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Abstract 

 

Quinoa has gained popularity worldwide due to the attractive nutritional profile, and 

has much potential for world food security. Starch is the main component of quinoa 

seed and makes up to 70% of the dry matter, which plays a crucial role in the 

functional properties of quinoa and related food products. The aims of this study were 

to fill the gaps in the current knowledge of properties, structure, and modification of 

quinoa starch as well as to explore the structure-function relationships.   

Quinoa starch granules are rather small (1−3 μm) with relatively low amylose 

contents. Great diversities in physicochemical properties of 26 quinoa samples were 

observed.  Principal component analysis was applied to identify the samples with 

characteristic properties. The selected 7 quinoa sample were then tested for their flour 

properties which have been found in close relationship with starch properties. The 

molecular structure including amylose, amylopectin and its internal part of 9 quinoa 

starches were characterised by chromatographic techniques. Quinoa amylopectin 

showed a high ratio of short chain to long chains (14.6) and a high percentage of 

fingerprint A-chains (Afp) (10.4%). The average chain length (16.6 glucosyl residues), 

external chain length (10.6), and internal chain length (5.00) were calculated. 

Although quinoa starch had a high amount of short chains, the presence of super-long 

chains was also observed. The structure of amylopectin and amylose content affected 

the starch properties which were revealed by Pearson correlation analysis. For 

example, the molar amount of Afp was negatively correlated with peak temperature 

estimated by DSC (r = −0.815, p < 0.01) and pasting temperature (r = −0.743, p < 

0.05). The steady shear and dynamic oscillatory properties of the same quinoa starch 
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samples were tested. The rheological properties were found correlated with the starch 

composition and amylopectin structure. The long chains in amylopectin have 

significant impact on the rheological properties of quinoa starch (e.g., the long chains 

in amylopectin positively correlated with G' at 0.1 Hz). Quinoa starch was more 

susceptible to high hydrostatic pressure treatment than maize starch, which could due 

to the difference in chemical composition, granular and chemical structures of starch 

molecules. The unique properties of high pressure treated quinoa starch have 

potentials in food industry. This work could fill the gaps in the present knowledge of 

quinoa starch and provides a basis for better understanding and utilization of this 

unique starch. 
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1.1 Research background 

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal of Andean origin and shows 

good adaptability to a wide rang of agro-ecological environments partly due to its high 

genetic diversity. In recent years, there has been growing interest in quinoa for its 

functional properties and nutritional values. Starch, as the major component of quinoa 

seed, could significantly affect the quality of quinoa based food products. The 

understanding of the properties of quinoa starch as well as its impacts on the properties 

of quinoa flour could significantly promote the development of this crop. Quinoa starch, 

like other starches, consists of two types of biomacromolecules: linear amylose and 

branched amylopectin. The great genetic diversity of quinoa may contribute to wide 

divergences in both properties and structure of quinoa starch. Such variations suggest 

quinoa starch could be an ideal species to study the structure-function relationship of 

starch. However, there was lack of research on the composition and structure of quinoa 

starch especially the fine structure of amylopectin as well as its internal parts. Moreover, 

several important properties of quinoa starch such as rheological properties have not 

been systematically studied. Despite the gaps in the studies of native quinoa starch, 

studies on the modifications especially physical modifications of quinoa starch were 

limited. The above factors restrict the development of this starch for potential food and 

non-food applications. 
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1.2 Research objectives 

This PhD thesis was to achieve the following objectives:  

1) To investigate the physicochemical properties of quinoa starch from a wide rang of 

collections and identify the samples with large variances;  

2) To study the properties of quinoa flour and evaluate how the quinoa flour could be 

affected by its starch and non-starch component; 

3) To investigate the fine structure of quinoa starch; 

4) To study the rheological properties of quinoa starch; 

5) To evaluate how the physicochemical and rheological properties are affected by the 

components and fine structure of quinoa starch; 

6) And to estimate how high hydrostatic pressure could change the thermal and 

rheological properties of quinoa starch. 
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1.3 Thesis structure 

 

Chapter 1 contained a brief background introduction on quinoa starch and presents the 

objectives and structure of this thesis 

 

Chapter 2 reviewed the literatures on property, structure, and application of quinoa 

starch 

 

Chapter 3 investigated the physicochemical properties of quinoa starch isolated from 

26 commercial samples. The differences in physicochemical properties were quantified 

and visualized by principal component analysis (PCA). 

 

Chapter 4 studied the physicochemical properties of seven quinoa flours. The flours 

used were selected based on the PCA analysis carried out in Chapter 3 for their large 

divergence in starch properties. The impacts of starch and other component on quinoa 

flour were estimated by correlation analysis. 

 

Chapter 5 focused on the amylopectin and its internal structure isolated from nine 

quinoa starches which showed characteristic physicochemical properties in Chapter 3. 

The variations in fine structure of quinoa amylopectins were visualized by cluster 

analysis and PCA. 

 

Chapter 6 investigated the particle size distribution and degree of crystallinity of nine 

quinoa starch samples. The structure-property relationships were investigated by 

correlation analysis between structural parameters estimated in Chapter 5 and the 
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property data studied in Chapter 3. 

 

Chapter 7 studied the rheological behavior of selected nine quinoa starches. The 

structure-rheology relationships were estimated by correlating the rheological data to 

structural parameters investigated in Chapter 5. 

 

Chapter 8 reported the changes of rheological and thermal properties induced by high 

hydrostatic pressure (HHP) treatment of quinoa starch. The normal maize starch was 

used as a reference. 

 

Chapter 9 summarized the general conclusions of this thesis and future perspectives. 
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Chapter 2 Literature review 
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2.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is a broadleaf plant that belongs to the 

Chenopodiceae family (Taylor & Parker, 2002). Quinoa is native to the Andes, and has 

been cultivated and consumed in the Andean Region for several thousand years (Taylor 

& Parker, 2002; Fleming & Galwey, 1995). Before the Spanish conquest of South 

America, quinoa was widely grown as a staple grain crop for its edible seeds throughout 

the Andean region (Valencia-Chamorro, 2003). However, due to the suppression by the 

Spaniards, the cultivation and consumption of quinoa were dramatically reduced in this 

Region (Valencia-Chamorro, 2003). In the late 1970s, quinoa production started to 

experience a renaissance within South America, not only for domestic consumption but 

also for export (Fleming & Galwey, 1995). Quinoa cultivation is in the process of rapid 

expansion outside its traditional cultivated areas with good yield or promising tests 

(Jacobsen, 2003). World production of quinoa has kept increasing in the period of 

1992–2014, exceeding 192 thousand metric tons in 2014 (FAOSTAT, 2017). The main 

producers are Peru, Bolivia, and Ecuador with the production quantities of 114.7, 74.3, 

and 3.7 thousand metric tons in 2014, respectively (Fig. 2.1).  

Quinoa plays a significant role in food security for its broad genetic diversity and an 

extraordinary adaptability to a wide range of agro-ecological conditions (Alan, 2011). 

Quinoa can well adapt to different agro-environmental conditions due to wide genetic 

diversity. It can grow from sea level to 4000 meters, at humidity ranging from 40% to 

88%, and at temperature from –4 to 38° C (Alan, 2011). It has a high tolerance to 

adverse environmental conditions such as drought and salinity with low input costs 

(Jacobsen, 2003). The above-mentioned characteristics make quinoa a strategic crop 

for providing nutrition and food security in the face of climate change. The genome of 

quinoa has been recently sequenced, providing the genetic basis for the improvement 
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of this crop (Jarvis et al., 2017).  

Quinoa seeds come in a variety of colors ranging from white to red and black (Vega-

Galvez et al., 2010). An example of the seed cross-section is presented in Fig. A2.1.  

The seed is a source of starch, protein, dietary fiber, fat, minerals, polyphenols, and 

vitamins (Kozioł, 1992; Repo-Carrasco, Espinoza, & Jacobsen, 2003; Ruales, Valencia, 

& Nair, 1993; Vega-Galvez et al., 2010). The composition of quinoa seed is variable, 

depending on the variety and cultivation conditions (Valencia-Chamorro, 2003). In 

recent years, there has been renewed interest in quinoa due to its attractive nutritional 

features. Quinoa has high quality protein (Vega-Galvez et al., 2010; NRC, 1989). It 

contains no gluten and can be a gluten-free alternative for persons with celiac disease 

(Alvarez-Jubete, 2010). The major component of quinoa seed is starch, which varies 

from ~30 to 70% of the dry matter (Table A2.1). The quality of quinoa food products 

can be much affected by the properties of the starch. Compared with other starches from 

maize, potato, and wheat, there is a lack of systematic knowledge of quinoa starch. This 

limits the further development of this crop and the utilization of the starch. Recent 

research has shown that quinoa starch can be an ingredient for food and nonfood 

applications (Araujo-Farro, Podadera, Sobral, & Menegalli, 2010; Marefati, Bertrand, 

Sjöö, Dejmek, & Rayner, 2017; Wang, Opassathavorn, & Zhu, 2015b; Wang & Zhu, 

2016). This review summarizes the present knowledge of the isolation, composition, 

granular and molecular structures, physicochemical properties, modifications, and uses 

of quinoa starch. Suggestions for the direction to improve the understanding and 

utilization of this starch are provided. 
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Figure 2.1. Total production of quinoa in Bolivia, Peru, and Ecuador from 1961−2014 

(FAOSTAT 2017); official, semi-official, and estimated data may be included; 

contributions from 3 different countries are represented by different colors 
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Figure 2.2. Flowchart showing the general procedures of quinoa starch isolation 
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2.2 Isolation of quinoa starch 

The procedures of isolating starch from quinoa seeds or flour are generalized (Fig. 2.2). 

Various milling and soaking approaches are applied to remove the non-starch 

components and to improve the purity of quinoa starch. The seeds are washed and 

steeped in water or alkaline solutions before homogenizing in a blender (Araujo-Farro 

et al., 2010; Pérez-Pacheco et al., 2014; Qian & Kuhn, 1999; Wright, Huber, Fairbanks, 

& Huber, 2002). Alternatively, the seeds are dry-milled into flour before soaking in 

solutions (Ando et al., 2002; Li, Wang, & Zhu, 2016; Mundigler, 1998; Watanabe, Peng, 

Tang, & Mitsunaga, 2007). It should be noted that too harsh dry-milling conditions may 

induce damages to starch granules (Li & Zhu, 2017c; Qian & Kuhn, 1999). The solution 

used to soak the seeds or flour could be deionized water or solution containing sodium 

hydroxide, sodium bisulfite, sodium dodecyl sulfate (SDS), sodium acetate, or protease 

to remove the other components such as protein, lipid, saponins, and fibers (Atwell, 

Patrick, Johnson, & Glass, 1983; Li et al., 2016; Pérez-Pacheco et al., 2014; 

Srichuwong et al., 2017; Araujo-Farro et al., 2010). The enzymatic treatment is 

effective in starch purification but the cost is high, which may not be suitable for large 

sample preparation. The SDS as a strong surfactant could remove some lipids during 

extraction (Li et al., 2016; Lindeboom, Chang, Tyler, & Chibbar, 2005a). The soaking 

time varied from 5 min to 1 week among different studies (Atwell et al., 1983; Steffolani, 

León, & Pérez, 2013). Long soaking may give rise to microbial issues, whereas the 

altered pH may induce damage to starch granules (Lim, Lee, Shin, & Lim, 1999). 

After soaking, the suspension is filtrated with cheese cloth or sieves and the starch in 

filtrate is recovered by centrifuge. The small granule size, high protein and lipid 

contents in quinoa seed, and presence of saponins contribute to the difficulties of starch 

isolation from quinoa seeds (Lorenz, 1990; Mundigler, 1998). High centrifugation 
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speed (> 2000 × g) is applied to increase the recovery of starch due to the small granule 

size (Li et al., 2016; Lindeboom et al., 2005b; Steffolani et al., 2013). After 

centrifugation, the brown layer (mainly of protein and fibre) on top of the starch cake 

is removed. This may lead to the loss of smaller granule fractions (Lindeboom, Chang, 

& Tyler, 2004). The starch was also treated with organic solvents such as petroleum 

ether, petroleum benzene, and methanol to remove the lipids during extraction (Atwell 

et al., 1983; Mundigler, 1998; Qian & Kuhn, 1999).  

The starch cake is re-suspended in water to further remove the non-starch components 

and chemical reagents added. It should be noted that residue of the reagents, if not 

washed off probably, may affect the physicochemical properties of starch such as 

enzyme susceptibility (Zhang & Hamaker, 1999). The purified starch is then air/oven-

dried or lyophilized (Araujo-Farro et al., 2010; Lindeboom, Chang, Falk, & Tyler, 

2005b; Steffolani et al., 2013). 

The starch yield was in range of 30–53.3% (Jan, Panesar, Rana, & Singh, 2017; Jan, 

Saxena, & Singh, 2016; Pérez-Pacheco et al., 2014; Wright et al., 2002). The purity was 

from 93–99% (Jan et al., 2017; Jan et al., 2016; Mundigler, 1998; Pérez-Pacheco et al., 

2014; Srichuwong et al., 2017). The starch yield and purity is much affected by the 

quinoa genetics as well as the isolation procedures. The starch isolations were carried 

out in the laboratories. There appears to be no reports on the isolation of quinoa starch 

at an industrial level.  
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Table 2.1. Chemical composition of quinoa starch  

 

No. Method 
Amylose content 

(%) 

Protein 

(%) 

Ash  

(%) 

Lipid  

(%) 

Fiber  

(%) 
Reference 

18 Iodine-SP 14.33–27.66     de Briceño & Briceño, 1980 

1 Iodine-SP 11 0.11 0.04   Atwell et al., 1983 

1 
Iodine-SP & 

SEC 
20 A, 4 B     Praznik et al., 1999 

2 Iodine-SP 
19.8–20.6 C, 20.6–

21.0 D 
    Wright et al., 2002 

1 Iodine-SP 25.4 E, 7.1 F     Tang et al., 2002 

1 Iodine-SP 23.9     Ando et al., 2002 

1 Iodine-SP 22.5     Tari et al., 2003 

1 Iodine-SP 11.1     Doğan & Karwe, 2003 

8 Iodine-SP 0.3–12.1     Lindeboom et al., 2005b 

1 Iodine-SP 17.1     Araujo-Farro et al., 2010a 

26 Iodine-SP 7.7–25.72     Li et al., 2016 

2 Iodine-SP 9.46–12.1 0.89–0.95 0.18–0.22 0.32–0.40 0.10–0.13 Jan et al., 2017 

1 Iodine-PT 9.28 0.91  0.11  Lorenz, 1990 

1 Con A 12.2     Qian & Kuhn, 1999 

1 Con A 8.25     Linsberger-Martin et al., 2012 

3 Con A 8.22–9.30 1.09–4.13 1.46–1.64 1.94–2.56 0.19–0.24 Steffolani et al., 2013 

1 Con A 19.7     Nascimento et al., 2014 

9 Con A 6.06–8.44     Li & Zhu, 2017b 

1 Con A 8.4     Srichuwong et al., 2017 

4 SEC, debranch 24.7–27.0     Inouchi et al., 1999 

8 SEC, debranch 3.5–19.6 0.14–1.23    Lindeboom et al., 2005b 

16 SEC, debranch 3.5–19.5     Lindeboom et al., 2005a 

9 SEC, debranch 12.6–23.7     Li & Zhu, 2017b 

9 SEC 7.49–10.88     Li & Zhu, 2017b 

1   0.24 0.34 0.02 0.14 G, 0.42 H Mundigler, 1998 

5  5.2–10.9     Watanabe et al., 2007 

1   1.3 0.2 0.2 3 Pagno et al., 2015 

No.: Number of samples studied; Iodine-SP: colorimetric-iodine-based method; Iodine-PT: potentiometric-iodine-

titration-based method; SEC: whole starch analyzed on size exclusion chromatography; SEC, debranch: 

debranched starch analyzed on size exclusion chromatography; Con A: concanavalin A precipitation based 

method; A: amylose content determined calorimetrically by whole starch solution; B: amylose content determined 

after separated by SEC; C: un-defatted starch sample; D: defatted starch sample; E: amylose content calculated by 

the blue value of whole starch divided by blue value of amylose; F: amylose content calculated as E with 

subtraction of the blue value of amylopectin in both numerator and denominator; G: soluble fiber; H: insoluble 

fiber. 
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2.3 Chemical composition of quinoa starch 

Starch is mainly composed of two kinds of biopolymers: the linear amylose and the 

branched amylopectin (Pérez & Bertoft, 2010). The amylose content of starch could be 

much affected by the quantification methods (Vilaplana, Hasjim, & Gilbert, 2012). The 

amylose contents of quinoa starch were measured by a range of methods based on 

iodine binding-spectrophotometry/potentiometry, concanavalin A precipitation, and 

size exclusion chromatography (SEC) (Table 2.1). Amylose content estimated by iodine 

binding-based methods ranged from 0.3% (Lindeboom et al., 2005b) to 27.7% (de 

Briceño & Briceño, 1980). Within the same study, great diversity in amylose 

composition was observed among different samples (Li et al., 2016; Lindeboom et al., 

2005b; de Briceño & Briceño, 1980). The lipids of starch granules may affect the 

amylose content measured by iodine-binding based method by forming amylose-lipid 

inclusion complexes (Srichuwong & Jane, 2007). The long-chains of amylopectin could 

also complex with iodine, causing an overestimation of amylose content (Vilaplana et 

al., 2012). Tang, Watanabe, and Mitsunaga (2002) isolated the amylose and 

amylopectin fractions. The amylose contents of quinoa starch were deduced from the 

blue values of the starch and the fractions. The amylose content calculated by 

subtracting the influence from amylopectin was significantly lower (7.1%) than that 

calculated from the whole starch (25.4%). Such a difference could be due to the long-

chain fraction of quinoa amylopectin (Tang et al., 2002).  

The amylose contents of quinoa starch, estimated by size exclusion chromatography 

(SEC), ranged from 3.5 to 27.0% (Lindeboom et al., 2005a; Lindeboom et al., 2005b; 

Inouchi, Nishi, Tanaka, Asai, Kawase, Hata et al., 1999). The amylose contents 

estimated from SEC of whole starch were 4–10.9% (Li & Zhu, 2017b; Praznik et al., 

1999). The values seem to be lower than those estimated by SEC of debranched whole 
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starch (Inouchi et al., 1999; Li & Zhu, 2017b; Lindeboom et al., 2005a; Lindeboom et 

al., 2005b). The presence of long unit chains of amylopectin may affect the amylose 

content estimated from debranched whole starch (Li & Zhu,  2017b). Overall, there 

appeared to be great differences in experimental conditions (dissolving method, column 

type, chromatographic conditions, and detection method) from different studies, 

making their results impossible for direct comparison.  

The concanavalin A binding based method were also used for quantifying the amylose 

content of quinoa starch (Gibson, Solah, & McCleary, 1997). Only the branched 

amylopectin could form precipitates with concanavalin A (Goldstein, Hollerman, & 

Merrick, 1965). However, branched amylose may also get precipitated in this process. 

The amylose content of quinoa starch estimated this method ranged from 6.1 to 22.0% 

(Li & Zhu, 2017b). The majority of the studies reported a value of less than 10% (Li & 

Zhu, 2017b; Linsberger-Martin, Lukasch, & Berghofer, 2012; Srichuwong et al., 2017; 

Steffolani et al., 2013). The lower amylose content estimated by this method suggested 

the over-estimation in the value from the iodine binding and SEC of debranched whole 

starch based methods.  

The isolated starch contains minor components such as protein, lipid, ash, and fiber 

(Table 2.1). The protein content of quinoa starch varied from 0.11 to 4.13% with the 

majority of the studies reporting a value of less than 1.5%. The contents of lipids, ash, 

and fiber ranged from 0.02−2.56%, 0.04–1.64%, and 0.10–0.3%, respectively. The 

majorities of the studies reported the values of the contents of these components being 

less than 0.5% (Table 2.1). High contents of minor components suggested an 

insufficient purification of starch. It should be born in mind that these minor 

components, though small in quantity, may have effects on the functional properties of 

starch (Srichuwong & Jane, 2007).  
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Table 2.2. Morphology of quinoa starch granules 

 

No. Method 
Granule size 

distribution 
Granule size (μm) Shape description Reference 

1 
CC, SEM, 

LM 

Bimodal A, 

Unimodal B 
0.8–80 A, centered at 1.5 B Aggregates observed in crude preparation Atwell et al., 1983 

4 SEM  0.4–2.0, 18–20 C Spherical or oblong aggregates constituted of ~14,000 polygonal starch granules 
Varriano-Marston & 

DeFrancisco, 1984 

4 TEM Bimodal 
One centered at 0.5, 

another at 1.3 

Some cells contain only the larger granules while others contain small granules. 

Starch granules are surrounded by proteins and the bonding was weak  

Varriano-Marston & 

DeFrancisco, 1984 

1 SEM  0.4–2.0 
Starch granules were found as single entities within the cells or as compound 

structures of spherical or oblong aggregates 
Lorenz, 1990 

1 SEM  0.6–2.0, 16–34 C 
The matrix surrounding starch granule could be digested by pepsin; aggregates 

consisted of ~20,000 starch granules 
Ruales & Nair, 1994 

1 SEM  1–2 Polygonal Qian & Kuhn, 1999 

2 SEM  ~1–2 Angular, polygonal Wright et al., 2002 

1 SEM, LLD Unimodal ~1 
Only surface corrosion was observed after treating with enzyme, suggesting a 

homogeneous structure in the outer layer 
Tang et al., 2002 

1 TEM   Outer layer of starch granule was more homogeneous and denser than inner part Tang et al., 2002 

1 SEM, LLD Unimodal 0.08–2.0, 20–30 C Polygonal Ando et al., 2002 

1 SEM  0.6–1.5 Spherical Tari et al., 2003 

8 SEM, LLD Unimodal 
Centered at 1.5, some 

with shoulder at 30 
Irregular, polygonal Lindeboom et al., 2005b 

1 LM  0.41–0.92 Round Linsberger-Martin et al., 2012 

3 SEM, LLD Bimodal 1–3.5 Irregular, polygonal, and angular Steffolani et al., 2013 

7 SEM  1–2 Polygonal, damage of starch was observed Li & Zhu, 2017c 

9 SEM, LLD Unimodal 1.04–1.41 D  Irregular Li & Zhu, 2017a 

2 SEM  1.19–1.23 Irregular, angular, and polygonal Jan et al., 2017 

1 SEM  0.3–1.7, 10–20 C Single granule was polygonal; aggregates were spherical and oblong Srichuwong et al., 2017 

 

No.: Number of samples studied; LM: light microscopy; SEM: scanning electron microscopy; TEM: transmission electron microscopy; LLD: laser light diffraction based method for 

particle size analysis; CC: coulter counter; unimodal: unimodal size distribution; bimodal: bimodal size distribution; A: crude preparation; B: pure preparation; C: size of aggregation; 

D: number median diameter (D [n, 0.5]) 

 

 

 



17 
 

Table 2.3. Chemical structure of quinoa starch, amylose, and amylopectin  

 

Sample type No. λmax (nm) BV DP CL NC 
Molecular 

mass 
Analytical method Reference 

Whole starch 1    27   Debranched whole starch on GPC (Bio-

Gel P-10) 
Atwell et al., 1983 

Whole starch 1 
AM: 595–604, 

AP:575 
     Whole starch on GPC (Sepharose CL-

2B) 
Ruales & Nair, 1994 

Whole starch 4 587–596 0.32–0.41     Iodine absorption spectrum Inouchi et al., 1999 

Whole starch 1   
4,600–

161,000, DPw: 

70,000 

  Mw: 1.13×107 
Iodine absorption spectrum; on SEC 

system 
Praznik et al., 1999 

Whole starch 1 609 0.305     Iodine absorption spectrum Tang et al., 2002 

Whole starch 1 602 0.287     Iodine absorption spectrum Ando et al., 2002 

Whole starch 9 
AM:601–621, 

AP:581–608 
     

Whole starch on GPC (Sepharose CL-

2B); debranched whole starch on GPC 

(Sepharose CL-6B) 

Li & Zhu, 2017b 

Amylopectin 4       Debranched AP analyzed by HPAEC-

PAD 
Inouchi et al., 1999 

Amylopectin 1 595  DPn: 6,675 21 317 Mn: 1.1×106 
Iodine absorption spectrum; 

 debranched AP analysed by SEC 
Tang et al., 2002 

Amylopectin 5 589–590 
0.190 to  

0.210 

DPn :3,403–

4,752 
18–20 172–227 

Mn: 5.5×105–

7.7×105 

Iodine absorption spectrum;  

debranched AP analysed by SEC 
Watanabe et al., 2007 

Amylopectin 9    16.0–17.0   Debranched amylopectin analyzed by 

HPAEC-PAD 
Li & Zhu, 2017b 

Amylopectin 1       Isoamylase-treated starch analyzed on 

FACE 
Srichuwong et al., 2017 

Amylose 1 663 1.014 DPn: 921 73 11.6 Mn: 1.5×105 

Iodine absorption spectrum;  

isolated amylose debranched and 

analyzed by SEC 

Tang et al., 2002 

Amylose 5 648–650 
0.998–

1.101 

DPn: 822–

1,054 
98–119 6–9 

Mn: 1.3×105–

1.7×105 

Iodine absorption spectrum;  
isolated amylose debranched and 

analyzed by SEC 

Watanabe et al., 2007 

No.: Number of samples studied; λmax: the wavelength with the maximum absorbance; BV: Blue value; DP: degree of polymerization; DPw: weight-average degree of polymerization; 

DPn: number-average degree of polymerization; CL: average chain length; NC: number of chains per molecule; Mw: weight-average molecular mass; Mn: number-average molecular 

mass; AM: amylose fraction, AP: amylopectin fraction; GPC: Gel-permeation chromatography; SEC: Size-exclusion chromatography; HPAEC-PAD: High-performance anion-

exchange chromatography with pulsed amperometric detection; FACE: Fluorophore-assisted capillary electrophoresis  
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2.4 Structure of quinoa starch 

2.4.1 Morphology 

Various techniques such as light microscope (LM), scanning electron microscope 

(SEM), transmission electron microscopy (TEM), Coulter Counter (CC), and laser light 

diffraction (LLD) were employed to study the morphology of quinoa starch granules 

(Table 2.2). The methods of observation may impact on the results of the granules (e.g, 

granule size) and should be noted when comparing data from different studies 

(Lindeboom et al., 2004). Quinoa starch granules can be single and compound in the 

perisperm cells (Varriano-Marston & DeFrancisco, 1984). The individual starch 

granules could be released during the isolation process (Atwell et al., 1983; Qian & 

Kuhn, 1999). The size of quinoa granule was mostly in the range of 0.4–2.0 μm, which 

is smaller than that of most starches from other botanical origins. Light microscopy, 

limited in the resolution capacity, should not be used to study the details of quinoa 

starch granules. The shape of quinoa starch was polygonal, angular, and irregular. The 

genetic diversity in both the shape and size of single quinoa starch granule is relatively 

small (Lindeboom et al., 2004; Li & Zhu, 2017a). TEM analysis showed that quinoa 

starch granule had a homogeneous outer layer with a high density and a hilum with a 

low density (Fig. A2.2) (Tang et al., 2002). 

Purified quinoa starch may aggregate (Table 2.2). These spherical or oblong shaped 

aggregates were between 10 to 30 μm in size with 14,000–20,000 single starch granules 

(Fig. 2.3) (Ando et al., 2002; Lorenz, 1990; Ruales & Nair, 1994; Srichuwong et al., 

2017; Varriano-Marston & DeFrancisco, 1984). It should be noted that these aggregates 

may give rise to the artefacts of granule size distribution data. The formation of these 
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aggregates may be largely due to the presence of protein as adding pepsin facilitated 

their dissolution (Atwell et al., 1983; Ruales & Nair, 1994).  

 

2.4.2 Crystallinity 

The external chains of amylopectin form double helices and crystalline structure in the 

granules. The two different arrangements of the crystals in the granules give rise to A- 

and B- type polymorph (Pérez & Bertoft, 2010). Quinoa starch has the A-type 

polymorph (Table A2.2). The degree of crystallinity of quinoa starch ranged between 

21.5–43.0% (Table A2.2). The value from peak fitting method appeared to be higher 

than those calculated from the ratio of crystalline and amorphous areas. Different 

sample status (e.g., moisture content), experimental settings, and data processing 

methods make the results from different studies difficult for direct comparison. Thus, 

the comparison of the results in the same study makes sense. The degree of crystallinity 

of quinoa starch appeared to be lower than amaranth, garden orache, and normal maize 

starches (Qian & Kuhn, 1999; Wright et al., 2002) and higher than barley, adzuki, and 

kañiwa starches (Steffolani et al., 2013; Tang et al., 2002). Such differences may be due 

to the differences in the chemical structure and composition of the starches (Pérez & 

Bertoft, 2010). The peak around 0.44 nm (d-spacing) of wide-angle X-ray diffractogram 

is characteristic of amylose-lipid inclusion complexes. This peak is not significant for 

quinoa starch as compared to that of barley and adzuki starches, indicating quinoa 

starch had a low level of amylose-lipid complexation (Tang et al., 2002).  

The nature of quinoa starch crystallinity can be probed by techniques other than wide-

angle X-ray diffractometry, such as solid-state nuclear magnetic resonance (ssNMR) 

and small-angle X-ray scattering (SAXS) (Lopez-Rubio, Flanagan, Gilbert, & Gidley, 
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2008; Yang, Swedlund, Hemar, Mo, Wei, Li et al., 2016), which are yet to be applied 

on quinoa starch. 

 

2.5 Chemical structure 

2.5.1 Starch 

The iodine-binding behaviors of quinoa starch were studied (Table 2.3). Blue value (BV) 

is defined as the absorption value of a light with the wavelength of 680 nm when passing 

through a cell containing a mixture of starch (1 mg), iodine (2 mg), and potassium 

iodide (20 mg) in 100 mL solution (Bourne, Haworth, Macey, & Peat, 1948). In a given 

iodine absorption spectrum, the maximum absorption wavelength is recorded as λmax. 

Both BV and λmax of a starch solution increase with increasing degree of polymerization 

(DP) of the glucan molecules (Bailey & Whelan, 1961). Among different reports, λmax 

and BV of quinoa starch were in the range of 578–609 nm and 0.287–0.41, respectively 

(Inouchi et al., 1999; Tang et al., 2002; Watanabe et al., 2007). The λmax of quinoa starch 

appeared to be higher than that of normal maize, waxy maize, amaranth, and adzuki 

starches, and lower than that of barley starch. Blue value (BV) of quinoa starch was 

significantly lower than that of barley and adzuki starches and higher than that of 

starches from normal maize, waxy maize, and most of amaranth varieties (Inouchi et 

al., 1999; Inouchi et al., 1999; Tang et al., 2002). The differences in the λmax and BV 

between quinoa starch and other starches may be due to the different structures of their 

amylose and amylopectin components. The molecular size of quinoa starch was also 

determined (Praznik et al., 1999). However, this approach appeared to be rather 

spurious as the starch is a mixture of amylose and amylopectin.  
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Figure 2.3. SEM photos showing quinoa starch granules and aggregates in 

perisperms. Reprint from Fig. S1 of Srichuwong et al., (2017).  

 

2.5.2 Amylose 

Iodine absorption spectrum (IBS) and SEC were used to study the structure of quinoa 

amylose (Table 2.3). BV and λmax of isolated quinoa amylose ranged from 0.998–1.101 

and 648–663 nm, respectively (Tang et al., 2002; Watanabe et al., 2007). λmax was also 

estimated in the amylose fraction from the SEC of quinoa starch, which ranged from 

595–621 nm (Li & Zhu, 2017b; Ruales & Nair, 1994). Apart from the quinoa genetics, 

the differences in λmax among different studies could be partially due to the different 
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estimation methods. A comparative study showed that BV of quinoa amylose was 

significantly lower than that of barley (1.240) and Adzuki (1.428), which could be due 

to their differences in the amylose structure (Tang et al., 2002).  

The number-based degree of polymerization (DPnAM), average chain length (CLAM), 

and number of chains per amylose molecule (NCAM) of quinoa amyloses among 

different studies ranged from 822–1054, 73 to 119 glucosyl residues, and 6–11.6, 

respectively (Tang et al., 2002; Watanabe et al., 2007). Quinoa amylose had lower 

DPnAM and CLAM than barley (DPnAM: 1659; CLAM: 167 glucosyl residues) and adzuki 

(DPnAM: 1788; CLAM: 1267 glucosyl residues) amyloses and more NCAM than barley 

(9.0) and adzuki (0.4) amyloses (Tang et al., 2002). Quinoa amylose appeared to be 

smaller with more branches than barley and adzuki amyloses, which explained its lower 

BV value (Tang et al., 2002; Watanabe et al., 2007). A SEC study revealed a lower ratio 

of long-chain amylose to short-chain amylose of quinoa starch than normal maize starch 

(Li & Zhu; 2017b). This also indicated that quinoa amylose was more branched than 

maize amylose. 
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Figure 2.4. Weight- and molar-based unit chain length distribution of tyical quinoa amylopectin (A) and its φ,β-LDs (B) (sample S21) (Li 

& Zhu, 2017b)  

0 10 20 30 40 50 60 70 80 90

0

2

4

6

8

10

C
a

rb
o

h
y
d

ra
te

 c
o

n
te

n
t 

(%
)

Degree of polymerization

 Weight-based carbohydrate content

 Molar-based carbohydrate content

0 10 20 30 40 50 60 70 80 90

-1

0

1

2

3

4

5

6

C
a

rb
o

h
y
d

ra
te

 c
o

n
te

n
t 

(%
)

Degree of polymerization

 Weight-based carbohydrate content

 Molar-based carbohydrate content

A B 



24 
 

 

2.5.3 Amylopectin 

2.5.3.1 General structural features  

λmax of isolated quinoa amylopectin ranged from 589 to 595 nm (Table 2.3). BV of 

quinoa amylopectin varied from 0.190 to 0.210 (Watanabe et al., 2007). Both the λmax 

and BV of quinoa amylopectin were significantly higher than those of barley and adzuki 

amylopectins (Tang et al., 2002). The number-based degree of polymerization (DPnAP), 

average chain length of amylopectin (ClAP), and number of chains per molecule of 

quinoa amylopectins ranged from 3403 to 6675, 18 to 21 glucosyl residues, and 172 to 

317, respectively (Tang et al., 2002; Watanabe et al., 2007). DPnAP, ClAP, and NCAP of 

quinoa amylopectin appeared to be between those of barley and adzuki amylopectins 

(Tang et al., 2002).  

Super-long unit chains was observed in quinoa amylopectin through SEC of the 

debranched amylopectin (Tang et al., 2002; Watanabe et al., 2007). The content of the 

super-long amylopectin unit chains ranged between 13 and 19% (Tang et al., 2002; 

Watanabe et al., 2007). The high amount of these super-long chains may explain the 

high λmax and BV values of quinoa amylopectin. It may also explain the great 

differences in the amylose content estimated by iodine binding or SEC of debranched 

starch based methods and those by concanavalin A or SEC of whole starch based 

method (Li et al., 2016; Li & Zhu, 2017b; Praznik et al., 1999; Tang et al., 2002; 

Watanabe et al., 2007). 

 

2.5.3.2 Unit and internal chain composition   

Unit chain length distribution of amylopectin can be obtained by analysing debranched 

amylopectin using techniques such as high-performance anion-exchange 
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chromatography with pulsed amperometric detection (HPAEC-PAD) and fluorophore-

assisted capillary electrophoresis (FACE) (Fig. 2.4) (Li & Zhu, 2017b; Srichuwong et 

al., 2017; Zhu, Corke, & Bertoft, 2011). A large amount of short unit chains with DP < 

12 and a shoulder of the HPAEC chromatogram at around DP 18–20 were recorded (Li 

& Zhu, 2017b; Srichuwong et al., 2017). Molar-based percentages of different chain 

categories of quinoa amylopectins (9 varieties) analyzed by HPAEC-PAD were 42.7–

47.5% (DP 6–21), 39.6–42.9% (DP 13–24), 6.81–8.10% (DP 25–36), and 5.40–6.72% 

(DP > 36) (Li & Zhu, 2017b). A FACE study showed that these values of quinoa 

amylopectin (1 variety) were 35.1%, 44.1%, 10.3%, and 10.5%, respectively 

(Srichuwong et al., 2017). Such a discrepancy could be readily attributed to the different 

quantification methods applied, which makes results from different studies difficult for 

direction comparison. Quinoa amylopectin had higher amounts of short unit chains with 

DP < 12 and lower amounts of chains with DP of 13–35 than waxy maize starch 

(Inouchi et al., 1999). The ratio between short and long chains of quinoa amylopectin 

tended to be higher than that of amylopectins from other sources (Bertoft, 

Piyachomkwan, Chatakanonda, & Sriroth, 2008; Li & Zhu, 2017b). Another study 

showed that quinoa amylopectin had less short chains (DP < 12) and more unit chains 

with DP 13−35 than the starch of Chlamydomonas reinhardtii (Jaiswal & Chibbar, 

2017).  

The average chain length of quinoa amylopectins (CLAP) (9 varieties) estimated by 

HPAEC-PAD ranged from 16–17 glucosyl residues, which were shorter than those 

quantified by using SEC (18–21 glucosyl residues) (Li & Zhu, 2017b; Tang et al., 2002; 

Watanabe et al., 2007). Such a difference could be readily attributed to the different 

analytical methods used in different studies. Quinoa CLAP was lower than that of most 

of the amylopectins from other sources except for oat amylopectin as estimated by the 
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same analytical method (Bertoft et al., 2008; Li & Zhu, 2017b). Therefore, the unit 

chain profile of quinoa amylopectin appeared to be rather unique among various types 

of starches.  

External chains of amylopectin can be enzymatically removed by enzymes (β-amylase 

and/or phosphorylase a) to produce β-limit dextrins or φ,β-limit dextrins (β-LDs and 

φ,β-LDs) (Bertoft, 2004). The amount of carbohydrate removed during the enzymatic 

hydrolysis is termed β-limit value or φ,β-limit value (Bertoft, 2004). The β-limit value 

of quinoa amylopectin (1 variety) was 59% (Ando et al., 2002). Another study showed 

that φ,β-limit values for quinoa amylopectins were between 52.7 to 56.4% (Li & Zhu, 

2017b). The internal unit chain length profile of quinoa amylopectin had a shoulder at 

DP 5–7 and two peaks at DP 9–10 and DP 33 (Fig. 2.4) (Li & Zhu, 2017b).  

External chain length (ECL) and internal chain length (ICL) of quinoa amylopectins (9 

varieties) varied from 10.2–11.1 and 4.7–5.4 glucosyl residues, respectively (Li & Zhu, 

2017b). ECL and ICL of quinoa amylopectin were shorter than those of amylopectins 

from several of A-type starches (e.g., waxy maize starch) and most of B- and C-type 

starches (e.g., potato starch) (Bertoft et al., 2008; Li & Zhu, 2017b). Bertoft et al (2008) 

analyzed the internal unit chain composition of 17 amylopectins from different 

botanical sources. These amylopectins were categoried into 4 groups based on the 

internal unit chain profiles. Group 1 amylopectins, such as oat and rice amylopectins, 

had the highest amount of short internal unit chains and the lowest amount of long 

internal unit chains. Group 4 amylopectins, such as potato amylopectin, had just the 

opposite compositional pattern. Group 2 and 3 amylopectins were intermediate between 

group 1 and 4 samples (Bertoft et al, 2008). Quinoa amylopectin shared a lot of 

similarities with both the group 1 and group 2 amylopectins, though it did not strictly 

fit into any group (Bertoft et al., 2008). 
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The unit chains in amylopectin could be classified as A-chains which do not carry other 

chains, B-chains which carries other chains, and C-chain which has the reducing end 

(Peat, Whelan, & Thomas, 1952). The amount of A-chains can be accurately evaluated 

from the φ,β-LDs where all the A-chains are maltose stubs (Bertoft, 2004). Molar 

amounts of A-chains in quinoa amylopectins (9 varieties) ranged between 46.4 to 50.1% 

(Li & Zhu, 2017b). A portion of A-chains (DP 6–8) is characteristics of the botanical 

source, which is termed fingerprint-A chains (Afp) (Bertoft, 2004). The molar 

percentages of Afp in quinoa amylopectins (9 varieties) ranged from 9.3% to 11.1%, 

which was higher than that of most of other amylopectins estimated by Bertoft et al. 

(2008). 

The number of chains in amylopectin clusters may be approximated from the molar 

ratio between the short unit chains and long unit chains, which ranged between 10 to 

16.6 (Li & Zhu, 2017b; Tang et al., 2002; Watanabe et al., 2007). However, the accurate 

cluster structure could only be estimated from the isolated clusters (Pérez & Bertoft, 

2010). The clusters and building blocks of amylopectin can be analysed by employing 

α-amylase of Bacillus amyloliquefaciens, which were well illustrated in many 

occasions by Bertoft and co-workers (Bertoft, 2013). The future work would be to apply 

this analyical approach to include quinoa amylopectin.   

 

2.6 Physicochemical properties of quinoa starch 

When a starch suspension is heated to a certain point, the granule starts to swell and the 

‘Maltese cross’ of starch granule disappears. The hydrogen bond between glucan chains 

breaks and the ordered structure of starch granules undergo irreversible change 

(BeMiller & Whistler, 2009). The smaller starch molecules such as amylose leach out 

and the granule structure collapses under high temperature or shearing. This process is 
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gelatinization. When the starch paste cools, the amylose and amylopectin re-associate 

to form another kind of ordered structure with a degree of crystallinity. This process is 

retrogradation (Wang, Li, Copeland, Niu, & Wang, 2015a). A range of analytical 

techniques were used to study the physical changes of quinoa starch suspension during 

heating and cooling as summarized below. 

 

2.6.1 Gelatinization measured by DSC and microscopy 

Differential scanning calorimetry (DSC) was used to study the gelatinization properties 

of quinoa starch. Polarized microscope (may include a Kofler hot-stage setting) was 

also used to estimate the gelatinization temperatures in some early studies. The 

gelatinization parameters of quinoa starch such as onset (To), peak (Tp), conclusion (Tc), 

gelatinization range (ΔT), and enthalpy change (ΔH) were recorded (Table 2.4). Some 

studies tested the quinoa flour samples and calculated the ΔH on the basis of starch 

equivalent (Li & Zhu, 2017c; Ruales & Nair, 1994; Srichuwong et al., 2017). The 

gelatinization temperatures (To, Tp, and Tc) of flour samples appeared to be higher than 

those of purified starch. This could be due to the presence of non-starch components 

such as non-starch polysaccharides, proteins, and lipids, which interact with starch and 

water (Li & Zhu, 2017c; Srichuwong et al., 2017). Differences in estimation methods 

and experimental conditions of DSC (e.g., starch concentration and heating rate) make 

the results among different studies difficult for comparison (BeMiller & Whistler, 2009). 

Variations in gelatinization properties were observed within the same study (Inouchi et 

al., 1999; Jan et al., 2017; Li et al., 2016; Lindeboom et al., 2005b). For example, 

Lindeboom et al. (2005b) reported the ranges of To, Tp, and ΔH of 8 quinoa starch 

samples were 44.6–53.7 oC, 50.5–61.7 oC, and 12.8–15.0 J/g, respectively. Li et al. 

(2016) revealed that To, Tp, Tc and ΔH of 26 quinoa starch samples ranged from 50.1–
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58.3 oC, 56.2–65.0 oC, 65.8–74.9 oC, and 10.8–14.4 J/g, respectively. The gelatinization 

temperatures and ΔH were closely correlated with the fine structure of amylopectin (Li 

& Zhu, 2017a; Srichuwong et al., 2017). For example, the higher amount of short unit 

chains, especially the Afp-chains, and lower amounts of long unit chains in quinoa 

amylopectin may provide an explanation for the low gelatinization temperatures of 

quinoa starch (Li & Zhu, 2017a).  

Comparative studies showed that the gelatinization temperatures of quinoa starch were 

lower than those of amaranth, normal maize, waxy maize, garden orach, adzuki, kañiwa, 

white sorghum, red sorghum, millet, and wheat starches (Inouchi et al., 1999; Qian & 

Kuhn, 1999; Srichuwong et al., 2017; Steffolani et al., 2013; Tang et al., 2002; Wright 

et al., 2002), and were similar to those of barley starch (Tang et al., 2002). ΔH of quinoa 

starch was lower than that of amaranth, normal maize, waxy maize, and adzuki starches 

(Qian & Kuhn, 1999; Tang et al., 2002), were similar to that of garden orach, kañiwa, 

white sorghum, and red sorghum starches (Steffolani et al., 2013; Wright et al., 2002), 

and were higher than that of barley and wheat starches (Srichuwong et al., 2017; Tang 

et al., 2002). Such differences in gelatinization properties among different starches 

could be attributed to the differences in the composition and structure (Srichuwong & 

Jane, 2007; Vamadevan & Bertoft, 2015). 

The presence of amylose-lipid inclusion complexes can be detected by DSC with an 

endothermic process occurring around 100 oC (Kugimiya, Donovan, & Wong, 1980). 

Few reports on quinoa starch found this endothermic process. Tang et al. (2002) showed 

that the ΔH for amylose-lipid inclusion complexes in quinoa starch was 0.186 J/g which 

was lower than that of the complexes in barley (0.661 J/g) and adzuki (0.333 J/g) 

starches. Wright et al. (2002) found no endothermic process for the amylose-lipid 

complexes of quinoa starch. These reports suggested that the level of amylose-lipid 
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complex in quinoa starch was quite low. This agreed with the results of wide-angle X-

ray diffractometry (section 4.2).  
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Table 2.4. Gelatinization properties of quinoa starch  

 

No. Instrument 
Starch 

concentration 

Scanning 

rate 

(oC/min) 

Scanning 

range 

(oC) 

To (oC) Tp (oC) 
Tc 

(oC) 

ΔH 

(J/g) 
A 

Reference 

1 DSC 33% (w/w) 5  50.6  87.8 
16.7 

J/g 
Atwell et al., 1983 

1 DSC 40% (w/w) flour 10 22–117  66.6  15.5 

J/g B 
Ruales et al., 1993 

1 DSC 40% (w/w) flour 10 22–117  67.5  14.6 

J/g B 
Ruales & Nair, 1994 

1 DSC 21% (w/w) 10 30–120 59.9 64.5 71 1.66 Qian & Kuhn, 1999 

4 DSC 33% (w/w)   52.2–

57.4 

54.2–

61.9 

67.6–

68.5 

7.3–

10.5 
Inouchi et al., 1999 

2 DSC 21% (w/w) 10 20–120 
51.4–

51.8 

55.7–

56.1 

64.3–

64.5 
12.6 Wright et al., 2002 

1 DSC 32–40% (w/w) 5 25–140 54.5 62.6 71.3 10.3 Tang et al., 2002 

1 DSC 20% (w/w)   54 62.2 71 11 Ando et al., 2002 

8 DSC 50% (w/v) 10 40–140 
44.6–

53.7 

50.5–

61.7 
 12.8–

15.0 

Lindeboom et al., 

2005b 

3 DSC 25% (w/w) 10 25–120 
54.25–

55.72 

61.66–

63.01 
 8.45–

9.00 

Steffolani et al., 

2013 

1 DSC 
23%–33% (w/w) 

flour 
5 25–105 52 58 64  Wolter et al., 2013 

26 DSC 25% (w/w) 10 25–90 
50.1–

58.3 

56.2–

65.0 

65.8–

74.9 

10.8–

14.4 
Li et al., 2016 

7 DSC 25% (w/w) flour 10 25–90 
52.1–

59.4 

62.4–

69.0 

73.4–

79.9 

14.8–

18.9 
B 

Li & Zhu, 2017c 

2 DSC 30% (w/w) 10 10–120 
64.32–

66.61 

69.36–

71.56 

75.78–

76.98 

4.34–

5.10 
Jan et al., 2017 

1 DSC 33% (w/w) 5 5–110 53.9 60.6 66.0 10.3 
Srichuwong et al., 

2017 

1 DSC 33% (w/w) B 5 5–110 57.4 66.0 72.7 8.4 B 
Srichuwong et al., 

2017 

1 PM 1% 1  57  64  Atwell et al., 1983 

1 KHSM    61 64.5 68  Lorenz, 1990 

1 RH 5% (w/w) 2  55    Praznik et al., 1999 

No.: Number of samples studied; DSC: differential scanning calorimetry; PM: polarized microscope; KHSM: 

polarized microscope equipped with a Kofler hot stage; RH: rheometer equipped with cone/plate; A: The unit cal/g 

is translated to J/g by a factor of 4.184; B: Dry starch equivalent based on starch and moisture contents; To: onset 

temperature; Tp: peak temperature; Tc: conclusion temperature; ΔH: enthalpy change 
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2.6.2 Swelling and solubility 

During starch gelatinization process, the extents of granule swelling and the release of 

soluble material are usually monitored by the swelling and solubility tests. Swelling 

power (SP), water solubility index (WSI), swelling factor (SF), and amylose leaching 

(AML) of quinoa starch were recorded from 55 to 95 oC (Table A2.3). Li et al. (2016) 

estimated that the WSI of 26 quinoa starch samples rose from 0.35–6.41% at 55 oC to 

41.39–86.91% at 95 oC whereas the AML ranged from 0.16–1.59% at 55 oC to 3.65–

8.67% at 95 oC. Lindeboom et al. (2005b) found that the swelling power of 8 quinoa 

starch samples varied from 10.3–20.7 g/g at 65 oC to 16.4–52.6 g/g at 95 oC. The 

increasing SP toward higher temperature suggested that quinoa starch granules could 

better maintain their integrity under heating. The experimental settings such as starch 

concentration, centrifuge condition, stirring, and separation method could impact on the 

results, which makes results from different studies difficult for comparison. 

The swelling power and solubility of quinoa starch were negatively correlated with the 

amylose content, suggesting amylose could restrict the swelling of starch granules (Li 

et al., 2016; Lindeboom et al., 2005b). The SP at low temperatures (i.e., 55 oC) was 

correlated with the amylopectin structural parameters such as Afp and the ratio of short-

to-long chains, whereas the SP and WSI at higher temperatures (e.g., 95 oC) and AML 

was more related to the internal structure of quinoa amylopectins such as the molar 

amounts of B-chain categories (Li & Zhu, 2017a). These results suggested the roles of 

diverse chain categories in the swelling properties of starch as reviewed previously 

(Srichuwong & Jane, 2007; Vamadevan & Bertoft, 2015).  
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2.6.3 Rheological properties 

2.6.3.1 Pasting 

The pasting properties of quinoa starches were estimated by pasting approach using 

Rapid Visco-analyzer (RVA), Brabender viscograph (BV), and rheometer equipped 

with a starch cell (Table 2.5). Pasting parameters such as pasting temperature (PT), peak 

temperature (PKT), peak viscosity (PV), hot paste viscosity (HPV), and cold paste 

viscosity (CPV) were recorded, while other parameters such as breakdown (BD = PV 

– HPV) and setback (SB = CPV – HPV) were calculated. The pasting results highly 

depended on the heating programme and starch concentration (5−10.7%). Thus, the 

comparison of results in the same study is only reliable. Within the same study, great 

variations in pasting properties were observed among different quinoa samples. 

Lindeboom et al. (2005b) reported that the PT, PV, HPV, CPV, BD, and SB of 8 quinoa 

starch samples ranged from 63.3–64.0 oC, 3.6–25.8 RVU, 2.9–17.9 RVU, 0.4–8.8 RVU, 

4.2–28.9 RVU, and 1.3–12.8 RVU, respectively. In comparative studies, the PV, CPV, 

and HPV of quinoa starch were significantly higher than those of amaranth starch (Qian 

& Kuhn, 1999). PV of quinoa starch was higher than that of most other starches such 

as waxy maize, wheat, millet, buckwheat, garden orach, kañiwa, white sorghum, and 

red sorghum starch (Praznik et al., 1999; Srichuwong et al., 2017; Steffolani et al., 2013; 

Wright et al., 2002). The high PV of quinoa starch corresponded well with the results 

that this starch has high SP as described in the section 5.2. PV was positively correlated 

with the amounts of amylose and super-long chain fraction of amylopectin (Li et al., 

2016; Li & Zhu, 2017b). In contrast, opposite correlation pattern between PV and 

amylose was reported (Lindeboom et al., 2005b). Another study revealed a parabolic 

relationship between PV and amylose content (Srichuwong et al., 2017). These results 

indicated the complicated relationship between PV and amylose content. Other factors 



34 
 

such as granule size and the presence of ghost structure may also contribute to the high 

PV of quinoa starch (Debet & Gidley, 2007; Srichuwong et al., 2017). 

 

2.6.3.2 Other rheological properties  

Shear-stability, and small deformation oscillatory tests were applied on quinoa starch 

(Jan et al., 2017; Lindeboom et al., 2005b; Praznik et al., 1999). The shear-stability 

determined on quinoa starch gel (5% of solid content, 9 samples) ranged from 58.6–

125% (Lindeboom et al., 2005b; Praznik et al., 1999). The shear-stability of quinoa 

starch was higher than that of amaranth, waxy maize, millet, and buckwheat starches, 

and was similar to that of wheat starch (Praznik et al., 1999). The shear-stability of 

quinoa starch starch was positively correlated with amylose content (Lindeboom et al., 

2005b). Jan et al. (2017) investigated 2 quinoa starch samples under heating of small 

deformation oscillatory test and showed that G' was higher than G''. Both G' and G'' 

started to increase at 64–66 oC. The viscosity start to decrease after the temperature pass 

86.5–89.4 oC where the viscosity maxima was reached. The relationships between 

rheological behaviors and structures of amylose and amylopectin are still to be better 

studied.  
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Table 2.5. Pasting properties of quinoa starch 

 

No. Instrument 
Starch  

concentration  
Viscosity unit 

PT  

(oC) 
PV HPV BD CPV SB 

PKT 

 (oC) 
Reference 

1 RVA 9.2% (w/w) RVU 66.8 345.9 271.1 74.8 416.2 145.1  Qian & Kuhn, 1999 

2 RVA 9.2% (w/w) RVU 63.5–65.3 367.3–402.5 357.9–369.4 9.4–33.1 495.1–495.5 125.8–138.0  Wright et al., 2002 

8 RVA ~10% (w/w) RVU 63.3–64.0 3.6–25.8 2.9–17.9 0.4–8.8 4.2–28.9 1.3–12.8  Lindeboom et al., 2005b 

3 RVA 10.7% (w/w) cP  3,322–4,306  439–1,161 3,725–4,109 676–963 62.7 Steffolani et al., 2013 

2 RVA ~10% (w/w) RVU 69.45–72.85 207.33–386.4 149.16–307.8 58.17–78.58 223.67–405.75 74.5–97.9  Jan et al., 2017 

1 RVA 8% (w/w) cP  2,860      Srichuwong et al., 2017 

1 BV 8% (w/w) BU 60  790  1,200   Atwell et al., 1983 

1 BV 9% (w/w) BU  980 895  1,690   Lorenz, 1990 

1 BV 5, 7, 10% (w/w) BU 71       Ahamed et al., 1996b 

1 BV 10% (w/w) BU  1,960 1,750  2,650  70 Praznik et al., 1999 

26 RH 9.1% (w/w) cP 51.3–65.8 3,756–5,688 1,920–3,588 900–2,604 3,804–5,436 1,164–2,136 75.5–94.1 Li et al., 2016 

 
No.: Number of samples studied; RH: Rheometer equipped with a starch cell; RVA: Rapid Visco-analzer with RVU as the viscosity unit ; BV: Brabender viscograph with BU as the 

viscosity unit; cP: centipoise, 1 cP equals to 1 mPa·s. PT: pasting temperature; PV: peak viscosity; PKT: peak temperature; HPV: hot paste viscosity; CPV: cold paste viscosity; BD: 

breakdown; SB: setback  
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2.7 Retrogradation 

The retrogradation of quinoa starch was monitored by several approaches such as DSC, 

texture analysis, syneresis, freeze-thaw stability, and turbidity (Tables A2.4 & A2.5). 

  

2.7.1 Amylopectin re-crystallization measured by DSC 

The amylopectin re-crystallization was monitored by DSC (Table A2.4). The melting 

temperatures (Tor, Tpr, and Tcr) of retrograded quinoa starch varied from 34.3–45.97 oC, 

47.9–52.16 oC, and 61.7–61.8 oC, respectively (Srichuwong et al., 2017; Steffolani, 

Villacorta, Morales-Soriano, Repo-Carrasco, León, & Perez, 2016). The retrogradation 

percentage (R%) of quinoa starch ranged from 2.09 to 40.7% among different studies. 

The starch retrogradation is significantly affected by the water content and storage 

conditions. The comparison of results of different studies may be meaningless (Wang 

et al., 2015a). The R% of quinoa starch was lower than that of kañiwa, white sorghum, 

red sorghum, millet, maize, and wheat starches, and was higher than that of amaranth 

starch (Srichuwong et al., 2017; Steffolani et al., 2013). A study of different starches 

including quinoa starch showed that the retrogradation temperatures such as Tpr and Tcr 

were negatively correlated with short amylopectin chains of DP 6–12 and positively 

correlated with long unit chains of DP 13–24 (Srichuwong et al., 2017). The R% of 

starch in quinoa flour samples were lower than that of isolated starch due to the presence 

of non-starch components such as proteins and fibers (Srichuwong et al., 2017).  
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2.7.2 Gel texture 

Texture profile analysis (TPA) was used to study the retrogradation of quinoa starch 

(Table A2.5). Hardness (or firmness) (HD), adhesiveness (AD), and cohesiveness (CH) 

of quinoa starch gel were recorded. HD, AD, and CH of quinoa starch gels (26 samples) 

with a solid concentration of 10% were in the range of 13.3–33.6 g, –117 to –235 g·s, 

and 0.57–0.70, respectively (Li et al., 2016). HD of quinoa starch was much lower than 

that of kañiwa starch under the same conditions (Steffolani et al., 2013). Positive 

correlations between amylose content and HD of quinoa starch gel were observed (Li 

et al., 2016; Steffolani et al., 2013). This confirms the central role of amylose in starch 

gelation. The texture properties of quinoa starch may also be affected by the 

amylopectin internal structure. For example, the ratio between short-to-long B-chains 

of φ,β-LDs of quinoa amylopectins (9 samples) was negatively correlated with HD and 

positively correlated with AD (Li & Zhu, 2017a). The super-long unit chains of quinoa 

amylopectin may also contribute to the starch retrogradation (Tang et al., 2002; 

Watanabe et al., 2007). 

 

2.7.3 Turbidity 

The changes in turbidity or clarity of starch gel could be used to reflect the 

retrogradation process (Perera & Hoover, 1999). Jan et al. (2017) reported a gradual 

increase in the turbidity of quinoa starch gel during storage of 5 days, the quinoa starch 

with higher amylose content shown higher turbidity value. Like the other aspects of 

retrogradation, the turbidity can be affected by a range of factors such as swelling and 

remnants of granules, leaching of amylose and amylopectin, the chain length 

distributions of amylose and amylopectin, and minor components which could mask 

the inherent turbidity of starch (Perera & Hoover, 1999).  
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2.7.4 Syneresis and freeze–thaw stability 

As retrogradation progresses, water is expelled from starch gel due to recrystallization 

and re-association of starch molecules. The syneresis is estimated from storing the gel 

at low temperature (e.g., 4 oC) or from the freeze-thaw process. The gel concentration, 

thermal history, and centrifugation settings could significantly impact on the syneresis 

of starch gel (Zhu, 2015). Ahamed et al. (1996b) found no syneresis of quinoa starch 

gel up to the 9 cycles. In contrast, Praznik et al. (1999) found 20% of water was released 

after the first freeze-thaw cycle. Lindeboom et al. (2005b) found diversity in freeze-

thaw stability of 8 quinoa starch with the syneresis after the first cycle ranging from 0–

35%. Therefore, good freeze-thaw stability of quinoa starch gel can be achieved by 

selecting suitable quinoa variety. No correlations were found between the freeze-thaw 

stability and amylose content of quinoa starch, while the correlations between the 

stability and amylopectin structure is yet to be studied (Ahamed et al., 1996b; 

Lindeboom et al., 2005b).  

 

2.8 Enzyme susceptibility 

Different studies used experimental conditions approaches (source and category of 

enzyme, buffer type, pH, incubation temperature and time) to estimate enzyme 

susceptibility of quinoa starch (Table 2.6). Thus, the comparison of results in the same 

study is meaningful. Great variations in the enzyme susceptibility of quinoa starch were 

recorded (Table 2.6). For example, the hydrolysis extents of 26 quinoa starch samples 

after the 1 and 24 h ranged from 47.5–80.7% and 82.0–104.4%, respectively (Li et al., 

2016). Different studies also compared the enzyme susceptibility of quinoa starch with 
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other starches (Tang et al., 2002; Inouchi et al., 1999; Srichuwong et al., 2017). Tang et 

al. (2002) found that the hydrolysis (β-amylase and isoamylase) rate and extent of 

quinoa starch were higher than those of barley and adzuki starches. Another study 

showed that the enzyme susceptibility of quinoa starch was similar to that of amaranth 

starch and 3 times higher than that of normal maize starch after 1-hour of incubation 

with glucoamylase of Aspergillus sp. K27 (Inouchi et al., 1999). Srichuwong et al. 

(2017) revealed that both the rate and extent of hydrolysis on quinoa starch were similar 

to those of amaranth starch and were higher than those of maize, millet, wheat, white 

sorghum and red sorghum starches. The enzyme susceptibility of quinoa starch was also 

higher than that of rice and potato starches (Lorenz, 1990). Therefore, quinoa starch 

appeared to have higher enzyme susceptibility than most of the other starches in various 

enzyme-hydrolysis systems. Starch is nutritionally divided into rapidly digestible starch 

(RDS), slowly digestible starch (SDS) and resistant starch (RS) (Englyst, Kingman, & 

Cummings, 1992). The high enzyme susceptibility indicated that quinoa starch contains 

a significant amount of RDS with a high glycemic index (GI) (Li et al., 2016). However, 

there is lack of in vivo research on the GI of quinoa starch. 

The small granule size with a high specific surface area of quinoa starch could be the 

main reasons for the high enzyme susceptibility (Inouchi et al., 1999; Li et al., 2016; 

Srichuwong et al., 2017; Tang et al., 2002). Lorenz (1990) suggested that the enzyme 

susceptibility of quinoa starch was negatively correlated with the amylose content. Li 

et al. (2016) showed that amylose content was positively correlated with the maximum 

hydrolysis extent of quinoa starch after 24 h of incubation. The enzyme hydrolysis 

extent after 1 h of incubation was positively correlated to the molar amount of Afp-

chains and chains of DP 6–12 of amylopectin, while being negatively correlated with 

CLAP (Li & Zhu, 2017a). Short unit chains of amylopectin such as Afp-chains are too 
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short to form double helices and cause defects in the crystalline structure, making it 

more susceptible to the enzyme attack (Vamadevan & Bertoft, 2015). The hydrolysis 

extent of quinoa starch after 24 h was positively correlated with the molar amount of 

A-chains which are assumed to forming the crystalline lamella (Acrystal), which suggested 

that the glucan chains forming double helices in the crystalline region was fully 

hydrolyzed (Li & Zhu, 2017a).  

The changes in the microstructure of starch granules during hydrolysis were recorded 

(Tang et al., 2002; Varriano-Marston & DeFrancisco, 1984). After treatment with β-

amylase and isoamylase, corrosions mainly occurred on the surface of quinoa starch 

granule (Tang et al., 2002). During quinoa seed germination, no erosion was observed 

on the starch granule surface. The hydrolysis was mainly in the hilum region of the 

granules. Indentations with diameters of 40−120 nm were also observed (Varriano-

Marston & DeFrancisco, 1984). The differences in the microstructural changes of starch 

granules between these two studies could be attributed to the differences in the matrix, 

enzyme type, and experimental conditions. 

The enzyme susceptibility of quinoa starch in flour was analyzed (Table 2.6). For 

example, the hydrolysis extents of starch in whole grain quinoa flour after 1 h and 24 h 

were lower than those of the isolated starch (Li & Zhu, 2017c). Ruales and Nair (1994) 

suggested that the protein layer surrounding the quinoa starch granules could inhibit the 

enzyme hydrolysis. Indeed, adding of pepsin to remove the proteins improved the 

hydrolysis rate of the starch in flour (Srichuwong et al., 2017). Other non-starch 

components such as polyphenols and cell wall polysaccharides can also retard the 

enzyme hydrolysis (Li & Zhu, 2017c). Therefore, the GI of whole grain quinoa products 

may not be high.  
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Table 2.6. Enzyme susceptibility of quinoa starch 

 

No. 
Sample 

form 
Enzyme type 

Temperature 

and pH 

Incubation 

time 
Hydrolysis outcomes Reference 

1 
Raw 

starch 
Fungal α-amylase 30 oC, pH 4.7  24 h Enzyme hydrolysis solubilized 3.76% of starch after 24 h  Lorenz, 1990 

4 
Raw 

starch 

Glucoamylase of Aspergillus 

sp. K27 
40 oC, pH 5.5 3 h 

The hydrolysis extent reached 54%–66% after the first hour; starch was almost fully 

hydrolyzed after 3 h 

Inouchi et al., 

1999 

1 
Raw 

starch 
β-Amylase and isoamylase 37 oC, pH 4.8 30 h 

A fast rate of hydrolysis was observed initially (0–2 h) which was followed by a slower 

rate up to 30 h. After the first 2 h, more than 70% of starch hydrolyzed and the starch 

was fully hydrolyzed after 30 h  

Tang et al., 

2002 

26 
Raw 

starch 
Porcine pancreatic α-amylase 37 oC, pH 6.9 24 h 

The extents of hydrolysis extent were 47.5–80.7% and 82.0–104.4% after 1 and 24 h, 

respectively 
Li et al., 2016 

1 
Raw 

starch 

Porcine pancreas α-amylase 

and amyloglucosidase 
37 oC, pH 6.0 4 h The extent of starch hydrolysis after 4 h of incubation was 90%  

Srichuwong et 

al., 2017 

3 B 
Starch in 

flour A 

Thermostable α-amylase of 

Bacillus licheniformis 
37 oC, pH 6.9 1.5 h  

The extent of starch hydrolysis after 60 min was 23–26%, and the hydrolysis rate 

between 0–30 min was increased by pepsin treatment  

Ruales & Nair, 

1994 

1 
Starch in 

flour A 

Porcine pancreas α-amylase 

and amyloglucosidase 
37 oC, pH 6.0 4 h The extent of starch hydrolysis was over 90% after 120 min of incubation 

Srichuwong et 

al., 2017 

7 
Starch in 

flour A 
Porcine pancreatic α-amylase 37 oC, pH 6.9 24 h 

The extents of hydrolysis of starch in whole grain flour after 1 and 24 h were 33.4–

52.2% and 73.2–81.9%, respectively 

Li & Zhu, 

2017c 
 

A The starch hydrolysis in flour samples was based on the starch content; B the samples are raw quinoa flour, washed quinoa flour, and 

washed quinoa flour incubated with pepsin. 
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Table 2.7. Modifications and uses of quinoa starch 

 

Starch form  Use Major findings Reference 

Native 
Biodegradable fillers in LDPE 

films 
Amaranth starch appeared to be better biodegradable fillers in LDPE films than quinoa starch  

Ahamed et al., 

1996a 

Native Edible film 

Quinoa starch could be novel material for producing colorless edible films and coatings with acceptable 

mechanical and barrier properties. The optimal conditions for film casting process were: 21.2% glycerol, pH at 

10.7, and drying at 36 oC for 14 h 

Araujo-Farro et al., 

2010b 

Native 
Active biofilm containing 

gold nanoparticles 

The biofilm of quinoa starch with the addition of gold nanoparticles had several promising properties such as 

high tensile strength, resistance against UV, and antibacterial effect 
Pagno et al., 2015 

Native 
Spherical aggregates for 

entrapment of flavours 

The loss of vanillin during a storage period could be described by the first order kinetics. The half-life of the 

vanillin was the highest in the aggregates formed by amaranth starch, followed by colocasia, quinoa, and rice 

starches. The half-life of entrapped vanillin decreased with increasing amylose content of starch 

Tari & Singhal, 

2002 

Native 
Spherical aggregates for 

entrapment of flavours 

Amaranth starch with 1.0% of gum Arabic gave a better entrapment of vanillin than using quinoa starch. 

Amylose content of starch was linearly correlated to the content of entrapped vanillin 
Tari et al., 2003 

Native 
As stabilizer for Pickering 

emulsions (10%, w/w) 

Emulsions could be formed and stabilized by a combination of native quinoa starch granules and cellulose 

nanocrystals. The size of droplets was affected by the sequence of adding starch and cellulose nanocrystals  
Matos et al., 2017 

OSA-modified 

(1.8%) 

As stabilizer for Pickering 

emulsions (12.5, 16.6, 25.0 

and 33.3%, v/v) 

The Pickering emulsion stabilized by OSA-modified quinoa starch was stable up to 8 weeks. The barrier 

resistance increased up to 70% after heating the emulsion 
Timgren et al., 2011 

OSA-modified 

(2.9%) 

As stabilizer for food-grade 

Pickering emulsions (12.5, 

16.6, 25.0 and 33.3%, v/v)  

The OSA-modified quinoa starch could stabilize oil droplets by creating Pickering emulsions. The droplet of 

Pickering emulsion decreased with increase amount of starch. The emulsion is stable up to 1 week’s storage 
Rayner et al., 2012b 

OSA-modified 

(1.95%, 3.21%, 

4.66%) 

As stabilizer for Pickering 

emulsions (6.2–33.3%, w/w) 
Addition of OSA-modified starch (3%) was optimal for forming and stabilizing the emulsion  Rayner et al., 2012a 

OSA-modified 

(1.8%, 2.9%) 

As stabilizer for Pickering 

emulsions (33.3%, v/v) 
The Pickering emulsion stabilized by OSA-modified quinoa starch was stable over 2 years Timgren et al., 2013 

OSA-modified 

(1.8%) 

As stabilizer for Pickering 

emulsions (7%, v/v) 

Powder with a high oil content could be produced by freeze-drying Pickering emulsions. Partially gelatinized 

quinoa starch granules could increase the freeze-drying stability of emulsions largely maintain the emulsion 

structure of rehydrated freeze-dried Pickering emulsions. 

Marefati et al., 2013 

OSA-modified 

(1.8%) 

As stabilizer for double 

Pickering emulsions (41.25%, 

v/v)  

OSA-modified quinoa starch granule could be used to prepare W/O/W type double Pickering emulsions which 

show high initial encapsulation rate, and stable up to 21 days. 
Matos et al., 2013 

OSA-modified 

(1.8%) 

As stabilizer for double 

Pickering emulsions (41.25%, 

v/v)  

High oil content power could be prepared by applying freeze-dry on double Picking-emulsion and the heat 

treatment could increase the stability of freeze-thaw. Emulsion structure was recovered after reconstitution of  

freeze-dried Pickering emulsions. 

Marefati et al., 2015 
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OSA-modified 

(2.2%) 

As stabilizer for Pickering 

emulsions (7–33%, w/w) 

Pickering emulsion stabilized by OSA-modified quinoa starch in granular form shown higher stability than that 

by OSA-modified quinoa starch in solution form. 
Matos et al., 2016 

Acid hydrolysis 

(3.16 M H2SO4, 5 

days) and OSA-

modified (3.18%) 

As stabilizer for Pickering 

emulsions (5%) 

The pretreatment of acid hydrolysis on quinoa starch granule could reduce the size of droplet in emulsion and 

improve the emulsifying capacity. 
Saari et al., 2016 

OSA-modified 

(0.6%) 

As stabilizer for Pickering 

emulsions (7%, v/v) 

Pickering emulsions stabilized by OSA-modified quinoa starch could simulated digestion in the upper 

gastrointestinal tract thus could be a good tool for delivery bioactive compounds. 
Marefati et al., 2017 

Microwave 

treatment 
Starch-based porous structures 

Foamed structure produced by starch mixtures from quinoa and amaranth did not maintain their original shape 

and disintegrated. 
Torres et al., 2007 

HHP treated  The RS content in quinoa starch increased with increasing pressure and temperature. A                             

positive relationship between amylose content and RS content were revealed. 

Linsberger-Martin 

et al., 2012 

Heat treated 
As stabilizer for Pickering 

emulsions (6.2–33.3%, w/w) 

Heat treated quinoa starch shown higher emulsifying capacity than native quinoa starch after 150 min of 

treatment at 120 oC 
Rayner et al., 2012a 

Heat treated 
As stabilizer for Pickering 

emulsions (33.3%, v/v) 
Heat treatment was less efficient than OSA-modification for emulsion stabilization Timgren et al., 2013 

 

OSA: octenyl succinic anhydride; HHP: High hydrostatic pressure treatment; LDPE: low-density polyethylene; A the value represents the total dispersed phase in double emulsion 

system;  

The percentages in first and second column represent the degree of substitution and percentage of dispersed phase, respectively.    
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Figure 2.5. Pickering emulsions formed by OSA-modified quinoa starch granules 

without heat (a, c, e) and with heat (b, d, f) as observed by light microscopy (a−d) and 

scanning electron microscopy (e, f) (Marefati et al., 2017) 
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2.9 Modifications and uses of quinoa starch 

Quinoa starch granules are very small with unique structures as described in the above 

sections. In recent years, there has been increased interest in modifying quinoa starch 

for various food applications (Table 2.7). Chemical and physical modifications were 

mostly reported on quinoa starch. Both native and modified quinoa starches were used 

for various products including films and for encapsulations of food ingredients as 

described below.   

 

2.9.1  Native starch 

2.9.1.1 Film 

The native quinoa starch was blended with low-density polyethylene (LDPE) from 3 to 

15% (w/w) and the mixture was heated at 170 oC before compressing under 100 kg/cm2 

(Ahamed et al., 1996a). The elongation at break of the resulting film was between that 

of the LDPE films with the addition of amaranth and maize starches (Ahamed et al., 

1996a). These authors suggested the quinoa starch could be used as biodegradable 

fillers in LDPE films (Ahamed et al., 1996a). 

Quinoa starch based films were prepared with different amounts of glycerol (16.6–33.4 

g/100 g quinoa starch) at various pH (9.7–11.3) and drying conditions (30–50 oC, 5–20 

h) (Araujo-Farro et al., 2010). Mechanical properties, water solubility, and water vapour 

and gas permeability of the resulting films were tested. The optimized conditions for 

film preparation were obtained as 21.2% of glycerol, pH 10.7, and drying at 36 oC for 

14 h through applying response surface analysis. The film was colorless and had better 

mechanical properties and barrier properties than the films made from maize starch, 

yam starch, and amaranth flour (Araujo-Farro et al., 2010).  



46 
 

Native quinoa starch was also used to manufacture active biofilms with gold 

nanoparticles (AuNPs) (Pagno et al., 2015). The AuNPs was prepared by a reduction 

reaction in gold salt containing ionic silsesquioxane. The gelatinized starch with 1% of 

glycerol was mixed with AuNPs at concentrations of 2.5−5% (v/v). The resulting films 

was tested for the mechanical properties, water solubility, water vapour and gas 

permeability, and antimicrobial activity (Pagno et al., 2015). AuNPs addition increased 

the tensile strength and UV absorption while decreasing the solubility of the resulting 

films, which was desired for food packaging and coating. Moreover, the biofilms had a 

good thermal stability and antimicrobial activity against Escherichia coli and 

Staphylococcus aureus with great potential for maintaining the shelf life of food 

products (Pagno et al., 2015). 

Starch based films and coatings have attracted much attention in food industry for the 

environmental compatibility (Jiménez, Fabra, Talens, & Chiralt, 2012). The source of 

starch, preparation method, storage conditions, and the type of plasticizers could 

significantly affect the final properties of the films (Jiménez et al., 2012). The above-

mentioned studies suggested that quinoa starch can be a good thermoplastic material 

for food packing applications.  

 

2.9.1.2 Starch aggregates for flavor entrapment 

Food ingredients can be encapsulated by various starch based systems at micro- or 

nano-scales for controlled delivery (Zhu, 2017). The native quinoa starch granules were 

used as wall material to entrap vanillin (Tari, Annapure, Singhal, & Kulkarni, 2003; 

Tari & Singhal, 2002). The starch was dispersed in water containing different amounts 

of gum Arabic, sodium carboxymethyl cellulose, or carrageenan as binding agents (Tari 

et al., 2003). The mixture was spray dried after 5 and 10% of vanillin was added (Tari 
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et al., 2003). Addition of 1% of gum Arabic in the starch system gave the best binding 

for aggregate formation. The amounts of surface, entrapped, and total vanillins were 

linearly correlated with the amylose content of starch (Tari et al., 2003). The releasing 

behaviors of the encapsulated vanillin during storage of 6 weeks were studied (Tari & 

Singhal, 2002). Regression analysis showed that the half-life values of entrapped and 

total vanillin reached the maxima with the addition of 0.5% gum Arabic (Tari & Singhal, 

2002). The half-life values of total and entrapped vanillin decreased with increasing 

amylose contents of starch (Tari & Singhal, 2002). The encapsulation capacity of 

quinoa starch and the stability of ecapsulated vanillin were higher than those of rice 

starch and were lower than those of amaranth starch (Tari & Singhal, 2002; Tari et al., 

2003). Therefore, it seems that the amylose content plays a major role in this kind of 

encapsulation applications (Tari & Singhal, 2002; Tari et al., 2003).  

 

2.9.2 Chemically-modified starch 

Quinoa starch was mostly modified by octenyl succinic anhydride (OSA) to various 

degrees of substitution for stabilizing Pickering emulsions (Table 2.7).  

 

2.9.2.1 Preparation of OSA-modified starch  

The native quinoa starch was suspended in water with addition of certain amount of 

OSA (Rayner, Sjöö, Timgren, & Dejmek, 2012a). The pH of solution was maintained 

at 7.4–7.9 and the reaction was considered completed with a constant pH value (Rayner 

et al., 2012a; Timgren, Rayner, Dejmek, Marku, & Sjöö, 2013). The OSA-modified 

quinoa starch was recovered by centrifugation and the degree of substitution for 

stabilizing Pickering emulsions was estimated by titration (Rayner et al., 2012a; 

Timgren et al., 2013). 
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2.9.2.2 Preparation of emulsions 

After modified by OSA, the hydrophobicity of quinoa starch granules increased, which 

was desired for stabilizing Pickering emulsions (Timgren, Rayner, Sjöö, & Dejmek, 

2011). To prepare the Pickering emulsions, various amount of OSA-modified quinoa 

starches were mixed thoroughly with buffer solution (usually was phosphate buffer with 

pH at 7 containing various amount of NaCl) acting as water phase and oil (such as 

Miglyol 812) or previously prepared water in oil emulsions acting as the oil phase 

before emulsified on a high shear mixer at 11,000 or 22,000 rpm for 30 s (Matos, 

Timgren, Sjöö, Dejmek, & Rayner, 2013; Rayner et al., 2012a; Rayner, Timgren, Sjöö, 

& Dejmek, 2012b; Timgren et al., 2011; Timgren et al., 2013).  

The emulsions were transferred to test tubes and stored at room temperature or 5 oC for 

various durations (Timgren et al., 2011; Timgren et al., 2013). 

Matos et al. (2013) prepared double Pickering emulsions (W1/O/W2) stabilized by 

OSA-modified quinoa starch granules. A water-in-oil emulsion (W1/O) was prepared 

and stabilized by 5% of polyglycerol polyricinoleate (PGPR) with a particle size 

between 0.8–0.9 μm. The double Pickering emulsion was prepared by emulsification 

after mixing theW1/O with W2 phase and OSA-modified quinoa starch (Matos et al., 

2013). 

 

2.9.2.3 Characteristics of Pickering emulsion  

The particle size of Pickering emulsion stabilized by OSA-modified quinoa starch 

decreased with increasing amount of quinoa starch added (Rayner et al., 2012b). In 

rheological measurements, the emulsion showed a yield stress and the linear 

viscoelastic region was in short range (γ < 0.002), which suggested the structure of 
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droplet broke down under shear (Rayner et al., 2012b). Upon different degrees of 

substitution of OSA, 3% was suggested to be optimal when using OSA modified quinoa 

starch granule as Pickering-emulsion stabilizer (Rayner et al., 2012a). The emulsion 

was suggested could tolerate a wide range of ionic strength (Rayner et al., 2012a). 

Timgren et al. (2013) suggested the high ionic strength of buffer could help the 

formation of emulsion with uniform size distribution. The Pickering emulsion formed 

by OSA-modified quinoa starch remain stable even upon a storage period of 2 years, 

which suggested a high long-term stability (Timgren et al., 2013). 

The inner particle size of the resulting double emulsion was 3.1 μm while the size of 

the droplets stabilized by quinoa starch granule showed a mean diameter of 33 μm 

(Matos et al., 2013). High encapsulation efficiency was observed (above 98.5%) and 

90% still remained after storage over a period of 21 days, suggesting good stability of 

this double emulsion (Matos et al., 2013).  

 

Both the Pickering emulsion and double Pickering emulsion could be used to produce 

oil powers with high oil content (more than 70%) by freeze-drying (Marefati, Rayner, 

Timgren, Dejmek, & Sjöö, 2013; Marefati, Sjöö, Timgren, Dejmek, & Rayner, 2015). 

The oil properties especially the melting temperature could have impacts on the stability 

of emulsions during freeze-drying (Marefati et al., 2015). The oil which was solid at 

the temperature used for freeze-drying showed higher stability than liquid oil (Marefati 

et al., 2013). The partial gelatinized OSA-modified quinoa starch has been found could 

significantly increase the emulsion stability against the freeze-thaw process compared 

to emulsions stabilized by non-heat treated quinoa starch (Marefati et al., 2013; 

Marefati et al., 2015). A combination treatment of acid-hydroxylation with H2SO4 and 

OSA modification was carried out by Saari, Heravifar, Rayner, Wahlgren, and Sjöö 



50 
 

(2016) who observed an increase in particle size after the dual modification and 

suggested quinoa starch was the best candidate for encapsulation compared to waxy 

barley, waxy maize, and potato starch. Matos, Marefati, Gutiérrez, Wahlgren, & Rayner 

(2016) suggested the Pickering emulsion formed by OSA-modified quinoa starch in 

non-granular form was less stable than that by OSA-modified quinoa starch in granular 

form. encapsulation by OSA-modified quinoa starch was applied on Curcumin and heat 

treated emulsion could preserve curcumin until the end of intestinal digestion which 

suggested a successful delivery to larger intestine (Fig. 2.5) (Marefati et al., 2017). Thus, 

the Pickering emulsions stabilized by OSA-modified quinoa starch granules may have 

great potential in food products, pharmaceutical drug formulations, or cosmetic 

emulsion (Rayner 2012a; Marefati et al., 2013) 

 

2.9.3 Physically-modified starch 

Physical modifications such as High hydrostatic pressure (HHP) treatment, heat 

treatment and microwave treatment were applied onquinoa starch (Table 2.7). Resistant 

starch content (RS) in HHP treated quinoa starch increased with treated pressure and 

temperature (Linsberger-Martin et al., 2012). The highest RS content of quinoa starch 

(3.32%) was obtained at a condition of 600MPa, 60 oC, and 30 min, which was 

suggested to be a result of retrogradation and structure change of quinoa starch under 

high pressure treatment (Linsberger-Martin et al., 2012). Apart from OSA-

modifications, heat treatment was also used to increase the hydrophobicity of quinoa 

starch granule (Rayner et al., 2012a; Timgren et al., 2013). The native quinoa granule 

was treated at 120 oC for various duration (up to 150 min) (Rayner et al., 2012a). The 

emulsion capacity of heat-treated quinoa starch was only higher than that of native 

starch granule after 150 min heating time, which suggested the heat treatment was less 



51 
 

efficient for stabilizing emulsion than OSA-modifications (Rayner et al., 2012a; 

Timgren et al., 2013). The mixture of quinoa starch and cellulose nanocrystals was used 

to produce Pickering emulsion and the sequence of addition of these two materials have 

impacts on the size of particles as well as the properties of resulting emulsions (Matos, 

Marefati, Bordes, Gutiérrez, & Rayner, 2017). Torres, Boccaccini, and Troncoso (2007) 

used microwave processing on quinoa starch and studied the production of porous 

structure and its potential use for scaffolds in tissue engineering. 

 

2.10 Conclusions  

Quinoa starch has gained increasing attractions in recent years due to the great potential 

of this crop. Great varieties in composition, morphology, granular and molecular 

structure, and physicochemical properties were observed among studies. Quinoa starch 

is small in granule size (around 1–2 μm) while the aggregations with size around 20 μm 

could appear. A high protein residue after the isolation of starch might result in a higher 

amount of the aggregations. The quinoa amylose contains significant amount of short 

chains and branches. The amylose content of quinoa starch highly depend on the 

methods of observation applied. The reason might be the presence of super-long chains 

in quinoa amylopectin, which could also bind with iodine and elute together with 

amylose fraction on SEC after debranching. Despite the presence of super-long chains, 

the quinoa amylopectin is also abundant in short chains especially Afp chains, whereas 

the amount of long chains in quinoa amylopectin are significantly lower than that in 

other kinds of amylopectin. These amylopectin structure features give quinoa starch 

several unique physicochemical properties such as lower gelatinization temperatures 

and slow retrogradations. The quinoa starch granule might have high resistance to heat 

and shear which results in high swelling power and PV in pasting analysis. Native 
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quinoa starch has been used in biofilms and microencapsulation for its small size. The 

OSA-modified quinoa starch has been widely used in stabilization of Pickering 

emulsion. The Pickering emulsion stabilized by OSA-modified quinoa starch have 

several promising properties such as high emulsifying efficiency and stability which 

has been applied in food ingredient delivery and production of high oil content power. 

Physical modifications such as microwave, HHP, and heat treatment has also been 

applied on quinoa starch.    

 

Unlike starch isolated from major crops such as maize or potato, the research on both 

structure and application on quinoa starch is still limited. Quinoa starch has been found 

to have an excellent environment tolerance partially due to its great genetically diversity, 

thus this starch might be a good platform to study the structure-properties-environment 

relationships. However, several important structure features such as cluster structure of 

quinoa starch are still unknown. Although the starch properties are estimated by studies, 

the various experimental settings make the inter-study comparison difficult. The 

standardization of the method might improve this situation. The applications in quinoa 

starch remain less investigated. Several widely used modifications such as ultrasound, 

annealing, cross-linking, and dual modifications could be applied on quinoa starch in 

the future. For the promising properties of native and modified quinoa starch, it could 

have various application perspectives such as fat replacement, novel food additives, 

pharmaceuticals, cosmetics, papermaking, and textile which still need to be vigorously 

studied.  
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Chapter 3 Physicochemical properties of 

quinoa starch 
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3.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal originated from the Andes of 

South America, and has been cultivated there since 3000–4000 years ago. Quinoa has 

a high tolerance to abiotic stresses such as soil salinity, acidity, drought, flooding, and 

frost. It has been introduced to other parts of the world such as United States, China, 

Europe, Canada, and India (Abugoch, 2009; Bazile, Fuentes, & Mujica, 2013; Bhargava, 

Shukla, & Ohri, 2006). There is a great diversity in the properties and quality of quinoa 

products due to the wide geographic distribution and genetic resources. The colors of 

quinoa seeds are rather various, include white, yellow, red, black, and so on (Bhargava 

et al., 2006; Ruiz et al., 2014: Vega-Gálvez et al., 2010). During the last two decades, 

quinoa has experienced a renaissance due to its attractive nutritional features (Repo-

Carrasco, Espinoza, & Jacobsen, 2003; Valencia-Chamorro, 2003; Wang & Zhu, 2015). 

The seeds rich in starch can be used to produce diverse food products such as rice 

replacement, infant food, flakes, pancakes, bread, and puffed grains (Valencia-

Chamorro, 2003, Wang, Opassathavorn, & Zhu, 2015; Wang & Zhu, 2015). In particular, 

quinoa is rarely allergenic to people with celiac diseases due to the absence of gluten-

type protein.  

Starch is the major component of quinoa seeds, making up approximately 53.5‒69.2% 

of the dry matter (Mundigler, 1998; Steffolani, León, & Pérez, 2013; Wright, Huber, 

Fairbanks, & Huber, 2002). The starch granules are usually located in the perisperm of 

the seed, and are present as simple units or as spherical aggregates (Lorenz, 1990; 

Ruales & Nair, 1994). Previous studies showed that quinoa starch (QS) granules are 
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small (1‒3 µm in diameter) (Lorenz, 1990). The amylose content ranged from 4 to 25% 

(Inouchi et al., 1999; Lindeboom, 2005; Praznik et al., 1999; Qian & Kuhn, 1999; Tang, 

Watanabe, & Mitsunaga, 2002; Watanabe, Lai, Tang, & Mitsunaga, 2007). Amylopectin 

of QS had a particular large number of short chains and a small number of long chains 

(Inouchi et al., 1999). The low amylose content and unique amylopectin structure are 

influential to the functional properties of starch. QS gelatinizes at relatively low 

temperatures as compared to amaranth, normal and waxy maize starches (Kong, Bao, 

& Corke, 2009; Sandhu & Singh, 2007; Singh, Inouchi, & Nishinari, 2006), and 

exhibits lower pasting temperature and peak viscosity than both normal and waxy maize 

starches (Lindeboom, Chang, Falk, & Tyler, 2005b). QS also showed excellent freeze-

thaw stability (Ahamed, Singhal, Kulkarni, & Pal, 1998; Lindeboom et al., 2005b).  

Most of the previous studies on physicochemical properties of QS analyzed rather 

limited number of samples, or focused on the comparison among QS (only 1 or 2 

samples) and starches from other botanical sources (Linsberger-Martin, Lukasch, & 

Berghofer, 2012; Nascimento et al., 2014; Steffolani et al., 2013; Wright et al., 2002). 

Lindeboom et al. (2005b) analyzed QS from 8 quinoa lines cultivated in Canada, and 

investigated the correlations between amylose content and various physicochemical 

properties. Systematic documentation of physicochemical properties of QS from a 

worldwide collection is still to be conducted. Besides, the relationships among the 

physicochemical properties of QS have been little studied. This greatly hinders diverse 

applications of QS as a novel starch resource. Furthermore, the quality of quinoa 

products such as cooking and eating properties can be much determined by the 
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properties of starch (Wang & Zhu, 2015; Wu, Morris, & Murphy, 2014). Understanding 

starch properties would greatly support the application and commercialization of this 

crop on a larger scale. Thus, a survey of diverse starches isolated from commercial 

quinoa seeds can promote understanding the variations in the quality of commercial 

food products. The aims of this study were to characterize the physicochemical 

properties of 26 QS from a range of suppliers and geographic areas, and to investigate 

the relationships among these properties. 
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Table 3.1. Product information of quinoa samples 

 

Product name Sample code Origin Color Company location 

Fresh Produce Be Fresh Quinoa S1 Peru White NZ 

Red Quinoa, PAK’nSAVE S2 Peru, Argentina, Thailand Red NZ 

Ceres Organics Quinoa S3 Peru White NZ 

Alter Eco Fair Trade Red Quinoa S4 Bolivia Red US 

Alter Eco Organic Royal Pearl Quinoa S5 Bolivia White US 

Alter Eco Organic Royal Black Quinoa S6 Bolivia Black US 

Bob's Red Mill Grain Quinoa Organic S7 Peru, Bolivia, Ecuador White US 

Bob's Red Mill Grain Red Quinoa S8 Peru, Bolivia, Ecuador Red US 

Eden Foods Organic Quinoa S9 Peru, Bolivia, Ecuador White US 

Eden Organic Red Quinoa S10 Peru, Bolivia, Ecuador Red US 

Trader Joe's Organic Red Quinoa S11 Bolivia Red US 

Trader Joe's Organic White Quinoa S12 Bolivia White US 

Ancient Harvest Quinoa INCA Red Organic S13 Bolivia Red US 

Arrowhead Mills Organic Quinoa S14 Peru White US 

Jansal Valley Black Quinoa S15 Peru Black US 

TruRoots Organic Quinoa Premium Quality S16 Andean region White US 

Roland White Quinoa S17 Peru White US 

Wholesome Kitchen Organic Quinoa S18 South America White US 

Roland Black Quinoa S19 Peru Black US 

JiaQi Quinoa S20 China White CN 

Tianjing Tibet Quinoa S21 China White CN 

Quinoa-BBR Cambelloille S22 Canada Light yellow CA 

Red Quinoa (Pura Quinoa super food) S23 Canada Red CA 

Quinoa BBR Matheson S24 Canada Light yellow CA 

Organic Red Quinoa (Organic garage) S25 Canada Red CA 

Ceres Red Quinoa S26 South America Red NZ 

Samples with more than one origin are mixtures; NZ, New Zealand; US, United States of America; CN, China; CA, Canada
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3.2 Materials and methods  

3.2.1 Materials   

Twenty-six types of commercial quinoa seeds were collected from different countries 

and suppliers with a range of geographic origins (Table 3.1). Porcine pancreatic α-

amylase (PPA, 1821 units/mg protein) and maize amylopectin were purchased from 

Sigma–Aldrich Chemical. Co. (Auckland, New Zealand). GELOSE 50 and normal 

maize starches were from Ingredion ANZ Pty Ltd. (Auckland, New Zealand). GELOSE 

50 is a type of maize starch with an apparent amylose content of 50%. All other 

chemicals and reagents were purchased from ECP Ltd. (Auckland, New Zealand), 

except for dimethyl sulfoxide (DMSO), sulfuric acid, and phenol from Avantor 

Performance Materials Inc. (PA, USA), Scharlau (Barcelona, Spain), and Sigma–

Aldrich Chemie GmbH (Deisenhofen, Germany), respectively.  

 

3.2.2 Quinoa starch extraction   

QS was extracted using the procedure of Annor, Marcone, Bertoft, and Seetharaman 

(2014a) with some modifications. Quinoa seeds were frozen by liquid nitrogen for 2 

min before milling into flour with a coffee bean grinder for 1 min. Quinoa flour (100 g) 

was stirred with 1 L of sodium borate buffer (12.5 mM, pH 10, containing 0.5% sodium 

dodecyl sulfate (SDS) [w/v] and 0.5% Na2S2O5 [w/v]) for 30 min to remove the proteins 

and lipids. The residue was recovered by centrifugation at 3000 × g for 10 min. The 

above removing procedure was repeated. The residue was washed with deionized water 

(1 L) and recovered by centrifugation at 3000 × g for 10 min. The residue was 
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subsequently suspended in distilled water and stirred overnight to further release the 

protein from the starch granules. Afterwards the starch slurry was passed through four 

layers of cheesecloth and then through a 140 μm nylon mesh. The slurry was 

centrifuged, and the brown layer that formed on the top of the starch layer was scraped 

off with a spatula and discarded. This step was repeated six times to remove the brown 

particles and SDS. The resulting starch fraction was dried in an air-forced oven at 35 

oC for 48 h, ground to powder, and sealed in air tight plastic container. 

 

3.2.3 Moisture content 

Moisture content (MC, %) was determined using an air-force oven according to the 

approved AACCI methods 44-40.01 (AACC, 2003) with slight modifications. 

Aluminum pans were dried at 125 oC to constant weight and kept in a desiccator at 

room temperature. Starch samples (200 mg) were accurately weighed into the 

aluminum pans and dried at 120 oC until constant weight. MC refers to the percentage 

of loss in sample weight. 

 

3.2.4 Apparent amylose content 

Apparent amylose content (AAM) was determined according to an iodine binding-

based method (Hoover & Ratnayake, 2005) with some modifications. KI (0.1079 g) 

and I2 (0.0315 g) were dissolved in 100 mL deionized water and stored in dark at 4 oC. 

A series of mixtures of GELOSE 50 and maize amylopectin were prepared for 

calibration. The AAM of GELOSE 50 and maize amylopectin were treated as 50% and 
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0%, respectively. Sample (20 mg) was weighed into a Kimax tube fitted with a Teflon-

faced rubber liner. A reagent blank was prepared in the same way without adding starch. 

90% DMSO (8 mL) was added and mixed vigorously for 2 min using a vortex mixer. 

The tubes were then heated at 85 oC in a water bath with intermittent mixing for 30 min. 

All the tubes were then allowed to cool at room temperature before diluting to 25 mL 

with deionized water. The diluted sample (3 mL) was mixed vigorously with deionized 

water (40 mL) and iodine solution (1 mL) in a 50 mL volumetric flask. The absorbance 

of the sample was measured at 600 nm after 15 min of incubation. AAM was calculated 

using regression equation. 

 

3.2.5 Amylose leaching 

Amylose leaching (AML) was analyzed according to Gunaratne and Hoover (2002) 

with some modifications. Starch (20 mg, db) was dispersed in water (10 mL) and heated 

at 55 oC, 65 oC, 75 oC, 85 oC, and 95 oC, respectively for 30 min with shaking every 1 

min to suspend the slurry. The tubes were then cooled to room temperature and 

centrifuged (3000 × g, 30 min). The supernatant (1 mL) was withdrawn and AAM 

determined as in Section 2.4. AML was expressed as percentage of amylose leached 

from starch. 

 

3.2.6 Swelling power and water solubility index 

Swelling power (SP, g/g) and water solubility index (WSI, %) were determined using a 

method modified from Tsai, Li, and Lii (1997). Briefly, sample (0.15 g, db) was 
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weighed into a centrifuge tube with coated screw cap, and 10 mL deionized water was 

added. The tubes were then heated at 55 oC, 65 oC, 75 oC, 85 oC, and 95 oC, respectively, 

with frequent shaking by vortex for 1 h before being cooling in ice water bath and 

centrifugation (3000 × g, 30 min). The supernatant was poured out in an aluminum pan. 

The remaining solid fraction was weighed (Ws). The supernatant was dried to a constant 

weight (W1) at 100 oC. The WSI and SP were calculated as follows: 

𝑊𝑆𝐼 = (
𝑊1

𝑊0
) × 100% 

𝑆𝑃 =
𝑊𝑠

𝑊0 × (1 − 𝑊𝑆𝐼)
         (g/g) 

 

3.2.7 Pasting analysis 

Pasting properties of starch were determined according to a previous description (Li, 

Lin, & Corke, 1997) using an MCR 301 Rheometer (Anton Paar, GmbH, Ostfildern, 

Austria) equipped with a starch cell. Starch (2.0 g db) was mixed with 20 mL deionized 

water. A programmed cycle (27 min) was used where the samples were held at 50 oC 

for 5 min, heated to 95 oC in 7.5 min, held at 95 oC for 5 min before cooling to 50 oC 

in 7.5 min, and holding at 50 oC for 2 min. The pasting temperature (PT),  peak 

temperature (PKT), peak viscosity (PV), hot paste viscosity (HPV), cool paste viscosity 

(CPV), and the derivative parameters breakdown (BD = PV – HPV), setback (SB = 

CPV – HPV), stability ratio (SR = 100 × HPV/PV), and setback ratio (BR = CPV/HPV) 

were recorded. The viscosity was presented in Rapid Visco Unit (RVU). 
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3.2.8 Gel texture analysis 

Texture analysis of starch gel was according to Bao, Kong, Xie, and Xu (2004) with 

some modifications. The starch gel formed after pasting was transferred into a 10 mL 

glass canister with a Teflon-faced rubber liner, centrifuged at 1000 × g for 5 min for a 

flat surface, and kept at 4 oC for 24 h before testing. Gel textural properties were 

analyzed using a TA‒XT plus Texture Analyzer (Stable Micro Systems Ltd., Surrey, 

UK) under Texture Profile Analysis mode (TPA). Each starch gel in the canister was 

pressed to a distance of 15 mm (trigger force = 0.03 N) with a cylinder probe (5 mm in 

diameter) at a speed of 0.5 mm/s. The pre- and post-speed were 1.0 mm/s and the 

acquisition rate was 4.00 pps. The maximum force peak during the first compression 

represented the hardness (HD, g). The negative area of the curve during the first 

retraction of the crosshead was termed adhesiveness (AD, g·s). Cohesiveness (COH) 

was defined as the ratio of the positive force area of the second compression to that of 

the first compression. 

 

3.2.9 Thermal analysis 

Thermal properties were analyzed using a differential scanning calorimeter (DSC) 

(Q1000 Series, TA Instruments, New Castle, USA). Starch (2.5 mg, db) was weighed 

into an aluminum crucible and double deionized water (7.5 µL) was added. The sealed 

crucible was equilibrated at room temperature for 1 h for moisture balance before 

heating from 25 to 90 oC at a rate of 10 oC/min. An empty pan was used as reference. 

Thermal parameters of gelatinization including onset (To), peak (Tp), conclusion (Tc) 
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temperatures, and enthalpy change (ΔH) were recorded. 

 

3.2.10  Enzyme susceptibility 

Enzyme susceptibility (ES) of QS was determined according to Knutson, Khoo, 

Cluskey, and Inglett (1982) with some modifications. A concentrated solution of 

porcine pancreatic α-amylase (PPA) in sodium chloride (2.9 M) containing calcium 

chloride (3 mM) was used. Starch (10 mg) in a 15 mL centrifuge tube was mixed with 

5 mL distilled water and 4 mL of phosphate buffer (0.1 M, pH 6.9) containing NaCl 

(0.006 M). The slurry was pre-warmed at 37 oC for 30 min and gently vortexed before 

adding PPA suspension (0.18 units/mg starch). 

Each sample was analyzed after 1 h and 24 h of incubation at 37 oC with gentle shaking. 

The enzymatic hydrolysis was terminated by adding 2 mL of 95% ethanol. The 

hydrolysate was centrifuged at 2000 × g for 5 min. The supernatant was analyzed for 

soluble carbohydrate following the phenol-sulfuric acid method using Corning® 96 well 

half area microplates (Corning Incorporated, Corning, NY, USA) and EnSpire® 

Multimode Plate Reader (PerkinElmer Inc, Waltham, MA, USA). The enzyme 

susceptibility at 1 h (ES1, g/100 g) and 24 h (ES24, g/100 g) were expressed by gram of 

glucose per 100 g of starch.  

 

3.2.11  Statistical analysis 

All measurements were in triplicate. Data were analyzed using SPSS software (IBM 

Corporation, NY, USA).  
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3.3 Results and discussion 

3.3.1 Moisture and AAM 

Twenty-six starches had a range of MC from 8.7% in S3 to 14.0% in S23 and S24 with 

an average value of 10.1% (Table 3.2), which is consistent with other studies (Ando et 

al., 2002; Gonzalez, Roldan, Gallardo, Escudero, & Prado, 1989; Mundigler, 1998; 

Steffolani et al., 2013; Wright et al., 2002). AAM ranged from 7.7% in S24 to 25.72% 

in S1 with an average value of 21.29% (Table 3.2). This result generally agreed with 

the previous studies on QS, using iodine binding‒colorimetry based method for AAM 

determination (Inouchi et al., 1999; Lindeboom et al., 2005b; Tang et al., 2002; Tari, 

Annapure, Singhal, & Kulkarni, 2003; Wright et al., 2002). However, significant 

differences have been noted from previous studies employing other methods. Steffolani 

et al. (2013) and Linsberger-Martin et al. (2012) used Con A precipitation-based method 

which measures the true amylose content, and reported much lower amylose contents 

(8.22‒9.30%). Watanabe et al. (2007) used gel permeation chromatography (GPC) for 

amylose content and reported amylose contents of QS ranged from 5.2 to 10.9%. 

Difference in starch isolation method, genetics, maturity, and growing conditions may 

partially explain the observed discrepancy in AAM. The higher amylose content 

observed in this study is also probably due to the nature of iodine-starch interactions. 

The long chains in amylopectin also interact with iodine to form complexes that 

contribute to the color development of the starch-iodine solution (Vilaplana, Hasjim, & 

Gilbert, 2012). Indeed, the quinoa amylopectin has been reported to have a significant 
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amount of super-long chains which could also bind with iodine and contribute to the 

color development (Tang et al., 2002). 

In this study, maize starches were used as the reference samples for AAM measurement. 

The differences in the starch molecular structures between QS and maize starches may 

also contribute to the discrepancy in the AAM.    

The AAM showed a similar average value (21.29%) to rice starch (14.6‒28.7%, average 

21.6%) (Kong, Zhu, Sui, & Bao, 2015), buckwheat starch (21.5‒25.7%, average 23.9%) 

(Li et al., 1997) and pearl millet starch (24.0‒27.2%, average 25.2%) (Hoover, 

Swamidas, Kok, & Vasanthan, 1996), but lower than that of normal maize starch (29.5‒

32.6 %, average 31.1%) (Singh et al., 2006), and higher than that of normal amaranth 

starch (8.2‒11.1%, average 9.7%) (Stone & Lorenz, 1984) using the same 

quantification method.  
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Table 3.2. Moisture content, apparent amylose content, enzyme susceptibility, swelling power, 

water solubility index, and amylose leaching of quinoa starch 
 

 

Values in the same column with the different letters differ significantly (p < 0.05); MC: Moisture 

content; AAM: Apparent amylose content measured by iodine binding‒based method; ES1: enzyme 

susceptibility of native starch after 1h based on the hydrolysis by porcine pancreatic α-amylase; 

ES24: enzyme susceptibility of native starch after 24h based on the hydrolysis by porcine pancreatic 

α-amylase; SP: swelling power at 85 °C; WSI: water solubility index at 85 °C; AML: amylose 

leaching at 85 °C. 

 

Sample 

code 

MC 

(%) 

AAM 

(%) 

ES1
 

(%) 

ES24 

(%) 

SP 

(g/g) 

WSI 

(%) 

AML 

(%) 

S1 9.1±0.5abc 25.7±0.4mn 58.5±3.1c 92.8±4.8abcdef 21.4±0.5bcdef 43.1±2.1efgh 5.78±0.66lmn 

S2 10.2±0.3d 14.7±0.6c 72.4±1.2hij 95.9±3.3cdef 25.9±0.8jk 66.9±3.9kl 5.00±0.18efgh 

S3 8.7±0.2ab 25.1±0.7mn 69.2±1.7fgh 104.4±6.5f 22.8±1.3defgh 56.3±1.7j 7.38±0.11o 

S4 9.0±0.2abc 22.7±0.2ghij 74.9±2.1ij 96.7±7.7cdef 21.1±0.1abcde 38.3±2.1cdef 4.85±0.11e 

S5 9.7±0.1bcd 22.9±0.8ghijk 71.7±4.6hij 98.2±3.2def 22.8.0±0.5defgh 36.9±0.4cde 5.38±0.26hijklm 

S6 9.1±0.2abc 23.9±0.1hijklm 70.3±3.0ghij 99.4±5.8def 22.2±0.3bcdefg 34.9±3.9bcd 4.73±0.06e 

S7 8.8±0.5ab 24.2±0.5hijklm 68.7±1.7fgh 97.9±2.4def 22.6±2.3cdefgh 46.8±5.4gh 5.71±0.05jklmn 

S8 10.0±0.9ab 21.2±0.9ghij 73.8±0.8hij 94.1±1.4bcdef 22.5±3.4cdefg 48.8±5.7hi 4.95±0.03efg 

S9 9.9±0.6cd 21.9±0.2ef 80.1±1.6k 97.0±1.9cdef 20.7±0.3abcd 38.5±3.0def 5.34±0.08ghijk 

S10 8.8±0.9ab 19.6±0.9e 69.7±0.6ghi 91.3±7.2abcde 23.2±0.1efgh 45.8±3.4gh 4.92±0.08ef 

S11 9.9±0.7cd 23.3±0.6ghijkl 62.2±1.4cde 95.8±7.0cdef 22.9±0.3defgh 47.6±4.3ghi 5.43±0.37ijklm 

S12 9.7±1.0bcd 20.8±1.1fghi 64.3±2.4def 96.4±1.5cdef 22.4±0.9cdefg 31.6±1.9bc 5.37±0.11hijkl 

S13 9.5±0.4abcd 25.5±0.2lmn 71.7±4.3hij 96.8±6.4cdef 21.6±0.1bcdef 42.7±0.7efgh 5.29±0.10fghij 

S14 9.2±0.3abc 25.4±0.6hijklm 79.8±1.5k 90.7±7.4abcde 25.4±0.6ijk 53.7±1.2ij 5.73±0.10klmn 

S15 9.6±0.2bcd 23.3±0.6jklmn 63.2±7.0cde 95.7±7cdef 20.3±0.3abc 36.9±3.4cde 5.73±0.08klmn 

S16 9.1±0.6abc 24.9±0.8n 75.6±1.1jk 97.5±0.1def 19.9±0.3ab 29.8±1.4b 5.67±0.26jklmn 

S17 8.6±0.0a 25.1±0.7ijklmn 58.4±0.7c 94.3±4.9bcdef 19.0±0.5a 21.6±3.8a 5.81±0.09mn 

S18 9.9±0.1cd 22.5±0.7ghij 60.1±1.2cd 97.2±2.5def 22.1±0.7bcdefg 44.0±5.7fgh 5.97±0.24n 

S19 9.1±0.6abc 24.1±0.7klmn 70.1±4.4ghi 95.6±0.8cdef 21.6±0.7bcdef 40.8±3.6defg 5.58±0.16jklmn 

S20 9.9±0.3cd 16.4±0.3c 80.7±0.6k 101.2±2.4ef 23.7±0.5fghi 63.6±4.5kl 4.88±0.27ef 

S21 9.9±0.5cd 15.4±0.4bc 71.8±0.2hij 95.4±7.1cdef 24.9±0.3hijk 65.1±1.3kl 4.08±0.33cd 

S22 13.5±0.1e 13.4±0.2b 52.6±2.6b 85.2±7.5abc 26.5±0.9k 74.8±2.5m 3.54±0.18b 

S23 14.0±0.3e 22.1±0.2fgh 65.7±3.2efg 82.0±5.7a 26.6±2.6k 62.7±3.7k 3.87±0.15bc 

S24 14.0±0.3e 7.7±0.1a 80±2.3k 83.4±2.2ab 24.1±1.4ghij 70.0±0.2lm 2.95±0.08a 

S25 13.5±0.7e 22.7±0.5efg 68.7±4.3fgh 88.7±1.9abcd 23.3±0.1efghi 46.4±6.6gh 4.26±0.11d 

S26 10.0±0.4cd 17.9±0.1d 47.5±3.4a 95.1±1.1cdef 33.1±1.7l 75.7±3.3m 5.10±0.40efghi 

Mean 10.1 21.2 68.5 94.6 23.2 48.6 5.13 
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Table 3.3. Thermal and gel textural properties of quinoa starch 

 

 

Values in the same column with the different letters differ significantly (p < 0.05); To: onset 

temperature; Tp: peak temperature; Tc: conclusion temperature; ∆T: gelatinization temperature 

range (Tc – To); ∆H: enthalpy change of gelatinization; HD: hardness; AD: adhesiveness; COH: 

cohesiveness 

 

 

Sample 

Code 

Thermal parameters Gel textural parameters 

To  (°C) Tp (°C) Tc
 (°C) ∆T  (°C) ∆H  (J/g) HD (g) AD (g·s) COH 

S1 54.1±0.0f 61.8±0.40l 70.7±0.1ij 16.6±0.1defg 13.5±0.1defg 22.1±0.5efg -138±10abc 0.62±0.04abcd 

S2 50.0±0.3a 56.2±0.29a 67.5±1.1bcd 17.5±1.4fghi 12.7±0.4cde 22.9±1.6fg -207±14f 0.62±0.02abcd 

S3 52.9±0.2e 59.6±0.1ij 69.3±0.5efghi 16.3±0.3def 15.2±0.1ij 22.6±2.5fg -220±21fg 0.70±0.01f 

S4 50.1±0.0a 57.0±0.5ab 69.7±0.2fghi 19.5±0.2jk 15.2±0.5ij 23.0±1.4fg -143±4abcd 0.58±0.03ab 

S5 54.7±0.1fg 60.0±0.0jk 69.4±0.4fghi 14.6±0.3bc 14.3±1.0fghi 18.3±2.5bcde -147±12bcd 0.64±0.03bcdef 

S6 50.7±0.3ab 57.3±0.8bc 67.6±2.0bcd 16.8±1.6efgh 12.6±0.4abc 22.4±1.4efg -135±17abc 0.59±0.01abc 

S7 51.9±0.6d 59.0±0.8ghi 70.0±0.1ghi 18.1±0.5hi 13.4±0.6defg 25.5±3.2g -141±19abcd 0.61±0.03abcd 

S8 52.1±0.1d 58.2±0.1cdefg 69.7±0.5fghi 17.6±0.3fghi 13.0±0.6cdef 21.6±1.9defg -143±17abcd 0.59±0.03abc 

S9 51.6±0.0cd 57.8±0.3bcde 69.5±0.1fghi 17.9±0.1ghi 14.0±0.3efghi 16.6±1.6abc -117±10a 0.64±0.03bcdef 

S10 51.0±0.1bc 57.3±0.2bc 67.2±0.4b 16.2±0.3def 13.9±0.1defgh 14.3±0.7ab -124±16ab 0.67±0.02def 

S11 51.6±0.7cd 57.6±0.4bcd 68.0±0.2bcde 16.3±0.6def 14.4±0.5ghi 15.5±1.0ab -130±14ab 0.64±0.03bcdef 

S12 55.0±0.1g 60.6±0.2k 70.5±0.4hij 15.4±0.3cde 14.4±0.2ghi 15.8±1.0ab -144±6abcd 0.63±0.03abcdef 

S13 51.6±0.2cd 58.6±0.6efgh 70.2±0.3ghij 18.6±0.4ij 13.5±0.0defg 24.4±3.7fg -168±6de 0.57±0.03a 

S14 51.0±0.1bc 56.2±0.3a 64.8±0.0a 13.7±0.1ab 12.6±0.6bcd 17.5±0.7abcd -117±15a 0.65±0.04cdef 

S15 52.0±0.2d 58.0±0.5cdef 69.7±0.3fghi 17.6±0.0fghi 15.1±0.2ij 33.2±2.1h -180±6e 0.58±0.09ab 

S16 52.8±0.1e 58.8±0.1fghi 68.7±0.3cdefg 15.9±0.2cde 14.2±0.1fghi 20.8±1.0def -121±13ab 0.61±0.03abcd 

S17 53.1±0.0e 63.1±0.2m 73.2±0.2k 20.1±0.3k 16.4±0.6j 33.6±4.1h -235±23g 0.63±0.07abcde 

S18 51.9±0.1d 65.0±0.4n 73.6±0.1kl 21.7±0.2l 14.3±0.3fghi 20.6±3.4cdef -133±18abc 0.62±0.06abcde 

S19 51.9±0.1d 58.4±0.0defgh 68.3±0.6bcdef 16.4±0.8def 13.3±1.4defg 22.2±3.9efg -168±7de 0.61±0.06abcd 

S20 55.2±0.5g 62.4±0.4lm 71.5±0.4j 16.2±0.9def 13.4±0.0defg 13.3±1.0a -127±16ab 0.66±0.02def 

S21 54.3±0.0f 59.2±0.0hij 67.5±0.4bc 13.1±0.4a 13.8±0.1efghi 21.2±1.5defg -217±17fg 0.67±0.02def 

S22 58.3±0.2h 64.6±0.1n 74.9±0.4l 16.6±0.6defg 10.8±0.4a 13.7±1.7a -126±6ab 0.64±0.01bcdef 

S23 50.4±0.0ab 58.0±0.4cdef 67.2±0.1b 16.7±0.2efgh 14.0±0.3hi 23.8±4.6fg -218±22fg 0.63±0.03abcde 

S24 50.7±0.3ab 57.3±0.0bc 65.8±0.0a 15.1±0.4cd 11.0±0.4ab 16.4±1.8ab -175±5e 0.66±0.02cdef 

S25 52.0±0.2d 59.3±0.5hij 68.9±0.1defgh 16.9±0.3efgh 13.8±0.6ghi 20.8±1.0cdef -165±9de 0.64±0.02bcdef 

S26 50.5±0.3ab 57.4±0.3bc 72.8±0.3k 22.3±0.6l 11.9±1.8abc 18.2±3.2bcde -159±2cde 0.69±0.05ef 

Mean 52.4 59.18 69.5 17.1 13.6 20.8 158 0.63 
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Table 3.4. Pasting properties of quinoa starch 

 

Sampl

e 

Code 

PT (°C) PV (RVU) PKT (°C) 
HPV 

(RVU) 
CPV 

(RVU) 
BD 

(RVU) 
SB 

(RVU) 
SR BR 

S1 61.9±0.0ij 375±8c 87.1±0.6hij 254±9ef 399±7gh 121±1c 145±3de 67.8±1.0ijk 1.57±0.03fgh 

S2 51.3±0.0a 379±7c 80.6±0.0b 208±1c 361±5d 171±8j 153±6def 55.0±1.3c 1.73±0.03k 

S3 61.1±0.0hi 384±0cd 80.5±0.0b 238±8d 334±4c 147±8fgh 97±4a 61.8±2.2fg 1.41±0.03a 

S4 57.9±0.0de 403±7ef 87.1±0.5hij 279±7k 423±3jk 125±1cd 144±3de 69.1±0.4jkl 
1.52±0.02cde

f 

S5 61.1±0.0hi 413±4fgh 76.2±0.5a 257±1efg 373±2e 157±5ghi 116±3b 
62.1±0.8fg

h 
1.45±0.01ab 

S6 57.9±0.0de 474±12k 
82.1±1.1bc

d 
299±7l 453±7l 175±5jk 154±0ef 63.1±0.1gh 

1.52±0.01cde

f 

S7 59.5±0.0fg 429±7i 83.3±2.8def 253±8ef 399±3gh 177±2jk 147±5de 58.8±1.0de 1.58±0.04ghi 

S8 58.7±0.0ef 428±5i 84.4±0.0efg 277±5jk 425±2k 153±1gh 148±3de 64.5±0.5h 
1.54±0.02def

g 

S9 56.3±0.0c 400±2ef 
82.9±0.0cd

e 
278±3k 421±3jk 122±1c 143±1d 69.7±0.3kl 1.51±0cdef 

S10 57.1±1.13cd 398±12ef 84.4±1.1efg 266±11ghij 413±12ijk 133±1cde 148±1de 66.7±0.7i 
1.55±0.02efg

h 

S11 57.9±0.0de 403±2ef 75.9±1.1a 252±7e 374±1e 152±8fgh 123±7bc 
62.4±1.9fg

h 
1.49±0.04bcd 

S12 61.15±1.2hi 418±7ghi 77.1±0.5a 260±1efgh 382±0ef 158±6hi 123±1bc 
62.1±0.8fg

h 
1.47±0bc 

S13 59.5±0.0fg 399±10ef 85.6±0.6gh 271±6hijk 418±7jk 128±4cd 148±1de 67.9±0.2ijk 
1.54±0.01def

g 

S14 53.75±1.2b 448±1j 76.7±0.0a 258±3efg 388±0fg 190±1l 130±3c 57.6±0.4d 1.5±0.01bcde 

S15 59.5±0.0fg 348±2b 94.1±0.6k 273±1ijk 420±1jk 75±1a 147±3de 78.5±0.2n 
1.54±0.01def

g 

S16 59.5±0.0fg 404±0efg 82.5±0.6cd 271±2hijk 397±0gh 134±2de 127±2bc 66.9±0.4ij 1.47±0.01bc 

S17 63.5±0.0k 397±3de 87.5±0.0ij 253±2ef 413±8ij 144±4ef 159±9fg 63.8±0.8gh 1.63±0.04ij 

S18 61.9±0.0ij 408±11efgh 
82.6±0.5cd

e 
258±5efg 402±8hi 

150±11fg

h 
144±8de 63.2±1.9gh 

1.56±0.04efg

h 

S19 58.7±0.0ef 377±8c 88.3±1.1j 271±5hijk 417±10jk 106±4fb 146±5de 72.0±0.2m 
1.54±0.01def

g 

S20 61.1±0.0hi 345±6b 75.5±0.5a 199±0bc 322±3ab 146±6fg 123±3bc 57.7±1.0d 1.61±0.01hij 

S21 59.5±0.0fg 375±2c 81.3±0.0bc 193±3b 317±0a 183±1kl 124±3bc 51.4±0.4b 1.65±0.02j 

S22 65.8±0.0l 321±3a 82.5±0.6cd 195±2b 337±4c 127±2cd 142±3d 60.7±0.1ef 1.73±0.01k 

S23 61.9±0.0ij 445±1j 86.0±0.0ghi 279±3k 457±2l 166±1ij 178±4h 
62.7±0.4fg

h 
1.63±0.02ij 

S24 60.3±0.0gh 313±3a 84.4±0.0efg 160±2a 328±1bc 154±4fgh 169±3gh 50.9±0.9b 2.06±0.03l 

S25 62.7±0.0jk 372±8c 84.8±0.6fg 264±3fghi 413±7ijk 108±11b 149±9def 71.0±2.3lm 1.57±0.04fgh 

S26 51.3±0.0a 420±6hi 75.9±1.1a 203±3bc 335±7c 218±3m 132±5c 48.3±0.0a 1.65±0.01j 

Mean 59.26 395 82.7 249 389 147 141 62.9 1.58 

 

Values in the same column with the different letters differ significantly (p < 0.05); 

PT: pasting temperature; PV: peak viscosity; PKT: peak temperature; HPV: hot 

paste viscosity; CPV: cold paste viscosity; BD: breakdown (PV–HPV); SB: setback 

(CPV–HPV); SR: stability ratio (100×HPV/PV); BR: setback ratio (CPV/HPV)  
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Table 3.5. Pearson correlation coefficients among various physicochemical properties of quinoa starch 

 AAM AML To Tp Tc ∆T ∆H WSI SP PT PV PKT HPV CPV BD SB SR BR ES1 ES24 HD AD CH 

AAM 1                       

AML .733*** 1                      

To -.154 -.044 1                     

Tp -.012 .095 .737*** 1                    

Tc .027 .161 .528** .788*** 1                   

∆T .169 .220 -.320 .208 .635*** 1                  

∆H .627** .596** -.058 .120 .093 .157 1                 

WSI -.720*** -.491* .049 -.071 -.042 -.091 -.691*** 1                

SP -.494* -.373 -.075 -.173 .021 .091 -.612** .833*** 1               

PT .059 -.123 .647*** .745*** .412* -.128 .214 -.207 -.407* 1              

PV .589** .312 -.424* -.326 -.215 .145 .216 -.359 .027 -.347 1             

PKT .198 -.046 -.201 -.004 .028 .214 .252 -.327 -.481* .289 -.232 1            

HPV .834*** .419* -.305 -.189 -.109 .156 .520** -.763*** -.536** .012 .653*** .347 1           

CPV .633** .126 -.444* -.216 -.139 .249 .348 -.643*** -.467* .032 .559** .554** .905*** 1          

BD -.221 -.091 -.178 -.190 -.143 .003 -.327 .426* .648*** -.447* .498** -.686*** -.331 -.339 1         

SB -.182 -.541** -.429* -.128 -.106 .272 -.224 .016 -.023 .049 .007 .602** .122 .533** -.132 1        

SR .610** .314 -.029 .034 .065 .100 .507** -.685*** -.699*** .294 -.003 .656*** .753*** .698*** -.865*** 0.132 1       

BR -.829*** -.724*** -.069 .012 -.056 .000 -.605** .598** .369 .021 -.547** .120 -.734*** -.385 .159 .561** -.518** 1      

ES1 -.038 -.045 -.309 -.490* -.650*** -.445* -.013 -.115 -.32 -.258 .057 -.124 .110 .073 -.055 -0.05 0.052 -0.032 1     

ES24 .419* .734*** .048 .044 .180 .156 .454* -.384 -.332 -.201 .229 -.252 .225 -.088 .028 -.652*** 0.112 -.623** 0.161 1    

HD .486* .327 -.288 -.024 .060 .329 .521** -.459* -.401* .082 .197 .677*** .392* .496* -.203 0.378 0.365 -0.112 -0.216 0.104 1   

AD -.022 -.059 .092 -.027 .059 -.018 -.370 .017 .000 -.102 -.051 -.180 .112 .023 -.192 -0.169 0.194 -0.143 0.182 0.041 -.568** 1  

CH -.351 -.031 .223 .086 -.058 -.267 -.150 .467* .534** -.039 -.100 -.641*** -.543** -.666*** .497** -.472* -.623** 0.12 -0.109 -0.006 -.505** -.249 1 

*, **, and *** indicate the correlations are significantly different at p < 0.05, p < 0.01, and p < 0.001, respectively; AAM: apparent amylose content measured by iodine binding-based 

method; ES1: enzyme susceptibility of native starch after 1 h hydrolysis by porcine pancreatic α-amylase; ES24: enzyme susceptibility of native starch after 24 h hydrolysis by porcine 

pancreatic α-amylase; SP: swelling power at 85 °C; WSI: water solubility index at 85 °C; AML: amylose leaching at 85 °C, To: onset temperature, Tp: peak temperature, Tc: conclusion 

temperature, ∆T: gelatinization temperature range (Tc – To), ∆H: enthalpy change of gelatinization; HD: hardness; AD: adhesiveness; CH: cohesiveness; PT: pasting temperature; PV: peak 

viscosity; PKT: peak temperature; HPV: hot paste viscosity; CPV: cold paste viscosity; BD: breakdown; SB: Set back; SR: stability ratio; BR: setback ratio. 
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Table 3.6. Eigenvectors for the first six principal components 

 

 

The first six principal components are abbreviated as PC1 to PC6; the codes of parameters are the 

same as in Tables 3.2 to 3.5. 

  

Parameter PC1  PC2 PC3 PC4 PC5 PC6 

AAM .857 -.136 .314 .126 .042 .155 

AML .594 .013 .529 .186 -.074 -.302 

To -.202 .778 .348 -.245 .017 .257 

Tp -.004 .882 .205 .169 .069 .173 

Tc .049 .749 .205 .471 .333 -.108 

∆T .238 .129 -.089 .748 .356 -.353 

∆H .713 .114 .287 .081 -.429 -.025 

WSI -.876 -.041 -.127 .116 .079 -.100 

SP -.767 -.236 .035 .402 .216 .085 

PT .163 .800 -.097 -.172 -.138 .417 

PV .385 -.634 .280 .348 .147 .440 

PKT .552 .248 -.693 .034 -.141 -.186 

HPV .893 -.263 .021 -.017 .217 .264 

CPV .803 -.258 -.374 .091 .210 .280 

BD -.545 -.487 .321 .456 -.064 .245 

SB .098 -.081 -.918 .242 .059 .128 

SR .848 .206 -.190 -.292 .167 -.053 

BR -.666 .128 -.651 .079 -.135 -.152 

ES1 .054 -.505 -.025 -.667 -.138 -.169 

ES24 .353 -.061 .734 .012 -.066 -.432 

HD .625 .029 -.290 .456 -.445 -.121 

AD -.028 -.021 .098 -.439 .835 -.136 

CH -.667 -.010 .449 .057 -.291 .171 
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3.3.2 Enzyme susceptibility (ES) 

ES of native QS to PPA at 1 h (ES1) ranged from 47.5% in S26 to 80.7% in S20 with 

an average value of 68.5% (Table 3.2). ES1 was high (47.5‒80.7% of total starch was 

hydrolyzed after 1 h digestion of PPA). Small variation in ES24 (82.0% in S23 to 104.4% 

in S3 with an average value of 94.6%) has been observed. The ES of QS agreed well 

with previous research on QS (Inouchi et al., 1999; Tang et al., 2002). The hydrolysis 

rate was much faster than native potato starch for which only 10% of total starch were 

hydrolyzed after 72 h (Varatharajan et al., 2011), where an even higher concentration 

of PPA (12 unit/mg of starch) was used. ES24 of QS was higher than that of wheat (63% 

after 72 h), oat (32.0% after 72 h), lentil (65.0% after 72 h), and yam (1.5% after 72 h) 

starches (Hoover & Vasanthan, 1994; Li, Vasanthan, Hoover, & Rossnagel, 2004).  

QS granules are rather small (0.5‒3 µm) (Lindeboom, Chang, & Tyler, 2004). Starches 

of small granules (such as QS) have a higher specific surface area and higher enzyme 

susceptibility than starches of larger granules from wheat, barley and potato (Lorenz, 

1990). Other factors, such as the granular and molecular structures of starch and the 

presence of minor constituents (e.g., lipid and protein) can influence the ES 

(Srichuwong & Jane, 2007). For example, the large variation in ES between QS and 

potato starch can be due to the difference in polymorph type. A-type starch contains 

more structural defects in the crystals of granules than B-type starch, and the defects 

allow the enzymes to easily hydrolyze the granules (Jane et al., 2003).  

No significant correlation was observed between AAM and ES1, while ES24
 was 

positively related to AAM (r = 0.419, p < 0.05) (Table 3.5). A previous study on millet 

starch found no significant correlations between AAM and ES (Dhital, Dabit, Zhang, 

Flanagan, & Shrestha, 2015). A negative correlation was reported between ES and 

AAM in barley starches (Lorenz, Collins, & Kulp, 1984). The discrepancy in ES among 
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different studies may be attributed to the differences in amylose and amylopectin 

structure, granular structure, and the presence of minor components of starches form 

different botanic sources, as well as the experimental conditions (Srichuwong & Jane, 

2007; Zhu, Yang, Cai, Bertoft, & Corke, 2011). 

 

3.3.3 Swelling power, water solubility index, and amylose leaching 

QS showed a wide variation in swelling and water soluble properties (Table 3.2, Tables 

A3.1‒3.3). Both SP and WSI increased with temperature. For SP, the majority of QS 

showed a steady increase from 55 oC (3.3‒12.7) to 85 oC (19.0‒33.2) before a small 

increase to 95 oC (21.0‒40.0). QS of S1, S2, S5, S15, and S16 showed little change in 

SP from 85 to 95 oC. WSI increased with temperature continually (0.4‒6.4% at 55 oC 

and 41.4‒86.9% at 95 oC). The general trend for SP and WSI as affected by raising 

temperature agreed with previous studies on QS (Ahamed, Singhal, Kulkarni, & Pal, 

1996b; Lorenz, 1990). SP of all the samples (except for S24) showed a two-stage 

swelling process, indicating two types of energy inputs to cause granular dissociation 

(Soni & Agarwal, 1983). Another study showed that QS had only one-stage swelling 

process (Ahamed et al., 1996b). This may be attributed to the differences in 

quantification methods as well as the quinoa varieties. WSI of QS appeared higher than 

those of previous studies on QS (Ahamed et al., 1996b; Lindeboom, 2005; Lorenz, 

1990). This is probably due to difference in quantification methods such as 

centrifugation speed and the way to sample the supernatant and sediment fractions. SP 

and WSI were plotted against each other (Fig. 3.1). SP increased with the WSI in a non-

linear manner. Potato, tapioca, rice, and waxy maize starches had a drop in SP at higher 

WSI (Kong et al., 2015; Li & Yeh, 2001). In contrast, SP increased with WSI (WSI > 

10%) in this study. This may suggest that QS may have a better water binding capacity 
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at higher temperatures than the other starches. 

Significant difference in AML among diverse QS samples was found at 85 oC, ranging 

from 2.95% in S24 to 7.38% in S3 with an average value of 5.13%. The AML was much 

lower than the AAM of starch (average 21.29%), and could be due to the strong 

interactions and association between amylose and amylopectin outer chains (Biliaderis, 

2009; Lindeboom et al., 2004; Varatharajan et al., 2011). The entanglement between 

amylose and amylopectin could be reinforced by endogenous lipids such as 

phospholipids by forming helical complexes with amylose and long chains of 

amylopectin, which can be a restriction on granule swelling (Srichuwong & Jane, 2007).  

SP at 85 oC was in negative correlation with AAM (r = ‒ 0.494, p < 0.05) (Table 3.5). 

This agreed with the results of Lindeboom et al. (2005b). WSI at 85 oC was negatively 

correlated with AAM (r = ‒ 0.720, p < 0.001), agreeing with that of amaranth starch 

(Kong et al., 2009). Amylose may act as a strain which holds the amylopectin in the 

granules and prevents them from dispersing during swelling (Fredriksson, Silverio, 

Andersson, Eliasson, & Åman, 1998; Noosuk, Hill, Pradipasena, & Mitchell, 2003; 

Tester & Morrison, 1990). Indeed, waxy starch tends to swell to greater extents than 

non‒waxy starch (Tester & Morrison, 1990). 

 

3.3.4 Pasting properties 

Great variation in pasting properties among 26 QS samples has been observed (Table 

3.4, Fig. A3.1). Pasting temperature (PT) ranged from 51.3 oC in S2 and 26 to 65.8 oC 

in S22.  Peak temperature (PKT) ranged from 75.5 oC in S20 to 94.1 oC in S15. Peak 

viscosity (PV) is related to water-binding capacity or degree of swelling of granules 

(Kong et al., 2015; Wani, Sogi, & Gill, 2012). Breakdown (BD = PV ‒ CPV) and 

stability ratio (SR = 100 × HPV/PV) measure the resistance of paste to heat and shear, 
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while setback viscosity (SB = HPV ‒ CPV) and setback ratio (BR = HPV/CPV) 

represent the tendency of paste to retrograde and amylose to re-associate. S6 had the 

highest PV (474 RVU), HPV (299 RVU), and CPV (453 RVU), while S24 had the 

lowest PV (313 RVU) and HPV (160 RVU). S21 had the lowest CPV (317 RVU). BD 

ranged from 75 RVU (S15) to 217 RVU (S26). SB ranged from 97 RVU in S3 to 178 

RVU in S23. The diversity in pasting temperature of QS analyzed is greater than those 

reported by Lindeboom et al. (2005b) and Steffolani et al. (2013), probably due to more 

samples employed here. Compared with normal maize starch, QS had lower PT (51.3‒

65.8 oC) and BD (75‒218 RVU) and higher PV (313‒474 RVU) (data from maize starch 

not shown). The relatively low PKT and high PV suggest that QS is easy to cook and 

may provide unique food texture and sensory perception (Wang et al., 2015b; Wu et al., 

2014).  

Pasting parameters such as PV, HPV, CPV, and SR were positively correlated with 

AAM. This agreed with a previous research on amaranth starch (Kong et al., 2009), but 

not with a report on QS (Lindeboom et al., 2005b). SR was in a positive correlation (r 

= 0.610, p < 0.01) with AAM, and indicates the amylose may act as a strain on granule 

swelling. BR was negatively correlated with AAM (r = ‒ 0.829, p < 0.001) which 

agreed with a previous report on QS (Lindeboom et al., 2005b). Apart from amylose, it 

should be stressed that other factors such as the experimental process and amylopectin‒

amylose interactions could also affect the apparent viscosity increase during cooling 

(Tang et al., 2002). 

 

3.3.5 Thermal properties 

Variation in thermal properties among 26 QS as measured by DSC has been observed 

(Table 3.3, Fig. A3.2). To ranged from 50.1 oC in S2 to 58.3 oC in S3. Tp varied from 
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56.2 oC in S2 to 65.0 oC in S18. Tc ranged from 65.8 oC in S24 to 74.9 oC in S22. ∆T 

(Tc – To) (gelatinization temperature range) ranged from 13.1 oC in S21 to 22.3 oC in 

S26. ∆H varied greatly from 10.8 J/g in S22 to 14.4 J/g in S12. The thermal properties 

generally agreed with literatures (Ando et al., 2002; Repo-Carrasco et al., 2003; 

Steffolani et al., 2013; Tang et al., 2002; Wright et al., 2002). Diversity in gelatinization 

behaviors of QS might be due to the differences in amylopectin fine structure, amylose 

content, starch granule size, and the presence of minor components such as proteins and 

lipids (Lorenz, 1990; Srichuwong & Jane, 2007). 

To and Tp had a higher variation than that reported by Lindeboom et al. (2005b), in 

which To ranged from 44.6 to 53.7 oC and Tp from 50.5 to 61.7 oC. ∆H of this study 

exhibited higher values than those reported by Qian and Kuhn (1999) and Inouchi et al. 

(1999). This might be due to different genotypes employed in different studies. QS had 

a lower gelatinization temperature than amaranth (Kong et al., 2009) and normal maize 

starches (data not shown). Low gelatinization temperatures of QS might be caused by 

several factors including the composition and structures of amylose and amylopectin, 

composition and concentration of minor components, and granular architecture. For 

example, the possible presence of large amount of short unit chains of amylopectin 

causes structural defects in the granules (Jane et al., 1999; Srichuwong & Jane, 2007). 

QS had a wider ΔT (Tc – To) as compared with other starches such as wheat and oat 

starches (Hoover & Vasanthan, 1994), suggests the presence of crystallites with stability 

varying to a greater extent in the granules (Biliaderis, 2009).  

Thermal properties such as To, Tp, Tc, and ∆T showed no significant correlation between 

AAM. This agreed with the results of Noda et al. (1998) on buckwheat starch and that 

of Sasaki, Yasui, and Matsuki (2000) on wheat starch. Lack of correlations between 

AAM and thermal data suggests other factors such as amylopectin molecular structure 
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affecting the thermal properties. Indeed, amylose is believed to be amorphous in the 

granules (Srichuwong & Jane, 2007). ∆H is in a positive correlations with AAM (r = 

0.627, p < 0.01), and agreed with previous studies on QS (Lindeboom et al., 2005b) and 

maize starch (Varavinit, Shobsngob, Varanyanond, Chinachoti, & Naivikul, 2003). The 

important role of amylopectin structure in thermal properties of QS remains to be 

established.  

Gelatinization temperatures (To, Tp, Tc) are strongly correlated to pasting parameters 

such as PT (To, r = 0.647, p < 0.001; Tp, r = 0.745, p < 0.001; Tc, r = 0.412, p < 0.05), 

PV (To, r = ‒0.424, p < 0.05), CPV (To, r = ‒0.414, p < 0.05), and SB (To, r = ‒0.429, 

p < 0.05), which is in agreement with previous studies on maize (Campbell, Pollak, & 

White, 1995) and rye (Gudmundsson & Eliasson, 1991) starches. This suggests they 

may be predicted by analyzing only one type of properties when either sample amount 

is limited (DSC), or fast analysis is needed (RVA).  

 

3.3.6 Gel textural properties 

Textural properties of starch gel have close relationship to their food and non-food 

applications. Variation in gel texture among 26 QS has been recorded (Table 3.3). The 

highest HD (33.6 g) and AD (‒235 g·s) belonged to S17, while the S20 and S9 had the 

lowest HD (13.3 g) and AD (‒117 g·s). COH ranged from 0.57 in S13 to 0.70 in S3. 

HD was similar but with a greater diversity (due to a larger number of samples here) as 

compared with a report by Steffolani et al. (2013) on QS. The HD was positively 

correlated with AAM (r = 0.486, p < 0.05), suggesting the initial gelation of starch gel 

greatly relying on the re-association of the amylose (Miles, Morris, Orford, & Ring, 

1985).  

The HD of QS gel was lower than that of amaranth starch (Wu & Corke, 1999), and 
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similar to that of rice starch (Kong et al., 2015). Hardness (HD) was negatively 

correlated with COH (r = ‒ 0.505, p < 0.01), WSI (r = ‒ 0.459, p < 0.05), and SP (r = 

‒ 0.401, p < 0.05), and positively correlated with ΔH (r = 0.521, p < 0.01), PKT (r = 

0.677, p < 0.001), HPV (r = 0.392, p < 0.05), and CPV (r = 0.496 p < 0.05). COH was 

positively correlated with WSI (r = 0.467, p < 0.05) and SP at 85 oC (r = 0.534, p < 

0.05), and negatively correlated with most pasting parameters such as PV (r = ‒ 0.641, 

p < 0.01), HPV (r = ‒ 0.543, p < 0.01), CPV, (r = ‒ 0.666, p < 0.01), SB (r = ‒ 0.472, 

p < 0.05), and SR (r = ‒ 0.623, p < 0.01). These results agreed with previous work on 

wheat (Bhattacharya, Jafari-Shabestari, Qualset, & Corke, 1997) and amaranth (Wu & 

Corke, 1999) starches. Since pasting analysis is easy and quick to perform, the 

correlation results suggest possible use of pasting attributes to predict other 

physicochemical parameters.  

 

3.3.7 Principal component analysis among physicochemical 

parameters  

Principal component analysis (PCA) was performed on 23 physicochemical parameters 

to further reveal their inherent interactions (Fig. 3.2). The eigenvalues of the first six 

principal components (Table 3.6) could explain 88.8% of all the variances (Fig. 3.2e). 

The first principal component (PC1) (mainly contributed by AAM, AML, WSI, SP, PT, 

HPV, CPV, and BD), which has the highest significance, explained 32.2% of the total 

variance. The most important factor in PC1 is AAM, WSI, and HPV. Indeed, AAM had 

significant correlations with most of the physicochemical properties including WSI and 

HPV (Table 3.5). The second principal component (PC2), mainly includes thermal 

properties such as To, Tp, and Tc, some pasting parameters like PT and PV, and ES1, 

explained 16.7% of the total difference. PC3 is mainly contributed by PKT, SB, and 
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ES24, and explained 15.8% of the total difference (Table 3.5).  

PCA plots provide an overview of the similarities and differences among all 26 QS (Fig. 

3.2). The distance between the locations of any two starches on the score plot (Fig. 3.2c, 

and d) is proportional to the extent of difference or similarity in physicochemical 

properties. Samples with scores close to origo (the crossing of axes arrows) have fewer 

variances in physicochemical properties, compared with those with scores further away 

from origo.  

Most of the samples from South America stayed centralized and close to PC1. This 

indicates the similarity in their physicochemical properties with little influence from 

the parameters of PC2. Other starches such as S22, S24, S26, S15, S23, S2, and S3 

surrounded the South American samples in the plot. S24, S26, S21, S20, S2, and S22 

had negative score in PC1 probably due to the different geographic origins (Canada, 

China, and Thailand). Unlike the widely scattered distribution of samples from Canada, 

the two samples from China (S20, S21) stayed close to each other in both score plots. 

This indicates a high similarity in their physicochemical properties. Crop genetics, 

growing conditions, and processing (e.g., seed drying method) could be the reasons for 

such diversity in physicochemical properties among these samples. The grain color, 

however, showed no correlations with the physicochemical properties. 

To further reveal the relationships among different physicochemical properties, the 

loading plots of PC1‒PC2 and PC1‒PC3 were produced (Fig. 3.2a and 2b). Pair-wise 

parameters with small angles had positive correlation among them. Those with angles 

close to 90o and 180o had neutral and negative relationship, respectively. In Fig. 3.2a, 

most of the variables, such as AAM, SP, and PKT, clustered along PC1, and these 

parameters were much affected by AAM. Other parameters such as Tp and ES1 stayed 

close to PC2, probably due to the influence of other factors such as amylopectin 
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structure. Since the PC1 and PC2 represented 46.92% of the total variance, it may be 

concluded that the amylose content and amylopectin structure significantly affects the 

physicochemical parameters. It is reasonable to assume that there is a great diversity in 

QS structure, which would be interesting to probe.  

By selecting typical variables and sample points, the score and loading plots were re-

calculated and combined (Fig. 3.2f). The first two components represented 66.29% of 

total variance. Samples from Canada (S22, S24, and S25), China (S20 and S21), 

Thailand (S2), and South America are well separated from each other. This again 

confirms that the growing conditions (i.e. growth location) may be a reason for the 

variations in the properties among these QS samples.   
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Figure 3.1. Relationship between swelling power and water solubility index of quinoa starches from 

26 samples 
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Figure 3.2. Principle component analysis (PCA) describing the variations in physicochemical 

properties of QS samples. (a) Score plot of PC1‒PC2; (b) score plot of PC2‒PC3; (c) loading plot 

of PC1‒PC2; (d) loading plot of PC1‒PC3; (e) scree plot for 26 quinoa starch samples; (f) simplified 

loading and score plot from selected variables and samples. 

  

 



83 
 

3.4 Conclusions 

A wide variation in physicochemical properties has been observed among 26 QS 

samples. This may provide a basis for further utilize QS for diverse applications, and 

may also explain the variations in the quality of quinoa products. Correlation analysis 

showed that AAM was an important factor affecting the physicochemical properties of 

QS. The role of amylopectin in these properties of QS remains to be explored. Several 

physicochemical properties such as gel texture, thermal, and pasting parameters are 

strongly correlated. Within the same category of properties, some parameters are also 

related. This suggests the possibility of using existing data to predict other parameters. 

QS had a high enzyme susceptibility, suggesting that careful formulation and 

processing of quinoa products are needed for glycemic index management. Similarities 

and differences among all 26 QS investigated by PCA may provide a basis to select 

particular starch characteristics for desired food and non-food applications. 
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Chapter 4 Physicochemical properties of 

quinoa flour as affected by starch 

interactions 
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4.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is a pseudo-cereal that been cultivated in the 

Andes of South America as an important food item for several thousand years (Abugoch, 

2009). In recent years, quinoa has attracted increasing attention not only in South 

America but also worldwide, because of its great adaptability to different growing 

conditions, its multiple uses, as well as the well-balanced nutritional values 

(Abderrahim et al., 2015; Abugoch, 2009; Wang & Zhu, 2016).  

Quinoa has been recognized as a complete food due to the well-balanced nutritional 

composition (Mota et al., 2015; Wang, Opassathavorn, & Zhu, 2015b). Starch accounts 

for 48−69% of the dry matter in quinoa flour (Wang & Zhu, 2016). The protein content 

of quinoa has been reported in the range of 14−18%. (Abugoch, 2009; Wang & Zhu, 

2016). The lipid content of quinoa has been estimated in the range of 4.4−8.8 % which 

is above the average level of cereals (Wang & Zhu, 2016). Lipid in quinoa is made up 

of 55.6% of neutral lipids, 25.4% of polar lipids and 18.9% of total fatty acids 

(Przybylski, Chauhan, & Eskin, 1994). Quinoa can be a good source of dietary fibre 

(7−10%) (Abugoch, 2009). Quinoa is also rich in certain types of micronutrients such 

as minerals (e.g., potassium), vitamins (B6 and folate) as well as heath-beneficial 

bioactive compounds such as polyphenols (Abugoch, 2009; Tang et al., 2016). In 

particular, quinoa protein is well balanced in terms of amino acid composition and is 

gluten-free (Mota et al., 2015). It can be developed as gluten-free products to aid people 

with celiac disease. In light of the healthy nutritional components, quinoa has been 

processed into whole grain flour for the better retention of the minor nutrients. Various 

food products such as cakes, cookies and biscuits, noodles, steamed bread, and bread 

have been formulated from the quinoa flour (Nowak, Du, & Charrondiere, 2016; Wang 
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& Zhu, 2016). The quality of the quinoa-based products is much determined by the 

properties of the flour. 

Since starch is the major component, it is expected that the properties of the flour, to a 

large extent, depend on the composition and properties of the starch (Wang & Zhu, 

2016). Previous studies have well documented various aspects of quinoa starch. The 

starch is relatively low in amylose content (e.g., 11%), and has very small granules (1 

to 3 μm) (Abugoch, 2009). The starch has unique properties such as low pasting 

temperature and high freeze-thaw stability (Abugoch, 2009). The properties of the 

whole grain quinoa flour are also likely affected by the presence of non-starch 

components such as proteins and lipids. This has been testified in other flour systems. 

For example, protein could affect the water-holding capacity, pasting properties and 

digestibility of cereal flour (Svihus, Uhlen, & Harstad, 2005). Polar lipids could form 

V-type inclusion complexes with amylose, which influences the starch properties such 

as gelatinization, retrogradation, and enzyme susceptibility (Singh, Dartois, & Kaur, 

2010; Svihus et al., 2005). Non-starch polysaccharides as dietary fibre could increase 

the viscosity of flour gel and form matrix with phenolics, which may retard the starch 

retrogradation and digestion (Svihus et al., 2005). Since the chemical composition of 

quinoa is rather different from that of common cereals, the roles of these non-starch 

components in flour properties remain to be extended to include whole grain quinoa 

systems.  

The physicochemical properties of the starches isolated from these quinoa varieties 

have been characterized and presented in a recent publication (Li, Wang, & Zhu, 2016). 

In this study, the chemical composition and physicochemical properties of whole grain 

flour from 7 commercial quinoa varieties were analyzed. There are large variations in 

the composition and properties of the starches from these 7 quinoa samples selected for 
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this study (Li et al., 2016). It may be expected that there would be a great variation in 

the flour properties as well. Therefore, the relationships of physicochemical properties 

between starch and flour are correlated by chemometrical analysis. The other 

components including protein, lipids, minerals, dietary fibre, and phenolics present in 

the whole grain quinoa flour are also taken into account for their effects on the flour 

properties.  

 

4.2 Materials and Methods 

4.2.1 Materials  

4.2.1.1 Chemicals and enzymes  

Porcine pancreatic α-amylase (PPA, 1821 units/mg protein), Folin & Ciocalteu’s phenol 

reagent, and gallic acid were purchased from Sigma-Aldrich Chemical. Co. (Auckland, 

New Zealand). 

 

4.2.1.2 Quinoa samples 

The seven flour samples coded as S3, S6, S14, S15, S17, S21, and S26 were the same 

samples from a previous work, and the background information has been given 

previously (Li et al., 2016). The seeds were soaked in liquid nitrogen for 1 min, and 

then ground to flour using a coffee bean grinder. The resulting flour was stored in a 

sealed container at room temperature until use. The abbreviations of parameters are 

defined in Table A4.1.  
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4.2.2 Morphology of quinoa flour  

The microstructure of quinoa flour was analyzed by a scanning electron microscope 

(SEM) (Hitachi S-3400 N, Tokyo, Japan). The accelerating voltage was 3–5kV and the 

working distance was between 4500 and 7000 μm.  

 

4.2.3 Chemical composition of quinoa flour  

4.2.3.1 Macronutrients 

Quinoa flour samples were estimated for their moisture, ash, lipid, and protein contents 

by the approved AACCI methods 44-15,02, 08-01.01, 30-10.01, and 46-16.01, 

respectively (AACC, 2003). Total starch content was determined by a test kit (K-TSTA, 

Megazyme, Bray, Ireland), based on the hydrolysis of starch with thermostable α-

amylase and amyloglucosidase. This method has been officially adopted by AACCI 

(76.13.01, AACC, 2003). The total dietary fibre content was estimated by subtracting 

the total flour weight with the moisture, protein, lipid, ash, and starch contents.  

 

4.2.3.2 Microelements 

The contents of minerals and trace elements were determined by inductively coupled 

plasma mass spectrometry (ICP-MS). Flour sample (~ 2 g) was accurately weighed into 

an 80 mL Teflon vessel, to which 5 mL of HNO3 (65%) was added. The vessel was 

sealed before subjecting to a microwave digestion program using a Milestone ETHOS 

UP system equipped with a MAXI-44 rotor (Bergamo, Italy). The microwave digestion 

system had the ambient temperature increasing to 200 oC over 20 min, holding for 15 

min before cooling to ambient temperature. The sample was diluted to 50 mL by 

distilled water before analyzing. The sample was then analyzed on an ICP-MS system 
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(Agilent 7700X, Santa Clara, CA). Na, Mg, P, K, Ca, Fe, Cu, Zn, and Cd were 

quantified by ICP-MS while other elements such as Se, As, Cr, and Pb were not 

included in current study. 

 

4.2.3.3 Phenolic fractions  

The free and conjugated phenolic fractions including base-hydrolysable phenolics 

(BHP) and acid-hydrolysable phenolics (AHP) were extracted according to a previous 

method (Tang et al., 2015). The contents of the free phenolics (FP), BHP, and AHP in 

the extracts were determined by a microplate-based method (Singleton & Rossi, 1965). 

The total phenolic content was expressed as milligram of gallic acid equivalent per 

gram of quinoa flour (mg GAE/g). 

4.2.4 Physicochemical properties of quinoa flour 

4.2.4.1 Swelling power and water solubility index 

 Swelling power (SPf) and water solubility index (WSIf) were analyzed using a previous 

method with some modifications (Li & Yeh, 2001). Briefly, flour sample (W0, 0.25 g, 

db) was weighed into a 15 mL centrifuge tube and suspended in 10 mL deionized water. 

The tube was heated at different temperatures (55 oC, 65 oC, 75 oC, 85 oC, and 95 oC) 

for 30 min with frequent shaking on a vortex shaker. The sample was subsequently 

cooled in an ice water bath before centrifugation at 3,000 × g for 30 min. The 

supernatant was poured into a weighted aluminum pan before drying to a constant 

weight (W1) at 105 oC. The sediment remained in the centrifuge tube was also weighed 

(Ws). 

The WSIf and SPf of the flour sample were calculated using Eq (1) and Eq (2): 
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𝑊𝑆𝐼𝑓 = (
𝑊1

𝑊0
) × 100%                                                       Eq (1) 

𝑆𝑃𝑓 =
𝑊𝑠

𝑊0×(1−𝑊𝑆𝐼𝑓)
                                                           Eq (2) 

4.2.4.2 Thermal analysis  

Differential scanning calorimeter (DSC) (TA Instruments Q1000, New Castle, DE) was 

used to determine the thermal properties of quinoa flour. Flour sample (4 mg, db) was 

weighed into an aluminum crucible and water (12 μL) was added. The crucible was 

hermetically sealed and allowed to equilibrate at room temperature for 1 h before testing. 

An empty sealed pan was used as the reference. The sample was heated from 25 oC to 

90 oC at a rate of 10 oC/min. Thermal parameters of gelatinization including onset (Tof), 

peak (Tpf), conclusion (Tcf) temperatures, and enthalpy change (ΔHgelf) were recorded. 

The gelatinized flour was stored at 4 oC for 2 weeks before re-scanning under the same 

DSC conditions for retrogradation analysis (Wang, Li, Copeland, Niu, & Wang, 2015a). 

The enthalpy change (ΔHregf) was recorded. The percentage of retrogradation (Re, %) 

is calculated as the ratio of ΔHregf to ΔHgelf. 

 

4.2.4.3 Pasting analysis  

Pasting properties of starch were determined by an Anton Paar MCR 301 rheometer 

(Anton Paar GmbH, Ostfildern, Austria) equipped with a starch cell. Flour (3.0 g, db) 

was mixed with 20 mL deionized water before loading into the starch cell. The shear 

rate was 160 rpm and a programmed cycle (26 min) was used. The sample was first 

held at 50 oC for 5 min, then heated to 95 oC in 7.5 min, followed by holding at 95 oC 

for 5 min, cooled to 50 oC in 7.5 min, and held at 50 oC for 2 min. The pasting 

temperature (PTf,), peak viscosity (PVf), peak time (Ptimef), peak temperature (PKTf,), 
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hot paste viscosity (HPVf,), and cool paste viscosity (CPVf,) were recorded. Parameters 

including breakdown (BDf = PVf – HPVf), setback (SBf = CPVf – HPVf), stability ratio 

(SRf = HPVf/PVf), setback ratio (BRf = CPVf/HPVf) were calculated. The viscosity was 

presented in Rapid Visco Unit (RVU) for comparison purpose. 

 

4.2.4.4 Gel texture analysis  

Texture analysis of starch gel was according to a previous work with some 

modifications (Bao, Kong, Xie, & Xu, 2004). The flour gel formed after pasting was 

recovered and transferred into a 5 mL glass canister with screw cap. It was centrifuged 

at 1,000 × g for 5 min for a flat surface and removal of the bubbles. The sample was 

kept at 4 oC for 48 h and 96 h before testing. A TA-XT plus Texture Analyzer (Stable 

Micro Systems Ltd., Surrey, England) was used to analyze gel textural properties under 

Texture Profile Analysis mode (TPA). The starch gel was pressed to a distance of 15 

mm with a cylinder probe (5 mm in diameter) at a speed of 0.5 mm/s. The trigger force 

was set as 0.03 N. The pre-speed and post-speed were 1.0 mm/s and the data acquisition 

rate was 4.00 pps. The maximum force during the first compression is hardness (HDf). 

Adhesiveness (ADf) is defined as the negative area under the curve during the first 

retraction of the probe. The ratio of the positive force area of the second compression 

to that of the first compression is termed cohesiveness (CHf). Gumminess (GUMf) is 

calculated as HDf × CHf. Fracturability is the force for the first significant peak during 

the first compression.   
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4.2.4.5 Enzyme susceptibility  

Enzyme susceptibility (ES) of quinoa flour was measured according to a previous 

method with some modifications (Knutson, Khoo, Cluskey, & Inglett, 1982). A solution 

of porcine pancreatic α-amylase (PPA) in NaCl (2.9 M) containing CaCl2 (3 mM) was 

prepared. Flour (10 mg) was weighed in a 15 mL centrifuge tube before mixing with 5 

mL water and 4 mL phosphate buffer (0.1 M, pH 6.9) containing NaCl (0.006 M). The 

suspension was incubated at 37 oC for 30 min with gentle shaking before adding PPA 

suspension. The final enzyme concentration was 0.18 unit/mg flour. A blank sample 

was prepared in the same way without PPA. Each sample was analyzed after 1 h, 2 h, 3 

h, 6 h, 12 h and 24 h of incubation at 37 oC with gently shaking. The hydrolysate was 

centrifuged at 2,000 × g for 5 min. The supernatant was analyzed for carbohydrate 

content by the phenol–sulfuric acid method using Corning® 96 well half area 

microplates (Corning Incorporated, New York) and EnSpire® Multimode Plate Reader 

(PerkinElmer Inc, Boston, MA) (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956). 

The enzyme susceptibility was expressed by gram of glucose per 100 gram flour. The 

percentage of starch hydrolyzed in the flour was calculated based on the total starch 

content.  

The first-order kinetics could be applied on the assumption that the rate of enzymatic 

reaction is linear to the concentration of substrate when the enzyme is abundant (Al-

Rabadi, Gilbert, & Gidley, 2009). The data were fit into Eq (3): 

(A0 −
162

180
A𝑡) = A0𝑒−𝑘𝑒𝑡                                                  Eq (3) 

Where A0 is the weight of starch in 100 g of flour sample; At is the weight of soluble 

carbohydrates released by the enzyme at the time t; ke is the rate coefficient of enzyme 

hydrolysis (h-1), t is the time of digestion (h), 
162

180
 is for the adjustment of free D-glucose 



93 
 

to anhydrous D-glucose. Hydrolyzed starch after 1 h (A1 ×
162

180
  , g), percentage of 

hydrolyzed starch after 1 h (
𝐴1

𝐴0
×

162

180
 , %), hydrolyzed starch after 24 h (A24 ×

162

180
 , g), 

and percentage of hydrolyzed starch after 24 h (
𝐴24

𝐴0
×

162

180
 , %) were quantified.   

 

4.2.5 Statistical analysis 

All measurements were in triplicate. Data were analyzed using SPSS software (IBM 

Corporation, New York, USA). Linear correlations between any two samples were 

estimated by Pearson correlation. Principal component analysis (PCA) was carried out 

to reduce the dimension of variables and to visualize the similarities among different 

samples. Analysis of variance (ANOVA) was used to determine whether characteristics 

are significantly different among samples (p < 0.05). 
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Table 4.1. Proximate composition of whole grain quinoa flour  

 

Sample 

Code 

Ash  

(%) 

Protein  

(%) 

Lipid  

 (%) 

Moisture  

 (%) 

Starch  

(%) 

Fiber  

(%) 

S3 2.75 c 13.7 e 3.75 b 13.0 d 54.1 c 12.7±0.3 

S6 2.30 b 11.7 a 5.53 c 11.8 b 54.9 c 13.8±0.9 

S14 2.60 c 12.4 bc 6.93 f 14.1 e 52.4 b 11.6±0.6 

S15 2.63 c 11.8 ab 6.54 e 13.9 e 50.1 a 15.0±1.1  

S17 2.37 b 13.3 de 3.20 a 11.4 a 59.9 e 9.8±0.5 

S21 1.77 a 14.6 f 5.90 d 12.1 c 57.9 d 7.7±0.9 

S26 2.37 b 12.8 cd 6.39 e 12.3 c 52.3 b 13.8±0.3   

Mean 2.40 12.9 5.46 12.7 54.5 12.0 

 

Values in the same column with the different letters differ significantly (p < 0.05) 
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Table 4.2. Pasting properties of whole grain quinoa flour 

 

Sample  

Code 

PTf 

(oC) 

Ptimef 

(min) 

PVf 

(RVU) 

PKTf 

(oC) 

HPVf 

(RVU) 

CPVf 

(RVU) 

BDf 

(RVU) 

SBf 

(RVU) 

SRf 

 

BRf 

 

S3 75.1 cd 17.5 d 255 b 95 a 255 d 344 b 0 a 89 a 100.0 f 1.35 ab 

S6 73.4 b 15.3 c 334 e 95 a 326 e 460 d 8 a 135 b 97.5 e 1.41 bc 

S14 79.3 e 13.5 b 406 f 95 a 358 f 461 d 48 c 102 a 88.3 c 1.29 a 

S15 75.8 d 13.4 b 267 c 95 a 243 c 390 c 24 b 147 b 91.0 d 1.61 d 

S17 72.5 a 13.3 b 485 g 95 a 431 g 626 e 55 cd 196 c 88.7 cd 1.45 c 

S21 74.7 c 12.5 a 314 d 95 a 208 b 335 ab 106 e 127 b 66.3 a 1.61 d 

S26 75.7 d 12.5 a 242 a 95 a 179 a 314 a 62 d 135 b 74.3 b 1.75 e 

Mean 75.2 14.0 286 95 328 419 43 133 86.6 1.50 

 

PTf, pasting temperature; Ptimef, Peak time; PVf, peak viscosity; HPVf, hot paste viscosity; CPVf, cold paste viscosity; BDf, 

breakdown (PVf − HPVf); SBf,
 setback(CPVf − HPVf); SRf, stability ratio (100 × HPVf/PVf); BRf, setback ratio (CPVf/HPVf); values in 

the same column with the different letters differ significantly (p < 0.05) 
 

 



96 
 

 

4.3 Results and Discussion  

4.3.1 Morphology of quinoa flour particles  

Scanning electron micrographs of seven quinoa flour showed little variation. (Fig. 

A4.1). Some aggregates appeared to be coated with film-like substance (Fig. A4.1A 

and C). Ruales and Nair (1994a) suggests that the starch aggregates in the endosperm 

are surrounded by a protein matrix. Some aggregates had dispersed and individual 

granules were observed as a result of milling process (Fig. A4.1D). Individual starch 

granules are around 1−2 µm in size and polygonal in shape. The cracked granule due 

to milling and damage was also noted (Fig. A4.1D). The size of aggregates and 

morphology of starch granules in quinoa flour are in agreement with previous works 

(Abugoch, 2009). 

 

4.3.2 Chemical composition of quinoa flour 

There is a great variation in the proximate composition among 7 whole grain quinoa 

flour samples (Table 4.1). The ash content (AC) ranged from 1.77% in S7 to 2.75% in 

S3. The protein content (PC) was from 11.7% in S1 to 13.7% in S3. S5 had the highest 

lipid content (LC, 6.54%) and S6 had the lowest (3.2%). Total starch content (SC) 

ranged from 50.1% in S5 to 59.9% in S6. The total dietary fibre content (FC) varied 

from 7.7% in S7 to 13.8% in S1 and S4. The contents of moisture, ash, lipid, protein, 

total starch, and dietary fibre of whole grain quinoa flour generally agreed with the 

literatures on quinoa (Doğan & Karwe, 2003; Miranda et al., 2011; Nowak et al., 2016). 

The starch content is lower than that of common cereals such as wheat and maize 

(Abugoch, 2009). 
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Table 4.3. Texture analysis of whole grain quinoa flour gel after 48 h and 96 h of 

gelatinization 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HDf, hardness; ADf, adhesiveness; CHf, cohesiveness; SPRf, springiness; GUMf, gumminess; 

FRA, fracturability; ND, no FRA occurred  
a Samples measured after 96 h 

Values in the same column with the different letters differ significantly (p < 0.05); 
 

 

  

Sample  

Code 

HDf 

(g) 

ADf 

 ( g·s ) 
CHf SPRf 

GUMf 

(g) 

FRA 

(g) 

S3 9.77 d -91.6 bc 0.562 bcd 0.969 abc 5.50 d 7.56 a 

S3a 9.98 d -83.1 cd 0.503 abc 0.969 abc 4.99 cd 7.56 a 

S6 11.6 e -101.0 ab 0.572 cd 0.967 abc 6.63 e 9.41 b 

S6a 12.8 e -106 ab 0.562 bcd 0.961 ab 7.22 e 9.45 b 

S14 6.94 bc -79.7 cde 0.568 cd 0.972 abc 3.92 ab ND 

S14a 7.01 bc -70.4 def 0.618 de 0.967 abc 4.32 bc ND 

S15 7.10 bc -63.6 efgh 0.477 a 0.964 abc 3.39 ab ND 

S15a 7.19 c -51.8 egh 0.493 ab 0.981 bc 3.50 ab ND 

S17 12.2 e -115 a 0.606 de 0.972 abc 7.39 e 9.06 b 

S17a 13.1 e -105 ab 0.584 bcd 0.973 c 7.69 e 5.66 ab 

S21 4.77 a -56.8 fgh 0.691 f 0.975 abc 3.30 a ND 

S21a 4.82 a -52.9 fgh 0.713 f 0.958 a 3.44 ab ND 

S26 5.82 ab -67.7 defg 0.661 ef 0.967 abc 3.85 ab ND 

S26a 5.41 a -49.3 h 0.655 ef 0.972 abc 3.55 ab ND 

Mean 8.30 82.3 0.591 0.969 4.85 8.68 

Meana 8.62 74.0 0.589 0.969 4.96 7.56 
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Minerals and trace elements in quinoa flour samples, including Na, Mg, P, K, Ca, Fe, 

Cu, Zn, and Cd, were quantified by ICP-MS, and a significant variation among the 7 

flour samples has been observed (Table A4.2). Na concentration was in the range of 

13.37 mg/kg to 48.64 mg/kg except for S3 (1837 mg/kg) and S21 (239 mg/kg) which 

were unexpectedly high in concentration. The average concentrations of Mg, P, K, Ca, 

Fe, Cu, and Zn are 1974 mg/kg, 4135 mg/kg, 7071 mg/kg, 530.6 mg/kg, 48.3 mg/kg, 

4.871 mg/kg, and 24.80 mg/kg, respectively. The concentration of Cd is lower than the 

detection limit, indicating the quinoa samples are safe to eat. The mineral and trace 

element composition of quinoa flour in this study agreed with the results of Nascimento 

et al. (2014) and partially agreed with previous reports (Ando et al., 2002; Miranda et 

al., 2013; Nowak et al., 2016). The discrepancy may be due to the genetics and growing 

conditions of the quinoa, as well as the quantification method. The unexpected high 

concentrations of Na in S3 and S21 could be due to processing (e.g., soaking treatment).  

Total phenolic contents of different fractions of the quinoa flour varied greatly among 

the samples (Table A4.2 and Fig. A4.6). The content of free phenolics (FP) ranged from 

0.180 mg GAE/g in S21 to 0.475 mg GAE/g in S26. The content of base-hydrolysable 

phenolics (BHP) ranged from 0.251 mg GAE/g in S26 to 0.359 mg GAE/g in S15. S3 

had the highest content of acid-hydrolysable phenolics (AHP) (1.086 mg GAE/g) and 

S6 had the lowest value (0.838 mg GAE/g). The average values for FP, BHP, AHP 

among quinoa flour samples were 0.293 mg GAE/g, 0.310 mg GAE/g, 0.936 mg GAE/g, 

respectively. AHP content is significantly higher than that of BHP and FP. BHP 

contents of samples are higher than that of FP except for S6 and S26. The colored 

quinoa samples (i.e. S6, S15, and S26) had higher FP contents than the white samples. 

The BHP and AHP are comparable with a recent work using a similar quantification 

method (Tang et al., 2016). FP agreed with several previous works (Miranda et al., 
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2011), but was lower as compared with the results of some other reports (Abderrahim 

et al., 2015; Carciochi, Manrique, & Dimitrov, 2015; Maria Gomez-Caravaca, Iafelice, 

Verardo, Marconi, & Caboni, 2014). The difference could be due to the differences in 

milling process, quantification methods, as well as quinoa genetics and growing 

conditions (Ferreira, Pallone, & Poppi, 2015; Tang et al., 2016). The differences among 

FP, BHP and AHP agreed with Tang et al. (2015), confirming the conjugated phenolics 

is the majority of the total phenolics in quinoa.  

 

4.3.3 Physicochemical properties of quinoa flour 

4.3.3.1 Water solubility index (WSIf) and swelling power (SPf) 

WSI of the quinoa flour samples remained around 11.5% from 55 oC to 85 oC, and was 

followed by a small increase to ~13% at 95 oC. A great diversity in the swelling and 

solubility patterns among quinoa flour samples has been observed (e.g., WSIf of S6 vs 

WSIf of S21). A steady increase in SPf of quinoa flour samples with increasing 

temperature has been noted (e.g., average SPf were 3.68 and 8.65 g/g at 55 oC and 95 

oC, respectively) (Table A4.3). The WSIf of quinoa flour agreed with the data of Ruales, 

Valencia, and Nair (1993), but was higher than that of Doğan and Karwe (2003). The 

difference could be due to the different methods used (e.g., centrifugation conditions 

and sampling procedures). No correlation was found between WSIf at 85 oC (WSI85f) 

and other properties of flour and starch. The variation in the WSIf of flour was rather 

small and that of their isolated starches was large (Li et al., 2016). The solubilized 

material of quinoa flour may include various components such as starch, protein, 

dietary fibre, minerals, and phenolics. This may contribute to the small variation of 

WSIf and, therefore, a lack of correlations between WSIf at 85 oC and properties of 
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starch and flour. SPf of quinoa flour in this study is higher than that of Ruales et al. 

(1993). SPf of quinoa flour is lower than that of their isolated starch with different 

swelling pattern while these two are not significantly correlated with each other (Tables 

A4.3 and 4.5) (Li et al., 2016). 

 

4.3.3.2 Pasting analysis.  

Great diversity in pasting properties among the quinoa flour samples has been noted 

(Table 4.2 and Fig. A4.2). For example, the pasting temperature (PTf) ranged from 72.5 

oC (S17) to 79.3 oC (S14). Peak viscosity (PVf) ranged from 242 RVU (S26) to 485 

RVU (S17). Setback (SBf) ranged from 89 RVU in S3 to 196 RVU in S17. Breakdown 

(BDf) varied from 0 RVU in S3 to 106 RVU in S21 (Table 4.2). Peak temperature (PKTf) 

of all samples is 95 oC (data not shown).  

The pasting parameters are closely inter-correlated (Table A4.5). Several pasting 

parameters of flour are correlated with AAM (apparent amylose content) and pasting 

properties of the isolated starches, suggesting the important role of starch in flour 

pasting. Pasting properties of flour are different and varied to a larger extent than those 

of their starches. For example, SRf (66.3−100, mean 86.6) of flour is much higher than 

that of starch (51.4−78.5, mean 60.7). This suggests that factors other than starch 

influenced the pasting properties. Other components such as protein, lipids, dietary 

fibre, and polyphenols could interact with starch during pasting.  

 

4.3.3.3 Gel texture analysis  

Texture analysis under Texture Profile Analysis (TPA) has been conducted on the 

quinoa flour gels stored for 48 h and 96 h after pasting (Table 4.3). Great variation in 



101 
 

gel hardness (HDf), adhesiveness (ADf), cohesiveness (CHf), and gumminess (GUMf) 

has been recorded among different gel samples. The HDf after 48 h varied from 4.77 g 

in S7 to 12.19 g in S6 with an average of 8.30 g. The ADf of 48 h ranged from −56.8 

g.s in S7 to −101.0 g.s in S1. The CHf at 48 h ranged from 0.447 to 0.691. There is a 

small difference in gel CHf and SPRf between 48 h and 96 h. Fracturability has been 

detected in the gels of S6, S3, and S17 with an average value of 8.68 g. Flour gels with 

low lipid contents (e.g., 3.75% and 3.20% for S3 and S17, respectively) showed 

fracturability. Less amount of amylose-lipid complex formation may allow more 

amylose to form elastic gels. Fracturability of flour gel may be due to the amylose and 

lipid interactions, and the mechanism remains to be better illustrated. The flour gel 

texture is much determined by the starch properties. For example, the HDf and ADf of 

flour gel were correlated with the amylose content of starch. Compared with starch gels, 

HDf and ADf of flour gels are much lower with similar CHf values. Flour gel textural 

parameters are correlated with their pasting parameters while the correlation was not 

found in starch system (Li et al., 2016). This may be due to the less starch content in 

the flour gel and the non-starch components disturbing the gelling. The long term 

retrogradation (e.g., after 24 h upon gelatinization) is due to the re-crystallization of 

amylopectin (Fu, Chen, Luo, Liu, & Liu, 2015).  Flour gel texture changed little from 

48 h to 96 h after pasting. This suggests amylopectin retrogradation is rather low in 

flour gel system.  

 

4.3.3.4 Thermal analysis 

 Great diversity in gelatinization properties of 7 quinoa flour samples has been noted 

(Table 4.4 and Fig. A4.3). For example, Tof ranged from 52.1 oC in S1 to 59.4 oC in S6. 

Tpf varied from 62.4 oC in S2 to 69.0 oC in S6. ∆Hgelf varied from 7.76 J/g in S4 to 11.3 
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J/g in S6. ΔHgelf was divided by the starch content obtain the enthalpy change on starch 

basis (ΔHs) which ranged from 14.8 J/g in S26 to 18.9 J/g in S17. The Re (degree of 

retrogradation) ranged from 5.8% in S4 to 11.1% in S1. 

The thermal properties of quinoa flour samples generally agreed with the results of 

Wang and Zhu (2015). ΔHgelf of quinoa flour is similar to that of amaranth flour, while 

the gelatinization temperatures are similar to those of amaranth starch and are lower 

than maize starch (Abugoch, 2009). The gelatinization temperatures are inter-correlated 

and also are correlated with chemical composition such as the contents of lipid, protein, 

starch, and dietary fibre (Table A4.4 and Table A4.5). Gelatinization temperatures and 

∆Hgel of flour samples are closely correlated to those of starches, suggesting the critical 

role of starch in flour thermal properties. Gelatinization temperatures of flour samples 

(mean values of Tof, Tpf, Tcf, and ∆Tf were 55.2 oC, 64.5 oC, 76.2 oC, and 21.0 oC) are 

higher than those of starch sample (mean values of To, Tp, Tc, and ∆T were 52.1 oC, 58.7 

oC, 69.3 oC, and 17.1 oC) (Li et al., 2016). The higher gelatinization temperatures of the 

flour samples could be due to the interactions between starch and other components. 

For example, Tof and Tpf had negative correlations with lipid content (Table A4.5). The 

starch in the form of aggregates and surrounded by protein matrix in flour may have 

less access to water, resulting in higher Tcf. ∆Tf and fibre are positively correlated. 

Dietary fibre may interact with water and starch, altering the thermal properties of flour. 

FP and ∆Tf are correlated (r = 0.813, p < 0.05). Phenolic compounds may 

crosslink/interact with polysaccharides such as amylose or cellulose via hydrogen 

bonding (Zhu, 2015). ∆Hgelf was negatively correlated to the lipid content. ∆Hs which 

is corrected by starch content from ∆Hgelf had higher values than that of starch by 2.9 

J/g. This suggests that another endothermic process (e.g., protein denaturation) may 

occur concomitantly with starch gelatinization. The Re calculated from DSC analysis 
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is low (mostly < 10%). This low retrogradation tendency corresponds well with the gel 

texture data.  

 

4.3.3.5 Enzyme susceptibility  

The amount of glucose released from quinoa flour was plotted against time, and the 

amounts of starch hydrolysed after 1 h and 24 h were calculated (Table 4.5 and Fig. 

A4.4). The initial hydrolysis rate within 1 h was fast, and it became slower. Over 50% 

of the starch in flour was hydrolyzed after 1 h while less than 80% of starch was 

hydrolyzed after 24 h. The hydrolysis rate of quinoa flour may thus be divided into 

three stages: stage I (0−1 h) with high hydrolysis rate; stage II (1–12 h) with medium 

hydrolysis rate; stage III (12–24 h) with slow hydrolysis rate. The hydrolysis extent of 

quinoa flour before stage II is much higher than the results by Ruales and Nair (1994b) 

who reported that the hydrolysis degree of quinoa starch was 23−26% after 1 h. This 

difference may be due to different experimental methods used in the studies. Compared 

with the isolated starches (Li et al., 2016), the flour had lower hydrolysis rates, 

suggesting the food matrix effects (e.g., protein, lipids, and polyphenols) (Ruales & 

Nair, 1994a; Zhu, 2015).  

The first-order kinetics has been used to estimate factors affecting the starch hydrolysis 

(Al-Rabadi et al., 2009). The released amount of glucose was used to plot ln
𝐴0−

162

180
𝐴𝑡

𝐴0
 

against time. The data of 24 h was not included in fitting due to the high offset observed 

(data not shown). The coefficients of determination (r2) ranged from 0.8517 in S3 to 

0.9758 in S6 (Fig. A4.5), indicating good mathematical fitting. ke (slope of the 

regression, reflecting the enzyme hydrolysis rate) ranged from 0.0302 in S3 to 0.0833 

in S6. The interception varied from −0.2171 in S17 to −0.7364 in S6. The interception 
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is high when compared to the results of Al-Rabadi et al. (2009) who used the same 

mathematical model on diverse starches. This indicates a high initial hydrolysis rate of 

quinoa starch as compared to the other starches. The small granules of quinoa starch 

with high specific surface area allowed the easy access of the enzymes for hydrolysis 

(Fig. A4.1). Negative correlation between ke and starch content and positive 

correlations between ke and fibre and ash contents further indicate that multiple factors 

affect the starch hydrolysis (Table A4.4).  
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Table 4.4. Thermal properties of whole grain quinoa flour  

 

 

 

 

Tof, onset temperature; Tpf, peak temperature; Tcf, conclusion temperature; ∆T f, gelatinization 

temperature range (Tcf – Tof); ∆Hgelf, enthalpy change of gelatinization; ∆HS, ∆Hgel of starch in 

flour sample corrected by starch content; ∆Hret, enthalpy change of retrogradation; Re (%), 

percentage of retrogradation.  

Values in the same column with the different letters differ significantly (p < 0.05) 

 

 

Table 4.5. Enzyme hydrolysis of whole grain quinoa flour   

 

Sample 

Code 

ke  

(h-1) 

Hydrolyzed 

starch after 1h 

(g/100g) 

Percentage of 
hydrolyzed starch  

  after 1 h (%) 

Hydrolyzed 

starch after 24 

h (g/100g) 

Percentage of 

hydrolyzed starch  

  after 24 h (%) 

S3 0.0302±0.0073 23.0±1.1 42.6 b 41.5±0.9 76.7 ab 

S6 0.0523±0.0057 28.6±0.4 52.2 d 42.5±1.3 77.5 ab 

S14 0.0497±0.0046 23.1±0.2 44.1 b 42.9±2.8 81.9 b 

S15 0.0282±0.0027 22.8±0.9 45.4 bc 38.1±0.6 76.0 ab 

S17 0.0833±0.0076 20.0±1.2 33.4 a 45.6±1.0 76.1 ab 

S21 0.0820±0.0142 26.0±0.5 44.9 bc 43.8±0.8 75.7 ab  

S26 0.0534±0.0098 25.0±0.5 47.8 c 38.3±1.3 73.2 a 

Mean 0.0542 24.1 44.3 41.8 76.7 

 
ke, rate coefficient of enzyme hydrolysis. 

Values in the same column with the different letters differ significantly (p < 0.05) 

  

  

Sample 

Code 

Tof 

(oC) 

Tpf  

(oC) 

Tcf 

 (
oC) 

∆Tf 

 (oC) 

∆Hgelf 

(J/g) 

∆HS 

 (J/g) 

∆Hret  

(J/g) 
Re (%) 

S3 58.0 e 65.9 d 75.8 bc 17.7 a 9.40 c 17.4 bc 0.58 ab 7.2 abc 

S6 52.1 a 63.9 bc 74.5 ab 22.4 c 8.94 bc 16.3 ab 0.99 c 11.1 b  

S14 53.6 bc 62.4 a 73.4 a 19.8 b 8.28 ab 15.8 a 0.64 abc 7.7 ab  

S15 53.8 c 62.5 a 78.2 d 24.4 d 9.18 c 18.3 cd 0.83 abc 9.0 ab  

S17 59.4 f 69.0 e 79.9 e 20.5 b 11.3 d 18.9 d 0.80 abc 7.1 ab 

S21 56.7 d 64.3 c 75.1 b 18.3 a 9.19 c 15.9 a 0.86 bc 9.4 ab 

S26 52.9 b 63.2 ab 76.8 c 23.9 d 7.76 a 14.8 a 0.45 a 5.8 ab 

Mean 55.2 64.5 76.2 21.0 9.15 16.8 0.74 8.2 a 
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4.3.4 Statistical analysis  

4.3.4.1 Pearson Correlation Analysis  

Pearson correlation analysis was carried out to estimate the relationships among quinoa 

flour properties and the relationships between flour properties and the properties of 

isolated starches (Table A4.4 and 5). Inter-correlated parameters have been found 

within chemical components, thermal, pasting, and gel textural properties of quinoa 

flour. Here are some examples. For the mineral composition, Mg was correlated to P (r 

= 0.921, p < 0.01) and Zn (r = 0.961, p < 0.01). Several relationships have been found 

between chemical components and mineral contents. For example, protein content was 

negatively correlated with K (r = −0.919, p < 0.01) but positively correlated with Fe (r 

= 0.822, p < 0.05). FP was correlated with Fe (r = −0.803, p < 0.05). AHP was in 

positive relationship with Na (r = 0.868, p < 0.05) and Ca (r = 0.947, p < 0.01).  For 

thermal properties, Tof was correlated with Tpf (r = 0.854, p < 0.05) and ΔHgelf (r = 

0.801, p < 0.05). For pasting parameters, PVf was correlated with HPVf (r = 0.917, p 

< 0.01) and CPVf (r = 0.923, p < 0.01). For gel textural properties, HDf was correlated 

with ADf (r = −0.960, p < 0.01) and GUMf (r = 0.965, p < 0.01). ADf was negatively 

correlated with GUMf (r = –0.974, p < 0.01). These internal correlations among 

parameters of the same analytical tool suggest the possibility of using one certain 

parameter to predict the others under certain circumstances. 

Relationships between quinoa flour properties and chemical composition are shown in 

Table A4.4. Thermal properties were correlated with chemical composition of quinoa 

flour. For example, Tpf was negatively correlated with the lipid content (r = −0.951, p 

< 0.01) and positively correlated with the starch content (r = 0.815, p < 0.05). ΔHgelf 

was negatively correlated with lipid content (r = −0.816, p < 0.05). ΔTf was correlated 

with the contents of certain minerals such as K (r = 0.761, p < 0.05) and Fe (r = -0.888, 
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p < 0.01). BDf (r = -0.789, p < 0.05) and SRf (r = 0.766, p < 0.05) were correlated 

with ash content. Gel texture properties are correlated with the contents of total 

phenolics and ash. For instance, CHf was negatively correlated with the contents of 

BHP (r = −0.872, p < 0.05) and ash (r = −0.766, p < 0.05). These results suggest that 

the macronutrients, trace elements as well as the phenolic content have significant 

impacts on whole grain quinoa flour properties.  

Flour properties have been correlated with their isolated starch properties (Table A4.5). 

Thermal properties of flour and starch are positively correlated. For example, Tpf was 

highly correlated with Tp (r = 0.948, p < 0.01) and ΔHs to ΔHgelf (r = 0.937, p < 0.01), 

while no correlation existed between ΔTf and starch properties. Pasting properties of 

flour showed significant correlations to AAM (BDf, r = -0.781, p < 0.05; SRf, r = 0.917, 

p < 0.01; BRf, r = -0.770, p < 0.05). A few pasting parameters of flour were correlated 

with those of starch. For example, BDf was correlated to BRf (r = 0.818, p < 0.05) and 

SBf to SBf (r = 0.826, p < 0.05). Gel textural properties of quinoa flour were also related 

to pasting, but not with the gel textural properties of starch. Enzyme susceptibility of 

flour was related to that of starch. DS had positive relationship with ES1 (r = 0.923, p 

< 0.01). These could indicate that the starch, as the main component of quinoa flour, 

has important effects on the thermal, pasting and gel textural properties.  
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Figure 4.1. PCA analysis of quinoa flour showing loading (left side) and score (right 

side) plots of chemical components (1a, 1b), mineral components (2a, 2b), and 

physicochemical properties (3a, 3b). Abbreviations are defined in Table A4.1, 

variables with ‘f’ are of the flour 
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4.3.4.2 Principal component analysis (PCA) 

 For a more comprehensive understanding of the variations among flour samples, PCA 

was carried out in three aspects including chemical composition (Fig. 4.1 1a, 1b), 

mineral composition (Fig. 4.1 2a, 2b), and physicochemical properties (Fig. 4.1 3a, 3b). 

The loading plot is on the left side and the score plot on the right side of the figure. The 

contribution of properties to different principal components (PC) is summarized in 

Tables A4.6–4.8. 

From the chemical composition, (Fig. 4.1 1a, Table A4.6), PC1 is mainly contributed 

by FC, PC, and SC, while PC2 is mostly contributed by AHP. S6 and S26 are close to 

each other, while the other 5 samples are separated on the score plot (Fig. 4.1 1b). S15 

and S3 have the highest positive scores on PC1 and PC2, while S21 has the highest 

negative score on PC1. For the mineral composition, the PC1 is mainly contributed by 

P and K, while PC2 is mostly contributed by Fe and Cu (Fig. 4.1 2a, Table A4.7). S17, 

S15, S26, and S6 are close in the score plot around the Origo (the crossing of axes), 

while S14, S3, and S21 stay away from it.  

Six principal components have been extracted from the 23 parameters of quinoa flour 

properties (Table A4.8), and PC1 and PC2 are plotted (Fig. 4.1 3a and 3b). PC1 is 

mainly contributed by ΔHgelf, HPVf, CPVf, HDf, ADf, and GUMf, while PC2 is mostly 

contributed by BDf, SRf, ke, and CHf. Thermal properties (except for ΔTf), some pasting 

parameters (PVf, CPVf, HPVf, SBf), some gel properties (HDf, GUMf), and SPf at 85 

oC are close in the loading plot (encircled in Fig. 4.1 3a), indicating that they are highly 

correlated. Based on the composition and properties, the 7 quinoa flour samples are 

classified into four groups in the score plot (Fig. 4.1 3b). The groups II and III are close 

around the Origo, while group I stays further away from it. The group IV (S17) showed 

the highest positive score in PC1 and moderate positive score in PC2 which is in the 
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same direction towards the circled parameters (Fig. 4.1 3a).  

The samples close in score plot of PCA have a high similarity. The S6 and S26, both 

from South America, had a great similarity in the proximate composition. S17 and S15, 

both from Peru, also shared commons in mineral composition as they stayed close in 

the score plot. The chemical composition, especially minerals, can be influenced by the 

crop growing environment such as temperature, rainfall, and soil type (Nascimento et 

al., 2014). Thus, PCA analysis may be a useful tool to identify the geographic origins 

of quinoa samples. Fe, Ca, and Na stayed together in the loading plot, suggesting they 

are highly correlated (Fig. 4.1 2a). Indeed, the correlation coefficients among them are 

high (Table A4.4). These suggest their common origin. For the physicochemical 

properties, parameters (mainly thermal, pasting and gel texture properties) circled out 

(Fig. 4.1 3a) had inherent correlations, although some of them showed no significant 

correlations by Pearson correlation analysis. ΔTf and Re stayed close to the Origo, 

suggesting that their contributions to PC1 and PC2 are small. S17 stayed away from the 

other three groups (Fig. 4.1 3b), suggesting its unique properties. The other three groups 

stayed around Origo and are not far away from each other, suggesting a degree of 

similarity in their properties.  

 

4.3.5 Contribution of non-starch components to physicochemical 

properties of whole grain quinoa flour  

There are 40.2−76.2% of neutral lipids, 12.7−44.4% polar lipids, and 9.4−19.0% free 

fatty acids in quinoa lipids (Abugoch, 2009; Nowak et al., 2016; Przybylski et al., 1994). 

Polar lipids and free fatty acids could interact with amylose to form amylose-lipid 

inclusion complexes (Fu et al., 2015; Wang & Copeland, 2013). Lipids may also 
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interact with long chain segments of amylopectins (Fu et al., 2015). Lipid-amylose 

complexes have been shown to increase gelatinization temperatures, granule integrity, 

and shear resistance while decreasing swelling volume, gel hardness, retrogradation, 

and enzyme hydrolysis (Fu et al., 2015; Singh et al., 2010; Svihus et al., 2005; Wang 

& Copeland, 2013). Our results agreed with these reports when comparing the 

properties of quinoa flour samples (with much higher lipid contents) with those of their 

isolated starches. The reduced re-crystallization of amylopectin in flour in comparison 

with the isolated starch suggests that lipid may also interact with amylopectin to retard 

retrogradation (Wang et al., 2015a).     

Proteins have been classified into four types (i.e. albumins, globulins, prolamins, and 

glutelins) depending on their solubility (Osborne, 1924). Prolamins and glutelins are 

insoluble in water. Quinoa has low contents of prolamins and glutelins (Wang & Zhu, 

2016). Albumins and globulins are the major proteins of quinoa flour with 2S albumins 

and 11S globulins (i.e. chenopodin) being predominant (Brinegar & Goundan, 1993). 

Quinoa and amaranth have a high similarity (81%) in protein composition (Barba De 

La Rosa, Herrera-Estrella, Utsumi, & Paredes-López, 1996; Brinegar & Goundan, 

1993). Thermal analysis of amaranth protein isolates showed two endothermal 

transitions: denaturation temperature (Td) of albumins fraction (~64 oC), and Td of 11S 

globulins (~94 oC) (Condés, Speroni, Mauri, & Añón, 2012; Martinez & Anon, 1996). 

It may be possible that the quinoa proteins are similar to the amaranth proteins. The 

heat input from denaturing protein contributed to a higher ∆H of the flour than the starch 

as Td of quinoa protein (albumins) and Tp of quinoa starch are close. The water binding 

capacity is ~4 g/g and water solubility are 40−80% of total protein content of quinoa 

protein (Steffolani et al., 2016). Thus, apart from starch, the dissolved protein may also 

contribute to the WSIf. For some samples such as S21, WSIf decreased with increasing 
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temperature. A possible explanation could be the denaturation of dissolved proteins as 

S21 had the highest protein content. This may also partially support the results of ∆H 

as measured by DSC. The quinoa protein isolates have a high foaming capacity and 

stability (Steffolani et al., 2016), suggesting possible contributions of quinoa protein to 

the gelling of quinoa flour. Addition of soy protein led to the decreased retrogradation 

of starch and a weaker gel (Fu et al., 2015). This may partially explain that flour gel 

was much softer than the starch gel of the quinoa samples. Albumins and globulins 

could promote the formation of protein matrix around starch (Singh et al., 2010). 

Protein matrix and its interaction with starch may affect the enzyme hydrolysis of starch 

(Svihus et al., 2005). This protein effect may partially explain the lower enzyme 

susceptibility of the flour than their isolated starch in this study.  

It has been reported that 10−20% of the total dietary fibre of quinoa flour is soluble 

(Lamothe, Srichuwong, Reuhs, & Hamaker, 2015). The major components of the 

dietary fibre in quinoa are pectins (mainly homogalacturonans and arabinans), 

xyloglucan, and lignins (Lamothe et al., 2015). Dietary fibre components such as 

pectins and xyloglucans could affect the gelatinization, retrogradation, syneresis, and 

enzyme susceptibility of starch while increasing viscosity and stability of the starch 

paste (Svihus et al., 2005). Indeed, our results further support these observations. For 

example, SRf of flour is higher than that of starch, and the enzyme susceptibility of the 

flour was lower than that of the starch.   

Ferulic acid and vanillic acid are the major phenolic acids of quinoa flour, while 

quercetin is the major flavonoid (Repo-Carrasco-Valencia, Hellstrom, Pihlava, & 

Mattila, 2010). Polyphenols may impact the physicochemical properties of starch (Zhu, 

2015). The polyphenols present in quinoa increased the PV and decreased HPV, HD, 

and AD of wheat starch in a model system (Zhu, Cai, Sun, & Corke, 2008). Rutin and 
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quercetin increased the CPV while phenolic acids decreased it (Zhu et al., 2008). The 

hydroxyl groups of polyphenols may interact with starch, altering the properties of the 

quinoa starch (Fu et al., 2015; Zhu et al., 2008). Polyphenols may also decrease the 

enzyme susceptibility of starch through binding with the starch and/or the enzyme (Zhu 

2015; Zhu et al., 2008). This again may partially explain the lower enzyme 

susceptibility of the quinoa flour than that of starch.   

 

4.4 Conclusion 

A wide variation in chemical composition and physicochemical properties has been 

observed among 7 whole grain quinoa flour samples. Principal component analysis 

revealed four distinctive groups of the flour samples according to the composition and 

properties. The physicochemical properties of quinoa flour were compared with those 

of the isolated starches. Correlation analysis showed that the properties of quinoa flour 

(especially the thermal properties and enzyme susceptibility) were, to a large extent, 

determined by those of starch. The presence of other components, such as lipid and 

protein, also greatly contributed to the properties of the whole grain flour. 

 Different physicochemical properties of the flour were influenced by the starch and 

non-starch components to various extents. This suggests that whole grain quinoa flour 

is a complex system with multiple components co-existing. To better understand the 

impact of non-starch components on the flour properties, simple model systems 

employing each individual component for starch interactions should be used.   
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Chapter 5 Molecular structure of 

quinoa starch 
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5.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal originated from South America. 

It has attracted much research interest in the last decade for its high nutritional profile 

(Abugoch, 2009; Wang & Zhu, 2016). Starch is the major component of quinoa seeds 

and contributes to more than 50% of the dry weight (Lindeboom, Chang, Falk, & Tyler, 

2005b). Quinoa starch has A-type polymorph and rather small granules (~1−3 μm) with 

great potential for various food and non-food applications (Wang & Zhu, 2016). The 

starch is mainly constituted of amylose and amylopectin. Amylose is of linear glucosyl 

chain connected by α-(1,4) linkage while amylopectin is highly branched by α-(1,6) 

linkages in a clustered manner (Bertoft, 2013). The structure of amylopectin is closely 

correlated to the physical properties of starch such as gelatinization properties (Bertoft, 

Piyachomkwan, Chatakanonda, & Sriroth, 2008; Vamadevan & Bertoft, 2015). 

The amylopectin could be debranched by isoamylase and/or pullulanase to obtain the 

unit chain length distribution (Bertoft, 2004). The unit chains of amylopectin are 

classified into A-chain (without carrying any other chains), B-chain (carrying other 

chains via α-(1,6) linkage), and C-chain (carrying the only reducing residue in a single 

amylopectin molecule) (Peat, Whelan, & Thomas, 1952). Different categories of unit 

chains have been reported based on the chain length distribution as revealed by various 

chromatographic techniques (Hizukuri, 1986; Hanashiro, Abe, & Hizukuri, 1996). 

Through HPSEC (high-performance size exclusion chromatography) analysis, 

Hizukuri (1986) suggested that the B-chains could be fractioned into B1-, B2-, and B3-
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chains which involve in one, two, and three clusters, respectively. Alternatively, the unit 

chains could be sorted into short chains and long chains. Hanashiro et al. (1996), using 

HPAEC (high performance anion-exchange chromatography), categorized the unit 

chains into four groups: fa (DP (degree of polymerization) 6–12), fb1 (DP 13–24), fb2 

(DP 25–36), and fb3 (DP > 36). Based on the location of non-reducing ends and branch 

points, the unit chains can be defined as external chains (the chain segments between 

the non-reducing ends and the branches) and internal chains (the chain segments 

between two branches) (Bertoft et al., 2008). 

Although the unit chain length distribution of amylopectin provides some information 

on the structure, the internal structure is also important to understand the organization 

of unit chains in the starch granules (Vamadevan & Bertoft, 2015). For the analysis of 

amylopectin internal structure, β-amylase and phosphorylase a have been applied for 

the preparations of φ, β-limit dextrins (LDs) (Bertoft, 2004; Bertoft et al., 2008). The 

external chains are firstly cleaved to 3.5 glucosyl residues from the branch points by 

phosphorylase a. Then, one maltose is released by β-amylase to give the external chain 

length as 1.5 glucosyl residues (Bertoft, 2004). After debranching of φ, β-LDs, all the 

maltose molecules are from the A-chains and the rest are of the B-chains. (Bertoft, 2004; 

Bertoft et al., 2008). 

With the help of advanced chromatography instruments such as high performance 

anion-exchange chromatography coupled with pulsed amperometric detector (HPAEC-

PAD), the amylopectin unit chain length distribution as well as the internal parts from 
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various botanical sources have been studied (Annor, Marcone, Bertoft, & Seetharaman, 

2014b; Kalinga, Bertoft, Tetlow, Liu, Yada, & Seetharaman, 2014; Laohaphatanaleart, 

Piyachomkwan, Sriroth, Santisopasri, & Bertoft, 2009; Zhu, Corke, & Bertoft, 2011). 

Bertoft et al. (2008) investigated a broad range of starches from different origins and 

defined four groups of amylopectins based on the internal unit chain composition. 

Group 1 amylopectins have the lowest amounts of long internal chains (B2- and B3-

chains). Some A-crystalline type cereal starches such as oat and rye starches belong to 

this group. Several cereal starches (e.g., waxy maize starch) and some C-crystalline 

type starches (e.g., sago palm starch) are classified into group 2 for their higher amounts 

of B2-chains but a similar amount of B3 as compared to those of group 1. With a similar 

amount of B2-chains to that of group 2, group 3 was defined as those starches having a 

medium amount of B3-chains and a lower amount of fingerprint B-chains (Bfp, the B-

chains of DP 3–7). Group 4 was defined as those starches abundant in both B2-and B3-

chains (mainly B-crystalline type root and tuber starches such like potato and yam 

(Dioscorea esculenta) starches (Bertoft et al., 2008). 

Although the physicochemical properties of quinoa starch have been extensively 

studied (Abugoch, 2009; Li, Wang, & Zhu, 2016; Lindeboom et al., 2005b). Only a few 

reports focused on the amylopectin structure. Praznik et al. (1999) estimated the molar 

mass and DP of quinoa starch by HPSEC and suggested that the quinoa starch has a 

lower packing density than amaranth and maize starches. Tang, Watanabe, and 

Mitsunaga (2002), using HPSEC, estimated the DP of quinoa amylopectin to be around 
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6,700 and suggested that the quinoa amylopectin has a high ratio of short chains to long 

chains. There is a lack of systematic analysis on the molecular structure of quinoa 

starches from different genotypes. In particular, the internal structure of quinoa 

amylopectin is unknown. The lack of systematic information on the quinoa starch 

structure seriously hinders the further development of quinoa as a sustainable crop.  

Our previous work has characterized the physicochemical properties of quinoa starches 

from 26 samples (Li et al., 2016). The present work further selected 9 quinoa starches 

based on the variations in the properties. The composition of these quinoa starches and 

the fine structure of their amylopectins were characterized using enzymatic and 

chromatographic techniques. Due to the large number of nomenclatures used, a list of 

abbreviations is presented (Table A5.1). This study expands the knowledge of the 

detailed structure of quinoa starch and provides a basis for exploring the structure-

property relationships. 

 

5.2 Materials and methods 

5.2.1 Starches and enzymes 

Nine quinoa starches (S3, S6, S14, S22, S26, S15, S24, S17, and S21) were from the 

26 samples investigated in a previous work and the selection was based on the results 

of principal component analysis (PCA) (Li et al., 2016). These 9 quinoa starches differ 

greatly in the physicochemical properties as revealed by chemometrics (Li et al., 2016). 

Sample information such as country of origin and grain color is summarized in Table 
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A5.3. Readers are encouraged to refer to the previous report by Li et al. (2016) to gain 

the background information of these samples. Normal maize starch (Melogel) was 

kindly provided by Ingredion (Auckland, New Zealand) and was used as a reference 

throughout the experiments.  

Rabbit muscle phosphorylase a (EC 2.4.1.1, specific activity ~ 1.2 U/mg) was from 

Sigma-Aldrich (Deisenhofen, Germany). β-Amylase from barley (EC 3.2.1.2, specific 

activity ~ 600 U/mg), Pseudomonas sp. isoamylase (EC 3.2.1.68, specific activity ~ 

280 U/mg), and Klebsiella planticola pullulanase (EC 3.2.1.41, specific activity ~ 30 

U/mg) were from Megazyme International (Wicklow, Ireland). The given enzyme 

activities were according to the suppliers. 

 

5.2.2 Amylose content determined by concanavalin A based method     

The amylose content (ACC) was measured by concanavalin A (Con A) precipitation-

based method using an amylose/amylopectin kit (Megazyme, Wicklow, Ireland) 

(Gibson, Solah, & McCleary, 1997).  

 

5.2.3 Gel permeation chromatography of whole starch 

The molecular size distribution of quinoa starch was estimated by gel permeation 

chromatography (GPC) method according to a previous report (Zhu, Bertoft, Källman, 

Myers, & Seetharaman, 2013). Briefly, the starch was gelatinized in 90% DMSO 

(dimethyl sulfoxide) in boiling water bath for half an hour before stirring at room 
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temperature for another 12 hours for a complete dissolution. The sample was filtered 

through WhatmanTM filter paper No. 1 before loading on a column (1 cm × 40 cm) of 

Sepharose CL 2B (GE Healthcare, Uppsala, Sweden). The sample was eluted with a 

NaOH solution (0.05 M) at 0.3 mL/min and collected from 20 min after loading the 

sample by a Gilson FC 204 fraction collector (Middleton, WI, USA). The volume of 

each fraction was 0.5 mL. The fractions with odd numbers were analyzed for the 

carbohydrate content by phenol-sulfuric acid-based method carried out in a 96 well 

plate as described in Li et al. (2016). The fractions with even numbers were neutralized 

with 0.05 M HCl solution before adding 0.5 mL iodine solution (2% KI, 0.2% I2). The 

wavelength of maximum absorption (λmax) was read from a spectrophotometer 

(SPECTRONIC™ 200, Thermo Fisher Scientific) (Auckland, New Zealand). The 

amylose content was represented by the percentage of carbohydrate in the fractions 20–

45 out of the total carbohydrate eluted. The apparent amylose content estimated by this 

method was termed AAM2B. 

 

5.2.4 Gel permeation chromatography of debranched starch  

The starch was debranched and analyzed following a previous description (Zhu et al., 

2011) with several modifications. Briefly, starch (2 mg) was dissolved in 50 μL 90% 

DMSO for 15 min before stirring overnight. Warm water (400 μL) and 50 μL of sodium 

acetate buffer (pH = 5.5, 0.01M) were added. After cooling to the room temperature, 

isoamylase (1 μL) and pullulanase (1 μL) were added to debranch the starch. The 
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reaction was conducted at room temperature for 12 h and terminated by adding 50% 

(w/w) sodium hydroxide solution to reach a concentration of 2 M. The sample was 

diluted with water (1.5 mL) before filtering (0.22 μm) and loading on a column (1 cm 

× 90 cm) of Sepharose CL 6B (GE Healthcare, Uppsala, Sweden). The eluent was 0.5 

M NaOH and the elution speed was 0.3 mL/min. The volume of each fraction was 1 

mL. The carbohydrate content of each fraction was analyzed as described in Section 

2.3. The first peak eluted at void volume (fraction number 34–43) was defined as long 

chain amylose fraction (LCAAM) while the second peak (fraction number 68–100) was 

of amylopectin. The adjacent part between the two peaks (fraction number 44–67) was 

the short unit chains of amylose (SCAAM) (Bertoft et al., 2008). The apparent amylose 

content calculated from this method was termed AAM6B.     

 

5.2.5 Production of amylopectin 

Amylopectin fractionation was conducted following a previous work (Zhu et al., 2011) 

with some modifications. Granular starch (2.5 g) was dispersed in 50 mL 90% DMSO 

and heated in a boiling water bath with constant stirring for 3 h. The starch solution was 

then placed at room temperature for 10 min before precipitating with 200 mL ethanol 

and centrifugation at 3,000 × g for 15 min. The sediment was washed with 200 mL 

ethanol two more times before washing with acetone (200 mL). The precipitate was 

dried in an air-forced oven and termed non-granular starch. 

The non-granular starch (2.0 g) was completely dispersed in 50 mL 90% DMSO by 



122 
 

heating as above. After cooling to room temperature, a mixture of water with 6% 1-

butanol and 6% isoamyl alcohol (400 mL) was added to the flask. The mixture was 

stirred for another 15 min before placing in a 95 oC water bath for 1 h. The entire system 

was cooled for about 20 h to 25–30 oC. The mixture was stirred and centrifuged (10,000 

× g, 15 min, 4 oC). The supernatant was concentrated to ~100 mL at 60 oC using a Büchi 

rotary evaporator (R114 Rotavapor with a B480 water bath) (Flawil, Switzerland). The 

concentrated fraction was precipitated with the same procedure as for the preparation 

of non-granular starch. The oven-dried precipitates were the amylopectin fraction. S24 

starch had the highest apparent amylose content. The amylopectin of S24 was purified 

once more time. The repeated purification of amylopectin had little effect on the 

amylose content as measured by an iodine binding-spectrophotometry-based method 

(Hoover & Ratnayake, 2005). Therefore, all the amylopectins purified once were 

considered pure.  

 

5.2.6 Production of φ, β-LDs 

The production of φ, β-LDs from amylopectin was performed according to a previous 

description with some modifications (Zhu et al., 2011). The purified amylopectin (50 

mg) was dissolved in 6 mL 90% DMSO by heating in a boiling water bath for 15 min 

with constant stirring to completely dissolve the amylopectin. The solution was diluted 

by adding 83.4 mL hot water. Then sodium phosphate buffer (7.2 mL, pH 6.8, 1.1 M), 

Na-EDTA (3.4 mL, 2.8 mM), and rabbit muscle phosphorylase a (1 mg, ~1.2 U/mg) 
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were added and the solution was kept stirring overnight at room temperature. The 

glucose 1-phosphate produced was removed by tangential flow filtration with an 

Omega 10 K membrane in MinimateTM TFF Capsule System (Pall Life Sciences, Ann 

Arbor, MI, USA). The sample along with phosphorylase a was then concentrated to 

~40 mL before transferring to Vivaspin 20 centrifugal concentrators (MWCO 10,000 

Da, Sartorius Stedim Biotech, Göttingen, Germany) for further removal of glucose 1-

phosphate. The centrifugation was continued until no more carbohydrate was detected 

from the filtrate as analysed by the phenol-sulfuric acid method. The solution was then 

shifted to a mixture of 0.325 vol. sodium acetate buffer (0.01 M, pH 6.0) and 0.675 

volume of distilled water in centrifugal concentrators. Barley β-amylase (10 μL, ~2 

U/mg starch) was subsequently added to the solution. The reaction was conducted under 

centrifugation (3,000  g, 1 h). The amylolysis was repeated until no more carbohydrate 

was detected from the filtrate. The carbohydrate content was measured with the 

modified phenol-sulfuric acid method using a 96 well plate as described above. The 

residue was freeze-dried and termed φ, β-LDs.  

 

5.2.7 Unit chain profiles of amylopectin and limit dextrins 

The procedure was according to Zhu et al. (2011). Briefly, amylopectin or LDs (1.0 mg) 

were dissolved in 90% DMSO (50 μL) by heating for 15 min in a boiling water bath 

with constant stirring. The solution was then diluted with 400 μL hot water and 50 μL 

sodium acetate buffer (pH 5.5). After cooling to room temperature, isoamylase (1 μL) 
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and pullulanase (1 μL) were added. The debranching reaction was at room temperature 

with constant stirring overnight at a substrate concentration of 2.0 mg/mL. The solution 

was boiled for 5 min to inactivate the debranching enzymes before water (1.5 mL) was 

added to dilute the sample to a concentration of 0.5 mg/mL. The solution was filtered 

through a 0.22 μm syringe-driven filter and analyzed on a Dionex ICS 5000+ HPAEC-

PAD (Sunnyvale, CA, USA) for the unit chain length profile. The analytical column 

was a CarboPac PA-100 anion-exchange column (4 mm × 250 mm) with a CarboPac 

PA-100 guard column (4 mm × 50 mm). The flow rate was 1.0 mL/min and the injection 

volume was 25 μL. The mobile phases were eluent A (0.15 M NaOH) and eluent B 

(0.15 M NaOH containing 0.5 M NaOAc). The sample was eluted with a 130 min 

program as follows: 0–9 min, 15–36% eluent B; 9–18 min, 36–45% eluent B; 18–110 

min, 45–100% eluent B; 100–112 min, 100–15% eluent B; 112–130 min, 15% eluent 

B. During the analysis with the HPAEC system, an unusually high response in maltose 

was observed. This was corrected by adding specific amounts of maltose to the 

debranched starch and re-calculating the relationship between the carbohydrate content 

and instrumental response for the maltose.  

 

5.2.8 Statistical analysis 

All measurements were at least in triplicate. Pearson correlation and principal 

component analysis were conducted using SPSS 22.0 (IBM Corporation, New York, 

USA). One-way Analysis of Variance (ANOVA) was used to determine whether data 
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are significantly different among samples (p < 0.05). 

 

5.3 Results and discussion 

5.3.1 Starch composition  

The amylose content of quinoa starches was analyzed by concanavalin A binding-based 

method (ACC, Table 5.1). ACC varied from 6.06 (S21) to 8.44% (S3) with an average 

value of 7.22%. This is in agreement with several previous works using the same 

method (Linsberger-Martin, Lukasch, & Berghofer, 2012; Steffolani, León, & Pérez, 

2013). The results, however, were significantly lower than that (19.7%) reported by 

Nascimento et al. (2014) under the same method. This difference could be due to the 

varietal difference as well as the differences in some experimental conditions. This 

value is significantly lower than that of maize starch (16.2%, Table A5.3) analysed by 

same approach (Li & Zhu, 2017d). The apparent amylose contents (AAM) were 

measured by our previous work using iodine binding-spectrophotometry based method 

according to Hoover and Ratnayake (2005). The AAM of waxy maize starch and 

GELOSE 50 (references) were considered as 0% and 50%, respectively. The AAM of 

quinoa starches ranged from 7.7 to 25.4% with an average of 19.7% (Li et al., 2016). 

This shows that the amylose content has been significantly overestimated by the iodine 

binding based method and that the amylopectin component interacted greatly with 

iodine. The ratio of AAM to ACC is in the range of 1.26–3.35 with a mean value of 

2.68. This variation in AAM/ACC suggests that the influence of amylopectin 
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component on the iodine interactions differed among various quinoa starches.  

The molecular characteristics of quinoa starch were also estimated by gel permeation 

chromatography of Sepharose CL 2B (Table 5.1) and showed great diversity (Fig. A5.1). 

The λmax of amylopectin fractions (eluted at the void volume with fraction numbers 

from 6 to 17) have an average value of 598 nm while the mean value for λmax of amylose 

fractions is 611 nm. This agrees with previous reports by Tang et al. (2002). The λmax 

of quinoa amylopectin was significantly higher than that of maize starch (as a 

comparison in the experiment) while the λmax of amylose was lower than that of maize 

starch. This suggests that the quinoa amylose components may contain a portion of 

short unit chains (Tang et al., 2002). The apparent amylose contents based on the 

chromatography of whole starch (AAM2B) ranged from 7.49% in S21 to 10.88% in S3 

with a mean value of 8.69%, which are closer to the ACC than AAM estimated by the 

iodine binding-based method. The ratio of AAM2B to ACC ranged from 1.03 in S17 to 

1.29 in S3. The higher AAM2B than ACC may suggest that a portion of branched 

amylose (larger than the linear amylose fraction in size) tends to elute together with the 

amylopectin-like fractions in the void volume of Sepharose CL 2B.  

The debranched quinoa starch was analyzed by gel permeation chromatography of 

Sepharose CL 6B (Table 5.1; Fig. A5.1). The apparent amylose contents based on this 

method (AAM6B) varied greatly from 23.7% (S14) to 12.6% (S24) with an average 

value of 19.4%. These values are lower that the results (24.7 to 27.0%) of Inouchi et al. 

(1999) who estimated the amylose content from the debranched quinoa starch on 
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HPSEC. The difference could be explained by different instruments and experimental 

conditions applied which could have great effects on the results of separation (Gidley 

et al., 2010). AAM6B of quinoa starch are lower than that of normal maize starch (27.3%) 

(Table A5.3). AAM6B of quinoa starch are also lower than that of several cereal starches 

such as oats (27.1%), normal barley (28.3%), and rye (24.9%) starches and are 

comparable to that of rice starch (19.5%) as reported by Bertoft et al. (2008). The mean 

value of AAM6B is significantly higher than that of AAM2B (8.69%) and ACC (7.22%) 

but similar to AAM (19.7%). AAM6B of a selected quinoa amylopectin (S6) was also 

estimated (Fig. A5.2). The difference in AAM6B between amylopectin and whole starch 

was close to the ACC value. This suggests the existence of long unit chains in quinoa 

amylopectin. Indeed, Tang et al. (2002) and Watanabe, Peng, Tang, and Mitsunaga 

(2007) showed that the amounts of super-long unit chains in quinoa amylopectin were 

13–19.9% as revealed by HPSEC analysis. Another possible reason might be the 

presence of intermediate material, which remain to be better studied.  

Great variation was found in the composition of amylose unit chains of quinoa starch 

(Table 5.1). The amount of long unit chains of amylose (LCAAM) ranged from 3.1% in 

S24 to 7.6% in S14 while that of short unit chains of amylose fraction (SCAAM) varied 

from 9.5% in S24 to 16.7% in S6. The value of LCAAM/SCAAM ranged from 0.32 in S24 

to 0.47 in S14 with a mean value of 0.39. This is a quite low value when compared to 

that of normal maize starch (0.58) (Table A5.3). The LCAAM/SCAAM value of quinoa 

starch were also lower than those of all the 17 starches from different botanical sources 
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as previously reported (Bertoft et al.,2008). This suggested that quinoa amylose tends 

to be more branched than the other starches (Tang et al., 2002). This also agrees with 

the results that λmax of quinoa amylose is lower than that of maize amylose. This 

branched structure may also allow Con A to precipitate amylose together with 

amylopectin, causing an underestimation of the amylose content measured by this 

method (Vilaplana, Hasjim, & Gilbert, 2012). This might be an alternative reason for 

the lower amylose content value of Con A method as compared to those from other 

methods in this study. Some methods for amylose quantification (e.g., HPSEC based 

method with DMSO containing LiBr as the solvent) are more accurate though less 

readily available, while other methods are less accurate (iodine-binding based method) 

though easy to perform at a low cost. It should be stressed that the reported amylose 

content of starch is rather sensitive to the quantification method and experimental 

conditions which should be noted when comparing data from different studies.  
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Table 5.1. Amylose content and parameters obtained from GPC of quinoa starch 

 

Sample 

Code 

ACC 

(%) 

AAM2B 

(%) 

λmax of 

AM 

(nm) 

λmax of 

AP 

(nm) 

AAM6B 

(%) 

LCAAM 

(%) 

SCAAM 

(%) 
LC/SC 

AAM* 

(%) 
AAM/ACC AAM2B/ACC AAM6B/ACC 

S3 8.44 a 10.88 a 620 a 602 a 21.9 c 6.2 b 15.7 b 0.40 b 25.18 a 2.98 1.29 2.59 

S6 7.50 b 9.43 b 613 ab 608 a 23.1 ab 6.4 b 16.7 a 0.38 b 23.94 b 3.19 1.26 3.08 

S14 7.59 b 9.24 b 607 bc 611 a 23.7 a 7.6 a 16.1 ab 0.47 a 25.45 ab 3.35 1.22 3.12 

S15 7.56 b 9.17 b 614 ab 608 a 21.6 c 6.1 b 15.5 b 0.39 b 23.32 ab 3.08 1.21 2.86 

S17 7.74 b 7.95 bc 609 abc 611 a 22.7 b 6.1 b 16.6 a 0.37 bc 25.18 ab 3.25 1.03 2.93 

S21 6.06 c 7.49 c 606 bc 599 ab 16.8 d 4.6 c 12.1 c 0.38 b 15.42 d 2.54 1.24 2.77 

S22 6.54 c 7.57 c 621 a 581 c 14.7 e 3.9 d 10.7 d 0.37 bc 13.47 e 2.06 1.16 2.25 

S24 6.11 c 7.50 c 601 c 571 bc 12.6 f 3.1 c 9.5 e 0.32 c 7.70 f 1.26 1.23 2.06 

S26 7.46 b 8.97 bc 607 bc 594 ab 17.2 d 5.0 c 12.2 c 0.41 b 17.99 c 2.41 1.20 2.31 

Mean 7.22 8.69 611 598 19.4 5.4 13.9 0.39 19.74 2.68 1.20 2.66 

ACC: amylose content analyzed by Con A precipitation based method; AAM: apparent amylose content analyzed by iodine binding based method; 

AAM2B: apparent amylose content calculated by gel permeation chromatography of whole starch; λmax of AM: maximum absorbance wavelength of 

amylose fraction; λmax of AP: maximum absorbance wavelength of amylopectin fraction; AAM6B: AAM content measured by gel permeation 

chromatography after debranching the whole starch; LCAAM: long unit chain fraction of amylose; SCAAM: short unit chain fraction of amylose; 

LCAAM/SCAAM: ratio between long chain and short chain fractions of amylose;  

values in the same column with the different letters differ significantly (p < 0.05) 

* Apparent amylose content measured by iodine-binding spectrophotometry-based method (Li, Wang, and Zhu, 2016) 
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5.3.2 Unit chain profile of quinoa amylopectin 

The unit chain length profiles of quinoa amylopectins are presented (Fig. A5.3a and b, 

Table 5.2). The major peak of amylopectins was at DP 11 followed by a shoulder at DP 

13–14 and a shoulder around DP 19. The majority of long chains in quinoa amylopectin 

is located at around DP 43. The unit chain profile of quinoa amylopectin appeared 

similar to that of amaranth amylopectin as reported by Kong, Bertoft, Bao, and Corke 

(2008) and to that of oat, rye, normal barley, and waxy barley starches as reported by 

Bertoft et al., (2008). The unit chain profile of quinoa amylopectin is similar to that of 

group 1 amylopectins of the 4 structural groups as defined by Bertoft et al., (2008). It 

was suggested that the Afp (DP 6–8) is conservative within the same plant species 

(Bertoft, 2004). Our results confirmed this feature. The molar amount of Afp ranged 

from 9.3% in S22 to 11.1% in S24 with a mean value of 10.4%. This value is generally 

higher than that of most of the 17 starches investigated by Bertoft et al. (2008) except 

for that of the Andean yam bean starch (14.1%).  

According to Hanashiro et al. (1996), the unit chain length distribution of amylopectin 

can be defined into several categories based on their DP: fa or Fa (DP 6–12) (“f” is of 

weight basis and “F” is of molar basis); fb1 or Fb1 (DP 13–24); fb2 or Fb2 (DP 25–36); 

and fb3 or Fb3 (DP > 36). Diversity in the composition of the molar and weight-based 

fractions, as well as the ratio between different fractions of quinoa amylopectins, is 

recorded (Table 5.3). S14 has the highest amount of fa and the lowest amounts of fb2 

and fb3 factions, and the highest ratios of fa to the other fractions. S22 has the lowest 
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amount of fa, the highest amount of fb3, and the lowest ratios of fa to the other fractions. 

The unit chain composition of quinoa amylopectin is similar to that of amaranth 

amylopectin (Kong et al., 2008) except that the former has a higher amount of short 

chains (DP 6–12) and lower amount of long chains (DP > 36).    

 

5.3.3 Internal unit chain profile of quinoa amylopectin  

Unit chain length distributions of φ, β-LDs of typical samples (S26 and S21) are shown 

(Fig. A5.3c and d) with the peak and shoulder positions summarized (Table 5.2). The 

molar amount of amylopectin A-chains is the molar amount of maltose stubs in φ, β-

LDs (Bertoft, 2004). The molar precentage of A-chains in φ, β-LDs ranged from 46.4% 

in S17 to 50.1% in S6 with an average value of 48.4% (Table 5.4). The molar amounts 

of A-chains in quinoa amylopectins are similar to those of amylopectins in group 1 and 

group 2 as defined by Bertoft et al. (2008). It has been proposed that the Afp-chains (DP 

6–8) are too short to participate in the formation of double helices in the granules 

(Gidley & Bulpin 1987). The Acrystal (A-chains forming double helices in the crystalline 

region) represents the portion of A-chains that may form the crystals in the granules 

(note: this is an assumption) and is calculated by subtracting the molar amount of A-

chain with Afp of amylopectin. Acrystal ranged from 36.5% in S17 to 39.9% in S3 with a 

mean value of 38.1%. Acrystal of quinoa amylopectin is low when compared to that of 

other amylopectins such as sweetpotato and amaranth ones (Bertoft et al., 2008; Kong 

et al., 2008; Zhu et al., 2011).  
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Table 5.2. Peak DP of weight-based chain length distribution of amylopectin, φ, β-LDs, and β-LDs  

 

 

 

 

 

 

 

 

 

 

 

 

 

Afp: fingerprint A-chains of amylopectin (DP 6−8); Sap: short unit chains of amylopectin (DP 6–36); shoulders 1, 2: the parts of 

amylopectin unit chains which make the peak of short chain asymmetry; Lap: long chain of amylopectin (DP > 36); Bfp: fingerprint B-

chains of φ, β-LDs (DP 3–7); Bfp Shoulder: the prominent areas of φ, β-LDs in the range of DP 3–7; BSm: major part of short B-chains in φ, 

β-LDs (BS−Bfp, DP 8–25); B2: chain length within DP 26–55 in φ, β-LDs; values in the same column with the different letters differ 

significantly (p < 0.05) 

 

 

 

  

Sample 

Code 

Amylopectin  φ, β-LDs 

Afp Sap Shoulder 1 Shoulder 2 Lap  Bfp Bfp Shoulder BSm B2 

S3 8 12 - 18~20 43  5 5~7 9 33 

S6 8 11 13~14 18~20 43  7 5~7 10 33 

S14 8 11 13~14 18~20 43  5 5~7 9 33 

S15 8 11 13~14 18~20 42  7 5~7 9 33 

S17 8 12 - 18~20 43  6 5~7 9 33 

S21 8 11 - 18~20 43  6 5~7 9 33 

S22 8 12 - 18~20 43  5 5~7 9 33 

S24 8 11 - 18~20 43  7 5~7 10 33 

S26 8 11 13~14 18~20 42  7 5~7 9 33 
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Table 5.3. Unit chain length distribution of quinoa amylopectin 

 

Sample Weight-based unit chain length distribution (%)  Molar-based unit chain length distribution (%)   

Code fa fb1 fb2 fb3 fa/fb1 fa/fb1-2 fa/fb1-3  Fa Fb1 Fb2 Fb3 Fa/Fb1 Fa/Fb1-2 Fa/Fb1-3   

S3 26.9 c 43.6 a 12.3 e 17.2 c 0.62 d 0.48 c 0.37 c  45.0 cd 42.0 b 7.02 e 5.93 d 1.07 c 0.92 d 0.82 cd  
S6 26.7 cd 42.4 cd 12.8 d 18.1 b 0.63 c 0.48 c 0.36 cd  45.3 c 41.1 d 7.34 d 6.21 bcd 1.10 d 0.94 c 0.83 c  

S14 28.7 a 42.9 abc 12.2 e 16.1 d 0.67 a 0.52 a 0.40 a  47.5 a 40.3 e 6.81 f 5.40 e 1.18 a 1.01 a 0.91 a  
S15 25.1 g 42.1 d 13.7 b 19.1 a 0.60 e 0.45 f 0.34 g  43.6 f 41.7 c 7.99 ab 6.71 a 1.05 d 0.88 e 0.77 f  
S17 25.7 f 43.5 a 12.5 e 18.3 b 0.59 e 0.46 e 0.35 f  43.9 f 42.6 a 7.20 d 6.34 b 1.03 e 0.88 e 0.78 f  
S21 26.1 e 42.6 bcd 13.1 c 18.1 b 0.61 d 0.47 d 0.35 ef  44.6 e 41.5 c 7.59 c 6.24 bc 1.07 c 0.91 d 0.81 e  
S22 24.7 h 43.2 ab 13.1 c 19.1 a 0.57 f 0.44 g 0.33 h  42.7 g 42.9 a 7.71 c 6.72 a 0.99 f 0.84 f 0.74 g  
S24 27.4 b 41.1 e 13.8 b 17.6 bc 0.67 a 0.50 b 0.38 b  46.5 b 39.6 f 7.89 b 6.03 cd 1.17 a 0.98 b 0.87 b  
S26 26.3 de 42.5 cd 14.1 a 17.1 c 0.62 d 0.46 de 0.36 de  44.9 de 41.1 d 8.10 a 5.97 cd 1.09 d 0.91 d 0.81 de  

Mean 26.4 42.7 13.1 17.9 0.62 0.47 0.36  44.9 41.4 7.52 6.17 1.08 0.92 0.82   

Lower case “f” refers to weight-based values while upper case “F” refers to molar-based values. Lower case letters a, b1, b2, b3 refers 

range of DP within 6–12, 13–24, 25–36, and DP > 36, respectively. Slash represents ratio and numerical range represents the sum of 

different chain categories. For example, Fa/Fb1-2 is the molar-based ratio between DP 6–12 and DP 13–36; values in the same column 

with the different letters differ significantly (p < 0.05) 
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B1 (also known as BS) of DP 3–25 in φ, β-LDs is subdivided into Bfp (fingerprint B-

chains) of DP 3–7 and BSmajor (BSm, majority of short B-chains) of DP 8–25 according 

to Bertoft (2004). Variations in the internal unit chain composition of quinoa 

amylopectins were noted (e.g., S26 and S21) (Fig. A5.3). The molar percentage of Bfp 

of quinoa amylopectins ranged from 18.8% in S24 to 22.3% in S26 with an average of 

20.4%. The molar percentage of BSm ranged from 23.2% in S3 to 26.8% in S24 with a 

mean value of 24.8%. The distribution pattern of Bfp-chains varied among different 

quinoa samples. Therefore, Bfp-chains are not conservative within the same plant 

species, confirming the findings from previous studies on other starches 

(Laohaphatanaleart et al., 2009; Zhu et al., 2011). Long B-chains (BL, DP > 25) is 

constituted by B2-chains (DP 26–55) and B3-chains (DP > 56). The molar percentage 

of B2-chains ranged from 5.23 to 6.80% with a mean value of 5.75% while that of B3-

chains varied from 0.42 to 0.68% with an average value of 0.51%. The molar amount 

of B-chains is in between that of the group 1 and group 2 amylopectins (Bertoft et al., 

2008). The molar percentage of B3-chains fit in the ranges of both group 1 and group 

2 amylopectins (Bertoft et al., 2008). The internal unit chain distribution indicates that 

quinoa amylopectin is similar to that of group 1 and group 2 amylopectins as suggested 

by Bertoft et al. (2008). 
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Table 5.4. Molar percentage (%) of chain categories in quinoa amylopectins and their φ, β-LDs 

 

Sample 

Code 
Afp A Acrystal Bfp BSm B1(BS) B2 B3 BL S φ, β-LV 

S3 9.90 e 49.8 ab 39.9 a 20.8 cd 23.2 d 44.0 de 5.56 cde 0.58 b 6.13 bcde 93.9 abcd 55.9 ab 

S6 10.3 d 50.1 a 39.8 a 19.1 ef 24.7 c 43.9 e 5.48 cde 0.53 bc 6.01 cde 94.0 abc 55.7 ab 

S14 11.7 a 48.6 d 36.9 cde 21.2 bc 24.3 c 45.5 c 5.39 de 0.47 bc 5.86 de 94.1 ab 54.3 bc 

S15 10.1 de 49.4 bc 39.3 a 20.2 cd 24.0 c 44.3 de 5.77 bcd 0.54 bc 6.31 bcd 93.7 bcd 56.5 a 

S17 9.9 e 46.4 f 36.5 e 20.3 cd 25.8 b 46.2 b 6.80 a 0.40 bc 7.20 a 92.8 e 52.7 c 

S21 10.3 d 48.9 cd 38.6 b 19.9 de 24.5 c 44.5 d 5.92 bc 0.68 a 6.60 b 93.4 d 54.5 b 

S22 9.3 f 46.8 f 37.5 c 21.2 bc 26.0 b 47.2 a 5.59 bcde 0.42 c 6.01 cde 94.0 abc 55.8 ab 

S24 11.1 b 48.0 e 36.9 de 18.8 f 26.8 a 45.6 c 6.02 b 0.47 bc 6.49 bc 93.5 de 52.9 c 

S26 10.7 c 47.8 e 37.1 cd 22.3 a 24.1 c 46.4 d 5.23 e 0.52 bc 5.74 e 94.3 a 56.4 a 

Mean 10.4 48.4 38.1 20.4 24.8 45.3 5.75 0.51 6.26 93.7 55.0 

 

Afp: fingerprint A-chains of amylopectin (DP 6–8); A: the amount of A chains; Acrystal: A-chains which are assumed to form the crystalline 

region in amylopectin (Acrystal = A – Afp); Bfp: fingerprint B-chains of φ,β-LDs (DP 3–7); BSm: major part of short B-chains in φ, β-LDs 

(BSm = BS − Bfp); B1(BS): short B-chains in φ, β-LDs (DP 3–25); B2: chains with length of DP 26–55 in φ, β-LDs; B3: chains of DP > 

56 in φ, β-LDs; BL: long B-chains = B2 + B3; S: short chains = A + BS; φ, β-LV: φ, β-limit value (100 – 100 × CLld/CLap); values in the 

same column with the different letters differ significantly (p < 0.05) 
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5.3.4 Chain length of different chain categories  

The chain lengths of various chain categories in quinoa amylopectin and φ, β-LDs are 

calculated (Table 5.5). The chain lengths of quinoa amylopectins (CLap) ranged from 

16.0 (S14) to 17.0 (S22 and S15) glucosyl residues with an average of 16.6 glucosyl 

residues. CLap of quinoa amylopectins is similar to that of oat amylopectin reported by 

Bertoft et al. (2008) and is shorter than that of most of other starches such as waxy 

maize, rye, sweetpotato, and amaranth starches using the same analytical method 

(Bertoft et al., 2008; Kong et al., 2008). The chain length of short chains (SCLap) and 

that of long chains (LCLap) of quinoa amylopectins have mean values of 14.6 and 48.1 

glucosyl residues, respectively. SCLap of quinoa amylopectin is lower than that of most 

of other starches while LCLap is comparable to that of medium amylose-containing rice 

and waxy maize starches (Bertoft et al., 2008). The external chain length (ECL) 

(average 10.6 glucosyl residues) and internal chain length (ICL) (average 5.0 glucosyl 

residues) of quinoa amylopectins showed little variations among samples. ECL of 

quinoa amylopectin is similar to that of oat and rye amylopectins and is shorter than 

that of other A-crystalline type starches (e.g., waxy maize and amaranth starches) and 

most of the B- and C-crystalline type starches (Bertoft et al., 2008; Kong et al., 2008; 

Zhu et al., 2011).  

ICL of quinoa amylopectin is comparable to that of medium amylose-content rice, waxy 

rice, waxy maize, and millet starches and is lower than that of amaranth starch and most 

of the B- and C-crystalline type starches (Annor, Marcone, Bertoft, & Seetharaman, 
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2014a; Bertoft et al., 2008). The total internal chain length (TICL) of quinoa 

amylopectins ranged from 11.8 (S22) to 12.9 (S24) glucosyl residues. The chain lengths 

of short B-chains (BS-CLld, DP 3–25) and long B-chains (BL-CLld, DP > 25) are in the 

range of 9.57–10.35 and 35.7–38.0 glucosyl residues, respectively. The TICL, BS-CLld, 

and BL-CLld of quinoa amylopectins are similar to those of waxy maize and medium 

amylose-rice starches (Bertoft et al., 2008). The average chain length of φ, β-LDs (CLld, 

range: 7.23–7.90 glucosyl residues, mean: 7.48 glucosyl residues) and φ, β-limit value 

(φ, β-LV, range: 52.7–56.5, mean: 55.0) of quinoa amylopectins are similar to those of 

the amylopectins of group 1 (Bertoft et al., 2008).  

 

5.3.5 Molar ratios for structural parameters of quinoa amylopectin   

The molar-based ratios of different chains in amylopectin and φ, β-LDs may provide 

some insights into the actual structure of amylopectin (Table 5.6). It has been proposed 

that the short unit chains (Sap) in amylopectin form the clusters while long unit chain 

(Lap) connects the clusters (Hizukuri, 1986). If this is true, Sap: Lap may approximately 

indicate the number of chains per cluster. Sap: Lap of quinoa amylopectins ranged from 

13.1 in S15 to 16.6 in S14 with an average of 14.4. These values are close to that of the 

starches of group 1 (oat, rye, normal barley, waxy barley, Andean yam bean starches) 

and is higher than that of other A-crystalline type and B- and C-crystalline type starches 

(Bertoft et al., 2008). However, Bertoft et al. isolated the clusters from a range of 

different amylopectins and found that the number of chains per cluster is rather different 
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from the Sap: Lap (Bertoft, 2013). This suggests that the assumption by Hizukuri (1986) 

is wrong. The average number of chains per B-chain (NC: B, range: 1.92–2.14, mean: 

2.10) of quinoa amylopectins are similar to that of several A-crystalline type starches 

(e.g, oat and normal barley starches) of group 1. However, the ratio Bfp: BSm (range: 

0.70–0.92, mean: 0.83) of quinoa amylopectins is of group 2 (Bertoft et al., 2008).  
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Table 5.5. Average lengths of diverse chain categories in quinoa amylopectins and their φ, β-LDs   

 

Sample 

Code 
CLap SCLap LCLap CLld BCL BS-CLld BL-CLld ECL ICL TICL 

S3 16.4 c 14.5 e 47.8 bc 7.24 e 13.3 b 9.57 d 37.4 ab 10.7 cd 4.74 e 12.3 b 

S6 16.6 bc 14.5 e 48.3 a 7.36 cde 13.3 b 9.79 bc 37.5 ab 10.7 bcd 4.86 bcd 12.3 b 

S14 16.0 d 14.2 f 47.7 bc 7.31 de 13.2 b 9.77 bcd 37.2 bc 10.2 e 4.81 de 12.2 b 

S15 17.0 a 14.7 b 48.4 a 7.40 cde 13.4 b 9.75 bcd 37.0 bc 11.1 a 4.90 bcd 12.4 b 

S17 16.7 b 14.6 d 48.1 ab 7.90 a 13.3 b 9.70 bcd 35.7 e 10.3 e 5.40 a 12.3 b 

S21 16.7 b 14.6 d 48.3 a 7.60 bc 13.8 a 9.89 b 38.0 a 10.6 d 5.10 bc 12.8 a 

S22 17.0 a 14.8 a 48.4 a 7.52 bcd 12.8 c 9.63 cd 36.3 d 11.0 ab 5.02 bcd 11.8 c 

S24 16.5 c 14.5 e 48.3 a 7.77 ab 13.9 a 10.35 a 36.7 cd 10.2 e 5.27 ab 12.9 a 

S26 16.6 bc 14.6 c 47.4 c 7.23 e 13.2 b 9.76 bcd 37.6 ab 10.9 abc 4.73 e 12.2 b 

Mean 16.6 14.6 48.1 7.48 13.4 9.80 37.0 10.6 5.00 12.4 

CLap: average chain length of amylopectin; SCLap: average chain length of short chains of amylopectin (DP 6–36); LCLap: average chain length of 

long chains of amylopectin (DP > 36); CLld: average chain length of φ, β-LDs; BS-CLld: average chain length of short B-chains of φ, β-LDs (DP 3–

25); BL-CLld: average chain length of long B-chains (DP > 25) of φ, β-LDs; ECL: average external chain length of amylopectin (ECL = CLap – CLld 

+1.5, where 1.5 is due to the action patterns of phosphorylase a and β-amylase); ICL: average internal chain length of amylopectin (ICL = CLap – 

ECL − 1, where 1 represents the branching point); BCLld: average chain length of B-chains in φ, β-LDs (DP > 2); TICL: average total internal chain 

length of amylopectin (TICL = BCLld − 1, where 1 represents the branching point); NC: B: average number of chains per B-chain in φ, β-LDs (NC: B 

= TICL/(ICL+1), where 1 represents the branching point); values in the same column with the different letters differ significantly (p < 0.05) 
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Table 5.6. Selected molar-based ratio of different chain categories of quinoa amylopectins and their φ, β-LDs 

 

Sample 

Code 
A: B Sap: Lap BS: BL Bfp: BSm Acrystal: BS Acrystal: B NC: B 

S3 0.99 ab 15.0 b 7.18 cd 0.90 ab 0.91 a 0.79 a 2.14 a 

S6 1.01 a 14.3 bcd 7.30 bcd 0.77 d 0.91 a 0.80 a 2.10 b 

S14 0.95 d 16.6 a 7.78 abc 0.87 abc 0.81 d 0.72 c 2.10 b 

S15 0.98 bc 13.1 e 7.05 de 0.84 bcd 0.89 b 0.78 ab 2.10 ab 

S17 0.90 f 14.0 d 6.40 e 0.80 d 0.79 e 0.68 d 1.92 d 

S21 0.96 cd 14.2 cd 6.74 de 0.81 cd 0.87 c 0.76 b 2.10 ab 

S22 0.88 f 13.2 e 7.87 ab 0.82 cd 0.79 de 0.70 c 1.96 d 

S24 0.92 e 14.7 bcd 7.03 de 0.70 e 0.81 d 0.71 c 2.06 c 

S26 0.92 e 14.8 bc 8.09 a 0.92 a 0.80 de 0.71 c 2.13 a 

Mean 0.95 14.4 7.27 0.83 0.84 0.74 2.10 

Chain categories are according to Tables 5.1−5.5 and Table A5.1; values in the same column with the different letters differ significantly 

(p < 0.05) 
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The ratio of short-B to long B-chains (BS: BL) varied from 6.4 in S17 to 8.09 in S26 

with an average of 7.27, which is of group 1 amylopectins (Bertoft et al., 2008). If 

assuming each short B-chain carries one A-chain in a cluster while long B-chains 

interconnected them, the number of chains per cluster may be calculated by multiplying 

this value by two. The results (average: 14.5) are quite similar to Sap: Lap. If assuming 

each B-chain forms a double helical structure with an A-chain (Zhu et al., 2011), the 

ratio of Acrystal: B would be 1. However, this ratio of quinoa amylopectins ranged from 

0.68 to 0.80 with an average of 0.74. If assuming each short B-chain forms a double 

helix structure with an A-chain, the ratio of Acrystal: BS would be 1 (Zhu et al., 2011). 

The actual ratio of Acrystal: BS has an average value of 0.84. Therefore, all of the BL-

chains should not participate in the forming of double helix structure (Annor et al., 

2014b; Gayin, Abdel-Aal, Manful, & Bertoft, 2016; Zhu et al., 2011). Another 

possibility is that two adjacent B-chains may interact to from a double helix. It should 

be stressed that the actual structure of clusters could only be obtained after their 

isolation from the amylopectin (Bertoft, 2013).  

 

5.3.6 Reconstruction of quinoa amylopectin from φ, β-LDs 

Inouchi, Glover, and Fuwa (1987) suggested that the external chains of B-chains have 

the same chain length. Base on this assumption, chain length distribution of 

amylopectin can be reconstructed by adding certain number of glucosyl residues to the 

chain length profile of B-chains of φ, β–limit dextrins (Bertoft et al., 2008; Zhu et al., 
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2011). It was suggested that the number of glucosyl residues used for reconstruction 

could be calculated by subtracting ECL by one (the branch point) plus reconstruction 

mode value which could be “–1”, “0”, or “1” (Bertoft et al., 2008). This mode value of 

reconstruction for all the quinoa amylopectins was “0”. Indeed, the chain length 

distribution of quinoa amylopectin and φ, β-LDs fit well in the long chain region (DP > 

25 for φ, β-LDs and DP > 36 for amylopectin) through reconstruction (Fig. A5.3e and 

f). This agrees with several previous works on other types of amylopectins (Bertoft, 

2004; Bertoft et al., 2008; Zhu et al., 2011). The theoretical chain length distribution of 

A-chains could be estimated by subtracting the reconstructed chain length with the 

actual unit chain length of amylopectin (Fig. A5.3e and f). Although the long chains of 

the reconstructed amylopectin fit well with that of the actual amylopectin chain profile, 

there is a clear mismatch (negative values) in the region of DP 15–20 (Fig. A5.2e and 

f). This mismatch pattern is similar to that of the group 1 starches (Bertoft et al., 2008). 

Bertoft et al. (2008) suggested that this may be due to a certain amount of BSm carrying 

shorter external chains. “Long A-chains (DP 25–30)” could be founded in several 

quinoa amylopectins from the reconstruction. The “long A-chains” may also be due to 

the under-estimation of the ECL of some B-chains (Bertoft, et al., 2008). The presence 

of the long chains may explain of the overestimation of the amylose content of quinoa 

starch using the iodine binding-based method (Table 5.1) (Li et al., 2016).  
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5.3.7 Pearson correlation, principal component, and cluster analysis 

of structural data of amylopectin and φ, β-LDs 

To unveil the correlations among the structural parameters, Pearson correlation analysis 

was carried out (Table A5.4). The parameters of unit chain length distribution of 

amylopectin and φ, β-LDs are highly inter-correlated. For example, SCLap is in negative 

correlation with fa (r = −0.970, p < 0.01) while CLld is positively correlated to BSm (r 

= 0.801, p < 0.01). Significant correlation among amylopectin unit chain length profile 

was found. For example, ECL is significantly correlated to several amylopectin 

parameters such as CLap (r = 0.707, p < 0.05). This may suggest that the elongation of 

amylopectin chains is mostly determined by the external chains instead of internal 

chains during the biosynthetic process. Some of the high correlations between certain 

parameters are naturally expected. For example, the high correlation between the 

number of A-chains and Acrystal chains is due to the fact that the latter represents the 

major part of the A-chains. The high correlation between φ,β-LV and ECL is due to the 

fact that the former was used to calculate the latter. Therefore, from a methodology 

point of view, the Pearson correlation analysis can provide a double check on the 

correctness of the quantification of diverse parameters as the number of parameters 

used in this study is so large.  

To better visualize the structural difference among quinoa amylopectin samples, 

principal component analysis (PCA) was carried out based on the structural information 

obtained from amylopectin, φ, β-LDs and compositional parameters. Based on the 
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results of the scree plot (Fig. A5.4), the first three components represent most of the 

variance. The loading plots of both PC1-PC2 and PC1-PC3 were created (Fig. A5.5). 

The parameters in close positions indicate positive correlation while the parameters at 

opposite positions suggest negative correlation. The parameters near the Origo have 

less variance than those further away from Origo. Those parameters with endogenous 

correlations are very close to each other (even overlapped) (e.g., CLap and CLld).  

According to the structural variance of samples, the score plots of PC1-PC2 and PC1-

PC3 for different samples were created (Fig. 5.1). Several samples (e.g., S21, S6, and 

S26, Fig. 5.1a) are grouped together while the others are well separated. To further 

understand the relationships between different samples, the K-mean cluster analysis 

was applied. For the amylopectin structure, the analysis was based on first three 

principal components, while for the internal structural parameters and GPC parameters 

the analysis was based on first four principal components. The K value was set to three 

in all three situations. Different shapes of points represent samples of different clusters 

(Fig. 5.1). Based on the analysis of amylopectin structure, S14 constitutes one cluster 

by itself as it is abundant in short unit chains and has a high Sap: Lap among all the 

quinoa samples (Fig. 5.1a and b). The clustering pattern based on the structures of φ, β-

LDs (Fig. 5.1c, d) is different from the pattern based on amylopectin structure and 

compositional results (Fig. 5.1a, b, e and f). For the first cluster (represented by square 

points), the samples are from Peru, Bolivia or South America. By the combination of 

the loading and score plots, it can be concluded that the samples from these regions 
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tend to have higher amounts of A-chains and short unit chains with a lower amounts of 

long B-chains. S22 is of Canadian origin and has been classified into the third group 

(triangle points). S22 has a high amount of long B-chains and a lower amount of A-

chains. The second group (represented by circle points) in the middle between group 1 

and group 3 is mainly constituted by samples from China, Canada, and South America. 

The K-mean clustering results suggest that the internal structure of amylopectin may 

be a potential indicator of geographic origin of quinoa samples.  
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Figure 5.1. Score plots of PC1-PC2 and PC1-PC3 for amylopectin (a, b); φ, β-LDs (c, 

d); and GPC parameters (e, f). Different shapes of data point indicate that these data 

belong to different clusters 
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5.4 Conclusions 

Diversity in the composition and amylopectin molecular structure has been observed 

among the quinoa samples. The amylose contents of quinoa starch estimated by 

concanavalin A precipitation based method (6.06–8.44%) are significantly lower than 

those measured by iodine-binding spectrophotometry-based method. This may be due 

to the existence of extra-long unit chains of amylopectin. Quinoa amylopectin has high 

amounts of short unit chains and Afp. The internal unit chain composition, molar ratios 

between different chain categories, as well as the reconstruction pattern of amylopectin 

suggest that the quinoa amylopectin shares structural features of both group 1 and group 

2 amylopectins as defined by Bertoft et al. (2008). Chemometric analysis showed that 

the amylopectin internal structure correlated with the country of origin of quinoa 

samples. This may indicate that the amylopectin internal structure is more susceptible 

to environmental factor. The results of this study will be correlated with the 

physicochemical properties of quinoa starch. 
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Chapter 6 Amylopectin molecular 

structure in relation to physicochemical 

properties of quinoa starch 
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6.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal with Andes origin and was 

cultivated by ancient civilizations such as Aztec, Mayan, and Incan over 5,000 years 

ago (Wang & Zhu, 2016). Quinoa has a high tolerance to extreme environment (e.g., 

high salinity soil conditions) with a broad ecological distribution (e.g., up to 4,000 

meters above sea level) (Abugoch, 2009; Ruiz et al., 2014). During the last decade, 

keen interest has been drawn by quinoa’s excellent nutritional profile (Nascimento et 

al., 2014). Starch accounts for over 50% of the dry weight of quinoa seeds (Lindeboom, 

Chang, Falk, & Tyler, 2005b). The quality of quinoa products can be much determined 

by the starch properties (Li & Zhu, 2017c). Furthermore, the quinoa starch has unique 

properties among diverse starches and has great potential for food and nonfood 

applications (Wang & Zhu, 2016). Understanding the physicochemical properties and 

structures and their relationships of starch components provide a basis to develop 

quinoa as a sustainable crop. 

Physicochemical properties of quinoa starch such as low gelatinization temperatures 

(59.2 oC) and high enzyme susceptibility (68.5% of starch hydrolysised in first hour of 

porcine pancreatic α-amylolysis) have been reported (Li, Wang, & Zhu, 2016). Quinoa 

starch tends to be low in amylose content (e.g., 3–20%) and small in granule size (~1.5 

μm) (Lindeboom et al., 2005b). The amylose is small in size (DPn around 900) and 

highly branched (Inouchi et al., 1999; Praznik et al., 1999; Tang, Watanabe, & 

Mitsunaga, 2002). The quinoa amylopectin appeares to contain a high amount of short 

chains and a small amount of long chain (Inouchi et al., 1999). The unit and internal 

chain length distribution of quinoa amylopectin have been investigated (Li & Zhu, 

2017b). Quinoa amylopectin shares the structural features of group 1 and group 2 

amylopectins as defined by Bertoft, Piyachomkwan, Chatakanonda, and Sriroth (2008) 
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through the analysis of internal unit chain composition. The quinoa amylopectin has a 

high amount of fingerprint A-chain (Afp, 10.4%). The internal chain length (ICL), 

external chain length (ECL), and average chain length (CLap) of amylopectin have been 

founded to be 5, 10.6, and 16.6 glucosyl residues, respectively. The above mentioned 

structural and physicochemical properties suggest that quinoa starch can be a novel and 

unique starch source for applications.  

The unit chain length distribution and the internal structure of amylopectin can have 

significant impacts on the physicochemical properties (e.g., thermal properties, 

swelling properties, pasting properties, and retrogradation) of starch (Kong, Bertoft, 

Bao, & Corke, 2008; Vamadevan & Bertoft, 2015; Vamadevan, Bertoft, Soldatov, & 

Seetharaman, 2013a; Zhu, Corke, & Bertoft, 2011). There are some discrepancies in the 

structure-property relationships among different studies (Srichuwong & Jane, 2007; 

Vamadevan & Bertoft, 2015). More samples from different botanical sources remain to 

be tested to be able to vigorously establish the structure-function relationships of starch. 

In particular, the importance of internal molecular structure of amylopectin in 

determining various physicochemical properties of starch has been implicated recently 

(Vamadevan & Bertoft, 2015). The cluster structure of amylopectin has been correlated 

with the starch gelatinization measured by DSC (Vamadevan et al., 2013a; Vamadevan, 

Bertoft, & Seetharaman, 2013b). More samples remain to be tested for the internal 

structure-property relationships. The internal, cluster and building block structure of 

amylopectin have been well reviewed previously (Bertoft, 2013). Readers are 

encouraged to refer to it to gain the background knowledge of the present study. 

Previously, the composition and physicochemical properties of 26 quinoa starch 

samples have been studied in detail (Li et al., 2016). The molecular and internal 

structure of 9 quinoa amylopectins selected from the 26 samples have also been detailed 
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(Li & Zhu, 2017b). In this study, morphological properties and degree of crystallinity 

of the starch granules were further characterized. The composition and unit and internal 

chain length profiles of amylopectins of the 9 quinoa samples were correlated with 

diverse physicochemical properties. A list of abbreviations of the nomenclatures used 

in this report is provided (Table A6.1). The structure-function relationships obtained 

from this study provide a basis to produce starches with desired functionalities (e.g., by 

manipulating specific starch biosynthetic enzymes and choosing/creating certain 

genetic mutants). This study may also stimulate further interest in understanding the 

importance of internal molecular structure in starch functional properties.  

 

6.2 Materials and methods 

6.2.1 Starches  

Nine quinoa starch samples (S3, S6, S14, S22, S26, S15, S24, S17, and S21) were 

selected from a collection of 26 quinoa starches as recently reported in detail (Li et al., 

2016). These 9 samples have the greatest differences in the properties according to the 

results of principal component analysis (PCA) as described previously (Li et al., 2016). 

The composition and physicochemical properties of these quinoa starches such as 

apparent amylose content (AAM), swelling power (SP) have been detailed (Li et al., 

2016). The molecular structure of amylopectin including the internal structure in the 

form of φ, β-limit dextrins (LDs) has also been detailed (Li & Zhu, 2017b). Since there 

is a large amount of nomenclatures, a list of abbreviation is provided in Table A6.1. In 

particular, the readers are encouraged to refer to the two previous reports to gain the 

background information of the present study. 
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6.2.2 Morphology and particle size distribution of starch granules 

Morphology of quinoa starch granule was determined by a Hitachi S-3200 N scanning 

electron microscope (Tokyo, Japan). The images were obtained at an accelerating 

voltage of 15 kV.  

The particle size distribution of quinoa starch was analyzed by a Mastersizer 2000 

(Malvern Instruments, Worcestershire, UK). Starch suspension (1%, w/w) was mixed 

(300 rpm) overnight before adding slowly to sample dispersion unit filled with water 

until the range of light obscuration was between 10 and 20%. Stirring speed of 

dispersion unit was kept at 2,100 rpm. The particle refractive index, particle absorption 

index, and dispersant refractive index were defined as 1.5, 0, and 1.33, respectively. 

The number median diameter (D [n, 0.5] (the diameter at which the middle of the 

number-based size distribution is located), mass moment mean diameter or De 

Brouckere mean diameter (D [4, 3] (the diameter at which the center of gravity-based 

mass distribution is located), and surface area moment mean diameter or Sauter mean 

diameter (D [3, 2], the diameter at which the center of gravity-based surface area 

distribution is located) were recorded (Allen, 2003). The Span (the measurement of the 

width of distribution), Uniformity (the measurement of deviation from the median), and 

specific surface area (SSA, surface area by unit weight) were also calculated (Appendix 

Eqs. (1)–(3)).  

 

6.2.3 Wide-angle X-ray diffractometry  

The degree of crystallinity of quinoa starch was analyzed by wide-angle X-ray 

diffraction carrying out on a PANalytical Empyrean X-ray Diffractometer (Almelo, The 

Netherlands). The instrument was equipped with Cu as an anode material and operated 

at 45 kV with a target current of 40 mA. The starch sample was in a desiccator with a 
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saturated Na2CO3 solution (a relative air humidity of 43% at 20 oC) for two weeks 

before test. The equilibrated starch was packed in a round cell and scanned between 4o
 

to 40o (o2 Theta). The step size was 0.0130 (o2 Theta) and scan step time was 50 s. All 

the data were normalized before calculation. The degree of crystallinity was calculated 

by two approaches using the High Score Plus software (Almelo, The Netherlands). The 

first approach (method 1) was according to Nara and Komiya (1983) with modifications. 

Briefly, the spectrum was smoothed and subtracted with the lowest value around 6o as 

the background. The total area under data point (αt) was calculated with peak fitting of 

the whole spectrum using the Pseudo-Voigt fitting. A smooth line was then made by 

connecting the start point (i.e. lowest point around 6o), valley bottom around 27o, and 

the end point at 40o. The area between data points and smooth line (termed as crystal 

region, αc) was calculated in the same way as the total area. The degree of crystallinity 

was calculated as 
𝛼𝑐

𝛼𝑡
× 100%. The second approach (method 2) used the areas of the 

peaks at 15o, 17o, 18o, and 23o (characteristic for A-type polymorph) divided by the total 

peak area (αt). 

 

6.2.4 Statistical analysis  

All the experiments were carried in triplicate. Analysis of variance (ANOVA) was used 

to determine if the data was significantly different from each other. ANOVA and 

Pearson correlation analysis were conducted using IBM SPSS software (Version 22, 

IBM Corporation, NY, USA). 
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6.3 Results and discussion  

6.3.1 Morphology and particle size distribution 

The quinoa starch has small size (~ 2 μm in diameter) and irregular shapes (Fig. A6.1). 

There appears to be little difference among different quinoa starch samples. The granule 

morphology agreed well with previous reports (Abugoch 2009; Steffolani, León, & 

Pérez, 2013). 

There are some diversities in the particle size properties of quinoa starches (Table 6.1, 

Figs. A1 and 2). For example, D [n, 0.5] ranged from 1.04 µm (S3, S26, and S15) to 

1.41 µm (S6) with an average of 1.17 µm. D [3, 2] ranged from 1.37 µm to 2.6 µm with 

a mean value of 1.76 µm. D [4, 3] is in the range of 1.45–4.38 µm with an average of 

2.37 µm. S6 had the highest D [3, 2] and D [4, 3], whereas S24 had the lowest values 

of these two. The highest Span (0.98) and Uniformity (0.32) belonged to S3 while the 

lowest Span (0.6) and Uniformity (0.19) belonged to S24. SSA of quinoa starch samples 

ranged from 2.31 m2/g to 4.38 m2/g with an average value of 3.51 m2/g. This is much 

higher than maize (0.48 m2/g) and potato (0.15 m2/g) starches (Kong, Kim, Kim, & 

Kim, 2003). The particle size of quinoa granules agreed with the results from the 

literature (Atwell, Patrick, Johnson, & Glass, 1983; Lindeboom et al., 2005b; Tang et 

al., 2002).  
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Table 6.1. Particle size properties and degree of crystallinity of quinoa starch.  

 
Sample 

Code  

D [n,0.5] 

(µm) 

D [3, 2] 

(µm)  

D [4, 3] 

(µm) 

SSA 

(m2/g) 

Span 

 

Uniformity 

 

XRD 1 

(%) 

XRD 2 

(%) 

S3 1.04 f 1.78 d 2.41 d 3.38 d 0.98 a 0.32 a 27.5 cd 33.3 cd 

S6 1.41 a 2.60 a 4.38 a 2.31 g 0.89 c 0.30 b 29.5 bc 33.5 c 

S14 1.32 b 1.97 b 2.77 c 3.05 f 0.80 f 0.26 f 25.3 e 30.2 f 

S15 1.04 f 1.87 c 2.84 b 3.22 e 0.95 b 0.32 a 29.6 bc 34.0 bc 

S17 1.11 e 1.59 e 1.87 f 3.78 c 0.87 d 0.28 d 29.4 bc 33.4 c 

S21 1.13 e 1.59 e 1.88 f 3.77 c 0.84 e 0.27 e 30.4 b 35.7 a 

S22 1.21 c 1.51 f 1.66 g 3.96 b 0.72 g 0.23 g 33.6 a 35.0 ab 

S24 1.19 d 1.37 g 1.45 h 4.38 a 0.60 h 0.19 h 26.3 de 30.4 ef 

S26 1.04 f 1.60 e  2.09 e 3.76 c 0.89 c 0.29 c 29.4 bc 31.5 de 

Mean 1.17 1.76 2.37 3.51 0.84 0.27 29.0 33.0 

 

D [n, 0.5]: number median diameter; D [3, 2]: surface area moment mean diameter or 

Sauter mean diameter; D [4, 3]: mass moment mean diameter or De Brouckere mean 

diameter; SSA: specific surface area; XRD 1 and XRD 2: degree of crystallinity 

calculated by method 1 and method 2; values in the same column with the different 

letters differ significantly (p < 0.05). 

 

6.3.2 Wide-angle X-ray diffractometry  

Quinoa starch showed A-type polymorph (Fig. A6.3). This agreed with previous reports 

on quinoa starch (Steffolani et al., 2013; Tang et al., 2002). The degree of crystallinity 

calculated by method 1 ranged from 25.3% in S14 to 33.6% in S22 with an average of 

29.0% (Table 6.1). These values are lower than the result (35%) estimated by Tang et 

al. (2002). This discrepancy could be due to the differences in experiment settings (e.g., 

scanning speed and step size) and quinoa variety. The degree of crystallinity calculated 

by method 2 ranged from 30.2 to 35.7% with an average of 33.0%. This is similar to 

the result of a previous report using the peak fitting method (Steffolani et al., 2013). 

The difference in the results calculated by the two different methods should be due to 

the arbitrariness in determining the background and amorphous regions. Therefore, 

results from different studies should be carefully noted with the calculation method.  
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6.3.3 Structure-function relationships 

6.3.3.1 Amylopectin structure in relation to thermal property  

Thermal properties are correlated with the chain length profile of quinoa amylopectin 

(Table A6.2). The molar amount of fingerprint A-chains (Afp) is negatively correlated 

with the onset (To, r = −0.734, p < 0.05), peak (Tp, r = −0.815, p < 0.01), and conclusion 

temperatures (Tc, r = −0.754, p < 0.05). A similar correlation is also found for the 

molar-based percentage of chains with DP 6–12 (Fa). Afp may be too short to form the 

double helix structure and may induce structural defects in crystalline regions of the 

granules (Bertoft, 2004).  

The internal structure of amylopectin is also correlated to the thermal properties of 

quinoa starch (Table A6.3). Tp is negatively associated with NC: B (number of chains 

per B-chain) (r = −0.816, p < 0.01), whereas the gelatinization enthalpy change (ΔH) 

is negatively correlated with the ratio of short B-chain to long B-chain (BS: BL, r = 

−0.685, p < 0.05). Vamadevan et al. (2013a) and Vamadevan et al. (2013b) suggested 

that a short inter-building block chain length (DP < 6) contributes to a decreased 

stability of crystalline region by restricting the alignment of double helix structure. The 

short B-chains may largely participate in the granules as part of inter-building block 

chains. The increasing NC: B may indirectly reflect the deceasing inter-building block 

chain length in the amylopectin clusters.   

 

6.3.3.2 Amylopectin structure in relation to swelling and amylose leaching   

The swelling of starch granules is controlled by various factors including the 

composition of starch, the structures of amylopectin and amylose, and the presence of 

minor components such as phosphate monoesters and phospholipids (Srichuwong, 

Sunarti, Mishima, Isono, & Hisamatsu, 2005). Swelling power at 55 oC is highly 
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correlated to some parameters of amylopectin structure such as Afp (r = 0.836, p < 0.01), 

Sap: Lap (r = 0.695, p < 0.05), fa (r = 0.672, p < 0.05), and fb3 (r = −0.743, p < 0.05) 

(Table A6.4). A similar correlation pattern is observed for swelling power at 65 oC but 

not at higher temperatures. The results agreed with a previous conclusion that short 

chains could increase swelling and long chains may prevent swelling (Vamadevan & 

Bertoft, 2015). The Afp and other short chains could create defects in the crystalline 

region, allowing water molecules to penetrate into crystalline lamellae (Vamadevan & 

Bertoft, 2015).  

Several parameters of amylopectin internal structure show significant correlations with 

swelling properties of quinoa starch (Table A6.5). For example, the molar ratio of short 

B-chains to long B-chains (BS: BL) is positively correlated to SP75 (r = 0.681, p < 

0.05), SP85 (r = 0.794, p < 0.05), and WSI65 (r = 0.691, p < 0.05). These results 

support the previous discussion (Section 3.3.1) on the possible role of short and long 

B-chains in structuring the granules.    

Significant correlations are recorded between amylose leaching (AML) and the 

amylopectin internal structure (Table A6.5). In particular, the BSm (majority of short B-

chains) is negatively correlated to AML at 55oC (r = −0.899, p < 0.01), 65oC (r = 

−0.761, p < 0.05), 75 oC (r = −0.770, p < 0.05), 85 oC (r = −0.772, p < 0.05), and 95 

oC (r = −0.710, p < 0.05). It is believed that the amylose is amorphous and mostly 

concentrated in the amorphous region of the granules (Srichuwong & Jane, 2007). The 

amorphous lamellae of the granules are mostly made up of the internal parts of 

amylopectin (Bertoft, 2013). The amylose may entangle and interact with the internal 

parts of amylopectin (i.e. BSm) in the amorphous lamellae of the granules, inhibiting 

the amylose leaching. 
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6.3.3.3 Amylopectin structure in relation to pasting and gel texture properties 

Amylopectin unit chain length profile has great influence on the pasting behaviors of 

quinoa starch (Table A6.6). Pasting temperature is negatively correlated to Afp (r = 

−0.743, p < 0.05) while positively correlated to the length of long amylopectin unit 

chain (LCLap, r = 0.715, p < 0.05) and weight based percentage of long unit chain 

fraction with DP > 36 (fb3, r = 0.696, p < 0.05). Peak temperature is also positively 

correlated to LCLap (r = 0.699, p < 0.05) and fb3 (r = 0.749, p < 0.05) and negatively 

correlated to the weight-based ratio of amylopectin short unit chains of DP 6–36 to long 

unit chains of DP > 36 (Sap: Lap, r = −0.709, p < 0.05). The short unit chains of 

amylopectin such as Afp tend to cause structural defects in the crystalline parts of the 

granules, while the long unit chains tend to entangle with the other chains and hold the 

granules together (Srichuwong & Jane, 2007). There is a lack of correlation between 

peak viscosity (PV) and amylopectin structure, suggesting that other factors such as 

amylose may play a role. Breakdown (BD) is positively correlated with Sap: Lap (r = 

0.67, p < 0.05) and negatively correlated to the amount of long chain such as fb3 (r = 

–0.721, p < 0.05). This suggests that the long amylopectin unit chains could improve 

the paste stability during pasting event under heating and shearing by holding the 

granules and the remnants after gelatinization through entanglement.  

Previous studies showed that the amylopectin internal structure could affect the pasting 

behaviors of starch (Kong et al., 2008; Zhu et al., 2011). In this study on quinoa starch, 

there is a lack of correlations between the pasting and amylopectin internal molecular 

structure (Table A6.7). This may be due to the masking effect of other factors such as 

amylose content and granule size of quinoa starch (Vamadevan & Bertoft, 2015). Lack 

of enough variations in the structure and pasting properties of the quinoa samples 

studied here may be another reason. 
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Correlation analysis shows that the gel texture properties are more related to the internal 

structure than the general amylopectin structure (Tables A6.6 and 6.7). For example, 

HD is negatively correlated to BS: BL (r = –0.696, p < 0.05). AD is negatively 

correlated to the amounts of long B-chains (BL, r = –0.803, p < 0.05) and positively 

correlated to the amount of short chains of φ, β-LDs (S, r = 0.788, p < 0.05) and BS: 

BL (r = 0.767, p < 0.05). The gelation of pasted starch within the first 48 h is largely 

due to the re-alignment and re-ordering of amylose (Wang, Li, Copeland, Niu, & Wang, 

2015a). The correlation results of quinoa starch suggest that long internal chains of 

amylopectin may also contribute to starch gelation through the formation of helical 

structure during retrogradation. Indeed, Bertoft et al. (2016) found that the rheological 

properties of 4 types of waxy rice starch gels are much influenced by the internal 

molecular structure of amylopectin. Zhu Bertoft, and Li (2016) also suggested that, 

apart from amylose, the amylopectin cluster structure may play an important role in the 

rheological properties of maize starches.  

 

6.3.3.4 Amylopectin structure in relation to particle size and enzyme susceptibility  

Significant correlations are found between particle size distribution and some unit chain 

profile of amylopectin (Table A6.8). The amount of A-chains is positively correlated 

with mass moment mean diameter (D [4, 3], r = 0.705, p < 0.05) and surface area 

moment mean diameter (D [3, 2], r = 0.672, p < 0.05). It is negatively correlated with 

the specific surface area (SSA, r = –0.682, p < 0.05).  

The uniformity is an indicator of the deviation from the median point in particle size 

distribution. A high uniformity indicates a wide size distribution while a low uniformity 

represents a sharp and centralized distribution. The uniformity of quinoa starch is 

negatively correlated to BSm (r = –0.851, p < 0.01) and average chain length of short 
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B-chains (BS-CLld, r = –0.692, p < 0.05).  

Noda et al. (2005) found no correlation between potato starch granule size and short 

unit chains of amylopectin. Takeda Takeda, Mizukami, and Hanashiro (1999) found 

that small barley starch granules had more short chains of DP 6–9. These observations 

do not match our results on quinoa starch granules. This discrepancy may be partially 

attributed to the different crops with differences in starch biosynthesis. The granule size 

is mostly affected by the genetics and also by environmental conditions (Lindeboom, 

Chang, & Tyler, 2004; Raeker Gaines, Finney, & Donelson, 1998). The correlation 

pattern between granule size and amylopectin structure may provide a basis to further 

understand the genetic basis controlling the biosynthesis of starch granules.  

Quinoa starch has high enzyme susceptibility to porcine pancreatic α-amylase (Li et al., 

2016). More than 50% of the starch were hydrolyzed in the first hour (ES1) and the 

extent reached nearly 100% after 24 h (ES24). The ES1 is in close correlations with the 

amylopectin structure (Table A6.8). For example, ES1 is positively correlated to Afp (r 

= 0.677, p < 0.05) and fa (r = 0.803, p < 0.01), while negatively correlated to average 

chain length of amylopectin (CLap, r = –0.683, p < 0.05) and average short chain length 

of amylopectin (SCLap, r = –0.772, p < 0.05). The results confirm the role of short unit 

chains (e.g., Afp) in introducing defects in the crystalline region of granules for the 

enzyme to attack and that of long chains in stabilizing the granules as discussed above. 

The parameters of amylopectin internal structure are more related to the ES24 which 

represents the late stage of enzyme hydrolysis (Table A6.9). For instance, the ES24 is 

negatively correlated with BSm (r = –0.824, p < 0.01) and short B-chain (BS, r = –

0.697, p < 0.05) while positively related to the A-chains forming crystalline region 

(Acrystal, r = 0.718, p < 0.05). The quinoa starches had ES24 of over 90% (up to 100%) 

and most of the granules have been hydrolysed at this late stage (Li et al., 2016). Acrystal 
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may participate in the formation of double helices in the granules which may be 

hydrolyzed fully at this stage. On the other hand, the branches in the remnant may 

present steric hindrance for the enzyme to work on. The short B-chains such as BSm 

may participate in the formation of building blocks of starch which is much resistant to 

α-amylase hydrolysis (Bertoft, 2013). However, the structural nature of the remnant at 

this stage of enzyme hydrolysis remains to be better studied.  

 

6.3.3.5 Amylopectin structure in relation to degree of crystallinity 

The chain length distribution of amylopectin is closely correlated to the degree of 

crystallinity of starch granules (Table A6.10). For example, Afp is negatively correlated 

with the degree of crystallinity calculated by the subtraction method (XRD 1, r = –

0.825, p < 0.01) and that calculated by the peak fitting (XRD 2, r = –0.826, p < 0.01). 

Chain length of short chains (SCLap) is positively correlated with XRD 1 (r = 0.873, p 

< 0.01) and XRD 2 (r = 0.701, p < 0.05). Negative correlation was found between the 

degree of crystallinity and fa while positive correlation was observed between the 

degree of crystallinity and fb3. The chain length of external chains (ECL) is positively 

correlated with XRD 1 (r = 0.697, p < 0.05). These results furthur confirm that too short 

unit chains of amylopectin (e.g., Afp) contribute to the structural defects of the granules 

while long unit chains stabilize it (Srichuwong & Jane, 2007). The crystalline region in 

the starch granules is mainly constituted by external chains of amylopectin (Pérez & 

Bertoft, 2010). The amylopectin internal structure was shown to have an impact on the 

crystallinity of starch (O'Sullivan & Pérez, 1999). However, this is not observed in our 

study (Table A6.9), and may be due to a lack of structural diversity in the quinoa starch 

samples studied here as well as the masking effects of other factors.  
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6.3.3.6 Relationships between gel permeation chromatography (GPC) parameters 

and properties of starch 

Compositional and structural parameters obtained from various gel permeation 

chromatography (e.g., AAM2B and AAM6B) are correlated with some physicochemical 

properties of starch (Tables A6.11–6.14). AAM6B and SCAAM (weight percentage of 

short chain fraction of amylose) are negatively correlated to WSI75, WSI85, and 

WSI95 (Table A6.12). For example, WSI85 is negatively correlated to AAM6B (r = –

0.779, p < 0.05) and SCAAM (r = –0.835, p < 0.01). These results suggest that the 

amylose and amylose-like material inhibited the leaching of soluble material at high 

temperatures. Higher amounts of amylose and amylose-like material better hold the 

granules together through entanglement and interactions with other molecules, 

inhibiting the leaching (Vamadevan & Bertoft, 2015). This seems to be in contradiction 

with the fact that the AML is positively correlated with AAM6B (Table A6.12). Actually, 

the solubilized material (reflected by WSI) at high temperatures is not only contributed 

by amylose but also the other molecules such as intermediate materials and small-sized 

amylopectins (Shi, Seib, & Lu, 1991).  

GPC parameters are highly correlated with pasting and gel texture properties of quinoa 

starch (Table A6.13). λmaxAP, AAM6B, LCAAM, and SCAAM are in positive correlations 

with PV and HPV. λmaxAP is positively correlated to AD (r = 0.689, p < 0.05) and CH 

(r = 0.699, p < 0.05). A higher λmaxAP reflects longer amylopectin unit chains. The 

amylose chains and long unit chains in amylopectin hold the granules, possibly 

allowing a higher swelling while maintaining the granule integrity (Vamadevan & 

Bertoft, 2015). However, the results disagreed with previous studies which showed that 

the amylose content and long amylopectin unit chains tend to have a negative 

correlation with PV and BD (Srichuwong & Jane, 2007). Such a discrepancy may be 
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due to other influencing factors such as the presence of minor components and granular 

architecture.    

Some GPC parameters and particle size data of quinoa starch are highly correlated 

(Table A6.14). For example, AAM6B is positively correlated to D [4, 3] (r = 0.690, p < 

0.05) and Uniformity (r = 0.738, p < 0.05). AAM2B is in positive correlation with 

Uniformity (r = 0.738, p < 0.05). These may suggest that the amylose component is 

more located at the periphery of the granules. Indeed, Pan and Jane (2000) found that 

the amylose was more concentrated at the periphery of normal maize granules than at 

the core through a surface chemical gelatinization technique.  

 

6.3.4 Correlations between some physicochemical properties and 

individual amylopectin unit chain profile 

The Pearson correlation coefficients between the weight-based amounts of amylopectin 

individual unit and internal chains and some properties of quinoa starch (Tp, ΔH, SP55, 

AML95, and ES1) were calculated and the coefficients were plotted against the DP of 

individual unit chains (Fig. 6.1). This kind of plots provides more detailed information 

as the influence of amylopectin individual unit chains on starch properties are taken 

into account (Vamadevan et al., 2013b). The correlation patterns corresponded well 

with the correlation matrix of different structural parameters as discussed in the above 

sections. For example, Afp (DP 6–8) is positively correlated with ES1 (Table A6.14) and 

this correlation pattern agrees well with that of individual chains of DP 6, 7, and 8 (Fig. 

6.1e).  

The plots of DP of individual chains against ΔH and AML95 share a similar pattern 

(Fig. 6.1b and d), whereas those of DP of individual chains against Tp and ES1 share an 

opposite pattern (Fig. 6.1a and c). This may suggest that the structure of amylopectin 
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and its internal structure affect each pair (ΔH and AML95 or Tp and ES1) of properties 

through similar mechanism. For example, both ΔH and AML95 may be partially 

affected by the arrangement of internal chains in the amorphous regions of starch 

granules. In contrast, the SP55 and Tp may be more related to the defects in crystalline 

region which are determined by the unit and internal chains of amylopectin.  

It is notable that the plots of correlation coefficients against DP of individual 

amylopectin unit chains are smooth (Fig. 6.1). This indicates that the boundaries in the 

functional roles of different chain categories in determining the physicochemical 

properties of starch are vague. For example, fb3 (DP > 36) is positively correlated with 

the Tp of starch (Table A6.2), whereas in Fig. 6.1a it can be seen that the correlation 

coefficient increases gently and smoothly from near 0 in DP 36 to more than 0.8 

between DP 44–50 before decreasing. Therefore, the functional significance of each 

individual unit chains may be overlooked by establishing chain categories which is a 

sum of individual unit chains. For example, the correlations between Bfp (the group of 

internal unit chains with DP 3–7) and some selected properties are not significant. 

However, the amount of DP 3 is significantly correlated with Tp (r = –0.681, p < 0.05) 

and SP55 (r = 0.845, p < 0.01) (Fig. 6.1a and c). DP 3 the shortest internal unit chains 

with ICL of 1 glucosyl residue (Bertoft, 2004). It may decrease the crystalline stability 

(Vamadevan & Bertoft, 2015). Therefore, analyzing the relationships between 

properties and composition of individual unit chains of amylopectin may provide 

additional information to explain the structural basis of starch functionalities.  
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Figure 6.1. The Y-axis represents the correlation coefficients between weight-based 

percentages of individual unit and internal chains of amylopectin and (a) Tp; (b) ΔH; (c) 

SP55; (d) AML95; (e) ES1; the X-axis represents the DP of individual amylopectin unit and 

internal chains; square points are of the unit chain and round points are of the internal chains 

of amylopectin. Significant correlations at p < 0.05 and p < 0.01 are represented by crossed 

and filled black points, respectively 
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6.4 Conclusion 

There is a diversity in the particle size and degree of crystallinity among 9 quinoa 

starches. The unit and internal chain profiles of amylopectin, as well as the starch 

composition, are correlated with various physicochemical properties of quinoa starch. 

The correlation pattern depends on structural/compositional parameters, the type of 

chain categories, and the categories of physicochemical properties. The 

physicochemical properties related to starch gelatinization such as swelling power, 

water solubility index, crystallinity, pasting and thermal properties are more 

significantly affected by the general structure of amylopectin than that of the φ, β-limit 

dextrins. For example, To is negatively correlated to short amylopectin unit chain 

fraction such as Afp and fa, while being positively correlated to long chain fraction. The 

parameters of gel texture properties are more related to amylopectin internal structure. 

The amylopectin internal structure also significantly impacts some other properties. For 

instance, BSm is negatively correlated with AML at 85 oC and ES24. Correlations 

between the amounts of individual unit and internal chains of amylopectin and 

physiochemical properties suggest that the definition and creation of different chain 

categories may mask the functional roles of individual unit chains.  

It should be pointed out that this is a complex system. Multiple compositional and 

structural factors affect the functional properties of quinoa starch. The structure-

function correlations obtained from this study are mostly suggestive, which remains to 

be vigorously verified. For example, the cluster structure of the amylopectin should be 

studied and correlated with the physicochemical properties of starch to provide a more 

definite structure-function relationship. Furthermore, samples with a larger diversity in 

properties and structures can be selected to provide a more definite framework to study 

the structure-function relationships of starch 
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Chapter 7 Rheological properties of 

quinoa starch 
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7.1 Introduction  

Quinoa (Chenopodium quinoa Willd.) as a re-discovered trendy food has gained 

increasing consumption over the last decades (Wang, Opassathavorn, & Zhu, 2015b). 

Starch is the major component of quinoa seed (52.2−69.2%, dry weight basis) 

(Abugoch, 2009). The amylose content is in the range of 3.5−22.5% which is lower 

than maize and amaranth starches (Abugoch, 2009; Kong, Kasapis, Bertoft, & Corke, 

2010; Lindeboom, Chang, Falk, & Tyler, 2005b). Quinoa starch has a relatively small 

particle size (0.5−3 μm) and irregular shape (Wang & Zhu, 2016). The onset 

gelatinization temperatures (To) of quinoa starch is ~44.6−59.9 oC and the relative 

crystallinity is ~35.4−43.0% (Abugoch, 2009; Qian & Kuhn, 1999; Watanabe, Peng, 

Tang, & Mitsunaga, 2007). The low gelatinization temperature and degree of 

crystallinity were related to the unit chain length distribution of quinoa amylopectin (Li 

& Zhu, 2017a). The quinoa amylopectin was reported to have a high amount of short 

chains, and the ratio between short chain to long chains was reported to be 14.6 (Li & 

Zhu, 2017b). The average internal chain length (ICL) of quinoa starch is 5.00 glucosyl 

residues, while the external chain length (ECL) has an average value of 10.6 glucosyl 

residues (Li & Zhu, 2017b). The quinoa amylopectin was also reported to have a 

significant amount of super-long chain (15.4−19.9%) (Watanabe et al., 2007). The 

amylose in quinoa starch was found frequently branched (11.6 chains per molecule) 

with a high ratio between the long and short chains (Tang, Watanabe, & Mitsunaga, 

2002).  
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When starch was heated in an excessive amount of water, gelatinization happens, which 

involves the swelling of starch granule, melting of crystalline region, and leaching of 

amylose (Ai & Jane, 2015). Upon cooling, the amylose forms a 3-dimensional network 

in a short time range and the amylopectin undergoes re-crystallization during a long 

time storage (Singh, Kaur, & McCarthy, 2007). During gelatinization and 

retrogradation, the viscosity of the system changes dramatically and is monitored by 

rheological approaches. The rheological experiments could be classified into large and 

small deformation tests. The difference between these two kinds of tests is whether the 

strain is within the linear viscoelastic region (LVE region) (Mezger, 2006). Steady flow 

test is a widely used large deformation test in which viscosity of the sample under 

different shear rate is obtained. Starch gels from different sources can show shear-

thinning behaviors (Kong et al., 2010; Zhu, Bertoft, & Li, 2016; Zhu & Wang, 2012). 

The flow diagram can be used for the estimation of yield stress which is the minimum 

force required to drive the sample to flow (Mezger, 2006). The yield stress is associated 

with the texture of food and shows significant correlations with the sensory quality 

(Kasapis & Bannikova, 2017). One approach to determine the yield stress is using 

curve-fitting which involves different mathematic models. Temperature and frequency 

sweep experiments are carried out within the LVE region. The experiments give the 

information about the microstructure under different temperature and frequency. The 

rheological approach has been widely used to evaluate the viscoelastic behaviors of 

starches from various botanical sources (Ai & Jane, 2015; Kong et al., 2010; Li, Prakash, 

Nicholson, Fitzgerald, & Gilbert, 2016; Singh, Lin, Huang, & Chang, 2012; Zhu et al., 
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2016). However, there has been few reports on the rheological properties of quinoa 

starch. This hinders the further development of quinoa as a sustainable crop for diverse 

food and nonfood applications.  

The aim of this paper was to study the rheological properties of 9 quinoa starch selected 

from a collection of 26 quinoa starch samples. This research also estimated the 

relationships between the rheological behaviors and the structure of quinoa starch. 

Physicochemical properties, composition, and granular and molecular structure of these 

starch samples were estimated by previous works (Li, Wang, & Zhu, 2016; Li & Zhu, 

2017a and 2017b). Readers are encouraged to refer to these publications to gain the 

background knowledge of the present report. Due to a large number of parameters used 

in this report, the abbreviations of nomenclatures are listed in Table A7.1. This study 

may provide a theoretical basis for processing and application of this specialty starch. 

 

7.2 Materials and Methods 

7.2.1 Materials 

Nine quinoa starch samples (S6, S14, S22, S3, S26, S15, S24, S17, and S21) were 

chosen from a collection of 26 quinoa starch samples (G. Li et al., 2016). The selection 

was based on the results of principal component analysis (PCA) which suggests that 

these 9 samples have the greatest differences in their physicochemical properties such 

as amylose contents (Table A7.2). Normal maize starch (Melogel) (Ingredion ANZ Pty 

Ltd., Auckland, New Zealand), as a widely studied cereal starch, was used as a reference.   

 



171 
 

7.2.2 Rheological analysis 

Steady shear and dynamic oscillatory (temperature and frequency sweep) analysis of 

quinoa starch were conducted using an Anton Paar rheometer (Physica MCR 301, 

Anton Paar GmbH, Graz, Austria). A plate geometry and a probe of 25 mm in diameter 

(PP25) were used. The gap size was 1,000 μm.  

 

7.2.2.1 Steady shear properties 

The steady flow experiment followed a previous report with some modifications (Kong 

et al., 2010). Starch slurry (6.7%, w/w, dry basis) was prepared in an Eppendorf tube 

and stirred for 2 min using a vortex mixer before heating at 90 °C for 30 min with 

occasional vortexing. The paste was then transferred onto the rheometer plate. The paste 

was equilibrated for 5 min at 25 °C before shearing from 0.1 to 1000 s-1 and then from 

1000 to 0.1 s-1. The data were fitted into several mathematical models, including power 

law (Eq.1), Herschel-Bulkley (Eq.2), Casson (Eq.3), Mizrahi-Berk (Eq.4), Robertson-

Stiff (Eq.5), Sisko (Eq.6), and Heinz Casson (Eq.7) equations: 

𝜏 = 𝐾𝑃(�̇�)𝑛𝑃        (1) 

𝜏 = 𝐾0𝐻𝐵 + 𝐾𝐻𝐵(�̇�)𝑛𝐻𝐵        (2) 

𝜏0.5 = 𝐾0𝑐 + 𝐾𝑐(�̇�)0.5        (3) 

𝜏0.5 = 𝐾0𝑀𝐵 + 𝐾𝑀𝐵(�̇�)𝑛𝑀       (4)   

𝜏 = 𝐾𝑅𝑆(�̇�0 + �̇�)𝑛𝑅𝑆        (5) 

𝜏 = 𝐾𝑆1�̇� + 𝐾𝑆2�̇�𝑛𝑠        (6) 

𝜏𝑛𝐻𝐶 = (𝐾𝐻𝐶1)𝑛𝐻𝐶 + 𝐾𝐻𝐶2(�̇�)𝑛𝐻𝐶      (7) 
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Where 𝜏  is shear stress (Pa), γ̇  is shear rate (s-1), n is flow behavior index 

(dimensionless), and K is consistency coefficient. These parameters belonging to 

different models are distinguished by the respective footnotes. 

Three parameters were used to estimate the goodness of fitting, including residual sum 

of squares (RSS), reduced Chi-square (RCS), and R2 (coefficient of determination). The 

yield stress (τ0) is calculated by the extrapolation of curves to the �̇� of zero. The detailed 

expressions for 𝜏  in several models are: Herschel-Bulkley (Eq.8), Casson (Eq.9), 

Mizrahi-Berk (Eq.10), Robertson-Stiff (Eq.11), and Heinz Casson (Eq.12) equations: 

τ0𝐻𝐵 = 𝐾0𝐻𝐵           (8) 

τ0𝐶 = (𝐾0𝑐)2           (9) 

τ0𝑀𝐵 = (𝐾0𝑀𝐵)2        (10) 

τ0𝑅𝑆 = 𝐾𝑅𝑆(�̇�0)𝑛𝑅𝑆        (11) 

𝜏0𝐻𝐶 = 𝐾𝐻𝐶1         (12) 

The 𝜏0 of different models are represented by different footnotes. The yield stress is 

also read from the flow curve diagram (curve reading) at the lowest shear rate (i.e., 0.1 

s-1) and termed as 𝜏0𝐶𝑅. 

 

7.2.2.2 Temperature sweep measurement 

The temperature sweep measurement followed a previous report (Kong et al., 2010) 

with some modifications. Briefly, a starch suspension of 16.7% (w/w, dry basis) was 

stirred with a vortex mixer at room temperature for 5 min before loading onto the 

bottom plate of the rheometer. The suspension was heated from 40 to 90 °C before 
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cooling from 90 to 25 °C with a ramp rate of 2 °C/min. The sample edge was covered 

with a thin layer of low-density silicon oil to minimize the water loss during the test. 

The shear strain was 2% and the frequency was 1 Hz. Dynamic rheological parameters, 

including storage modulus (G': solid component), loss modulus (G'': liquid component), 

and damping factor (tan δ = G''/G'), were recorded as functions of temperature.  

 

7.2.2.3 Frequency sweep measurement 

Frequency sweep measurement followed a previous report (Kong et al., 2010) with 

some modifications. After the temperature sweep, the resulting gel was held for 5 min 

at 25 °C to achieve a state of equilibrium before subjecting to frequency sweep at 25 °C 

from 0.1 to 40 Hz. The strain was kept at 2% (within the linear viscoelastic region). The 

G' and G'' are plotted against frequency and the curves are subjected to linear regression 

analysis. 

 

7.2.3 Statistical analysis 

All the experiments were done in triplicate. The fittings were carried out using 

OriginPro 9 (Northampton, MA, USA). Pearson correlation analysis and ANOVA were 

conducted using IBM SPSS (Version 22, IBM Corporation, NY, USA).  
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Table 7.1. Fitting parameters of Herschel-Bulkley model for flow curves 

 

 

 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; the definitions of K0HB, KHB, and nHB are described in 

Eq.2.;  

Values in the same column with the different letters differ significantly (p < 0.05) 

 

 

Sample 

Code 

Up  Down 

K0HB KHB nHB RCS R2 RSS  K0HB KHB nHB RCS R2 RSS 

S3 18.73 b 10.84 bc 0.42 abc 3.39 0.9988 61  9.31 c 9.20 b 0.45 de 2.16 0.9994 39 

S6 39.69 a 14.69 b 0.43 ab 11.11 0.9982 200  13.52 bc 12.80 a 0.45 de 7.75 0.9988 140 

S14 24.33 b 12.58 bc 0.43 ab 8.76 0.9982 157  11.63 abc 10.20 b 0.45 de 8.43 0.9980 152 

S15 19.33 b 13.43 bc 0.41 bc 4.11 0.9990 73  10.47 bc 9.63 b 0.45 d 1.52 0.9996 27 

S17 23.66 b 10.96 c 0.42 abc 5.29 0.9983 95  10.99 bc 9.41 b 0.44 e 0.58 0.9998 10 

S21 26.54 b 10.77 c 0.43 a 5.87 0.9985 105  14.62 b 6.92 c 0.49 c 4.07 0.9988 73 

S22 5.42 c 11.31 c 0.42 abc 13.82 0.9960 248  10.21 bc 4.22 de 0.53 b 7.11 0.9968 128 

S24 3.27 c 12.08 bc 0.40 c 43.35 0.9800 780  10.16 bc 3.49 e 0.54 b 4.49 0.9974 81 

S26 35.94 a 20.03 a 0.41 bc 124.52 0.9868 2241  19.03 a 4.97 d 0.58 a 41.82 0.9933 753 

Mean 21.88 12.96 0.42 24.47 0.9950 440  12.21 7.87 0.49 8.67 0.9980 156 

Maize 28.50 8.51 0.47 2.73 0.9993 49  29.64 8.80 0.46 5.08 0.9987 91 
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7.3 Results and discussion 

7.3.1 Steady flow test 

7.3.1.1 Flow behavior of starch gels 

The quinoa starch gels showed shear-thinning behaviors as the slope of flow curves (i.e. 

the viscosity) decreased with increasing shear rate (Fig. A7.1). This is in agreement 

with previous reports on other starches such as amaranth and maize starches (Kong et 

al., 2010; Zhu et al., 2016). When the starch gels are at rest, the amylose could form 

random coil structure and entangle with its nearby molecules such as other amylose or 

amylopectin. This entanglement could also trap large particles such as ghost structure 

(which is the remnant of starch granules after gelatinization) (Zhang, Dhital, Flanagan, 

& Gidley, 2014). When subjected to shearing, the entangled molecules are re-oriented 

to the direction of shearing. The large particles may also suffer from disaggregation or 

deformation (Mezger, 2006). S22 (13.4%) and S24 (7.7%) have lower apparent 

amylose contents and showed lower viscosity when compared to the other samples (G. 

Li et al., 2016). This confirms that the amylose plays a major role in the flow behavior 

of quinoa starch gel (Gidley, 1989). The maize gel has lower viscosity than all quinoa 

starch gels despite its higher amylose content. This may suggest that the quinoa starch 

paste could better maintain granule integrity than maize starch under shearing 

conditions.  

 

7.3.1.2 Mathematical modeling of flow behavior and yield stress calculation 

Different mathematical equations were used to model the flow curves (Table 7.1, Tables 
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A7.3−7.8). The power law model (Eq. 1) gave good fitting for some starch systems. 

The parameter Kp refers to the “flow coefficient” and np is the “power-law index” 

(Mezger, 2006). The np values of all samples are lower than 1, confirming the shear-

thinning nature of starch paste. The np of upward curve ranged from 0.28 in S6 to 0.39 

in S22 with an average value of 0.32, whereas the np of downward curve ranged from 

0.37 in S17 to 0.45 in S26 with an average value of 0.40 (Table A7.3). Although the 

power law model is widely used and straightforward to perform, it has some 

disadvantages for the flow behaviors at very low and high shear rates (Mezger, 2006). 

Obvious offsets could be found in several samples, especially for those showing a high 

yield stress.  

Due to the disadvantages of power law model, the Herschel-Bulkley model (Eq.2), as 

a three-parameter model, was introduced. This model well described different starch 

gel systems even at low shear rates (Kong et al., 2010; Li & Zhu, 2017d). The exponents 

of this model (nHB) ranged from 0.41 to 0.43 in upward curve and 0.44 to 0.58 in 

downward curve (Table 7.1), which are similar to the np and confirm the shear-thinning 

nature. The yield stress is the minimum force needed to drive the sample to flow 

(Mezger, 2006). Gel-like samples or dispersions with a high amount of solid particles 

usually have obvious yield stress. Several starch samples exhibited yield stress under 

certain concentrations (Kong et al., 2010; Zhu et al., 2016; Zhu & Wang, 2012). The 

yield stress (τ0HB) of quinoa starch of the upward curve by the Herschel-Bulkley model 

ranged from 3.27 Pa in S24 to 39.69 Pa in S6 with a mean value of 21.88 Pa which is 

slightly lower than maize starch (0.71 Pa) (Table 7.2). 
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Another model introduced to evaluate the yield stress is the Casson model (Eq. 3). 

Unlike the power law and Herschel-Bulkley model which are empirical models, the 

Casson model is a structure-based model originally designed for inks (Casson, 1959). 

It has been used to calculate a broad range of food products such as tomato paste and 

orange juice, and has been adopted as the official method to estimate the flow properties 

of chocolates (Rao, 1999 & 2005). The yield stress of the upward curve calculated by 

this approach (τ0𝐶) ranged from 24.32 Pa in S22 to 65.43 Pa in S26 (Table 7.2). The 

mean value for yield stress of quinoa starch (41.32 Pa) is significantly higher than that 

calculated by Herschel-Bulkley fitting (mean value: 21.88 Pa). The same trend is also 

noted for the maize starch (40.07 Pa vs 28.50 Pa). This agreed with previous reports 

(Rao, 2005).  

The Casson model was modified by Mizrahi and Berk (1972) to describe the flow 

behavior of concentrated orange juice (Eq. 4). This model was developed for a pseudo-

plastic system containing suspended particles (Rao, 2005). The parameter K0MB was 

mainly affected by suspended particles, while the KMB and nMB were affected by the 

properties of the continuous phase. The yield stress of the upward curve from the 

Mizrahi-Berk model ranged from 0.15 Pa in S24 to 32.66 Pa in S6 with an average of 

16.07 Pa (Table 7.2). Another modification of the Casson model is the Heinz-Casson 

model (Eq.7). This model has been used for evaluating the flow behavior of 

concentrated xanthan gum solution (Song, Kim, & Chang, 2006). The fitting parameters 

of quinoa starch by the Heinz-Casson model are in Table A7.8. The yield stress of this 

model ranged from 0.02 Pa in S22 to 27.10 Pa in S6 with an average of 12.81 Pa (Table 
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7.2).  

Besides the above models, other three-parameter models such as Robertson-Stiff model 

(Eq. 5) and Sisko model (Eq. 6) are also introduced (Robertson & Stiff, 1976; Sisko, 

1958). The Robertson-Stiff model has been used to study the flow behaviors of the 

bentonite suspension (Kelessidis & Maglione, 2006). The yield stress of this method 

ranged from 1.85 Pa in S24 to 13.4 Pa in S6 with an average of 7.84 Pa (Table 7.2). The 

Sikso model (Eq. 6) was designed to evaluate the flow properties of lubricating greases 

and it is the combination of Newtonian and non-Newtonian behaviors. However, the 

yield stress cannot be obtained from this model.  

Besides the model fitting methods, the curve reading is another way to estimate the 

yield stress which can be directly read at the lowest shear rate (i.e., 0.1 s-1 in this 

research) (Mezger, 2006). The yield stress values calculated by different models are 

significantly different from each other (Table 7.2). The highest yield stress is of the 

Casson model (41.32 Pa) and the lowest is of the Robertson-stiff model (7.84 Pa). This 

could be readily attributed to the different basis of calculations (Mezger, 2006). The 

yield stress values of maize starch were slightly higher than those of quinoa starch 

(Table 7.2). The higher amylose content in maize starch might be a reason.  

The goodness of fitting of different models were evaluated by 3 parameters: residual 

sum of squares (RSS), reduced Chi-square (RCS), and R2 (coefficient of determination) 

(Table A7.9). Casson model showed the highest RCS and RSS and lowest R2 in both 

upward and downward curve, which suggests poor fitting. For the upward curve, 

Herschel-Bulkley equation gave the highest R2 value and Robertson-Stiff model gave 
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the lowest RCS and RSS value, suggesting that these 2 models could better evaluate 

the flow behaviors of starch gels under the current shearing conditions. For the 

downward curve, Sikso model showed the lowest RCS and RSS and Heinz-Casson 

model gave the highest R2 value, suggesting that these two models could well describe 

the flow diagram when the shear rate decreases. The power-law and Sikso models could 

better describe the downward curve (R2: 0.9903 and 0.9989, respectively) than the 

upward curve (R2: 0.9827 and 0.9894, respectively). This may be due to that both 

models do not contain a yield stress. Overall, the Herschel-Bulkley, Mizrahi-Berk, 

Robertson-Stiff, and Heinz Casson models can efficiently describe the flow behaviors 

of quinoa starch pastes.  

 

7.3.1.3 Flow properties in relation to composition and structure of quinoa starch 

The relationships between flow properties, composition, amylopectin unit and internal 

chain profiles, particle size distribution, and relative crystallinity are analysed by 

Pearson correlation analysis (Tables A7.10–7.12, Table 7.5). There is no significant 

correlation between amylose content estimated by various approaches and yield stress 

calculated by different mathematic models (Table A7.10). No correlations between 

yield stress and chain length distribution of amylopectin was observed (Table A7.12). 

This suggests that the yield stress may be controlled by multi-factors such as the 

presence and mechanical strength of ghost structure of the granule remnant. This could 

be partially supported by the correlations between particle size distribution and yield 

stress (Table A7.11). For example, τ0MB is positively correlated with the mass moment 
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mean diameter (D [4, 3], r = 0.686, p < 0.05) and surface area moment mean diameter 

(D [3, 2], r = 0.688, p < 0.05), and negatively correlated to specific surface area (SSA, 

r = −0.705, p < 0.05). This suggests that the quinoa starch with large starch granules 

tends to have a higher yield stress. This might be another reason for the higher yield 

stress in maize starch for its granule size is significantly higher than that of quinoa 

starch. The yield stress showed significant correlations with amylopectin internal 

structure (Table 7.5). For example, the τ0HB is in negative correlations with the majority 

of short B-chains (BSm, r = −0.757, p < 0.05), internal chain length (ICL, r = −0.723, 

p < 0.05), while being positively correlated with the external chain length (ECL, r = 

0.709, p < 0.05). Longer ECL may cause more entanglements in the paste, causing a 

higher yield stress. Longer ICL may increase the mobility of starch molecules, 

decreasing the molecular entanglements (Li & Zhu, 2017a). 
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Table 7.2. Yield stress of upward flow curve calculated by different models 

 

Sample 

 Code 

Yield stress (Pa) 

Herschel-

Bulkley 
Casson 

Mizrahi-

Berk 

Robertson-

Stiff 

Heinz-

Casson 
Curve reading 

S3 18.73 b 36.04 b 13.42 c 6.81 bc 8.39 bc 24.65 bc 

S6 39.69 a 60.09 a 32.66 a 13.4 a 27.1 a 49.43 a 

S14 24.33 b 42.23 b 18.3 bc 9.12 abc 12.92 bc 34.83 b 

S15 19.33 b 39.34 b 13.29 c 5.92 cd 7.45 cd 33.52 b 

S17 23.66 b 39.29 b 18.51 bc 9.1 abc 14 bc 33.37 b 

S21 26.54 b 41.95 b 21.16 bc 11.43 a 16.72 b 35.53 b 

S22 5.42 c 24.32 c 1.45 d 2.33 d 0.02 d 14.63 c 

S24 3.27 c 23.2 c 0.15 d 1.85 d 12 bc 13.55 c 

S26 35.94 a 65.43 a 25.7 ab 10.61 ab 16.71 b 52.97 a 

Mean 21.88 41.32 16.07 7.84 12.81 32.5 

Maize 28.50 40.07 23.91 16.29 20.67 31.00 

Values in the same column with the different letters differ significantly (p < 0.05)  
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7.3.2 Temperature sweep test  

7.3.2.1 Temperature dependent behaviors of quinoa starch under dynamic oscillation 

When the temperature approached the starch gelatinization temperature (around 50 oC 

for quinoa starch and around 70 oC for maize starch), both G' and G'' increased 

dramatically before reaching a peak (Fig. A7.2). The peak G' (G'max) ranged from 3997 

Pa in S26 to 7510 Pa in S24 with an average of 5397 Pa for quinoa starches. The 

temperature of reaching G'max (TG'max) ranged from 57.7 oC (S14) to 67.3 oC (S22) with 

an average value of 62.1 oC (Table 7.3). Both TG'max and G'max of quinoa starch are lower 

than those of maize starch (76.4 oC and 6630 Pa). This suggests that quinoa starch more 

easily forms a paste with a lower viscosity than maize starch under this concentration. 

After reaching the peak, both G' and G'' decreased with increasing temperature till 90 

oC at which the G' value (G'90) ranged from 1070 to 3735 Pa and G'' (G''90) varied from 

154 to 284 Pa (Table 7.3). The decreased G' and G'' could be due to the rupture and 

collapse of the swelled starch granules. The decreased G' in quinoa starch (3467 Pa by 

average) is significantly higher than that in maize starch (2462 Pa). This might suggest 

the quinoa starch is more sensitive to heating when compared to maize starch under this 

condition. 

As the temperature decreased, G' increased again and reached the highest value at 25 

oC (G'25) (Fig. A7.3). G'25 ranged from 1960 Pa in S24 to 7280 Pa in S15 with an average 

value of 4322 Pa. G'' changed little during cooling and G''25 ranged from 93 to 195 Pa 

(Table 7.3). Upon cooling, the gel rigidity increases and the solubility or mobility of 

starch molecules decreases, which is represented as a rising G' and decaying G'' (Rao, 
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1999). The changes could be mostly due to the re-ordering of leached amylose. The 

long unit chains of amylopectin (e.g., super-long chains of quinoa amylopectin) may 

also participate in this process (Singh et al., 2012; Watanabe et al., 2007). Indeed, S24 

which shows lowest G'25 have low amylose content (Table A7.2). 

The damping factor (tan δ) represents the proportion of viscous and elastic component 

of certain viscoelastic behavior (Rao, 1999). There appeared to be 4 stages in tan δ 

development during heating and cooling (Fig. A7.2 and 7.3). The first stage is before 

the system reaches gelatinization temperature during which the tan δ shows constant 

value below 1. The second stage begins as the tan δ starts to increase dramatically to a 

peak before suddenly decreasing and reaching a plateau even lower than that of the first 

stage. The peak value of tan δ (tan δ max) ranged from 1.47 in S15 to 5.33 in S14 with 

an average of 2.34. The temperature at which the tan δ max is reached (Ttanδmax) ranged 

between 52.0oC and 61.1 oC. This suggests that the viscous component increased when 

starch started to gelatinize, and the elastic behavior finally dominated the system. After 

the second stage, the tan δ starts to increase steadily as a result of rupture of starch 

granule. The last stage begins as tan δ starts to decrease again which suggests that the 

retrogradation process increases the elastic component of the paste. The tan δ at 25 oC 

(tan δ25) ranged from 0.0232 to 0.0711 with an average of 0.0382 (Table 7.3).  The G' 

is by average more than 20 times higher than the G''. A similar temperature-dependent 

process was found in maize starch. The Ttanδmax of maize starch (71.0 oC) is higher than 

that in quinoa starch (55.1 oC). Tan δmax and tan δ25 of maize starch (0.78 and 0.0304, 

respectively) are lower than the average value of quinoa starch (2.34 and 0.0382, 
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respectively) (Table 7.3). This suggests that maize starch paste is more elastic than that 

of quinoa starch.  



185 
 

Table 7.3. Temperature sweep parameters of quinoa starch 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations are in Table A7.1; To and Tp were measured by differential scanning calorimetry in a previous work (Li, Wang, & Zhu, 2016); N/A: not 

applicable; values in the same column with the different letters differ significantly (p < 0.05) 

 

 

Sample 

Code 

Heating  Cooling 
TGS TSG To                         Tp 

TG'max G'max TG''max G''max Ttan δmax tan δmax G'90 G''90  G'25 G''25 tan δ25 

S3 62.5 d 4513 d 59.6 c 699 bc 56.2 bc 1.71 b 1730 e 168 e  5107 c 142 abc 0.0279 b 54.7 abc 57.5 c 52.9 c 59.6 c 

S6 60.3 e 6195 b 56.2 d 770 abc 53.2 de 1.96 b 2675 b 233 b  6310 b 195 a 0.0311 b 51.4 cd 54.9 de 50.7 f 57.3 d 

S14 57.7 f 6163 b 55.2 e 1019 a 53.2 de 5.33 a 1960 d 203 d  5367 c 135 bc 0.0252 b 51.4 cd 54.5 de 51.0 f 56.2 e 

S15 64.3 c 6145 b 59.1 c 591 c 54.7 cd 1.47 b 3735 a 284 a  7280 a 169 ab 0.0232 b 53.5 bcd 55.4 de 52.0 e 58.0 d 

S17 66.1 b 5675 c 62.8 b 608 c 57.5 b 2.34 b 2570 c 218 c  5280 c 133 bc 0.0252 b 56.0 ab 61.0 b 53.1 c 63.1 b 

S21 62.0 d 4113 e 59.3 c 881 abc 55 cd 2.06 b 1367 f 162 ef  2717 d 145 abc 0.0534 ab 45.6 e 58.1 c 54.3 b 59.2 c 

S22 67.3 a 4260 de 65.3 a 734 abc 61.1 a 2 b 1113 g 156 f  2083 e 149 abc 0.0711 a 57.8 a 63.7 a 58.3 a 64.6 a 

S24 60.3 e 7510 a 56.7 d 704 bc 53.2 de 2.25 b 1070 g 154 f  1960 e 93 c 0.0471 ab 50.8 cd 55.6 d 50.7 f 57.3 d 

S26 58.2 f 3997 e 55.2 e 960 ab 52.0 e 1.95 b 1150 g 158 ef  2797 d 110 c 0.0393 ab 49.4 de 54.3 e 50.5 f 57.4 d 

Mean 62.1 5397 58.8 774 55.1 2.34 1930 193  4322 141 0.0382 52.3 57.2 52.6 59.1 

Maize 76.4 6630 74.0 1078 71.0 0.78 4168 299  10185 309 0.0304 N/A N/A N/A N/A 
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7.3.2.2 Phase transition of quinoa starch during heating 

Although the profile of tan δ development provides information about the relative ratio 

between G' and G'' at different temperatures, a specific point of phase transition 

between solution and gel (sol/gel transition) is not clear. One method to estimate the 

sol/gel transition point (or gel point) is based on the crossover of G' and G'' in the 

diagram (Tung & Dynes, 1982). If tan δ is below this point, the system could be 

recognized as solid or gel state. Otherwise, the system could be characterized as liquid 

or sol state (Mezger, 2006). Therefore, the starch gel at the first, third, and fourth stages 

could be better characterized as gel/solid state. The solid behavior of the first stage is 

due to the presence of native starch granule. The shear-thinning gel formed at the third 

and fourth is made from swollen starch granules and re-associations of amylose and 

amylopectin molecules. In the second stage, the system changed from solid to solution 

behavior (gel/sol transition) and then went back to solid behavior (sol/gel transition) as 

a result of granular swelling, leaching and collapsing. The temperature of the first 

transition (TGS) ranged from 45.6 oC in S21 to 57.8 oC in S22, which are similar to To 

measured by DSC. The second transition temperature (TSG) ranged from 54.3 to 63.7 

oC, which are lower than the peak temperature (Tp) obtained by DSC (Table 7.3). The 

gel point for maize starch, however, was not observed. The results of G'−G'' crossover 

and phase transition of gel systems also depend on the experiment settings such as 

oscillatory frequency (Rao, 1999; Gunasekaran & Ak, 2000). Nevertheless, a similar 4-

stage process during gelatinization of rice starch has been observed using a different 

approach (Hsu, Lu, & Huang, 2000).  
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7.3.2.3 Temperature dependent behaviors in relation to composition and structure of 

starch 

The amylose contents are significantly correlated with dynamic rheological properties 

of quinoa starch (Table A7.10). For example, G'25 is positively correlated with AAM (r 

= 0.860, p < 0.01), ACC (r = 0.715, p < 0.05), AAM6B (r = 0.896, p < 0.01). These 

positive correlations confirm that the amylose could form a 3-dimensional network by 

re-arrangement, increasing the elastic behaviors of starch gel.  

The parameters related to the gelatinization temperature such as TG'max and TSG showed 

significant corrections with amylopectin structure (Table A7.12). For example, the 

molar amount of fingerprint A-chains (Afp) had negative correlations with TG'max (r = 

−0.868, p < 0.01), TG''max (r = −0.840, p < 0.01), and TSG (r = −0.756, p < 0.05). Similar 

correlations between TG'max and short chains of amylopectin have been recorded in 

amaranth and rice starches (Kong et al., 2010; Singh et al., 2012). Afp-chains are too 

short to form double helical structure, while giving structural defects in the granules 

(Bertoft, 2004). The TG'max is positively correlated with the degree of crystallinity (Table 

A7.11). This confirms that the gelatinization is much related to the melting of crystals 

in the granules.  

The internal amylopectin structure showed little correlations with the parameters 

related to gelatinization temperatures such as TG'max and TG''max. The G'90 and G'25 were 

found negatively correlated to the amount of major part of short B-chains (BSm), the 

chain length of short B-chains (BS-CLld), and chain length of B-chains in φ, β-LDs 
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(BCLld) (Table 7.5). This supports the previous suggestion that the internal part of 

amylopectin could affect the rheological properties (Li & Zhu, 2017a). The major part 

of short B-chains might interact with and prevent the amylose from leaching, reducing 

the formation of 3-dimensional network. Indeed, BSm and AML of quinoa starch was 

found negatively correlated (Li & Zhu, 2017a). Tan δ25 showed positive correlations 

with the long chain fraction such as B2 (r = 0.794, p < 0.05), B3 (r = 0.814, p < 0.01) 

and negative correlations with short chain fraction (S, r = −0.794, p < 0.05). This 

suggests the long internal chains of amylopectin could increase the viscosity behavior 

of gel by forming junction zones. The role of long internal unit chains of amylopectin 

in gelation of starch has been well exploited in a recent report by Bertoft et al. (2016).  

 

7.3.3 Frequency sweep measurements 

7.3.3.1 Frequency dependent behaviors of quinoa starch 

The frequency sweep experiment was carried out within LVE after the heating and 

cooling (Fig. A7.4). Parameters such as the slope and intercept of G' and G'' after linear 

fitting (Slope G', Intercept G', Slope G'', Intercept G''), and G' at a low and high frequency 

(G'0.1Hz, G'40Hz) are recorded (Table 7.4). G' was higher than G'' within the frequency 

range and there was no crossing between them. This suggests that the gel character 

dominates throughout the frequency range mostly due to the re-ordering of amylose 

components. The leached amylose is fixed by hydrogen bonds upon cooling, restricting 

the molecules or particles from moving.  

Gels could be classified as “true gel” or “strong gel” and “week gel” (Rao, 1999). Their 



189 
 

difference is whether the network is stable over different frequency (Rao, 1999). Our 

results showed that the quinoa starch gel was strong as the G' was nearly independent 

of frequency. The G' at low frequency could be used to estimate the extent of cross-

linking in gel (Mezger, 2006). The high G' represents stable network with a high degree 

of cross-linking. The G' at 0.1 Hz (G'0.1Hz) in this work ranged from 1890 Pa in S24 to 

7390 Pa in S15 with an average value of 4321 Pa, which is lower than that of maize 

starch (10110 Pa) (Table 7.4). This could be due to the lower amylose content of quinoa 

starch with less cross-linking within the gel. Indeed, among the quinoa samples, those 

with lower amylose contents (e.g., S22 and S24) showed lower G' than those with 

higher amylose contents (e.g., S6 and S17).  
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Table 7.4. Frequency sweep parameters of quinoa starch pastes 

 

Sample Slope G' Intercept G' R2
G' Slope G'' Intercept G'' R2 G'' G'40Hz (Pa) G'0.1Hz (Pa) Mc (×105 g/mol)  

S3 16.4 ab 5256 c 0.78 13.5 cd 123 bc 0.98 5677 c 5140 c 3.48 d 

S6 21.3 a 6423 b 0.87  13.8 bc 188 a 0.97  7063 b 6360 b 2.81 e 

S14 9.0 ab 5428 c 0.51  12.3 d 114 bc 0.98  5627 c 5283 c 3.38 d 

S15 14.0 ab 7574 a 0.57  18.0 a 157 ab 0.97  7927 a 7390 a 2.42 e 

S17 20.7 ab 5415 c 0.91  14.4 bc 131 abc 0.98  6047 c 5363 c 3.33 d 

S21 16.7 ab 2846 d 0.70  17.6 a 121 bc 0.97  3347 d 2713 d 6.61 c 

S22 20.3 ab 2139 e 0.87  16.8 a 123 bc 0.97  2727 e 1997 e 8.98 b 

S24 8.3 b 1962 e 0.67  14.9 bc 71 c 0.981  2170 e 1885 e 9.49 a 

S26 16.7 ab 2904 d 0.84  15.1 b 89 c 0.98  3473 d 2810 d 6.37 c 

Mean 15.9 4438 0.75 15.1 121 0.98 4908 4321 5.21 

Maize 32.4 1022 0.92 18.8 268 0.96 11367 10110 1.77 

Abbreviations are in Table A7.1; N/A: not applicable; values in the same column with the different letters differ significantly (p < 0.05)  
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7.3.3.2 Application of rubber elasticity theory 

For the frequency (0.1 Hz to 40 Hz)-dependence of G', the rubber elasticity theory could 

be applied (Gluck-Hirsch & Kokini, 1997). In solvent-swollen polymer systems, the 

relationship between G' and the mean molecular weight of chains between two cross-

link point (Mc) was given as below (Treloar, 1975): 

𝐺′ = (
𝜌𝑅𝑇

𝑀𝑐
)(𝑣2)

1
3 

In which ρ is the density of polymer in un-swollen state, R is gas constant, T is 

temperature in K, and v2 is the volume fraction of the polymer. This equation has been 

converted to relate the weight concentration (c) by Taylor & Bagley (1977) as bellow: 

G′

𝑐
1
3

=
𝜌

2
3𝑅𝑇

𝑀𝑐
 

When applied to the starch system, instead of forming cross-link point, it has been 

suggested that the network of starch gel is stablized by double helical structure formed 

by linear glucan chains acting as “junction zones” (Gidley, 1989). Thus, if a junction 

zone in the three-dimensional gel network is treated as a cross-link point, the mean 

molecular weight of chain segments between 2 adjacent junction zones (Mc) could be 

estimated (G'0.1 Hz was employed) (Table 7.4). The Mc ranged from 2.42×105 g/mol in 

S15 to 9.49×105 g/mol in S24 with an average value of 5.21×105 g/mol (Table 7.4). 

This means that chain segments between two adjacent “junction zones” in quinoa starch 

gel had a molecular weight of 5.21×105 g/mol (Fig. A7.5). This is a significantly lower 

value when compared with the Mw of quinoa starch (11×106 g/mol) (Praznik et al., 

1999). The Mc of quinoa starch is significantly higher than that of maize starch 

(1.77×105 g/mol). This suggests the maize starch gel is more tightly cross-linked than 
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quinoa starch gel. The possible explanation could be the higher amylose content and 

less branches in maize amylose than quinoa amylose (Tang et al., 2002), which 

faciliates the formation of junction zones. The Mc in quinoa starch is significantly lower 

than cross-linked waxy maize starch gel with a low degree of cross-linking (e.g., 

2.6×106 g/mol), and high degree of cross-linking (e.g., 1.2×106 g/mol) (Gluck-Hirsch 

& Kokini, 1997). However, it should be noted that this theory may not be fully adopted 

to starch system which contains both the amylose and amylopectin molecules with great 

polydispersity.  

The frequency sweep can also be used to estimate the time-dependent behaviors as the 

frequency is the inverse of time. For example, the G' at low frequency (e.g., 0.01 rad/s 

for scientific research and below 1 rad/s for quality control test) could represent the 

long-term stability of gel (Mezger, 2006). The slope of quinoa G' curve (mean: 15.9) is 

lower than that that of maize starch (32.4), suggesting the former had a higher stability 

during long term storage.  

 

7.3.3.3 Frequency dependent behaviors in relation to composition and structure of 

quinoa starch 

The slope of G'' curve during frequency sweep (Slope G'') had significant correlations 

with the chain length of amylopectin (CL, r = 0.842, p < 0.01) and chain length of short 

amylopectin unit chains (SCLap, r = 0.800, p < 0.01) (Table A7.12). There are no 

correlations between G'40Hz or G'0.1Hz and amylopectin structure, while several 

correlations between amylopectin internal structure and parameters of frequency sweep 
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were founded. For example, G'40Hz was negatively correlated with BSm (r = −0.737, p 

< 0.05), BS-CLld (r = −0.747, p < 0.05), and BCLld (r = −0.717, p < 0.05) (Table 7.5). 

The gel structure seemed to be more affected by the internal structure than the chain 

length distribution of amylopectin. 

The particle size distribution showed several significant correlations with the 

rheological properties of quinoa starch (Table A7.11). The mass moment mean diameter 

(D [4, 3]) is positively correlated with G'25 (r = 0.739, p < 0.05), G'40Hz (r = 0.736, p < 

0.05), and G'0.1Hz (r = 0.738, p < 0.05). This suggests that quinoa starch with larger 

granules showed more elastic behavior. The results agreed with a previous report on the 

relationships between granule size and dynamic rheology of maize starch (Zhu et al., 

2016). The distribution of granule size could also affect the rheological behaviors. For 

example, the uniformity, which represents the extent of centralization of the granule 

distribution, showed positive correlations with G'25 (r = 0.741, p < 0.05), G'40Hz (r = 

0.777, p < 0.05), and G'0.1Hz (r = 0.752, p < 0.05).  
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Table 7.5. Correlations between rheological properties and internal unit chain profiles of quinoa amylopectin   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significant at p < 0.05; ** the correlations are significant at p < 0.01; abbreviations are in Table A7.1 

 

 A Bfp BSm B1 B2 B3 BL S CLld BS-CLld BL-CLld BCLld ECL ICL TICL NC:B φ, β-LV Clap A: B BS: BL Bfp: BSm Aclsr: BS Aclsr: B Sap: Lap 

τ0HB 0.457 0.168 -.757* -0.280 -.649 -.668* -.656 .652 -.723* -0.543 -0.327 -0.550 .709* -.723* -0.550 0.433 .732* -0.200 0.441 0.513 0.418 0.270 0.362 0.228 

τ0MB 0.513 0.125 -.792* -0.341 -0.652 -.674* -0.660 0.657 -.740* -0.524 -0.357 -0.532 .723* -.740* -0.532 0.487 .747* -0.210 0.494 0.491 0.399 0.315 0.403 0.225 

τ0RS 0.634 -0.026 -.802** -0.488 -0.619 -0.607 -0.623 0.624 -.722* -0.408 -0.305 -0.422 .687* -.722* -0.422 0.610 .722* -0.253 0.614 0.395 0.274 0.453 0.522 0.266 

τ0HC 0.489 0.051 -0.635 -0.323 -0.624 -0.642 -0.632 0.632 -.670* -0.441 -0.284 -0.476 0.601 -.670* -0.476 0.461 0.652 -0.319 0.467 0.417 0.273 0.138 0.224 0.295 

τ0CR 0.346 0.290 -.721* -0.146 -.678* -.679* -.684* .679* -.724* -0.621 -0.265 -0.626 .740* -.724* -0.626 0.326 .744* -0.129 0.337 0.596 0.506 0.199 0.303 0.180 

TG'max -0.320 0.045 0.196 0.157 0.582 0.409 0.569 -0.567 0.468 0.215 -0.252 0.353 -0.200 0.468 0.353 -0.347 -0.378 .748* -0.354 -0.477 0.012 -0.042 -0.145 -.790* 

G'max -0.023 0.274 -0.132 0.172 -0.414 -0.407 -0.417 0.416 -0.329 -0.362 -0.181 -0.447 0.256 -0.329 -0.447 -0.008 0.303 -0.250 0.009 0.466 0.293 -0.220 -0.114 0.164 

TG''max -0.202 -0.199 0.301 -0.009 .677* 0.511 0.665 -0.661 0.560 0.438 -0.215 0.542 -0.350 0.560 0.542 -0.229 -0.491 0.630 -0.239 -0.615 -0.240 0.056 -0.073 -0.655 

G''max 0.573 -0.495 -0.126 -0.538 -0.308 -0.115 -0.291 0.295 -0.265 0.224 0.302 0.078 0.039 -0.265 0.078 0.595 0.195 -0.601 0.592 0.147 -0.405 0.472 0.492 .700* 

G'90 -0.010 0.650 -.696* 0.202 -0.533 -0.571 -0.541 0.534 -0.592 -.781* -0.422 -.717* .746* -0.592 -.717* -0.011 0.657 0.230 0.006 0.624 .845** 0.078 0.191 -0.290 

G''90 0.019 0.640 -.708* 0.184 -0.580 -0.598 -0.586 0.579 -0.627 -.787* -0.397 -.742* .779* -0.627 -.742* 0.022 .694* 0.216 0.041 .681* .843** 0.109 0.229 -0.265 

G'25 0.130 0.529 -.721* 0.077 -0.619 -0.661 -0.627 0.617 -.670* -.742* -0.478 -.726* .706* -.670* -.726* 0.133 .694* -0.068 0.150 .673* .740* 0.110 0.240 0.002 

G''25 0.223 0.133 -0.561 -0.201 -0.134 -0.195 -0.143 0.134 -0.281 -0.263 -0.303 -0.175 0.435 -0.281 -0.175 0.208 0.347 0.303 0.206 0.120 0.372 0.310 0.315 -0.353 

Ttan δmax -0.150 -0.315 0.366 -0.079 .708* 0.546 .697* -.694* 0.601 0.546 -0.202 0.618 -0.441 0.601 0.618 -0.171 -0.548 0.519 -0.183 -0.638 -0.361 0.088 -0.045 -0.540 

tan δmax .691* -0.476 -0.252 -0.596 -0.506 -0.366 -0.495 0.502 -0.458 0.120 -0.091 -0.105 0.179 -0.458 -0.105 .724* 0.372 -.771* .733* 0.391 -0.317 0.563 0.638 .793* 

tan δ25 -0.132 -0.542 0.639 -0.138 .794* .814** .800** -.794* .771* .808** 0.447 .856** -.673* .771* .856** -0.140 -.744* 0.411 -0.161 -.810** -.685* 0.046 -0.126 -0.358 

TGS -0.355 0.125 0.281 0.285 0.340 0.073 0.315 -0.323 0.311 0.079 -0.546 0.088 -0.223 0.311 0.088 -0.373 -0.281 0.283 -0.367 -0.107 0.036 -0.310 -0.326 -0.332 

TSG -0.068 -0.403 0.356 -0.169 .702* 0.534 .690* -.683* 0.586 0.593 -0.219 0.659 -0.428 0.586 0.659 -0.098 -0.535 0.512 -0.111 -.693* -0.437 0.123 -0.020 -0.528 

Slope G' 0.035 -0.012 -0.201 -0.123 0.257 -0.006 0.231 -0.234 0.081 0.004 -0.533 0.123 0.140 0.081 0.123 -0.026 0.000 0.544 -0.033 -0.276 0.102 0.038 -0.027 -0.556 

Intercept G' 0.116 0.541 -.720* 0.089 -0.610 -0.651 -0.619 0.609 -0.662 -.747* -0.466 -.725* .706* -0.662 -.725* 0.120 .690* -0.048 0.136 .668* .750* 0.108 0.236 -0.016 

Slope G'' -0.409 0.236 0.136 0.296 0.438 0.551 0.452 -0.448 0.396 0.067 0.510 0.256 -0.081 0.396 0.256 -0.404 -0.287 .842** -0.415 -0.362 0.169 0.042 -0.056 -.796* 

Intercept G'' 0.179 0.217 -0.575 -0.131 -0.197 -0.254 -0.206 0.195 -0.326 -0.348 -0.294 -0.262 0.470 -0.326 -0.262 0.166 0.389 0.268 0.166 0.198 0.445 0.235 0.257 -0.321 

G'40Hz 0.122 0.538 -.737* 0.077 -0.592 -0.658 -0.603 0.593 -0.659 -.747* -0.518 -.717* .722* -0.659 -.717* 0.119 .693* -0.001 0.135 0.645 .756* 0.110 0.232 -0.062 

G'0.1Hz 0.117 0.542 -.722* 0.089 -0.615 -0.659 -0.623 0.613 -.666* -.750* -0.474 -.730* .709* -.666* -.730* 0.120 .693* -0.053 0.137 .670* .751* 0.101 0.230 -0.012 
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7.4 Conclusion 

In this work, both the large and small deformation tests were conducted on selected 

quinoa samples. Four mathematic models, including Herschel-Bulkley, Heinz-Casson, 

Mizrahi-Berk, and Robertson-Stiff models, were found suitable to describe the flow 

behaviors of quinoa starch gel and to calculate the yield stress. The phase transitions, 

including gel/sol and sol/gel transitions, were observed during the temperate sweep. 

The gel points of quinoa starch are within the range of 54.3−63.7 oC. The Mc was 

calculated based on rubber elasticity theory, which showed that quinoa starch gel is less 

cross-linked than normal maize starch gel. Correlation analysis showed that the 

rheological behaviors of quinoa starch are related to granular structure (e.g., particle 

size distribution and degree of crystallinity), amylose contents (AAM, AAM6B, and 

ACC), and amylopectin structure. The unit chain length distribution of amylopectin is 

in close relationship with the parameters associated with starch gelatinization (e.g., TSG), 

while the parameters related to the gel microstructure such as yield stress and G'90 are 

significantly correlated with the amylopectin internal structure. Thus, the variations in 

viscoelastic properties among different quinoa samples are contributed by diverse 

factors of chemical composition and granular morphology, and chemical structure of 

amylose and amylopectin. This is a complex system. Multiple factors are involved in 

both the rheological quantification and the structural basis for these rheological 

properties. Nevertheless, this study may stimulate further interest in understanding the 

rheology-structure relationships of starch components.      
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Chapter 8 Effect of high pressure on 

rheological and thermal properties of 

quinoa and maize starches 
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8.1 Introduction 

Quinoa (Chenopodium quinoa Willd.) is an Andes-originated pseudo-cereal and has 

recently gained much attention for its attractive nutritional value (Wang & Zhu, 2016). 

Quinoa seeds have been processed into a range of food products (Wang & Zhu, 2016). 

Starch is the major component of quinoa seed, which accounts for more than 50% of 

the dry weight. Quinoa starch has small granules (~2 μm) and a low amylose content 

(e.g., ~7%) (Abugoch, 2009; Li, Wang, & Zhu, 2016; Li & Zhu, 2017b). The 

amylopectin of quinoa starch has a high proportion of short chains and a high amount 

of fingerprint A-chains (Afp) (Li & Zhu, 2017b). The presence of super-long chains in 

quinoa amylopectin was suggested (Tang, Watanabe, & Mitsunaga, 2002). The quinoa 

amylose is more branched than amyloses of other starches (Abugoch, 2009; Tang et al., 

2002). These structural features of quinoa starch result in several distinct properties 

such as low gelatinization temperatures, low gel strength, and high enzyme 

susceptibility (Li et al., 2016). The functional properties of quinoa starch suggest that 

it may be used as a novel starch resource for food and other applications. Modifications 

of quinoa starch can expand the range of its functionalities for uses.  

High hydrostatic pressure (HHP) treatment is a non-thermal food processing technique 

and can be used for starch modifications (Yang, Chaib, Gu, & Hemar, 2017). Starch can 

be gelatinized under HHP. HHP-induced gelatinization of starch is similar to heat-

induced gelatinization in many ways with some notable differences (Kim, Kim, & Baik, 

2012). HHP-induced gelatinization better preserved the granular structure of starch 

(Kim et al., 2012; Yang et al., 2017). HHP decreased the amylose leaching with 
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increasing pressure. Instead of leaching to the liquid phase, amylose may form 

complexes with lipids or amylopectin, which reduces the granule swelling during HHP 

treatment (Kim et al., 2012; Vallons, Ryan, & Arendt, 2014). HHP-induced starch 

gelatinization is affected by the experimental conditions such as the level of pressure, 

holding time and temperature during the experiment (Yang et al., 2017). The 

concentration, chemical composition, and structure of starch also have significant 

effects on the outcomes of this process (Kim et al., 2012). For example, A-type starch 

tends to be more sensitive to HHP than B-type and C-type starches due to the 

differences in the granule structure (Kim et al., 2012; Vallons et al., 2014). Oh, Pinder, 

Hemar, Anema, and Wong (2008) classified starches into three categories according to 

their behaviors under HHP. They included waxy starch which is fully gelatinized at high 

pressure (e.g., > 400 MPa), normal starch which is partially gelatinized at high pressure, 

and pressure-resistant starch such as high amylose starch which normally does not 

gelatinize below 600 MPa. Therefore, the outcomes of HHP heavily depend on the type 

of starches.  

In recent years, studies of the impact of HHP were conducted on starches from a range 

of sources (Kim et al., 2012; Liu, Hu, & Shen, 2010; Vallons et al., 2014; Yang et al., 

2017). Quinoa starch, as a novel source of starch, remains to be treated by HHP. This 

study reports the effect of HHP up to 600 MPa on physicochemical properties of quinoa 

starch. Normal maize starch, as one of the mostly used commercial starches, was 

employed as a reference for comparison. The results of this study may provide a basis 

to better utilize quinoa starch for novel applications and also to develop quinoa as a 



199 
 

sustainable crop. A large number of nomenclatures were used and a table of their 

abbreviations was presented (Table A8.1).  

 

8.2 Materials and methods 

8.2.1 Materials 

Quinoa seeds (brand: Fresh Produce Be Fresh Quinoa; country of origin: Peru; seed 

color: white) were purchased from Countdown supermarket, New Zealand. Quinoa 

starch (200 g) was isolated by a procedure of a previous report (Li et al., 2016). Normal 

maize starch (Melogel) (Ingredion ANZ Pty Ltd., Auckland, New Zealand) was used as 

a reference. The amylose contents of quinoa and maize starches were 10.9 and 25.8%, 

respectively, according to a concanavalin A precipitation-based method (Gibson, Solah, 

& McCleary, 1997).  

 

8.2.2 HHP treatment 

HHP treatments were carried out in a laboratory-scale high-pressure unit (QFP 2L-700, 

Avure Technologies Inc, Middletown, US). Quinoa starch was mixed with water to a 

concentration of 10% (w/v) and sealed in a plastic bag by a vacuum sealer. Before 

sealing, gas inside the bag was carefully removed. Each bag was shaken several times 

before HHP treatment to prevent sedimentation. Starches were treated at 100 MPa to 

600 MPa at room temperature. The pressure was held for 5 min before releasing. After 

HHP treatment, starch samples were immediately stored in a freezer (−80 oC) and 

lyophilized on the next day. The freezing and lyophilization process may minimize the 
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retrogradation of the gelatinized starches (Blaszczak, Valverde, & Fornal, 2005; Kim et 

al., 2012). The untreated starches were also subjected to freezing and lyophilization for 

comparative purpose.   

 

8.2.3 Morphology 

The morphology of starch samples were analyzed by scanning electron microscopy 

(SEM) (Hitachi S-3400 N, Tokyo, Japan). The accelerating voltage was 3–5 kV and the 

working distance was between 4500 and 7000 μm. 

 

8.2.4 Particle size distribution 

Particle size distribution of starch was estimated by a Matersizer particle size analyzer 

(Malvern Mastersizer 2000, Malvern Instruments Ltd, Malvern, UK). Starch was 

suspended in water to a concentration of 1%, which was shaken overnight on a shaker. 

The starch suspension was added to the dispersion unit and was kept stirring at 2,100 

rpm for 2 h before measurement. The dispersant refractive index and particle absorption 

index were 1.33 and 0, respectively. The mass moment mean diameter or De Brouckere 

mean diameter (D [4, 3]), surface area moment mean diameter or Sauter mean diameter 

(D [3, 2]), and number median diameter (d [n, 0.5]) were recorded. The Span and 

Uniformity were also calculated as indicators of deviation from the median of number-

based size distribution. The plotted results were transformed into number-, volume-, 

and surface-based distribution. 
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8.2.5 Swelling power (SP) and water solubility index (WSI) 

SP and WSI of starch at 55, 65, 75, 85, and 95 oC were estimated following a previous 

work (Li et al., 2016).   

 

8.2.6 Thermal properties 

Differential scanning calorimeter (DSC) (Q1000 Series, TA Instruments, New Castle, 

USA) was used to analyze thermal properties of starch. Starch (~3 mg) was accurately 

weighed in an aluminum pan before adding water (3 times in weight to starch). The 

aluminum pan was sealed and allowed to equilibrate at room temperature for 1 h. The 

temperature range was 25–90 oC and the heating rate was 10 oC/min. After 

measurement, sample was stored at 4 oC for two weeks before retrogradation analysis 

using the same DSC settings. Onset (To), peak (Tp), conclusion (Tc) temperatures, and 

enthalpy change (ΔH) were recorded.  

 

8.2.7 Rheological properties 

8.2.7.1 Steady flow 

The steady flow experiment followed a previous report with some modifications (Zhu, 

Bertoft, & Li, 2016). Briefly, starch suspension (1 mL, 5%, w/v) was prepared in 

Eppendorf tube by vortexing. The suspension was heated in a water bath (90 oC) with 

intermittent mixing for 30 min. The paste was transfered to bottom plate of an Anton 

Paar rheometer (Physica MCR 301, Anton Paar GmbH, Graz, Austria). A parallel plate 

geometry (PP25) was used in the steady flow experiment and the gap size was 1 mm. 
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The paste was kept at 25 oC for 5 min before shearing from 0.1 to 1000 s-1 and then 

from 1000 to 0.1 s-1. The relationships between shear stress and shear rate were 

described by Herschel-Bulkley (Eq. 1) equation: 

𝜏 = 𝐾0 + 𝐾 ∙ (�̇�)𝑛         (1) 

Where 𝜏  is shear stress (Pa), γ̇  is shear rate (s-1), n is flow behavior index 

(dimensionless), K is consistency coefficient, and Ko is yield stress. The goodness of 

fitting was estimated by R2 (coefficient of determination). 

 

8.2.7.2 Dynamic oscillation 

The procedure followed a previous report with some modifications (Zhu et al., 2016). 

Starch sample was mixed with water to a concentration of 16.7% in an Eppendorf tube. 

The suspension was stirred for 5 min before loading on the bottom plate of the 

rheometer. A programmed cycle of heating and cooling was used to estimate the 

dynamic oscillation properties of starch. The sample was heated to 90 oC before cooling 

to 25 oC at 2 oC/min. The strain and frequency were 2% and 1 Hz, respectively. The 

edge of sample was covered by a thin layer of oil to prevent evaporation. After 

temperature sweep, starch gel was allowed to stand at 25 oC for 5 min before subjecting 

to frequency sweep test. The frequency was increased from 0.1 to 40 Hz before 

decreasing to 0.1 Hz with temperature and strain holding constant. Storage modulus 

(G'), loss modulus (G''), and loss tangent (tan δ = G''/G') were estimated. G' was fitted 

into the following equation: 

log 𝐺′ = 𝑘𝐺′ × log 𝜔         (2) 
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8.2.7.3 Pasting  

An Anton Paar MCR 301 rheometer (Anton Paar GmbH, Ostfildern, Austria) with a 

starch cell was used to determine the pasting properties of starch. The procedure was 

according to a previous description (Li et al., 2016). The pasting parameters were 

pasting temperature (PT), peak viscosity (PV), peak time (Ptime), peak temperature 

(PKT), hot paste viscosity (HPV), and cold paste viscosity (CPV). Other derived 

parameters were breakdown (BD = PV – HPV), setback (SB = CPV – HPV), stability 

ratio (SR = HPV/PV×100%), and setback ratio (BR = CPV/HPV). The viscosity unit 

was cP.  

 

8.2.8 Gel texture properties 

After pasting, starch paste was divided and transferred to two glass canisters with cap. 

It was then centrifuged at 1,000 × g for 5 min to remove air bubbles. The canisters were 

separated into two groups and stored at 4 oC for 24 h and 1 week, respectively. Texture 

analysis of starch gel was according to a previous description (Li et al., 2016). 

Fracturability (FRA), hardness (HD), adhesiveness (AD), and cohesiveness (CH) were 

determined. 

 

8.2.9 Statistical analysis 

All measurements were done in triplicate. Mathematical fitting of rheological data was 

carried out by using OriginPro 9.0 (Northampton, MA, USA). One-way Analysis of 
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Variance (ANOVA) was done by SPSS 22.0 (IBM Corporation, New York, USA) to 

estimate whether data are significantly different from each other (p < 0.05).  

 

8.3 Results and discussion 

8.3.1 Morphology 

The morphology of quinoa and maize starch granules agreed well with the results of 

previous studies (Li & Zhu, 2017a) (Fig. A8.1). Pressures up to 300 MPa had little 

effect on starch morphology as observed by SEM (Fig. A8.1). Pressure of 500 MPa 

completely disrupted the quinoa granules and changed them mostly into a conhesive 

matrix where the granule remnants embedded (Fig. A8.1), indicating starch 

gelatinization. The results agreed with previous HHP studies on other starches (Yang et 

al., 2017). In contrast, maize starch had little changes at 500 MPa, suggesting quinoa 

starch was more susceptible to HHP. Increasing the pressure to 600 MPa destroyed the 

morphology of both maize and quinoa starches, though the shapes of the granules were 

still roughly distinguishable. Blaszczak et al. (2005) observed HHP-induced cracking 

of potato starch granules, which was not found in this study. This indicated the 

outcomes of HHP greatly depends on the starch type. 

Pressure up to 400 MPa had little effect on D [4, 3] and D [3, 2] (Table 8.1, Fig. A8.2 

and 8.3). Higher pressures of 500 and 600 MPa significantly increased D [3, 2] and D 

[4, 3] of both starches (Table 8.1). For example, pressure of 600 MPa increased the D 

[3, 2] of quinoa starch to 19.03 μm, which was more than ten times than that of control 

(1.60 μm). Similar results were found on maize starch. This could be readily attributed 
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to the gelatinization and subsequent aggregation of starch granules under HHP. The 

aggregation of starch granules due to gelatinization could also be reflected by the 

decreased SSA when the pressure increased from 500 to 600 MPa. The extents of 

changes in the granule size induced by HHP appeared rather different between quinoa 

and maize starches. This suggested that the extent of gelatinization depended on the 

starch type. Pressure of 600 MPa significantly decreased the d [n, 0.5] of maize starch, 

whereas the opposite trend was observed for quinoa starch (Table 8.1, Fig. A8.3). HHP 

treatment increased the size distribution range of both quinoa and maize starches. Both 

span and uniformity of starches significantly increased at pressures of 500 and 600 MPa. 

For quinoa starch, the highest span and uniformity were obtained at 500 MPa, whereas, 

for maize starch, their highest values were observed at 600 MPa. Therefore, it seemed 

that increasing pressure after the starch gelatinization may induce aggregation in quinoa 

starch which had a different extent of gelatinization/aggregation from maize starch.  
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Table 8.1. Particle size parameters of quinoa and maize starches as affected by HHP   

 

 d [n, 0.5] D [3, 2] D [4, 3] Span Uniformity 

 (μm) (μm) (μm)   

Quinoa      

Control 1.36 f 1.60 f 1.70 e 0.61 g 0.20 g 

100 MPa 1.37 e 1.80 c 2.02 c 0.76 c 0.25 c 

200 MPa 1.34 g 1.72 e 1.91 d 0.73 e 0.23 e 

300 MPa 1.39 d 1.78 cd 1.98 cd 0.75 d 0.24 d 

400 MPa 1.42 c 1.75 de 1.91 d 0.68 f 0.22 f 

500 MPa 2.64 b 7.11 b 12.35 b 1.25 a 0.42 a 

600 MPa 2.82 a 19.03 a 75.66 a 1.04 b 0.36 b 

Maize           

Control 10.80 a 13.74 c 15.08 c 0.80 c 0.25 c 

100 MPa 10.76 ab 13.69 c 15.02 c 0.80 c 0.25 c 

200 MPa 10.81 a 13.73 c 15.05 c 0.79 c 0.25 c 

300 MPa 10.71 b 13.63 c 14.95 c 0.80 c 0.25 c 

400 MPa 10.73 ab 13.67 c 14.99 c 0.80 c 0.25 c 

500 MPa 10.79 ab 15.22 b 17.38 b 0.94 b 0.29 b 

600 MPa 2.86 c 29.67 a 72.96 a 1.35 a 0.54 a 

 

Abbreviations are in Table A8.1; values in the same column and of the same starch with the 

different letters differ significantly (p < 0.05) 
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8.3.2 Swelling power (SP) and water solubility index (WSI) 

WSI and SP of quinoa starch tended to be higher than those of maize starch (Table 8.2 

and Fig. A8.4). Both WSI and SP of starches at higher temperatures (65–95 oC for 

quinoa starch and 75–95 oC for maize starch) decreased with increasing HHP. HHP of > 

400 MPa induced gelatinization of starch, which gave higher SP and WSI of the starches 

at lower temperatures. In contrast, SP and WSI of both starches at lower temperatures 

(55 oC for quinoa starch and 55 and 65 oC for maize starch) decreased with HHP up to 

400 MPa before starting a small decrease with further HHP increasing to 600 MPa. The 

results agreed with previous HHP studies on rice and red adzuki starches (Li et al., 2012; 

Li et al., 2015). HHP treatment limited the amylose leaching and promoted the 

formation of amylose-lipid complexes which stabilized the granule structure and 

reduced the SP and WSI above gelatinization temperatures (Katopo, Song, & Jane, 2002; 

Li, Bai, Mousaa, Zhang, & Shen, 2012; Oh et al., 2008). The differences in the extents 

of changes in SP and WSI between quinoa and maize starches further confirmed that 

the outcomes of HHP depend on the starch type. 
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Table 8.2. Water solubility index (WSI) and swelling power (SP) of quinoa and maize starches as affected by HHP 

 

 WSI95 WSI85 WSI75 WSI65 WSI55 SP95 SP85 SP75 SP65 SP55 

 (%) (%) (%) (%) (%) (g/g) (g/g) (g/g) (g/g) (g/g) 

Quinoa           

Control 65.25 b 59.70 a 7.01 a 5.52 ab 0.13 ab 22.39 a 21.11 a 9.07 a 10.35 b 2.81 c 

100 MPa 69.49 ab 60.08 a 6.75 a 5.79 ab 0.44 ab 22.93 a 18.42 b 8.90 ab 9.73 c 2.69 c 

200 MPa 71.18 ab 57.45 a 5.81 b 5.39 ab –0.08 ab 23.96 a 19.95 ab 8.66 ab 9.66 c 2.69 c 

300 MPa 69.93 ab 60.24 a 6.47 ab 6.85 a 0.54 ab 23.13 a 21.14 a 8.64 ab 9.65 c 2.72 c 

400 MPa 71.96 a 62.73 a 7.12 a 7.70 a –1.61 b 24.23 a 19.70 ab 8.94 ab 10.00 bc 2.61 c 

500 MPa 16.96 c 51.13 b 4.93 c 1.81 b 0.98 ab 20.46 b 18.87 b 8.48 b 11.10 a 6.68 b 

600 MPa 6.51 d 37.85 c 3.11 d 1.82 b 1.76 a 18.10 c 18.92 b 7.93 c 11.26 a 8.49 a 

Maize                     

Control 14.29 b 8.35 ab 7.01 a 1.22 bcd –0.24 a 16.74 b 11.56 a 9.07 a 3.51 b 2.39 cd 

100 MPa 13.56 b 8.61 a 6.75 a 0.89 cde –0.06 a 16.07 b 11.38 ab 8.90 ab 3.35 b 2.34 cd 

200 MPa 13.62 b 7.91 b 5.81 b 1.48 abc –0.34 a 16.60 b 10.63 bc 8.66 ab 3.42 b 2.34 cd 

300 MPa 14.51 ab 8.18 ab 6.47 ab 1.60 ab 0.53 a 16.61 b 11.18 ab 8.64 ab 3.63 b 2.19 d 

400 MPa 16.86 a 8.14 ab 7.12 a 0.58 de –0.17 a 19.82 a 10.96 ab 8.94 ab 2.90 c 2.44 c 

500 MPa 14.83 ab 7.04 c 4.93 c 0.24 e –0.08 a 16.80 b 9.95 c 8.48 b 3.53 b 2.95 b 

600 MPa 12.32 b 4.77 d 3.11 d 2.03 a 0.48 a 12.25 c 8.79 d 7.93 c 6.95 a 6.76 a 

Abbreviations are in Table A8.1; values in the same column and of the same starch with the different letters differ significantly (p < 0.05) 
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Table 8.3. Thermal properties of quinoa and maize starches as affected by HHP  

 

 Gelatinization  Retrogradation 

 To Tp Tc ΔT ΔH  ToR TpR TcR ΔTR ΔHR 

 (oC) (oC) (oC) (oC) (J/g)  (oC) (oC) (oC) (oC) (J/g) 

Quinoa            

Control 59.5 ab 64.6 b 74.6 b 15.1 b 14.9 b  43.4 a 52.8 a 61.1 a 17.7 ab 3.9 ab 

100 MPa 59.7 ab 64.6 b 73.1 c 13.5 c 15.8 ab  44.2 a 52.7 a 62.5 a 18.3 ab 3.8 ab 

200 MPa 59.4 ab 64.5 b 73.3 bc 13.9 c 17.0 a  45.2 a 51.6 a 62.3 a 17.1 b 4.6 a 

300 MPa 59.8 ab 64.8 b 73.5 bc 13.7 c 16.1 ab  43.0 a 52.5 a 61.8 a 18.9 ab 3.7 ab 

400 MPa 59.3 a 64.8 b 73.8 bc 14.5 bc 16.3 ab  45.7 a 52.1 a 61.7 a 16.0 b 3.5 b 

500 MPa 59.2 b 66.4 a 76.0 a 16.9 a 4.1 c  41.7 a 51.4 a 62.9 a 21.2 a 3.9 ab 

600 MPa N/A N/A N/A N/A 0.0 d  43.1 a 51.6 a 64.4 a 21.2 a 4.2 ab 

Maize                       

Control 68.3 a 72.3 a 78.3 a 10.0 b 14.3 abc  41.4 ab 53.8 ab 66.2 a 24.8 a 9.9 a 

100 MPa 67.7 a 72.2 a 77.7 ab 10.0 b 13.8 bc  39.6 b 51.3 b 66.1 a 26.5 a 10.7 a 

200 MPa 67.7 a 71.9 a 77.9 ab 10.2 b 15.9 a  40.9 ab 53.2 ab 67.0 a 26.1 a 10.6 a 

300 MPa 68.0 a 72.6 a 78.3 a 10.4 b 15.5 ab  42.1 a 53.2 ab 67.0 a 24.9 a 10.9 a 

400 MPa 67.0 b 71.7 ab 77.8 ab 10.9 b 15.0 ab  42.0 a 53.2 ab 66.7 a 24.6 a 9.7 a 

500 MPa 66.4 b 70.9 b 77.1 b 10.7 b 12.6 b  41.2 ab 52.6 ab 66.1 a 24.9 a 11.2 a 

600 MPa 45.5 c 52.8 c 62.0 c 16.5 a 6.1 c  42.0 a 54.3 a 67.8 a 25.9 a 10.8 a 

 

Abbreviations are in Table A8.1; values in the same column and of the same starch with the different letters differ significantly (p < 0.05) 

N/A: Not applicable  
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8.3.3 Thermal properties   

8.3.3.1 Gelatinization 

To of quinoa starch was not affected by pressure up to 500 MPa, whereas Tp and Tc 

somewhat increased with the pressure from 400 to 500MPa (Table 8.3, Fig. A8.5 and 

8.6). No endothermic peak of quinoa starch treated at 600 MPa was observed, 

suggesting complete gelatinization. This agreed with previous studies on waxy rice, 

waxy maize, sorghum, and tapioca starches (Oh et al., 2008; Vallons & Arendt, 2009). 

In contrast, To, Tp, and Tc of maize starch decreased with increasing pressure. Similar 

results were observed for normal maize, waxy maize, wheat and potato starches 

(Blaszczak et al., 2005; Liu, Selontulyo, & Zhou, 2008; Wang, Li, Wang, Chiu, Chen, 

& Mao, 2008). Overall, ΔH of quinoa and maize starches decreased with increasing 

pressure up to 600 MPa. Quinoa starch appeared to be more susceptible to HHP than 

maize starch. The differences in the changes of gelatinization properties between quinoa 

and maize starches could be due to their differences in composition, granular and 

crystalline structures, and amylopectin fine structure (Kim et al., 2012; Vallons et al., 

2014). Both quinoa and maize starches have A-type polymorph. Quinoa amylopectin 

tended to have a significant amount of short chains and fingerprint A-chains (Afp) (Li 

& Zhu, 2017b). Afp-chains are too short to form double helices, while causing defects 

in crystalline region of granules (Bertoft, Piyachomkwan, Chatakanonda, & Sriroth, 

2008). These defects may allow water to easily penetrate into the crystals of granules, 

making quinoa starch very sensitive to HHP. 
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Interestingly, ΔH of quinoa and maize starches somehow increased at the pressure of 

200 MPa (Table 8.3, Fig. A8.6). It was suggested that under certain pressure treatment, 

glass transition temperature (Tg) of amorphous regions in the granules decreases, and 

annealing may occur at room temperature (Liu et al., 2008; Vallons et al., 2014). The 

increased ΔH at around 200 MPa may be due to annealing, which increased the contents 

of double helices in the starch granules (Tester & Debon, 2000).  

Katopo et al. (2002) observed a small endothermic peak before the main peak in DSC 

traces due to starch retrogradation. This was not found in our research. The difference 

may be due to different sample treatment methods (air dry vs freeze dry) right after the 

HHP processing. Freeze-drying may prevent gelatinized starch from retrogradation 

(Blaszczak et al., 2005; Kim et al., 2012). 

 

8.3.3.2 Retrogradation 

The retrogradation of 2 week-storage was mainly caused by amylopectin 

recrystallization. ΔHR of quinoa starch was significantly lower than that of maize starch 

(Table 8.3). This could be due to their differences in starch composition and 

amylopectin fine structure (Li & Zhu, 2017b). Overall, HHP treatments little affected 

the retrogradation temperatures (ToR, TpR, TcR) and ΔHR of both starches. Similar results 

were found in normal maize and barley starches (Stolt, Oinonen, & Autio, 2000; Wang 

et al., 2008). In contrast, decreasing ΔHR with increasing HHP was recorded on lotus 

seed starch due to molecular degradation (Guo, Zeng, Zhang, Lu, Tian, & Zheng, 2015). 

The discrepancies among different studies may be due to different starch type and 
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experimental conditions. Another possible explanation could be the large standard 

deviations from our retrogradation measurement, which may mask any differences 

induced by HHP. How the chemical structure of quinoa starch may be affected by HHP 

remains to be better studied.  

 

8.3.4 Rheological properties 

8.3.4.1 Steady flow 

The shear stress was plotted against shear rate, indicating that both quinoa and maize 

starch gels were shear-thinning under the current experimental conditions (Fig. A8.7). 

Data of shear stress and shear rate were fitted by Herschel-Bulkley equation (Table 8.4). 

K (flow coefficient) was significantly higher for quinoa starch (5.55 to 6.50) than for 

maize starch (1.82 to 2.04) when HHP was below 400 MPa. K of quinoa starch 

decreased drastically with increasing pressure at 500 MPa (3.31) and 600 MPa (2.1). K 

of maize starch decreased to 0.45 at 600 MPa (Table 8.4). Previous studies also showed 

that the apparent viscosity of starches decreased with increasing pressure (Koocheki, 

Mortazavi, Shahidi, Razavi, & Taherian, 2009). n (Herschel-Bulkley index) of quinoa 

starch was lower than that of maize starch, suggesting the former had a higher degree 

of shear-thinning. This may be due to the differences in starch structure and 

composition as well as ghost structure (Debet & Gidley, 2007). n of quinoa starch 

increased with the pressure increasing from 500 to 600 MPa, whereas n of maize starch 

increased only at 600 MPa. The results confirmed that maize starch was less susceptible 

to HHP treatment than quinoa starch. Overall, HHP treatment reduced the shear-
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thinning behaviors to make the starch gel less pseudo-plastic. This could be due to the 

less amylose leaching and better integrity of granule remnants of HHP-treated starches. 

The yield stress (Ko) is defined as the minimum force needed to drive certain sample to 

flow (Mezger, 2006). Quinoa starch had lower Ko than maize starch, probably due to 

its lower amylose content (Table 8.4). Ko of both starches decreased when pressure was 

high enough (500 and 600 MPa for quinoa and maize starches, respectively). This again 

indicated that quinoa starch was more susceptible to HHP than maize starch. HHP 

treatment restricted amylose leaching and enhanced the formation of amylose-lipid 

complexes, which resulted in a weaker starch gelation (Katopo et al., 2002; Kim et al., 

2012).  
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Table 8.4. Rheological properties of quinoa and maize starches as affected by HHP  

 

  Steady Flow   Temperature sweep   Frequency sweep 

Sample K n K0  
 

TG'max G' max T G''max G'' max G'90 G''90 G'25 G''25  G'40 Hz G''40 Hz kG' R2 

          (oC) (Pa) (oC) (Pa) (Pa) (Pa) (Pa) (Pa)   (Pa) (Pa)     

Quinoa                  

Control 6.50 a 0.38 c 3.73 a  69.2 a 5737 c 67.3 a 384 b 2573 b 195 b 5223 c 113 b  5210 b 654 a 0.0126 a 0.956 

100 MPa 6.13 a 0.39 c 3.81 a  69.6 a 5397 c 65.1 b 476 b 2473 b 188 b 5263 c 109 b  5420 b 617 b 0.0120 ab 0.919 

200 MPa 5.97 a 0.38 c 2.06 abc  69.5 a 5520 c 64.8 b 422 b 2498 b 192 b 5335 c 112 b  5595 b 634 ab 0.0120 ab 0.987 

300 MPa 5.55 a 0.39 c 5.00 a  69.4 a 5510 c 64.6 b 448 b 2483 b 194 b 5320 c 113 b  5603 b 642 a 0.0125 a 0.993 

400 MPa 5.55 a 0.40 c 3.07 ab  69.4 a 5607 c 64.5 b 443 b 2487 b 189 b 5383 c 113 b  5700 b 636 ab 0.0127 a 0.978 

500 MPa 3.31 b 0.44 b –0.16 c  67.6 b 6373 b 48.8 c 1134 a 3000 a 211 a 6697 a 128 a  6853 a 589 c 0.0107 ab 0.984 

600 MPa 2.10 b 0.51 a 0.57 bc   40.0 c 9273 a 40.0 d 336 b 2990 a 196 b 6383 b 117 b   6473 a 573 c 0.0083 b 0.966 

Maize                  

Control 1.82 a 0.59 b 8.2 a  75.2 a 6578 c 72.5 b 1155 b 3763 c 287 c 9125 ab 321 b  8790 a 974 bc 0.0113 a 0.857 

100 MPa 2.04 a 0.57 b 7.32 a  75.4 a 6140 d 73.2 ab 1073 b 3703 c 287 c 9590 ab 330 b  8578 a 956 bc 0.0107 a 0.821 

200 MPa 1.96 a 0.57 b 7.38 a  75.4 a 6340 cd 72.7 ab 1150 b 3693 c 295 c 8773 bc 318 b  7480 a 936 c 0.0100 a 0.858 

300 MPa 1.91 a 0.58 b 7.02 a  75.3 a 6187 cd 72.7 ab 1115 b 3643 c 293 c 9700 ab 299 b  8522 a 938 c 0.0103 a 0.882 

400 MPa 1.97 a 0.57 b 6.49 a  75.4 a 6143 d 72.9 ab 1087 b 3700 c 301 c 9900 ab 346 b  8790 a 995 bc 0.0115 a 0.848 

500 MPa 1.97 a 0.56 b 4.66 b  75.3 a 7693 b 72.8 ab 1283 b 4740 b 353 b 10523 a 423 b  7970 a 1070 b 0.0036 b 0.131 

600 MPa 0.45 b 0.63 a 0.55 c  66.1 b 10097 a 47.4 c 1770 a 7200 a 508 a 7303 c 1650 a  5300 b 1845 a 0.0013 b 0.026 

 

Abbreviations are in Table A8.1; values in the same column and of the same starch with the different letters differ significantly (p < 0.05) 
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8.3.4.2 Temperature sweep 

TG'max of quinoa starch was 69 oC regardless of pressure up to 400 MPa. It decreased to 

40.0 oC when starch was treated at 600 MPa (Table 8.4, Fig. A8.8 and 8.10). TG'max of 

maize starch was 75 oC regardless of the pressure increasing to 500 MPa. It decreased 

to 66.1 oC at 600 MPa. This again suggested that quinoa starch was more susceptible to 

HHP-induced gelatinization. The highest G' (G'max) of quinoa starch during heating was 

lower than that of maize starch at all pressures (Table 8.4, Fig. A8.8 and 8.10). G'max of 

both starches started to increase at 500 MPa and reached a peak at 600 MPa (Fig. A8.10). 

HHP treatment enhanced the elastic component of the starch gels, which could be a 

result of restriction on granule swelling and improvement of granule integrity. After 

reaching G'max, G' decreased with increasing temperature due to the rupture of starch 

granules. The difference between G'max and G' at 90 oC reflected the extent of this 

decrease. This value maintained at a constant level except for quinoa starch treated at 

600 MPa in which sample the G'max was reached at the initial stage of temperature 

sweep. This indicated that quinoa starch could form a paste with high rigidity at low 

temperature after HHP treatment.  

Increasing pressure up to 400 MPa had little effect on G'' of quinoa starch. At 500 MPa, 

G'' had a drastic increase with increasing temperature from 40 oC before decreasing 

from ~47 oC (Fig. A8.8). For the gel treated by 600 MPa, G'' was little affected by 

increasing temperature. G'' of maize starch showed similar behaviors as affected by 

HHP at 600 MPa (Fig. 8.8). The earlier onset of developing G'' could be due to the 
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HHP-induced gelatinization. The differences in rheological behaviors again suggested 

that quinoa starch was more susceptible to HHP than and maize starch.  

During cooling, G' of the starches increased with decreasing temperature mostly due to 

re-ordering of amylose molecules. G' at 25 oC (G'25) of quinoa starch was lower than 

that of maize starch when pressure was less than 400 MPa (Table 8.4). This could be 

mostly due to the lower amylose content of the former. Increasing pressure from 400 

up to 600 MPa increased G'25 of quinoa starch, whereas further increasing pressure from 

500 to 600 MPa also increased that of maize starch. The increase in G'25 may be due to 

the enhanced integrity of swollen granules and less amounts of leached amylose due to 

HHP treatment (Debet & Gidley, 2007; Yang et al., 2017). G'' of quinoa starch dropped 

with decreasing temperature, whereas G'' of maize starch somewhat increased with 

decreasing temperature. G'' of maize starch rose significantly at 600 MPa, indicating 

that HHP increased the dissipating portion of deformation energy. This was not 

observed in quinoa starch gel (Fig. A8.9 and 8.10). Such a difference may be due to the 

differences in the composition and structure of two starches (e.g., quinoa starch had 

much less amylose) (Fig. A8.9). The weaker gel structure and more viscous-like 

behavior of maize starch as a result of HHP treatment may be due to less amylose 

available for gelling as discussed above.   

 

8.3.4.3 Frequency sweep 

G' of quinoa and maize starches were significantly higher than G'' with less frequency-

dependence (Fig. A8.11), suggesting their gel-like behaviors (Rao, 2005). Increasing 
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pressure from 400 up to 500 MPa greatly increased G' at 40 Hz (G'40Hz), while 

decreasing G'' at 40 Hz (G''40Hz) (Table 8.4, Fig. A8.12). This agreed with previous 

reports on mung bean and lentil starches (Ahmed, Thomas, Taher, & Joseph, 2016; 

Jiang, Li, Hu, Wu, & Shen, 2015). In contract, changes in G'40Hz and G''40Hz of maize 

starch affected by HHP showed opposite trends (Table 8.4, Fig. A8.12). Our results of 

maize starch agreed with a previous report on waxy maize starch (Stolt, Stoforos, 

Taoukis, & Autio, 1999). Frequency-dependent behaviors of starch gels were fitted by 

Eq. 2. kG' of quinoa starch maintained constant before dropping with increasing pressure 

(Table 8.4, Fig. A8.12). Maize starch showed a greater extent of decrease in kG' (Table 

8.4). Therefore, HHP at high values reduced the frequency dependence of G'. This 

agreed with previous studies on lentil starch (Ahmed et al., 2016). Frequency-

dependent behaviors of maize starch gel treated at 500 and 600 MPa could not be well 

fitted by Eq. 2 due to a very low R2. This indicated that the experimental settings of 

rheological analysis may be improved to analyze this type of samples, which remains 

to be studied. The frequency sweep test could be used to estimate the long-term storage 

stability of gel systems (Mezger, 2006). The lower kG' suggested that HHP could 

improve the long-term stability of quinoa starch gel. 
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Table 8.5. Pasting parameters of quinoa and maize starches as affected by HHP  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations are in Table A8.1; values in the same column and of the same starch with the 

different letters differ significantly (p < 0.05) 

 

  

 PT PKT PV SR BR 

 (oC) (oC) (×103 cP) (%)  

Quinoa      

Control 67.4 a 88.3 a 6.29 ab 64.0 c 1.66 ab 

100 MPa 67.4 a 88.3 a 6.11 bc 64.3 c 1.67 ab 

200 MPa 67.4 a 87.9 a 6.23 ab 63.9 c 1.66 ab 

300 MPa 67.4 a 88.3 a 6.32 a 63.2 c 1.66 ab 

400 MPa 67.4 a 87.9 a 6.36 a 62.5 c 1.70 a 

500 MPa 62.7 b 87.9 a 5.98 c 74.0 b 1.58 b 

600 MPa 50.0 c 87.1 a 5.48 d 70.0 a 1.71 a 

Maize      

Control 75.2 a 90.6 d 3.62 b 44.8 d 2.34 a 

100 MPa 75.2 a 90.6 d 3.59 bc 46.7 c 2.22 b 

200 MPa 75.2 a 91.8 bc 3.35 d 47.3 c 2.22 b 

300 MPa 75.2 a 91.4 c 3.50 c 48.1 c 2.19 bc 

400 MPa 75.2 a 91.8 b 3.64 b 46.8 c 2.23 b 

500 MPa 75.2 a 92.2 bc 3.86 a 49.9 b 2.16 c 

600 MPa 68.9 b 95.0 a 3.18 e 61.9 a 1.63 d 



219 
 

 

8.3.4.4 Pasting  

Pasting temperature (PT) of quinoa starch decreased when treated by pressure at 500 

MPa, whereas PT of maize starch decreased at 600 MPa (Table 8.5, Fig. A8.13 and 

8.14). Changes in PT of both starch affected by HHP didn’t correspond well with those 

of gelatinization temperatures estimated by DSC as described in section 3.3. This 

difference could be due to the different settings of these two methods. The decreasing 

extent of quinoa starch (17.4 oC) was greater than that of maize starch (6.3 oC). This 

again indicated that quinoa starch was more susceptible to HHP-induced gelatinization 

than maize starch. Increasing pressure decreased peak viscosity (PV) of both starches, 

which agreed with our results of steady flow test (section 3.4.1) and with also previous 

research on normal maize starch (Katopo et al., 2002). Peak temperature (PKT) of 

quinoa starch was little affected by HHP, while that of maize starch was increased. Our 

results of maize starch agreed with a previous study on normal maize starch (Oh et al., 

2008). HHP treatment restricted the granule swelling and delayed the position of peak 

viscosity of maize starch (Oh et al., 2008). Stability ratio (SR) estimates the stability of 

certain gel against shearing forces. Increasing pressure from 400 up to 600 MPa 

increased SR of both starches and the extent of increase was smaller for quinoa starch 

(Table 8.5, Fig. A8.14). This indicated that HHP improved the paste stability under 

strong shearing. The more significant improvement for maize starch may be due to a 

higher amylose content retained inside the granule remnants after HHP treatment, 

resulting in more amylose-lipid or amylose-amylopectin complexes and higher granule 
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integrity (Oh et al., 2008; Katopo et al., 2002). Setback ratio (BR) could be an indicator 

of the retrogradation trend of starch gel under cooling. BR of quinoa starch was not 

affected by HHP, while increasing pressure from 400 up to 600 MPa decreased that of 

maize starch. HHP treatment significantly impacted on physical status of amylose and 

limited the free amylose molecules from leaching which are major players in short-term 

retrogradation (Wang & Copeland, 2013). Both starches treated at 600 MPa had a 

viscosity at the initial stage, and this initial viscosity was higher for quinoa starch. The 

results agreed with previous research on normal rice and maize starches due to HHP-

induced gelatinization (Oh et al., 2008).  

Oh et al. (2008) categorized different starches into 3 groups based on their susceptibility 

to HHP as described in the introduction section above. According to this classification, 

quinoa starch was more close to 1st group which are easily gelatinized by HHP, whereas 

maize starch belonged to the 2nd class which are partially gelatinized by HHP.  

 

8.3.5 Gel textural properties 

Quinoa starch had lower fracturability (FRA) and hardness (HD) than maize starch, 

mostly due to lower amylose content of the former (Table A8.2). Overall, increasing 

pressure little affected gel textural properties of both starch gels stored for 1 day and 1 

week. During pasting events, the strong shearing force destroyed any physical effect of 

HHP on the amylose distribution and granule remnants of starch gel. The physical status 

of starch molecules of gel treated by HHP became similar after the pasting for 

retrogradation. Another factor was that this type of test had relatively large standard 
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deviations, which may mask the actual impact of HHP on starch gel. The unaltered gel 

textural properties of starches by HHP suggested that the chemical structure of starch 

molecules were not affected by high pressure. Indeed, Katopo et al. (2002) showed that 

the molecular structure of different starches were not affected by HHP at 690 MPa.  
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8.4 Conclusions 

HHP greatly affected physicochemical properties of quinoa and maize starch as studied 

by various techniques. Particle size of starch was increased by HHP at 600 MPa due to 

aggregation of gelatinized starch. HHP at 500 or 600 MPa increased the swelling power 

and water solubility index of starch at 55 oC, while decreasing those at heating 

temperatures of >75 oC. Pressure of 600 MPa completely gelatinized quinoa starch as 

measured by DSC. Rheological analysis showed that only HHP of 500 and 600 MPa 

greatly affected the starches. HHP increased the paste stability of starch during pasting 

events and dynamic oscillatory analysis. The retrogradation caused by amylopectin 

recrystallization was not affected by HHP treatment. The gel textural properties of 

starch were also little affected. These results suggested that the chemical structure of 

starch molecules was not affected by HHP. Quinoa starch was more susceptive to HHP 

treatment than maize starch. This could be attributed to the differences in composition, 

granule and crystalline structure, and amylose and amylopectin chemical structure of 

these two types of starches. It may also be assumed that the ghost structure of granule 

remnants after HHP treatment is different between quinoa and maize starches, which 

remains to be studied.  
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Chapter 9 General conclusions and 

future works 



224 
 

9.1 Conclusions and future work 

The goals of this PhD study were to fill the gaps in the knowledge of properties, 

structure, and modification of quinoa starch as well as explore the structure-function 

relationship. To achieve these goals, 26 quinoa starch were isolated and purified from 

an international collection in Chapter 3. Great diversities have been observed in 

apparent amylose content, amylose leaching, thermal and pasting properties, and 

enzyme susceptibility. The results showed that the quinoa starch had low gelatinization 

temperatures and high enzyme susceptibility. By applying principal component analysis, 

the similarities and diversities of these 26 quinoa starch were estimated and visualized 

in Chapter 3. 

 

After the work of Chapter 3, the starches with characteristic properties were selected 

for studying their properties of whole grain flour in Chapter 4. Quinoa flour was found 

with significant divergence in chemical compositions, water solubility, enzyme 

susceptibility, thermal, pasting, and gel textures. Correlation analysis revealed that the 

properties of quinoa flour were affected by the starches as well as other components 

such as protein and lipid. 

 

The starches with representative properties were also analyzed for their chemical 

structures in Chapter 5. Great variations were found in composition and molecular 

structures of quinoa starch. The amylopectin internal structure was investigated by 

analyzing the chain length distribution of φ, β-limit dextrins. The result suggested the 
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quinoa amylopectin had a high amount of super-long chains while also contained 

significant amount of short chains. The principal component analysis suggested that the 

internal structure of quinoa amylopectin was correlated with the geographical origin of 

quinoa seed.   

 

In Chapter 6, the physicochemical properties and granular structure features of quinoa 

starch estimated in Chapter 3 and Chapter 5 were correlated with the structure 

information obtained by Chapter 5. The starch component, structure of amylopectin 

and its φ, β-limit dextrins were found significantly correlated with the physicochemical 

properties and granular structure such as gel texture, amylose leaching, and degree of 

crystallinity. Correlations between individual unit and internal chains of amylopectin 

and physicochemical properties suggested the established chain categories may mask 

the functional roles of individual chains. 

 

The selected quinoa samples with known structure and properties were also tested for 

their steady shear and dynamic oscillatory properties in Chapter 7. The steady shear 

properties were well described by 4 selected models and the yield stress calculated were 

correlated with the internal structure of amylopectin. The composition and structure of 

quinoa starch also have impacts on the dynamic oscillatory properties such as G' of 

quinoa starch solution at various heating stage and frequency.  

 

High hydrostatic pressure (HHP) treatment as a non-thermal technique has been applied 
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on quinoa starch up to 600 MPa. Quinoa starch was more susceptible to HHP than maize 

starch. The changes in rheological, and physicochemical properties quinoa starch after 

HHP treatment were also different from those of maize starch. The diversities could be 

related to the chemical structure of quinoa starch, their arrangements in granules, or the 

presence of ghost structure which remains to be studied.  
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9.2 Future work 

The current studies of quinoa starch at this stage bring out several areas for future 

advancement of this work which might include, but not limit to, the directions listed as 

below: 

 To further investigate the structure-function relationship from a broader genetic 

and/or geographic collection; 

 To study the role of starch in rheological behavior of quinoa flour and/or other 

quinoa based products; 

 To investigate the structure of quinoa amylopectin at a cluster and building 

block level; 

 To evaluate the structure-function relationship based on the structure of cluster 

and building block of quinoa amylopectin; 

 To further explore the relationship between chemical structure and granular 

structure of quinoa starch; 

 To explore novel chemical and physical modifications of quinoa starch and 

evaluate their application foreground; 

 And to develop quinoa starch products based on NZ industry. The potential 

applications may include (but not limit to) fat replacement, novel food additives, 

pharmaceuticals, cosmetics, papermaking, and textile. 
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Appendix for Chapter 2 

 

 

 

 

 

Figure A2.1. Cross-section of a quinoa seed; the starch is mainly stored in the 

perisperm. The figure is originally from Prego, Maldonado, and Otegui (1998) and 

modified by Graf, Rojo, Delatorre-Herrera, Poulev, Calfio, and Raskin (2016) .  
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Table A2.1. Starch content of quinoa seed  

 

No. Method 
Starch content 

(%) 
Reference 

2 Total starch assay kit 53.5–60.1 (wb) Wright, et al., 2002 

16 Total starch assay kit 48.3–62.5 (db) Lindeboom et al., 2005a 

3 Total starch assay kit 7.3–48.2 (db) A Lindeboom et al., 2005a 

3 Total starch assay kit 43.2–52.7 (db) B Lindeboom et al., 2005a 

3 Total starch assay kit 48.3–54.2 (db) C Lindeboom et al., 2005a 

1 Total starch assay kit 52.0 D Hager, Mäkinen, & Arendt, 2014 

1 Total starch assay kit 39.5 E  Hager, Mäkinen, & Arendt, 2014 

1 Total starch assay kit 57.20 (wb) 
Nascimento, Mota, Coelho, Gueifão, Santos, Matos, et al., 

2014 

1 Total starch assay kit 65.60 (db) Robin, Theoduloz, & Srichuwong, 2015 

7 Total starch assay kit 50.1–59.9 (wb) Li & Zhu, 2017c 

1 Total starch assay kit 66.80 (db) Srichuwong et al., 2017 

3 Polarimetrical method 58.1–64.2 (db) de Bruin, 1964 

3 Pancreatin method 57.5–65.2 (db) de Bruin, 1964 

18 Colorimetric method 42.75–68.40 de Briceño & Briceño, 1980 

1 Somogyi-Nelson reaction 32.6 Gonzalez, Roldan, Gallardo, Escudero, & Prado, 1989 

1 
Enzymatic colorimetric 

method 
51.60 (db) Ruales & Nair, 1994 

1 Subtraction 69.20 (db) Mundigler, 1998 

 

No.: Number of samples studied; Total starch assay kit: Total starch content estimated by amyloglucosidase/α-

amylase method (AOAC Method 996.11, AACC Method 76-13.01, Megazyme International Ireland, Ltd).  

A: 4 weeks after flowering; B: 6 weeks after flowering; C: 10 weeks after flowering; D: non-germinating seed; E: 

72 hours after imbibition; 
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Figure A2.2. TEM photo of quinoa starch granule, showing a light field in helium of 

the granule (Tang et al., 2002).  
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Table A2.2. Polymorph and crystallinity of quinoa starch  

 

No. Calculation method Degree of crystallinity (%) Polymorph type Reference 

2 Area ratio 36.7–38.0 A Wright et al., 2002 

1 Area ratio 35 A Tang et al., 2002 

5 Area ratio 39.0–43.0 A Watanabe et al., 2007 

9 Area ratio 25.3–33.6 A Li & Zhu, 2017b 

2 Area ratio 21.46–22.19 A Jan et al., 2017 

1 Peak-fitting 35.4 A Qian & Kuhn, 1999 

3 Peak-fitting 36.3–39.6 A Steffolani et al., 2013 

9 Peak-fitting 30.2–35.7 A Li & Zhu, 2017b 

1   A Atwell et al., 1983 

4   A Inouchi et al., 1999 

1   A Ando et al., 2002 

 

No.: Number of samples studied; Peak-fitting: degree of crystallinity calculated based on the peak-fitting results of 

crystalline peaks and amorphous peaks; Area ratio: degree of crystallinity calculated based on the relatively area 

ratio of peak region (crystalline region) and background region (amorphous region) separated on XRD spectrum. 
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Table A2.3. Swelling and solubility of quinoa starch  

 

 
No.: Number of samples studied; S: solubility; WSI: water solubility index; SP: swelling power; AML: amylose 

leaching 

 

  

No. Parameters 55 oC 60 oC 65 oC 70 oC 75 oC 80 oC 85 oC 90 oC 95 oC Reference 

1 SP (g/g)  10.61  12.23  15.75  19.73  Lorenz, 1990 

1 SP (g/g)   ~ 6.5  ~ 7  ~ 8  8.54 
Ahamed et al., 

1996b 

8 SP (g/g)   10.3–

20.7 
 12.6–

27.8 
 15.0–

53.8 
 16.4–

52.6 

Lindeboom et 

al., 2005b 

26 SP (g/g) 
3.33–

12.66 
 12.54–

20.31 
 15.22–

22.62 
 19.04–

33.17 
 16.55–

39.89 
Li et al., 2016 

2 SP (g/g) 
1.72–

2.1 
 4.95–

5.42 
 7.3–

8.54 
 9.54–

10.55 
 12.53–

13.89 
Jan et al., 2017 

1 S (%)  1.14  1.2  1.32  4.33  Lorenz, 1990 

1 S (%)   ~ 4  ~ 5  ~ 6  ~ 7 
Ahamed et al., 

1996b 

8 S (%)   1.4–3.2  1.8–2.4  2.3–4.4  0.1–4.7 
Lindeboom et 

al., 2005b 

2 S (%) 
1.32–

2.72 
 1.47–

2.8 
 3.14–

4.87 
 4.69–

6.28 
 6.46–

7.11 
Jan et al., 2017 

26 WSI (%) 
0.35–

6.41 
 3.24–

36.6 
 6.86–

66.65 
 21.67–

75.78 
 41.39–

86.91 
Li et al., 2016 

26 AML (%) 
0.16–

1.59 
 0.59–

3.73 
 1.42–

5.62 
 2.95–

7.38 
 3.65–

8.67 
Li et al., 2016 
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Table A2.4. Retrogradation properties estimated by DSC  

 

No. 
Sample 

form 
Treatment Concentration Tor (oC) Tpr (oC) 

Tcr 

(oC) 

ΔHr 

(J/g) 
R% Reference 

8 Starch 4 oC, 4 days 50% (w/v)     19.6–

40.8% 

Lindeboom et al., 

2005b 

3 Starch 
4 oC, 14 

days 
25% (w/w) 

44.31–

45.97 

50.81–

52.16 
 0.19–

0.40 

2.09–

5.63% 

Steffolani et al., 

2013 

1 Starch 4 oC, 6 days 33% (w/w) 36.2 47.9 61.7 4.2 40.7% 
Srichuwong et al., 

2017 

7 Flour 
4 oC, 14 

days 

25% (w/w) 

flour 
    5.8–11.1% Li & Zhu, 2017c 

1 Flour 4 oC, 6 days 33% (w/w)* 34.3 48.7 61.8 1.2 14.3% 
Srichuwong et al., 

2017 

No.: Number of samples studied; Tor: onset temperature; Tpr: peak temperature; Tcr: conclusion temperature; ΔHr: 

enthalpy change; R%: retrogradation percentage is calculated as 
∆𝐻𝑟

∆𝐻
× 100% 
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Table A2.5. Retrogradation properties estimated by other approach 

 

No. Parameters Main conclusion Reference 

1 
Freeze-thaw 

stability 

No water separated until 9th cycle suggesting quinoa starch gel is resistant to retrogradation. The unusual high freeze-thaw 

stability of quinoa starch was hard to explain. 
Ahamed et al., 1996b 

1 
Freeze-thaw 

stability 

Quinoa glucans release 20% of water at first cycle, which is higher than wheat, millet, buckwheat, and waxy maize starch. 

Thus suggests the quinoa starch have a low freeze-thaw stability. 
Praznik et al., 1999 

8 
Freeze-thaw 

stability 

Freeze-thaw stability is sample dependent, the water separated in first cycle ranged from nearly 0% to more than 35%.No 

significant correlation has been found between freeze-thaw stability and amylose content. 
Lindeboom et al., 2005b 

3 Gel texture The firmness is significantly lower than Kañiwa starch and shows positive correlation with amylose content Steffolani et al., 2013 

26 Gel texture HD: 13.3–33.6 g; AD: –117 to –235 g·s; CH: 0.57–0.70. The HD was positively correlated with amylose content Li et al., 2016 

2 Turbidity Absorbance steady increase until the 5th day. The lower turbidity value may be a result of lower amylose content. Jan et al., 2017 

1 Thickening power 
The thickening power estimates by BV steadily increase during storage and shows highest viscosity at day 5 among wheat, 

barley, rice, amaranth, and potato starch which suggests quinoa starch could be a good thickening agent 
Lorenz, 1990 

 

No.: Number of samples studied; HD: hardness; AD: adhesiveness; CH: cohesiveness   
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Appendix for Chapter 3 

 

 

Figure A3.1. RVA curves for selected quinoa starch samples  

 

 

 

 

 

 

Figure A3.2. DSC curves for selected quinoa starch samples
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Table A3.1. Swelling power (g/g) of quinoa starch at different temperatures  

 
Sample   Temperatures   

95 oC 85 oC 75 oC 65 oC 55 oC 

1 20.72±3.66ab 21.45±0.56bcdef 16.96±0.06abc 13.06±0.39abcd 5.85±0.16c 

2 23.67±7.6bcd 25.97±0.82jk 21.05±0.5gh 16.85±1.36j 12.29±0.25m 

3 30.35±2.14de 22.88±1.35defgh 17.71±0.57cde 15.63±0.32hi 7.61±0.11e 

4 22.2±3.6ab 21.17±0.16abcde 17.02±0.16abc 14.32±0.02ef 9±0.15hi 

5 22.88±3.87ab 22.8±0.57defgh 17.79±0.21cde 14.8±0.59fghi 6.79±0.35d 

6 22.85±5.68ab 22.23±0.39bcdefg 17.15±0.52abc 13.25±0.3abcde 8.28±0.4fg 

7 26.7±3.96bcd 22.68±2.35cdefgh 17.88±0.72cde 15.73±0.38i 8.52±0.33fg 

8 30.33±2.65de 22.55±3.49cdefg 20.17±0.34fg 15.51±0.33ghi 9.77±0.06k 

9 24.62±0.17bcd 20.71±0.35abcd 17.42±0.44abcd 14.17±0.42def 9.79±0.26k 

10 21.5±2.87ab 23.2±0.13efgh 17.55±0.3bcde 14.23±0.84ef 9.28±0.56ij 

11 25.86±0.94bcd 22.94±0.33defgh 18.22±0.27cdef 14.55±0.76fg 9.59±0.11jk 

12 26.73±1.53bcd 22.48±0.97cdefg 18.22±0.69cdef 13.77±0.63bcdef 7.14±0.15d 

13 24.45±1.8bcd 21.69±0.17bcdef 16.99±0.61abc 14±0.13cdef 8.7±0.12gh 

14 20.64±1.19ab 25.43±0.69ijk 20.48±1.88g 17.85±0.11k 12.66±0.12m 

15 16.55±1.11a 20.39±0.36abc 15.42±0.3ab 12.54±0.26a 8.17±0.46f 

16 20.47±3.06ab 19.98±0.36ab 15.22±2.48a 14.05±0.92cdef 8.23±0.34f 

17 21.07±3.77ab 19.04±0.58a 15.94±0.17abc 12.9±0.04ab 5.3±0.12b 

18 24.03±4.28bcd 22.16±0.72bcdefg 17.44±0.06abcd 13.9±0.05bcdef 5.93±0.04c 

19 25.86±1.12bcd 21.68±0.75bcdef 17.09±0.96abc 13.76±0.83bcdef 8.55±0.04fg 

20 23.26±0.78abc 23.78±0.55fghi 17.85±2.56cde 14.61±1.19fgh 8.21±0.44f 

21 27.18±2.69bcd 24.92±0.36hijk 19.64±0.64defg 15.73±0.44i 10.45±0.28l 

22 26.36±4.03bcd 26.55±0.95k 19.51±0.18defg 12.97±0.07abc 3.33±0.06a 

23 34.91±1.89ef 26.61±2.66k 22.62±0.19h 14.13±0.02def 8.08±0.14f 

24 26.23±3.32bcd 24.15±1.44ghij 17.52±1.39bcde 14.02±0.12cdef 9.04±0.09hi 

25 30.13±2.66cde 23.36±0.15efghi 19.74±0.53efg 14.46±0.3f 7.2±0.17de 

26 39.89±3.85f 33.17±1.73l 20.25±3.32fg 20.31±0.05l 12.54±0.11m 

Values in the same column with the different letters differ significantly (p < 0.05) 
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Table A3.2. Water solubility index (%) of quinoa starch at different temperatures  

 
Sample Temperatures 

95 oC  85 oC 75 oC 65 oC 55 oC 

1 62.56±3.92bcdef 43.14±2.12efgh 18.12±2.68cde 6.04±0.58abcd 0.82±0.06abcd 

2 83.1±0.65ijklm 66.96±3.96kl 53.2±2.59mn 28.53±4.25j 5.57±0.86l 

3 76.95±2.17hijkl 56.36±1.76j 28.46±4.87ghi 14.24±1.88gh 2.54±0.2ij 

4 56.51±6.52bcde 38.36±2.12cdef 14.9±1.66bcd 7.6±0.98bcdef 1.52±0.08defg 

5 53.42±2.52b 36.95±0.43cde 19.99±0.74de 8.42±1.46cdef 1.46±0.07cdef 

6 55.43±6.84bc 34.98±3.93bcd 14.98±2.03bcd 5.05±0.74abc 1.5±0.25defg 

7 73.05±8.25ghij 46.83±5.45gh 29.03±2.33hi 7.81±1.43bcdef 2.38±0.34hij 

8 72.17±5.7fghij 48.87±5.79hi 31.78±2.15ij 11.52±1.99fg 2.04±0.17fghij 

9 55.83±0.29bc 38.59±3.07def 20.46±3.86def 8.43±0.99cdef 2.21±0.21ghij 

10 63.21±5.03bcdef 45.84±3.4gh 24.2±0.98efgh 10.29±2.62ef 2.36±0.82hij 

11 64.9±2.87cdefg 47.64±4.37ghi 30.47±3.41hi 11.39±1.88fg 2.75±0.31j 

12 58.21±1.66bcd 31.61±1.94bc 23.99±3.5efgh 8.25±1.45cdef 2.12±0.29fghij 

13 64.94±2.59cdefg 42.71±0.75efgh 28.24±1.51ghi 7.13±0.46bcde 1.91±0.31fghi 

14 70.41±8.6efghi 53.78±1.26ij 38.07±4.13jk 17.79±2.81i 4.3±0.22k 

15 41.39±2.52a 36.91±3.45cde 9.28±0.78ab 4.96±1.77abc 1.15±0.1bcde 

16 56.37±2.63bc 29.85±1.49b 12.56±0.49abc 8.82±1.49cdef 1.73±0.24efgh 

17 63.24±9.81bcdef 21.67±3.85a 6.86±1.35a 3.24±0.31a 0.39±0.17a 

18 67.67±4.28defgh 44.03±5.72fgh 17.58±1.31cde 6.46±0.76abcde 1.16±0.02bcde 

19 58.87±2.3bcd 40.87±3.63defg 21.24±2.42defg 7.6±0.83bcdef 2.3±0.28hij 

20 77.83±1.19ijklm 63.62±4.54kl 40.66±11.79kl 29.66±3.37j 5.48±0.53l 

21 79.72±2.02ijklm 65.15±1.31kl 38.29±2.11jk 19.47±3.32i 3.76±0.64k 

22 84.51±2.45lm 74.8±2.55m 50.15±3.24mn 17.42±2.14hi 0.35±0.06a 

23 81.49±2jklm 62.77±3.71k 46.53±2.28lm 10.25±0.1ef 0.58±0.49ab 

24 84±2.29klm 70.04±0.21lm 56.48±1.64no 9.58±1.37def 1.45±0.38cdef 

25 74.34±2.7ghijk 46.41±6.67gh 27.42±2.89fghi 4.17±0.47ab 0.77±0.04abc 

26 86.91±1.38m 75.78±3.32m 60.65±6.36o 36.6±2.22k 6.41±0.59m 

Values in the same column with the different letters differ significantly (p < 0.05) 
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Table A3.3. Amylose leaching (%) of quinoa starch at different temperatures  

 
Sample  Temperatures 

 95 oC  85 oC  75 oC  65 oC  55 oC 

1 5.86±0.1efghij 5.78±0.66lmn 4.4±0.28jkl 2.79±0.16fgh 1.12±0.02ef 

2 5.68±0.22defg 5±0.18efgh 3.45±0.06ef 2.39±0.04de 1.51±0.04klm 

3 8.67±0.45n 7.38±0.11o 5.62±0.18m 3.73±0.06m 1.71±0.09n 

4 5.62±0.16def 4.85±0.11e 3.58±0.03efg 2.5±0.24def 1.38±0.05ijkl 

5 5.96±0.09fghijk 5.38±0.26hijklm 4.38±0.11ijkl 3.25±0.24jkl 1.37±0.05ijk 

6 5.06±0.15c 4.73±0.06e 3.58±0.09efg 2.5±0.09def 1.36±0.1ij 

7 6.22±0.06kl 5.71±0.05jklmn 4.55±0.06l 3.04±0.08hijkl 1.46±0.1jklm 

8 5.74±0.1defgh 4.95±0.03efg 3.62±0.14fg 2.56±0.08defg 1.27±0.03ghi 

9 5.8±0.06defghi 5.34±0.08ghijk 4.04±0.24hi 2.96±0.46hijk 1.53±0lm 

10 5.52±0.15de 4.92±0.08ef 3.65±0.07fg 2.72±0.2efgh 1.45±0.02jklm 

11 6±0.25ghijkl 5.43±0.37ijklm 4.16±0.03ij 2.98±0.08hijk 1.55±0.11m 

12 6.32±0.15l 5.37±0.11hijkl 4.18±0.02ijk 3.16±0.14ijkl 1.26±0.06ghi 

13 5.46±0.36d 5.29±0.1fghij 3.81±0.09gh 2.85±0.06ghi 1.37±0.11ijk 

14 6.12±0.14ijkl 5.73±0.1klmn 4.15±0.02ij 2.9±0.09ghij 1.59±0.07mn 

15 6.16±0.16jkl 5.73±0.08klmn 4.2±0.09ijkl 2.9±0.26ghij 1.13±0.01efg 

16 6.06±0.09hijkl 5.67±0.26jklmn 4.53±0.1kl 3.16±0.23ijkl 1.53±0.07lm 

17 6.84±0.13m 5.81±0.09mn 4.2±0.37ijkl 3.26±0.22kl 0.89±0.18d 

18 6.74±0.33m 5.97±0.24n 4.52±0.3kl 3.33±0.16l 1.16±0.17efg 

19 6.78±0.03m 5.58±0.16jklmn 4.37±0.41ijkl 2.74±0.34fgh 1.22±0.03fgh 

20 6.16±0.18jkl 4.88±0.27ef 3.25±0.03e 2.33±0.12d 0.75±0.01c 

21 5.56±0.12de 4.08±0.33cd 2.72±0.22d 2.01±0.06c 1.08±0.07e 

22 4.7±0.17b 3.54±0.18b 1.42±0.27a 0.82±0.08a 0.12±0.09a 

23 4.43±0.14b 3.87±0.15bc 2.36±0.13c 1.33±0.02b 0.5±0.1b 

24 3.65±0.09a 2.95±0.08a 1.85±0.09b 0.59±0.16a 0.16±0.01a 

25 4.6±0.06b 4.26±0.11d 2.91±0.32d 1.61±0.12b 0.62±0.03b 

26 5.45±0.22d 5.1±0.4efghi 3.53±0.12efg 2.46±0.24def 1.36±0.03hij 

Values in the same column with the different letters differ significantly (p < 0.05) 
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Appendix for Chapter 4 

 

Table A4.1. Abbreviations  

Abbreviations Full Name 

AAM Apparent amylose content of starch 

AC Ash content of flour  

ADf Adhesiveness of flour gel 

AHP Acid-hydrolysable phenolics of flour 

BDf Breakdown (PV − HPV) of flour pasting 

BHP Base-hydrolysable phenolics of flour 

BRf Setback ratio (CPV/HPV) of flour pasting 

CHf Cohesiveness of flour gel 

CPVf Cold paste viscosity of flour 

DS Percentage of hydrolysed starch in flour after 24 h 

ES1 Enzyme susceptibility of native starch after 1 h hydrolysis 

ES24 Enzyme susceptibility of native starch after 24 h hydrolysis 

FC Fibre content of flour 

FP Free phenolic content of flour 

FRA Fracturability of flour gel 

GUMf Gumminess of flour gel 

HDf Hardness of flour gel 

∆Hgelf Enthalpy change of gelatinization of flour 

∆HS ∆Hgel of starch in flour sample corrected by starch content 

∆Hret Enthalpy change of retrogradation of flour 

HPVf Hot paste viscosity of flour 

LC Lipid content of flour 

MC Moisture content of flour 

PC Protein content of flour 

PTf Pasting temperature of flour 

Ptimef Peak time of flour 

PKTf Peak temperature of flour 

PVf Peak viscosity of flour 

Re Percentage of retrogradation of flour 

SBf Setback (CPV – HPV) of flour pasting 

SC Starch content of flour 

SPf Swelling power of flour 

SPRf Springiness of flour gel 

SRf Stability ratio (100 × HPV/PV) of flour pasting 

Tof Onset temperature of flour 

Tpf Peak temperature of flour 

Tcf Conclusion temperature of flour 

∆Tf Gelatinization temperature range (Tc – To) of flour 

WSIf Water solubility index of flour 
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Table A4.2. Mineral and total phenolic composition of whole grain quinoa flour  

 

 

 

The unit for the minerals is mg/kg; Cd is out of the limit of detection; FP: free phenolics; BHP: base-hydrolysable phenolics; AHP: acid-

hydrolysable phenolics; values in the same column with the different letters differ significantly (p < 0.05) 

Sample 

Code 
Na Mg P K Ca Fe Cu Zn 

FP 

(mg GAE/g) 

BHP 

(mg GAE/g) 

AHP 

(mg GAE/g) 

S3 1837 c 1961 b 3875 b 5680 a 767e 57.6 d 4.57 c 24.5 bc 0.238 b 0.317 c 1.09 e 

S6 38 a 1945 b 4398 c 7851 d 354 a 35.3 a 3.96 a 23.8 b 0.329 c 0.308 c 0.838 a 

S14 9 a 2479 c 5112 d 8041 d 526 c 54.5 d 6.95 f 30.2 d 0.207 ab 0.358 d 0.953 d 

S15 13 a 1935 b 3992 b 7881 d 525 c 40.6 b 4.20 b 23.8 b 0.325 c 0.359 d 0.929 cd 

S17 49 a 1953 b 4013 b 7020 b 497 c 46.6 c 4.85 d 24.1 b 0.297 c 0.304 c 0.887 b 

S21 239 b 1657 a 3323 a 5507 a 592 d 62.8 e 5.41 e 21.6 a 0.180 a 0.273 b 0.938 cd 

S26 25 a 1886 b 4229 c 7518 c 450 b 40.1 b 4.13 ab 25.3 c 0.475 d 0.251 a 0.923 c 

Mean 317 1974 4135 7071 530 48.3 4.87 24.8 0.293 0.310 0.936 
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Table A4.3. Water solubility index and swelling power of whole grain quinoa flour  

 

Sample 

code 

WSIf (%) 

55oC 65 oC 75 oC 85 oC 95 oC 

S3 12.7 c 12.5 d 12.8 e 13.1 c 17.3 d 

S6 10.3 a 10.5 b 11.0 cd 12.1 bc 13.3 bc 

S14 11.7 b 11.5 c 11.3 d 10.9 b 11.0 a 

S15 10.6 a 9.9 a 10.0 a 11.7 bc 11.3 a 

S17 10.4 a 10.9 b 10.6 b 12.2 bc 12.3 ab 

S21 12.6 c 11.9 c 10.9 bc 8.0 a 11.1 a 

S26 11.9 b 12.5 d 12.6 e 13.1 bc 14.3 c 

Mean 11.5 11.4 11.3 11.6 12.9 

Sample 

code 

SPf (g/g) 

55 oC 65 oC 75 oC 85 oC 95 oC 

S3 3.94 d 4.97 b 5.90 cd 6.81 b 9.35 c 

S6 3.95 d 5.15 b 6.05 e 6.92 b 8.01 a 

S14 4.01 d 4.66 a 5.21 a 6.09 a 8.53 ab 

S15 3.49 b 4.62 a 5.23 a 6.29 a 8.98 bc 

S17 3.28 a 5.10 b 5.98 de 7.37 c 8.35 ab 

S21 3.63 c 5.26 b 5.83 bc 6.90 b 9.46 c 

S26 3.43 b 5.09 b 5.76 b 6.96 b 7.89 a 

Mean 3.68 4.98 5.71 6.76 8.65 

WSIf, water solubility index; SPf, swelling power; values in the same column with the 

different letters differ significantly (p < 0.05) 
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Table A4.4. Pearson correlation among physicochemical properties of quinoa flour 

 Tof Tpf Tcf ∆Tf ∆Hgelf ∆HS Re WSI85f SP85f PTf Ptimef PVf HPVf CPVf BDf SBf SRf BRf ke DS 

Tof 1                    

Tpf .854* 1                   

Tcf .486 .588 1                  

∆Tf -.659 -.412 .337 1                 

∆Hgelf .801* .881** .657 -.295 1                

∆HS .596 .603 .704 -.034 .856* 1               

Re -.391 -.282 -.310 .154 .024 .027 1              

WSI85f -.091 .184 .329 .384 -.005 .192 -.483 1             

SP85f .505 .786* .491 -.122 .548 .174 -.146 .161 1            

PTf -.421 -.710 -.560 -.027 -.672 -.447 -.208 -.128 -.875** 1           

Ptimef .187 .216 -.216 -.389 .128 .246 -.048 .468 .013 -.137 1          

PVf .384 .541 .187 -.243 .619 .379 .092 -.161 .217 -.156 -.218 1         

HPVf .313 .538 .178 -.174 .631 .521 .110 .133 .141 -.176 .113 .917** 1        

CPVf .340 .608 .397 -.015 .721 .591 .120 .126 .289 -.340 -.063 .923** .959** 1       

BDf .176 .010 .023 -.171 -.026 -.345 -.042 -.726 .188 .046 -.809* .198 -.210 -.095 1      

SBf .262 .532 .799* .410 .646 .519 .100 .056 .561 -.634 -.489 .532 .432 .669 .242 1     

SRf .007 .172 .018 .011 .253 .508 .077 .628 -.152 -.082 .797* .096 .483 .355 -.949** -.131 1    

BRf -.208 -.220 .390 .553 -.257 -.256 -.098 -.094 .237 -.192 -.619 -.494 -.691 -.467 .487 .327 -.686 1   

ke -.401 -.505 -.169 .283 -.425 .053 -.100 .518 -.616 .424 .544 -.617 -.305 -.423 -.763* -.549 .597 -.150 1  

DSf -.124 -.213 -.580 -.358 -.066 .001 .235 -.191 -.617 .580 .217 .475 .562 .344 -.219 -.388 .398 -.842* .144 1 

HDf .301 .663 .311 -.051 .650 .592 .109 .526 .460 -.595 .547 .490 .738 .725 -.611 .384 .751 -.547 -.034 .135 

ADf -.369 -.726 -.264 .162 -.634 -.487 .046 -.500 -.497 .504 -.459 -.629 -.819* -.790* .471 -.375 -.645 .598 .179 -.209 

CHf .191 .206 -.139 -.327 -.101 -.567 -.187 -.395 .554 -.197 -.408 .056 -.257 -.194 .765* .058 -.776* .373 -.749 -.366 

GUMf .376 .766* .310 -.133 .665 .475 .041 .456 .640 -.675 .445 .551 .723 .731 -.425 .441 .573 -.469 -.251 .041 

FP -.446 -.127 .388 .813* -.293 -.195 -.260 .653 .269 -.201 -.213 -.339 -.273 -.120 -.164 .338 -.040 .607 .180 -.624 

BHP -.095 -.230 -.098 .023 .111 .478 .227 .057 -.724 .448 .274 .228 .437 .309 -.513 -.169 .631 -.609 .534 .726 

AHP .415 .039 -.144 -.576 -.086 .049 -.587 .130 -.246 .355 .536 -.401 -.314 -.468 -.210 -.669 .171 -.247 .463 .085 

AC -.065 -.067 .114 .172 -.050 .339 -.416 .753 -.421 .354 .535 -.104 .217 .101 -.789* -.252 .766* -.424 .787* .307 

LC -.820* -.951** -.500 .452 -.816* -.622 .288 -.328 -.720 .698 -.497 -.350 -.449 -.472 .242 -.331 -.381 .319 .254 .197 

PC .723 .455 .033 -.755* .274 -.060 -.336 -.469 .426 -.191 -.047 .018 -.222 -.216 .594 -.105 -.529 .110 -.527 -.257 

SC .698 .815* .250 -.534 .718 .257 .063 -.324 .772* -.661 -.075 .619 .448 .517 .422 .479 -.219 -.138 -.860* -.120 

FC -.624 -.461 .050 .714 -.417 .006 -.015 .717 -.356 .171 .300 -.512 -.211 -.221 -.738 -.149 .539 .103 .831* -.097 

Na .481 .289 -.106 -.614 .116 .166 -.403 .282 .084 -.054 .825* -.372 -.190 -.336 -.441 -.568 .407 -.358 .409 -.023 

Mg -.255 -.260 -.367 -.032 -.226 -.064 -.164 .232 -.622 .707 .116 .389 .515 .333 -.316 -.300 .425 -.660 .315 .835* 

P -.528 -.365 -.390 .242 -.384 -.246 -.053 .352 -.511 .598 .032 .307 .444 .304 -.346 -.203 .388 -.489 .293 .683 

K -.704 -.441 -.005 .761* -.299 -.061 .204 .354 -.410 .314 -.270 .190 .308 .328 -.296 .233 .273 -.032 .277 .297 

Ca .631 .222 -.020 -.701 .165 .229 -.474 -.067 -.116 .176 .473 -.257 -.226 -.344 -.071 -.505 .095 -.244 .260 .050 

Fe .581 .160 -.301 -.888** .113 -.065 -.231 -.585 -.106 .273 .079 .078 -.097 -.218 .433 -.446 -.317 -.269 -.246 .269 

Cu .115 -.148 -.472 -.524 -.102 -.200 -.095 -.499 -.489 .679 -.224 .488 .330 .176 .383 -.320 -.198 -.493 -.230 .767* 

Zn -.316 -.338 -.390 .013 -.397 -.265 -.329 .254 -.596 .788* -.002 .269 .341 .173 -.184 -.353 .240 -.486 .287 .705 
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* Correlation is significant at p < 0.05 level; ** Correlation is significant at p < 0.01 level; *** Correlation is significant at p < 0.001 

level; abbreviations are defined as in Table A4.1 

 HDf ADf CHf GUMf FP BHP AHP AC LC PC SC FC Na Mg P K Ca Fe Cu Zn 

HDf 1                    

ADf -.960** 1                   

CHf -.332 .166 1                  

GUMf .965** -.974** -.074 1                 

FP .047 -.012 .019 .067 1                

BHP .197 -.120 -.872* -.031 -.403 1               

AHP -.213 .188 -.110 -.261 -.361 .150 1              

AC .326 -.291 -.766* .143 .172 .632 .437 1             

LC -.733 .748 -.055 -.790* .134 .151 -.220 -.108 1            

PC -.273 .162 .688 -.102 -.461 -.514 .462 -.509 -.400 1           

SC .396 -.493 .569 .575 -.338 -.425 -.213 -.584 -.677 .618 1          

FC .132 .017 -.665 -.045 .636 .314 -.021 .683 .286 -.807* -.809* 1         

Na .176 -.147 -.103 .142 -.304 .023 .868* .378 -.530 .430 .014 .016 1        

Mg .117 -.234 -.425 .022 -.174 .664 .100 .614 .255 -.465 -.375 .222 -.099 1       

P .156 -.255 -.346 .084 .133 .479 -.176 .527 .370 -.666 -.433 .397 -.296 .921** 1      

K .132 -.114 -.478 .023 .481 .418 -.576 .383 .498 -.919** -.520 .616 -.666 .578 .778* 1     

Ca -.164 .151 -.051 -.195 -.536 .136 .947** .255 -.362 .630 .027 -.253 .847* -.061 -.391 -.740 1    

Fe -.370 .256 .359 -.298 -.803* -.014 .648 -.244 -.150 .822* .333 -.734 .477 -.012 -.328 -.756* .773* 1   

Cu -.310 .122 .125 -.282 -.668 .361 .204 -.033 .263 .233 .077 -.521 -.107 .648 .427 .001 .223 .638 1  

Zn -.061 -.094 -.249 -.115 -.034 .475 .141 .561 .352 -.388 -.431 .223 -.119 .961** .915** .556 -.064 .005 .647 1 
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Table A4.5. Pearson correlation analysis between physicochemical properties of quinoa flour and quinoa starch  

 

 AAM To Tp Tc ∆T ∆Hgel WSI85 SP85 PT Ptime PV PKT HPV CPV BD SB SR BR ES1 ES24 HD AD CH 

Tof .108 .811* .891** .343 -.042 .816* -.252 -.454 .765* .218 -.513 .216 -.312 -.320 -.231 -.230 .019 .033 -.127 .217 .469 -.932** .296 

Tpf .264 .520 .948** .542 .270 .714 -.485 -.473 .735 .202 -.161 .200 -.048 .016 -.110 .125 .020 .126 -.283 .252 .566 -.931** .143 

Tcf .099 .267 .744 .860* .674 .709 -.468 -.347 .501 .665 -.567 .664 -.012 .162 -.525 .418 .406 .387 -.727 -.017 .829* -.550 -.279 

∆Tf -.024 -.649 -.318 .371 .627 -.268 -.137 .188 -.394 .336 .072 .338 .331 .491 -.201 .614 .330 .297 -.486 -.255 .210 .531 -.562 

∆Hgelf .354 .614 .923** .379 .078 .887** -.756* -.796* .912** .588 -.340 .586 .198 .279 -.485 .333 .402 .085 -.125 .126 .838* -.835* -.272 

∆HS .560 .427 .700 .323 .109 .937** -.821* -.882** .855* .836* -.505 .835* .436 .440 -.841* .303 .789* -.193 -.054 .187 .919** -.509 -.508 

Re -.057 .012 -.249 -.511 -.475 -.144 -.386 -.416 .176 .336 .229 .338 .511 .562 -.208 .469 .326 .007 .394 -.024 .120 .270 -.667 

WSI85f .578 -.570 .048 .518 .728 .064 -.173 .072 -.099 -.008 .201 -.008 .354 .266 -.095 .023 .227 -.369 -.317 .393 .103 .115 .052 

SP85f -.188 .315 .735 .686 .493 .293 -.172 -.055 .409 -.008 .011 -.010 -.250 -.096 .223 .209 -.303 .463 -.614 .297 .283 -.757* .244 

PTf .046 -.359 -.717 -.585 -.381 -.468 .474 .406 -.647 -.390 .116 -.388 -.086 -.218 .179 -.382 -.126 -.306 .500 -.436 -.535 .653 .158 

Ptimef .584 -.002 .039 -.173 -.158 .228 -.170 -.327 .347 -.047 .122 -.049 .382 .083 -.202 -.476 .266 -.871* .392 .854* -.103 -.036 .189 

PVf .410 .148 .470 -.036 -.097 .315 -.623 -.476 .341 .103 .282 .104 .289 .427 .034 .534 .054 .192 .232 -.504 .471 -.453 -.279 

HPVf .727 -.021 .411 -.055 -.039 .377 -.786* -.622 .408 .191 .361 .192 .587 .633 -.137 .508 .297 -.142 .338 -.252 .517 -.331 -.380 

CPVf .604 .025 .538 .158 .136 .448 -.840* -.625 .456 .333 .248 .334 .530 .661 -.196 .677 .325 .087 .097 -.317 .676 -.422 -.472 

BDf -.781* .423 .148 .048 -.143 -.146 .399 .354 -.159 -.210 -.203 -.210 -.735 -.508 .414 .059 -.591 .818* -.264 -.613 -.111 -.303 .249 

SBf .019 .135 .640 .651 .540 .440 -.618 -.364 .390 .562 -.155 .563 .151 .447 -.267 .826* .258 .650 -.584 -.340 .798* -.480 -.508 

SRf .917** -.288 .022 -.109 .027 .308 -.594 -.560 .335 .272 .221 .272 .811* .601 -.459 .032 .642 -.821* .396 .505 .266 .129 -.320 

BRf -.770* .014 -.015 .551 .500 -.176 .413 .494 -.282 .127 -.404 .127 -.536 -.328 .059 .148 -.211 .728 -.816* -.159 .003 .046 .035 

ke .414 -.435 -.517 -.185 .021 -.077 .086 .014 -.203 .130 -.097 .130 .383 .131 -.412 -.360 .493 -.749 .230 .423 -.174 .636 -.111 

DS .561 -.168 -.344 -.799* -.661 -.120 -.234 -.292 -.066 -.176 .432 -.174 .474 .327 .017 -.042 .154 -.547 .923** -.285 -.152 .300 -.182 

HDf .748 -.075 .496 .242 .257 .444 -.787* -.627 .559 .271 .318 .271 .667 .638 -.244 .380 .398 -.328 .065 .387 .510 -.371 -.293 

ADf -.726 .084 -.524 -.243 -.262 -.379 .695 .506 -.463 -.080 -.412 -.079 -.537 -.527 .046 -.337 -.198 .250 -.075 -.243 -.420 .443 .131 

CHf -.731 .268 .173 .171 .039 -.329 .552 .563 -.222 -.605 .145 -.606 -.776* -.627 .781* -.158 -.908** .656 -.339 -.167 -.415 -.394 .641 

GUMf .595 -.013 .582 .321 .303 .384 -.684 -.502 .522 .121 .374 .120 .486 .504 -.040 .371 .169 -.151 -.040 .337 .438 -.507 -.135 

* Correlation is significant at p < 0.05 level; ** Correlation is significant at p < 0.01 level; *** Correlation is significant at p < 0.001 

level; abbreviations are defined as in Table A4.1; variables with ‘f’ are of flour samples while those without ‘f’ are of starch samples  
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Table A4.6. Eigenvectors of the first three principal components of the first PCA  

 

 PC1 PC2 PC3 

SC -0.894 -0.092 0.124 

PC -0.878 0.248 0.125 

LC 0.479 -0.315 -0.658 

AC 0.722 0.551 0.347 

FC 0.934 -0.093 0.279 

FP 0.475 -0.661 0.551 

BHP 0.537 0.604 -0.419 

AHP -0.043 0.817 0.276 

Abbreviations are defined as in Table A4.1. 
  

 

 

 

 

 

 

 

 

 

                   

Table A4.7. Eigenvectors of the first two principal components of the second PCA 

 
 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations are defined as in Table A4.1. 
 

  

 PC1 PC2 

Na -0.604 0.485 

Mg 0.793 0.574 

P 0.933 0.267 

K 0.925 -0.314 

Ca -0.636 0.692 

Fe -0.508 0.786 

Cu 0.328 0.806 

Zn 0.788 0.576 
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Table A4.8. Eigenvectors for the first six principal components of the third PCA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations are defined in Table A4.1; variables with ‘f’ are of flour samples 

 

 

 

  

 PC1 PC2 PC3 PC4 PC5 PC6 

Tof 0.593 0.337 -0.123 -0.537 0.344 0.337 

Tpf 0.874 0.330 0.053 -0.332 0.109 0.047 

Tcf 0.491 0.423 0.550 0.202 0.413 0.259 

∆Tf -0.210 -0.001 0.601 0.758 -0.012 -0.146 

∆Hgelf 0.864 0.252 -0.036 -0.038 0.112 0.419 

Re -0.024 -0.093 -0.254 0.459 -0.754 0.384 

WSI85f 0.324 -0.450 0.684 -0.022 0.233 -0.413 

SP85f 0.593 0.594 0.314 -0.287 -0.278 -0.196 

PTf -0.644 -0.417 -0.412 0.086 0.452 -0.173 

Ptimef 0.315 -0.714 0.180 -0.553 -0.202 0.104 

PVf 0.701 0.160 -0.584 0.315 0.159 -0.128 

HPVf 0.819 -0.190 -0.415 0.307 0.123 -0.108 

CPVf 0.852 0.023 -0.274 0.423 0.126 -0.067 

BDf -0.29 0.858 -0.412 0.015 0.087 -0.039 

SBf 0.572 0.570 0.225 0.537 0.067 0.071 

SRf 0.504 -0.836 0.194 0.016 -0.025 0.091 

BRf -0.472 0.669 0.547 0.171 -0.006 0.022 

ke -0.338 -0.808 0.425 -0.026 0.165 0.158 

DS 0.081 -0.610 -0.767 0.151 0.094 -0.036 

HDf 0.912 -0.313 0.157 0.044 -0.197 -0.071 

ADf -0.935 0.231 -0.010 0.013 0.081 0.255 

CHf -0.130 0.753 -0.216 -0.380 -0.215 -0.423 

GUMf 0.936 -0.112 0.106 -0.044 -0.238 -0.206 
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Table A4.9. Origin of samples 

 

Sample 

code 
Product name 

Company 

location 

Country of 

origin 
Color 

S3 Ceres Organics Quinoa New Zealand Peru White 

S6 
Alter Eco Organic Royal Black 

Quinoa 
United States Bolivia Black 

S14 Arrowhead Mills Organic Quinoa United States Peru White 

S15 Jansal Valley Black Quinoa United States Peru Black 

S17 Roland White Quinoa United States Peru White 

S21 Tianjing Tibet Quinoa China China White 

S26 Ceres Red Quinoa New Zealand 
South 

America 
Red 
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Figure A4.1. SEM photographs of whole grain quinoa flour from S21 (A), S14 (B), 

S26 (C), S17 (D). Starch granule aggregates and are embedded in protein matrix (A, 

B, C); Separated starch granule with the arrow showing film-like substance (C) and 

possible damaged starch granule (D)   

  

A B 

C D 
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Figure A4.2. Pasting profile of whole grain quinoa flour samples  
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Figure A4.3. DSC profiles of whole grain quinoa flour samples   
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Figure A4.4. Enzyme susceptibility of whole grain quinoa flour samples to porcine 

pancreatic α-amylase  
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Figure A4.5. Enzyme susceptibility of quinoa flour as described by first-order kinetics 

model. The enzyme hydrolysis rate coefficient ke was calculated by plotting ln
𝐴0−

162

180
𝐴𝑡

𝐴0
 

with tln
𝐴0−

162

180
𝐴𝑡

𝐴0
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Figure A4.6. Total phenolic content of whole grain quinoa flour. FP: free phenolic 

content; BHP: base-hydrolysable phenolics; AHP: acid-hydrolysable phenolics 
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Appendix for Chapter 5 

 

Table A5.1. Abbreviations  

 

Abbreviations Full Name 

A Molar-based percentage of A-chains 

A:B Molar ratio of A-chains and B-chains (B1 + B2 + B3) 

AAM Apparent amylose content analyzed by iodine binding based method 

AAM2B Apparent amylose content calculated by GPC of whole starch 

AAM6B AAM content measured by GPC after debranching the whole starch 

Acrystal 
Molar-based percentage of A-chains which are assumed to form the crystalline 

region (Acrystal = A – Afp) 

Acrystal: B Molar ratio of A-chains forming crystalline region to B-chains 

Acrystal: BS Molar ratio of A-chains forming crystalline region to short B-chains 

ACC Amylose content analyzed by Con A based method 

Afp Fingerprint A-chains of amylopectin (DP 6−8) 

B1 (BS) Molar-based percentage of short B-chains in φ,β-LDs (DP 3–25) 

B2 Molar-based percentage of chains of DP 26–55 in φ,β-LDs 

B3 Molar-based percentage of chains of DP > 56 in φ,β-LDs 

BCLld Average chain length of B-chains in φ,β-LDs (DP > 2) 

Bfp Molar-based percentage of fingerprint B-chains in φ,β-LDs (DP 3−7) 

Bfp Shoulder The position of protruding areas of φ,β-LDs in the range of DP 3−7 

Bfp: BSm Molar-based ratio of fingerprint B-chains to major part of short B-chains 

BL Molar-based percentage of long B-chains = B2 + B3 

BL-CLld Average chain length of long B-chains (DP > 25) of φ,β-LDs 

BS: BL Molar-based ratio between short B-chains and long B-chains 

BS-CLld Average chain length of short B-chains of φ,β-LDs (DP 3–25) 

BSm (BSmajor) 
Molar-based percentage of Major part of short B-chains in φ,β-LDs (= BS−Bfp, DP 

8–25) 

CLap Average chain length of amylopectin 

CLld Average chain length of φ,β-LDs 

ECL Average external chain length of amylopectin (= CLap – CLld +1.5) 

fa Weight-based percentage of chains of DP 6–12 

Fa Molar-based percentage of chains of DP 6–12 

fa/fb1 Weight-based ratio of fa to fb1 

Fa/Fb1 Molar-based ratio of Fa to Fb1 

fa/fb1-2 Weight-based ratio of fa to the sum of fb1 and fb2 

Fa/Fb1-2 Molar-based ratio of Fa to the sum of Fb1 and Fb2 

fa/fb1-3 Weight-based ratio of fa to the sum of fb1, fb2, and fb3 

Fa/Fb1-3 Molar-based ratio of Fa to the sum of Fb1, Fb2, and Fb3 

fb1 Weight-based percentage of chains of DP 13–24 

Fb1 Molar-based percentage of chains of DP 13–24 

fb2 Weight-based percentage of chains of DP 25–36 
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Fb2 Molar-based percentage of chains of DP 25–36 

fb3 Weight-based percentage of chains of DP > 36 

Fb3 Molar-based percentage of chains of DP > 36 

ICL Average internal chain length of amylopectin (= CLap – ECL − 1) 

Lap Molar-based percentage of long chains of amylopectin (DP > 36) 

LCAAM Weight-based percentage of long unit chain fraction of amylose 

LCAAM/SCAAM Weight-based ratio between long chain and short chain fractions of amylose 

LCLap Average chain length of long chains of amylopectin (DP > 36) 

NC:B Average number of chains per B-chain in φ, β-LDs (= TICL/(ICL + 1)) 

S Molar-based percentage of short chains (= A + BS) 

Sap Molar-based percentage of short unit chains of amylopectin (DP 6–36) 

Sap: Lap Molar-based ratio between short and long unit chains of amylopectin 

SCAAM Weight-based percentage of Short unit chain fraction of amylose 

SCLap Average chain length of short chains of amylopectin (DP 6–36) 

Shoulders 1, 2 
The position of protruding parts of amylopectin unit chains which make the peak of 

short chain asymmetry 

TICL Average total internal chain length of amylopectin (= BCLld – 1) 

λmax of AM Maximum absorbance wavelength of amylose fraction 

λmax of AP Maximum absorbance wavelength of amylopectin fraction 

φ, β-LDs φ, β-limit dextrins 

φ, β-LV φ, β-limit value (= 100 – 100 × CLld / CLap) 
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Table A5.2. Selected structural parameters of maize starch  

 

Parameters Maize starch 

ACC 16.2 * 

AAM2B 24.9 ± 0.6% 

AAM6B 27.3 ± 1.5% 

LCAAM 10.0 ± 0.3% 

SCAAM 17.3 ± 1.2% 

LCAAM/SCAAM 0.58 ± 0.02 

Afp 4.60 ± 0.20 

A 48.75 ± 0.53 

Acrystal 44.15 ±0.57 

Bfp 20.46 ± 0.22 

BSm 24.07 ± 0.32 

B1(BS) 44.53 ± 0.42 

B2 6.02 ± 0.14 

B3 0.70 ± 0.02 

BL 6.72 ± 0.16 

S 93.28 ± 0.16 

φ, β-LV 58.12 ± 0.79 

CLap 18.29 ± 0.25 

SCLap 15.99 ± 0.13 

LCLap 49.83 ± 0.39 

CLld 7.66 ± 0.10 

BS-CLld 9.28 ± 0.05 

BL-CLld 38.07 ± 0.03 

BCL 13.05 ± 0.11 

ECL 12.13 ± 0.27 

ICL 5.16 ± 0.37 

TICL 12.05 ± 0.11 

A:B 0.95 ± 0.02 

Sap: Lap 11.93 ± 0.84 

BS: BL 6.63 ± 0.13 

Bfp: BSm 0.85 ± 0.01 

Acrystal: BS 0.99 ± 0.01 

Acrystal: B 0.86 ± 0.01 

NC: B 2.13 ± 0.01 

All the abbreviations are in Table A5.1 

* Data estimated by Li and Zhu (2017d) 
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Table A5.3. Quinoa sample information 

 

Sample 

code 
Product name Company location 

Country 

of origin 
Color 

S3 Ceres Organics Quinoa New Zealand Peru White 

S6 Alter Eco Organic Royal Black Quinoa United States Bolivia Black 

S14 Arrowhead Mills Organic Quinoa United States Peru White 

S15 Jansal Valley Black Quinoa United States Peru Black 

S17 Roland White Quinoa United States Peru White 

S21 Tianjing Tibet Quinoa China China White 

S22 Quinoa-BBR Cambelloille Canada Canada Light yellow 

S24 Quinoa BBR Matheson Canada Canada Light yellow 

S26 Ceres Red Quinoa New Zealand 
South 

America 
Red 
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Table A5.4. Correlations among various structural parameters of quinoa amylopectin  

 
 A Bfp BSm B1(BS) B2 B3 BL S CLld BS-CLld BL-CLld BCL A: B BS: BL Bfp: BSm Acrystal ECL ICL TICl NC: B φ,β-LV Acrystal: BS Acrystal: B A: BL 

A 1                        

Bfp  1                       

BSm   1                      

B1(BS) -.925**   1                     

B2     1                    

B3 .696*   -.701*  1                   

BL     .984**  1                  

S     -.984**  -.999** 1                 

CLld   .801**  .909**  .877** -.885** 1                

BS-CLld          1               

BL-CLld .740*     .868**     1              

BCL          .778*  1             

A:B .972**  -.674* -.962**         1            

BS: BL     -.858**  -.923** .921** -.699*     1           

Bfp: BSm  .881** -.797*      -.728* -.733*     1          

Acrystal .854**   -.835**         .851**   1         

ECL                 1        

ICL   .801**  .909**  .877** -.885** 1.000**     -.699* -.728*   1       

TICl          .778*  1.000**       1      

NC:B .820**  -.724*  -.702* .721*   -.759*  .897**  .728*     -.759*  1     

φ,β-LV     -.745*  -.708* .732* -.828**        .888** -.828**   1    

Acrystal: BS .921**   -.946**  .700*       .938**   .968**      1   

Acrystal: B .955**   -.921**  .705*       .948**   .966**    .683*  .986** 1  

A:BL     -.977**  -.960** .960** -.936**     .782*    -.936**  .747* .736*   1 

CLap                 .707*        

Afp                         

SCLap                 .715*        

LCLap  -.719*             -.736*          

Sap:Lap                         

fa                 -.725*        

fb1          -.878**               

fb2                         

fb3                         

Fa                 -.720*        

Fb1          -.773*               

Fb2                         

Fb3                         

fa/fb1                         

fa/fb1-2                 -.781*        

fa/fb1-3                 -.730*        

Fa/Fb1                         

Fa/Fb1-2                 -.709*        

Fa/Fb1-3                 -.728*        
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 CLap Afp SCLap LCLap Sap: Lap fa fb1 fb2 fb3 Fa Fb1 Fb2 Fb3 fa/fb1 fa/fb1-2 fa/b1-3 Fa/Fb1 Fa/Fb1-2 Fa/Fb1-3 

Clap 1                   

Afp -.782* 1                  

SCLap .967** -.833** 1                 

LCLap    1                

Sap:Lap -.988** .809** -.943** -.691* 1               

fa -.969** .868** -.970**  .949** 1              

fb1 
      1             

fb2 
       1            

fb3 .956** -.787* .881**  -.981** -.909**   1           

Fa -.913** .927** -.936**  .899** .983**    1          

Fb1 
     -.776*    -.875** 1         

Fb2 
       .976**    1        

Fb3 .982** -.813** .929**  -.994** -.950**   .991** -.906**   1       

fa/fb1 -.816** .918** -.850**  .797* .930**   -.770* .976** -.947**  -.812** 1      

fa/fb1-2 -.921** .854** -.950**  .883** .980**   -.816** .976** -.796*  -.877** .939** 1     

fa/fb1-3 -.963** .875** -.955**  .945** .990**   -.915** .975** -.776*  -.946** .931** .966** 1    

Fa/Fb1 -.807** .952** -.850**  .798** .921**   -.771* .976** -.957**  -.812** .995** .928** .921** 1   

Fa/Fb1-2 -.882** .919** -.924**  .858** .970**   -.812** .995** -.892**  -.864** .983** .978** .958** .981** 1  

Fa/Fb1-3 -.917** .920** -.943**  .900** .985**   -.856** .998** -.862**  -.903** .970** .984** .972** .969** .995** 1 

All the abbreviations are in Table A5.1 

* The correlations are significantly different at p < 0.05 

** The correlations are significantly different at p < 0.01 
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Figure A5.1. Gel permeation chromatography of whole (a, b) and debranched starches (c, d) of S6 (a, c) and S24 (b, d)

0 10 20 30 40 50

0

5

10

15

20

C
a

rb
o

h
yd

ra
te

 c
o

n
te

n
t 

(%
)

Fraction number

520

540

560

580

600

620

640

λm
a
x 

(n
m

)

0 10 20 30 40 50

0

5

10

15

20

C
a

rb
o

h
yd

ra
te

 c
o

n
te

n
t 

(%
)

Fraction number

520

540

560

580

600

620

640

λm
a
x 

(n
m

)

30 40 50 60 70 80 90 100 110

0

2

4

6

8

C
a

rb
o

h
yd

ra
te

 c
o

n
te

n
t 

(%
)

Fraction number

30 40 50 60 70 80 90 100 110

0

2

4

6

8

C
a

rb
o

h
yd

ra
te

 c
o

n
te

n
t 

(%
)

Fraction number

a 

d c 

b 



262 
 

  

 

 

 

Figure A5.2. Chain length distribution for amylopectin (a, b); φ,β-LDs (c, d); and 

reconstruction of amylopectin (e, f) of two typical quinoa starches (S26 on the left and 

S21 on the right)  
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Figure A5.3. PCA scree plots for structural parameters of amylopectin (a); φ, β-LDs 

(b); and GPC parameters (c)  
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Figure A5.4. PCA loading plots of PC1-PC2 and PC1-PC3 for the structural 

parameters of amylopectin (a, b); φ, β-LDs (c, d); and GPC parameters (e, f). All the 

abbreviations are in Table A5.1  
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Appendix for Chapter 6 

 

Table A6.1. Abbreviations 

 

Abbreviations Full Name 

A Molar-based percentage of A-chains 

A:B Molar ratio of A-chains and B-chains (= B1 + B2 + B3) 

AAM Apparent amylose content analysed by iodine binding based method 

AAM2B 
Apparent amylose content calculated by gel permeation chromatography of whole 

starch 

AAM6B 
AAM content measured by gel permeation chromatography after debranching the 

whole starch 

Acrystal 
Molar-based percentage of A-chains which are assumed to form the crystalline 

region (= A – Afp) 

Acrystal: B Molar ratio of A-chains forming crystalline region to B-chains 

Acrystal: BS Molar ratio of A-chains forming crystalline region to short B-chains 

ACC Amylose content analyzed by Con A based method 

AD Adhesiveness of starch gel 

Afp Fingerprint A-chains of amylopectin (DP 6−8) 

AML 
Amylose leaching, the following number refers to data from different 

temperatures 

B1 (BS) Molar-based percentage of short B-chains in φ,β-LDs (DP 3–25) 

B2 Molar-based percentage of chains of DP 26–55 in φ,β-LDs 

B3 Molar-based percentage of chains of DP > 56 in φ,β-LDs 

BCLld Average chain length of B-chains in φ,β-LDs (DP > 2) 

BD Breakdown (= PV − HPV) of pasting 

Bfp Molar-based percentage of fingerprint B-chains in φ,β-LDs (DP 3−7) 

Bfp: BSm Molar-based ratio of fingerprint B-chains to major part of short B-chains 

BL Molar-based percentage of long B-chains ( = B2 + B3) 

BL-CLld Average chain length of long B-chains (DP > 25) of φ,β-LDs 

BR Setback ratio ( = CPV/HPV) of pasting 

BS: BL Molar-based ratio between short B-chains and long B-chains 

BS-CLld Average chain length of short B-chains of φ,β-LDs (DP 3–25) 

BSm 
Molar-based percentage of major part of short B-chains in φ,β-LDs (DP 8–25, = 

BS−Bfp) 

CH Cohesiveness of starch gel 

CLap Average chain length of amylopectin 

CLld Average chain length of φ, β-LDs 

CPV Cold paste viscosity of pasting 

D [3, 2] Surface area moment mean diameter or Sauter mean diameter 

D [4, 3] Mass moment mean diameter or De Brouckere mean diameter 

D [n, 0.5] Number median diameter 

ECL Average external chain length of amylopectin (= CLap – CLld +1.5) 

ES1 Enzyme susceptibility of native starch after α-amylolysis for 1 h 
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ES24 Enzyme susceptibility of native starch after α-amylolysis for 24 h 

fa Weight-based percentage of chains of DP 6–12 

Fa Molar-based percentage of chains of DP 6–12 

fa/fb1 Weight-based ratio of fa to fb1 

Fa/Fb1 Molar-based ratio of Fa to Fb1 

fa/fb1-2 Weight-based ratio of fa to the sum of fb1 and fb2 

Fa/Fb1-2 Molar-based ratio of Fa to the sum of Fb1 and Fb2 

fa/fb1-3 Weight-based ratio of fa to the sum of fb1, fb2, and fb3 

Fa/Fb1-3 Molar-based ratio of Fa to the sum of Fb1, Fb2, and Fb3 

fb1 Weight-based percentage of chains of DP 13–24 

Fb1 Molar-based percentage of chains of DP 13–24 

fb2 Weight-based percentage of chains of DP 25–36 

Fb2 Molar-based percentage of chains of DP 25–36 

fb3 Weight-based percentage of chains of DP > 36 

Fb3 Molar-based percentage of chains of DP > 36 

HD Hardness of starch gel 

HPV Hot paste viscosity of pasting 

ICL Average internal chain length of amylopectin (= CLap – ECL − 1) 

Lap Molar-based percentage of long chains of amylopectin (DP > 36) 

LCAAM Weight-based percentage of long unit chain fraction of amylose 

LCAAM/SCAAM Weight-based ratio between long chain and short chain fractions of amylose 

LCLap Average chain length of long chains of amylopectin (DP > 36) 

LDs Limit dextrins of amylopectin 

NC: B Average number of chains per B-chain in φ, β-LDs (= TICL/(ICL+1)) 

PKT Peak temperature of pasting  

PT Pasting temperature of pasting 

Ptime Peak time of pasting  

PV Peak viscosity of pasting 

S Molar-based percentage of short chains (= A + BS) 

Sap Molar-based percentage of short unit chains of amylopectin (DP 6–36) 

Sap: Lap Molar-based ratio between short and long unit chains of amylopectin 

SB Setback (= CPV – HPV) of pasting 

SCAAM Weight-based percentage of short unit chain fraction of amylose 

SCLap Average chain length of short chains of amylopectin (DP 6–36) 

SP 
Swelling power, the following number refers to data measured at specific 

temperatures  

SR Stability ratio (= 100 × HPV/PV) of pasting 

SSA Specific surface area of starch granules 

Tc Conclusion temperature gelatinization analysed by DSC 

TICL Average total internal chain length of amylopectin (= BCLld − 1) 

To Onset temperature gelatinization analysed by DSC 

Tp Peak temperature gelatinization analysed by DSC 
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WSI 
Water solubility index, the following number refers to data measured at 

temperatures 

XRD 1 Degree of crystallinity calculated by method 1 

XRD 2 Degree of crystallinity calculated by method 2 

λmaxAM Maximum absorbance wavelength of amylose fraction 

λmaxAP Maximum absorbance wavelength of amylopectin fraction 

φ, β-LV φ, β-limit value (= 100 – 100 × CLld/CLap) 

∆H Enthalpy change of gelatinization analysed by DSC 

∆T Gelatinization temperature range (= Tc – To) analysed by DSC  
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Table A6.2. Correlation between amylopectin unit chain length distribution and 

thermal properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly 

different at p < 0.01; abbreviations are in Table A6.1 

 T0 Tp Tc ΔT ΔH 

CLap 0.547 0.572 0.661 0.321 0.077 

Afp −.734* −.815** −.754* −0.271 −0.285 

SCLap 0.621 0.657 .768* 0.386 0.025 

LCLap 0.437 0.347 −0.023 −0.403 −0.005 

Sap: Lap −0.533 −0.585 −0.612 −0.274 −0.139 

Fa −0.64 −.699* −.795* −0.402 −0.182 

fb1 0.479 0.576 0.48 0.162 0.473 

fb2 −0.17 −0.203 0.194 0.379 −0.408 

fb3 0.576 0.603 0.533 0.143 0.138 

Fa −.707* −.772* −.836** −0.393 −0.248 

Fb1 .748* .854** .807** 0.323 0.437 

Fb2 0.018 −0.021 0.333 0.384 −0.355 

Fb3 0.584 0.617 0.614 0.233 0.129 

fa/fb1 −.743* −.818** −.857** −0.387 −0.315 

fa/fb1−2 −0.592 −.668* −.865** −0.527 −0.178 

fa/fb1−3 −0.66 −.684* −.755* −0.336 −0.159 

Fa/Fb1 −.756* −.837** −.851** −0.369 −0.322 

Fa/Fb1−2 −.710* −.790* −.879** −0.442 −0.247 

Fa/Fb1−3 −.678* −.761* −.855** −0.441 −0.237 
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Table A6.3. Correlations between amylopectin internal chain length distribution and 

thermal properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly 

different at p < 0.01; abbreviations are in Table A6.1 

  

 

 To Tp Tc ΔT ΔH 

A −0.419 −0.651 −0.61 −0.37 0.152 

Bfp 0.186 0.156 0.516 0.459 −0.044 

BSm 0.233 0.38 0.12 −0.056 −0.434 

B1(BS) 0.399 0.519 0.598 0.373 −0.438 

B2 0.16 0.489 0.168 0.063 0.532 

B3 −0.104 −0.399 −0.382 −0.368 0.193 

BL 0.148 0.431 0.098 −0.009 0.586 

S −0.142 −0.417 −0.067 0.042 −0.574 

CLld 0.228 0.467 0.104 −0.071 0.141 

BS-CLld −0.399 −0.422 −0.542 −0.306 −0.435 

BL-CLld −0.328 −0.661 −0.475 −0.288 −0.137 

BCL −0.427 −0.457 −0.628 −0.385 0.104 

A: B −0.458 −0.599 −0.568 −0.286 0.33 

BS: BL 0.001 −0.207 0.146 0.175 −.685* 

Bfp: BSm 0.014 −0.054 0.301 0.348 0.247 

Acrystal −0.011 −0.188 −0.182 −0.209 0.295 

ECL 0.361 0.213 0.559 0.36 −0.015 

ICL 0.228 0.467 0.104 −0.071 0.141 

TICl −0.427 −0.457 −0.628 −0.385 0.104 

NC: B −0.556 −.816** −0.552 −0.183 −0.068 

φ,β-LV 0.099 −0.121 0.281 0.252 −0.084 

Acrystal: BS −0.196 −0.347 −0.371 −0.276 0.379 

Acrystal: B −0.214 −0.42 −0.401 −0.296 0.257 

A: BL −0.28 −0.568 −0.257 −0.067 −0.428 
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Table A6.4. Correlation between amylopectin unit chain length distribution and swelling and amylose leaching properties 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

  

 WSI95 WSI85 WSI75 WSI65 WSI55 SP95 SP85 SP75 SP65 SP55 AML95 AML85 AML75 AML65 AML55 

CLap −0.226 −0.055 −0.188 −0.184 −0.494 −0.1 −0.15 −0.41 −0.569 −0.626 −0.221 −0.305 −0.379 −0.295 −0.513 

Afp 0.101 0.141 0.316 0.223 0.562 0.005 0.265 0.359 0.559 .836** −0.24 −0.071 0.058 −0.015 0.268 

SCLap −0.01 0.107 −0.029 −0.023 −0.41 0.111 −0.005 −0.288 −0.447 −0.643 −0.164 −0.285 −0.387 −0.317 −0.529 

LCLap −0.366 −0.234 −0.34 −.690* −.801** −0.619 −0.597 −0.504 −.893** −0.611 −0.389 −0.498 −0.483 −0.458 −0.604 

Sap:Lap 0.292 0.149 0.283 0.32 0.603 0.185 0.282 0.519 .677* .695* 0.185 0.277 0.338 0.266 0.516 

Fa 0.179 0.08 0.22 0.112 0.451 0.038 0.125 0.35 0.497 .672* 0.042 0.149 0.261 0.153 0.417 

fb1 0.037 −0.237 −0.314 0.067 −0.041 0.055 −0.109 0.119 0.055 −0.351 .736* 0.622 0.474 0.576 0.376 

fb2 0.148 0.437 0.455 0.347 0.204 0.367 0.459 −0.009 0.129 0.19 −0.596 −0.522 −0.483 −0.515 −0.411 

fb3 −0.362 −0.222 −0.355 −0.438 −.702* −0.342 −0.391 −0.538 −.776* −.743* −0.211 −0.307 −0.367 −0.287 −0.545 

Fa 0.153 0.103 0.258 0.104 0.454 0.021 0.145 0.318 0.478 .721* −0.098 0.03 0.164 0.053 0.336 

Fb1 −0.128 −0.245 −0.39 −0.117 −0.408 −0.056 −0.23 −0.212 −0.375 −.728* 0.441 0.29 0.124 0.253 −0.069 

Fb2 0.109 0.402 0.379 0.281 0.066 0.313 0.384 −0.072 −0.014 0.009 −0.57 −0.537 −0.527 −0.535 −0.489 

Fb3 −0.315 −0.162 −0.3 −0.344 −0.638 −0.249 −0.305 −0.501 −.705* −.727* −0.182 −0.273 −0.348 −0.27 −0.528 

fa/fb1 0.128 0.147 0.295 0.056 0.39 0.011 0.132 0.226 0.399 .696* −0.209 −0.071 0.079 −0.061 0.226 

fa/fb1−2 0.116 0.03 0.163 −0.038 0.306 −0.112 −0.01 0.261 0.34 0.591 −0.029 0.059 0.18 0.069 0.304 

fa/fb1−3 0.181 0.081 0.233 0.112 0.438 0.043 0.122 0.307 0.501 0.657 0.068 0.184 0.287 0.166 0.39 

Fa/Fb1 0.114 0.144 0.301 0.091 0.433 0.004 0.165 0.258 0.433 .743* −0.243 −0.093 0.058 −0.066 0.232 

Fa/Fb1−2 0.091 0.068 0.214 0.031 0.396 −0.049 0.084 0.263 0.405 .698* −0.129 0.001 0.145 0.03 0.314 

Fa/Fb1−3 0.145 0.096 0.242 0.086 0.44 −0.009 0.121 0.325 0.46 .712* −0.088 0.03 0.162 0.054 0.339 
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Table A6.5. Correlations between amylopectin internal chain length distribution and swelling properties and amylose leaching.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

 WSI95 WSI85 WSI75 WSI65 WSI55 SP95 SP85 SP75 SP65 SP55 AML95 AML85 AML75 AML65 AML55 

A −0.407 −0.145 −0.281 −0.152 0.179 −0.119 −0.172 −0.136 0.039 0.376 0.261 0.342 0.458 0.363 0.619 

Bfp 0.331 0.347 0.334 .743* 0.562 0.502 0.637 0.556 0.655 0.198 0.337 0.373 0.218 0.277 0.307 

BSm 0.26 0.101 0.248 −0.286 −0.52 −0.169 −0.112 −0.113 −0.444 −0.431 −.710* −.772* −.770* −.761* −.899** 

B1(BS) 0.53 0.39 0.518 0.389 0.002 0.279 0.458 0.382 0.155 −0.243 −0.374 −0.402 −0.54 −0.47 −0.584 

B2 −0.19 −0.526 −0.451 −0.595 −0.579 −0.414 −0.659 −0.587 −0.559 −0.474 0.072 −0.06 −0.036 0.031 −0.381 

B3 −0.001 0.184 −0.003 0.228 0.427 0.221 0.097 0.152 0.25 0.439 0.216 0.133 0.214 0.2 0.455 

BL −0.2 −0.512 −0.47 −0.578 −0.523 −0.394 −.668* −0.58 −0.536 −0.409 0.111 −0.042 −0.002 0.066 −0.313 

S 0.205 0.516 0.468 0.588 0.525 0.422 .676* 0.568 0.537 0.396 −0.097 0.053 0.011 −0.056 0.316 

CLld 0.035 −0.249 −0.144 −0.487 −0.57 −0.338 −0.464 −0.384 −0.544 −0.45 −0.318 −0.457 −0.429 −0.373 −.675* 

BS-CLld 0.218 0.262 0.391 −0.106 −0.008 −0.018 0.037 −0.038 −0.047 0.289 −.697* −.676* −0.527 −0.627 −0.487 

BL-CLld 0.106 0.346 0.233 0.477 .697* 0.385 0.422 0.436 0.551 .703* 0.055 0.088 0.178 0.145 0.572 

BCL 0.018 0.015 0.041 −0.194 0.076 −0.061 −0.214 −0.213 −0.04 0.369 −0.219 −0.274 −0.095 −0.171 −0.086 

A: B −0.541 −0.357 −0.472 −0.27 0.114 −0.213 −0.313 −0.264 −0.03 0.326 0.361 0.449 0.575 0.512 .694* 

BS: BL 0.373 0.603 0.616 .691* 0.502 0.471 .794* .681* 0.573 0.301 −0.225 −0.089 −0.179 −0.209 0.092 

Bfp: BSm 0.086 0.149 0.064 0.609 0.607 0.415 0.439 0.387 0.641 0.314 0.644 .690* 0.582 0.611 .669* 

Acrystal −0.441 −0.212 −0.435 −0.262 −0.127 −0.116 −0.303 −0.319 −0.258 −0.085 0.375 0.362 0.405 0.354 0.448 

ECL −0.2 0.15 −0.05 0.219 −0.018 0.182 0.219 −0.072 −0.096 −0.25 0.068 0.083 −0.015 0.022 0.031 

ICL 0.035 −0.249 −0.144 −0.487 −0.57 −0.338 −0.464 −0.384 −0.544 −0.45 −0.318 −0.457 −0.429 −0.373 −.675* 

TICl 0.018 0.015 0.041 −0.194 0.076 −0.061 −0.214 −0.213 −0.04 0.369 −0.219 −0.274 −0.095 −0.171 −0.086 

NC: B −0.019 0.264 0.18 0.377 0.66 0.321 0.338 0.251 0.553 .741* 0.181 0.29 0.39 0.279 0.653 

φ, β-LV −0.17 0.205 0.021 0.364 0.266 0.272 0.358 0.133 0.197 0.069 0.198 0.283 0.213 0.205 0.374 

Acrystal: BS −0.5 −0.307 −0.494 −0.329 −0.072 −0.185 −0.385 −0.369 −0.22 0.062 0.393 0.399 0.489 0.427 0.532 

Acrystal: B −0.475 −0.221 −0.408 −0.243 0.005 −0.153 −0.276 −0.264 −0.146 0.136 0.318 0.351 0.436 0.372 0.543 

A: BL 0.034 0.358 0.292 0.449 0.516 0.304 0.516 0.45 0.489 0.475 0.011 0.174 0.176 0.097 0.489 
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Table A6.6. Correlation between amylopectin unit chain length distribution and pasting and gel texture properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

 

  

 Ptime PT PKT PV PT HPV CPV BD SB SR HD AD CH 

CLap 0.548 0.547 0.64 −0.53 0.641 −0.088 0.048 −0.607 0.294 0.411 0.224 −0.015 −0.475 

Afp −.745* −.743* −0.409 0.356 −0.409 −0.05 0 0.528 0.105 −0.414 −0.21 0.279 0.158 

SCLap 0.564 0.561 0.493 −0.586 0.493 −0.243 −0.149 −0.512 0.164 0.261 0.097 −0.065 −0.252 

LCLap .710* .715* .698* −0.495 .699* 0 0.214 −0.658 0.491 0.431 0.15 0.037 −0.629 

Sap: Lap −0.628 −0.629 −.709* 0.531 −.709* 0.033 −0.112 .670* −0.326 −0.475 −0.284 0.069 0.514 

Fa −0.572 −0.569 −0.56 0.467 −0.56 0.048 −0.021 0.568 −0.148 −0.414 −0.267 0.127 0.374 

fb1 0.27 0.265 −0.212 0.277 −0.213 0.315 0.038 0.022 −0.57 0.178 0.217 −0.443 0.257 

fb2 −0.234 −0.235 0.188 −0.423 0.189 −0.47 −0.266 −0.046 0.369 −0.192 −0.194 0.35 −0.11 

fb3 .695* .696* .749* −0.516 .749* 0.033 0.194 −.721* 0.377 0.539 0.298 −0.043 −0.609 

Fa −0.614 −0.611 −0.495 0.415 −0.495 −0.001 −0.011 0.553 −0.022 −0.431 −0.271 0.188 0.298 

Fb1 0.619 0.615 0.284 −0.159 0.284 0.187 0.068 −0.417 −0.235 0.43 0.332 −0.376 −0.122 

Fb2 −0.06 −0.061 0.292 −0.51 0.293 −0.456 −0.256 −0.177 0.363 −0.089 −0.149 0.307 −0.181 

Fb3 0.658 0.658 .717* −0.534 .718* −0.003 0.139 −.707* 0.325 0.519 0.275 −0.029 −0.558 

fa/fb1 −0.585 −0.581 −0.383 0.284 −0.383 −0.068 −0.028 0.451 0.077 −0.396 −0.298 0.274 0.226 

fa/fb1−2 −0.451 −0.447 −0.435 0.369 −0.435 0.034 0.011 0.453 −0.046 −0.35 −0.237 0.123 0.267 

fa/fb1−3 −0.563 −0.561 −0.515 0.402 −0.515 0.018 −0.04 0.514 −0.13 −0.387 −0.238 0.121 0.373 

Fa/Fb1 −0.635 −0.631 −0.389 0.311 −0.388 −0.061 −0.01 0.479 0.103 −0.408 −0.281 0.287 0.197 

Fa/Fb1−2 −0.583 −0.579 −0.431 0.396 −0.431 0.028 0.034 0.495 0.019 −0.377 −0.252 0.215 0.227 

Fa/Fb1−3 −0.592 −0.589 −0.492 0.413 −0.492 0.006 −0.011 0.542 −0.039 −0.42 −0.27 0.181 0.291 
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Table A6.7. Correlations between amylopectin internal chain length distribution and pasting and gel texture properties.  

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

 

 Ptime PT PKT PV PT HPV CPV BD SB SR HD AD CH 

A −0.336 −0.326 −0.008 0.369 −0.009 0.459 0.246 −0.013 −0.393 0.252 0.024 0.231 −0.063 

Bfp −0.346 −0.357 −0.47 0.157 −0.469 −0.059 −0.282 0.274 −0.524 −0.151 −0.186 0.125 0.372 

BSm 0.476 0.474 0.208 −0.479 0.209 −0.478 −0.088 −0.112 .793* −0.234 −0.183 0.006 −0.198 

B1(BS) 0.149 0.137 −0.209 −0.311 −0.208 −0.498 −0.323 0.133 0.298 −0.347 −0.317 0.103 0.127 

B2 0.586 0.59 0.572 −0.315 0.571 −0.065 0.143 −0.346 0.463 0.178 0.634 −.755* −0.219 

B3 −0.27 −0.262 −0.122 0.107 −0.124 −0.035 −0.277 0.18 −0.562 −0.135 −0.034 −0.121 0.286 

BL 0.559 0.564 0.573 −0.307 0.572 −0.073 0.099 −0.327 0.379 0.161 0.65 −.803** −0.179 

S −0.552 −0.558 −0.568 0.3 −0.566 0.069 −0.108 0.323 −0.391 −0.159 −0.643 .788* 0.191 

CLld 0.588 0.59 0.454 −0.452 0.453 −0.331 −0.018 −0.237 0.649 −0.059 0.309 −0.523 −0.199 

BS-CLld −0.114 −0.109 0.076 −0.332 0.076 −0.523 −0.226 0.133 0.572 −0.43 −0.252 0.137 0.002 

BL-CLld −0.628 −0.624 −0.459 0.378 −0.459 0.022 −0.219 0.478 −0.546 −0.313 −0.309 0.228 0.349 

BCL −0.105 −0.095 0.195 −0.212 0.193 −0.329 −0.212 0.08 0.2 −0.275 0.12 −0.294 0.109 

A: B −0.307 −0.296 0.07 0.481 0.069 0.61 0.406 −0.031 −0.34 0.345 0.229 0.072 −0.14 

BS: BL −0.481 −0.491 −0.612 0.189 −0.61 −0.101 −0.198 0.363 −0.242 −0.274 −.696* .767* 0.211 

Bfp: BSm −0.432 −0.438 −0.397 0.331 −0.397 0.208 −0.147 0.212 −.772* 0.039 0.006 0.023 0.369 

Acrystal 0.075 0.082 0.209 0.163 0.208 0.463 0.234 −0.292 −0.429 0.459 0.134 0.073 −0.143 

ECL 0.08 0.077 0.236 −0.171 0.237 0.138 0.019 −0.378 −0.246 0.407 −0.024 0.343 −0.248 

ICL 0.588 0.59 0.454 −0.452 0.453 −0.331 −0.018 −0.237 0.649 −0.059 0.309 −0.523 −0.199 

TICl −0.105 −0.095 0.195 −0.212 0.193 −0.329 −0.212 0.08 0.2 −0.275 0.12 −0.294 0.109 

NC: B −.701* −.696* −0.346 0.336 −0.347 0.114 −0.128 0.321 −0.533 −0.145 −0.231 0.325 0.295 

φ, β-LV −0.251 −0.253 −0.074 0.142 −0.073 0.284 0.05 −0.123 −0.478 0.304 −0.171 0.499 −0.077 

Acrystal: BS −0.028 −0.017 0.22 0.241 0.218 0.499 0.286 −0.228 −0.385 0.425 0.231 −0.015 −0.138 

Acrystal: B −0.12 −0.11 0.143 0.277 0.141 0.496 0.279 −0.176 −0.396 0.392 0.123 0.135 −0.148 

A: BL −0.602 −0.604 −0.508 0.423 −0.506 0.236 0.023 0.302 −0.441 −0.061 −0.517 .729* 0.138 
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Table A6.8. Correlation between amylopectin unit chain length distribution and particle size distribution and enzyme sustainability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

 D[4, 3] D[3, 2] D[n, 0.5] Uniformity Span SSA ES1 ES24 

CLap −0.161 −0.204 −0.347 0.083 0.067 0.225 −.683* −0.104 

Afp 0.1 0.098 0.318 −0.272 −0.292 −0.086 .677* −0.222 

SCLap −0.309 −0.347 −0.456 0.041 0.045 0.363 −.772* −0.103 

LCLap 0.028 0.035 0.228 −0.257 −0.302 0.047 0.086 −0.292 

Sap:Lap 0.114 0.153 0.306 −0.093 −0.072 −0.184 0.603 0.067 

Fa 0.202 0.233 0.423 −0.182 −0.185 −0.22 .803** 0.009 

fb1 0.01 0.069 −0.139 0.447 0.513 −0.188 −0.405 0.454 

fb2 −0.274 −0.362 −0.365 −0.22 −0.251 0.425 −0.324 −0.35 

fb3 −0.062 −0.087 −0.171 0.043 0.016 0.122 −0.505 −0.121 

Fa 0.19 0.209 0.428 −0.249 −0.263 −0.178 .823** −0.078 

Fb1 −0.114 −0.093 −0.333 0.384 0.425 0.017 −.743* 0.271 

Fb2 −0.298 −0.382 −0.401 −0.186 −0.215 0.439 −0.452 −0.339 

Fb3 −0.106 −0.139 −0.262 0.077 0.055 0.162 −0.594 −0.104 

fa/fb1 0.168 0.169 0.389 −0.307 −0.335 −0.117 .848** −0.147 

fa/fb1−2 0.183 0.218 0.481 −0.271 −0.281 −0.192 .895** −0.078 

fa/fb1−3 0.131 0.154 0.337 −0.194 −0.195 −0.149 .785* −0.025 

Fa/Fb1 0.169 0.169 0.394 −0.307 −0.335 −0.121 .820** −0.171 

Fa/Fb1−2 0.233 0.25 0.465 −0.252 −0.274 −0.212 .866** −0.084 

Fa/Fb1−3 0.194 0.217 0.446 −0.25 −0.263 −0.19 .841** −0.075 
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Table A6.9. Correlations between internal chain length and particle size distribution, enzyme sustainability and degree of crystallinity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 

  D[4, 3] D[3, 2] D[n, 0.5] Uniformity Span SSA ES1 ES24 XRD1 XRD2 

A .705* .672* 0.173 0.533 0.48 −.682* 0.486 0.631 −0.32 0.051 

Bfp −0.218 −0.225 −0.381 0.256 0.307 0.091 −0.581 0.096 0.173 −0.086 

BSm −0.453 −0.419 0.287 −.851** −.858** 0.559 0.04 −.824** 0.159 −0.119 

B1(BS) −0.627 −0.6 −0.073 −0.571 −0.531 0.612 −0.507 −.697* 0.329 −0.17 

B2 −0.386 −0.363 −0.204 −0.178 −0.145 0.386 −0.024 −0.149 0.053 0.205 

B3 0.182 0.158 −0.223 0.408 0.413 −0.198 0.151 0.545 −0.022 0.377 

BL −0.364 −0.345 −0.248 −0.111 −0.076 0.361 0.007 −0.056 0.052 0.285 

S 0.36 0.338 0.217 0.134 0.1 −0.355 −0.04 0.08 −0.028 −0.265 

CLld −0.506 −0.473 −0.011 −0.543 −0.52 0.551 0.033 −0.494 0.113 0.126 

BS-CLld −0.269 −0.287 0.174 −.692* −.722* 0.421 0.542 −0.568 −0.405 −0.445 

BL-CLld 0.367 0.345 0.034 0.342 0.329 −0.367 0.215 0.461 −0.172 0.043 

BCL −0.175 −0.199 −0.118 −0.23 −0.235 0.264 0.557 −0.044 −0.443 −0.135 

A: B .780* .752* 0.18 0.644 0.593 −.768* 0.453 .734* −0.319 0.092 

BS: BL 0.106 0.097 0.19 −0.09 −0.106 −0.113 −0.213 −0.196 0.072 −0.334 

Bfp: BSm 0.061 0.041 −0.439 0.622 0.663 −0.205 −0.407 0.51 0.018 0.006 

Acrystal 0.617 0.587 −0.004 0.651 0.611 −0.603 0.104 .718* 0.131 0.485 

ECL 0.178 0.116 −0.353 0.478 0.452 −0.164 −.675* 0.269 .697* 0.569 

ICL −0.506 −0.473 −0.011 −0.543 −0.52 0.551 0.033 −0.494 0.113 0.126 

TICl −0.175 −0.199 −0.118 −0.23 −0.235 0.264 0.557 −0.044 −0.443 −0.135 

NC:B 0.404 0.353 −0.075 0.407 0.381 −0.389 0.357 0.491 −0.441 −0.239 

φ, β-LV 0.413 0.357 −0.188 0.594 0.562 −0.423 −0.427 0.44 0.385 0.305 

Acrystal: BS 0.648 0.617 0.022 0.649 0.608 −0.631 0.283 .747* −0.071 0.362 

Acrystal: B .696* 0.663 0.09 0.625 0.575 −.675* 0.288 .702* −0.068 0.316 

A: BL 0.546 0.521 0.27 0.283 0.239 −0.54 0.13 0.265 −0.156 −0.247 



276 
 

Table A6.10. Correlation between amylopectin unit chain profile of amylopectin and 

degree of crystallinity of starch granules.  

 

 XRD1 XRD2 

CLap .849** .720* 

Afp −.825** −.826** 

SCLap .873** .701* 

LCLap 0.436 0.56 

Sap: Lap −.809** −.732* 

Fa −.895** −.769* 

fb1 0.274 0.375 

fb2 0.226 −0.079 

fb3 .792* .749* 

Fa −.900** −.805** 

Fb1 .759* .762* 

Fb2 0.416 0.119 

Fb3 .823** .740* 

fa/fb1 −.894** −.821** 

fa/fb1−2 −.893** −.725* 

fa/fb1−3 −.933** −.833** 

Fa/Fb1 −.879** −.823** 

Fa/Fb1−2 −.896** −.777* 

Fa/Fb1−3 −.893** −.775* 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly 

different at p < 0.01; abbreviations are in Table A6.1; XRD 1 and XRD 2: degree of 

crystallinity calculated by method 1 and method 2 as described in the methods section 

 



277 
 

Table A6.11. Correlations between gel permeation chromatography parameters and 

thermal properties.  

 

 To Tp Tc ΔT ΔH 

TAM −0.551 −0.6 −0.401 −0.007 −0.107 

AAM −0.242 −0.096 −0.014 0.191 .696* 

AAM2B −0.39 −0.381 −0.171 0.131 0.353 

λmaxAM 0.587 0.523 0.503 0.098 0.178 

λmaxAP −0.255 −0.158 −0.102 0.097 .724* 

AAM6B −0.319 −0.185 −0.158 0.086 0.657 

LCAAM −0.35 −0.292 −0.234 0.021 0.538 

SCAAM −0.308 −0.134 −0.119 0.122 .702* 

LCAAM/SCAAM −0.192 −0.341 −0.178 −0.047 0.137 

AAM2B/TAM −0.28 −0.637 −0.601 −0.48 −0.283 

AAM6B/TAM −0.231 −0.21 −0.313 −0.177 0.564 

AAM/TAM −0.08 0.128 0.134 0.23 .761* 

AML95/TAM 0.247 0.416 0.3 0.146 .862** 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly 

different at p < 0.01; abbreviations are in Table A6.1 
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Table A6.12. Correlation between gel permeation chromatography parameters and water solubility, swelling power, and amylose 

leaching 

 

 WSI95 WSI85 WSI75 WSI65 WSI55 SP95 SP85 SP75 SP65 SP55 AML95 AML85 AML75 AML65 AML55 

TAM −0.075 0.113 0.102 0.038 0.207 0.151 0.091 −0.076 0.243 0.32 0.241 0.396 0.451 0.244 0.41 

AAM −0.623 −.722* −.736* −0.257 0.036 −0.333 −0.395 −0.273 0.032 0.063 .766* .874** .871** .929** .798* 

AAM2B −0.309 −0.241 −0.314 0.009 0.24 0.083 −0.069 −0.121 0.25 0.224 .711* .831** .844** .748* .815** 

λmaxAM −0.183 −0.095 −0.294 −0.136 −0.384 −0.069 −0.17 −0.151 −0.339 −0.626 0.464 0.397 0.242 0.247 0.107 

λmaxAP −.677* −.752* −.767* −0.251 0.101 −0.405 −0.407 −0.241 0.036 0.18 0.646 .741* .770* .875** .780* 

AAM6B −.685* −.779* −.771* −0.357 −0.008 −0.443 −0.469 −0.306 −0.026 0.102 .672* .797* .825** .878** .774* 

LCAAM −0.589 −0.635 −0.621 −0.195 0.16 −0.382 −0.308 −0.111 0.15 0.262 0.638 .784* .801** .847** .822** 

SCAAM −.720* −.835** −.829** −0.432 −0.09 −0.462 −0.539 −0.402 −0.112 0.023 .673* .788* .822** .876** .733* 

LCAAM/SCAAM −0.126 −0.059 −0.064 0.378 0.58 −0.009 0.259 0.471 0.596 0.529 0.46 0.585 0.538 0.585 .746* 

AAM2B/TAM 0.086 0.385 0.25 0.199 0.355 0.22 0.225 0.25 0.266 0.449 0.019 0.051 0.129 −0.016 0.374 

AAM6B/TAM −.706* −.760* −.762* −0.403 −0.025 −0.597 −0.504 −0.212 −0.109 0.165 0.421 0.511 0.568 .675* 0.64 

AAM/TAM −0.601 −.801** −.790* −0.308 −0.066 −0.399 −0.463 −0.296 −0.076 −0.065 .672* .727* .713* .843** 0.622 

AML95/TAM −0.214 −0.495 −0.572 −0.134 −0.047 −0.122 −0.389 −0.202 −0.03 −0.207 .851** .726* 0.657 .762* 0.469 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1



279 
 

 

Table A6.13. Correlation between gel permeation chromatography parameters and pasting parameters.  

 

 Ptime PT PKT PV PT HPV CPV BD SB SR HD AD CH 

TAM −0.38 −0.377 −0.154 0.138 −0.155 0.181 0.034 −0.015 −0.3 0.108 0.449 0.292 −0.222 

AAM −0.194 −0.191 0.059 .681* 0.06 .885** 0.655 −0.066 −0.343 0.553 0.014 .725* 0.621 

AAM2B −0.345 −0.341 −0.169 0.5 −0.17 0.594 0.276 0.011 −0.606 0.335 0.17 .773* 0.143 

λmaxAM 0.479 0.476 0.145 −0.078 0.145 0.341 0.12 −0.478 −0.435 0.548 −0.409 0.368 −0.002 

λmaxAP −0.256 −0.252 0.106 .707* 0.107 .861** .671* −0.006 −0.258 0.5 0.025 .689* .699* 

AAM6B −0.212 −0.208 0.085 .723* 0.085 .924** .738* −0.054 −0.234 0.554 0.159 .672* 0.626 

LCAAM −0.361 −0.358 −0.065 .756* −0.065 .864** 0.648 0.055 −0.316 0.454 0.208 0.599 0.486 

SCAAM −0.137 −0.133 0.159 .692* 0.16 .933** .769* −0.106 −0.182 0.591 0.134 .694* .685* 

LCAAM/SCAAM −0.597 −0.601 −0.469 0.633 −0.468 0.461 0.178 0.334 −0.553 0.064 0.07 0.335 0.004 

AAM2B/TAM −0.363 −0.358 −0.317 0.125 −0.318 −0.01 −0.219 0.177 −0.482 −0.142 0.486 0.318 −0.481 

AAM6B/TAM −0.19 −0.185 0.117 .707* 0.118 .856** .740* −0.002 −0.088 0.47 0.245 0.51 0.597 

AAM/TAM −0.043 −0.041 0.146 0.62 0.146 .808** 0.659 −0.064 −0.175 0.507 −0.136 0.6 .747* 

AML95/TAM 0.232 0.233 0.118 0.201 0.117 0.35 0.108 −0.117 −0.484 0.3 −0.275 0.599 0.636 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly different at p < 0.01; abbreviations are in Table A6.1 
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Table A6.14. Correlation between gel permeation chromatography parameters and 

particle size and enzyme sustainability 

  

 D[4, 3] D[3, 2] D[n, 0.5] Uniformity Span SSA ES1 ES24 

TAM 0.345 0.294 −0.018 0.227 0.188 −0.298 0.449 0.292 

AAM 0.615 0.621 0.041 .806** .804** −.737* 0.014 .725* 

AAM2B 0.584 0.555 −0.082 .738* .724* −0.638 0.17 .773* 

λmaxAM 0.229 0.236 −0.092 0.444 0.444 −0.3 −0.409 0.368 

λmaxAP 0.61 0.618 0.069 .784* .780* −.732* 0.025 .689* 

AAM6B .690* .702* 0.183 .738* .723* −.796* 0.159 .672* 

LCAAM 0.658 .671* 0.212 .681* .668* −.784* 0.208 0.599 

SCAAM .692* .701* 0.163 .749* .733* −.784* 0.134 .694* 

LCAAM/SCAAM 0.352 0.369 0.12 0.448 0.458 −0.513 0.07 0.335 

AAM2B/TAM 0.38 0.356 0.155 0.156 0.12 −0.34 0.486 0.318 

AAM6B/TAM .688* .717* 0.373 0.574 0.551 −.790* 0.245 0.51 

AAM/TAM 0.46 0.484 0.032 .698* .711* −0.592 −0.136 0.6 

AML95/TAM −0.052 −0.023 −0.416 0.596 0.664 −0.116 −0.275 0.599 

 

* The correlations are significantly different at p < 0.05; ** the correlations are significantly 

different at p < 0.01; abbreviations are in Table A6.1 
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The Span, Uniformity, and SSA are calculated by the Equation (1), (2), and (3), 

respectively.  

(1) 

𝑆𝑝𝑎𝑛 =
𝑑(𝑛, 0.1) − 𝑑(𝑛, 0.9)

𝑑(𝑛, 0.5)
 

 

(2) 

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 =
∑ X𝑖|𝑑(𝑛, 0.5) − 𝑑𝑖|

𝑑(𝑛, 0.5) ∑ 𝑋𝑖
 

 

(3) 

𝑆𝑆𝐴 =
6 ∑

𝑉𝑖

𝑑𝑖

𝑝 ∑ 𝑉𝑖
=

6

𝑝𝐷[3, 2]
 

 

10%, 50%, and 90% of the granules have the size smaller than d (n, 0.1), d (n, 0.5), 

and d (n, 0.9), respectively; Xi is the particle results in size class i; di is the mean 

diameter of size class i; Vi is the relative volume of size class i; p is the density of 

particles
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Figure A6.1. SEM photos for selected quinoa starch samples   
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Figure A6.2. Particle size distribution of starch granules from different quinoa 

samples 
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Figure A6.3. Wide-angle X-ray powder diffraction spectra of quinoa starch samples  

 

 



285 
 

Appendix for Chapter 7 

Table A7.1. Abbreviations  

 

Abbreviations Full Name 

A Molar percentage of A-chains 

A:B Molar ratio of A-chains to B-chains  

AAM Apparent amylose content analyzed by iodine binding based method 

AAM2B AAM content calculated by gel permeation chromatography of whole starch 

AAM6B AAM content measured by gel permeation chromatography after debranching the whole starch 

ACC Amylose content analyzed by Con A precipitation based method 

Acrystal Molar-based percentage of A-chains which are assumed to form the crystalline region (= A – Afp) 

Acrystal: B Molar ratio of A-chains forming crystalline region to B-chains 

Acrystal: BS Molar ratio of A-chains forming crystalline region to short B-chains 

Afp Molar-based percentage of fingerprint A-chains of amylopectin (DP 6−8) 

AML Amylose leaching, the following number refers to data from different temperatures 

B1 (BS) Molar-based percentage of short B-chains in φ, β-LDs (DP 3–25) 

B2 Molar-based percentage of chains of DP 26–55 in φ, β-LDs 

B3 Molar-based percentage of chains of DP > 56 in φ, β-LDs 

BCLld Average chain length of B-chains in φ, β-LDs (DP > 2) 

Bfp Molar-based percentage of fingerprint B-chains in φ, β-LDs (DP 3−7) 

Bfp: BSm Molar-based ratio of fingerprint B-chains to major part of short B-chains 

BL Molar-based percentage of long B-chains ( = B2 + B3) 

BL-CLld Average chain length of long B-chains (DP > 25) of φ, β-LDs 

BS: BL Molar-based ratio between short B-chains and long B-chains 

BS-CLld Average chain length of short B-chains of φ, β-LDs (DP 3–25) 

BSm Molar-based percentage of major part of short B-chains in φ, β-LDs (DP 8–25, = BS−Bfp) 

CLap Average chain length of amylopectin 

CLld Average chain length of φ, β-LDs 

CPV Cold paste viscosity 

D [3, 2] Surface area moment mean diameter or Sauter mean diameter 

D [4, 3] Mass moment mean diameter or De Brouckere mean diameter 

D [n, 0.5] Number median diameter 

ECL Average external chain length of amylopectin (= CLap – CLld +1.5) 

fa Weight-based percentage of chains of DP 6–12 
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Fa Molar-based percentage of chains of DP 6–12 

fa/fb1 Weight-based ratio of fa to fb1 

Fa/Fb1 Molar-based ratio of Fa to Fb1 

fa/fb1-2 Weight-based ratio of fa to the sum of fb1 and fb2 

Fa/Fb1-2 Molar-based ratio of Fa to the sum of Fb1 and Fb2 

fa/fb1-3 Weight-based ratio of fa to the sum of fb1, fb2, and fb3 

Fa/Fb1-3 Molar-based ratio of Fa to the sum of Fb1, Fb2, and Fb3 

fb1 Weight-based percentage of chains of DP 13–24 

Fb1 Molar-based percentage of chains of DP 13–24 

fb2 Weight-based percentage of chains of DP 25–36 

Fb2 Molar-based percentage of chains of DP 25–36 

fb3 Weight-based percentage of chains of DP > 36 

Fb3 Molar-based percentage of chains of DP > 36 

G' Storage modulus 

G'' Loss modulus 

G''25 G'' value at 25 oC of temperature sweep 

G''90 G'' value at 90 oC of temperature sweep 

G''max Maximum G'' in temperature sweep 

G'0.1Hz G' at 0.1 Hz in frequency sweep 

G'25 G' at 25 oC in temperature sweep 

G'40Hz G' at 40 Hz in frequency sweep 

G'90 G' at 90 oC in temperature sweep 

G'max Maximum G' in temperature sweep 

ICL Average internal chain length of amylopectin (= CLap – ECL − 1) 

Intercept G' The intercept of G' after linear fitting in frequency sweep 

Intercept G'' The intercept of G'' after linear fitting in frequency sweep 

Lap Molar-based percentage of long chains of amylopectin (DP > 36) 

LCAAM Weight-based percentage of long unit chain fraction of amylose 

LCAAM/SCAAM Weight-based ratio between long chain and short chain fractions of amylose 

LCLap Average chain length of long chains of amylopectin (DP > 36) 

LDs Limit dextrins 

Mc Mean molecular weight of starch chain segments between two cross-link points 

NC: B Average number of chains per B-chain in φ, β-LDs (= TICL/(ICL+1)) 

R2 coefficient of determination 
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R2 G' The R2 value of the linear fitting of G' against frequency in frequency sweep 

R2 G'' The R2 value of the linear fitting of G'' against frequency in frequency sweep 

RCS Reduced Chi-square 

RSS Residual sum of squares 

S Molar-based percentage of short chains (= A + BS) 

Sap Molar-based percentage of short unit chains of amylopectin (DP 6–36) 

Sap: Lap Molar-based ratio between short and long unit chains of amylopectin 

SCAAM Weight-based percentage of short unit chain fraction of amylose 

SCLap Average chain length of short chains of amylopectin (DP 6–36) 

Slope G' The slope of G' after linear fitting in frequency sweep 

Slope G'' The slope of G'' after linear fitting in frequency sweep 

SSA Specific surface area 

tan δ Damping factor (= G''/G') 

tan δ25 tan δ at 25 oC in temperature sweep 

tan δmax The maximum value of tan δ in temperature sweep 

TG''max The temperature where G'' reach the maximum value 

TG'max The temperature where G' reach the maximum value 

TGS Gel-solution transition point in temperature sweep 

TICL Average total internal chain length of amylopectin (= BCLld − 1) 

To Onset temperature 

Tp Peak temperature 

TSG sol-gel transition point in temperature sweep 

Ttan δmax The temperature where tan δ reaches maximum  

XRD 1 Degree of crystallinity calculated by method 1* 

XRD 2 Degree of crystallinity calculated by method 2* 

τ0CR The yield stress calculated by curve reading 

τ0HB The yield stress calculated by Herschel-Bulkley model 

τ0HC The yield stress calculated by Heinz-Casson model 

τ0MB The yield stress calculated by Mizrahi-Berk model  

τ0RS The yield stress calculated by Robertson-Stiff model 

φ, β-LV φ, β-limit value (= 100 – 100 × CLld/CLap) 

λmaxAP Maximum absorbance wavelength of amylopectin fraction 

λmaxAM Maximum absorbance wavelength of amylose fraction 

 *: based on a previous report (Li & Zhu, 2017a) 
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Table A7.2. Amylose content and parameters obtained from GPC of quinoa starch  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* ACC, AAM2B, AAM6B are measured by  

** Apparent amylose content measured by iodine-binding spectrophotometry-based method 

(Li, Wang, and Zhu, 2016) 

Values in the same column with the different letters differ significantly (p < 0.05) 
 

 

Sample 

Code 

ACC* 

(%) 

AAM2B* 

(%) 

AAM6B* 

(%) 

AAM** 

(%) 

S3 8.44 a 10.88 a 21.9 c 25.18 a 

S6 7.50 b 9.43 b 23.1 ab 23.94 b 

S14 7.59 b 9.24 b 23.7 a 25.45 ab 

S15 7.56 b 9.17 b 21.6 c 23.32 ab 

S17 7.74 b 7.95 bc 22.7 b 25.18 ab 

S21 6.06 c 7.49 c 16.8 d 15.42 d 

S22 6.54 c 7.57 c 14.7 e 13.47 e 

S24 6.11 c 7.50 c 12.6 f 7.70 f 

S26 7.46 b 8.97 bc 17.2 d 17.99 c 

Mean 7.22 8.69 19.4 19.74 
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Table A7.3. Fitting parameters of power law model 
 

Sample 

Code 

Up  Down 

Kp np RCS R2 RSS  Kp np RCS R2 RSS 

S3 24.51 b 0.32 b 47.84 0.9860 908  14.47 bc 0.39 de 17.22 0.9950 327 

S6 43.99 a 0.28 d 182.95 0.9704 3476  20.55 a 0.38 ef 38.65 0.9940 734 

S14 28.67 b 0.31 b 87.08 0.9814 1654  16.94 b 0.38 f 30.98 0.9927 588 

S15 26.68 b 0.32 b 50.26 0.9880 954  15.43 b 0.39 d 21.79 0.9946 414 

S17 28.06 b 0.29 cd 68.22 0.9776 1296  15.91 b 0.37 g 20.54 0.9936 390 

S21 29.33 b 0.30 bc 95.33 0.9752 1811  14.81 bc 0.38 def 44.52 0.9869 845 

S22 14.37 c 0.39 a 18.33 0.9947 348  8.86 d 0.43 b 31.01 0.9861 589 

S24 14.02 c 0.38 a 42.86 0.9852 814  8.20 d 0.42 c 28.17 0.9832 535 

S26 45.35 a 0.30 bc 284.62 0.9701 5407  12.62 c 0.45 a 135.00 0.9782 2564 

Mean 28.33 0.32 97.50 0.9810 1852  14.20 0.40 40.88 0.9894 777 

Maize 27.74 0.31 112.77 0.9707 2143  29.32 0.30 115.68 0.9695 2198 

 
RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; Kp and np are with Eq.1; values in the same column with the different 

letters differ significantly (p < 0.05) 
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Table A7.4. Fitting parameters for Casson model 
 

Sample 

Code 

Up  Down 

K0C KC RCS R2 RSS  K0C KC RCS R2 RSS 

S3 5.99 b 0.31 de 157.33 0.9555 2989  4.92 b 0.33 cde 125.30 0.9628 2380 

S6 7.74 a 0.34 b 243.12 0.9611 4619  5.84 a 0.38 b 233.09 0.9630 4428 

S14 6.48 b 0.33 bc 188.94 0.9586 3589  5.28 b 0.34 c 146.59 0.9640 2785 

S15 6.27 b 0.32 bcd 201.99 0.9520 3837  5.12 b 0.34 c 143.69 0.9638 2730 

S17 6.27 b 0.29 e 133.56 0.9569 2537  5.10 b 0.32 de 123.18 0.9608 2340 

S21 6.47 b 0.31 cd 143.93 0.9624 2734  5.04 b 0.33 cd 81.40 0.9760 1546 

S22 4.93 c 0.33 bc 206.81 0.9402 3929  4.11 c 0.31 e 40.78 0.9818 774 

S24 4.81 c 0.31 de 244.39 0.9151 4643  3.92 c 0.28 f 26.83 0.9839 509 

S26 8.08 a 0.38 a 605.67 0.9351 11507  5.07 b 0.40 a 76.38 0.9876 1451 

Mean 6.34 0.32 236.19 0.9485 4488  4.93 0.34 110.80 0.9715 2105 

Maize 6.33 0.32 89.73 0.9767 1705  6.45 0.31 89.76 0.9765 1705 

 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; K0C and KC are with Eq.3; values in the same column with the different 

letters differ significantly (p < 0.05) 
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Table A7.5. Fitting parameters for Mizrahi-Berk model 
 

Sample 

Code 

Up   Down 

K0MB KMB nMB RCS R2 RSS  K0MB KMB nMB RCS R2 RSS 

S3 3.64 c 1.87 de 0.26 b 5.05 0.9984 90  2.35 d 1.96 b 0.26 de 1.01 0.9997 18 

S6 5.71 a 1.67 de 0.29 a 19.05 0.9970 342  2.89 bc 2.27 a 0.27 de 4.33 0.9993 78 

S14 4.26 bc 1.78 de 0.28 ab 13.05 0.9972 234  2.74 bcd 1.96 b 0.27 de 5.32 0.9987 95 

S15 3.64 c 2.09 cd 0.25 b 7.35 0.9983 132  2.49 cd 2.01 b 0.27 d 1.12 0.9997 20 

S17 4.30 bc 1.59 e 0.27 ab 8.69 0.9972 156  2.60 cd 1.92 b 0.26 e 0.87 0.9997 15 

S21 4.58 b 1.53 e 0.29 a 10.23 0.9973 184  3.25 b 1.35 c 0.31 c 2.14 0.9993 38 

S22 1.17 d 2.86 b 0.22 c 16.16 0.9953 290  2.77 cd 1.05 de 0.33 b 4.82 0.9979 86 

S24 0.34 e 3.46 a 0.20 d 44.98 0.9844 809  2.81 cd 0.90 e 0.34 b 2.76 0.9984 49 

S26 5.01 ab 2.44 c 0.26 b 148.66 0.9843 2675  3.94 a 0.99 d 0.38 a 28.38 0.9954 510 

Mean 3.63 2.14 0.26 30.36 0.9944 546  2.87 1.60 0.30 5.64 0.9987 102 

Maize 4.89 1.20 0.32 1.50 0.9996 27  5.02 1.19 0.32 1.80 0.9995 32 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; K0MB, KMB, and nMB are with Eq.4; values in the same column with the 

different letters differ significantly (p < 0.05) 
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Table A7.6. Fitting parameters for Robertson-Stiff model 
 

Sample 

Code 

Up  Down 

KR �̇�0 nR RCS R2 RSS  KR �̇�0 nR RCS R2 RSS 

S3 19.37 b 2.41 b 0.35 bc 2.94 0.9992 52  12.70 cd 1.17 c 0.41 c 6.53 0.9982 117 

S6 30.89 a 4.26 a 0.34 d 1.21 0.9998 21  17.97 a 1.19 c 0.40 c 18.90 0.9970 340 

S14 21.67 b 3.03 ab 0.36 b 1.95 0.9996 35  14.70 b 1.24 c 0.40 c 17.28 0.9958 310 

S15 21.61 b 2.02 bc 0.35 bcd 0.75 0.9998 13  13.35 bc 1.39 c 0.41 c 4.67 0.9988 84 

S17 20.85 b 3.27 ab 0.34 cd 1.17 0.9996 21  13.54 bc 1.54 c 0.39 c 2.20 0.9993 39 

S21 20.98 b 3.90 a 0.35 bcd 1.57 0.9996 28  11.27 d 3.19 b 0.43 c 11.10 0.9967 199 

S22 13.16 c 0.83 cd 0.4 a 8.86 0.9975 159  6.67 e 3.74 b 0.47 b 12.07 0.9946 217 

S24 14.06 c 0.68 d 0.38 a 37.14 0.9900 668  4.13 f 2.83 b 0.41 c 5.14 0.9968 92 

S26 34.25 a 3.13 ab 0.34 bcd 74.26 0.9921 1336  8.30 e 6.50 a 0.52 a 63.57 0.9898 1144 

Mean 21.87 2.33 0.36 19.40 0.9952 349  11.40 2.53 0.43 15.72 0.9963 283 

Maize 18.09 5.48 0.38 12.81 0.9967 231  19.05 5.50 0.37 20.95 0.9945 377 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; KR, �̇�0, and nR are with Eq.5; values in the same column with the different 

letters differ significantly (p < 0.05) 
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Table A7.7. Fitting parameters for Sisko model 
 

Sample 

Code 

Up   Down 

KS1 KS2 nS RCS R2 RSS  KS1 KS2 nS RCS R2 RSS 

S3 0.064 b 29.18 b 0.25 c 22.14 0.9933 398  0.062 de 18.02 c 0.312 a 1.73 0.9995 31 

S6 0.110 a 53.00 a 0.20 e 81.91 0.9868 1474  0.091 b 25.96 a 0.301 ab 2.85 0.9996 51 

S14 0.080 b 34.73 b 0.242 cd 46.59 0.9900 838  0.079 bcd 21.77 bc 0.291 bc 1.37 0.9997 24 

S15 0.062 b 31.14 b 0.259 c 27.94 0.9933 502  0.067 cde 19.25 c 0.315 a 4.75 0.9988 85 

S17 0.069 b 33.45 b 0.219 de 33.61 0.9890 605  0.057 e 19.44 c 0.299 ab 6.14 0.9981 110 

S21 0.084 b 36.01 b 0.219 de 43.47 0.9887 782  0.093 b 20.89 bc 0.267 de 4.27 0.9987 76 

S22 -0.009 c 13.98 c 0.396 b 18.93 0.9945 340  0.086 bc 13.96 d 0.280 cd 3.16 0.9986 56 

S24 -0.065 d 11.37 c 0.446 a 36.70 0.9873 660  0.078 bcd 13.19 d 0.263 e 2.37 0.9986 42 

S26 0.072 b 50.9 a 0.257 c 263.63 0.9723 4745  0.175 a 23.44 ab 0.252 e 10.22 0.9984 183 

Mean 0.050 32.64 0.280 63.88 0.9884 1150  0.090 19.55 0.290 4.10 0.9989 74 

Maize 0.11 36.57 0.20 15.74 0.9959 283  0.11 38.29 0.19 8.45 0.9978 152 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; KS1, KS2, and nS are with Eq.6; values in the same column with the 

different letters differ significantly (p < 0.05) 
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Table A7.8. Fitting parameters for Heinz-Casson model 
 

Sample 

Code 

Up   Down 

KHC1 KHC2 nHC RCS R2 RSS  KHC1 KHC2 nHC RCS R2 RSS 

S3 8.39 bc 0.323 cde 0.160 cd 7.03 0.9978 126  1.96 d 0.375 d 0.130 d 0.56 0.9998 10 

S6 27.10 a 0.317 de 0.210 b 24.95 0.9960 449  3.40 cd 0.387 b 0.136 d 2.60 0.9996 46 

S14 12.92 bc 0.330 bc 0.180 bcd 17.22 0.9963 310  3.47 cd 0.374 de 0.144 d 3.53 0.9991 63 

S15 7.45 cd 0.328 bcd 0.147 d 10.29 0.9976 185  2.41 d 0.381 c 0.133 d 1.28 0.9997 23 

S17 14.00 bc 0.302 e 0.187 bc 11.42 0.9963 205  2.87 d 0.360 f 0.136 d 1.48 0.9995 26 

S21 16.72 b 0.316 f 0.202 b 13.59 0.9964 244  7.41 b 0.368 e 0.204 c 1.35 0.9996 24 

S22 0.02 d 0.381 a 0.059 e 17.77 0.9949 331  5.37 bc 0.373 de 0.227 b 3.81 0.9983 68 

S24 12.00 bc 0.334 b 0.253 a 103.92 0.9635 1974  6.03 b 0.350 g 0.246 b 2.10 0.9988 37 

S26 16.71 b 0.335 b 0.157 cd 166.68 0.9824 3000  12.60 a 0.426 a 0.288 a 23.13 0.9963 416 

Mean 12.81 0.330 0.170 41.43 0.9912 759  5.06 0.380 0.180 4.43 0.9990 80 

Maize 20.67 0.33 0.24 1.57 0.9996 28  21.78 0.32 0.24 0.80 0.9998 14 

 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination; KHC1, KHC2, and nHC are with Eq.7; values in the same column with the 

different letters differ significantly (p < 0.05) 
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Table A7.9. Comparison of the goodness of fitting the flow curves by different 

models 

 

Math 

models 

Up  Down 

RCS R2 RSS  RCS R2 RSS 

Power Law 99.03 0.9799 1881  48.36 0.9874 919 

Herschel-Bulkley 22.30 0.9958 401  8.30 0.9980 149 

Casson 221.55 0.9514 4209  108.70 0.9720 2065 

Mizrahi-Berk 27.47 0.9949 494  5.25 0.9988 95 

Robertson-Stiff 18.74 0.9953 337  16.24 0.9961 292 

Sisiko 59.07 0.9891 1063  4.53 0.9988 82 

Heinz-Casson 37.44 0.9921 686   4.06 0.9990 73 

 

RSS: residual sum of squares; RCS: reduced Chi-square; R2: coefficient of determination 
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Table A7.10. Correlations between rheological properties and composition of quinoa 

starch  

 

 

 

* The correlations are significant at p < 0.05; ** the correlations are significant at p < 0.01; 

abbreviations are in Table A7.1 

  

 AAM ACC AAM6B LCAAM SCAAM LCAAM/SCAAM AAM2B λmaxAP λmaxAM 

τ0HB 0.570 0.408 0.578 0.574 0.567 0.469 0.393 .676* -0.111 

τ0MB 0.585 0.392 0.606 0.590 0.600 0.442 0.376 .702* -0.114 

τ0RS 0.548 0.300 0.575 0.565 0.565 0.443 0.287 .701* -0.169 

τ0HC 0.235 0.071 0.332 0.290 0.348 0.062 0.133 0.375 -0.464 

τ0CR 0.493 0.361 0.493 0.506 0.476 0.459 0.330 0.608 -0.182 

TG'max -0.029 -0.056 -0.093 -0.238 -0.024 -0.437 -0.307 -0.066 0.576 

G'max -0.051 -0.075 0.100 0.067 0.122 -0.259 -0.076 -0.057 -0.432 

TG''max -0.088 -0.108 -0.166 -0.276 -0.115 -0.355 -0.354 -0.138 0.581 

G''max -0.036 -0.130 -0.025 0.173 -0.127 0.639 0.039 0.047 -0.358 

G'90 .675* 0.495 .717* 0.620 .752* 0.161 0.349 .714* 0.208 

G''90 0.626 0.428 .682* 0.606 .706* 0.189 0.290 .679* 0.147 

G'25 .860** .715* .896** .832** .910** 0.396 0.624 .836** 0.279 

G''25 0.535 0.287 0.570 0.486 0.594 0.177 0.337 0.573 0.568 

Ttan δmax -0.070 -0.073 -0.148 -0.225 -0.114 -0.241 -0.276 -0.161 0.665 

tan δmax 0.238 0.067 0.312 0.478 0.221 0.666 0.026 0.257 -0.335 

tan δ25 -.799** -.772* -.828** -.799** -.832** -0.428 -0.654 -.758* 0.099 

TGS 0.247 0.410 0.185 0.104 0.221 -0.094 0.141 0.005 .684* 

TSG -0.182 -0.208 -0.253 -0.340 -0.212 -0.342 -0.450 -0.224 0.486 

Slope G' 0.263 0.199 0.194 0.048 0.257 -0.157 0.005 0.256 0.553 

Intercept G' .857** .713* .890** .825** .905** 0.391 0.622 .836** 0.285 

Slope G'' -0.433 -0.522 -0.476 -0.519 -0.450 -0.400 -0.472 -0.270 0.119 

Intercept G'' 0.540 0.317 0.584 0.500 0.609 0.171 0.394 0.571 0.523 

G'40Hz .871** .722* .897** .819** .918** 0.370 0.606 .852** 0.313 

G'0.1Hz .857** .715* .892** .824** .908** 0.385 0.625 .835** 0.280 
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Table A7.11. Correlations between rheological properties and degree of crystallinity 

and particle size distribution of quinoa starch  

 

 

* The correlations are significant at p < 0.05; ** the correlations are significant at p < 0.01; 

abbreviations are in Table A7.1 

 

 XRD 1 XRD 2 Span D [4, 3] Uniformity SSA D [3, 2] D [n, 0.5] 

τ0HB -0.041 -0.033 0.635 0.661 0.648 -0.678* 0.655 0.175 

τ0MB -0.049 0.067 0.624 .686* 0.638 -.705* .688* 0.228 

τ0RS -0.053 0.124 0.574 0.602 0.575 -0.642 0.620 0.238 

τ0HC -0.268 -0.157 0.207 0.605 0.238 -0.531 0.613 0.439 

τ0CR -0.023 -0.039 0.589 0.598 0.608 -0.598 0.574 0.097 

TG'max .692* .700* 0.036 -0.304 0.016 0.270 -0.291 -0.282 

G'max -0.581 -0.545 -0.402 0.226 -0.335 -0.117 0.210 0.418 

TG''max .702* .675* -0.054 -0.422 -0.096 0.358 -0.385 -0.241 

G''max -0.255 -0.368 -0.104 0.068 -0.122 -0.131 0.101 0.304 

G'90 -0.036 0.182 0.574 0.602 0.631 -0.613 0.559 0.011 

G''90 -0.042 0.118 0.491 0.624 0.558 -0.626 0.580 0.096 

G'25 -0.227 0.042 .692* .739* .741* -.784* .711* 0.105 

G''25 0.380 0.580 0.530 .792* 0.586 -.813** .799** 0.383 

Ttan δmax 0.666 0.609 -0.097 -0.374 -0.136 0.295 -0.325 -0.124 

tan δmax -0.567 -0.578 -0.258 0.069 -0.265 -0.178 0.128 0.496 

tan δ25 0.616 0.366 -0.610 -0.516 -0.631 0.554 -0.482 0.068 

TGS 0.278 0.114 0.035 -0.066 0.032 0.028 -0.051 -0.049 

TSG .683* 0.604 -0.194 -0.488 -0.246 0.421 -0.429 -0.126 

Slope G' .761* .703* 0.419 0.239 0.405 -0.251 0.266 0.011 

Intercept G' -0.213 0.059 .704* .731* .753* -.776* .701* 0.082 

Slope G'' .671* 0.664 -0.017 -0.307 -0.007 0.342 -0.357 -0.437 

Intercept G'' 0.304 0.501 0.542 .850** 0.607 -.852** .847** 0.390 

G'40Hz -0.147 0.112 .731* .736* .777* -.781* .709* 0.077 

G'0.1Hz -0.218 0.053 .703* .738* .752* -.780* .708* 0.089 
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Table A7.12. Correlations between rheological properties and unit chain profiles of quinoa amylopectin   

 

 

* The correlations are significant at p < 0.05; ** the correlations are significant at p < 0.01; abbreviations are in Table A7.1 

  

 CL Afp SCLap LCLap fa fb1 fb2 fb3 Fa Fb1 Fb2 Fb3 fa/fb1 fa/fb1-2 fa/fb1-3 Fa/Fb1 Fa/Fb1-2 Fa/Fb1-3 

τ0HB -0.200 0.168 -0.255 -0.424 0.153 0.180 -0.099 -0.270 0.139 -0.034 -0.152 -0.262 -0.044 0.040 0.085 0.087 0.122 0.131 

τ0MB -0.210 0.158 -0.278 -0.360 0.167 0.191 -0.165 -0.252 0.150 -0.029 -0.212 -0.258 0.051 0.070 0.091 0.091 0.139 0.146 

τ0RS -0.253 0.173 -0.314 -0.328 0.201 0.234 -0.246 -0.278 0.176 -0.021 -0.287 -0.295 0.057 0.117 0.113 0.099 0.163 0.180 

τ0HC -0.319 0.379 -0.405 -0.158 0.383 -0.223 -0.035 -0.303 0.422 -0.410 -0.131 -0.350 0.388 0.347 0.302 0.413 0.434 0.414 

τ0CR -0.129 0.217 -0.190 -0.456 0.099 0.064 0.087 -0.240 0.113 -0.084 0.023 -0.217 0.043 -0.022 0.049 0.098 0.094 0.097 

TG'max .748* -.868** .751* 0.609 -.815** 0.393 -0.109 .826** -.854** .833** 0.092 .824** -.840** -.734* -.791* -.863** -.835** -.839** 

G'max -0.250 0.490 -0.405 0.325 0.417 -0.614 0.021 -0.076 0.505 -0.611 -0.072 -0.156 0.603 0.535 0.449 0.592 0.563 0.499 

TG''max 0.630 -.840** .683* 0.491 -.733* 0.519 -0.209 .693* -.799** .852** -0.012 .696* -.823** -.670* -.718* -.846** -.799** -.780* 

G''max -0.601 0.625 -0.548 -0.617 0.568 0.004 -0.040 -.713* 0.557 -0.436 -0.161 -.693* 0.455 0.468 0.516 0.504 0.511 0.560 

G'90 0.230 -0.131 0.030 0.289 -0.207 0.038 -0.156 0.346 -0.192 0.188 -0.115 0.311 -0.176 -0.160 -0.197 -0.162 -0.140 -0.187 

G''90 0.216 -0.048 0.001 0.294 -0.175 -0.047 -0.096 0.330 -0.143 0.109 -0.067 0.293 -0.121 -0.125 -0.167 -0.097 -0.088 -0.139 

G'25 -0.068 -0.008 -0.233 0.041 0.050 0.201 -0.386 0.054 0.018 0.119 -0.382 0.022 -0.011 0.058 0.051 -0.011 0.056 0.025 

G''25 0.303 -0.411 0.155 0.426 -0.302 0.254 -0.334 0.434 -0.337 0.391 -0.224 0.387 -0.364 -0.269 -0.384 -0.365 -0.280 -0.312 

Ttan δmax 0.519 -.792* 0.586 0.429 -0.632 0.575 -0.303 0.592 -.718* .822** -0.114 0.595 -.756* -0.579 -0.623 -.786* -.722* -.697* 

tan δmax -.771* .718* -.809** -0.376 .733* 0.105 -0.484 -.691* .697* -0.422 -0.601 -.731* 0.578 .731* .727* 0.610 .675* .713* 

tan δ25 0.411 -0.336 0.513 0.348 -0.382 -0.106 0.317 0.356 -0.357 0.181 0.410 0.368 -0.317 -0.346 -0.418 -0.318 -0.361 -0.347 

TGS 0.283 -0.558 0.315 0.176 -0.382 0.479 -0.318 0.371 -0.465 0.602 -0.208 0.386 -0.474 -0.363 -0.317 -0.518 -0.468 -0.468 

TSG 0.512 -.756* 0.595 0.411 -0.624 0.538 -0.251 0.568 -.697* .787* -0.071 0.568 -.745* -0.572 -0.623 -.766* -.710* -.678* 

Slope G' 0.544 -.790* 0.571 0.182 -0.653 0.561 -0.165 0.535 -.719* .789* -0.011 0.549 -.785* -.697* -.708* -.789* -.727* -.717* 

Intercept G' -0.048 -0.022 -0.213 0.046 0.030 0.201 -0.372 0.069 -0.001 0.132 -0.365 0.039 -0.029 0.037 0.031 -0.028 0.037 0.005 

Slope G'' .842** -0.488 .800** 0.561 -.775* -0.251 0.592 .766* -.691* 0.342 .724* .790* -0.587 -.713* -.779* -0.558 -0.656 -.682* 

Intercept G'' 0.268 -0.343 0.111 0.398 -0.247 0.168 -0.280 0.394 -0.271 0.299 -0.190 0.348 -0.282 -0.218 -0.326 -0.284 -0.211 -0.250 

G'40Hz -0.001 -0.085 -0.162 0.053 -0.027 0.247 -0.377 0.111 -0.062 0.197 -0.359 0.083 -0.097 -0.025 -0.030 -0.095 -0.027 -0.056 

G'0.1Hz -0.053 -0.019 -0.218 0.043 0.036 0.198 -0.373 0.065 0.005 0.125 -0.368 0.034 -0.022 0.043 0.037 -0.022 0.043 0.012 
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Figure A7.1. Flow diagrams of quinoa and maize starches in normal and logarithmic coordinates: a, c) upward; b, d) downward  
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Figure A7.2. Profiles of G' (empty square dot), G'' (empty round dot), and damping factor (solid triangle dot) during the heating process 

of temperature sweep, a) maize starch; b)-j) refers to quinoa sample S3, S6, S14, S15, S17, S21, S22, S24, and S26, respectively 
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Figure A7.3. The profile of G' (empty square dot), G'' (empty round dot), and damping factor (solid triangle dot) during the cooling 

process in temperature sweep, a) maize starch; b-j) refer to S3, S6, S14, S15, S17, S21, S22, S24, and S26 of quinoa starches, 

respectively 
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Figure A7.4. Frequency sweep profiles for quinoa and maize starch gels, a) upward; b) downward  
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Appendix for Chapter 8 

Table A8.1. List of abbreviations 

 

Abbreviations Full Name 

∆H Enthalpy change of gelatinization  

∆T Gelatinization temperature range (= Tc – To)   

AD Adhesiveness 

Afp Fingerprint A-chains of amylopectin (DP 6−8) 

BR Setback ratio ( = CPV/HPV) 

CH Cohesiveness 

CPV Cold paste viscosity 

D [3, 2] Surface area moment mean diameter or Sauter mean diameter 

D [4, 3] Mass moment mean diameter or De Brouckere mean diameter 

d [n, 0.5] Number median diameter 

FRA Fracturability 

G' Storage modulus 

G'' Loss modulus 

G'0.1Hz G' at 0.1 Hz of frequency sweep 

G'25 G' at 25 oC of temperature sweep 

G''25 G'' at 25 oC of temperature sweep 

G'40Hz G' at 40 Hz of frequency sweep 

G'90 G' at 90 oC of temperature sweep 

G''90 G'' at 90 oC of temperature sweep 

G'max Maximum G' of temperature sweep 

G''max Maximum G'' of temperature sweep 

HD Hardness 

HPV Hot paste viscosity 

K0 Yield stress of flow curve calculated by Herschel-Bulkley model 

kG'' Slope of G'' and ω on log-log scale 

kG'  Slope of G' and ω on log-log scale 

K Herschel-Bulkley viscosity or flow coefficient 

n Herschel-Bulkley index or flow index 

PKT Peak temperature 

PT Pasting temperature 

PV Peak viscosity 

R2 Coefficient of determination 

SB Setback (= CPV – HPV) 

SP Swelling power  

SR Stability ratio (= 100 × HPV/PV) 

SSA Specific surface area 

Tc Conclusion temperature 

TG' ' max Temperature where G'' reaches maximum  

TG' max Temperature where G' reaches the maximum  

To Onset temperature  

Tp Peak temperature  

WSI Water solubility index  
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Table A8.2. Gel textural properties of quinoa and maize starches as affected by HHP   

 

 Quinoa starch 24 h   Quinoa starch 1 week 

  FRA (g) HD (g) AD (g·s) CH   FRA (g) HD (g) AD (g·s) CH 

Control 22.6 a 25.8 a –211 bc 0.637 a  28.1 ab 25.9 a –194 a 0.589 a 

100 MPa 24.6 a 27.3 a –216 c 0.665 a  27.2 ab 28.6 a –201 a 0.572 ab 

200 MPa 22.9 a 28.2 a –219 c 0.615 ab  28.6 ab 31.2 a –205 a 0.562 abc 

300 MPa 26.5 a 25.9 a –218 c 0.627 a  29.5 ab 31.9 a –206 a 0.594 a 

400 MPa 23.8 a 25.8 a –218 c 0.606 ab  28.1 ab 31.9 a –203 a 0.548 abc 

500 MPa 27.7 a 30.9 a –181 a 0.555 bc  31.4 a 27.2 a –175 a 0.492 c 

600 MPa 28.9 a 31.1 a –186 ab 0.52 c  23.6 b 28.7 a –186 a 0.506 bc 

          

 Maize starch 24 h  Maize starch 1 week 

 FRA (g) HD (g) AD (g·s) CH  FRA (g) HD (g) AD (g·s) CH  

Control 40.6 b 54.1 ab –219 ab 0.557 a   48.9 bc 58.3 bc –235 a 0.458 a 

100 MPa 51.8 a 52.9 abc –218 ab 0.515 ab  70.1 a 67.1 abc –255 a 0.466 a 

200 MPa 42.3 b 50.3 abc –181 a 0.541 a  66.1 a 76.4 a –232 a 0.444 a 

300 MPa 47.5 ab 58.9 a –231 ab 0.518 ab  67.1 a 68 ab –214 a 0.435 a 

400 MPa 44.9 ab 45.8 bc –255 ab 0.445 b  64.6 a 65.7 abc –229 a 0.408 a 

500 MPa 45.9 ab 47.8 bc –212 ab 0.524 ab  58.4 ab 62.2 bc –210 a 0.462 a 

600 MPa 40.3 b 42.9 c –262 b 0.51 ab   37.5 c 53.6 c –233 a 0.441 a 

Abbreviations of parameters are in Table A8.1; values in the same column of the same starch with the different letters differ significantly (p < 0.05) 
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Figure A8.1. SEM photos of HHP treated maize starch (A–D) and quinoa starch (E–

F); control (A, E), 300 MPa (B, F), 500 MPa (C, G), and 600 MPa (D, H)  
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Figure A8.2. Number-based (A, B), volume-based (C, D), and surface-based (E, F) 

particle size distribution of quinoa starch (A, C, E) and maize starch (B, D, F) under 

different HHP treatment  
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Figure A8.3. Parameters of particle size distribution as affected by HHP treatment: A), d [n, 0.5]; B), D [3, 2]; C) D [4, 3]; D) Span; E) 

Uniformity; F) SSA  
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Figure A8.4. WSI and SP of quinoa starch (A, B) and maize starch (C, D) as affected 

by different HHP treatment  
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Figure A8.5. DSC profiles of quinoa starch (A) and maize starch (B) as affected by HHP treatment; offsets were applied manually for 

better comparison 

  

 

30 35 40 45 50 55 60 65 70 75 80 85 90

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5
H

e
a

t 
F

lo
w

 (
W

/g
)

Temperature (°C)

 Control

 100 Mpa

 200 Mpa

 300 Mpa

 400 Mpa

 500 Mpa

 600 Mpa

30 35 40 45 50 55 60 65 70 75 80 85 90

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

-3.8

-3.6

-3.4

-3.2

-3.0

-2.8

-2.6

H
e

a
t 
F

lo
w

 (
W

/g
)

Temperature (°C)

 Control

 100 Mpa

 200 Mpa

 300 Mpa

 400 Mpa

 500 Mpa

 600 Mpa



312 
 

 

 

 
Figure A8.6. Thermal parameters of quinoa (red dot) and maize (black dot) as affected by HHP treatment: A) To; B) Tp; C) Tc; D) ΔH  
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Figure A8.7. Steady flow profiles of quinoa starch gel (A: upward; B: downward) and maize starch gel (C: upward; D: downward) as 

affected by HHP treatment  
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Figure A8.8. Temperature sweep profiles (G': A, C; G'': B, D) of quinoa starch (A, B) and maize starch (C, D) under heating as affected 

by HHP treatment 
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Figure A8.9. Temperature sweep profiles (G': A, C; G'': B, D) of quinoa starch (A, B) and maize starch (C, D) (C, D) during cooling as 

affected by HHP treatment  
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Figure A8.10. Parameters of temperature sweep as affected by HHP treatment: A): TG'max; B): G'max; C): G'90; D): G'25. 
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Figure A8.11. Frequency sweep profiles of quinoa (G': A, G'': B) and maize (G': C, G'': D) starch gels as affected HHP treatment  
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Figure A8.12. Frequency sweep parameters of quinoa and maize starches as affected by different HHP treatment: A): G'40Hz; B): G''40Hz; 

C) kG' 
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Figure A8.13. Pasting properties of quinoa (A) and maize (B) starches as affected by HHP treatment  
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Figure A8.14. Pasting parameters of quinoa and maize starches as affected by different HHP treatment: A), PT; B), PKT; C), PV; D), SR; 

E), BR 
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