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Chapter I  Introduction and thesis outline 

I.1 Preface 

Due to an increase in the occurrence of diabetes mellitus, cardiovascular disease and obesity in recent 

years, there has been significantly more research and development on plant-based whole foods such as 

rice (Tian et al., 2018), wheat (Wu, Qiu, Wang, & Li, 2019) and potatoes (Singh & Kaur, 2016a). The 

functionality and the overall quality of potatoes have been related to the physicochemical attributes of 

their carbohydrates (starch), which mostly depend on the botanical origin (Singh & Singh, 2001). The 

physicochemical characteristics of starches, microstructure of cell and cell wall, complexation of starch 

with lipids and proteins (Do, Singh, Oey, & Singh, 2018), processing and post-processing storage alter 

starch digestibility pattern along with sensory attributes (Singh, Dartois, & Kaur, 2010). Cooked or 

gelatinised starch is hydrolysed to glucose, maltose and malto-oligosaccharides by amylase and other 

related digestive enzymes (Englyst, Kingman, & Cummings, 1992). These enzymes are active in the 

gastro-intestinal tract of humans and are responsible for the converting starch completely to glucose, 

which is later absorbed in the blood (Foster-Powell, Holt, & Brand-Miller, 2002). After gelatinisation 

or thermal processing and upon cooling of starch and starchy foods, the starch re-associates into an 

ordered structure. These structural transformations are termed as retrogradation, during which, the 

starch fractions becomes more resistant to amylolytic enzymes (resistant starch) (Lynch et al., 2007). 

Starch retrogradation initiate the aggregation of amylose fraction and then later to the linear fraction of 

amylopectin. Depending on the resistance of starch towards enzymatic digestibility, starches can be 

classified as rapidly digestible starch (RDS), slowly digestible starch (SDS), or resistant starch (RS) 

(Goñi, Garcia-Alonso, & Saura-Calixto, 1997). Resistant or slowly digestible starches have 

physiological functions similar to those of dietary fibres along with some additional benefits 

(Haugabrooks, 2013). Several studies have indicated that starch retrogradation and type of processing 

change the amount of the slowly digestible and resistant starches of foods (Goñi et al., 1997; Singh et 

al., 2010). 

 The project will be helpful in gaining insight into how potato starch structural changes in tuber, 

during processing and post-processing, affect digestibility.  In addition, how it can be tailored to gain 

desirable functionalities. Starch digestion in vitro techniques involve imitation of the physiological 

conditions within the human body and generally show a very good agreement with starch digestibility 

calculated in vivo (using both animal and human subjects).  Knowledge about digestion kinetics is a 

powerful tool to design processed potato products with low and slow digestibility. Therefore, we studied 

the digestibility of retrograded potato starch in tuber by oral-gastric-small intestinal digestion in vitro.  
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I.2 Potato tubers 

 The annual world production of potato 

(Solanum tuberosum L.) exceeded 388 million 

metric tonnes in 2017, of which China is the top 

producer (FAOSTAT, 2019). The high yield per 

unit area and the abundant nutrients (Table I.1) 

have led to an increase in potato production over 

past years compared with other tuber crops. The 

potato plant, a perennial herb belonging to the 

family Solanaceae, bears white to purple flowers 

with yellow stamens, and some cultivars bear 

small green fruits, each containing up to 300 seeds. 

Potato tuber is an underground stem bearing 

auxiliary buds and scars of scale leaves and is rich 

in starch and storage proteins. Potatoes can be 

grown from the botanical seeds or tuber propagation i.e. seed potatoes with optimum sprouting. A 

sprouted potato, however, is not acceptable for consumption and processing due to the formation of 

glycoalkaloids (Furrer, Chegeni, & Ferruzzi, 2018; Laus, Klip, & Giuseppin, 2017).  

Potato possesses a high economic yield and nearly 80% of the harvested tuber is processed to a wide 

range of applications (Singh & Kaur, 2016b). Based on the composition of different potato cultivars 

(Table I.2), they are suited to various culinary uses. Potato tubers can be consumed either freshly cooked 

or as processed potato products. The compositional attributes such as specific gravity, total solids, and 

starch content are found to be correlated with some sensory perception, and thus, leading to different 

culinary uses (Bordoloi, Kaur, & Singh, 2012; Kirkpatrick, Heinze, Craft, Mountjoy, & Falatko., 1956; 

Sterling & Bettelheim, 1955). Most commonly processed potatoes are French fries ("chips" in British 

and Commonwealth English) that the production processes simply include peeling/cutting, blanching, 

frying, freezing and packaging. Another similar processed product is potato crisp ("chips" in the US) 

which is made from thin slices of deep-fried or baked potato or made from a dough of dehydrated potato 

flakes. Dehydrated potato flakes and granules are made by drying cooked potatoes to a moisture level 

of 5 to 8 percent. Potato flakes can be used to make mashed potato products, or as ingredients in snacks, 

or even as food aid. Other dehydrated product, such as potato flour, is ground from whole and cooked 

potatoes, which retain a distinct potato taste. Potato flour, a good source of starch and is gluten-free. It 

is often used by the food industry to make and bind meat mixtures or to thicken gravy and soup. Further 

purified potato starch features a fine, tasteless and excellent mouthfeel, along with providing higher 

viscosity than wheat and corn starches. So potato starch is commonly used as a thickener for sauces and 

stews, or as a binding agent in cake mixes, dough, biscuits and ice cream (Luallen, 2017; Wurzburg, 

Table I.1 Nutrition Facts of potatoes. 

Nutrients Amount (/100g) 
Calories 77 kcal 
Protein 2 g 
Total lipid (fat) 0.0 g 

Cholesterol 0.0 mg 
Total carbohydrate 17 g 

Fibre, total dietary  2.2 g 
Sugars, total 0.8 g 

Minerals  
Calcium, Ca 14 mg 
Iron, Fe 0.73 mg 
Potassium, K 419 mg 
Sodium, Na 0 mg 

Vitamins  
Vit C, total ascorbic acid 18.2 mg 

USDA Food Composition Databases. 
https://ndb.nal.usda.gov/ndb/ 

https://ndb.nal.usda.gov/ndb/
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hydrolysis by simulated small intestinal fluid (SIF)-containing pancreatic amylases led to the digestion 

of gelatinised starch and its remnants progressively, as evidenced by the homogeneous background of 

empty cells and empty cavities of SEM micrographs. Cell walls stayed intact during and after the 

digestion indicating SIF had no effect on the cooked potato tuber cell walls, which are generally made 

up of cellulose and hemicellulose materials (Bordoloi, Singh, et al., 2012). 

Disrupted amylose and amylopectin retrograde differently owing to the distinct molecular structure. 

Amylose aggregation and crystallisation take place within the first few hours while amylopectin 

retrogradation occurs at a later stage of cooling and storage. Amylose linear chains facilitate cross-

linkages by hydrogen bonding, and hence amylose is proposed to act as a nucleus for amylopectin 

crystallisation or amylose-amylopectin co-crystallisation (Lian, Cheng, Wang, Zhu, & Wang, 2018; 

Smits, 2001). Amylopectin retrogradation is generally linked to the ability of the external glucan chains 

to form double helices (Gudmundsson & Eliasson, 1990; Singh, Lin, Huang, & Chang, 2012). The 

manner in which the re-association of amylose and amylopectin during cooling/storage conditions to 

form a relatively ordered network largely determines the subsequent resistance of the starch to 

enzymatic digestion (which was comprehensively surveyed in Chapter II). Additionally, based on the 

food processing conditions such as temperature, water content, shear strength, and pressure, changes in 

starch physicochemical properties lead to various glycaemic responses.   

I.5 Potato tuber consumption and human health 

Potatoes (Solanum tuberosum) are an important food crop worldwide and contribute key nutrients 

to the diet, including vitamin C, potassium, and dietary fibre (Camire, Kubow, & Donnelly, 2009). 

Potatoes have been shown to have favourable impacts on several measures of cardiometabolic health in 

animals and humans, including lowering blood pressure, improving lipid profiles, and decreasing 

markers of inflammation (McGill, Kurilich, & Davignon, 2013). But potatoes are generally considered 

as a high GI food due to the blood glucose spike after consumption. The glycaemic index (GI) is defined 

by the increase in postprandial blood glucose during the first 2 hours after the consumption of 

carbohydrate foods. Foods with a high GI produce a higher peak in postprandial blood glucose and a 

greater overall blood glucose response than foods with a low GI. In the context of the pandemic of 

obesity and glucose intolerance in the modern world, ways to manipulate the rate and extent of starch 

digestibility are vital, as for the purpose of this project especially. Rate of starch digestion is important 

because the degree to which blood glucose loading exceeds blood glucose clearance determines the 

acuteness of the net increase in blood glucose concentrations, and consequently, the intensity of the 

insulin response required to remove the glucose overload and restore normal blood glucose 

concentrations. Rate of digestion determines the sustainability of glucose supply during the continued 

digestion in the gut, and therefore, delay the urge to eat again contributing to satiation during a meal 
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2 Native starch granules protected from digestion due to the conformational structure 
of the granule. 

3 Non-granular starch formed during retrogradation of starch granules in food 
processing. 

4 Chemically modified starch to decrease digestibility. 
5 Amylose-lipid complex found in native starch granules and processed starch. 

I.5.2 Cooking methods and the effects on starch digestion 

Uncooked potatoes have 75% of resistant starch; however, potatoes are rarely consumed in the raw 

form. Once cooked, amount of resistant starch has been observed to decrease to 1.5% (Englyst et al., 

1992; García-Alonso & Goñi, 2000). Besides the intrinsic factors of starch such as botanical source, 

amylose content and other cell components, the extrinsic factors such as different cooking methods 

have also been shown to affect the starch digestibility (Dupuis, Lu, Yada, & Liu, 2016; Mishra, Monro, 

& Hedderley, 2008). Some resistant starch or slowly digestible starch may be restored during cooling 

periods (i.e. boiling potatoes followed by refrigeration) attributed to retrogradation (Colussi, Singh, et 

al., 2017), resulting in a reduced glycaemic index (Fernandes et al., 2005). Details of food processing 

and starch retrogradation and its effect on starch digestion are surveyed in Chapter II. 

I.6 Research aim and thesis outline 

The object of this project is to tailor the digestion characteristics of potato starch in tuber through 

retrogradation in order to achieve functional processed potato product with low glycaemic features. 

Three stages are envisaged for the project with an aim to design slowly digestible whole processed 

potato tubers. The first stage is to understand the mechanism and kinetics of starch retrogradation, 

followed by the second stage of the development of processing technologies or treatments. Then in the 

third stage, the stability of slowly digestible/ resistant starch during processing and post-processing, i.e. 

storage and reheating will be discussed. The knowledge gained through these three stages will be used 

to formulate slowly digestible/ resistant starch-based low GI processed potato products, and the 

feasibility of scale-up will be discussed. The thesis outline is described per chapter below. 

Chapter II  Review of literature This chapter provides the current understanding of starch 

retrogradation including the structure of retrograded starch and its mechanisms as published in the 

scientific literature. How food processing influences the formation of retrograded starch and interaction 

with other food components thus leading to a lower or slower rate of starch digestion, is surveyed. This 

is a basis for investigating how potato starch retrogradation in tuber, i.e. in a natural whole food, can be 

tailored to develop nutritionally processed potato products. 

Chapter III  Methodology and methods development. This chapter details the developed 

analytical techniques including experimental setups and method validations for studying potato starch 

retrogradation in tuber and its digestion using an oral-gastric-small intestinal in vitro model. Other 

general methods to study potato starch retrogradation are provided in individual chapters accordingly. 
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Based on the review of literature in chapter II, research gaps and research questions were identified 

and thus three main studies were carried out and described in the following chapters. Cooking disrupts 

starch granular structure from ordered to disordered state, and with subsequent cooling the disordered 

structure tangles up. This on-going process of starch structural changes i.e. gelatinisation and 

retrogradation was studied in whole tuber in chapters IV, V and VI.   

Chapter IV  Potato starch retrogradation in tuber: structural changes and gastro-small 

intestinal digestion in vitro. This chapter reported study of the mechanisms of potato starch 

retrogradation in tuber by LF-NMR. A gastro small-intestinal in vitro model was used to study the 

starch hydrolysis in the cooked and retrograded tubers. After various storage periods (1, 3, and 7 days) 

at 4°C in the refrigerator, the estimated glycaemic index (eGI) of retrograded tubers decreased, 

especially the 7-day retrograded tuber which exhibited the lowest eGI.  

Chapter V  Influence of time-temperature cycles on potato starch retrogradation in tuber and 

starch digestion in vitro. Time-temperature cycles (TTC) were designed to induce stepwise nucleation 

and propagation to promote the growth of crystalline regions and the perfection of starch crystallites, 

and thus presents a piece of new information on the acceleration of starch retrogradation in tuber. TTC 

processed potatoes were studied by in vitro oral-gastro-small intestinal digestion.  

Chapter VI   Starch retrogradation of sous vide cooked potato and starch digestion in vitro. This 

study investigated potato starch retrogradation in tuber when potatoes were cooked at low temperatures 

for a long time by following French-style sous vide cooking. Sous vide cook-chill potato tubers storing 

at 4°C in a refrigerator were to simulate the catering processing.  Structural characteristics of all length 

scales such as microstructure, pasting properties, relative crystallinity, thermal characteristics, and 

water mobility were analysed.  The effect on digestibility was studied by in vitro oral-gastric-small 

intestinal digestion.    

Chapter VII Stability  of retrograded potato starch in tuber during reheating. This chapter 

discusses reversible structural changes of the retrograded starch in tuber during reheating. The 

retrograded starches in tuber were taken from the three main studies: the constant 4°C retrograded, the 

TTC retrograded, and the sous vide cooked-chill starches in tuber. 

Chapter VIII Industrial  relevance. It is a projection from the main three studies and industrial 

implications have been presented and discussed. 

Chapter IX  General discussion and conclusion.  
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microscopy (CLSM) can visualise retrograded starch in potato tubers cell structure by suitable dye, such 

as Acridine orange for cell wall and starch or Acid Fuchsin for protein (Table II .1). Combined 

techniques such as Raman microscopy with high resolution may be used to visualise the state of starch 

re-ordering process in formulated starch-water systems or whole foods.
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 Starch and carbohydrates 

The term carbohydrate refer to monosaccharides (e.g. glucose, ribose, fructose), oligosaccharides 

with 2-20 units (e.g., maltose, lactose, sucrose), and polysaccharides (e.g., guar gum, locust bean gum, 

xanthan gum, carrageenan, alginate, pectin, arabic gum, carboxyl-methyl-cellulose, and methyl-

cellulose, hydroxyl-propyl-methylcellulose).  

Sugars (monosaccharides and short oligosaccharides) and cold water-soluble maltodextrins have 

been shown to affect starch retrogradation in different trends. Simple sugars, such as glucose have been 

reported to increase retrogradation rate by the cross-linking of outer branches of adjacent amylopectin 

chains (Hoover & Senanayake, 1996). Larger malto-oligosaccharides, i.e. DP>6 may form small helices 

that co-crystallise with starch enhancing the formation of retrogradation (Gidley & Bulpin, 1987). Other  

sugars with DP 2-5, however, may form complexes with starch hydroxyl groups hindering the formation 

of amylose helices and reducing starch retrogradation (Lee, Kim, & Nishinari, 1998; Rojas, Rosell, & 

de Barber, 2001; Smits, Kruiskamp, Van Soest, & Vliegenthart, 2003).  

Non-starch polysaccharides are complex polysaccharides other than the starches that contain several 

hundreds of thousands of monosaccharides units, joining by glycosidic linkages (Kumar, Sinha, 

Makkar, de Boeck, & Becker, 2012). Due to the structural complexity of starch and non-starch 

polysaccharides, the interactions between two compounds depends on several factors including the 

molecular structure, ionic nature, concentration, and ratio of starch to non-starch polysaccharides 

(Tester & Sommerville, 2003). Various extrinsic factors such as pH, ionic strength, temperature, and 

presence of other components also affect the interactions between starch and non-starch 

polysaccharides. Different mechanisms have been proposed to illustrate interactions between starch and 

hydrocolloids and the effect on starch retrogradation.  

Hydrocolloids generally promote short-term starch retrogradation by immobilizing water molecules 

in the starch-hydrocolloid solution and therefore increasing the aggregation of starch (primarily amylose 

molecules) (Sikora, Kowalski, & Tomasik, 2008; Yoshimura, Takaya, & Nishinari, 1998). 

Galactomannans, such as guar gum, tara gum, and locust bean gum, and konjac glucomannan yet have 

been shown to retard the long-term retrogradation. Interactions among gums and starch during 

retrogradation depends on the molecular flexibility (i.e. the degree of conformational expansion) of the 

gums and thus vary with different glycan chains. For instance, the more galactose side chain present 

the greater delaying effect has been observed on long-term retrogradation, possibly due to inhibition of 

amylose crystallisation and/or the co-crystallisation between amylose and amylopectin (Funami et al., 

2005a, 2005b). 

Freeze-thaw stability, an indicator of starch retrogradation has been shown to be improved in the 

presence of non-starch polysaccharides. Improved freeze-thaw stability has been observed with sweet 

potato, yam, corn starches and wheat flour in the presence of xanthan gum (Sae-kang & Suphantharika, 

2006); or with rice starch in the presence of konjac glucomannan (Charoenrein, Tatirat, Rengsutthi, & 
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hindrance and other limiting effects (e.g. water availability) (Do, Singh, Oey, & Singh, 2019; Singh et 

al., 2014). During cooking, legumes become soft due to gelatinised starch and denatured proteins in 

cells accompanied by partial solubilisation of the middle lamella leading to separation of individual 

cotyledon cells (Hultin & Milner, 1978). After cooling, SEM images revealed finely reticulated legumes  

attributed to shrunk cells and crimples on cell walls during starch retrogradation (Tan, Tan, Tian, Liu, 

& Shen, 2011).  

Starch retrogradation in whole tuber (in tuber) has recently been investigated through low field-

nuclear magnetic resonance (LF-NMR), a non-invasive technique. Interactions of starch and water, the 

most abundant component in tuber during starch retrogradation were discerned by four relaxation times 

(Chen, Singh, & Archer, 2018). Effects of cooking, cooling and reheating on the structures formed by 

gelatinised amylose and amylopectin and the effects on water migration were inferred from the degree 

of the vibration of hydrogen bonds as indicated by relaxation time. Each relaxation time may indicate 

the mobility of water within the starch double helices of crystalline regions (T20), in the amorphous 

region of amylose and amylopectin (T21), loosely associated with the gelatinised starchy matrix (T22), 

and within potato tuber cell cytoplasm (T23) (Figure II .2b) (Chen et al., 2018; Thybo, Andersen, 

Karlsson, Dønstrup, & Stødkilde-Jørgensen, 2003). The water population with relaxation time T23 was 

predicted to diffuse into starch granules and interact with the exposed hydroxyl groups of amylose and 

amylopectin by exchanging hydrogen bonds during heating. As the temperature dropped after heat 

treatment, progressive aggregation of gelatinised amylose and amylopectin reportedly weakened the 

interactions between the starchy matrix and water leading to more free water in the T23 population; 

simultaneously the water with T21 in the gelatinised amylose and amylopectin network became less 

mobile (Figure II .2c) (Chen et al., 2018). A cyclic pattern of the relaxation time T22 of freshly cooked, 

retrograded (for 1,3, and 7 days), and retrograded then reheated potato (at 50,70, and 90 °C) was 

observed (Chen et al., 2018), indicating that longer storage time allowed gelatinised amylose and 

amylopectin to associate, forming a sufficiently strong structure to maintain integrity despite reheating 

to 90 °C.  

(a) Raw potato parenchyma cells (b) Freshly cooked potato cells-
starchy matrix containing 
leached AM and unwound AP 

(c) 3-day retrograded potato 
cells-retrograded AM and AP 
embedded in starchy matrix 
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The integrated observations based on interactions of different components in formulated and natural 

systems in response to a thermal process can provide an overall picture of starch retrogradation leading 

to better understanding of the mechanisms and exploring the potentials for structural manipulation. 

II.3 Starch retrogradation as influenced by type of food processing  

Food processing can modify starches physically by inducing changes in the packing of AM and AP 

and their interactions with other food components which might further affect the formation of 

retrograded starch. Starch structural changes, particularly the formation of retrograded starch 

manipulated by existing and new technologies during processing and post-processing are discussed 

below (Table II .3).  

Heat moisture treatment (HMT) is a hydrothermal process applied to starch under low moisture 

conditions (<35% moisture, w/w) for a length of time (1-24 h). HMT modifies the physico-chemical 

properties of starches without destroying their granular form. Starch granular form is retained under 

limited water content, though the mobility of the glycosidic bonds is increased and the helical structure 

of semi-crystalline lamellae is changed under high temperature (80-130°C) (Zavareze & Dias, 2011). 

The physico-chemical characteristics such as granule morphology, pasting properties, and gelatinisation 

temperature and enthalpy of HMT-treated starches has variously been reported to increase, decrease, or 

not change, depending  on the type of starch (Hoover, 2010), moisture content (Lim, Chang, & Chung, 

2001), and heating temperature-time (Varatharajan et al., 2011) during HMT.  

HMT might disrupt the least stable structures such as the outer branches of amylopectin, resulting 

in stronger and more rapid lateral association of double helices in retrograded starch during subsequent 

cooling (Hoover & Vasanthan, 1994a). The relative crystallinity of HMT-treated and retrograded corn 

and potato starches have been shown to be higher than their native counterparts (Miyoshi, 2002). HMT 

might also enhance the AM-AP interactions in cereals and legumes starches. For instance, enhanced 

interactions of AM-AP chains in HMT-treated lentil than wheat starches, owing to the longer AM and 

AP chains in lentil starch, have less disrupted AM-AP interaction during gelatinisation (Hoover & 

Vasanthan, 1994b). With subsequent cooling, the increase in retrogradation enthalpy of HMT-treated 

 
 

  

Figure II .2 Model of starch retrogradation in tuber and its relaxation time distribution curve (Chen et al., 2018). 
*AM represents amylose and AP is amylopectin. Model, not represented to the relative length scale, is only for 
illustration. 
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Ultrasonic processing is another technique to overcome the low thermal diffusivity of foods. 

Depending on the processing temperature influenced by ultrasound power, time, and intensity, 

ultrasonication can be either a thermal process or a non-thermal process. Studies have documented 

morphological (Moza, Mironescu, & Florea, 2012; Sujka & Jamroz, 2013) and physico-chemical 

(Czechowska-Biskup, Rokita, Lotfy, Ulanski, & Rosiak, 2005; Iida, Tuziuti, Yasui, Towata, & Kozuka, 

2008) changes in starches induced by ultrasonic cavitation. Ultrasonication power has been reported to 

possibly interrupt the branch chains of amylopectin in rice starch resulting in depolymerisation (Sujka 

& Jamroz, 2013). The decrease in retrogradation enthalpy with increasing ultrasonication power has 

been thought to be due to the less recrystallized amylopectin molecules (Yu et al., 2013). Syneresis (%) 

of the sonicated starch gels has been found to be lower than for the untreated starch gel after three 

freeze-thaw cycles (Sit, Misra, & Deka, 2014). According to Sit et al. (2014), ultrasonic treatment might 

have broken molecular chains in the amorphous regions leading to extensive reordering of the chain 

segments. This breakage and reordering of amorphous region may have then allowed a greater number 

of hydrophilic bonds to be exposed and to hold more water during thawing.  

Non-thermal methods are ideal processes without heat deteriorative reactions. Pulsed electric field 

(PEF) is commonly used in potato industry as a pre-treatment step prior to cutting as the PEF-softened 

potato tubers have been shown to cut more cleanly (Botero-Uribe, Fitzgerald, Gilbert, & Midgley, 2017; 

Fauster et al., 2018). PEF treatment has also been reported to disrupt the structure of starch granules as 

evidenced by the lower gelatinisation enthalpy indicating the potential loss of double helices. In 

addition, the lamellar spacing (d) in PEF-treated rice starch has been shown to decrease with increasing 

pulsed electric field strength (Zeng, Gao, Han, Zeng, & Yu, 2016). The morphology, relative 

crystallinity, and pasting properties of corn (Han, Zeng, Zhang, & Yu, 2009) and potato (Han, Zeng, 

Yu, Zhang, & Chen, 2009; Li et al., 2019) starches have been observed to be influenced by increasing 

pulsed electric fields strength. The PEF-treated corn and potato starches might have undergone starch 

gelatinisation in high pulsed electric fields strength (at 50 kV/cm) as shown by their granular destruction 

and the molecular rearrangement. Consequently, no significant difference in the final viscosity (the 

viscosity at the end of cooling) of PEF treated corn and potato starches was observed from their native 

counterparts. An increase in pasting stability and lower retrogradation tendency (i.e. syneresis) has been 

observed in PEF-assisted+acetylated potato starch (Hong, Chen, Zeng, & Han, 2016). This might be 

attributed to the suppression of intermolecular interaction between water and starch molecules due to 

the presence of phosphate ester at C6/C3 of amylopectin in potato starch (Walter, 1998).  

High pressure processing (including ultrahigh (UHP) or high-hydrostatic (HHP) pressure >400MPa 

and homogenisation by valve homogeniser) is an effective way to keep food product microbiologically 

safe while maintaining their sensory quality. All UHP-treated starches have been shown to have either 

a mixture of intact granules and partially gelatinised starch or completely gelatinised starch (Douzals, 

Perrier Cornet, Gervais, & Coquille, 1998; Kim, Kim, & Baik, 2012). Under UHP, the crystallite 

dissociation and the unwinding of amylopectin double helices have been reported to be restricted 
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starch (a C-type starch), the increase in RDS and the decrease in SDS with increasing EFI have been 

reported, but not for RS. This may imply a pronounced effect of PEF on the scatter structure and fractal 

dimension of self-similar structures in wheat and potato starches than for pea starch (Li et al., 2019). 

As discussed previously, PEF only displays subtle effects on starch retrogradation as evidenced by the 

pasting profile, therefore more research on the effects of post-processing of PEF-treated starch is 

necessary to determine the influence in SDS and RS content. 

The effects of ultrasound treatment on the structural and physico-chemical characteristics of starch 

have been extensively studied (Zhu, 2015) but few reports illustrated an effect on digestibility. 

Ultrasound treatment has been observed to enhance the crystalline regions in corn starch (Luo et al., 

2008). This more compact arrangement of the double-helical structures in starch granules might limit 

the amylase hydrolysis rate. The RS of ultrasound treated corn starch slurry (6.2%) has been found to 

be higher than in native corn starch (4.7%). Ultrasonic cavitation may have prompted the formation of 

short-chain amylose causing granules to rupture easily during gelatinisation. Consequently, gelatinised 

corn starch pre-treated with ultrasound has been observe to have higher RDS and yet higher RS (4.0%) 

than for heat-gelatinised corn starch (RS, 2.1%) (Flores-Silva et al., 2017). The short-chain molecules 

prompted by ultrasound cavitation might have facilitated recrystallisation during retrogradation. The 

resistant starch level in ultrasound treated and retrograded pea starch has also been shown increase (You 

et al., 2019).  
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II.5 Designing foods with low GI via enhancing starch retrogradation  

Lowering postprandial glucose and insulin responses to starch-based foods may have significant 

beneficial implications for prevention and treatment of metabolic disorders. It has long been established 

that post-prandial glucose response to carbohydrate meals is not only determined by the amount of 

available carbohydrate but also the proportions of different nutrients, particularly protein and fat, as 

well as food microstructure (Birt et al., 2013). Processing and post-processing (cooling and storage) 

affect the starch nutritional fractions in food products, regardless of naturally existing RS or RS-

enriched products. Starch retrogradation can be facilitated either by incorporating commercial resistant 

starch type 3 in starch-based products or via various processing and post-processing in formulated or 

natural systems, lowering GI potentially, as detailed below.  

Incorporating resistant starch type 3 (such as commercial ingredient NOVELOSE 330 (Ingredion 

Incorporated, Westchester, IL) derived from high amylose corn) in starch-based products is limited 

because of adverse effects on bread quality, such as texture (Korus, Witczak, Ziobro, & Juszczak, 2009), 

gas cell size (Sanz, Salvador, Baixauli, & Fiszman, 2009), and gluten network formation (Wang, Rosell, 

& Benedito de Barber, 2002). However, this retrograded amylose exhibits high melting temperatures, 

up to 170°C, and thus cannot be dissociated by cooking (Jacobasch, Dongowski, Schmiedl, & Müller-

Schmehl, 2006; Jane & Robyt, 1984). Additionally, amylose molecules and long-branch chains of 

amylopectin form double helices during retrogradation creating steric hindrance of enzymatic binding 

and lowering starch hydrolysis (Sievert & Pomeranz, 1990). Considerable research is still needed to 

identify the effectiveness of these type of resistant starches and to investigate mechanisms underpinning 

their actions. 

Effects of different bread making processes, such as different leavening techniques, cooking 

methods (Jenkins et al., 1986; Lau, Soong, Zhou, & Henry, 2015), proofing period (Pat Burton & 

Lightowler, 2006), and partial baking freezing technology (Borczak, Sikora, Sikora, Rosell, & Collar, 

2012) on postprandial glucose and insulin response to bread has been reviewed comprehensively 

(Stamataki, Yanni, & Karathanos, 2017). Sourdough bread has been found to be a low GI food possibly 

due to the slower gastric empty rate (Darwiche et al., 2001; Najjar et al., 2008), or the formation of RS 

content via starch retrogradation (Novotni et al., 2011), or the interaction between starch and gluten 

proteins creating physical barrier to enzymatic digestion (Östman, Nilsson, Liljeberg Elmståhl, Molin, 

& Björck, 2002). The mechanism behind these pronounced effects are still to be fully elucidated. Bread 

staling, as a result of starch retrogradation after storage, may limit the application to reduce GI due to 

the increase in hardness. Partial-baking freezing technology has also been reported to facilitate the 

formation of retrograded starch due to the heating-cooling cycles involved from manufacture to 

consumer (Ronda et al., 2011). For both homemade and commercial white breads, the glucose response 

of frozen-defrosted then toasted breads have been found to be significantly lower than for freshly toasted 

bread in a randomised cross-over design trial of 10 healthy volunteers (Burton & Lightowler, 2008).  
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II.7 Research gaps 

Reseach Gap I. Starch retrogradation in tuber and its influence during gastro small-intestinal digestion 

Retrogradation leads to structural and physical changes in starch, which affects its functional 

properties. Starch retrogradation in cooked/ gelatinised starch has been reported to depend on the 

botanical source, morphology and granule size distribution (Singh & Kaur, 2004). Inherent 

characteristics of starch granules such as amylose/amylopectin ratio (Miles et al., 1985), amylopectin 

branched-chain-length distribution (Srichuwong, Sunarti, Mishima, Isono, & Hisamatsu, 2005) and 

crystalline/amorphous alignment (Frost et al., 2009) have been considered as important factors. 

Processing or cooking disrupts the ordered structure of granular starch, resulting in the increased 

susceptibility of starch to enzymatic digestion. Subsequent cooling and storage lead to retrogradation, 

in which starch forms compact and dense starchy matrix leading to resistance to digestive enzymes. 

Starch retrogradation and starch digestion in whole potato tuber (Bordoloi, Kaur, et al., 2012; Tian et 

al., 2016) may, however occur in a different manner compared to pure potato starch (Ek, Wang, Brand-

Miller, & Copeland, 2014; Noda et al., 2008) or pastes/gels (Suzuki & Hizukuri, 1979).  

Potato tubers encompass different cell compartments (e.g. cell wall, vacuole, cytoplasm and 

intercellular spaces) within which starch gelatinisation and starch retrogradation occur, subject to local 

influences of other cell components and water availability. We hypothesise that starch retrogradation 

in tuber may be different from a retrogradation in a starch-water system. We consider that during 

cooking, starch in tuber is different from in a starch-water system where excess free water is available, 

therefore mechanisms and resulting functionalities including retrogradation and starch digestion will 

be different.  

Reseach Gap II. Accelerated starch retrogradation in tuber and formation of slowly digestible starch  

Chill and freeze temperatures facilitate disrupted amylose and amylopectin to aggregate and re-

crystallise during retrogradation. A stable microstructure withstanding freeze-thawing cycles is crucial 

to maintain the textural quality of frozen products. At storage temperature below ice melting 

temperature, ice crystals embed in the gelatinised starch network, giving a sponge-like structure. Ice 

crystals coexist in the gelatinised starch network under a metastable status. Freeze-thawing cycles thus 

generate alternating the starch-rich and the starch-deplete (once ice) regions  (Capron, Robert, Colonna, 

Brogly, & Planchot, 2007; Levine & Slade, 1988). Retrogradation rate has been found to be faster at 

temperatures close to 0°C than at room temperature, suggesting the occurrence of the nucleation of 

retrograded starch (White, Abbas, & Johnson, 1989). Retrograded waxy potato starch, formed under 

temperature cycle between 4°C and 25°C has been found to have higher onset temperature, relative 

crystallinity, and 1047/1022 ratio compared to samples stored at constant 4°C (Xie et al., 2014). 

Retrogradation is a non-equilibrium polymer crystallisation process and proceeding rate is determined 

by temperature. Crystallisation of amylose and amylopectin is thermally reversible above the melting 
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temperature. While the temperature is above glass transition temperature, amylopectin crystallisation is 

referred as a nucleation-limited growth process in a mobile, viscoelastic, fringed-micelle network. 

Simultaneously, amorphous materials display a thermodynamically metastable equilibrium, driving 

toward the crystalline state. Low temperature (4°C) thus prompts the nucleation of crystalline and 

increases the formation of SDS. While high temperatures (25-40°C) induce the propagation and 

maturation, resulting in less digestible materials (Hu, Huang, et al., 2014; Shi & Gao, 2016). The study 

suggested that temperature-cycled retrogradation in waxy potato starch is a favourable for preparing the 

slowly digestible starch (Xie et al., 2014).  

We hypothesise the thermodynamics of crystal formation in gelatinised starch in tuber govern the 

tendency of starch towards retrogradation. The rate of starch retrogradation and recrystallisation of 

the gelatinised starch in tuber can, therefore, be enhanced by time-temperature cycle treatments which 

may lead to the formation of a compact and dense microstructure, resulting in the lower and the slower 

digestibility. 

Reseach Gap III. Stability of retrograded starch in tuber during reheating  

After food processing, structures of starch in tuber influence the kinetics of glucose release markedly 

during gastro small-intestinal digestion in vitro. For instance, the percentage of starch hydrolysis in 

freshly cooked tubers has been found to be higher than cooled potato tubers (Tahvonen et al., 2006). 

An optimum heating process is necessary to create the unique organoleptic properties of potato product. 

During cooling and storage, disrupted starch molecules regain relatively ordered structure that is 

generally more resistant to enzymatic digestion (Zhou & Lim, 2012). Retrograded starch gels generally 

show an extensive aggregation of the gelatinised starch fragments, leading to a more compact structure 

with less porosity. This aggregation is the effect of retrogradation, during which disrupted amylose and 

amylopectin chains gradually try to re-associate into a different ordered structure. Reheating renders 

retrograded starch more susceptible to enzymatic hydrolysis, resulting in higher hydrolysis values 

almost close to the ones obtained for freshly cooked starch. Results of X-ray diffraction spectra and 

DSC analysis indicate that the crystalline component in fresh, retrograded and reheated pastes differed 

considerably between each other and the microstructure of retrograded starch pastes have a more 

compact network than freshly cooked and reheated pastes (Zhou & Lim, 2012). 

We hypothesise that a controlled heating process can retain the microstructure and crystallites of 

retrograded starch in tuber. We expect that more rigid and compact microstructures in tuber created 

through accelerated retrogradation by various processing and post-processing will have a higher 

crystalline perfection and stability during reheating and oral-gastro-small intestinal digestion.  
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II.8 Objective 

The main objective of my PhD project is to understand mechanisms and kinetics of starch 

retrogradation in tuber and its influences on the starch digestion in vitro. This knowledge is further used 

to manipulate the storage conditions to enhance the process of retrogradation, and finally studying the 

stability of retrograded starch in tuber during reheating.  

Research Objective I. Starch retrogradation in tuber and its influence during gastro small-intestinal 

digestion in vitro 

Physicochemical properties (such as moisture content, amylose content and total starch content) of 

a common New Zealand potato cultivar Agria were measured. Different cooking temperatures and 

refrigerated storage durations were selected to study the mechanism and kinetics of starch 

retrogradation in tuber. Freshly cooked (90°C for 25 minutes) cv. Agria potato tubers were refrigerated 

stored for 1, 3 and 7 days.  After storage, samples were reheated at 50, 70 and 90°C, respectively. The 

thermal characteristics (DSC) of all samples were measured by DSC while the relative crystallinity was 

determined by X-ray GBC® eMMA X-ray Diffractometer (GBC, VIC, Australia) (Foucault et al., 

2016). Starch hydrolysis by digestive enzymes was investigated by an in vitro starch digestion model 

(Bordoloi, Singh, et al., 2012). 

Relation between the microstructure of retrograded starch in tuber and starch digestibility were 

investigated.  Relaxation time distribution curves (mobility of different water pools) of raw, freshly 

cooked, retrograded and retrograded+reheated tubers were studied by LF-NMR. Other structural 

characterisations of samples such as relative crystallinity by X-ray were investigated.  

Research Objective II. Accelerated starch retrogradation in tuber and formation of slowly digestible 

starch  

Experiments were carried out in an attempt to accelerate retrogradation in tuber by using time-

temperature-cycle treatments during post-processing, i.e. storage of cooked tubers. Different 

combinations of cooking and storage temperatures, processing methods (annealing, par-cooking) were 

investigated. Physicochemical characteristics of processed starch in tuber were studied by blue value, 

TPA, RVA, DSC, FTIR, and LF-NMR. Samples were then tested for kinetics of glucose release during 

starch digestion in vitro.  

Research Objective III. Stability of retrograded starch in tuber during reheating  

Stability of retrograded starch in tuber after thermal processing was determined by applying different 

reheating temperatures and heating methods such as microwaving, low-temperature long time cooking. 

Physicochemical characteristics of retrograded+reheated samples were compared with fresh and 
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retrograded only samples. Starch digestibility by a simulated oral-gastric-small intestinal model of these 

samples was analysed.  

Following these three stages, we hope the knowledge created can assist in formulating potato 

products with a high quantity of slowly digestible starch and a lower GI. 
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  Characterisation of water pools in tuber 

To identify different water pools in tuber, sample sets A and B were carried out: 

sample A. a single component sample of 100% distilled water (W), a raw tuber (T), and the flour-

water suspension in the ratio of flour to water at 1:3 and 

sample B. two different potato cultivars with low and high dry matter contents. 

Sample A. Whole potato tuber vs potato flour-water system 

Exponential decay curves of the raw data (Figure III .6) of the sample set A were transformed to 

continuous relaxation time distribution curves (Figure III .7) by inverse Laplace transformation. The 

Lawson and Hanson NNLS analysis method in Prospa©v3.1 (Magritek, 2016) was then used to 

calculate relaxation time T2. Sample set A included distilled water (W), raw potato tuber (dry matter 

content 23.5%) (T), and potato flour dispersed in water (25%, w/w) (F). The initial amplitude of distilled 

water, raw potato tuber, and the sample of potato flour dispersed in water were 4.4*105 a.u., 3.8*104 

a.u., and 3.6*104 a.u., respectively (Figure III .6). Among these three samples, the initial amplitude of 

raw data of raw tuber, 3.8*104 a.u. and the sample of potato flour dispersed in water, 3.6*104 a.u. were 

very close due to the similar water content. 

 
 

Figure III .5 Raw data of relaxation time of distilled water, the sample of 10% H2O +90% D2O, and potato flour. 
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Sample B. Potato cv. Agria (high dry matter) vs potato cv. Nadine (low dry matter) 

Dry matter of potato cultivars was negatively correlated to the initial amplitude of relaxation time 

of the raw data (Hansen et al., 2010). Consistently, the average initial amplitude (M0) of cv. Agria 

(3.7*105 a.u., n=3) was lower than cv. Nadine (3.9*105 a.u., n=3) attributed to the higher dry matter of 

cv. Agria (22.1 ±1.4 %) than for cv. Nadine (15.7 ±0.7 %) (Figure III .8). This could be that the higher 

dry matter of potato cv. Agria restrains water mobility resulting in a lower initial amplitude of the raw 

data (Hansen et al., 2010). 

 
Figure III .8 Raw data of relaxation time of raw potato cv. Agria (A) and cv. Nadine (N). 
 
 Relaxation time T20 of raw cv. Agria and raw cv. Nadine was the same because potato starch is 

categorised as the B-type crystalline (Figure III .9). The relaxation time T21 of raw cv. Nadine (8.6 ±1.2 

 
Figure III .7 Relaxation time distribution curves of raw potato flour-water suspension (potato flour: water=1:3),  
raw potato tuber, and pure water. 
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In the preliminary experiment of HGS digestion, potato tuber chips (50g) were chewed 20 times by 

myself. The bolus was spat out and placed inside a net in the latex rubber.  The digesta containing 4% 

of total starch content was then top up to 200ml with distilled water. Due to the capacity of the latex 

rubber, the total volume of the digesta was increased to 200ml and the ratio of the total starch content 

to digestive enzymes was kept the same as for jacketed glass reactor. Simulated gastric fluid and 

simulated small intestinal fluid were adjust proportionally to maintain the same ratio as for the jacketed 

glass reactor. The temperature of the HGS was maintained at 37±1°C. The pH was adjusted and 

maintained at 2±0.1. The SGF of 29 mL containing pepsin was added to start the enzymatic hydrolysis. 

After 60 min of gastric digestion, pepsin was inactivated by increasing pH to 6.8 using 1M NaOH. 

Small-intestinal digestion was initiated by adding 27ml of SIF and continued for another 180 minutes 

until the starch hydrolysis (%) reached a plateau (Goebel, Kaur, Colussi, Elias, & Singh, 2019). The pH 

of mixtures was maintained at 6.8±0.1. Starch hydrolysis curves of freshly cooked potato tuber 

conducted in jacketed glass reactor and HGS are shown in Figure III .17. For starch digestion performed 

in HGS, starch hydrolysis (%) increased gradually and reached 93.8% after 244 minutes of oral-gastric-

small intestinal digestion (Figure III .17). The longer period for starch hydrolysis value to reach plateau 

may be due to the less vigorous mixing in HGS, which provides better mimics of the diffusion of 

digestive enzymes and hydrolysis of the digesta. 

Conveying belt  
(1 cycle /2.33min) 

Roller 
sets 

Latex rubber 

Mini -
fan 

Figure III .16 Elements of human gastric simulator. 

37°C 
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of secondary electrons. It allows the specimen to conduct evenly, providing a homogeneous surface for 

analysis and imaging. 

  Observation of starch granules in raw potato tubers under different microscopic methods 

Three-dimensional structures of potato cells were revealed in CLSM and SEM micrographs, while 

LM offered two-dimensional images. Informative micrographs displaying different structural aspects 

of potato tissue were studied by LM, CLSM, and SEM and principles of these microscopic methods are 

provided in Table III .1. LM provides the image of starch granules in the confined boundary of cell walls 

in Table III .1a. In CLSM and SEM micrographs, starch granules and cell walls are observed in Table 

III .1b and c.  

Starch granules were unevenly distributed both within and between cells (Table III .1), and not all 

cells contained starch granules, a result found regardless of the microscopic method used. The presence 

of starch deficient cells could be artefacts from sample preparations, but was observed almost by all 

methods, including CLSM where water was not removed and samples were sectioned optically on the 

on-focus focal plane (Table III .1b). It could be that there are cells in all crosscut sections of the tuber 

that do not contain any starch granules, although most starch deficient cells have been found in pith 

tissue (Reeve et al., 1969). Nevertheless, some of these empty cells may be the results of preparation. 

For instance, sample preparation of LM and CLSM can preserve most of the starch granules within the 

cell structure, whereas sample preparation of SEM, such as freeze-drying and cutting, may cause the 

loss of starch granules. Some clusters of starch granules covered by cell walls in raw potato tuber can 

be observed under CLSM and SEM in Table III .1b and Table III .1c. Starch granules as studied by SEM 

generally display a smooth surface with some cell components/fragments attached to the cell and 

surface of starch granules (Table III .1c). These cell components/fragments could be artefacts either 

from the amyloplast membrane or from ruptured cell walls. 

Following chapters focused on structural changes of potato tubers (such as cell separation and starch 

matrix within cells) during cooking, cooling and storage. In combination with other measurements in 

each chapter, a better understanding of microstructural changes was obtained. For example, the starchy 

matrix that filled up the cell space with thinner cell walls shown by CLSM concurred with the decrease 

in hardness in cooked potato tubers (owing to starch gelatinisation and loss of turgor pressure) (Chapter 

V). 
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Table III .1 Microstructure of raw potato tuber observed by (a) light microscope (LM), (b) confocal laser scanning microscope (CLSM) and (c) scanning electron microscopy (SEM) with a 
comparison of selected features of each microscope technique.   
 (a) LM (b) CLSM (c) SEM 
Principles 

   
Raw potato cells 

   
Smallest resolvable size, nm 100 100 10 
Overall structure + +++ ++ 
Starch distribution + +++ ++ 
Starch granules +++ +++ +++ 
Cell shape + +++ ++ 
Cell walls + + ++ 

*Observation of microstructure analysis of potato tissue samples in relative to each other on a scale from + + + (excellent) to + (normal).

Granules enclosed by cell wall 

Cell without granules 

Granules enclosed by cell wall 

Cell without granules 
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Figure III .21 Deconvoluted FTIR curves of freeze-dried and powdered raw potato cv. Agria, Araw and cv. Nadine, 
Nraw. The values represented the 1047/1022 of each sample and different superscripts indicated significant 
differences (n=3, p<0.05). 
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Chapter IV  Potato starch retrogradation in tuber: 
structural changes and gastro-small 
intestinal digestion in vitro  

IV.1 Introduction 

Potato, Solanum tuberosum, ranks fourth among world staple crops and contains many nutrients 

such as starch, proteins, lipids, minerals and vitamins (Hiele, 1959). Most of the starch in potatoes is 

reserved as a discrete granule in parenchyma cells near the vascular ring.  These granules are oval in 

shape and range from 5 to 100µm long (Fedec, Ooraikul, & Hadziyev, 1977). Besides being processed 

into raw ingredients like flour or isolated starch, potatoes are also made into crisps, mashed potato and 

frozen potato chips.  Heating is an essential unit operation that brings desired sensory attributes to potato 

products.  Hence textural characteristics and microstructural changes after cooking have been well 

investigated (Bordoloi, Kaur, et al., 2012). Due to increasing occurrence of obesity, the glycaemic index 

(GI) of starchy foods has gained a lot of attention recently and many groups have studied how different 

preparation methods affect starch digestibility in foods (Colussi et al., 2017; Foster-Powell, Holt, & 

Brand-Miller, 2002; Raatz, Idso, Johnson, Jackson, & Combs, 2016; Tian et al., 2016). 

Cooking causes potato cell separation because pectic polysaccharides are solubilized or degraded; 

starch granules lose birefringence and crystallinity as temperature increases above the transition 

temperatures (Cooke & Gidley, 1992; Goesaert et al., 2005b). The loss of crystallinity in starch granules 

and the change of water distribution in potato tissue may cause the potato tubers to become less resistant 

to enzymatic digestion (Bordoloi, Singh, et al., 2012; Farhat et al., 2001). Simultaneously the interaction 

between the OH groups of starch and the protons in water molecules permit adjustment of the hydrogen 

bonding networks (Mortensen et al., 2005). With subsequent cooling, the disrupted amylose and 

amylopectin chains gradually re-associate and aggregate which is called retrogradation. The reorganised 

structure shows an increased transition temperature and relative crystallinity comparing to freshly 

gelatinised starch (Karlsson & Eliasson, 2003b; Tian et al., 2016). As a result, the digestibility of 

retrograded starch decreases because the aggregation of melted amylose and amylopectin upon cooling 

and storage makes them less accessible to digestive enzymes (Chung et al., 2010; Hu, Xie, et al., 2014). 

The glycaemic properties of starch depend strongly on the starch structure set by processing during 

manufacture (García-Alonso & Goñi, 2000).  Based on the kinetics of glucose release during digestion 

starches are divided into rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant 

starch (RS) fractions. Some starches can be modified to slowly digestible starch that can escape 

digestion and adsorption in the small intestine.  Retrogradation of starch paste has been shown to lower 

the digestibility of the starches within (Colussi, Singh, et al., 2017; Hu, Huang, et al., 2014; Hu, Xie, et 
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correlation analysis and Pearson correlation coefficients were calculated by Minitab Statistical Software 

version 13 (Minitab, Inc., State College, PA). 

IV.3 Results and discussion 

IV.3.1 Pasting profile 

The pasting profile of the retrograded samples (FCR1, FCR3, and FCR7) and the 

retrograded+reheated samples (FCR1-r90, FCR3-r90, and FCR7-r90) are shown in Figure IV.1. The 

viscosity development of a starchy matrix is dependent on the thermal treatment due to the starch 

structural changes such as leaching of amylose and the formation of a tightly packed array of melted 

amylose and amylopectin (BeMiller & Whistler, 2009; Jacobs, Eerlingen, Clauwert, & Delcour, 1995). 

Prolonging retrogradation significantly increased the pasting temperature of the retrograded samples 

from 62.78°C ± 0.03°C (FCR1) to 66.13°C ± 2.18°C (FCR7) (n=3, p<0.05) (Figure IV.1a). This may 

indicate that the regional crystallinity of melted amylose and amylopectin increased and hence more 

heat was needed for structural disruption and paste formation (Perdon, Marks, Siebenmorgen, & Reid, 

1997; Zhou, Robards, Helliwell, & Blanchard, 2002). The peak viscosity and hot paste viscosity of the 

retrograded samples (Figure IV.1a), and the retrograded+reheated samples (Figure IV.1b) decreased 

with increasing retrogradation.  This indicated a denser structure of FCR7 which may not imbibe as 

much water as FCR1. The breakdown viscosity of the retrograded samples (FCR1, 937 cP; FCR3, 582 

cP; and FCR7, 709 cP) was higher than for the retrograded+reheated samples (FCR1-r90, 323 cP; 

FCR3-r90, 351 cP; and FCR7-r90, 63 cP). The viscosity of the retrograded sample decreased more after 

the maximum viscosity was reached than it did for other samples.  The retrograded sample may have 

been able to absorb more water than the retrograded+reheated samples (Adebowale & Lawal, 2003a). 

The change in viscosity during cooling of a paste due to re-association of the melted starch molecules 

is called setback viscosity. The setback viscosities of retrograded+reheated samples (FCR1-r90, 291 

cP; FCR3-r90, 223 cP; and FCR7-r90, 103 cP) (Figure IV.1a) were lower than for retrograded samples 

(FCR1, 487 cP; FCR3, 370 cP; and FCR7, 331 cP) (Figure IV.1a) which indicated less aggregation 

happened for amylose and amylopectin. This may be due to the reheating process having broken the 

melted amylose and amylopectin to even smaller fragments (DP<14) that did not favour retrogradation 

(Shi & Seib, 1992).  











85 
 

The relaxation time T22 ranged from 75 to 210 ms (Figure IV.5) and represented the most abundant 

water population in the tubers which may be the water loosely connected with starch by hydrogen 

bonding. There was much less water with relaxation times T23 and T21 than with relaxation time T22. 

The T23 population ranged from 450 to 850 ms (Figure IV.5), and may represent water in inter- and 

intra-cellular space with no direct connection with starch, whereas the T21 population, had relaxation 

time ranging from 7 to 15 ms (Figure IV.5), and may contain water more tightly bound within the 

amylose and amylopectin.  

The effects of cooking, cooling and reheating on the structures formed by melting amylose and 

amylopectin and the effects on water migration were inferred from the degree of the vibration of 

hydrogen bonding as indicated by relaxation time. The water population with relaxation time T23 is 

thought to diffuse into starch granules and interact with the exposed hydroxyl groups of amylose and 

amylopectin by exchanging hydrogen bonds during heating. As temperature drops after heat treatment, 

the progressive aggregation of melted amylose and amylopectin should weaken the interactions between 

the starchy matrix and water leading to more free water in the T23 population; simultaneously the water 

with T21 in the melted amylose and amylopectin network would become less mobile. A cyclic pattern 

of the relaxation time T22 of freshly cooked (FC), retrograded (FCR), and retrograded+reheated (FCRr) 

 

Figure IV.4 Different water pools, T23, T22, T21, and T20, in potato tubers, including raw, freshly cooked (FC), 3-
day retrograded (FCR3), and retrograded+ reheated (FCR3-r90) tubers. 
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reheating. The relative ease of hydrolysis of starch in freshly cooked potato tubers (FC) was probably 

because heat disrupted starch granular to the starchy matrix as well as the organized structure of amylose 

and amylopectin became disordered which facilitated enzyme access to the starchy matrix. Hydrolysis 

(%) of the 1-day (FCR1), 3-day (FCR3) and 7-day (FCR7) retrograded tubers likely decreased through 

progressive re-association of the disrupted amylose and amylopectin reducing enzyme access. 

Amylopectin is thought to be the major component in potato starch governing the retrogradation process 

in long-term refrigerated storage (Fredriksson et al., 1998; Karlsson & Eliasson, 2003b; Miles et al., 

1985; Srichuwong et al., 2005). The retrograded starch structure was differentially unstable as 

evidenced by the extent of increase in starch hydrolysis (%) after reheating depending on the duration 

of retrogradation before reheating. The starch hydrolysis (%) of the retrograded+reheated tubers, FCR7-

r90 (67.8%), was even lower than the retrograded tubers, FCR3 (75.0%). This indicated that 7-day of 

retrogradation allowed the melted amylose and amylopectin to form a structure that could partially resist 

reheating disruption and subsequent enzymatic breakdown.  

The concentration of glucose released from each sample was modelled during small intestinal 

(enzymatic) hydrolysis and expressed in Table IV.3 as starch hydrolysis (%). The kinetic constant (k 

min-1, Table IV.3) of each treatment was calculated assuming first-order kinetics for starch hydrolysis. 

Factors that influence the kinetics of starch digestion are the nature of starch, physical form, protein and 

 

Figure IV.6 Starch hydrolysis (%) of freshly cooked (FC), retrograded (FCR1, FCR3, FCR7) and 
retrograded+reheated (FCR1-r90, FCR3-r90, FCR7-r90) tuber. Error bars represent standard deviation (n=3). 
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the starch hydrolysis of the freshly cooked potato tubers and the reheated tubers showed a rapid increase. 

Although retrogradation facilitates the formation of compact matter from the melted amylose and 

amylopectin that can withstand reheating, the images of 3-day retrograded reheated tuber (FCR3-r90) 

disappeared gradually as digestion proceeded (Figure IV.7i, j, k, and l).  

 

 

 

 
Figure IV.7 The CLSM time-lapse images of FC in SIF at T0 (a), T5(b), T10(c) and T30(d); FCR3 incubating in SIF 
at T0 (e), T5(f), T10(g), and T30(h); and FCR3-r90 incubating in SIF at T0 (i), T5(j), T10(k), and T30(l). 

a e 

d 

c 

f 

g 

h 

b 

i 

j  

k 

l 



90 
 

IV.4 Conclusion 

A longer cooling and storage time (4°C, 7days) allowed gelatinised starch to aggregate and realign, 

as evidenced by a significant increase in the pasting temperature, retrogradation enthalpy and relative 

crystallinity of retrograded samples of potato tuber when compared to freshly cooked potato samples. 

In addition, the water mobility represented by relaxation time T22 can be an indicator of starch 

retrogradation; the T22 values measured were negatively correlated to both the pasting temperature and 

the retrogradation enthalpy (p<0.05) (Table IV.4).  A significant reduction in the ease of starch 

hydrolysis (%) by 36% was also measured with longer retrogradation times (7days). Reheating of 

retrograded tuber restored some of the susceptibility to enzymatic hydrolysis and internal water 

mobility.  The relaxation time of a water population indicates mobility - the water with slow relaxation 

time is more mobile and less restricted which could facilitate enzyme diffusion leading to greater starch 

hydrolysis (%): in this study relaxation time T22 was positively correlated to greater starch hydrolysis 

of the treated tubers (p<0.05) (Table IV.4).  But longer chilled storage (7days) improved the stability 

of retrograded tuber against reheating effects (at 90°C).  Realignment of the disrupted amylose and 

amylopectin is thought to have changed the distribution of crystalline and amorphous regions during 

refrigerated storage and subsequent reheating, resulting in starch digestibility varying with treatment 

combination.  
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propagation require orientation mobility of the amylose and amylopectin chains (Thompson & Fisher, 

1997). The net rate of crystallization (nucleation and growth) has a maximum value at a temperature 

T~1/2(Tg + Tm) (Morris, 1990). The rate of crystal growth within the retrograded starch gel or paste 

could be increased by allowing nucleation to occur at a low temperature followed by storing closer to 

melting temperature (Slade & Levine, 1987). 

A temperature cycling process is likely to induce stepwise nucleation and propagation which 

promotes the growth of crystalline regions and perfection of crystallites, resulting in a higher content 

of slowly digestible starch (SDS) in cereal starch pastes, potato starch pastes, and pea starch pastes 

(Silverio et al., 2000). Sievert & Pomeranz (1989) also showed that resistant starch (RS) of wheat and 

pea starch increased with increasing cycles of autoclaving and cooling.  We extended the idea of the 

time-temperature cycle (TTC) processes to freeze/chill (TTC1) and chill/warm (TTC2) domains to 

investigate the effect of TTC on retrogradation rate of starch in cooked potato tuber.  We expect the 

formation of ice crystals to concentrate gelatinised starch in neighbouring regions, accelerating 

reordering.  We hypothesize that TTC cycles will cause the redistribution of water in a retrograded 

starchy matrix and thus affect structural characteristics such as crystalline/amorphous alignment, 

interaction of starchy matrix and water, starch digestibility and texture. In addition, TTC cycles between 

starch glass transition temperature and starch melting temperature might also enhance formation of 

retrograded starches in tuber. We studied the retrogradation of time-temperature cycle (TTC) processed 

potato tubers by blue value, differential scanning calorimetry (DSC) and LF NMR. And we investigated 

in tuber starch digestion using in vitro oral-gastro-small intestinal models.  

V.2 Materials and methods 

V.2.1 Materials and sample preparations 

In season cv. Agria potato tubers (120g-150g) were purchased from a local supermarket. Same batch 

of tubers was used in all the experiments in this chapter. Whole uniform round or oval tubers were put 

singly into polythene bags and cooked in a water bath at 90°C for 25 minutes. Then the cooked potato 

tuber was stored in one of a number of 3-day time-temperature cycles (TTC) ranging between (i) -20°C 

and 4°C, TTC1 and (ii) 4°C and 65°C, TTC2 (Table V.1). The whole potato tubers were stored in -20°C 

freezer, or in 4°C fridge, or in 65°C water bath. The temperatures of TTC processes were chosen at the 

range that can potentially maximize the crystallization rate of starch retrogradation (Eerlingen et al., 

1993). The temperature condition of 65°C was tested at 6, 24, and 30h durations to find the optimum 

according to the relaxation time. The test methods to characterise the starch crystalline structure are 

summarised in Table V.1. 

Table V.1 Summary of all time-temperature cycle processes (left) and the test method that was performed (right). 
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for recrystallization. Lu et al. (1997) showed a smaller molecular subfraction of retrograded amylose 

entangled at 45°C than 25°C indicating starch propagation. Therefore, another three sets of TTC2 

processes were performed with 3-day storage at (i) 4°C refrigeration (FCR3), at (ii) 4°C refrigeration 

then 25°C water bath (TTC-4/25), and at (iii) 4°C refrigeration then 65°C water bath (TTC-4/65) 

(Figure V.4d). The relaxation time T22 of FCR3-t(4/65/4) was lower than FCR3-t(4/25/4) (Figure V.4d) 

showing a higher level retrogradation. This might be due to a higher propagation temperature of TTC2 

process giving enough molecular mobility to allow starch to rearrange its structure. The relaxation time 

T22 of FCR3-t(4/4/65) was the highest observed indicating that a relatively long nucleation period i.e. 

4°C for two days and then propagation at 65°C for a day failed to promote substantial starch 

retrogradation (Figure V.4d). 

V.3.4 Texture profile analysis 

Texture profiles of TTC1 and TTC2-processed tubers revealed effects of the temperature 

fluctuations imposed during cooking and cold storage (Table V.4). The hardness and the cohesiveness 

of the raw tuber samples decreased after cooking (Table V.4). Cooking is known to soften the texture 

of potatoes because of starch gelatinisation and the rounding-off of cells by internal turgor pressure 

 
 
Figure V.4 Water pool profiles of (a) freshly cooked potato tubers, FC, and 3-day retrograded potato tubers, 
FCR3, and (b) TTC1-processed potato tubers, (c) TTC2-processed potato tubers, and (d) TTC-4/25 and 4/65 
potato tubers. 
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Figure V.7 SEM images of freshly cooked potato tubers digesta at O2 (a), I5 (b), and I120 (c); and 3-day retrograded tubers digesta at O2 (d), I5 (e), and I120 (f); and FCR3-t(-
20/4/4) digesta at O2 (g), I5 (h), and I120 (i); and FCR3-t(4/65/4) digesta at O2 (j), I5 (k), and I120 (l). 
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observed from the LM micrographs of both A55 and N55, but no granule surface changes (Rocha et al., 

2011) are visible from the SEM micrographs (A55, Figure VI .3b and N55, Figure VI .3e). LM of A65 

(Figure VI .3c) and N65 (Figure VI .3f) show remaining swollen starch granules embedded in a mixture 

of leached amylose and starchy matrix indicating the initiation of starch gelatinisation (García-Segovia 

et al., 2008). Both A65 (Figure VI .3c) and N65 (Figure VI .3f) show more debris on the surface of starch 

granules which could be either gelatinised starch or other cellular material. The SEM of A65 showed a 

sponge-like structure inside the potato cell indicating part of the granules were disrupted during sous 

vide cooking at 65°C. However, there were more intact starch granules in the potato cells of N65 

observed by both LM and SEM than A65.  

 (a) Raw cv. Agria (b) A55 (c) A65 

LM
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Figure VI .3 Particle size distribution of (a) Araw and Nraw, for (b) A55 and N55, and for (c) A65 and N65. 
 

Cold-water solubility of potato cv. Agria and cv. Nadine tend to decrease after sous vide cooking 

(Table VI .2). The reduced cold-water solubility of sous vide cooked potatoes (A55, A65, and N65) than 

raw tuber occurred due to limited swelling as observed by the micrographs. There was no significant 

difference between the cold-water solubility of two cultivars regardless in raw tubers or in sous vide 

cooked ones at 55°C or at 65°C (Table VI .2). Disruption of starch granular structure by superheating in 

aqueous ethanol solution are known to increase cold-water solubility (Chen & Jane, 1994; Jane, Craig, 

Seib, & Hoseney, 1986). This has been attributed to the disruption of granular structure where hydroxyl 

group of starch chains expose to water molecules, resulting in an increase in the solubility (Singh & 

Singh, 2003). Though N65 was partially gelatinised as observed by micrographs, cold-water solubility 

of N65 was the lowest among all the samples (Table VI .2), concurring with the lowest granule size of 

the residual starch. Crystalline perfect in residual starch of N65 may have contributed to less solubility.  

Table VI .2 Cold-water solubility of sous vide cooked samples. 

Samples Cold-water solubility (%) 
Raw cv. Agria 19.4 ±0.5 a 
Raw cv. Nadine 18.7 ±0.5 a 
A55 13.3 ±0.7 bc 
N55 16.8 ±0.9 ab 
A65 11.2 ±0.9 cd 
N65 9 ±2.1d 

Different superscripts in same column indicate significant differences (n=3, p<0.05). 

VI.3.3 Pasting properties 

Pasting profiles of raw freeze-dried and powdered potato cv. Agria (Araw) and cv. Nadine (Nraw) are 

shown in Figure VI .4a. Initially, raw starch granules swelled, along with a pronounced increase in 

viscosity as the temperature was increased. Further granule swelling at 90°C led to a loss of granule 

integrity resulting in reduced viscosity.  Entanglement of leached amylose during cooling likely led to 

the increased viscosity (Figure VI .4a). Pasting temperature of raw cv. Nadine (70.4 ±1°C) was higher 

than for raw cv. Agria (68.5 ±0°C) (n=3, p<0.05) (Figure VI .4a). The higher pasting temperature of raw 

cv. Nadine might be due to a wider particle size distribution (Kim, Wiesenborn, Lorenzen, & Berglund, 

1996; Wiesenborn, Orr, Casper, & Tacke, 1994). However, other pasting parameters, such as peak 

viscosity, breakdown viscosity, final viscosity, setback (%) of Araw were higher than Nraw (Figure VI .4a). 

Pasting properties are influenced by the size, rigidity, amylose to amylopectin ratio and swelling power 

of raw starch granules (Kaur, Singh, McCarthy, & Singh, 2007).  

Annealed potato starches have been shown to exhibit lower peak viscosity and improved shear 

stability due to reduced granular swelling and amylose leaching (Hoover & Vasanthan, 1994b; Tester, 

Debon, & Sommerville, 2000), and increased interaction between starch chains (Hoover & Vasanthan, 

1994b).  Consistently, the peak viscosity of sous vide cooked cv. Agria and cv. Nadine shifted toward a 
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potato cv. Agria, A55 and A65, and potato cv. Nadine, N55 and N65 increased when compared to Araw 

and Nraw (Figure VI .5) though sous vide cooking at both 55°C or 65°C seemed to have altered the 

structure of starch granules. The increasing relative crystallinity could be due to the interplay of some 

factors such as the orientation of crystalline structure (Buléon, Gérard, et al., 1998), or the perfection of 

crystalline and amorphous regions (Gomand et al., 2012; Rocha et al., 2011), or the formation of 

amylose crystallite (Krueger, Knutson, et al., 1987; Krueger, Walker, Knutson, & Inglett, 1987). Potato 

cv. Nadine with low relative crystallinity (23%) increased greatly to 33% than potato cv. Agria did 

(from RC of 27% for Araw to 32% for A55) after sous vide cooking at 55°C (Figure VI .5). This could 

be attributed to the higher amylose content of potato cv. Nadine in amorphous lamella, triggering the 

amorphous lamella to hydrate before other semi-crystalline regions. The extra water introduced to the 

amorphous lamella may have induced the transition of amorphous regions from a rigid glassy state to a 

mobile rubbery state, which in turn may have facilitated the hydration and dissociation of double helices 

in crystallites. Dissociation of crystallites occurs at the Tg of amorphous regions, but at 55°C (<Tm) 

limited dissociation of amylopectin double helices (most of which were in crystallites) was associated 

with limited swelling of granules (Tester & Debon, 2000). Thus, increased relative crystallinity of N55 

was more pronounced (Figure VI .5). The phenomenon of raw potato with higher relative crystallinity 

exhibiting less change during sous vide cooking reinforced the findings in other research (Alvani, Qi, 

& Tester, 2012). However, when the temperature increased as in sous vide cooking at 65°C for 48 hours, 

the amorphous/crystalline lamella of A65 and N65 had gone through the early phase involving enhanced 

mobility of amorphous regions, but simultaneously with uncoiling of double helices and converting 

crystalline to amorphous material. The relative crystallinity of A65 and N65 was, therefore, lower than 

A55 and N55 with A65 very close Araw and Nraw. 
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Figure VI .8 Relaxation time distribution curves of (a) raw cv. Agria and cv. Nadine and A55, and (b) cooked cv. 
Agria and A65. 
 

Development of relaxation time of A55 and N55 reflected the granule structural changes during sous 

vide cooking at 55°C, chill storage, and reheating (Figure VI .9). There were no significant changes in 

T20 over sous vide cooking, refrigeration, and reheating (Figure VI .9). Perry & Donald, (2000) reported 

that water in crystalline lamellae shows a lower density than water in amorphous lamellae, implying 

that crystalline lamellae are relatively impenetrable to bulk water at room temperature. Cooking above 

glass transition temperature but below gelatinisation temperature such as sous vide cooking at 55°C, 

allows starch granules to swell reversibly due to water flow between amorphous and crystalline lamellae 

(Ritota et al., 2008). Simultaneously, rising pressure from the movements of starch molecular chains in 

the crystalline regions (Vamadevan, Bertoft, Soldatov, & Seetharaman, 2013) and increasing glucan 

chain mobility in the amorphous regions (Genkina, Wasserman, & Yuryev, 2004) seem to have led to 

an increase in T21 (Figure VI .9). The T21 of A55 increased significantly after 2 hours of sous vide 

cooking but remained around 7-7.4 ms till the end of 48 hours of sous vide cooking, then chill storage 

and reheating at 60°C (Figure VI .9). During the initial swelling, the mobility of water diffusing between 

subcellular compartments decreased presumably due to increasing interaction between water molecules 

and starch granules (Micklander et al., 2008). Relaxation times T22 and T23 of A55 and N55 decreased 

significantly within 2 hours of sous vide cooking but remained stable at 50ms during the rest of the 

process (Figure VI .9).  Cooke & Gidley, (1992) found that 40% of the helical units remain in the helical 

conformation when wheat, corn, potato starches were heated at gelatinisation onset temperature. This 

rearrangement occurred in a smaller scale than starch gelatinisation.  
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increased gradually reaching 60% and at 51% at the end of 2.5hr digestion (Figure VI .11a). The lower 

hydrolysis (%) levels of sous vide than freshly cooked potatoes may be attributed to starch structural 

perfection during sous vide cooking (Chung et al., 2010; Chung, Liu, et al., 2009). To simulate the cook-

chill sous vide process, the sous vide cooked cv. Agria wedges at 65°C, A65 were stored in 4°C 

refrigerator for 3 days, A65R3 (Figure VI .11b) and then reheated at 60°C for 10 minutes, A65R3-r60 

(Figure VI .11c). Starch hydrolysis (%) of A65R3 increased slowly during small-intestinal digestion due 

to the aggregation of leached amylose (Figure VI .11b). The lower starch hydrolysis of FCR3 than 

freshly cooked tubers may be attributed to the aggregation of disrupted amylose and amylopectin (Chen 

et al., 2018). However, the starch hydrolysis curve of A65R3-r60 overlapped with FCR3-r60 (Figure 

VI .11c). This showed that even though the structure of A65R3 has a mixture of starch granules with 

ordered crystalline/amorphous lamellae and leached amylose aggregated during chill storage, it was 

still sensitive to heat.  

 
Figure VI .11 Starch hydrolysis (%) of (a) sous vide cooked potato wedges, (b) sous vide cooked-chill potato 
wedges, and (c) sous vide cooked-chill+reheated potato wedges. Error bars represent standard deviation (n=3). 
 
 
 

 

Starch hydrolysis of in vitro digestion (CI120 experimental), hydrolysis index (HI), and estimated 

glycaemic index (eGI) are shown in Table VI .4. Hydrolysis index (HI) and estimated glycaemic index 

(eGI) of FC, A65 and N65 were significantly different from each other (Table VI .4). This implies that 

the extent of hydrolysis was proportional to the starch gelatinisation of samples (Chung, Lim, & Lim, 

2006) as the extent of cooking or starch gelatinisation increases the glycaemic index. Hydrolysis index 

and estimated glycaemic index of A65 were significantly lower than traditionally cooked tubers (FC) 

but were not significantly different from A65R3-r60, FCR3 and FCR3-r60 (Table VI .4). Starch 

retrogradation during chill storage increased the starch melting temperatures of A65R3 (To 51.2 and Tc 



https://www.csiro.au/en/Research/Health/Nutrition-science/Nutrition-facts/Resistant-starch
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level, resulting in distinct hormonal and metabolic profile. But the low thermal stability of the SDS 

structure limits the application in the food industry (Lehmann & Robin, 2007a). 

Starch responds differently to the level of heating and cooling cycles (Hoover, 2001) as well as the 

water level during cooking (Slaughter, Ellis, & Butterworth, 2001). Hydrothermal treatments cause the 

swelling of granules, the loss of double-helical order within starch molecules, and amylose leaching 

and amylopectin unwinding. With subsequent cooling, the manner in which re-association of these 

disrupted starch molecules occurs during cooling and storage conditions to reform the starchy matrix 

(Chapter V) largely determines the resistance of the starch to enzymatic digestion (Shin et al., 2005). If 

starch is cooked at a temperature below gelatinisation temperature in excess water, the granule swelling 

is limited which is known as starch annealing. Annealing leads to the reorganisation of starch molecules 

e.g. amylopectin double helices and crystalline perfection (Jayakody & Hoover, 2008). This permits 

modest molecular reorganisation to occur and a more organized structure of lower free energy to form 

(Hoover & Vasanthan, 1993). Hence, sous vide cooked potatoes were shown to have higher 

retrogradation temperature, higher relative crystallinity and low digestibility (Chapter VI). The 

retrograded starchy matrix in tuber from TTC treatment and sous vide processing could exhibit in a 

different manner than from traditional cooked-chill potatoes during reheating. Experiments were carried 

out to characterise the structural changes of retrograded starch in tuber during reheating. Structural 

characteristics both of the time-temperature cycled treated potato and the sous vide cooked-chill potato 

during reheating were studied by LF-NMR, FTIR, and X-ray. And their structure-digestibility relations 

were investigated by a three-stage simulated oral-gastric-small intestinal digestion in vitro. 

VII.2   Materials and methods 

VII.2.1 Materials and sample preparations 

In season cv. Agria and cv. Nadine potato tubers (120g-150g) were purchased from a local 

supermarket. Whole uniform-sized tubers were put singly into polythene bags and were either cooked 

conventionally in a water bath at 90°C for 25 minutes, refrigerated at 4°C for 3 days, then reheated at 

90°C as control. The 3-day time-temperature cycles (TTC) processed potatoes as described in Chapter 

V were reheated at 90°C (Table VII .1). 

Sous vide potatoes were cooked in a water bath at 65°C for 2 days (S) and then were stored in 

constant 4°C for 3 days as described in Chapter VI. The sous vide cooked potato tubers were reheated 

at 60°C for 10 minutes as the peak temperature of A65R3 by DSC was 61°C  measured in Chapter VI 

(Table VII .1). The control (CL) for sous vide cooked-chill+reheated potatoes were traditionally cooked 

(90°C, 0.4h)-chill (4°C, 3days) + reheated at low temperature 60°C. 

Table VII .1 Processing conditions of retrograded+reheated potato starch in tuber (left) and the structural stability 
refers to the parameters from the test methods (right). 
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Figure VII .3(a) Deconvoluted FTIR curves of freeze-dried powder of cv. Agria, A and cv. Nadine, N. The values 
represented the 1047/1022 of each sample and different superscripts indicated significant differences (p<0.05) 
(n=3). (b) X-ray diffraction patterns and relative crystallinity of freeze-dried powder of cv. Agria and cv. Nadine. 
*Relative crystallinity of the freeze-dried potato samples may vary by moisture content where the average 
moisture content of the samples were 7.6 ± 0.1%. More experiments may be done for further confirmation.  
 

VII.3.3 Digestibility of sous vide cooked-chill+reheated potatoes 

Starch hydrolysis (%) of sous vide cooked-chill+reheated cv. Agria (A65R3-r60) and cv. Nadine 

(N65R3-r60) are shown in Figure VII .4. Starch hydrolysis (%) of A65R3-r60 and N65R3-r60 ranged 

from 12-18% throughout oral and gastric digestion phases (Figure VII .4) implying differences in ease 

of access to starch locally within the bolus.  Soon after 5 minutes of simulated small intestinal digestion, 

starch hydrolysis of the N65R3-r60 tubers (25%) was lower than for the A65R3-r60 (47%) and for the 

FCR3-r60 tubers (42%) (Figure VII .4). This is consistent with the results of the starch hydrolysis of 

sous vide cooked-chill tubers (Chapter VI) indicating potato cv. Nadine starch is more resistant to 

enzymatic breakdown after sous vide cooking. The starch hydrolysis (%) of N65R3-r60 gradually 

increased to a plateau value at 30% after small intestinal digestion (Figure VII .4). This might be 

attributed to perfection of crystalline domain leading to the increase in resistant starch (Chung et al., 

2010). Starch hydrolysis curve of A65R3-r60, although overlapped with FCR3-r60 (Figure VII .4) 
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were, however, not significantly different in TTC processed+reheated tubers and 3-day 

retrograded+reheated tubers. Optimum TTC process may enhance the formation of retrograded starch 

in tuber (Chapter V), but the reheating stability in terms of starch hydrolysis was not as promising.  

Sous vide cooking altered the structure of cv. Agria at the level of different depth into tuber molecular 

structure. Different trends in the short-range order (measured by FTIR) and long-range order (measured 

by XRD) of sous vide processed tubers were measured. No significant differences in the 1047/1022 of 

the samples after sous vide cooking at 65°C (0.78), chill storage (0.77) and reheating (0.71) were 

detected, neither for the relative crystallinity (RC) were measured in cv. Agria. The 1047/1022 of sous 

vide cooked-chill then reheated cv. Nadine (0.96) were significantly higher than for sous vide cooked-

chill cv. Nadine (0.86), whereas the RC of sous vide cooked was higher than raw cv. Nadine. For potato 

cv. Agria, starch hydrolysis (%) of sous vide cooked wedges (at 65°C) were significantly lower than 

traditionally cooked wedges and they remained more resistant than 3-day retrograded wedges after 

refrigeration 4°C (Chapter VI). There was, however, no significant difference in the starch hydrolysis 

(%) between the 3-day retrograded+reheated (at 60°C) (72.3%) and sous vide cooked-chill+reheated (at 

60°C) wedges upon reheating (74%) (Table VII .4). Sous vide cooked cv. Nadine, on the other hand, 

provided better nutritional functionality with moderate eGI (56.9) after chill storage and reheating, only 

the exudates appeared after 3-day refrigeration needed to be improved for possible commercial 

application. 

Process Code Relaxation time T22 1047/ 1022  Relative crystallinity Starch 
hydrolysis 

C FCR3-r90 *  - - *  

TTC1 FCR3-t(-20/4/4)-r90 ***  - - *  

TTC1 FCR3-t(4/-20/4)-r90 *  - - **  

TTC2 FCR3-t(4/65/4)-r90 **  - - ***  

TTC2 FCR3-t(4/4/65)-r90 **  - - ***  

CL FCR3-r60 - - - ***  

S A65R3-r60 - *  *  ***  

S N65R3-r60 - ***  ***  *****  

* Number of stars indicate the stability of the structure- the more the stars, the more stable the structure. 

 

 

  

Table VII .4 Structural stability refers to the parameters from the test methods. 
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García-Diz, Mañas, & Saura-Calixto, 1996), and then in simulated small-intestinal condition with a 

mixture of digestive enzymes (pancreatin, amyloglucosidase and invertase) (Englyst et al., 1992). 

Starch nutritional fractions, i.e., rapidly digestible starch (RDS), slowly digestible starch (SDS), and 

resistant starch (RS) are defined by the glucose released after a certain time of simulated small-intestinal 

digestion (Figure VIII .2). The amount of resistant starch measured would be different from the result 

of regulated methods in FSANZ. The trend of RS content has been yet found to be similar among 

different methods- increasing resistant starch content with a longer period of starch retrogradation 

(Zhou, Chung, Kim, & Lim, 2013). 

The significantly lower eGI of the 7-day retrograded tubers (FCR7, 71) than the freshly cooked 

tubers (FC, 101) and 7-day retrograded+reheated (at 90°C) tubers (FCR7-r90, 84) (Chen et al., 2018) 

can be attributed to the amount of resistant starch formed during 4°C refrigeration (Figure VIII .2). Our 

results concurred with the glycaemic responses of the 21 participants after consuming cooled (for 3 

days) potato product (Tahvonen et al., 2006). Serving temperature has been reported to be more 

influential on the resistant starch content than variety (Raatz et al., 2016). The retrograded starch formed 

during cooling retained to some extent after reheating: the eGI and GI of retrograded+reheated (at 80 

or 90 °C) potatoes were significantly lower than freshly cooked potatoes (Chen et al., 2018; Tahvonen 

et al., 2006). The resistant starch of the 1,3, and 7day-retrograded+reheated at 50°C tubers (FCR1-r50, 

FCR3-r50, and FCR7-r50) were significantly higher than freshly cooked and the 1-day 

retrograded+reheated at 90°C tubers potatoes by 25-32% (n=3, p<0.05) (Figure VIII .2). Resistant starch 

was observed to be heat sensitive where reheating at 70°C and 90°C decreased the resistant starch by 

5-17% and 7-32%, respectively (Figure VIII .2).  

  

Figure VIII .2 Starch nutritional fractions (%) in boiled-chill+reheated potato tubers.  Values on the bars indicate 
the relative amount of starch nutritional fractions (%).  And error bars indicate the standard deviation of triplicate 
results. 
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VIII.1.2 Time-temperature cycles process 

Assertion: A proper combination of the suitable cultivar with optimum time-temperature cycle 

process can obtain both healthy (i.e. high in resistant starch) and delicious (e.g. smooth and creamy 

mashed potato) processed potato product. 

Rationale:  

Starch retrogradation, the on-going and non-equilibrium process of recrystallisation of gelatinised 

starch during cooling and storage (Ratnajothi Hoover, 1995; Jacobson et al., 1997), involves three 

phases of crystallisation: (i) nucleation, (ii) propagation or growth of crystals, and (iii) maturation or 

crystal perfection (Slade & Levine, 1987; Wunderlich, 1980). The crystallisation is dependent on the 

relativity of starch temperature to the glass transition temperature of the starch-water system, Tg and to 

its melting temperature, Tm, due to variable levels of segmental motion within amorphous and crystalline 

domains.  

A temperature cycling process is likely to induce stepwise nucleation and propagation which 

promotes the growth of crystalline regions and perfection of crystallites, resulting in a higher content 

of slowly digestible starch (SDS) and resistant starch (RS) in cereal, potato, and pea starches (Sievert 

& Pomeranz, 1989; Silverio et al., 2000). In an attempt to enhance the formation of the retrograded 

starch in cooked tubers, time-temperature cycle processes were studied. Several, but not all, of the time-

temperature cycle processes tested facilitated starch retrogradation in tuber more than did storage fixed 

at 4°C (Chapter V).  

Processed potato products commonly experience temperature fluctuation throughout storage and 

retail and foodservice (Nam, 2018). Product quality such as drip loss (syneresis) and textural changes 

are the main concerns for food manufactures despite the potential health benefit derived from the 

increase in the content of resistant starch by enhanced starch retrogradation in TTC processed potato 

tubers (Figure VIII .3).  



146 
 

 A project from The Pure Food Co. was carried out by Rina Nam to solve the undesirable sensory 

properties of the mashed potato mainly developed for the elderly. This foodservice supply chain 

involved two freeze-chill cycles (between -18°C and 4°C) before the reheating (at 75°C) and then 

serving (Nam, 2018). Some advantages of freeze-chill over chill storage in logistics include: (i) bulk 

production, (ii) microbiological control during storage, and (iii) controlled-release of frozen product 

into the chill chain during transportation  (Redmond et al., 2004; Zanoni & Zavanella, 2012).  

 During cooking, starch granules imbibe water and swell as hydrogen bonding formed between water 

and hydroxyl groups on amylose or amylopectin. Gradually starch granules disintegrate owing to the 

disruption of crystalline structure. With subsequent cooling of the gelatinised starch in cooked potato, 

re-crystallisation of the starch chains occurs slowly expelling the excess of water. Freezing predisposes 

boiled potatoes to fragile cell structure as ice crystals freeze from the excess water introduced during 

cooking (Li, Zhu, & Sun, 2018). Freeze-chill, thus, causes the increase in syneresis, i.e. drip loss in the 

products than chill foods that had not been previously frozen. The time length of frozen storage had, 

however, no effect on syneresis, firmness/adhesiveness, vitamin C content, total viable count, or the 

sensory score as comparing the freeze-chill mashed potato with frozen mashed potato (Redmond, 

Gormley, & Butler, 2003). 

 Potato cultivars have a range of different characteristics in terms of appearance, size and shape as 

well as eating and cooking qualities. Two potato cultivars have been used to examine the effect of 

freeze-chill on the quality of mashed potato in her preliminary experiments (Nam, 2018).Potato dices 

of a 150g tuber have been cooked in boiling water till soft, then the water were drained. After one 

freeze-chill cycle at -18°C for one day then 4°C for a day, potato cv. Agria was observed to have less 

syneresis (%) at 2.1% than potato cv. Nadine did at a syneresis (%) of 27.9 % (Nam, 2018). This has 

  
 
Figure VIII .3 Starch nutritional fractions (%) in TTC processed and TTC processed+reheated potato tubers. 
Values on the bars indicate the relative amount of starch nutritional fractions (%).  And error bars indicate the 
standard deviation of triplicate results. 
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melanin and thus a browning effect. The assumption still needs to be further investigated due to the low 

hydrogen peroxide content in vegetable tissues (Veljovic-Jovanovic, Noctor, & Foyer, 2002). It could 

be the synergistic action between POD and polyphenol oxidase (PPO), where PPO oxidise some 

phenolics to generate hydrogen peroxide for POD (Jiang & Miles, 1993; Toivonen & Brummell, 2008).  

Polyphenol oxidase activity is the greatest at the tuber exterior, including the skin and cortex tissue 

(where it is 1 to 2 mm beneath the skin) (Thygesen, Dry, & Robinson, 1995). PPO catalyses two 

continuous reactions: hydroxylation of monophenols to diphenols then oxidation of diphenols to 

quinones. Subsequent reactions of quinones, the highly reactive compounds lead to melanin 

accumulation, resulting in less attractive appearance (brown- or black-coloured products) and 

nutritional loss (Espín et al., 2000).  

Pectin methyl esterase (PME) becomes active as potatoes are heated to the temperature between 

50°C and 70°C (Canet, Alvarez, & Fernández, 2005). PME demethylates carboxymethyl groups of 

pectic polysaccharide chains and produces free carboxylic acid (Manmohit Kalia, 2015). 

Simultaneously, the increased permeability of cell walls allows the migration of solutes (e.g. Ca2+ or 

Mg2+ cations) from cytoplasm and vacuole to the membrane. Demethylated pectin chains can then link 

via calcium interchelation into egg box structures, which may lead to the strengthening of the cell wall 

(Grant, Morris, Rees, Smith, & Thom, 1973; Ross et al., 2011).  

Table VIII .2 Enzyme activities of potato cv. Russet Burbank after a certain level of blanching. 

Enzymes Mechanism Influences T (°C) 
for 
D=5min 

Peroxidase 
(POD) 

POD may bond to endogenous hydrogen 
peroxide creating free radicals that react 
with a wide range of food constituents such 
as ascorbic acid, carotenoids and fatty 
acids.  

Loss of colour and 
flavour, as well as 
nutrients 
degradation. 

83.2 

Polyphenol 
oxidase (PPO) 

PPO catalyses the conversion 
of monophenols to o-diphenols and o-
dihydroxyphenols, and then to 
o-quinones. 

Melanin 
accumulation leads 
to brown- or black-
coloured products. 

66 

Pectin methyl 
esterase 
(PME) 

Demethylation of pectin materials by pectin 
methyl esterase (PME) leads to the cross-
linking between demethoxylated pectin and 
calcium ions at low-temperature (50-70°C). 

Low-temperature 
blanching firmness. 

70 

A stepwise blanching is often applied to the production of French fries to optimise the texture (Abu-

Ghannam & Crowley, 2006; Canet et al., 2005) and to prevent both enzymatic and non-enzymatic 

browning (Kaymak & Kincal, 2007). Blanching at low temperature (50-70 °C) leads to a firmer texture, 

as a result of strengthened cell walls by pectin methyl esterase (Bartolome & Hoff, 1972a) and reduces 

disintegration of intercellular substances (Verlinden, Yuksel, Baheri, De Baerdemaeker, & Van Dijk, 

2000). Blanching at high temperatures (80-100 °C) for long times (15 min), on the other hand, leads to 
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the loss of firmness (Andersson, Gekas, Lind, Oliveira, & Oste, 1994). Changes in both structural and 

physical properties of the constituents in the parenchyma, alter the texture of the resulting blanched 

fries (Ngobese, Workneh, & Siwela, 2017; Thygesen, Thybo, & Engelsen, 2001).  

In the sous vide study (Chapter VI), wedges were vacuum packed immediately after peeling and 

cutting to prevent enzymatic browning by polyphenol oxidase (Rocha et al., 2003). Colour of the sous 

vide cooked potato wedges are yet to be quantified to ensure no undesirable effects occur (Figure 

VIII .4). Water exudates from sous vide cooked wedges (at 55°C) of potato cv. Agria and cv. Nadine 

were observed (Figure VIII .4a, b). This may have happened simultaneously with the crystalline 

perfection where excess water in amorphous and semi-crystalline regions of starch granules migrate to 

the space of inter/intra cell compartment, then appeared as exudates. No water/ less water was observed 

in sous vide cooked (at 65°C) wedges cv. Agria and cv. Nadine (Figure VIII .4c, d). Excess water, 

appearing as a result of crystalline perfection, may be stabilised by leached amylose from partially 

gelatinised starch, therefore no water (Figure VIII .4c) or fewer exudates (Figure VIII .4d). Lower dry 

matter and lower total starch content of potato cv. Nadine than cv. Agria may lead to more exudates in 

potato cv. Nadine. 

  

 
  

Figure VIII .4 Appearance of sous vide cooked wedges from cv. Agria (a) at 55°C and (c) at 65°C and from cv. 
Nadine (b) at 55°C and (d) at 65°C. 

The study of starch microstructural changes in sous vide cooked potatoes and its starch digestion in 

vitro was carried out as mentioned in chapter VI. Discussions about the hardiness, an important sensory 

perception for processed potato products, are given in the following context.  

Assertion: For commercial application, sous vide cooking at 55°C for 2 hours could be chosen 

regardless of cultivars for further production and sensory optimisation. 

Rationale:  

(a) A55 (48h) (b) N55 (48h) 

(c) A65 (48h) (d) N65 (48h) 



150 
 

Throughout sous vide cooking, refrigeration, and reheating, the processing temperature was kept 

below gelatinisation peak temperature. The texture of the sous vide cooked wedges thus could be 

attributed to both the swollen granules (Figure VIII .5a) or partially gelatinised starch (Figure VIII .5b) 

and the strengthening effect of the cell wall structure by PME. Significant decreases in hardness of cv. 

Agria occurred after 2 hours and 20 hours of sous vide cooking at 55°C but still significantly higher 

than traditionally cooked cv. Agria tuber (Figure VIII .5a). The texture of blanched potato strips at low 

temperatures (62.8 & 68.3°C) has been found to be independent on blanching time, whereas the texture 

of blanched strips at high temperatures (73.9, 79.4, 85 & 90.6°C) has been observed as a function of 

both temperature and time (Liu & Scanlon, 2007). For cv. Nadine, significant decreases in hardness 

happened soon after 10 minutes of sous vide cooking but remained at 22.5 ±3.5 N till the end of sous 

vide cooking, yet statistically similar to the traditionally cooked cv. Nadine (Figure VIII .5a). Changes 

in hardness by time concurred with the development of the relaxation time where relaxation times (T21, 

T22, and T23) had significant changes after 2h of sous vide cooking at 55°C (Chapter VI).  

Assertion: For commercial application, sous vide cooking at 65°C for 1 hour could be chosen 

regardless of cultivars for further production and sensory optimisation. 

Rationale:  

As for sous vide cooking at 65°C, a significant decrease in hardness of A65 took place after 1h 

(Figure VIII .5b). The hardness values of the sous vide cooked cv. Agria potatoes were similar to 

traditionally cooked cv. Nadine potatoes at 32h of sous vide cooking (Figure VIII .5b). For N65, the 

significant reduction in hardness happened within 10 min and remained at 21.8N to 24.7N till the end 

of sous vide cooking (Figure VIII .5b). It is, therefore, sensible to explore the possibility of sous vide 

cooking at 65°C for 1 hour on both cultivars. 

 

Figure VIII .5 Changes in hardness of potato cv. Agria and cv. Nadine during sous vide cooking at (a) 55°C and 
(b) 65°C. 
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The effect of sous vide cooking on the hardness might last even after reheating (Abu-Ghannam & 

Crowley, 2006). There was no significant difference between the hardness of A65 (for 48h) and 

traditionally cooked tubers (Figure VIII .6). After refrigeration then reheating at 60°C, the hardiness of 

both FCR3 and FCR3-r60 were, however, significantly lower than for both A65R3 and A65R3-r60 

(Figure VIII .6). This could also be the starch retrogradation came into play in terms of hardness.  

 

Rationale:  

Sous vide cook-freeze then reheating process was carried out preliminarily to explore the alternative 

for longer shelf life. Appearance and microstructure (Figure VIII .7) and relaxation time distribution 

(Figure VIII .8) of sous vide cooked-frozen then reheated whole potato tuber were studied. Sous vide 

cooked-frozen cv. Agria were microwave reheated (1100W) for 5min, resulting in fully gelatinised 

starch with excess exudates in tuber (Figure VIII .7a). The other sous vide cooked-frozen cv. Agria was 

reheated in a water bath at 90°C, partially gelatinised potato cv. Agria, some swollen granules with 

ruptured ones, was obtained (Figure VIII .7b). For both reheating methods, cracks on the crosscut section 

seemed to align with pith (Figure VIII .7) where starch granules are found to be less compared to other 

sections, such as cortex, perimedullary zone and a vascular ring of the tuber (Rommens, Shakya, Heap, 

& Fessenden, 2010). It could be due to either the heat transfer or the inhomogeneous distribution of 

starch in tuber. Reheating in 90°C water bath (for 40min until the core temperature of the tuber reached 

70°C) allowed frozen sous vide tuber to defrost progressively, resulting in more swollen but intact 

granules (Figure VIII .7b). This progressive reheating may allow hydroxyl group to interact with water 

molecules without disruption of granular structure, keeping more water within tuber than microwave 

reheated one.  

 

Figure VIII .6 Comparison of the hardness between the traditionally cooked-chill then reheated and the sous vide 
(at 65°C) cooked-chill then reheated potato cv. Agria. 

 

Assertion: Sous vide cook-freeze process can be an alternative to sous vide cook-chill process for 

longer shelf life. 
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(a) Sous vide cooked-frozen then microwave reheated cv. Agria. 

   
(b) Sous vide cooked-frozen then water-bath reheated cv. Agria. 

Figure VIII .7 Appearances and micrographs of sous vide cooked-frozen then reheated cv. Agria by (a) a 
microwave or (b) a water bath. 

 
Freezing, a long-term preservation technique for foods offers a means to suppress microbial growth 

and to preserve taste and nutritional value. Formation of ice crystals or ice recrystallisation can, 

however, deteriorate the quality of foods in the cold chain. During freezing, ice nucleation initiates from 

extracellular space then propagate, compromising cell wall rigidity and cytoplasm intactness (Pearce, 

2001). Ice crystals have a larger volume than water, so the cell walls and membranes are submitted to 

mechanical stresses leading to possible cell damage during freezing. As discussed in chapter VI, the 

relaxation time distribution of A65 was similar to freshly cooked tuber that four separated peaks were 

discerned (Figure VIII .8a). Relaxation time T22, indicating the mobility of water associated with the 

starchy matrix, were lower in A65 than in freshly cooked tuber due to the crystalline perfection over 

sous vide process (Figure VIII .8a). The merging of water pools with relaxation time T21 and T22 was 

evident in both cooked-frozen and sous vide cooked-frozen tubers (Figure VIII .8b) where ice crystals 

may have damaged potato cells, allowing intercellular and intracellular water to mix (Micklander et al., 

2008).  The merged relaxation time of T21 and T22 was lower in cooked-frozen tuber than in sous vide 

cooked-frozen tuber (Figure VIII .8b). Freezing-concentrated effect may have been promoted in 

gelatinised starch of cooked-frozen tuber where amylose and amylopectin were more disrupted, 

compared to sous vide cooked-frozen tuber. During reheating, fully gelatinised starch in cooked-

frozen+reheated tuber seemed to be able to form hydrogen bonds with water molecules again as 

evidenced by the lower relaxation time T23 (Figure VIII .8c).  Sous vide cooked-frozen then reheated 

Starchy matrix fills up the 
cell. 

Swollen granule 

Ruptured 
granule 
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Chapter IX  General discussion and conclusion 

IX.1 Introduction 

This thesis asked whether functional processed potato products with low glycaemic features could 

be made through starch retrogradation in whole tuber (in tuber). The underlying aim was to gain a better 

understanding of the mechanisms of starch retrogradation in tuber. This knowledge is expected to bring 

insights for optimising manufacturing condition and to formulate a scientific basis for new process 

designs. Challenges were to investigate starch retrogradation in tuber and to tailor a structure with low 

glycaemic features, and to retain resistance to digestive enzymes after reheating. In this chapter, the 

most important findings will be discussed and concluding remarks provided. 

IX.2 Main findings and discussions 

A literature review of mechanisms of starch retrogradation and its health implications is given in 

Chapter II, with a focus on existing and new technologies to create tailor-made structures displaying 

low glycaemic features. The research gap, lack of knowledge of the mechanism of starch retrogradation 

in tuber rather than starch-water systems, is identified in Chapter II, and thus methods to study starch 

retrogradation in potato tubers are developed and described in Chapter III.  

Potato cv. Agria, the most popular cultivar to household use in New Zealand, was chosen in Chapter 

IV as a model to study starch retrogradation in a whole food. Potato tubers encompass different cell 

compartments (e.g. cell wall, vacuole, cytoplasm and intracellular spaces) where starch gelatinisation 

and starch retrogradation can occur, subject to local interactions with other cell components and subject 

to water availability. Starch retrogradation in tuber was investigated successfully by LF-NMR, a non-

invasive technique. Water, the most abundant component in tuber appeared to exist in four states during 

starch retrogradation each with a relaxation time. Effects of processing, cooling and reheating on 

structures formed by gelatinised amylose and amylopectin, and the effects on water migration, were 

inferred from the vibration of hydrogen bonding as indicated by relaxation time. A cyclic pattern of the 

relaxation time T22 of freshly cooked, retrograded, and retrograded-then-reheated tubers was observed. 

The relaxation time of a water population indicates mobility- the water with low relaxation time is more 

mobile and less restricted.  This could facilitate enzyme diffusion during digestion leading to greater 

starch hydrolysis (%): low relaxation time T22 was positively correlated to greater starch hydrolysis of 

the treated tubers (p < 0.05) in Chapter IV.  

A 36% reduction of starch hydrolysis was observed with longer retrogradation times (for 7 days). 

Reheating of retrograded tuber restored 10% of the susceptibility to enzymatic hydrolysis and some 
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internal water mobility (measured by relaxation time T22) in Chapter IV. Longer chill storage further 

improved the stability of retrograded tuber against reheating effects (Chen et al., 2018).  

A temperature cycling process is likely to induce stepwise nucleation and propagation which 

promotes the growth of crystalline regions and perfection of crystallites, potentially resulting in a higher 

content of slowly digestible starch (SDS). We extended the idea of time-temperature cycle (TTC) 

processes to freeze/ chill (at -20°C /4°C,  TTC1) and chill/warm (at 4°C /65°C, TTC2) domains to 

investigate the effect of TTC on retrogradation rate of starch in cooked potato tuber in Chapter V. Time-

temperature cycle processes tested gave different indications of starch retrogradation in tuber compared 

to storage fixed at 4°C. The TTC1 process increased the retrogradation enthalpy to 4.7 J/g 

d.b.(compared to the 1.6 J/g d.b. of the retrogradation enthalpy of 3-day retrograded tuber) and 

decreased water mobility to T22, 86.5 ms signifying that starch-rich and starch-depleted regions 

facilitated the formation of retrograded starch in starch-rich regions. The TTC2-processed tubers held 

under chill and warm conditions showed the lowest blue value (at 0.5) and least starch digestibility in 

vitro (60.3%).  These two sets of time-temperature processes induced starch retrogradation in tuber 

differently though all such samples (n=6) showed higher retrogradation enthalpies and lower starch 

digestibility between which a negative correlation (r=-0.65, p=0.005) was obtained. Similar time-

temperature cycle processes can be useful to drive physico-chemical changes of the potato product 

within the industrial cold chain. 

Annealing (heating starch at a temperature below gelatinisation temperature in excess water) permits 

a modest molecular reorganisation to occur and a more organised structure of lower free energy to form. 

In Chapter VI, a sous vide process akin to annealing was investigated, intending to create edible potato 

pieces with resistance to digestive enzymes. Extent of potato cell disruption and degree of the starch 

gelatinisation, resulting from a sous vide process, alter starch retrogradation. During cooling, the 

manner of re-association of sous vide cooked starch largely determines the resistance to digestive 

enzymes.  Sous vide cooked (at 55°C) potato cv. Agria and cv. Nadine both retained intact potato cell 

structure as evidenced by limited swelling and the raw-like texture with the hardeness of 24-27 N. 

During sous vide cooking at 65°C, potato cv. Agria was partially gelatinised, in contrast to potato cv. 

Nadine as seen from its endotherm curve. Although sous vide cooking at 65°C initiated gelatinisation 

in some starch granules, others were swollen but intact; cv. Agria treated at 65°C exhibited lower 

estimated glycaemic index (eGI) than traditionally cooked potato. For successful sous vide processing 

potato at either 55°C or 65°C, it needs to be combined with other hurdle techniques to control microbial 

growth and for texture optimisation. 

Retrograded starch generated in TTC and sous vide processed tubers responded differently from 

traditionally cooked tuber during reheating. Reheating stability of processed then retrograded starch in 

tuber was investigated by LF-NMR, X-ray, FTIR and starch hydrolysis in Chapter VII. After reheating, 

one set of time-temperature cycle (TTC) processed potato tubers, stored at -20°C for a day then 4°C for 

2 days, had a lower relaxation time T22 (at 88.7ms) than 3-day retrograded tubers (at 144.5ms) and the 
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Various approaches, including starch retrogradation in tuber described in Chapter IV, the time-

temperature cycles process in Chapter V, and the sous vide cooked-chill process in Chapter VI, were 

thus carried out to produce potato tubers with lower eGI than the freshly cooked tuber. A significant 

reduction in eGI was observed with longer retrogradation times. Longer chill storage further improved 

the stability of retrograded tuber against reheating effects. Realignment of the gelatinised amylose and 

amylopectin is thought to have changed the distribution of crystalline and amorphous regions during 

refrigerated storage and subsequent reheating, resulting in starch digestibility varying with treatment 

combination. Sous vide processing combined with starch retrogradation in tuber resulted in potato 

tubers with intermediate eGI (40-72). After reheating at 60°C, the eGI of sous vide cooked-chill potatoes 

increased moderately (56-75).  

Discoveries in this thesis can be helpful in refining existing process conditions (Chapter V) or as a 

basis for developing a new product with low estimated glyceamic index (Chapter VI). Utilization of 

existing or new technologies (e.g. HMT, UHP, or ultrasound as reviewed in Chapter II.3) to trigger 

starch molecular realignment during cooking and cooling, to create tailor-made structures displaying 

low glycaemic features seems to be possible: 1) When starch gelatinisation and retrogradation 

temperatures of certain potato cultivars are known, starch structure in tuber can be manipulated by 

controlled cooking and cooling regimes within existing or new technologies e.g. high hydrostatic 

pressure process and microwave. By different physico-chemical measurements, the relative amount of 

crystallites, contributed to slowly digestible starch, can then be examined in the processed potato tubers 

as a preliminarily screening. 2) When the optimum processing parameters are determined, reheating 

temperature can be set to ensure the delivery of health benefits of resistant starch type 3 to consumer 

ends. We envision that the knowledge generated, along with other new techniques, will be helpful for 

the food industry to produce processed potato products with low glycaemic features.  

However, the challenge is not trivial.  Those processes shown in this thesis to be most effective at 

reducing eGI tended to be long and slow which is unattractive to a manufacturer.  Reheating of treated 

tuber needed to be carefully controlled at temperatures such as 50-60°C which is difficult for a 

consumer. The potato reheated in this temperature range give a lukewarm sensation which may not be 

most appreciated by a consumer.  Some of the emerging technologies are slow and expensive (UHP).  

For all this, structures can be influenced and eGI can be lowered and acceptable rewarmed products can 

be made.  And there is a range of laboratory techniques able to be used to track a process during 

development.  It may be possible yet to find a combination of industrially practicable techniques 

powerful enough to win a place in the potato process lines of the world. 
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