digested starch (RDS), slowly digested starch (SDS) and 

resistant starch (RS) where the speed parameter refers to how easily enzymes hydrolyze the 

starch is and thus how fast the blood glucose level is affected.  

However, RS does not affect the blood glucose level but instead becomes substrate for 

microbial fermentation of the gut microbiota. Long term consumption of resistant starch 

decreases the risk of intestinal diseases. The aim of this project was therefore to investigate 

different in vitro methods for determination of RS content in samples. The impact which 

particle size and extrusion have on the amount of RS were investigated since the factors can 

increase or decrease the amount of RS. 

Sorghum and cowpea were of interest to analyze since the crops are important nutrient sources 

in both Africa and Asia. Two methods were investigated for determination of RS content where 

the method developed by Megazyme International Ireland Ltd. was more stable than the method 

developed by Goñi et al. Modifications of the Megazyme method were performed in order to 

obtain more reliable values which was achieved when enzymes from Sigma-Aldrich were used. 

Samples of sorghum of the particle sizes 125 µm and 250 µm resulted in values ranging between 

11.44 – 11.94 g RS/100 g sample and 8.49 – 9.02 g RS/100 g sample after extrusion was 

performed. Samples of the larger particle size resulted in lower amount of RS, most likely due 

to starch-protein associations. Cowpea resulted in 11.05 g RS/100 g sample and 9.20 g RS/100 

g sample before and after extrusion. 

Determination of the amylose and amylopectin ratio showed that sorghum contained 53.3 – 

59.3 % (w/w) amylose and cowpea 53.2 % (w/w) amylose. A ratio favoring amylose also favors 

the formation of RS. However, the particle size has larger impact on the RS content than the 

amylose content and sorghum of particle size 125 µm was shown to be the healthiest regarding 

amount of RS. Cowpea showed the lowest amount of amylose yet the highest amount of RS 

among the extrudates and the lowest set back value of -0.5 which leads to an assumption 

towards unstable methods.  

Further development of the methods should be carried out in forms of modifications. 

Optimization of treatments regarding sorghum of particle size 125 µm should be continued in 

order to obtain even higher RS content. 
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SAMMANFATTNING 

 

Kolhydraters hälsoeffekter diskuteras ofta i frågor kopplade till näring och hälsa. En anledning 

är att intag av kolhydrater påverkar blodsockernivån i olika utsträckning beroende på 

kolhydraternas egenskaper. Stärkelse är den vanligaste kolhydraten och kan kategoriseras som 

snabba kolhydrater (RDS), långsamma kolhydrater (SDS) och resistent stärkelse (RS) där 

hastighetsbetingelsen beskriver hur snabbt stärkelsen bryts ner och därmed hur snabbt 

blodsockernivån påverkas. 

Resistent stärkelse påverkar däremot inte blodsockernivån utan blir istället substrat för 

probiotiska bakterier i tjocktarmen. Långsiktig konsumtion av RS minskar risken för 

tarmsjukdomar. Syftet med projektet var därför att undersöka olika in vitro metoder för 

bestämning av halten resistent stärkelse i prover. Påverkan av partikelstorlek och extrudering 

på mängden RS undersöktes eftersom att faktorerna kan öka eller minska mängden RS. 

Grödorna durra och ögonböna var av intresse att analysera eftersom att de är viktiga 

näringskällor i både Afrika och Asien. Två metoder undersöktes för bestämning av mängden 

RS där metoden utvecklad av Megazyme International Ireland Ltd. mer stabil än metoden 

utvecklad av Goñi et al. Modifieringar för Megazyme-metoden utfördes för att erhålla mer 

tillförlitliga värden vilket uppnåddes var när enzymer från Sigma-Aldrich användes. Durra i 

partikelstorlekarna 125 µm and 250 µm resulterade i värden mellan 11,44 – 11,94 g RS/100 g 

prov samt 8,49 – 9,02 g RS/100 g prov efter extrudering. Större partikelstorlek resulterade i 

mindre mängd RS vilket kan bero på inkapsling av stärkelse med protein. Värdena för ögonböna 

blev 11,05 g RS/100 g prov samt 9,20 g RS/100 g prov före och efter extrudering. 

Bestämning av förhållandet amylos och amylopektin visade att durra innehöll 53,3 – 59,3 % 

(w/w) amylos och ögonböna 53,2 % (w/w) amylos. Ett förhållande som gynnar amylos gynnar 

även bildningen av RS. Partikelstorlek hade större påverkan på mängden RS än amylosinnehåll 

och durra i partikelstorleken 125 µm var nyttigast med hänsyn till mängd RS. Ögonböna hade 

minst mängd amylos men mest mängd RS bland de extruderade proverna och det lägsta ”set 

back value” -0,5 vilket leder till antagandet om instabila metoder. 

Vidare utveckling av metoderna borde utföras i form av modifieringar. Optimering av 

förbehandling och processparametrar kan utföras för att få ännu mer mängd RS.
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1 INTRODUCTION 

 

Diet and health are closely related and have become a more relevant topic in today’s society as 

a result of increasing welfare. This includes better living standards such as affording more 

healthy food but consequently also more unhealthy food. The intake of unhealthy food on a 

regular basis is affecting the human body negatively.  

There is a constant debate about whether carbohydrates can be considered less healthy due to 

the health effects that carbohydrates have on the metabolism. One reason for this debate is that 

intake of carbohydrates is immediately affecting the blood glucose level by raising it and 

causing an increased secretion of insulin. The hormone regulates the blood glucose level [1], 

keeping it close to the reference value 4.0 to 6.0 mmol/L or 8.7 mmol/L without fasting [2]. 

High deviations during a longer period can result in obesity and diabetes of type II [3]. To 

prevent high deviations, the glycemic index (GI) of food is advantageous to take into account 

since GI indicates effect on the blood glucose level certain food have [4]. 

However, some starches spears to be slow digested and they are not to affect the blood glucose 

level to some extent. The more amount of starch that is digested in the small intestine, the higher 

does the blood glucose level raise [5]. Slowly digested starch (SDS) is considered to be healthier 

than rapidly digested starch (RDS) since its granules have a semi-crystalline structure which 

makes it more difficult for enzymes to hydrolyze [6]. Resistant starch (RS) is the fraction of 

starch which passes into the large intestine without undergoing digestion in the small intestine. 

It confers health benefits when consumed since it is fermented by the gut flora in the large 

intestine instead of affecting the blood glucose level [5]. Healthy short chain fatty acids are 

produced from such starches which prevents intestinal diseases. 

Most processes in conventional food production affect the RS content in food [3]. Factors and 

processes involving particle size, additives and biochemical processes can increase or decrease 

the amount of RS of food products. A lower RS content indicates that the food may be more 

rapidly digested and absorbed which results in a higher blood glucose level whereas the key to 

a long-term health is eating foods with higher SDS and RS content [4]. 

It is therefore of interest to measure the resistant starch content in different carbohydrate 

containing foods which have been processed differently. Indications of RS content can be 

obtained by in vivo methods with test persons. It is however an expensive method that is difficult 

to standardize as well. Instead, an in vitro method can be applied by creating optimal conditions 

for enzyme hydrolysis of starch. 

Applying an in vitro method to measure different foods RS content is therefore advantageous 

regarding diet and health today as well as meeting tomorrow’s challenges in the food industry.  
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2 ABOUT THE PROJECT 

 

This master’s thesis project is a final assignment within the chemical engineering program 

Sustainable Process Engineering at Luleå University of Technology. The project has been 

carried out at RISE - Research Institutes of Sweden in the department Agrifood and Bioscience 

associated with the division Bioscience and Materials in Gothenburg. 

2.1 Objective 

 

The project aims at investigating different in vitro methods and select one method for further 

development. The in vitro method will be applied to simulate human degradation of starch from 

the traditional grains sorghum and cowpea. This allows for a more accurate assumption of their 

impact on the blood glucose level. Furthermore, the in vitro technique will provide estimation 

of RS for each crop. The raw materials were pretreated by using a few selected methods. 

Parameters such as particle size and texture were varied to investigate how RS is affected.  

Additional to the aim, one objective was to also learn about the principles of the equipment 

used in the project like mill, sieve, oven, extruder, light microscope and shear rheometer. The 

two latter equipment was used to analyze the viscosity profile and the changes in the crystalline 

structure of RS. 

2.2 Limitations 

 

It is of importance to distinguish between results from an in vivo and an in vitro method since 

results from the in vitro method are obtained by creating a simulation of the actual metabolic 

processes in the human body. This can thus result in deviating values as compared to whether 

tests would have been applied to human subjects. 

Sorghum and cowpea are the only crops analyzed in this project. The crops are limited to two 

particle sizes and to certain degrees regarding the other pretreatment parameters. This means 

that there may be more optimum settings to preserve RS than those analyzed in this project. 

2.3 Key Questions 

 

The key questions are written with regards to RS fractions, amylose and amylopectin (AA) 

fractions, viscosity profile and granular morphology.  

• Which in vitro method can be applied to simulate starch degradation in the human body? 

• What impact do particle size and extrusion have? 

• How do the results differ if a blend of sorghum and cowpea is used? 

• How does the micro structure and behavior of the starch granules change after and during 

heat treatment? 
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3 LITERATURE REVIEW 

 

This chapter is intended to introduce the subject. It begins with highlighting the raw material 

used followed by the mechanism of starch degradation, the characteristic of starch and finally 

presents the theory behind the experimental method. 

3.1 Occurrence of Cereal Crops 

 

The fruits of cultivated grass are called cereals. There are different types of cereal crops where 

barley, millets, sorghum and wheat are a few principles to mention. The nutritional content of 

cereals, in the form of carbohydrates, proteins, fats and traces of minerals and vitamins [7], as 

well as the successful production, storage and use have contributed to the importance of crops 

for thousands of years in the history [8]. Cereals are still today the most important source of 

food in the world, not least in the developing countries. However, the amount of cereals 

produced in these countries is increasing, but is still not enough to supply for the demanding 

need due to population growth especially in the developing countries [9]. 

 

The global cereal production in 2017/18 may reach higher levels than previously predicted. 

This is a conclusion from FAO’s market assessment for 2017 which presented that the global 

cereal production is heading towards a new record level with a production of 2 611 million tons 

[10]. This means that the production has increased with more than 800 million tons during the 

past three decades and is expected to increase further in subsequent years. Besides human 

consumption, the use of cereal crops is also distributed between animal feed, industrial 

processing and considerable wastage [8].  

 

Sorghum is still an important source of nutrition for millions of people in the world [11]. It can 

be grown in all continents in areas that are located under the latitude of 45° [8]. Sorghum is 

often grown advantageously in comparison with other crops since it can be grown in harsher 

environments. One advantage is that it can be grown with limited water resources, another 

advantage is that fertilizers and other agents do not necessarily need to be added [11].  

 

Cowpea is another important source of nutrition for people with low-income in the developing 

countries since it is rich in carbohydrates and protein. It can be grown in the tropical areas in 

the majority of the continents. However, it is mostly consumed in Africa and Asia where Africa 

produces 6.2 million metric tons each year which correspond to 94 % of the total world 

production [12]. 
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3 Literature Review 

3.2 General Anatomy and Composition of Cereals  

 

Cereals are members of the Gramineae (grass family) and therefore share similar characteristic 

features. The features have however been developed to different extent in various members but 

a generalized structural form of a cereal grain can be described as in Figure 1. 

 

Figure 1. The morphology of a general cereal grain. Showing the order from the inside out [8]. 

 

The inner core structure of the seed is called embryo which constitutes of the embryotic axis, 

oil and the scutellum. The scutellum is acting as a secretory and adsorptive organ for the 

embryotic axis as well as shielding it since the latter consists of primordial roots and shoots 

with leaf initials, making the embryotic axis the plant of next generation.  

Adjacent to the scutellum is the starchy endosperm which is the largest tissue of the grain. The 

starchy endosperm mainly consists of cells packed with nutrients, starch as the major 

component, which have the purpose to support growth of the embryotic axis. Aleurone layer is 

the other endosperm which is surrounding the starchy endosperm. It varies in the number of 

layers, from one up to three layers, depending on the cereal type. Unlike the first endosperm, 

the cells in the aleurone contain no starch but are instead rich in proteins. Furthermore, the seed 

has two coats which are the nucellus and testa. The pericarp is the final coat and it has a 

multilayered structure. It has the purpose of protecting and supporting the endosperm and 

embryo during maturity and growth. Starch is present as small granules in the central layers 

during this period until maturity is reached since all starch has disappeared after that point [8].  

The chemical composition of a cereal grain can be generalized as well. The starch accounts for 

approximately 65-75 % of the grains total weight. The remaining percentages are distributed 

between protein with 6-12 % and lipid with 1-5 %. The grain also consists of water, cellulose 

and traces of vitamins and minerals [13]. 
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3 Literature Review 

The generalized structural form of a cereal grain applies on sorghum as well but it has a few 

characteristic features which distinguishes it from other grains. Sorghum has a smaller and 

rounder shaped seed in contrast to for example maize and wheat. The shape of the granule 

affects the rate and extent of enzyme hydrolysis since a larger granule has a smaller surface 

area to volume ratio [14].  

 

3.3 Starch 

 

Starch is a polysaccharide and is, apart from cellulose, the most abundant carbohydrate in 

nature. Carbohydrates are the primary source of energy reserve in the human body where it is 

stored as glycogen. Carbohydrates are readily available and accounts for 45-60 % of the energy 

source in the diet. 

Unlike the human body, plants are unable to store large amounts of glucose in the cells which 

leads to formation of energy storage in the form of starch. Starch is formed during the 

photosynthesis and more accurately in the chloroplasts of plants. Furthermore, starch is formed 

and stored in plastids that are free of chlorophyll such as seeds. In these plastids, the starch form 

granules where the molecules are tightly packed to assume crystalline shapes [15].  

Furthermore, starch can be classified as either rapidly digestible starch (RDS), slowly digestible 

starch (SDS) or as resistant starch (RS) where the speed variable refers to the time requirement 

for enzyme digestion in the small intestine, i.e. how fast the glucose units are released from the 

polysaccharide chain. The properties of a starch also determine which category it belongs to. 

Starches which mainly are amorphous and dispersed are the RDS and is commonly found in 

starchy foods cooked by moist heat such as potatoes. SDS is characterized by physically 

inaccessible amorphous starch, for example raw cereals. Both RDS and SDS are completely 

digested in the small intestine unlike RS [16].  

 

3.3.1 Structure of Starch 

 

Although the size and shape of starch granules varies for each species, the basic structure of 

starch is the same. The two glucose polymer structures, amylose and amylopectin constitute the 

majority of the starch granule [17]. Amylose and amylopectin are two related but structurally 

different polymers as can be seen in Figure 2. This contributes to different patterns regarding 

hydrolyzation, digestion and absorption due to enzyme accessibility. The basic structure is 

glucose monomers linked through α-1,4 glycosidic bonds and thus forming the polymers [18].  
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3 Literature Review 

 

Figure 2. Chemical structures of amylose and amylopectin [17]. 

The distribution of the two polymers differs between starch sources but the amylose content 

generally varies between 10-30 % in grains. However, some starches such as rice, maize and 

sorghum contain a larger fraction of amylopectin. Amylose constitutes of glucose monomers 

linked by α-1,4 glycosidic bonds which are mainly forming a linear chain, although a small 

degree of branching occurs. Amylose has a degree of polymerization of approximately 103. The 

chains of amylose commonly form single and double helices [17]. The molecular weight of 

amylose can vary from 70 000 to 200 000 Da [19]. 

The structure of amylopectin is, on the other hand, highly complex regarding its branches. The 

branching points occur at carbon-6 and occasionally at carbon-3 as well. However, the 

branching is not occurring regularly since there are areas of high branching as well as lower. 

The structure can be described as a cluster model. Amylopectin has a degree of polymerization 

of about 104-105 [17] and weights > 2 × 107 Da [19]. The regions of starch granules can be of 

both crystalline and amorphous structures. Although amylopectin can occur in both types of 

regions, it is mainly associated with the crystalline region and amylose with the amorphous 

[17]. 

Starch can be modified chemically to achieve desirable features suitable for the food industry 

as well as for other industries. Substitution is one of the two most important processes for that 

purpose. The principle of substitution is esterification of glucose units with organic acids or 

phosphates. This results in a more stable starch with modified properties such as increased 

viscosity and resistance to retrogradation (recrystallization in the structure of granules). Cross-

linking is the other most important process for modification of starch which results in properties 

that allow more resistance to digestion. The modifications are possible due to formation of 

linkages between the chains of amylose and amylopectin during cross-linking. Starch 

modifications can also alter GI [18]. The many varying modifications are classified as either 

additives or as ingredients depending on the area of application which may be within the fields 

of paper manufacturing, textile production or blood handling in health care [20].  
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3.3.2 Resistant Starch 

 

The definition of resistant starch is the fraction of starch which is not absorbed in the small 

intestine and instead passes to the large intestine without undergoing hydrolysis. RS is thus an 

example of a nonglycemic carbohydrate while glycemic carbohydrates are absorbed in the small 

intestine. Once RS has reached the large intestine, it is useful as substrate for microbial 

fermentation of the gut microbiota and thus contributes to formation of end products such as 

short-chain fatty acids which is beneficial to health. Additionally, RS does not affect blood 

levels of glucose and insulin to the same extent as non-RS. The health benefits of consuming 

RS are the reason to why it is important to develop methods for predicting the amount of RS in 

foods [21]. 

Due to several advantages, the use of RS is interesting for many applications. A few to mention 

is that RS originates from natural sources, appears as neutral in color (white) as well as neutral 

in taste. Additionally, it increases the gelatinization temperature of flour and has good extrusion 

qualities which is advantageous since extrusion is a common method for food processing. 

The rate and extent of starch degradation varies and are dependent on the chemical and physical 

properties of the starch. RS can thus be classified in the following categories. 

RS 1 

This category includes resistant starch in a physically inaccessible form. The form makes the 

starch unavailable for degradation by enzymes which leads to intact starch through the small 

intestine. Partly milled grains and seeds are examples which have physically inaccessible forms 

[16]. 

 

RS 2 

Starch in a certain granular form is classified in this category. Compact structures where 

dehydrated starch granules are packed in a tightly radial pattern gives enzymes less accessibility 

for degradation. Starch in raw potatoes, green bananas and certain legumes are food sources 

within RS 2 [16]. 

RS 3 

Enzymes have difficulty accessing the starch in this category due to retrogradation of the starch. 

When a heated starch suspension is cooled crystalline structures in the starch is reformed which 

can resist the activity of enzymes. Storage and temperature of the starch are two important 

factors affecting the amount of RS formed. Cooked and cooled potatoes, bread and cornflakes 

are examples of foods containing RS 3 [22]. 

 

RS 4 

Starch classified in this category have been modified physically or chemically, not seldom by 

substitution or cross-linking. The resistance to enzyme activity increases since the substituents 

incorporated into the starch chains, prevents enzymes to access the starch [16]. 
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In previous research, cowpea has shown RS content of approximately 4.2 – 9.3 g/ 100 g dry 

flour [23] while corresponding research for sorghum has shown RS content of approximately 

2.5 – 7.9 g/ 100 g dry flour [24]. 

 

3.3.3 Digestion and Absorption  

 

The process of starch digestion is of interest since RS escapes the digestion steps. The main 

purpose of starch digestion is to break down polysaccharides into monosaccharides in order for 

the human body to absorb glucose.   

Digestion of starch is initiated in the mouth with mechanical degradation by the teeth during 

mastication. It is further continued with secretion of saliva containing the enzyme α-amylase 

which is responsible for hydrolysis of the bonds linking the monosaccharides [25]. The α-1,4 

glucosidic bonds are cut randomly by α-amylase which results in the products maltose, 

maltotriose and dextrins [26]. Further digestion occurs in the stomach to some extent but the 

main purpose here is to activate pepsin by the secretion of HCl. Pepsin degrades protein which 

may act as a barrier for starch hydrolysis [27]. Most of the digestion occurs in the first part of 

the small intestine where enzymes from the pancreas ensure hydrolysis [25]. Amylase from the 

pancreas works in the same way as α-amylase in the saliva whose degradation results in 

oligosaccharides. Degradation of oligosaccharides into monosaccharides occurs once the 

molecules are absorbed into the mucosa where the active enzymes lactase, maltase and sucrase 

are located [28]. Maltase hydrolyses maltose and maltotriose which results in releasing of 

glucose units. Sucrase releases not only glucose but in addition fructose, when hydrolyzing 

sucrose. The same is applied to lactase which liberates glucose and galactose when hydrolyzing 

lactose. 

Glucose is then transported by through the mucosal lining into the epithelial cells of the small 

intestine [29] by active transport. The process couples the uphill and downhill flow of species 

through the membrane. Glucose is pumped by a symporter which means that glucose is 

transported into cells simultaneously and in the same direction as Na+ [26]. 

Remaining undigested starch like the RS undergoes bacterial fermentation in the large intestine. 

The colonic microflora produces nutrient to the colonocyte in forms of short chain fatty acids 

[30]. 
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3.3.4 Gelatinization and Retrogradation 

 

The principle of gelatinization is when the crystalline structure in starch granules is broken 

down in the presence of water due to heat treatment resulting in a viscous starchy paste.  

Starch granules swell first prior to gelatinization as water is absorbed. Starch is mostly insoluble 

in cold water but will start to swell in room temperature.  

The swelling occurs due to breakage of the crystalline structure. This allows water molecules 

to form hydrogen bonds with hydroxyl groups in amylose and amylopectin. As swelling 

proceeds, starch granules increase in size and solubility. The extent of swelling depends on the 

amylose and amylopectin ratio as amylose inhibits swelling and acts only as diluent [31].  

Intra- and inter-molecular bonds are weakened and broken if the aqueous suspension of starch 

is further heated and stirred. Gelatinization occurs at a specific temperature within a temperature 

interval which is specific for each starch source. The interval usually appears at 55-70 °C [32]. 

Amylose and amylopectin start to melt, which is illustrated in Figure 3, and form a viscous 

starch paste. The gelatinization process starts in the amorphous regions and then extends to the 

crystalline region. A higher ratio of amylose decreases the gelatinization temperature since 

amylopectin has a more stable molecular structure due to its crystalline structure [31]. Other 

factors affecting the extent of starch gelatinization are heat treatment and moisture content [33]. 

 

Figure 3. Changes in structure of amylose and amylopectin during gelatinization. Interpretation of Figure 3 from [34]. 

Retrogradation is the phase when molecules start to recrystallize as the paste is cooled after 

gelatinization. The viscosity increases again due to the re-established bonding between amylose 

and amylopectin, resulting in a final product with a close to gel-consistency [32]. Larger amount 

of amylose content in the starch is associated with greater tendency of retrogradation. However, 

freezing and thawing can intensify retrogradation of starch. Retrograded starch belongs to 

category R3 of resistant starch [31]. 

The viscosity profile of the starch suspension changes during gelatinization and retrogradation. 

It is often recorded by either a Visco-Amylograph, a Rapid Visco Analyzer or a Shear 

Rheometer. Properties of the viscosity profile can be interpreted with the pasting parameters 

fixed in Figure 4. 
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The viscosity is of starch during heating is of more importance at the three points Vm, Vr and 

Ve since more properties of the starch can be interpreted. The parameters correspond to peak 

viscosity, viscosity after 15 minutes at 92 C and viscosity after cooling to 52 C respectively. 

The other parameters are expressed as Tg, Mg and Mn and correspond to gelatinization 

temperature, time to reach gelatinization and time to reach peak viscosity respectively. From 

this information, further properties can be determined. 

Vm - Vr = stability of starch 

Stability of starch, also referred to as the breakdown value, is a measure of resistance to heat 

and shear when the starch disintegrates during stirring and heating. A lower value corresponds 

to a more stable starch and vice versa. Breakdown occurs due to collision between swollen 

granules as a result from limiting space when the granules swell [35]. 

Ve - Vm = set back value 

The setback value reveals tendency of retrogradation during cooling where a higher value 

indicates higher level of retrogradation. A higher set back value results in a stiffer paste than 

lower [36].  

Ve - Vr = index of gelatinization 

Index of gelatinization, or total setback, gives an indication of the increase in viscosity during 

cooling. It describes how much of the starch which have become gelatinized. 

Mn - Mg = ease of cooking 

The ease of cooking describes the difficulty of starch reaching peak viscosity from the moment 

the gelatinization starts. The shorter time period, the greater is the ease of cooking [37]. 

 

 
Figure 4. Changes of viscosity of a starch suspension with time and temperature.  

 



 

11 

 

3 Literature Review 

3.3.5 Other Characteristics 

 

The helical structure of amylose contributes to amylose ability to form inclusion complexes 

with iodine. This in turn gives the amylose molecules a characteristic blue color when viewed 

in a light microscope. However, depending on the chain length, other colors may appear as 

shown in Table 1 [38]. 

Table 1. Colors the inclusion complexes of amylose and iodine assume. 

Degree of polymerization Color of amylose and iodine complex 

< 12 Yellow 

< 20 Red 

< 30 Purple 

30 – 40 Mauve/blue 

> 40 Blue 

 

Additional, amylopectin assumes a purple to red color. The color variations indicate that 

amylose and amylopectin form iodine complexes to different extent [38]. 

Native starch is easily identified in a polarized light microscope since another characteristic of 

starch is that the granules appear bright against the dark background of polarized light. Starch 

granules are relatively round in shape, this alongside with the crystalline structure result in 

exhibition of a birefringence pattern which is illustrated by so called Maltese crosses when 

viewed with polarized light [39]. 

Different treatment methods can be applied to increase the RS content in foods. The methods 

are categorized as genetic, physical or chemical. By genetic modification of starch, a higher 

amount of amylose content can be obtained. Another genetic modification is to inhibit 

branching and thus the formation of amylopectin. Common physical treatments are application 

of heat and pressure. Post gelatinized starch is found in many foods, with advantage since it 

contains increased amount of SDS and RS due to heating of moist starch. Autoclave technology 

on starch includes heating under pressure which disrupts the granules. A subsequent cooling 

process allows amylose to form tightly packed double helices which in turn form RS3 [3].  In 

addition, starchy raw materials can undergo extrusion cooking. The aim is to give a new texture 

of the raw material, which is achieved by continuously feeding the starch through an orifice. 

The extrusion includes thermal treatment, high pressure and shear forces which cause 

gelatinization of the starch. As a result, extruded molecules are lighter in weight due to breakage 

of the crystalline structure and can be concluded as easier to digest. However, the RS content 

in extrudates can be positively influenced by a higher amylose content since amylose then forms 

double helices [30]. 
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3.4 Methods of Evaluation 

First, the principles of the methods used for the determination of amylose and amylopectin ratio, 

resistant starch content and total starch (TS) content are described. Next follows a description 

of how the light microscope operates using polarized light and also the function of the shear 

rheometer. 

3.4.1 Amylose and Amylopectin Content 

Megazyme International Ireland Ltd. is a global leader in enzyme assay kits, has developed a 

method for the determination of amylose and amylopectin ratio in flour samples, i.e. the 

Amylose/Amylopectin Assay kit. The method is based on the convanavalin A (Con A) method 

developed by Yun and Matheson (1990) [40], although with modifications. It is a colorimetric 

method where Con A precipitates amylopectin.  

First, the sample is pre-treated in order to remove lipids. Pre-treatment begins with addition of 

dimethyl sulphoxide (DMSO) to the sample. The starch is dispersed in the solvent when heat is 

applied. Further addition to the sample is ethanol, resulting in precipitation of starch and 

removal of lipids as the sample is recovered as a pellet by centrifugation. The pellet is dissolved 

and treated with an acetate and salt (sodium chloride) solution, namely diluted Con A. Amylose 

and amylopectin are dissolved in the solution. Next step aims at precipitating amylopectin by 

addition of freeze dried Con A. Since the method estimates the concentration of amylose, 

amylopectin is removed by centrifugation. Amylose in the supernatant is enzymatically 

hydrolyzed to D-glucose by the enzymes amyloglucosidase (AMG) and α-amylase in order to 

measure the concentration colormetrically by glucose oxidase/peroxidase [41]. Equations (1), 

(2) and (3) below describe the principle behind the coloring of the sample. 

 

D-glucose + O2 + H2O → D-gluconate + H2O2 

2H2O2 + p-hydroxybenzoic acid + 4-aminoantipyrine 

 

quinoneimine dye + 4 H2O [41] 

 

3.4.2 Resistant Starch Content 

Two different methods were tested for the aim to determine the RS content in the grains. The 

methods share the same principle but have small differences between the steps performed. 

However, there are a few main differences separating the methods. The main differences are 

whether addition of pepsin occurs and if determination of total starch (TS) and non-RS are 

included. 

 

 

(1) 

(2) 

(3) 
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Megazyme Method 

Megazyme International Ireland Ltd. has developed a method for determination of resistant 

starch, solubilized starch and total starch of samples. This Resistant Starch Assay Kit method 

has been modified from the methods developed by Englyst and Goñi among others (1982-1996) 

[42] [43].  

The first step is to prepare samples by 16 hours incubation in a shaking water bath with a 

temperature set at 37 C. Addition of the enzymes pancreatic α-amylase and AMG aims at 

solubilize and hydrolyze non-resistant starch into D-glucose during the incubation. In order to 

terminate the reactions, an equal volume of ethanol is added. Resistant starch is finally 

recovered as a pellet when the samples are exposed to centrifugation. The pellet is washed by 

addition of ethanol followed by centrifugation. Washing and centrifugation are performed twice 

to ensure that all of the non-resistant starch is removed. The remaining RS pellet is dissolved 

in potassium hydroxide whilst cooled in an ice-water bath. Addition of 1 M acetate buffer with 

pH 3.8 will neutralize the basic solution which is necessary for AMG to hydrolyze RS to D-

glucose. The RS content as well as the non-RS content are determined by absorbance 

measurements with the wavelength 510 nm of D-glucose content with glucose 

oxidase/peroxidase. 

Higher accuracy is obtained for samples which contain more than 2 % w/w RS. The standard 

errors are then ± 5 % while samples which contain less than 2 % w/w RS have higher errors 

[44]. 

Goñi Method 

Goñi et al. have developed another method for determination of resistant starch, based on the 

method by Berry (1986) [45]. Like previous method, physiological conditions for stomach and 

intestine were simulated, although with other buffer solutions. 

In the first step, pepsin is added to the sample in order to denature the proteins. Pretreatment of 

the sample with pepsin prevents starch-protein associations which otherwise may have a 

negative effect on the enzyme accessibility [43]. Incubation with the enzyme α-amylase occurs 

with the same conditions as used in the Megazyme method. The centrifugation step differs since 

the sample is washed with distilled water instead of ethanol and the supernatant is not further 

analyzed. The subsequent steps are similar to steps in the Megazyme method regarding 

resolution of RS, neutralization and determination of the glucose concentration.  

 

3.4.3 Light Microscope 

A microscope has the aim of creating a magnified image of an object as the actual image appears 

in a size that is not visible to the human eye itself. The angle of light that enters the eye is 

controlling the appearance of an image. Accordingly, the principle of a microscope is based on 

altering the angle of light entering the eye. A piece of glass is refracting the light to a single 

focal point and is thus acting as a magnifying lens.  
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Light travels through a medium as an electromagnetic wave that vibrates. Most light sources 

produce not polarized light which also can be described as light vibrating in many different 

directions. Non-polarized light can be converted into polarized light by passing it through a 

polarizing filter. The filter allows light that vibrates in a certain plane to pass whilst absorbing 

light with the other directions. The principle is illustrated in Figure 5.  

 

Figure 5. Principle of conversion from not polarized light to polarized light. Interpretation of Figure 17.12 from [46]. 

 

However, polarized light is not visual to the human eye. Thus, the object analyzed with 

polarized light will not be visual to the human eye unless the color and intensity of the light are 

altered as well. This is solved by using two polarizing filters, one located between the light 

source and the object and the other between the object and the eye [46]. 

 

3.4.4 Shear Rheometer 

Rheology is the science of flow and deformation properties of fluids and solid materials. 

Rheology includes measurement of viscosity which can be performed by a shear rheometer, 

also referred to as rotational rheometer [47].  

Rheometers can run with different geometric configurations, which one to choose depends on 

properties of the material and the aim of the analysis. The rotational rheometer has a geometric 

configuration called bob and cup in which the fluid of interest is loaded. An external force, also 

referred to as stress, is applied to the fluid by a torque. Simultaneously, an angular velocity is 

applied by rotating the cup, this reveals the shear rate [48]. A preselected value is set for either 

the torque or the angular velocity, the other parameter is measured during the run. A viscosity 

profile of the fluid is obtained by measuring the stress and shear rate over time since viscosity 

is defined as the ratio between the stress and shear rate [49]. However, in order to convert 

instrument numbers to rheology numbers, equation (4), (5) and (6) are used.  

Viscosity = 
shear stress

shear rate
 

Shear stress = C1 × Torque 

Shear rate = C2 × angular velocity 

Where C1 and C2 are form factors [50]. 

(4) 

(5) 

(6) 
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4 EXPERIMENTAL METHOD 
 

This section provides details of the experimental methods used. It begins with introducing the 

pretreatment methods for the raw materials and transitions to describing the experimental set-

ups used including materials and limitations. 

4.1 Pretreatment of Raw Materials 

The raw materials sorghum and cowpea were first processed according to the following 

described methods. The aim was to achieve desired particle sizes, texture and moisture content.  

4.1.1 Grinding and Sieving 

Whole grains of cowpea were sprinkled with water to remove the coats, then ground in the knife 

mill Grindomix 200 GM from Retusch. Milled sorghum flour was available from the start, 

hence the milling step was omitted. The milled raw materials were then screened in the 

vibratory sieve shaker Analysette Sieve Spartan from Fritsch. The aim was to separate the 

desired particle sizes. The raw materials were screened for 20 minutes each and with a setting 

of 2.5 amplitudes. Sorghum was screened to obtain the particle sizes 125 μm and 250 μm while 

the desired particle size of cowpea was ≤ 250 μm. 

Blends of sorghum and cowpea were then prepared for analysis. The percentages of respective 

raw material in each blend are displayed in Table 2. Each sample was prepared in duplicate 

since extrusion were performed on one set of samples.  

 

 

 

Sample 
Raw Material (%) 

Sorghum 250 μm      Sorghum 125 μm       Cowpea ≤ 250 μm 
Extrusion 

1 70 0 30 No 

2 0 70 30 No 

3 100 0 0 No 

4 0 100 0 No 

5 0 0 100 No 

6 70 0 30 Yes 

7 0 70 30 Yes 

8 100 0 0 Yes 

9 0 100 0 Yes 

10 0 0 100 Yes 

Table 2. The experimental design presents the samples used during the analyses. The composition of the samples is shown 

by the ratio of each raw material. 
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4.1.2 Extrusion 

One set of the duplicated samples was prepared for extrusion by weighing a total of 250 g of 

each sample, taking the percentages into account. To achieve a moisture content of 30 %, 64.28 

g of water was added to each sample. The samples were then mixed thoroughly before put in a 

room with a relative humidity of 30 % at 14 °C, over the night in order to stabilize the moisture 

equilibration throughout the sample. High temperature extrusion process was performed in a 

single screw extruder of model E16, E20 Dr. Collin GmbH Sportparkstr, 2, D-85560 Ebersberg, 

Germany. The barrel was heated in three zones, two of which operated with air cooling and one 

with water cooling. A quick-release hopper facilitated material change and heating. A round 

hall die with a diameter of 3 mm was used for all the samples. The barrel had a diameter of 25 

mm with the length to diameter ratio of 20:1. The screw had a 2:1 compression ratio with a 

linearly tapered rod and 20 equidistantly positioned flights. Extrusion was thereafter performed 

with the settings shown in Table 3. A die with a diameter of 3 mm was used for all samples. 

 

Table 3. Operating settings during extrusion of samples. 

Sample Temperature (°C) Pressure (bar) 

6 99 85 ± 5 

7 96 80 - 90 

8 99 85 ± 5 

9 97 ± 1 115 ± 5 

10 95 ± 5 90 ± 5 

 

All extrudates were thereafter dried at room temperature. The samples were then milled once 

again in order to obtain the desired particle sizes. The blend samples were milled to obtain the 

same particle size as of the originate sorghum used in the blend. 

After performing the physical changes, all samples were analyzed with regards to AA and RS 

content, viscosity behavior and changes in granular morphology. 

 

4.2 Resistant Starch Content 

Two methods were investigated for the determination of RS content in the samples. One method 

was the Resistant Starch Assay Kit from Megazyme International Ireland Ltd. The other was 

the method developed by Goñi et al. 

Regarding the method developed by Megazyme, modifications were performed to further 

optimize the method in order to obtain more accurate RS content and not too low values. One 

modification was initially evaluated, but was retained as the next modification was performed. 

Figure 6 simplifies the theory. 

4 Experimental Method 
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Figure 6. Template for interpretation of results regarding modifications. Where R1-R4 are the results after each 

modification. 

 

Double amount of AMG (0.2 ml) was used in the step aiming at dissolving the RS pellet (step 

A). Furthermore, the incubation time was increased from 30 minutes to 1 hour (step B). The 

time for treatment of sample with KOH was also increased from 20 minutes to 40 minutes (step 

C). Enzymes included with the kit were replaced with enzymes from Sigma (step D). The 

enzymes used are presented in Table 4. 

 

Table 4. Presentation of the enzymes used for determination of RS content. 

Enzyme Supplier Product Activity 

α-amylase Megazyme Resistant Starch kit 3 CU/mg* 

Amyloglucosidase Megazyme Resistant Starch kit 3.300 U/mL** 

α-amylase Sigma-Aldrich A3176 > 10 U/mg*** 

Amyloglycosidase Sigma-Aldrich A7095 > 260 U/mL*** 
*
Ceralpha Unit 

**
On soluble starch 

***
Sigma Unit 

 

4.3 Amylose and Amylopectin Content 

The amylose and amylopectin content in the samples were determined using the 

Amylose/Amylopectin Assay Kit from Megazyme International Ireland Ltd. Furthermore, the 

AA content was determined in samples containing either only sorghum or only cowpea since 

the ratio in each flour was assumed not to change when the particle size was varied and blends 

of the flour were created. 

 

4.4 Shear Rheometer Analysis 

The Ares-G2 rheometer with geometry of a bob and cup was used to study the viscosity 

behavior of a starch suspension containing the sample and water. The starch suspension was 

prepared as a blend of 8.0 g sample (approximately 10 % moisture) and 45.0 g distilled water 

which corresponds to a water and sample ratio of 1:5.625. 

The experimental procedure was designed according the settings shown in Figure 7. The 

program is based on temperature changes and is divided into three processes, i.e. heating, 

residence time and cooling. To start with, the starch suspension is heated to a starting 

temperature of 50 C.  

4 Experimental Method 
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  Heating 

1.5 °C/min 

 

Residence time 

      15 min 

  Cooling 

1.5 °C/min Start End 

It is then further heated with a gradual increase of 1.5 C per minute until 92 C is reached. A 

holding time of 15 minutes is deployed at 92 °C before cooling of the starch suspension starts. 

Cooling from 92 °C to 25 °C occurs with a cooling rate of 1.5 °C per minute.  

 

 

 

Figure 7. Process scheme with the temperature changes that the starch suspension is exposed to. 

 

4.5 Light Microscopy 

An upright microscope Nikon Microphot-fxa equipped with a camera was used for analysis of 

the starch suspension. An objective providing the magnification 10x was used.  

The sample was prepared by mixing 3.55 g of ground sample and 20.0 g of water resulting in 

the same ratio used in the viscosity analyses. The suspension was heated from 25 °C to 92 °C 

in a water bath with constant mixing performed manually. Sampling took place at three 

occasions during the process according to:  

1. Unheated sample before starting the heating process of 25 °C (room temperature). 

2. Heated sample at a temperature of 92 °C. 

3. Cooled sample at a temperature of 25 °C (room temperature). 

A thin layer of the sample was plated out on a glass slide and stained with light green which 

stains the protein in green and Lugol’s solution which stains the starch granules in violet before 

covered with a coverslip. The iodine solution had a water iodine ratio of approximately 2:1. 

Micrographs were taken at the magnification. 

 

  

50 °C 92 °C 92 °C 25 °C
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5 RESULTS AND DISCUSSION 
 

The results from the experimental methods are presented and discussed in this chapter. The 

chapter is divided into four parts, each presenting the results obtained from the determination 

of RS content and AA content including analysis of viscosity profile analysis and granular 

morphology. 

5.1 Resistant Starch Content  

The Resistant Starch Assay kit provides a reference sample, supposed to contain a 

predetermined value of 44 g RS/100 g sample. It was analyzed in triplicate with the Goñi 

method. The obtained RS content is shown in Table 5. The RS content is lower than 44 g RS/100 

g sample in all runs. However, it differs with an increasing value between each run although no 

process parameters were changed. The first run shows an RS content less than half the value 

obtained from the third run. 

 

Table 5. RS content in reference sample obtained from Goñi method. 

Run Sample RS (g RS/100 g sample) 

1 Reference 12.84 

2 Reference 16.13 

3 Reference 35.32 

 

The origin of the starch in the reference sample is not known which makes it difficult to verify 

the RS-content of interest as the obtained values do not match the predetermined value. 

Assumption can be made towards a production defect. It is however more likely that the method 

is unstable. Regardless wheatear using the Goñi or Megazyme method, the reference sample 

was never shown to contain 44 g RS/100 g sample. However, the Megazyme method was 

chosen for further development and analysis due to the great deviations obtained with the Goñi 

method.  

In vitro methods simulating the metabolic processes occurring in a human body are not as 

precise as the actual processes. Therefore, there are possible explanations to the great deviations 

between the runs. One probability can be if solubilized starch, accumulated during incubation, 

has not entirely been separated from the RS through proper washing. This in turn leads to 

additional amount of glucose detected by spectrophotometric analysis. 

Table 6 presents the obtained RS content of the non-extruded sample and extrudate when using 

the method developed by Megazyme (more data is found in A9-A11). The left column presents 

RS content obtained when all modifications except replacement of enzymes were performed. 

The RS content of sorghum and cowpea is low compared to previous research documented by 

Sasanam et al. (2011) and Souilah et al. (2014). Mean value and standard deviation are missing 



 

20 

 

for the values in the left column as the modifications were performed in a sequence (see Figure 

6). However, the RS content did not differ significantly between the modifications.  

The right column presents RS content obtained when α-amylase and AMG included in the assay 

kit were replaced with the corresponding enzymes from Sigma-Aldrich. The RS content of the 

reference sample did not match the predetermined value with any modification. However, the 

values obtained with replacement of enzymes are more similar to previous reported data. 

Further analysis refers to this modification since it was performed in triplicate for sample 1-10. 

 

Table 6. Mean values ± standard deviations of triplicate determinations of RS content. Pre-determined value for the 

reference sample is 44 g RS/100 g sample. 

Sample 
Left column RS 

(g RS/100 g sample) 

Right column RS 

(g RS/100 g sample) 

1 0.56 11.64 ± 1.3 

2 0.33 11.72 ± 2.1 

3 0.27 11.44 ± 1.6 

4 0.14 11.94 ± 0.9 

5 0.85 11.05 ± 0.1 

6 0.41 8.75 ± 0.5 

7 0.12 8.49 ± 0.8 

8 0.24 8.92 ± 0.7 

9 0.08 9.02 ± 0.3 

10 0.14 9.20 ± 0.6 

Reference 9.22 19.07 ± 2.8 

 

The aleurone layer encapsulates the starchy endosperm and is rich of protein. Starch-protein 

associations could thus explain the low RS content for the samples in the left column. It is 

possible since the Megazyme method does not include a step for protein removal. Protein will 

then act as barrier and inhibit enzyme hydrolysis. Another explanation can be if the time, 

intended to dissolve the RS pellet, was too short. The consequence of this affect AMG since 

less accessibility to hydrolyze RS occurs. 

Comparison between the non-extruded samples shows that sample 2 and 4 contain a greater 

amount of RS compared to sample 1 and 3. This concludes a positive correlation between 

smaller particle size and higher RS content. The correlation is explained by eliminating the 

starch-protein associations since a higher degree of grinding breaks down the aleurone layer 

and thus liberates the starch, allowing easier accessibility for enzyme hydrolysis. 

Sample 5 contains lower amount of RS than the other non-extruded samples. Since protein 

content may have an inhibitory effect, the result was expected since the sample only consisted 

of cowpea and thus contains more protein than the samples consisting of only sorghum or blend 

of sorghum and cowpea.  

5 Results and Discussion 
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Figure 8. Green stain indicate protein in relationship to purple stain starch in all non-extruded samples.  

Showing sample 1-5 from left to right in 50 µm. 

 

However, the difference in RS content between sample 1-5 do not differ to any extreme extent 

which means that a blend of sorghum and cowpea is more nutritious regarding both RS and 

protein.  

Micrographs of the non-extruded samples is presented in Figure 8. Analysis of the 

microstructure shows green staining for protein and purple staining for the starch portion. The 

protein is mostly closely positioned to the starch granules. Sample 3 and 5 may show more 

protein due to lower RS content. 

 

 

 

 

 

 

 

 

 

 

 

Comparison between the non-extruded samples and the extrudates shows that the extrudates 

contain lower RS content than the corresponding non-extruded sample. This could be explained 

by the heat treatment that extrusion involves. As the samples are heated, part of the crystallinity 

of the starch is lost which leads to an easier digestible starch. Furthermore, sample 10 contains 

the highest RS content among the extrudates which could be explained by higher preservation 

of amylopectin. In terms of nutrition, starch such as pasta in different geometries or other 

extrudates, are thus less nutritious than non-extruded raw materials.  

 

5.2 Amylose and Amylopectin Content 

The AA content was determined in samples containing either only sorghum or only cowpea and 

is presented in Table 7 (more data is found in Table A12-A13). The reference sample included 

in the Amylose/Amylopectin Assay kit has the predetermined value of 66 % (w/w) amylose, 

which the value obtained from the analysis, is close to. The amylose content in the non-extruded 

samples 3, 4 and 5 are significantly higher than in the extrudates 8, 9 and 10. 
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Table 7. Mean values ± standard deviations of triplicate determinations of amylose and amylopectin content. 

Sample Amylose % (w/w) Amylopectin % (w/w) 

3 59.3 ± 2.6 40.7 ± 2.6 

4 53.3 ± 9.2 46.7 ± 9.2 

5 53.2 ± 6.8 46.8 ± 6.8 

8 12.4 ± 2.4 87.6 ± 2.4 

9 12.1 ± 2.8 87.9 ± 2.8 

10 11.4 ± 2.7 88.6 ± 2.7 

Reference 64.6  35.4  

 

The particle size of sorghum in the non-extruded samples should not affect the AA content 

since change of the particle size does not affect molecular content. However, comparison 

between sample 3 and 4 results in the opposite where sample 3 consists of the larger particle 

size. Since the standard deviation is relatively large, it creates uncertainty regarding the 

accuracy of the method. Comparison of the AA content of sample 3 and 5 shows that sorghum 

flour contains more amylose than cowpea which does not match previous reported results and 

is thus another verification of the instability of the method. 

Comparison between the non-extruded samples and the extrudates shows that the extrudates 

contain significantly lower amylose content but higher content of amylopectin. The heat 

treatment during extrusion cooking can have melted and broken down the amylose which 

explains the lower amylose content. However, the increase of amylopectin is not possible since 

amylose is unable to convert into amylopectin without enzymes. More likely leaching and 

degradation of amylose and preservation of amylopectin occurs which consequently changes 

the AA ratio. 

Since a higher amylose content favors formation of RS, it means that the non-extruded samples 

should have a higher content of RS than the non-extruded samples which is verified by the 

results in Table 6. It means that sample 3 should contain the most RS among the samples in 

Table 7, instead sample 4 contains the most RS. Concluded from this is that the particle size 

has a larger influence on RS content than the amylose content. 

 

5.3 Viscosity 

The viscosity profile for each sample is shown in Figure 9-11 where both the non-extruded and 

the extrudate are presented in each graph. The viscosity profile is presented as viscosity against 

the function of time and temperature. All curves show a similar pattern which can be explained 

by how the granules started to swell until the maximum intake of water is reached at the highest 

point of the curve. The amount of water absorbed causes the granules to melt which explains 

the decreasing slope. Thereafter, the curve plans out due to completely meltage of the starch. 

The last increasing part of the curve can be explained by retrogradation of the starch structure 

within the granules. 

5 Results and Discussion 
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The graphs shows that the non-extruded samples recorded higher viscosities than the extruded 

samples which is expected throughout the measurement regardless time or temperature. The 

greatest difference between the non-extruded samples and the extrudates was obtained for the 

samples containing 125 µm sorghum while samples containing 100 % sorghum shows the 

smallest difference. The viscosity of the non-extruded sample and the extrudate is the most 

similar around 30-40 °C. The viscosity profile for sample 10 deviates from the other regarding 

viscosity behaviour directly after the peak of viscosity which confirms that sorghum and 

cowpea have different viscosity behaviour. 
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5 Results and Discussion 

Figure 9. Relationship of the viscosity profiles for non-extruded sample and extrudate. 
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The pasting parameters presented in Table 8 varies between all samples. Sample 5 containing 

only cowpea needed slightly longer time for the commencement of gelatinization process but 

otherwise all non-extruded samples started to gelatinize around the same time. Cowpea contains 

less amylose than sorghum according to the results from the determination of AA content. This 

probably explains why the gelatinization of cowpea takes longer also that cowpea contains a 

lower fraction of starch than sorghum. However, compared to the other samples, it does not 

significantly differentiate the time taken to reach peak viscosity. Instead, sample 3 and 4 

containing only sorghum have a higher peak viscosity which takes longer time to reach as well.  

Higher peak viscosity is favored by smaller particle size since small granules are more resistant 

to rapture. Samples containing the larger particle size form a stiffer gel while samples 

containing cowpea form a gel with lower viscosity. 
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5 Results and Discussion 

Figure 10. Relationship of the viscosity profiles for all non-extruded samples. 
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The time required to start the gelatinization process varies more between the samples after 

extrusion. However, sample 10 containing only cowpea still has the longest residence time. The 

results indicate that amylose has melted to different extent between all samples. The peak 

viscosity is lower among the extrudates compared to the non-extruded samples due to breakage 

in the structure of starch during extrusion. Sample 7, 9 and 10 verify that extrusion lowers the 

peak viscosity more for the smaller particles. The visual differences in Figure 9-11 are verified 

by comparing the pasting parameters in Table 8. 

 

Table 8. Pasting parameters for non-extruded samples and extrudates. 

Sample 
Mg 

(min) 

Tg 

(°C) 

Vm 

(Pa s) 

Mn 

(min) 

Vr 

(Pa s) 

Ve 

(Pa s) 

Mn-Mg 

(min) 

Vm-Vr 

(Pa s) 

Ve-Vm 

(Pa s) 

Ve-Vr 

(Pa s) 

1 17.1 73.3 4.0 23.4 2.3 5.1 6.3 1.8 1.1 2.8 

2 16.8 72.8 4.4 23.9 2.2 4.5 7.2 2.2 0.1 2.3 

3 17.6 74.1 5.0 28.2 3.0 6.1 10.6 2.0 1.1 3.1 

4 15.0 70.1 5.2 26.0 2.7 5.6 11.0 2.5 0.4 2.8 

5 18.4 75.2 4.0 25.7 2.1 3.5 7.3 2.0 -0.5 1.4 

6 16.7 72.7 2.6 25.8 1.9 3.4 9.1 0.7 0.8 1.5 

7 13.1 66.6 1.1 27.3 0.9 2.1 14.2 0.2 1.0 1.2 

8 13.4 67.8 3.8 27.8 2.5 4.9 14.4 1.3 1.1 2.4 

9 13.6 68.5 1.6 27.4 1.2 3.3 13.9 0.4 1.7 2.1 

10 16.7 73.1 1.6 28.8 1.5 2.9 12.0 0.1 1.3 1.4 
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Figure 11. Relationship of the viscosity profiles for all extrudates 
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5.3.1 Ease of Cooking 

The ease of cooking is the difference between the time taken to reach gelatinization, Mn, and 

the time taken to reach peak viscosity, Mg. In Table 8, the ease of cooking is greater for all non-

extruded samples since it takes longer time for the extrudates to start gelatinization and shorter 

time to reach peak viscosity. Non-extruded flour is less compact than flour in extrudates due to 

the high pressure during extrusion. This is an explanation to the greater ease of cooking among 

the non-extruded samples. In addition, the theory complies with that samples including the 

larger particle size have a greater ease of cooking. 

Comparison between samples 1 – 4, with regard to the particle size, shows that sample 1 and 3 

are easier to cook than sample 2 and 4 respectively. The common factor to the greater ease of 

cooking is that both samples contain larger particle size. In practice, it should be true for 

samples containing smaller particle size. However, flour dried on the edges of the cup as water 

evaporated during the run in the rheometer. The varying sample and water ratio could explain 

the deviations. A blend of sorghum and cowpea significantly increases the ease of cooking due 

to a higher gelatinization temperature, Tg, of cowpea. 

The digestibility of starch is connected to the ease of cooking since an easier cooked starch is 

easier digested by the human digestive as well. The extrudates contain less RS but a higher 

amount of SDS which is also affects the blood glucose level positively compared to RDS. 

 

5.3.2 Stability of Starch 

The stability of the starch is given by the peak viscosity, Vm, and the viscosity after 15 minutes 

at 92 °C, Vr. Comparison between the non-extruded samples and the extruded samples shows 

that the extruded samples are more stable due to lower values. The increased resistance to heat 

and shear after extrusion can be connected to the results of the AA content. The structure of 

amylopectin remained intact while amylose melted during extrusion. A more stable starch 

should contain less RS since retrogradation is favored by amylose. This complies with the 

obtained results of the RS content.  

Sample 3 containing only sorghum of particle size 250 µm distinguish from the other samples 

regarding change of stability after extrusion. It shows the greatest increase in stability from 2.5 

Pa s to 0.4 Pa s. The lower amount of RS in sample 9 is expected since it is the third most stable 

starch according to Table 8. Comparison of the stability between sample 3 and 4 shows that 

sample 3 is more stable with 0.5 Pa s. The higher stability of sample 3 contradicts its lower 

amount of amylopectin but explains the lower amount of RS. This once again questions the 

stability of the methods. The same problem applies for sample 1 and 2 since sample 1 is more 

stable with a difference of 0.4 Pa s. However, the accuracy is likely since sample 1 is a blend 

of sample 3 and 5 which are more stable than sample 4 and 5, the blend for sample 2.  
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5.3.3 Set back Value 

Combination of the peak viscosity and the viscosity after cooling to 52 °C, Ve, gives the set 

back value in Table 8. An overview of the set back values shows that the extruded samples have 

a higher set back value except for sample 1 and 6. This means that the extrudates have greater 

tendency to retrograde during cooling and thus form RS3 easier. However, the results from the 

determination of RS content show that the extrudates contain less amount of RS. Prior to 

retrogradation of starch granules, gelatinization is necessary. The greater tendency to retrograde 

among the extrudates could thus be explained by primary heat treatment in the extruder in 

addition to secondary heat treatment in the rheometer. This ensures completely gelatinization 

of the starch suspension and lowers the peak viscosity for a second gelatinization process due 

to the loss of crystallinity. The lower peak viscosity in combination with the similar viscosity 

after cooling to 52 °C of the non-extruded samples and the extrudates give a higher set back 

value for the extrudates. 

Sample 5, containing only cowpea, has the lowest set back value of -0.5. The negative value 

complies with the lowest RS content of all non-extruded samples. Sample 5 affects the set back 

value of the blended samples as slightly lower than sample 3 respective sample 4. Samples 

containing sorghum of the particle size 250 µm have higher set back value than samples 

containing the smaller particle size. However, no further conclusions between the set back 

values in Table 8 and the RS contents in Table 6 can be drawn.  

 

5.3.4 Index of Gelatinization 

Index of gelatinization is defined as the difference between the viscosity after 15 minutes at 92 

°C, Ve, and the viscosity after cooling to 52 °C, Vr. The viscosity of the non-extruded samples 

is increasing the most during cooling with the exception of the samples containing only cowpea 

which have a stable index of 1.4 Pa s. According to the literature, a higher set back value should 

give a higher index of gelatinization and thus more RS since a stiffer paste is characterized by 

a higher degree of retrogradation. However, extrudates resulted in higher set back value and 

non-extruded samples in higher index of gelatinization and RS content. 
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Figure 12. Micrographs of starch suspensions of sample 4 and 9, illuminated with polarized light (50 µm) 

5.4 Granular Morphology 

 

Change in the appearance of starch granules during analysis of the viscosity can be analyzed in 

polarized light. A characteristic of starch is that it shows Maltese crosses under polarized light 

which reveal the presence of starch. Unheated starch granules appear as Maltese crosses as 

shown in Figure 12 where the unheated, heated and cooled sample are shown. Comparison 

between sample 4 and 9 at room temperature shows more crosses in the non-extruded sample. 

As heat treatment proceeds, the granules and the Maltese crosses fade away. The rare amount 

of Maltese crosses remaining after cooling may belong to RS. The appearance throughout heat 

treatment, before and after extrusion is the general for all samples.       

                T1 = 25 °C            T2 = 92 °C               T3 = 25 °C   

   

   

 

 

Micrographs of starch suspensions stained with Lugol’s solution can be compared in Figure 13. 

General comparison between the non-extruded sample and the extrudate shows that the non-

extruded sample contains higher fraction of starch granules of original shape regardless 

temperature. At room temperature, the granules are closely positioned yet separated unlike the 

appearance in the extrudate which is melted and agglomerated granules. However, the result 

after heating to 92 °C is more similar appearance where a few intact granules can be detected 

among a melted mass. The intact granules appear as slightly larger in the non-extruded sample 

due to swelling. Larger difference can be seen after cooling due to different set back values.  
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                T1 = 25 °C  T2 = 92 °C          T3 = 25 °C 
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Figure 13. Heated starch suspensions of non-extruded samples and extrudates stained with iodine. 

   

   
   

   

 
  

 

The degree of retrogradation can be seen when the granules regain similar shape as in the 

appearance of unheated samples. Higher degree of retrogradation can be seen among the non-

extruded samples with one exception, sample 5 and 10 showing the opposite where the 

extrudate appears more retrograded. However, the extrudates should have higher tendency to 

retrograde according to the set back values in Table 8. Sampling for the micrographs took place 

from a simulated heating process and not the process in the rheometer. Unevenness occurred 

with regards to water evaporation, heating and stirring which may explain the difference. 

Sample 3 appears to have the greatest tendency to retrograde among the non-extruded samples, 

which complies with its set back value. Sample 7 has the corresponding tendency among the 

extrudates. This concludes that retrogradation is favored by larger particle size among non-

extruded samples and smaller particle size among extrudates. However, the appearance of the 

retrogradation in the micrographs does not comply with all set back values nor all of the RS 

contents. 
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6 CONCLUSIONS 
 

The method described in the Resistant Starch Assay Kit from Megazyme International Ireland 

Ltd.  was more stable for determination of RS content in flour than the Goñi method. However, 

the reliability of the method is still uncertain since the predetermined value of the reference 

sample fall short of the real value which was never obtained. RS content close to the 

predetermined value was first obtained when enzymes from Sigma-Aldrich were used in the 

method. 

The low RS content can be explained by starch-protein associations since protein inhibit starch 

hydrolysis. A positive correlation between smaller particle size and higher RS content can be 

concluded. Grinding is believed to liberate starch from the protein rich aleurone layer. A blend 

of sorghum and cowpea did not affect the RS content significantly which means that a blend of 

the flours is more nutritious since cowpea contains more protein. Furthermore, less amounts of 

RS were obtained after extrusion due to loss of crystallinity in the starch granules.  

Sorghum showed more amylose content than cowpea which did not match previous reported 

results. Therefore, a conclusion can be drawn that the method described in 

Amylose/Amylopectin Assay Kit is not accurate as well. Amylose melted during extrusion 

resulted in less amount RS in extrudates. However, particle size had a larger influence on RS 

content than amylose content. 

The greatest tendency to retrograde was among the extrudates according to the obtained set 

back values. However, the image on the micrograph showed the opposite as well as the table 

with the results of the RS content. Between sorghum and cowpea, sorghum contains the most 

RS content. The final conclusion is thus that the sample containing only sorghum of particle 

size 125 µm is most healthy regarding amount of RS and SDS.  
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7 FUTURE WORK  

 

Further analyses are suggested in order to obtain more accurate results. To the previous 

modifications, further modifications can be added. However, it is important to evaluate the 

combability between a modification and the other steps in the method.  

Further development of the Megazyme method 

Complement the steps with a protein removal step. Preferable with the addition of pepsin. 

However, the discard of supernatants prevents determination of non-RS and thus TS content. 

Use a reference sample of known origin, composition and RS content during the development 

phase. 

Alternative measurement of viscosity profile 

The measurement is advantageously performed in a closed system to prevent evaporation of 

water and drying of the top layer of the starch. Proposed with the use of an amylograph. 

Increase temperature when determining AA content 

The temperature of the water bath used had a limit of approximately 98-100 °C. The sample 

required the temperature that of boiling point of water as minimum temperature during heat 

treatment. More accurate values are obtained if the water bath is boiling. 

 

Further analysis of sorghum off particle size 125 µm 

Investigate the impact of different processing methods to find the optimum treatment and 

conditions to enhance the RS content. 
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APPENDIX  

 
 

Table A9. RS content obtained with enzymes included in the Resistant Starch Assay Kit from Megazyme. 

Run Sample 
Dry weight  

(mg) 

Average abs  

(510 nm) 

RS  

(g/100 g 

sample) 

1 

1 95.545 0.048 0.4469 

2 96.594 0.038 0.3499 

3 97.706 0.026 0.2322 

4 98.063 0.022 0.1996 

5 91.503 0.061 0.5931 

Reference 86.420 0.112 11.194 

Comment  

2 

1 91.748 0.058 0.5624 

2 92.977 0.035 0.3349 

3 94.779 0.029 0.2722 

4 95.576 0.015 0.1396 

5 92.064 0.088 0.8504 

Reference 87.165 0.093 9.2154 

Comment New Reagents 

3 
Reference 86.344 0.059 13.668 

Reference 86.086 0.069 15.898 

Comment Use of alternative spectrophotometer 

4 
3 97.194 0.033 0.2917 

Reference 86.000 0.089 8.8132 

Comment New GOPOD solution 

6 

1 88.224 0.080 0.7986 

2 91.042 0.029 0.2805 

3 92.958 0.636 6.0258 

4 90.460 0.018 0.1753 

5 91.458 0.035 0.3370 

Reference 82.804 0.168 17.182 

Comment More amount of enzymes 

7 

1 88.136 0.056 0.5596 

2 90.952 0.041 0.3970 

3 92.680 0.092 0.8743 

4 90.822 0.017 0.1649 

5 91.825 0.045 0.4316 

Reference 82.887 0.207 21.149 

Comment AMG from Total Starch Assay Kit, new reagents 

8 
3 88.312 0.029 0.2842 

Reference 83.053 0.073 7.3925 

Comment Increased time with KOH 
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Table A10. RS content obtained with new enzymes from Sigma-Aldrich. 

Run Sample 
Dry weight  

(mg) 

Average abs  

(510 nm) 

RS  

(g/100 g sample) 

9 

1 88.136 1.104 10.926 

2 90.861 1.126 10.810 

3 92.773 1.167 10.972 

4 90.822 1.372 13.177 

5 91.916 1.171 11.113 

Reference 86.913 0.233 22.703 

10 

1 86.643 1.327 13.359 

2 86.240 1.442 14.585 

3 88.701 1.386 13.630 

4 88.669 1.186 11.667 

5 89.365 1.118 10.913 

11 

1 86.643 1.015 10.218 

2 86.671 0.970 9.762 

3 88.437 0.986 9.725 

4 88.316 1.111 10.973 

5 89.365 1.139 11.117 

Reference 89.365 0.149 14.120 
 

 

Table A11. RS content of extrudates with new enzymes from Sigma-Aldrich. 

Run Sample 
Dry weight  

(mg) 

Average abs  

(510 nm) 

RS  

(g/100 g sample) 

12 

6 88.422 0.877 8.651 

7 89.656 0.763 7.423 

8 88.941 0.843 8.268 

9 88.707 0.953 9.371 

10 88.939 0.983 9.641 

Reference 84.799 0.186 18.575 

13 

6 88.246 0.952 9.410 

7 89.299 0.931 9.094 

8 88.674 1.005 9.886 

9 88.530 0.884 8.710 

10 88.939 0.850 8.336 

14 

6 88.510 0.830 8.180 

7 89.656 0.921 8.960 

8 89.030 0.878 8.602 

9 88.796 0.914 8.978 

10 88.583 0.978 9.630 

Reference 85.053 0.160 15.931 
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Table A12. AA content obtained for non-extruded samples using Amylose/Amylopectin Assay Kit from Megazyme. 

Run Sample 
AA abs  

(510 nm) 

TS abs  

(510 nm) 

Amylose  

(w/w%) 

1 

3 0.397 0.434 61.105 

4 0.453 0.547 55.321 

5 0.322 0.470 45.765 

2 

3 0.430 0.475 60.472 

4 0.363 0.560 43.301 

5 0.403 0.494 54.495 

3 

3 1.770 2.101 56.276 

4 1.806 1.965 61.395 

5 1.765 1.990 59.247 

Reference 1.787 1.848 64.595 
 

 

Table A13. AA content obtained for extrudates using Amylose/Amylopectin Assay Kit from Megazyme. 

Run Sample 
AA abs  

(510 nm) 

TS abs  

(510 nm) 

Amylose  

(w/w%) 

1 

8 0.105 0.519 13.514 

9 0.115 0.561 13.693 

10 0.069 0.383 12.034 

2 

8 0.114 0.544 13.999 

9 0.129 0.621 13.876 

10 0.081 0.393 13.768 

3 

8 0.096 0.663 9.672 

9 0.079 0.596 8.854 

10 0.053 0.420 8.430 

 

 

 

 

 


