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The discovery and utilization of novel starches with unique superb properties are highly 

demanded for modern industrial uses. Small-granule starch (SGS) is a category of 

unconventional starches with the granular size smaller than 10 μm. The potential use of SGS 

includes many conventional and novel high-value applications, such as texturizing, fat 

replacement, encapsulation, controlled delivery and nano-engineering. In the present work, we 

focused on three SGS isolated from amaranth (Amaranth cruentus), cow cockle (Saponaria 

vaccaria) and sweet corn (sugary-1 maize mutant). The basic structural and unique physical 

properties of SGS were characterized and compared to common large-granule food starches. It 

was found that (1) the highly branched amylopectin contributed to low crystallinity and pasting 

viscosities of sweet corn starch, (2) cow cockle starch exhibited high shear-resistance and low 

retrogradation in prolonged storage, and (3) the amylopectin for amaranth starch was less 

branched with small clusters, which was associated with the high crystallinity, medium shear-

resistance and low pasting viscosity of amaranth starch. Despite the small size of starch granules, 

SGS in both native and swelling states showed the capacity of retaining small molecules. 

Compared to large-granule starch, native SGS are more difficult for small molecules to reach an 

equilibrium permeation. This work provides insights to the fine structure and physicochemical 

behaviors of selected high-potent SGS, which is believed to support the industrial production and 

application of SGS in the future. 

The characteristics of local polymeric structure dominate many critical properties of glucan 

particles, such as starch retrogradation and the loading and stabilizing of active substance. 

Molecular rotor (MR), a fluorescent probe, was proposed to fulfill the simple, high-sensitive, and 

quantitative-based characterization of local glucan architecture (LGA). In the present work, two 

innovative studies relevant to this novel method were conducted: (1) MR was able to 

characterize glucans based on its unique fluorescent response to characteristic LGA, (2) MR was 
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able to sensitively probe and visually demonstrate the transition of LGA induced by starch 

retrogradation. This novel MR-based approach is expected to advance carbohydrate-related 

researches in the future. 

Keywords: Small-granule starch; Molecular rotors; Amylopectin branching; Retention of small 

molecules; Glucan structure transition 
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CHAPTER 1.  LITERATURE REVIEWS 

1.1 Introduction 

The discovery and utilization of novel starches with unique properties are highly demanded for 

modern industrial uses (Ellis et al., 1998; Muth et al., 2008). There is an ongoing trend in food 

industry for phasing out artificial food ingredients, such as chemically modified starch 

(McDonagh, 2012; Woodhouse, 2017). As one of the most important food ingredients, native 

and modified starches are conventionally used as thickener, stabilizer, gelling agent and bulking 

agent. These functionalities are relying on the physicochemical properties of starch, such as 

swelling, gelatinization and retrogradation (Singh et al., 2003). In most cases, chemical 

modifications are used to overcome the shortcomings of native starch and target on: (1) 

strengthening starch integrity, (2) enhancing the resistance to reverse processing or storage 

conditions (e.g. shearing and freezing), (3) functionalize starch matrix with hydrophobic, 

hydrophilic or charged groups (Bemiller, 1997).  

Small-granule starch is a category of unconventional starches with the granular size smaller than 

10 μm (Lindeboom et al., 2004). Compared to conventional large-granule starches (e.g. corn and 

potato starches), small-granule starches often exhibit large specific surface area, outstanding 

stability and high resistance to shear (Biliaderis et al., 1993; Goering and DeHaas, 1972; 

Juszczak et al., 2002). These superb properties may highlight the potential use of native small-

granule starch not only for the replacement of chemically modified starch, but also for novel 

high-value applications, such as encapsulation, controlled delivery and nano-engineering.  

There are economic, scientific and technological hurdles in the industrial production and 

utilization of small-granule starches. First, many small-granule starches are obtained from 

unconventional and less accessible botanic sources that are often belonging to either wild-type 

plants or local cultivars and are of course not suitable for industrial production (Goering and 

DeHaas, 1972; Jane et al., 1992, 1994). Second, it is still lack of scientific understanding on the 

structure, property and biogenesis of small-granule starches that impedes the breeding of small-

granule starch bearing plants (Ao and Jane, 2007). Third, the small size of small-granule starch 

can make the isolation and purification process challenging as conventional hydrocyclones are 

not effective in recovering small starch granules (Lindeboom et al., 2004). From another 
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perspective, the three hurdles in fact establish the criteria that can help to identify high-potential 

small-granule starch and small-granule starch bearing plants.  

In the present work, we focused on three small-granule starches isolated from amaranth 

(Amaranth cruentus), cow cockle (Saponaria vaccaria) and sweet corn (sugary-1 maize mutant), 

because they are traditionally consumed as food or animal feed and the seeds (or grains) are 

currently commercially available (Azanza et al., 1996; Caselato‐Sousa and Amaya‐Farfán, 2012; 

Willenborg and Johnson, 2013). Therefore, the three starches are readily commercialized and 

utilized for food applications without accessibility or regulation hurdles. However, the basic 

property and the characteristic behaviors of the three selected starches for food uses remain 

unclear. 

The fine structure of starch and starch-based matrix is closely relevant to its macroscale 

properties and potential applications. However, the routine methods for the characterization of 

the fine structure of starch is very complex, which usually involves tedious sample preparation 

and advanced chromatography equipment (Bello-Pérez et al., 1996; Klucinec and Thompson, 

2002). Thus, a simple, rapid and non-invasive method for the characterization of starch fine 

structure is highly demanded in relevant research areas. Molecular rotor (MR) is a group of 

special fluorophores that release florescence after excitation and the quantum yield quantitatively 

correlates with the spatial restriction of the MR molecules (Haidekker and Theodorakis, 2010). 

Starch and starch-based matrix are polymeric networks exerting different extent of spatial 

restriction on small molecules. When MR is incorporated in starch or starch-based matrix, it is 

possible to use MR as a polymeric structure probe and characterize starch structures based on 

their spatial restriction to MR. This novel approach may also provide innovative insights into the 

fine structure and fine-structure related properties of starch. 

In the present work, our overall goal was to carry out a comprehensive characterization of the 

selected small-granule starches from amaranth, cow cockle and sweet corn and to establish a 

novel fluorescent-based approach for the characterization of fine structure and fine structure-

related properties of starch. The outcomes of the study could support the future utilization of 

small-granule starch and fundamental studies of starch. 
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1.2 Starch 

Starch is one of the most abundant natural carbohydrate polymers produced by plants as energy 

storage. Starch has been consumed by human since ancient times and now is demanded by many 

important modern industries, such as the food, pharmaceutical and biofuel industries.  

The chemical nature of starch is simply α-D-glucan that is a polymer of α-D-glucopyranose 

connected with α -1, 4 or α-1, 6 linkages. However, starch can possess highly diversified 

structure and physicochemical properties since the degree of polymerization and the 

supramolecular arrangement of starch molecules seriously differ among different starches. 

1.2.1 Diversities of starch 

Starch naturally presents in the microparticulate form, termed as ‘granule’. There are two types 

of starch molecules that are responsible for constructing starch granules (Pérez and Bertoft, 

2010). The linear-type starch molecule, amylose, has the molecular weight of 105-106 Daltons 

(Ong et al., 1994), whereas the branching-type starch molecule, amylopectin, has the molecular 

weight of 107-109 Daltons (Yoo and Jane, 2002). The diversity of native starch exists at different 

levels: 

1.2.1.1 Molecular level 

The starch biosynthesis genes determine the diversity of native starch at the molecular level. 

Three critical enzymes, the starch synthases (SS), starch branching enzyme (SBE), and starch 

debranching enzyme (SDE), are involved in the starch biosynthesis (Martin and Smith, 1995). SS 

is responsible for the elongation of α-1,4-linked glucan chain. SBE creates a branch by cleaving 

an α-1,4-linked glucan chain and forming an α-1, 6 linkage between the reducing end of the cut 

chain and the C6 of another glucose residue in an α-1, 6-linked chain. SDE trims off excessive 

branches to maintain the characteristic branching pattern of amylopectin (Ball et al., 1996). 

Therefore, structural characteristic of amylose and amylopectin are determined by the overall 

function of three enzymes (Buléon et al., 1998). In sum, starches from different botanic sources 

often exhibit diversities in amylose content and characteristic structure of amylopectin (Jane et 

al., 1999). 
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The gene expression and the activity of the starch biosynthesis enzymes are dominated by the 

genotype of plants. Starches isolated from different mutants show large variations in the 

composition and structure (Wang et al., 1993). For example, the waxy mutant (wx) is lack of SS 

yielding the absence of amylose in final starch. In contrast, the amylose-extender mutant (ae) is 

lack of SBE yielding unusual high amylose content (50-75%) and the presence of intermediate 

materials in addition to amylose and amylopectin. 

1.2.1.2 Granular level 

The granular structure on the basis of amylose and amylopectin also exhibits great diversities.  

Crystalline structure Native starch granules show various polymorphic types of semi-crystalline 

structure. Based on the wide-angle X-ray scattering diffraction patterns, native starches are 

mainly divided into A- and B- types (Zobel, 1988). Cereal starches, such normal corn starch, 

wheat starch and rice starch, are often belong to A-type, whereas tuber and amylose-rich 

starches, such as potato starch and ae maize starch, are often belonging to B-type (Lourdin et al., 

2015). The crystallinity of native starch granules exhibits strong dependence on the source of 

starch.  

Size and shape The size of starch granules vary greatly from less than 1 μm to 100 μm showing 

strong dependence on the botanic source. Both monomodal and bimodal size distribution of 

starch granules are widely reported for different starches. Native starches are also found to show 

different shapes, such as oval (potato starch), round (pea starch), disc (wheat starch), polygonal 

(corn starch) granules (Jane et al., 1994). Sometimes aggregated starch granules may be observed 

(e.g. in sweet corn starch) (Peng and Yao, 2018). 

Granular ultra-structures Starch granules from different sources may exhibit characteristic 

ultra-structures. A number of ultra-structure types have been identified on different starch 

granules, including pores and openings, channels, central hilium and layered structure (or 

‘growth ring’) (Buléon et al., 1998; Fannon et al., 1992; Tester et al., 2004). These ultra-structure 

features are more likely found in larger starch granules since such structures (usually in 

microscale) are too large to be formed in small starch granules. 
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1.2.2 Fundamental properties of starch 

1.2.2.1 Gelatinization 

 

Figure 1-1.Typical Rapid Viscosity Analyzer (RVA) viscograph. Waxy rice starch was used as 

an example. RVA parameters are depicted on the viscograph, including peak viscosity (the 

maximum hot paste viscosity), trough viscosity (the minimum hot paste viscosity); final 

viscosity (the viscosity at the end of test), breakdown (the difference between peak viscosity and 

trough viscosity), setback (the difference between final viscosity and trough viscosity), pasting 

temperature (the temperature where viscosity first increases by > 25 cP over a 20-s period), and 

peak time (the time needed to reach peak viscosity). 

 

One of the most representative property of starch is gelatinization, which involves a series of 

complex physical changes of starch granules upon hydrothermal treatment, such as the swelling 

of granules, the melting of crystalline structure, and the full dispersion of starch molecules 

(Hoover, 2001). From the broader perspective, the gelatinization properties of starch are most 

relevant to the rheological property, volume expansion, phase stability and digestibility of starch-
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containing systems, thus indicating the potential application of starch (Biliaderis et al., 1980; 

Holm et al., 1988; Lee et al., 2002; Singh et al., 2003). Moreover, the structural diversities render 

distinct gelatinization behaviors for various starches, which can be used to characterize and 

differentiate starches (Singh et al., 2003). 

The gelatinization properties of starches are usually characterized using mechanical rheology 

tests (Hsu et al., 2000; Wiesenborn et al., 1994). Rapid viscosity analyzer (RVA) is one of the 

most widely accepted and standardized tool for the evaluation of gelatinization properties 

(Bahnassey and Breene, 1994). It measures the viscosity of a starch slurry (≥ 6%, w/w) with the 

change of temperature and constant shear (Batey and Curtin, 2000). A set of parameters (Fig. 1-

1) are used to report the gelatinization, anti-shear and rapid retrogradation properties of a starch 

and indicate its potential functions. For example, viscosity breakdown shows the extent of starch 

granules disruption upon shearing, and low viscosity breakdown means a shear-resistance 

function (Ragaee and Abdel-Aal, 2006). 

1.2.2.2 Retrogradation 

Retrogradation is the other aspect of fundamental property of starch and is of course a hot spot in 

starch-related research. It is a process during which gelatinized starch reassociate to form ordered 

structures (Wang et al., 2015). Starch retrogradation mainly occurs at the cooling and prolonged 

storage stages after gelatinization often yielding detrimental effects on food quality, such as 

staling (bread hardening) and syneresis (loss water holding capacity) (Gray and Bemiller, 2003). 

Retrogradation can also be beneficial in some cases. Retrograded starch is more resistant to 

human digestion than fresh-gelatinized starch rendering healthy benefits for the control of 

glycemic response (Sajilata et al., 2006). On the other hand, retrograded starch is a good material 

for the incorporation of active compounds and is intensively studied for the use of encapsulation 

and controlled delivery (Ding et al., 2018). 

Amylose and amylopectin usually show different tendency to retrogradation (Wang et al., 2015). 

As a linear polymer, the retrogradation of amylose often occurs in the cooling of hot amylose-

containing starch paste, facilitating the gelation by forming three-dimensional starch network. In 

contrast, the retrogradation of highly-branched amylopectin usually occurs at a slower rate 

during prolonged storage, so that is more relevant to food quality in shelf-life. 
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At the molecular level, starch retrogradation is driven by the hydrogen bonds that induce the 

formation of double helical associations among different glucan chains of starch molecules. For 

amylose, such association requires the presence of linear regions with the degree of 

polymerization (DP) of 40- 70 (Jane and Robyt, 1984; Leloup et al., 1992). For amylopectin, 

such association occurs among the short branching chains with DP ~12-22 (Vandeputte et al., 

2003; Wang et al., 2015). Studies also showed that the optimum chain length favoring starch 

retrogradation is ~ DP12- 24 (Shi and Seib, 1992; Vandeputte et al., 2003). In sum, fine 

molecular structure of starch molecules is an important factor in deciding the retrogradation 

property of a starch. 

Routine tools for evaluating retrogradation include RVA, textural analyzer, electron microscopy, 

NMR and thermal analysis, etc. (Wang et al., 2015). Differential scanning calorimetry is the 

most common approach in the evaluation of starch retrogradation properties (Karim et al., 2000), 

however, the tests are usually run at very high starch concentrations (20%-50%) and indicate 

little about the case of a dilute starch system. 

1.2.3 Fine structures of amylopectin 

Amylopectin comprises over 70% of the total mass of a native starch granule. Most characteristic 

properties of starch are attributed to the unique structure and supramolecular arrangement of 

amylopectin. Compared to amylose, amylopectin in different starches exhibits much more 

complexities and diversities. The studies on the fine structures of amylopectin are of great 

importance for (1) the discovery and utilization of novel starches, (2) the prediction on the 

potential applications of starch, and (3) advancing our understanding on starch biosynthesis as 

well as the unique functions of related genes and enzymes. 

1.2.3.1 Cluster model of amylopectin 

Amylopectin is a huge branched macromolecule (107-109 Da), in general possessing 4-5% of α-1, 

6 branches (Manners, 1989). To describe the fine structure of amylopectin, a cluster model for 

amylopectin was proposed based on the hypothesis that the whole amylopectin molecule is 

composed of the interconnected and periodically occurring clusters (Thompson, 2000). A 

schematic model is usually applied to show the clusters and the detailed branch pattern within a 

cluster (Fig. 1-2A). Three different types of unit chains are defined in a cluster model (Peat et al., 
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1952): (1) A chains, are the outmost short chains without carrying other chains; (2) B chains, are 

the internal chains carrying other chains; (3) C chain, is the single chain that carry the reducing 

end of the whole amylopectin molecule. 

 

Figure 1-2. Schematics showing the different unit chains of amylopectin (A) and the periodically 

occurring linear and branching regions (labelled with shaded background) of amylopectin (B). Φ, 

the reducing end of amylopectin; n.c., new cluster. 

 

A number of different B chains are further defined based on their different contributions to the 

intra- and inter-cluster structure (Hizukuri, 1986; Manners, 1989): (1) Intra-cluster chains, 

include B1a chain (carrying one branch point) and B1b chain (carrying two branch points); (2) 

Inter-cluster chains, include B2 chain (connecting two adjacent clusters) and B3 chain 

(connecting three adjacent cluster) and etc.. 

It is worthy to note that amylopectin is non-randomly branched which makes its structure differ 

from the regularly branched dendrimer-like structure (e.g. phytoglycogen) (Huang and Yao, 

2011). In fact, the branching points are clustering in the local regions that forms the amorphous 
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region (~ 2 nm thick) of a cluster while the chains extending to the non-branched linear region 

forms the crystalline region of a cluster (~5 nm thick) (Fig. 1-2B) (Tester et al., 2004; 

Thompson, 2000). With the periodically occurring clusters, amylopectin thus forms a growth 

ring (120-400 nm thick) and semi-crystalline structure of starch granules (French, 1972).  

The cluster model permits multi-respects of structural flexibility that are in general determined 

by the length of unit chains, the abundance of branching points in a cluster and the distance 

between adjacent branches. Table 1-1 summarized the structural features of some typical 

amylopectin reported in previous literature. It is clear that large diversities in fine structures exist 

among different amylopectin. 

 

Table 1-1. Structural features of selected amylopectin (adapted from previous literatures) 

Source 𝐷𝑃𝑤
̅̅ ̅̅ ̅1 DP of unit chains A:B molar ratio 

Maize2 23.5-24.4 DP13 (short), DP48 (long) 1.35 

Potato3 22-23.9 DP16 (A), DP24 (B1), DP48 (B2), DP75 (B3), 

DP104 (B4)  

0.79 

Waxy rice3 17.5-18.3 DP13 (A), DP22 (B1), DP42 (B2), DP69 (B3), 

DP101 (B4) 

2.2 

Wheat4 25 DP13 (A), DP22 (B1), DP43 (B2), DP79 (B3), 

DP140 (B4) 

1.7 

1Weight Average chain length. 

2Data adapted from (Jane et al., 1999). 

3Data adapted from (Morrison and Karkalas, 1990). 

4Data adapted from (Hizukuri and Maehara, 1990). 

5Data adapted from (Yao et al., 2004) 

 

1.2.3.2 Characterization methods 

A series of amylolytic digestion followed by size exclusion chromatography (SEC) is usually 

applied to characterize the fine structure of amylopectin. First, amylopectin is subjected to 
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debranching enzymes, such as isoamylase, pullulanase or the both, followed by SEC (Yuan et 

al., 1993). The two enzymes specifically cleave α-1, 6 linkages, producing linear α-1, 4 linked 

chains (Taniguchi and Honnda, 2009). After the exhaustive hydrolysis, the whole amylopectin 

molecule can be degraded into different linear chain populations with various DP, which is 

subsequently separated by SEC. The average chain length and representative chain populations 

for certain amylopectin could be identified this way. In general, two populations of chains are 

responsible for constructing amylopectin: the short chain population is ~17 DP for cereal 

starches and 19 DP for tuber starches; the longer chain population is ~54 DP for cereal starches 

and 62 DP for tuber starches; and in overall, longer average chain length is often observed for 

tuber starches (26 DP) than cereal starches (36 DP) (Manners, 1989). Similar difference in the 

chain length of unit chains are observed between cereal and tuber starches (Biliaderis et al., 

1980). 

The branch pattern of amylopectin is usually investigated by determining the chain length profile 

of β-limit dextrins of amylopectin. The exhaustive β-amylolysis removes the external (linear 

regions) portions of A and B chains while preserving the intact internal branching regions (Lee, 

1971). After the subsequent debranching of the β-limit dextrins of amylopectin and the SEC 

separation, the residual DP values for the characteristic chains (B1a, B1b, B2, B3 and etc.) and 

the mass or molar ratios of different chain populations are used for representing the branch 

pattern of a particular amylopectin (Xia and Thompson, 2006). Based on this method, several 

parameters are developed to describe the basic branch features of amylopectin: (1) the internal 

branch distance represents the distance between two adjacent branches, (2) the average number 

of branches per cluster depicts the size and complexity of a cluster, and (3) internal chain length 

measures the distance between two consecutive clusters (Yao et al., 2004; Yuan et al., 1993). 

1.3. Small-granule starch 

1.3.1 Overview of small granule starch 

In general, the granular size of starch varies from less than 1 μm to over 100 μm mostly 

depending on the biological source of plants. While no clear definition can be found in 

literatures, native starch granules can be classified into four categories: large (> 25 μm, e.g. 

potato starch), medium (10- 25 μm, e.g. maize starch), small (2- 10 μm, e.g. rice starch) and very 
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small (< 2 μm, e.g. amaranth starch) granular starches (Bhosale and Singhal, 2007; Hoover, 

2001; Jane et al., 1994). 

Small-granule starch is a category of starches with their granular size smaller than <10 μm. 

Natural small-granule starch can be isolated from particular botanic sources or fractionated from 

commercial starches. The widely reported sources of small-granule starches include rice, 

amaranth, cow cockle, quinoa, taro and some special genotypes of common crops (e.g. sweet 

corn) (Lindeboom et al., 2004). Common industrial starch production procedure cannot handle 

small-granule starch mainly due to the difficulty in fractionating starch from aqueous phase and 

proteinaceous contaminates by gravity sedimentation (van Esch, 1991). Despite this researchers 

have attempted to apply centrifugal process for accelerating sedimentation or enzymatic process 

for purification (Radosavljevic et al., 1998), the costs of such operations greatly limit the 

industrial production of small-granule starch. 

1.3.2 General properties of small-granule starch 

Compared to commonly utilized starches, they showed unique potentials in many novel food, 

pharmaceutical and cosmetic applications, such as the microencapsulation (Crittenden et al., 

2001; Mattila-Sandholm et al., 2002), fat replacement (Malinski et al., 2003), controlled release 

(Mills and Thurman, 1994) and high oil-load emulsification (Timgren et al., 2013). These 

applications are normally related to the small size and large specific surface area of small-

granule starch that contribute to high capacity of surface interaction and special stimulation on 

oral perception of fat-like texture. 

 Besides the size-associated properties, small-granule starches also exhibit distinct 

physicochemical characteristics from large-granule starches: 

(1) The granular composition of small-granule starch can be different from large-granule starch, 

even though they are sometimes isolated from the same genotype of plant. A well-known 

example is wheat starch, of which higher amylose and lower lipid contents are often observed for 

the large granules than the small granules (Peng et al., 1999; Soulaka and Morrison, 1985). 

Moreover, small-granule starch also shows good affinity to small molecule substances, so that 

may comprise considerable amount of minor compounds in the granules (Błaszczak et al., 2013). 
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(2) The granular morphology may also be different between large- and small-granule starches. 

In general, granular structures, such as channels, openings and central hilium, are less likely 

observed in small-granule starch (Huber and BeMiller, 2000; Jane et al., 1994). 

(3) The structure transition in response to hydrothermal treatment is quite diverse for different 

small-granule starches. Some small-granule starches, such as amaranth starch, exhibit highly 

ordered granular structure as large-granule starches (Qian and Kuhn, 1999). Small-granule 

starches isolated from dasheen are reported to show high pasting temperature and granular 

stability but lower retrogradation (Goering and DeHaas, 1972). 

(4) Small-granule starch may show very different behavior when subject to enzymatic 

hydrolysis. Unlike the porous granule produced by the α-amylolysis of large-granule starch (e.g. 

corn starch), the hydrolysis of small-granule starch often occurs from the surface to inside 

yielding homogenous erosion towards the center of granules (Lindeboom et al., 2004). 

The unique structure properties yield many potentials of small-granule starches in innovative 

high-value applications. Furthermore, the wide-spread healthy concern on artificial food 

additives renders a strong desire of food industry to find alternative ingredients for modified 

starch. These emerging demands and trends as well as the regulation hurdle of food encourage 

the starch industry to seek novel industrial starches. From the perspective of food industry, we 

are especially interested in the small-granule starches from food or animal feed sources. Based 

on this criterion, we focused on three kind of high-potential small-granule starches: sweet corn 

starch, amaranth starch and cow cockle starch. 

1.3.3 Sweet corn starch 

Sweet corn is widely planted for fresh consumption and canned food production (Coşkun et al., 

2006). A series of different maize mutant types, the shrunken-2 (sh2), brittle-2 (bt2), sugary1 

(su1) and sugary2 (su2), are considered as sweet corn due to their high sucrose contents in 

mature endosperms (Nelson and Pan, 1995). Among them, very unique starch biosynthesis 

occurs in the su1 maize endosperms producing sweet corn starch and phytoglycogen as the 

primary carbohydrate polymers (James et al., 1995). The dry semi-transparent kernels of su1 

mutant are shown in Fig. 1-3.  

In general, the deficiency in SU-1, an isoamylase-type starch debranching enzyme, significantly 

affects the composition and physicochemical properties of sweet corn starch. Sweet corn starch 
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is categorized as small-granule starch with higher amylose content compared to normal corn 

starch (Jane et al., 1994; Wang et al., 1993). Sweet corn starch granules were also reported to 

show low swelling and low melting enthalpy upon gelatinization (Singh et al., 2006; Tziotis et 

al., 2005). However, the unique properties of sweet corn starch and their relations to the granular 

and fine starch structure remain unclear to date. 

 

Figure 1-3. The image showing dried amaranth grains (left), cow cockle seeds (center) and 

sweet corn kernels (right). 

 

1.3.4 Cow cockle starch 

Cow cockle (Saponaria vaccaria) is an annual weed widely found in the United States and the 

western states of Canada (Goering et al., 1966). The current major use of cow cockle is as cow 

feed. In 1960s, cow cockle was firstly proposed as a potential source of oil-producing seeds, 

however, researchers soon realized the high starch content in mature cow cockle seeds (> 60% of 

the dry weight of seeds) (Mazza et al., 1992). Most recently, efforts have been made to cultivate 

cow cockle as an industrial crop in North America (Willenborg and Johnson, 2013). All these 

pioneering works highlight the possible industrial production of cow cockle starch in the future.   

Cow cockle seeds (Fig. 1-3) are in black with a thick hull outside the endosperm. The starch 

granules of cow cockle starch are extremely small (0.3-1.5 µm) and homogeneous (Biliaderis et 

al., 1993) Similar to other small starches, such as dasheen and pigweed starches, cow cockle 

starch was reported to show good granule stability and low pasting temperature as well as low 

setback upon gelatinization and pasting (Biliaderis et al., 1993; Goering and DeHaas, 1972). 



31 

Despite its high potential in future industrial production, the structural basis for its unique 

submicron granular size and physicochemical property are still not fully understood. 

1.3.5 Amaranth starch 

The leaves and grains of amaranth has long been consumed in America, Asia and Africa (Becker 

et al., 1981). Common types of cultivated amaranth (Amaranthus spp.) include Amaranthus 

cruentus L., Amaranthus paniculatus L., Amaranthus hypochondriacus L., Amaranthus hybridus 

L.. The grain of amaranth (in Fig. 1-3) is round shaped in yellowish color with high protein and 

lysine contents, which makes it stand out from common cereals (Caselato‐Sousa and Amaya‐

Farfán, 2012). Amaranth grains also contain high amount of starch (~ 60% of dry weight) that 

show great potential as a novel source of industrial starch. 

 To date, both amylose-containing and waxy-type of amaranth starches have been isolated and 

studied in different studies. The small granules (0.5- 2 μm) of amaranth starch are quite 

homogenous (Hoover et al., 1998). Very diversified thermal, pasting and textural properties are 

observed for amaranth starches from different genotypes (Kong et al., 2009). Given the food 

source of amaranth starch, a few studies have been made recently to functionalize native 

amaranth starch by common food-grade chemical derivation methods targeting on novel uses of 

this starch in emulsification, aroma retention and food storage (Kshirsagar and Singhal, 2008; 

Pal et al., 2002; Timgren et al., 2013). Despite the fact that amaranth starch is free from food 

regulation hurdles, its unique structure, physicochemical property and food-related functions are 

far yet to be fully understood. 

1.4. Interaction between starch and small molecules 

Starch possesses various nanostructures permitting multiple non-covalent interactions with small 

molecules. The interaction between starch and small molecules can occur on the surface or inside 

the granules involving three mechanisms: the partition of small molecules inside and outside 

starch phase, the diffusion of small molecules through the starch matrix and the specific binding 

of small molecules to particular starch component or structure. 
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1.4.1 Native starch 

1.4.1.1 Surface adsorption effect 

For native starches, the granules from different botanical sources can be very different in specific 

surface area (Juszczak et al., 2002) and surface morphology (smooth, wrinkled or coarse) (Peng 

and Yao, 2018). These morphological features may permit the retention of small molecules on 

granular surface. This type of physical adsorption is usually driven by the hydrogen bonds 

between the hydrophilic surface of starch granules and small molecules (A Boutboul et al., 2002; 

Aurélia Boutboul et al., 2002; McGorrin and Leland, 1996). Thus, small-granule starches with 

large surface area can retain more small molecules than common starches. In addition, small-

granule starches can form aggregated structures after spray drying with small molecules, which 

may further enhance the surface adsorption and the stability of small molecules (Tari et al., 2003; 

Zhao and Whistler, 1994). 

1.4.1.2 Diffusion effect 

As native starch granules are semi-crystalline, the densely packed intra-granular structures are 

less accessible to small molecules. Hence, the diffusion of small molecules into starch matrix is 

very difficult. An early study suggested that native potato granules were permeable to small 

molecules with the molecular weight smaller than 1000 Da (Lathe and Ruthven, 1956). 

However, some special granular features may facilitate the diffusion effects. Corn starches have 

been reported with submicron-sized surface pore and intra-granular channels (Huber and 

BeMiller, 1997). These structural features form the bypass routes for the diffusion of small 

molecules. 

1.4.2 Swollen starch 

1.4.2.1 Partition and diffusion effects 

Gelatinized starch swells to a high extent in water, possessing diverse internal nanostructures for 

the accommodation of small molecules (Fannon and BeMiller, 1992; Jacobs and Delcour, 1998). 

Due to the dissociation of double helices, the hydroxyl group of starch molecules are more 

accessible to small molecules for hydrophilic interaction. With the melting of crystalline 
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structure and the volume expansion of starch, the whole matrix becomes much more permeable 

for small molecules (Lathe and Ruthven, 1956). Hence, small molecules are not only retained by 

surface starch molecules, but also retained by the internal starch molecules, which in sum 

enhances the partition of small molecules in starch phase.  

Besides, the swelling of starch is also accompanied by entrapping large volume of water into the 

three-dimensional network of starch. Such microstructure is often described as a honeycomb-like 

or sponge-like network with abundant micro- or nano-scale interspaces (Zhang et al., 2002). 

Small molecules can either be absorbed into these interspaces with the swelling process or freely 

diffuse from the external water phase to the internal water phase that fills the interspaces. 

1.4.2.2 Amylose inclusion 

Small molecules as the ligand can be entrapped by the central cavity of V-type amylose (Putseys 

et al., 2010). V-type amylose is a single, left-handed helical structure with a hydrophobic central 

cavity (Whittam et al., 1989). Hence, this interaction is specific for hydrophobic small 

molecules. In the hydrated form, V-type amylose possesses well-defined conformation: a helix 

consisting of 6 glucose units per turn with an internal cavity (5.0-5.4 Å in diameter) (Hinkle and 

Zobel, 1968; Immel and Lichtenthaler, 2000). Owing to the limited size of central cavity, small 

molecules with long hydrocarbon groups are easier to reside in the cavity.   

1.5. Molecular rotor 

Molecular rotor (MR) is a group of special fluorophores that typically consists of an electron 

donor, an electron receptor and a π-conjugation system (denoted as the ‘D-π-A’ motif, Fig. 1-4) 

(Haidekker and Theodorakis, 2010). Molecular rotors exhibit unique fluorescent behavior that is 

exclusively dependent on the environmental spatial restrictions.  

1.5.1 Structure and basic categories 

Aniline nitriles, julolidine malononitriles, stilbenes and their derivatives are usually considered 

as MRs (Haidekker et al., 2010). Some selected commercially available MRs are summarized in 

Table 1-2. According to their physicochemical features, they are tentatively classified as: (1) 

hydrophobic MR (e.g. DMABN and DCVJ) (Ablinger et al., 2013; Haidekker et al., 2005), (2) 

hydrophilic MR (e.g. CCVJ, DMABOA and DCDHF) (Akers and Haidekker, 2004), and (3) 
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charged MR (e.g. CV and DASPMI) (Vogel and Rettig, 1985). In general, the commercially 

available MRs are with highly diversified hydrophobicity (-0.06-2.9), hydrogen-bonding 

capacity (2-5) and charges (-1-+1). Their molecular weights are ranging between 146 Da and 366 

Da, which is equivalent to the size of a glucose or maltose molecule. 

 

Table 1-2. Fundamental properties of commercially available molecular rotors 

Molecular rotor1 
Molecular  

weight (Da) 

Hydrogen 

bonds3 
Charge count 4 Log [P]5 

CCVJ  268.3 1/4 -1 2.7 

DCVJ 249.3 0/3 0 2.9 

DMABN  146.2 0/2 0 2.2 

DMABOA  162.2 1/3 -1 1.8 

CV  408.0 0/3 +1 0.51 

DCDHF 157.1 0/4 0 -0.06 

DASPMI  366.2 0/2 +1 N.A. 

1CCVJ, 9-(2-carboxy-2-cyanovinyl) julolidine; DCVJ, 9-(2,2-dicyanovinyl) julolidine; DMABN, 

4-cyano-N,N-dimethylaniline; DMABOA, 4-(dimethylamino) benzoic acid; CA, crystal violet; 

DCDHF, 2-dicyano-methylene-3-cyano-2,5-dihydrofuran; DASPMI, 4-(4-(dimethylamino) 

styryl)-1-methylpyridinium iodide. 

2Electron donor and receptor groups are in red and green colors, respectively. 

3Number of hydrogen donor / acceptor groups 

4Absolute number of charge groups 

5Log [P], the partitioning coefficient, is the logarithm of the ratio of the concentrations of a 

solute between n-octenol and water, representing the hydrophobicity of molecules. 

 

1.5.2 Fluorescent behaviors 

The unique fluorescent behavior of MR is shown in Fig. 1-4. After being excited, a MR has two 

distinct states: (1) a planar conformation termed as locally exited state (LE) and (2) a twisted 

conformation termed as twisted intramolecular charge transfer state (TICT) (Rettig, 1986)Each 

excited MR can lose energy (to “relax”) through either the LE or TICT state. If the MR is in free 
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space, it relaxes through TICT state by releasing heat without emitting any photon (noted as 

“dark MR”). If the MR is in a local environment with spatial restriction (i.e. steric hindrance), 

the transition from LE to TICT state is retarded and the relaxation is completed through the 

photon emission from LE state (noted as “bright MR”). 

For a given microenvironment with spatial restriction (e.g. a polymeric solution), the overall 

spatial restriction governs the amount of MR molecules undergoing fluorescent emission. The 

quantum yield of MR, that is, the ratio of emitted photons to absorbed photons, precisely reflects 

the portion of “bright” MR and thus the extent of the spatial restriction to this MR. Therefore, the 

quantum yield of MR can be used to quantify the spatial restriction. 

 

Figure 1-4. Schematics showing the structure (a ‘D-π-A’ motif) and fluorescent behavior of 

molecular rotor (MR). In the ‘D-π-A’ motif, D and A represent electron donor and acceptor, 

respectively; π represents a conjugation system connecting the electron donor and acceptor. LE 

(the locally excited state) and TICT (twisted intra-molecular charge transfer state) are two 

distinct excited state for a MR. Transition from LE to TICT state is strongly inhibited by spatial 

restriction (SP) exerted by polymeric matrix.  
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1.5.3 Current and future applications 

1.5.3.1 Molecular rotor as the viscosity probe 

The major application of MR is for viscosity probing. Viscosity is the resistance of a fluid 

against flow. It reflects the overall mobility of molecules in the fluid. The fluorescence emission 

of MR is associated with the viscosity through the Förster-Hoffmann equation (Förster and 

Hoffmann, 1971):  

𝛷𝐹 = 𝐶 ∙ 𝜂𝑥                                                                                                                                                                                            Eq. (1) 

where ΦF, the quantum yield of MR, is the proportion of MR molecules that emits fluorescence. 

𝜂 is the fluid viscosity. C is a dye-dependent constant, and x is both dye and solvent dependent 

(Haidekker et al., 2010).  

Based on both experimental and theoretical methods, x was found to be around 0.6 or 2/3 for 

different dyes in small molecule mixtures, such as water/ glycerol mixture and low-molecular-

weight dextran solutions. For small molecule mixtures, solute and solvent molecules 

homogenously fill the bulk volume. In this scenario, the quantum yield of MR directly reflects 

the motion of MR that is predominantly constrained by the neighboring molecules.   

The value of x is found to show deviations from the theoretical value (2/3) for macromolecule 

dispersions, such as gelatin, high-molecular-weight dextrans, native and modified starches 

(Akers and Haidekker, 2004; Gulnov et al., 2016). A possible explanation is that the micro- and 

nano-structures (or pockets) of macromolecules are the additional source of spatial restriction on 

the motion of MR. In this scenario, the quantum yield of MR reflects the overall spatial 

restriction induced by the neighboring molecules and the local structure of macromolecules. 

In biology studies, MR permits the monitor of the physiological-induced viscosity change in 

biofluid or live cells. Intracellular viscosity change (especially on cell membrane) is crucial for 

many physiological process (Haidekker et al., 2010) and membrane receptors (Nadiv et al., 1994; 

Shiraishi et al., 1993). Hydrophobic MRs (e.g. DCVJ and CCVJ-derivatives) showed good 

affinity to cell membrane, liposomes and biological polymers in the cell (Haidekker et al., 2002, 

2000). Subtle viscosity changes could thus be monitored or visualized by the fluorescence 

emission of MR (Iio et al., 1993; Kuimova, 2012; Kuimova et al., 2008). 
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1.5.3.2 Molecular rotor as the polymeric structure probe 

MR is also capable of qualitatively probing different types of polymeric structures. First, MR is 

sensitive to the protein aggregation and conformational changes (Haidekker et al., 2010). 

Hydrophobic MRs, such as DCVJ, thioflavin T, and boron dipyrromethene derivatives, can 

specifically bind to the local hydrophobic regions of proteins (Hu et al., 2009; Lindgren et al., 

2005; Thompson et al., 2015). Once the aggregation occurs among protein molecules, the TICT 

relaxation of attached MR is strongly inhibited as MR is entrapped within the aggregates. As a 

result, fluorescent emission or the fluorescence lifetime becomes the indicator of protein 

aggregation. A number of molecular rotors have been tested for their ‘aggregation-induced 

emission’ to date (Hong et al., 2011), and this unique fluorescent behavior is attracting growing 

attentions from different research areas.  

Second, MR can be used for the characterization of polysaccharide structures, although very 

limited attempts have been made. Pelletier et al. (2000) applied a molecular rotor, 1,1-dicyano-

(4’-N,N-dimethylaminophenyl)-1,3-butadiene (DMAC), to investigate the interactions among 

amphiphilic derivatives of sodium alginate. In this study, the fluorescence emission of DMAC 

was also correlated with the structure of the functional group used for derivatitation, thus 

suggesting the structural features of modified polysaccharides. Similar use of MR for the probing 

of the intramolecular interactions of modified polysaccharides was also reported by (Fischer et 

al., 1998). In sum, this type of application basically utilized the specific interaction between MR 

and the functional group. A more direct probing of polysaccharide structure occurs if the 

particular local structure of polysaccharides can accommodate and retain MR. MRs, such as 

DMABN and 6-Propionyl-2-(dimethylamino)naphthalene, were used for characterizing the 

polarity as well as the spatial restriction of the central cavity of cyclodextrin (Al-Hassan and 

Khanfer, 1998; Kim et al., 1996).  

1.6. Experimental aims 

Our overall goal is to carry out a comprehensive characterization of the selected small-granule 

starches from amaranth, cow cockle and sweet corn and to establish a novel fluorescent-based 

approach for the characterization of fine structure and fine structure-related properties of starch. 

It is hypothesized that the unique fine structure and granular characteristics of small-granule 
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granule contribute to unusual physicochemical property and distinct interaction behaviors with 

small molecules; and the fluorescent emission of molecular rotor can be used for representing the 

local structure and fine structure change of starch or other polysaccharides. To accomplish this 

objective, we proposed the following specific aims: 

AIM #1: Evaluate the molecular structure and physicochemical property of small-granule starch, 

highlighting their unique fine structure compared to common cereal starches. 

AIM #2: (1) Evaluate the retention of small molecules by small-granule or large granule starches 

and compare the different effects of native and swollen granules. 

Our working hypotheses are: (1) compared to large-granule starches, small-granule starches are 

less permeable for small molecules; (2) Swollen granules are more permeable than native 

granules.  

AIM #3: MR can work as polymeric structure probe and differentiate polysaccharide structures 

based on the dispersed density of whole molecule and the local conformation of polysaccharide. 

Our working hypotheses are: (1) the fluorescent emission of MR is highly sensitive to the 

presence of polymer in dispersion; (2) the fluorescent emission of MR are highly sensitive to the 

dispersed molecular density and local conformation of polymeric structures. 

AIM #4: A novel, sensitive, and MR-based fluorescent microscopic method can be applied to 

investigate starch retrogradation at very low starch concentrations. 

Our working hypothesis is that the fluorescent emission of MR can be used for monitoring starch 

retrogradation as the reassociation of glucan chains can gradually alter the size of microvolumes 

in starch matrices and thus the spatial restriction exerting to MR. 

It is anticipated that the results generated by this work will support the future utilization of small-

granule starch and fundamental studies of starch. In particular, the studies on the fine structure of 

the selected small-granule starches will help our understanding on the biogenesis of the unique 

small granules. Furthermore, it is anticipated that the MR-based fluorescent characterization 

method will not only provide an innovative insight into the fine structure of starch, but also find 

broader applications in the research of biopolymeric micro- and nanostructures. 
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CHAPTER 2.  PHYSICO-CHEMICAL PROPERTIES AND 

AMYLOPECTIN STRUCTURES OF SMALL-GRANULE STARCHES 

(Part of this chapter has been published on Food Hydrocolloids, 74, 349-357) 

2.1 Introduction 

Starch is an important ingredient in the food industry due to its multiple functionalities in food 

systems. Starch functionalities are closely associated with the size, composition, and glucan 

structure of individual granules. In general, the granular size of starches from rice, amaranth, and 

cow cockle are much smaller than that of maize, potato, and wheat (Lindeboom et al., 2004). In 

recent years, small-granule starches (SGSs) have attracted growing attentions due to their 

potentials in providing smooth texture (Wani et al., 2012), fat replacement (Malinski et al., 

2003), and controlled delivery (Gonzalez-Soto et al., 2011).  

Cow cockle starch (CCS) exists in the seeds of cow cockle (Saponaria vaccaria L.), an annual 

weed found in United States and Canada (Goering et al., 1966). Recently, efforts have been 

made to cultivate cow cockle as an industrial crop in North America (Willenborg and Johnson, 

2013). Starch isolated from cow cockle seeds showed homogeneously small granules (~ 0.3-1.5 

microns) (Biliaderis et al., 1993), possibly the smallest granules that have been reported. 

However, only limited information is available for CCS, such as its granular stability, low 

pasting temperature, and low setback upon gelatinization and pasting (Biliaderis et al., 1993; 

Goering and DeHaas, 1972). Its unique property is likely associated with the submicron granules 

(Biliaderis et al., 1993). Furthermore, there is still a substantial lack of knowledge on the 

branching structure of CCS. 

Phytoglycogen and starch are two primary carbohydrate polymers in sugary-1 maize mutant 

(James et al., 1995), a traditional sweet corn. Previous studies have shown the small granular size 

of sweet corn starch (SCS) (Jane et al., 1994; Wang et al., 1993). Early studies on SCS revealed 

its high amylose content and several differences in the starch structure in comparison with 

normal corn starch (Wang et al., 1993). It was also revealed that SCS granules were hard to swell 

and low in melting enthalpy (Singh et al., 2006; Tziotis et al., 2005; Wang, 1993). In general, the 

SU-1 deficiency in sweet corn affects the structural and physicochemical properties of SCS, and 
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there is a need to better understand its granular and fine structure for potential industrial 

applications.  

The leaves and grains of amaranth have long been consumed in America, Asia and Africa 

(Becker et al., 1981). The high nutrition value of amaranth grains has long been discussed in 

literatures (Caselato‐Sousa and Amaya‐Farfán, 2012). Amaranth grains also contain high amount 

of starch (~ 60% of dry weight) that show great potential as a novel source of starch. Similarly to 

CCS, the small granules (0.5- 2 μm) of amaranth starch (AS) are quite homogenous (Hoover et 

al., 1998). A few studies have been made recently to investigate the potential uses of AS in 

emulsification, aroma retention and food storage (Kshirsagar and Singhal, 2008; Pal et al., 2002; 

Timgren et al., 2013). Like other SGS, the unique structure, physicochemical property and food-

related functions of AS are yet to be fully understood. 

In this study, CCS, SCS, and AS were compared with normal and waxy rice starches and normal 

and waxy corn starches with regard to their morphological, thermal, pasting, and structural 

properties. The fine structures for all starches were determined to provide supporting information 

on their potential applications, such as fat replacement, encapsulation or delivery for active 

ingredients, and texture modification. 

2.2 Materials and methods 

2.2.1 Materials 

Sweet corn (sugary-1 variety) kernels were obtained commercially. Cow cockle seeds were 

purchased from Hangzhou Botanic Technology Co., Ltd., China. Amaranth grains were 

purchased from Woodland Foods Co., Ltd., IL. Waxy rice and normal rice were purchased from 

local grocery store. Waxy corn starch (WCS) and normal corn starch (NCS) were obtained from 

Cargill Inc. and National Starch and Chemical Company (now part of Ingredion), respectively. 

All chemical reagents used for the study were of analytical grade unless specified. 

2.2.2 Methods 

2.2.2.1 Extraction of crude starches 

Sweet corn starch (SCS), waxy rice starch (WRS), and normal rice starch (NRS) were isolated 

using a modified alkaline extraction method. To start the extraction, 100 g of dry maize kernels 
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or milled rice grains were ground into grits using a blender (Waring Laboratory Science, 

Torrington, CT) to pass through a 16-mesh sieve. The grits were mixed with 350 mL of 0.1% 

(w/v) sodium hydroxide (NaOH) solution and kept at 50 °C in a water bath for 30 min with 

constant agitation. The mixture was then homogenized using a blender at high speed for 4 min 

and passed through a 270-mesh sieve. The retained solids (by the sieve) were extracted again 

using another 350 mL of NaOH solution. The fractions permeated through the sieve were 

combined and centrifuged at 3,000 × g for 15 min. The precipitate, as the crude starch material, 

was collected. 

Amaranth starch (AS) was also isolated using a modified alkaline extraction method. To start the 

extraction, 100 g of dry grains were soaked in 350 mL of 0.1% (w/v) NaOH solution and kept at 

50 °C in a water bath with slight agitation. Cow cockle starch (CCS) was isolated according to 

the methods of Goering et al. (1966) with modifications. Cow cockle seeds (100 g) were soaked 

in 350 mL 0.15 M lactic acid solution at 50 °C with slight agitation. After the 48 h steeping 

process, the steeping solution was decanted and wet amaranth grains or cow cockle seeds were 

homogenized with 350 mL of water using a blender at high speed for 4 min and passed through a 

270-mesh sieve. The retained solids (by the sieve) were extracted again using additional 350 mL 

NaOH solution (for AS) or lactic acid solution (for CCS). The fractions permeated through the 

sieve were combined. For CCS, the permeated extracts were combined and allowed to stand for a 

short period of time (1-2 min) to decant hull pieces. The decanting process was repeated three 

times. After that, the combined permeated extracts were adjusted to pH 10 and centrifuged at 

3,000 × g for 15 min. The precipitate, as the crude starch material, was collected. 

2.2.2.1 Purification of starches 

Each crude starch material (about 50 g) was resuspended in 300 mL of NaOH solution (pH 10), 

agitated for 30 min, and centrifuged again. The precipitate was repeatedly washed with NaOH 

solution four times, during which proteins on the top layer of the precipitate was scraped away 

using a spatula. Thereafter, the precipitate was resuspended in deionized water, neutralized to pH 

7.0 using 1.0 M hydrogen chloride (HCl) solution, and centrifuged. The starch precipitate was 

further washed twice using deionized water (100 mL for each cycle) and finally using 100 mL of 

pure ethanol. The material collected was subjected to vacuum filtration and then dried overnight. 

All starch materials were stored in a desiccator at room temperature before use. In overall, the 
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starch yields were ~15% for sweet corn starch and 30-40% for amaranth starch and cow cockle 

starch. 

2.2.2.3 Chemical compositions of starches 

The moisture content of each starch material was determined using the AACCI Method 44-

15.02. Starch content was determined as described by AACCI Method 76-13.01. Nitrogen 

content was determined using the combustion method with a LECO model FP-2000 Nitrogen 

Analyzer (LECO Co., St. Joseph, MI), with its value multiplied by 5.75 to obtain the protein 

content. Apparent amylose content was determined by colorimetric method according to 

Morrison and Laignelet, (1983). 

2.2.2.4 Scanning Electron Microscopy  

To image starch granules using scanning electron microscopy (SEM), each starch material was 

mounted on a circular metal stub with double-sided sticky tape and coated with platinum in a 

Cressington 208HR sputter coater. The specimens were observed using FEI NOVA nanoSEM 

Field Emmission SEM (FEI, OR) under the voltage of 5.0 kV. Images were taken at 

magnification of 5000 ×. 

2.2.2.5 Wide-angle x-ray powder diffraction 

The wide-angle X-ray crystallograms of starches were obtained using Philips PW3710 

diffractometer equipped with Ni-filtered Cu-Kα (1.5418 Å) radiation, with the tube operated at 

40 kV and 25 mA. Dried and purified starch material from 2.2.2.2 (0.5 g) was packed in an 

aluminum holder and mounted on the diffractometer. The intensity data were collected in the 2θ 

range 10-40°, and the scan rate was 1°/ min. The raw data was smoothed for further analysis by 

the Automated Powder Diffraction software (version 3.6). The crystalline peaks and crystallinity 

for each starch were determined according to Hickman et al., (2008) using the Origin Pro 2016 

software. Crystallinity was calculated as: Crystallinity (%) = (At – Aa) / At, where Aa and At were 

the area for the amorphous background and the total area, respectively. 
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2.2.2.6 Differential Scanning Calorimetry 

Gelatinization behavior of each starch was examined using differential scanning calorimetry 

(DSC Q-2000, TA instruments, US). Starch material (5.0 ± 0.1 mg) was mixed with deionized 

water in aluminum T-Zero pans (TA instruments, US) to prepare a 50% (w/w) mixture and then 

hermetically sealed. The samples were conditioned overnight at room temperature before 

scanning. The scanning temperature was 20 - 130 °C with a scanning rate of 5 °C/ min. An 

empty pan was used as the reference. The onset temperature (To), peak temperature (Tp), 

conclusion temperature (Tc), and melting enthalpy (ΔH) were recorded using the TA Universal 

Analysis software. 

2.2.2.7 Rapid viscosity analyzer  

Pasting behavior of each starch was evaluated using a rapid viscosity analyzer (RVA) (RVA-4, 

Newport Scientific Pty. Ltd., Narrabeen, Australia) using the method of Ragaee and Abdel-Aal, 

(2006) with modifications. Starch material 1.5 g was mixed with deionized water in an aluminum 

canister to make a 6% (w/w) starch slurry. The heating and cooling cycle included: 1) 

temperature held at 50 °C for 60 s, 2) temperature increased to 95 °C in 225 s and held at 95 °C 

for 150 s, and then 3) temperature reduced to 50 °C in 225 s and held at 50 °C for 120 s. Pasting 

parameters of each starch were determined from the pasting curve using Thermocline version 2.2 

software. 

2.2.2.8 Preparation of debranched starch  

Starch material (5 mg) was dispersed in 125 μL of 90% dimethyl sulfoxide (DMSO) through 

heating in a boiling-water bath for 10 min. Sodium acetate (NaAc) buffer 875 μL (20 mM, pH 

4.75, 50 °C) was added to the dispersion, and the mixture was heated again, cooled to ambient 

temperature (22 °C), and mixed with 50 μL isoamylase (Megazyme, 5 U/ mL in NaAc buffer). 

The mixture was incubated in a shaking water bath at 37 °C for 24 h and then heated in a boiling-

water bath for 10 min to denature the enzyme. After cooling, 40 μL pullulanase solution 

(Megazyme, 7.2 U/ mL in NaAc buffer) was added and the mixture was incubated for another 24 

h at 37 °C and then heated for 10 min. The moisture of each enzyme-treated mixture was 

removed using a nitrogen gas blower at ambient temperature and the volume of each sample was 
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adjusted to 1.0 mL using 90% DMSO. After vortexing and centrifugation to remove insoluble 

materials, a 20 μL aliquot was injected in a high performance size-exclusion chromatography 

(HPSEC) system. The HPSEC contained two connected Zorbax gel PSM 60-S columns (6.2 mm 

× 250 mm, Agilent Tech., Santa Clara, CA) equipped with a Waters 2414 refractive index (RI) 

detector (Waters, MA). The flow rate was 0.5 mL/min using DMSO as the mobile phase. 

Glucose, maltose, maltotriose, maltopentaose, maltoheptaose, and three pullulan standards (6 

kDa, 50 kDa, 400 kDa) (Sigma, US) were used for column calibration. RI signal were collected 

using Millennium software (Waters, Milford, MA) and the raw data were exported to an Excel 

spreadsheet, loaded to the Origin Pro 2016 software, and normalized on the basis of the total 

area.  

2.2.2.9 Preparation of debranched amylopectin  

Amylopectin (AP) fraction was isolated from starch materials through differential alcohol 

precipitation using 1-butanol and isoamyl alcohol (Klucinec and Thompson, 1998). The 

debranched AP was prepared using the same procedure as described above. 

2.2.2.10 Preparation of debranched β-limit dextrins  

In order to prepare β-limit dextrin (BLD), AP was subjected to complete β-amylolysis at 50 °C 

for 48 h, and the resulting polysaccharide was precipitated and washed with ethanol and acetone 

as described by (Klucinec and Thompson, 2002). Dried BLD (~3 mg) was mixed with 50 μL of 

90% DMSO and heated in a boiling water bath for 10 min, then mixed with 350 μL NaAc buffer 

(20 mM, pH 4.75) at 50 °C. The mixture was heated in a boiling-water bath again and cooled to 

ambient temperature. The debranching of BLD was performed using the same procedure as 

described above, except that 40 μL of an isoamylase solution (0.5 U/mL) and a pullulanase 

solution (0.43 U/mL) were used. After the reactions, moisture was removed using a nitrogen gas 

blower and the volume of each sample was adjusted to 0.2 mL with 90% DMSO. After vortexing 

and centrifugation to remove insoluble materials, a 20 μL aliquot was injected in the HPSEC 

system. The structural parameters that describe branching pattern of starch, amylopectin, and 

BLD were obtained according to previous publications (Klucinec and Thompson, 1998; Yao et 

al., 2004; Yuan et al., 1993). Models of BLD branching pattern were established using the 

method proposed by Yun and Matheson, (1993). 
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2.2.3 Statistical analysis 

Measurements were conducted 3 times. ANOVA was conducted using SPSS 17.0 with all 

comparisons conducted at a significance level of 95%. 

2.3 Results and discussion 

2.3.1 Chemical composition of starch materials 

Table 2-1. Chemical composition of starches  

Data expressed as means ± standard deviations (n = 3). The means in the same column with 

different letters are significantly different (P < 0.05).  

1 Data computed on dry basis. 

2 Data computed on starch basis. 

3 Non-detectable 

 

Chemical compositions of different starches are shown in Table 2-1. Compared with WCS and 

NCS, the starch contents for the isolated CCS, AS, NRS, and WRS materials (ranging from 91-

96%) were 3-6% lower without significant difference (P < 0.05). The starch content of SCS 

material (77%) was significantly (P < 0.05) lower than that of the other starch materials, with 

7.7% of proteinous material and 12% of micron-sized hull pieces. The amylose contents for NCS 

and NRS were 21.6% and 11.5%, respectively, which were in accordance with previous studies 

(Morrison and Laignelet, 1983; Singh et al., 2003). Amylose was undetectable with AS, WCS 

Starch type 
Moisture  

content (%)1 

Protein  

content (%)1 

Starch  

content (%) 1 

Amylose  

content (%) 2 

Sweet corn 7.7 ± 0.0d 7.7 ± 0.2a 76.6 ± 4.9b 31.1 ± 1.1a 

Cow cockle 8.5 ± 0.1c 1.5 ± 0.1c 95.8 ± 1.3a 19.3 ± 0.1c 

Amaranth 10.2 ± 0.2a 1.2 ± 0.1c 94.8 ± 3.4a   N.D.3 

Waxy rice 8.0 ± 0.1d 1.3 ± 0.2c 91.3 ± 0.2a N.D.3 

Normal Rice 8.0 ± 0.1d 3.1 ± 0.0b 92.7 ± 2.8a 11.5 ± 0.0d 

Waxy corn 9.8 ± 0.0b 1.4 ± 0.1c 98.2 ± 2.6a N.D.3 

Normal corn 10.2 ± 0.0a 1.5 ± 0.2c 98.4 ± 0.3a 21.6 ± 0.4b 
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and WRS samples. In comparison, amylose content of CCS and SCS was 19.3% and 31.1%, 

respectively, which agreed with previous results (Biliaderis et al., 1993; Wang, 1993). 

2.3.2 Granular characteristics of starches 

2.3.2.1 Granular morphology 

SEM images of starches are shown in Figure 2-1. Based on their size, starch granules were 

categorized into large granules (LG, > 10 μm), medium granules (MG, 2-10 μm), and small 

granules (SG, < 2 μm). In general, WCS and NCS contained primarily LG and minor amount of 

MG. WRS and NRS contained MG only. For CCS and AS, most granules were 0.5-1 μm in size. 

In contrast, SCS granules were highly heterogeneous in their sizes and appearance, containing 

not only MG and SG, but also aggregations of small granules (ASG, 2-10 μm). Individual MG 

and SG of SCS showed smooth and compact surfaces, whereas ASG showed rough, loose, or 

cracked surfaces. In an early study, three granular populations (small, 1-2 μm; intermediate, 5 

μm; large, 10-20 μm) were found in immature sweet corn (Jane et al., 1994). Compounded 

granular structures were shown in their SEM image, which could be associated with the ASG we 

observed in this study. 

 

Figure 2-1. Scanning electron microscopy (SEM) images showing the morphology of starch 

granules of sweet corn (1), cow cockle (2), amaranth (3), waxy rice (4), normal rice (5), waxy 

corn (6), and normal corn (7). Starch granules were classified in large granules (LG, > 10 μm), 

medium granules (MG, 2–10 μm), small granules (SG, < 2 μm), and aggregated small granules 

(ASG). For sweet corn starch granules (1), maize hull pieces are indicated as MH. 
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2.3.2.2 Crystalline structure 

The wide-angle x-ray crystallograms of starch materials are shown in Figure 2-2. Except for 

SCS, all starches showed A-type crystalline pattern with reflections at 2θ values of 15°, 17°, 18°, 

23°. For SCS, A-type signals decreased and an additional response at 2θ value of 20° indicates 

the presence of V-type crystalline pattern (Singh et al., 2006; Zobel, 1988).  

The crystallinities of starches are also labeled in Fig. 2-2. In general, WCS and WRS had higher 

crystallinity (50% and 51% respectively) than their normal starch counterparts (34% for NCS 

and 38% for NRS). The crystallinity of CCS (42%) fell between those of waxy and normal corn 

or rice starches. The crystallinity of AS was the highest (56%) suggesting the well-ordered 

granular structure despite the extremely small size of granules. Among all starches, SCS showed 

the lowest crystallinity (28%). 

 

Figure 2-2. Wide-angle X-ray powder diffraction crystallograms of starches. The shaded areas 

show the crystalline regions. The crystallinity (%) of each starch is labeled.  
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2.3.3 Starch gelatinization 

Starch gelatinization was evaluated using differential scanning calorimetry (DSC). As shown in 

Figure 2-3, NCS, WCS, NRS, and WRS showed the endothermic peak temperature (Tp) of 69.4, 

71.2, 65.9, and 66.5 °C, respectively. Among these starches, NCS displayed a most defined 

endothermic peak. In contrast, CCS also showed a well-defined endothermic peak, however, 

with a relatively low Tp (64.1 °C). This shows that the ordered structure of CCS was rather 

homogenous but less robust than those of NCS, WCS, NRS, and WRS. In contrary, AS exhibited 

the highest Tp (74.1 °C) and the largest enthalpy change (ΔH, 19.4 J/ g), which again confirmed 

that the small granules of AS had highly thermostable crystalline structure. 

The DSC thermogram of SCS was flat and broad, with Tp at about 70.9 °C. The value of ΔH was 

5.6 J/ g, much lower than that of other starches (11.7 -19.4 J/ g). The low ΔH value correlated 

with the low crystallinity of SCS (Fig. 2-2), and the broad range of enthalpy signal showed that 

the ordered structure was quite heterogeneous. 

 

Figure 2-3. Differential scanning calorimetry (DSC) endothermic thermogram of starches. 
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2.3.4 Starch pasting behavior 

 

Figure 2-4. Rapid Viscosity Analyzer (RVA) viscograph of: (1) sweet corn starch, (2) amaranth 

starch, (3) cow cockle starch, (4) normal corn starch, (5) waxy rice starch, (6) normal rice starch, 

(7) waxy corn starch. RVA parameters are depicted using waxy rice starch as an example, 

including peak viscosity (the maximum hot paste viscosity), trough viscosity (the minimum hot 

paste viscosity); final viscosity (the viscosity at the end of test), breakdown (the difference 

between peak viscosity and trough viscosity), setback (the difference between final viscosity and 

trough viscosity), pasting temperature (the temperature where viscosity first increases by > 25 cP 

over a 20-s period), and peak time (the time needed to reach peak viscosity). 

 

As shown in Figure 2-4, the RVA viscograph of CCS displayed a large deviation from that of all 

other starches, that is, the viscosity undergoing a steady increase to 473 cP with no defined 

breakdown and setback. Similar RVA behaviors were found with other submicron-granule 

starches, such as the Mirabilis jalapa starch (Pumacahua-Ramos et al., 2015), small pigweed / 

dasheen starch (Goering and DeHaas, 1972), and quinoa starch (Lindeboom et al., 2005). In 

general, the rate of particle breakage is proportional to the mass-equivalent diameter (Barthelmes 
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et al., 2003), suggesting that large particles are more susceptible to disruption under steady 

shearing. Conceivably, the unique pasting behavior of CCS was associated with its submicron 

granular size that effectively protected the integrity of swollen granules. 

A low peak viscosity (449 cP) together with limited level of breakdown (138 cP) are observed on 

the RVA viscograph of AS (Fig. 2-4), which significantly differs from other waxy-type starches 

(WRS and WCS) but is analogous to NCS. The swelling power of AS was reported to be much 

lower than that of WCS, but in similar to that of NCS (Bhosale and Singhal, 2007; Paredes‐

López et al., 1989). The results suggest that the limited swelling of AS contributes to low peak 

viscosity during gelatinization. Coupled with the small size of granules, the limited swelling 

granules of AS exhibit an extent of resistance to shear and therefore show low breakdown. 

The viscograph of SCS shows typical peak, breakdown, and setback viscosities. However, the 

values of these parameters were much lower than those of NCS, WCS, NRS, and WRS (Fig. 2-

4). For example, in the temperature range of 50-90 °C, SCS and NCS performed similarly in 

initial viscosity increase, but the viscosity increase was limited with SCS. Very low peak 

viscosity (177 cP) was found for SCS in comparison with that of NCS (584 cP). For SCS, slight 

breakdown (about 30 cP) and setback (about 60 cP) were followed with a rather low final 

viscosity (about 207 cP).  

2.3.5 Chain length distribution of starches 

Figure 2-5A shows the normalized mass-based chain length distribution of starches. Based on 

previous studies (Klucinec and Thompson, 1998; Yao et al., 2004), characteristic populations 

representing amylose (AM) and amylopectin (AP) were identified at the retention time of 11-

13.5 min and 13.5-21.5 min, respectively. Based on the chromatogram of each starch, the 

percentage of AM population was determined as the fraction of AM population area within the 

total area. The percentage of AM population for SCS, NCS, CCS, NRS, WCS, WRS and AS was 

32.5%, 24.9%, 18.4%, 16.2%, 1.4%, and non-detectable, respectively. It should be noted that, 

due to the presence of lightly branched intermediate molecules (LBIM) in the AM population, 

the percentage of AM population determined was not equivalent to the amylose content 

determined using blue value (Table 2-1).   
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Figure 2-5. High performance-size exclusion chromatograms showing the chain length 

distribution of: A, debranched starch, and B, debranched amylopectin fraction obtained after 

alcohol precipitation of amylose. AM: amylose population defined by molecular weight >170 

DP. AP: amylopectin population defined by molecular weight <170 DP. Within the amylopectin 

population, the high molecular weight (HMW), intermediate molecular weight (IMW), and low 

molecular weight (LMW) sub-populations are defined by local minimums indicated by dash 

lines. 
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Figure 2-5B shows the chain length (CL) distribution of debranched amylopectin fraction 

obtained after the alcohol precipitation of amylose. Amylose molecules form inclusion 

complexes with 1-butanol and isoamyl alcohol and precipitate (Liu et al., 1997). In contrast, 

LBIM do not effectively bind and precipitate with alcohols (Klucinec & Thompson, 1998). 

Therefore, by comparing the percentage of AM population before and after alcohol complexation 

(Fig 2-5A and B), the amount of LBIM can be assessed. In this study, less than 25% of AM 

population was retained for NCS, NRS, and SCS, whereas about 62% of AM population was 

retained for CCS after alcohol precipitation, suggesting a much higher LBIM amount with CCS 

than with other amylose-containing starches.  

As shown in Figure 2-5B, AP population can be divided into three segments based on the local 

minimum responses at about DP 22 and 15. These segments represented the high (HMW, DP > 

22), intermediate (IMW, DP = 15-22), and low (LMW, DP < 15) molecular weight chain 

constituents of amylopectin. In comparison with corn and rice starches, amylopectin of SCS 

contained lower amount of HMW fraction (19% v.s. 25-27%), higher amount of IMW fraction 

(34% v.s. 19 - 27%), and slightly lower amount of LMW fraction (47% v.s. 46 - 54%). 

Compared with corn and rice starches, amylopectin of AS contained higher amount of HMW 

fraction (29% v.s. 25 - 27%), lower amount of LMW fraction (45% v.s. 46 - 54%), and slightly 

higher amount of IMW fraction (26% v.s. 19 - 27%). Compared with corn and rice starches, 

amylopectin of CCS contained higher amount of HMW fraction (31% v.s. 25 - 27%), lower 

amount of LMW fraction (42% v.s. 46 - 54%), and slightly higher amount of IMW fraction (27% 

v.s. 19 - 27%). For CCS, the peak value of LMW fraction (DP10.7) was lower than that of other 

starches (DP12.4 - 13.7). This observation was in agreement with the study of Biliaderis et al. 

(1993) who showed that the peak position of the shortest population of debranched CCS was 2 

DPs shorter than that of waxy corn starch. 

2.3.6 Branching pattern of amylopectin 

The branching patterns of SCS and CCS amylopectin were studied using their β-limit dextrins 

(BLDs). The normalized mass- and molar-based CL distributions of BLDs are shown in Figure 

2-6 A and B, respectively. Based on Hizukuri's amylopectin cluster model (1986), five 

populations were defined in the chromatograms: A chains, intra-cluster B chains (B1a and B1b), 

and inter-cluster B chains (B2 and B3) (Hizukuri, 1986; Yao et al., 2004).  
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Figure 2-6. High performance-size exclusion chromatograms showing A, weight-based, and B, 

molar-based chain length distribution of β-limit dextrins. Dash lines are used to divide the 

chromatograms into A chains (i.e. external chains attaching to other chains) and several types of 

B chains (i.e. chains with other chains attaching to them). B chains include B1a and B1b chains 

(short and long intra-cluster B chains, respectively), B2 chains (inter-cluster chains connecting 

two clusters), and B3 chains (inter-cluster chains connecting three clusters). 
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BLDs of WCS and NCS were nearly identical, whereas BLDs of WRS and NRS were slightly 

different in their percentage of B1b chains (Fig. 2-6 A). For BLD of CCS, well-defined peaks 

were found at the B3, B2 and B1b population whereas a shoulder separated B1a and B1b 

populations. BLD of SCS shows considerable differences from those of NCS and WCS, 

displaying a low and flat peak at B2 population, a negligible B3 population, and a large B1b 

population. The peak DP values for individual chain populations are shown in Table 2-2. The 

CL of intra-cluster chains were highly comparable among various starches, with B1a chain of 

about DP 6-7 and B1b chain of about DP 10-11. In contrast, the CL of inter-cluster chains varied, 

with B2 chains ranging at DP 22-25 and B3 chains ranging at DP 49-63.  

To establish the branch model of BLDs, the molar-based CL distributions were obtained through 

dividing the RI responses by their corresponding molecular weights at each data point of mass-

based chromatograms. The chromatograms were then normalized based on the total area (Fig 2-

6B) and several parameters of branch structure were determined (Table 2-2). For the modeling 

of each BLD, the molar amount of B2 chains (i.e. chains that connect 2 clusters) was defined as 

1.0 unit. Using the amount of B2 chains as reference, the molar amount of B3 chains (i.e. chains 

that connect 3 clusters) was very low (< 0.07) for all starches and undetectable specifically with 

SCS. The molar amounts of intra-cluster B chains (B1a and B1b) and external chains (A chains) 

are also shown in Table 2-2. Specifically, it was observed that: 1) SCS had the highest amount 

of intra-cluster chains, whereas AS and CCS has the lowest, and 2) SCS has the highest amount 

of A chains, whereas AS has the lowest. 

2.3.7 Modeling of amylopectin clusters  

To model and compare the branching pattern of individual starches, several BLD structural 

parameters (Table 2-2) were used. Among these parameters, the intra-cluster branch distance 

(IBD) was defined as the distance between two adjacent branches in a cluster. In the modeling of 

BLD, the average length of external stubs for both A and B chains was 2.5 DP (Yun and 

Matheson, 1993). Therefore, the value of IBD can be calculated as:  

IBD = chain length of B1a chain in BLD – 2.5 DP (stub) – 1 DP (branching point) 

In this study, the IBD value of about 3 DP was retained with all starches, suggesting a prevailing 

role of starch branching enzymes in positioning intra-cluster branches. 

 



 

 

 

 

 

Table 2-2. Parameters describing the fine structural characteristics of debranched β-limit dextrins 

Starch type 

Length of chains in β-limit dextrin (DP1) 
Intra-cluster 

branch 

distance 

Internal 

chain length 

of B2 chains 

(Relative) number of chains 

(A : B1a : B1b : B2 : B3) 
ANBPC2 

A B1a B1b B2 B3 

Sweet corn 2, 3 6.4 10.2 23.3 N.D.3 2.9 20.8 8.4 : 1.8 : 3.5 : 1.0 : N.D. 14.7 

Cow cockle 2, 3 6.6 10.6 24.5 60.2 3.1 22.0 5.7 : 0.8 : 1.7 : 1.0 : 0.04 8.6 

Amaranth 2, 3 6.7 10.8 24.2 52.1 3.2 21.7 3.7 : 1.0 : 1.4 : 1.0 : 0.04 6.6 

Waxy rice 2, 3 6.5 11.1 22.9 52.5 3.0 20.4 4.4 : 1.1 : 1.6 : 1.0 : 0.07 7.2 

Normal rice 2, 3 6.3 10.0 22.1 49.0 2.8 19.6 6.1 : 1.6 : 1.8 : 1.0 : 0.05 9.6 

Waxy corn 2, 3 6.2 10.8 24.6 62.8 2.7 22.1 5.1 : 1.0 : 1.9 : 1.0 : 0.05 8.2 

Normal corn 2, 3 6.1 10.7 23.7 57.7 2.6 21.2 4.9 : 1.0 : 1.9 : 1.0 : 0.06 7.9 

1 Degree of polymerization. 

2 ANBPC: average number of branches per cluster. 

3 Non-detectable 
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Figure 2-7. The schematics showing the cluster structure of amylopectin β-limit dextrins of A, 

waxy corn starch; B, cow cockle starch; C, amaranth starch, and D, sweet corn starch. Circles 

represent glucosyl units. Solid circles indicate branching points. The red, blue, orange, and black 

colored chains represent A, B1a, B1b, and B2 chains. Branching parameters labeled include the 

intra-cluster branch distance (IBD), the internal chain length of B2 chain (ICLB2), and the 

average number of branches per cluster (ANBPC). 
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As shown in Figure 2-7, the internal chain length of B2 chains (ICLB2) can be used to represent 

the average distance between two connecting clusters (Fig. 2-7). Such a modeling approach is 

based on the following considerations: 1) the reducing end of a B2 chain initiates the formation 

of a cluster, 2) the outmost branch point of this B2 chain indicates a transfer from chain 

branching to chain elongation, and 3) one of the chains initiated at the point of this transfer 

would initiate the next cluster and thus becomes a B2 chain. For a BLD, the value of ICLB2 can 

be calculated as: 

ICLB2 = chain length of B2 chain in BLD – 2.5 DP (stub) 

In this study, the ICLB2 values ranged from 19.6 to 22.1 DP (Table 2), suggesting a highly 

regulated repeating of cluster initiation and growth among all starches. The mechanism of this 

regulation should be associated with coordinated actions of starch branching enzymes and starch 

synthases. 

For structural model comparison among different starches, an effective parameter is the average 

number of branches per cluster (ANBPC) (Yao et al., 2004). In general, the ANBPC can be 

determined from the numbers of A, B1a, B2b, B2, and B3 chains:  

ANBPC = total number of chains / total number of clusters 

For calculation, only B2 and B3 chains were assumed to initiate new clusters in our model (each 

B2 initiating 1 cluster and each B3 chain initiating 2 clusters, respectively). Hence, we have the 

following equation: 

The total number of clusters = number of B2 chains + number of B3 chains × 2.  

And we have the following equation: 

 Total number of chains = summation of number of A, B1a, B1b, B2, and B3 chains. 

As shown in Table 2-2, the ANBPC values range from 6.6 for AS to 14.7 for SCS, indicating a 

large variance of branch density among various starches. Compared with branch density (i.e. the 

percentage of 1,6-glucosidic linkages), ANBPC describes starch branching at the cluster level. 

For CCS, the ANBPC value was 8.6, suggesting that its cluster structure was similar to that of 

WCS (Fig. 2-7A and B). The ICLB2 for CCS was 22.0 DP, which was essentially the same as 

that for WCS.  

For AS, however, the ANBPC value was much lower than that of WCS (6.6 v.s. 8.2), which 

should be associated with the relative less A chains in the cluster (Fig. 2-7A and C). The small 

size of amylopectin cluster may favor the parallel spatial arrangements of external chains both in 
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the native state and gelatinized state (Vamadevan et al., 2013). Therefore, the unique 

amylopectin structure of AS may contribute to the high crystalline granular structure and the 

lower volume expansion when ordered structure is disrupted after gelatinization. 

The AP branching pattern of SCS (Fig 2-7D) is highly different from that of other starches. Due 

to the high amounts of B1a and B1b chains (1.8 and 3.5 per cluster), the ANBPC for SCS (14.7) 

was much higher than that for the other starches (6.6-9.6). The abundant and dispersed branches 

for SCS led to large branching and amorphous regions among repeating cluster units. Such a 

highly branched, low crystalline structure was originated from the deficiency of a starch 

debranching enzyme, SU1 (Ball et al., 1996; James et al., 1995). The regular assumption is that 

SU1 plays a crucial role in regulating the amount and distribution of branches generated by 

starch branching enzymes. The highly branched and amorphous nature of AP in SCS is closely 

associated with the low viscosity of SCS paste due to the low inter-granular chain entanglements. 

2.4 Conclusion 

Exploring new starch resources will benefit the fundamental research and technology 

advancement of food and food-related areas. In this study, several basic structural and physical 

properties of three small-granule starches, SCS, CCS and AS, were characterized. The results 

showed that SCS granules were rather heterogeneous, contained higher amylose content than 

normal corn starch, and showed highly branched structure. The high branching of SCS correlates 

with its low crystallinity and pasting viscosities. In contrast, CCS and AS showed submicron 

homogenous granules. Unlike SCS, amylopectin for CCS was less branched with smaller 

clusters. Largely due to its abnormally small granular size, CCS showed high shear-resistance 

during pasting. The amylopectin for AS was least branched with the smallest cluster among the 

starches that were investigated in this study. This unique amylopectin pattern was considered to 

account for the robust crystalline structure of the granules and low peak viscosity. In summary, 

SCS, CCS and AS showed highly unique properties that were associated with their granular sizes 

and/or branching patterns. Both SCS, CCS and AS may have potentials for new applications, 

such as fat replacement, encapsulation and delivery of active ingredients and food texture 

modification. 
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CHAPTER 3.  RETENTION OF MALTODEXTRIN IN NATIVE AND 

SWOLLEN STARCH GRANULES FROM DIFFERENT SOURCES 

3.1 Introduction  

Starch is an important food ingredient for food industry. The major function of starch is to 

provide texturization and the bulking for foods (Eliasson, 2004). Common food products, such as 

bakery, noodle, and fried products, involve the mixing and processing of starch or starchy food 

ingredients (e.g. cereal flour) with fats, proteins and other minor food components (Crosbie, 

1991; Lazarick et al., 2014; Patel et al., 2005). The retention of other food compounds (e.g. 

sugars, salts, maltodextrins, and polyphenols) by food starches affect food quality, shelf life, and 

health benefit, and has been studied in recent years (Baek et al., 2004; Barros et al., 2012).  

From broader perspectives, the incorporation of small-molecule food compounds in food starch 

may further contribute to the improvement of nutritional, eating, and safety qualities of food 

products (Bhatia and Bharti, 2015; Han et al., 2015; Schober et al., 2008; Wu et al., 2010). 

Simple sugars, maltodextrins and other non-starch oligo- and polysaccharides (e.g. inulin) are 

commonly formulated or processed with starch in bakery and frozen food products. These 

ingredients are often used at high content in food and may interact with starch granules. Thus, it 

is of high interests for the food industry to evaluate the interactions between these components 

and starch granules.  

Maltodextrin is a mixture of starch hydrolysate mainly composed of glucose, maltose and a 

broad spectrum of polymeric glucans (Chronakis, 1998). The average degree of polymerization 

(DP) that is inversely proportional to the dextrose equivalent values (DE), dominates the 

application of maltodextrin as sweetener, texturizer and bulking agent (Avaltroni et al., 2004; 

Chronakis, 1998; Dokic-Baucal et al., 2004). Maltodextrin fractions with good solubility and 

relatively low DP may easily diffuse to the interspaces of food matrix leading to a change of the 

equilibrium composition of ‘bulk-phase’ maltodextrin and therefore affecting the functionality of 

maltodextrin. Such a change is more likely occur in starchy foods due to the hydrophilic nature 

and the abundant interspace-volumes of starch. A number of previous studies have reported great 

contribution of the DE of maltodextrin on the quality of starchy foods (Chronakis, 1998; 
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Galmarini et al., 2009; Witczak et al., 2010), suggesting the significance of the mechanistic study 

on the interactions between starch and maltodextrin.  

The retention of soluble molecules in starch material is associated with the granular structure of 

starch. Native starches exist in the form of semi-crystalline granules with their sizes ranging 

from hundreds of nanometers to tens of micrometers (Jane et al., 1994). The native starch 

granules are not purely solid micro-beads. In contrast, abundant nano- or micro-scale structural 

features, such as the surface cavities, channels, and central hilium spaces as well as amorphous 

regions, are found in starch granules (Huber and BeMiller, 2000). Extraneous moisture and 

dispersed substances can be incorporated with starch granules. When starch granules lose 

original crystalline structure due to heating or chemical treatment, they swell to many times their 

original volume with water is entrapped in swollen granules (Biliaderis et al., 1980; Singh et al., 

2003; Tester and Morrison, 1991). Meanwhile, extraneous substances may also be incorporated 

in swollen starch granules. 

Swollen starch granules are mesh-like particles that contain two types of alpha-D glucan 

molecules: amylose (a mostly linear glucan) and amylopectin (a branched glucan). The ratio and 

the structure of amylose and amylopectin affect the integrity and swelling behavior of starch 

granules (Debet and Gidley, 2007; Fredriksson et al., 1998; Jane et al., 1999), which may further 

impact the mesh properties of swollen starch (Hickman et al., 2009; Jane et al., 1999). Given that 

common food starches are prepared from different plant sources, they may display different 

mesh structures. 

The goal of this study was to compare the behaviors of selected starches in retaining soluble food 

component, using maltodextrin as model. The starches selected had different granular sizes, 

amylose contents, morphological properties, and swelling power. A commercial maltodextrin 

with the DE of 11 was used to include soluble glucan components of various molecular weights. 

The granular retentions of maltodextrin components were determined to evaluate the interactions 

between starch granules and soluble food components of various molecular weights.  
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3.2 Materials and methods 

3.2.1 Material 

Cow cockle seeds were purchased from Hangzhou Botanic Technology Co., Ltd., China. 

Amaranth grains were purchased from Woodland Foods Co., Ltd., IL. Waxy corn starch (WCS) 

and normal corn starch (NCS) were obtained from Cargill Inc. and Ingredion Inc., respectively. 

Maltodextrin (MALTRIN M100®) was obtained from Grain Processing Corporation. All 

chemical reagents used for the study were of analytical grade unless specified. 

3.2.2 Methods 

3.2.2.1 Isolation of starch 

Amaranth starch (AS) was isolated using a modified alkaline extraction method. First, 1.5 kg of 

dry amaranth grains (1.5 kg) and 0.1% (w/v) sodium hydroxide (NaOH) solution (4 L) were 

slightly agitated at 50 °C in a water bath. Cow cockle starch (CCS) was isolated according to the 

methods of Peng and Yao (2018) with modifications. Cow cockle seeds (1.5 kg) were soaked in 

4 L 0.15 M lactic acid solution at 50 °C in a water bath with slight agitation. 

After the 48 h steeping process, the steeping solution was decanted and wet grains or seeds were 

homogenized with 3 L of water using a blender (Waring Laboratory Science, Torrington, CT) at 

high speed for 4 min and passed through a 270-mesh sieve. The solids retained by the sieve were 

extracted again using additional 3 L water. The extractions that permeated through the sieve 

were combined, adjusted to pH 10 and centrifuged (3,000 × g for 15 min). The precipitate, as the 

crude starch material, was collected. 

Each crude starch material (about 700 g) was resuspended in 3 L of water and adjusted to pH 10, 

agitated for 30 min, and centrifuged again. The precipitate was dispersed again and then 

centrifuged. This dispersing-centrifuging cycle was repeated three times, during which the top 

layer of the precipitate containing proteinaceous material was scraped off using a spatula. Then, 

the precipitate was resuspended in deionized water, neutralized to pH 7.0 using 1.0 M hydrogen 

chloride (HCl) solution, and centrifuged. The starch precipitate was further washed twice using 

deionized water (1.5 L for each cycle). The material collected was resuspended in 500 mL 80% 

(v/v) ethanol, subjected to vacuum filtration, and then washed using 100 mL of pure ethanol. The 
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filter cake was collected and dried overnight. All starch materials were stored in glass jars at 

room temperature before use. 

3.2.2.2 Preparation of granular cold-water swelling starch 

Granular cold-water swelling starch (GCWS) was prepared according to the method of Chen and 

Jane (1994) with modifications. For each of WCS or AS, 20 g (dry basis) was suspended in 140 

mL ethanol in a 400-mL beaker with constant stirring (200 rpm). To the starch-ethanol 

suspension, 35.7 mL NaOH solution (3M), 23 mL 80% alcohol and 9.8 mL NaOH solution (3M) 

was successively added at the rate of 2 mL/ min. The mixture was stirred for 15 min before an 

additional 23 mL 80% (v/v) ethanol was added slowly. The obtained mixture was allowed to 

stand for 10 min, subjected to vacuum filtration, and washed with 60 mL 80% (v/v) ethanol. The 

starch cake was re-dispersed in 200 mL 80% (v/v) ethanol and neutralized with hydrogen 

chloride solution (HCl, 3 M in ethanol). The starch fraction was obtained by vacuum filtration 

and washed with 60 mL 95% (v/v) ethanol and thereafter 60 mL 100% (v/v) ethanol. The filter 

cake obtained was dried at 80 °C for 3 h.  

For each of NCS or CCS, 20 g (dry basis) was suspended in 140 mL 40% (v/v) ethanol in a 400-

mL beaker with constant stirring (200 rpm). The beaker was kept in a water bath at 35 °C during 

the process. To the starch-ethanol suspension, 45.5 mL NaOH solution (3M) was gradually 

added at the rate of 2 mL/ min. The mixture was stirred for 15 min before an additional 25 mL 

40% ethanol was slowly added. The starch-ethanol suspension was allowed to stand for 30 min. 

After decanting the supernatant, the starchy fraction was washed with 100 mL 40% (v/v) ethanol 

and re-dispersed with 100 mL 40% (v/v) ethanol. After being neutralized with HCl, the 

suspension was allowed to stand for 30 min. The starchy fraction was then successively 

dehydrated by a series of mixing and decanting process using 60%, 95% and 100% (v/v) ethanol. 

The obtained starch fraction was dried at 80 °C for 3 hr. 

 The GCWS materials obtained from the above process were sieved using a 50-mesh screen and 

stored in a screw-capped bottle at room temperature before use. In this study, swellable starch 

(SS) is used for the abbreviation of GCWS and GCWS prepared from AS, CCS, WCS and NCS 

were coded as S-AS, S-CCS, S-WCS, and S-NCS, respectively. 
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3.2.2.3 Chemical compositions of starches 

The moisture content of each starch material was determined using the AACCI Method 44-

15.02. Starch content was determined using the Megazyme Total Starch Assay Kit as described 

by AACCI Method 76-13.01. Nitrogen content was determined using the combustion method 

with a Nitrogen Analyzer (LECO model FP-2000, LECO Co., St. Joseph, MI), with its value 

multiplied by 5.75 to calculate the protein content. Apparent amylose content was determined by 

colorimetric method according to Morrison and Laignelet (1983). 

3.2.2.4 Swelling power 

Swelling power (SP) was determined according to the method of Li and Yeh (2001) with slight 

modification. Starch (~100 mg, dry basis) was precisely weighed into a capped centrifuge tube 

with 10 mL pre-added water. The tube was agitated at 25 °C in a water bath (120 rpm) for an 

hour and thereafter subjected to centrifugation (8,000 × g, 30 min). The supernatant was 

decanted. The materials adhered to the wall of centrifuge tube were considered as the sediment 

and the weight of the sediment was coded as WS. The supernatant was dried to constant weight 

(W1) in a ventilated oven at 100 °C. The water-soluble index (WSI) and SP were determined as 

the following: 

WSI (%) = (
𝑊1

𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ
) × 100%                                                                              Eq. (1) 

SP (g g⁄ ) =
W𝑠

[𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ×(100%−𝑊𝑆𝐼)]
                                                                            Eq. (2) 

3.2.2.5 Wide-angle X-ray powder diffraction 

The X-ray diffraction analysis was carried out using Philips PW3710 diffractometer equipped 

with Ni-filtered Cu-Kα (1.5418 Å) radiation. Starch material (~ 0.5 g) was packed in an 

aluminum holder and mounted on the diffractometer. The intensity data were collected through a 

scan operated at 40 kV and 25 mA with the 2θ range of 10-40° at the scan rate of 1°/ min. The 

raw data was smoothed for further analysis by the Automated Powder Diffraction software 

(version 3.6). The crystalline peaks and crystallinity for each starch were determined according 

to Peng and Yao (2018) using the Origin Pro 2016 software. Crystallinity was calculated as: 
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Crystallinity (%) = (At – Aa) / At, where Aa and At were the area for the amorphous background 

and the total area, respectively. 

3.2.2.6 Preparation of maltodextrin stock solution 

Maltodextrin solution was freshly prepared for each experiment. 5.0 g maltodextrin (MALTRIN 

M100) in dry powder form was dissolved in 30.0 mL water at 90 °C. The total volume of 

maltodextrin solution was subsequently made to 50.0 mL with water in a 50-mL volumetric flask 

at room temperature. The 10.0% (w/v) maltodextrin stock solution was stored at room 

temperature in capped glass bottles after filtered through 0.45-μm polyamide syringe filters 

(Thermo Scientific Nalgene, US). Preliminary tests have confirmed that the filtration with 

polyamide membrane did not alter the concentration and composition of the model maltodextrin 

solution. 

3.2.2.7 Preparation of native and swellable starch suspensions 

Except for S-AS, the homogenous suspension of native starch and SS materials were prepared 

(without the formation of lumps) through vortexing (2,500 rpm, 10 min) (Digital Vortex Genie® 

2, Scientific Industries, NY) followed by mild agitation in a water bath (120 rpm, 4 h) (SHEL 

LAB Models WS27, VWR International, PA). In order to break the lumps, S-AS solid was first 

suspended in water through vortexing (3,000 rpm for 15 min followed with 2,500 rpm for 30 

min); then the dispersion was subjected to mild agitation (120 rpm, 4 h). Before subsequent 

analysis, the suspensions were examined under the light microscopy to confirm the integrity of 

granules and the absence of lumps. 

3.2.2.8 Particle size determination using light scattering 

1% (w/v) native and SS suspensions were prepared as described above. The particle size 

distribution was measured using static multi-angle light scattering method using a Mastersizer 

Hydro 2000 system (Malvern Instrument, Malvern, UK). Average granular sizes were 

characterized in terms of the Sauter mean diameter (d32) or volume mean diameter (d43) defined 

by the following equations (Yusoff and Murray, 2011):  

 𝑑32 =
𝛴𝑖̇𝑛𝑖̇ 𝑑𝑖

3

𝛴𝑖𝑛𝑖𝑑𝑖
2                                                                                                                            Eq. (3) 
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  𝑑43 =
𝛴𝑖̇𝑛𝑖̇ 𝑑𝑖

4

𝛴𝑖𝑛𝑖𝑑𝑖
3                                                                                                                           Eq. (4)  

where ni is the number of the starch granules of diameter di. All measurements were made at 

room temperature on at least two freshly prepared samples. The refractive indices of water and 

starch were taken as 1.330 and 1.530, respectively. 

3.2.2.9 Scanning electron microscopy 

Scanning electron microscopy (SEM) was utilized to observe the morphological characteristics 

of native and swellable starch materials in the powder form. For SEM, the powder specimen was 

mounted on a circular metal stub with double-sided sticky tape and coated with platinum in a 

Cressington 208HR sputter coater. The specimens were observed using FEI NOVA nanoSEM 

Field Emission SEM (FEI, OR) under the voltage of 5.0 kV. Images were taken at magnification 

of 5,000 ×. Light microscopy (LM) was used to observe the morphological characteristics of 

swellable starch materials in dispersion. SS dispersions were prepared using the procedure 

described in 3.2.2.7. The dispersions were diluted with water to appropriate concentrations, dyed 

with iodine, and observed under LM with a 40× objective lens. 

3.2.2.10 Incubation of maltodextrin solution with starch materials 

Each starch material (2.0 g for native starch and 0.5 g for GCWS) was suspended in 12.5 mL 

water in a 50-mL capped polypropylene centrifuge tube using the same procedure described in 

3.2.2.7. Subsequently, 12.5 mL 10% (w/v) maltodextrin stock solution was added. The time at 

which maltodextrin solution was added was defined as time zero. The aqueous starch-

maltodextrin mixture was incubated in a shaking water bath (25 °C, 120 rpm) for 4 h. A 5% 

(w/v) maltodextrin control solution was prepared by adding 12.5 mL maltodextrin stock solution 

to 12.5 mL water. 

Aliquot (1.5 mL) samples were drawn at 5 and 240 min of incubation. A mild centrifugation 

(1,000 × g, 10 min) was applied at first to precipitate the native or swollen starch fraction. 

Glucan molecules in the maltodextrin that were not retained by starch granules remained in the 

free water phase of supernatant. To purify the free water phase, about 400 μL supernatant from 

the first centrifugation was centrifuged again (8,000 × g, 10 min) and the supernatant obtained 

was filtered through a 0.45-μm polyamide syringe filter (CELLTREAT, the Lab Depot, 
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Dawsonville, GA). 50 μL filtrate, 50 μL water and 900 μL DMSO were mixed in a 1.5-mL 

centrifuge tube, heated at 100 °C for 10 min, and centrifuged (5,000 × g, 10 min). The molecular 

weight distribution of the maltodextrin component remaining in the free water phase was 

determined using high performance size exclusion chromatography. 

3.2.2.11 High performance size exclusion chromatography (HPSEC) 

The chromatographic equipment consists of a Waters 1515 isocratic pump, Waters 2717 

autosampler (Waters, US), and a Waters 2414 refractive index detector (RID, Waters, US). The 

analytical column in use was two connected Zorbax gel PSM 60-S columns (6.2 mm × 250 mm, 

Agilent Tech., Santa Clara, CA). A 20 μL aliquot sample was injected for HPSEC analysis. The 

chromatographic separation was carried out in 30 min, with DMSO used as the mobile phase at 

the flow rate of 0.5 mL/ min and column temperature and detector temperature maintained at 35 

and 40 °C, respectively. Peak areas were utilized for quantitative analysis. Calibration curves 

were prepared using maltose standards of 0 to 5.0 mg/ mL. Glucose, maltose, maltotriose, 

maltopentaose, maltoheptaose, and three pullulan standards (6 kDa, 50 kDa, 400 kDa) (Sigma, 

US) were used for column calibration. RI signal were collected using Millennium software 

(Waters, Milford, MA) and the raw data were exported to an Excel spreadsheet, loaded to the 

Origin Pro 2018 software to plot differential chromatograms. 

3.2.2.12 Differential chromatogram 

In the present study, each RI value at a certain retention time corresponded to the content of a 

maltodextrin component in the free water phase (MDCf) with a particular DP. The RI value as a 

function of retention time (the chromatogram) described the content distribution of MDCf. 

Hence, the variations in the content distribution of MDCf could be characterized using 

differential chromatograms. The data points of differential chromatograms were obtained using 

the following equation: 

∆𝑅𝐼 = 𝑅𝐼𝑡=0 − 𝑅𝐼𝑡=𝑡𝑖
                                                                                                             Eq. (5) 

∆RI is the differential mass response, RIt=0 is the RI value corresponding to the content of MDCf 

at time zero, and 𝑅𝐼𝑡=𝑡𝑖
 is the RI value corresponding to the content of MDCf after i minutes of 

incubation (i = 5 or 240).  
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𝑅𝐼𝑡=𝑡𝑖
 was experimentally obtained from the chromatograms of the injected samples taken by the 

5 or 240 minutes of incubation. In contrast, RIt=0 was obtained by theoretical calculation based 

on the chromatogram of the 5% (w/v) maltodextrin control solution. As no mass transfer from 

free water phase to starch granules occurred at time zero, the RIt=0 for a sample system (𝑅𝐼-𝑠𝑡=0) 

should be proportional to the RIt=0 for the control system (𝑅𝐼-𝑐𝑡=0) with a factor (x) of their 

concentration ratio. The equation is shown as follows: 

𝑅𝐼-𝑠𝑡=0 = 𝑥 ∙ 𝑅𝐼-𝑐𝑡=0 =
𝐶-𝑠𝑓0

𝐶-𝑐𝑓0
∙ 𝑅𝐼-𝑐𝑡=0                                                                                  Eq. (6) 

where 𝐶-𝑠𝑓0 and 𝐶-𝑐𝑓0 (g/mL) are the initial concentration of maltodextrin in free water phase for 

the sample system and the control system. For this study, 𝐶-𝑐𝑓0 = 0.05𝑔/𝑚𝐿, whereas 𝐶-𝑠𝑓0 

varied with sample systems.  

For a sample system, 12.5 mL 10% (w/v) maltodextrin stock solution was mixed with 12.5 mL 

starch dispersions. Depending on the mass and swelling of starch, the volume of free water phase 

(Vf, mL) was calculated as follows: 

𝑉𝑓 = 𝑉𝑡 − 𝑀𝑠𝑡 ∙ (𝑆𝑃 − 1)                                                                                                       Eq. (7) 

Vt is the total volume of sample systems (= 25.0 mL), Mst is the dry mass of starch (2.00 g for 

native starch, 0.500 g for SS and 0 for the control); and SP is the swelling power determined 

from 3.2.2.4. At time zero, the added maltodextrin (1.25 g) in a sample system is assumed to be 

completely dissolved in the free water phase. Hence, combined with Eq. (7), the 𝐶-𝑠𝑓0 was 

calculated using the following equation: 

𝐶-𝑠𝑓0 =
1.25

𝑉𝑓
=

1.25

𝑉𝑡−𝑀𝑠𝑡∙(𝑆𝑃−1)
                                                                                                    Eq. (8) 

Now, in combination of Eq. (5), Eq. (6) and Eq. (8), the full equation for the calculation of 

differential mass response, which represented the variations in the content distribution of MDCf 

is shown below: 

∆𝑅𝐼 =
25

25−𝑀𝑠𝑡∙(𝑆𝑃−1)
∙ 𝑅𝐼-𝑐𝑡=0 − 𝑅𝐼𝑡=𝑡𝑖

                                                                                  Eq. (9) 

3.2.2.13 Retention capacity of starch materials 

To permit the direct comparisons of different starch materials regarding their capacity of 

retaining maltodextrin, it is meaningful to estimate the mass of each maltodextrin component 

retained in unit mass of starch granules (mMDCums). As the differential mass response (∆𝑅𝐼) 
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reflected the variations in the concentration of MDCf, the variations in the mass of MDCf 

(∆𝑚𝑀𝐷𝐶𝑓) was correlated with ∆𝑅𝐼 and 𝑉𝑓 through the following equation: 

∆𝑚𝑀𝐷𝐶𝑓 ∝ 𝑉𝑓 ∙ ∆𝑅𝐼                                                                                                            Eq. (10) 

For this study, ∆𝑚𝑀𝐷𝐶𝑓 was equivalent to the mass of maltodextrin component that was 

retained by all starch granules for an incubation system. By dividing Eq. (10) with the mass of 

starch, we could estimate mMDCums or the retention capacity of a particular starch material as 

below: 

mMDC𝑢𝑚𝑠 =
∆𝑚𝑀𝐷𝐶𝑓

𝑀𝑠𝑡
∝

𝑉𝑓

𝑀𝑠𝑡
∙ ∆𝑅𝐼                                                                                        Eq. (11) 

3.2.2.14 Statistical analysis 

Measurements were conducted for 3 times. ANOVA was conducted using SPSS 17.0 with all 

comparisons conducted at a significance level of 95%. 

3.3 Results and Discussion 

3.3.1 Chemical composition of starch materials 

Table 3-1. Chemical composition of starch materials 

Starch type 
Moisture content1  

(%) 

Protein content1 

(%) 

Total starch  

content1 (%) 

Apparent amylose  

content2 (%) 

AS 10.2 ± 0.2 C 1.2 ± 0.1 A 94.8 ± 3.4 A N.D.3 

CCS 8.2 ± 0.1 D 1.2 ± 0.0 A 94.7 ± 1.8 A 17.6 ± 1.5 B 

WCS 10.9 ± 0.1 A 1.1 ± 0.0 A 95.0 ± 2.4 A N.D. 

NCS 10.5 ± 0.0 B 1.3 ± 0.0 A 95.1 ± 3.5 A 23.5 ± 2.4 A 

Data expressed as means ± standard deviations (n = 3). The means in the same column with 

different letters are significantly different (P < 0.05). 

1Data computed on dry basis. 

2Data computed on starch basis. 

3Non-detectable. 

 

Chemical compositions of different starches are shown in Table 3-1. There was no significant 

difference (P < 0.05) in the starch and protein contents for the isolated starches (AS and CCS) 
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and commercial starches (WCS and NCS). The amylose contents for NCS and CCS were 23.5 % 

and 17.6 %, respectively, which were in accordance with the previous studies (Biliaderis et al., 

1993; Peng and Yao, 2018; Singh et al., 2003). The AS material used in this study was waxy-

type starch, showing non-detectable amount of amylose. The preparation of SS did not alter the 

chemical compositions, yielding similar starch and protein contents to their native counterparts 

(Data not shown). 

3.3.2 Granular characteristics of native and swellable starch 

3.3.2.1 Crystalline structure 

 

Figure 3-1. Wide-angle X-ray powder diffraction crystallograms of native starches (A) and 

swellable starches (SS)(B). AS, CCS, WCS, and NCS represent native starches isolated from 

amaranth, cow cockle, waxy corn and normal corn. S-AS, S-CCS, S-WCS and S-NCS represent 

the SS prepared from AS, CCS and WCS, NCS. The shaded areas show the crystalline regions. 

The crystallinity (%) of each starch material is labeled. 
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The X-ray crystallograms of starch materials are shown in Fig. 3-1. All the native starches 

showed typical A-type crystalline pattern with reflections at 2θ values of 15°, 17°, 18°, 23°. In 

general, all the native starches possess high crystallinity (39-56%), which is in agreement with 

the previous studies (Peng and Yao, 2018; Stone and Lorenz, 1984). For SS, characteristic A-

type crystalline response was almost lost except for some residual signals at 2θ value of 15° and 

18°. A strong response was observed at 2θ value of 20° indicating the presence of V-type 

crystalline pattern (Zobel, 1988). Similar x-ray diffraction pattern has been reported since the 

ethanol used for the preparation of GCWS is a stabilizer to the V-type crystalline structure (Chen 

and Jane, 1994). The crystallinity of the SS materials for this study ranged from 22% to 27%. 

3.3.2.2 Granular morphology 

The granular morphology of native starches and SS in their dry powder forms are shown in Fig. 

3-2. Typical small starch granules (< 2 μm) are observed for AS and CCS (Fig. 3-2-1 and 3-2-3), 

while large starch granules (2-20 μm) are observed for WCS and NCS (Fig. 3-2-5 and 3-2-7). 

Similar to previous studies, surface pore and opening structures were visible for WCS and NCS 

granules (Huber and BeMiller, 2000). 

The granular morphology for dry SS materials were apparently distinct from that of their native 

counterparts (Chen and Jane, 1994; Choi et al., 2017). SS exhibit wrinkled surfaces and irregular 

shapes, which was more evident with S-WCS and S-NCS (Fig. 3-2-6 and 3-2-8). While 

individual granules were mostly visible, the SS granules tended to agglomerate in large particles 

(10-50 μm), presumably related to ethanol precipitation and washing for the preparation 

procedure (Chen and Jane, 1994). 

To observe SS granules in swelling state, SS dispersions at the concentration of 4% (w/v) were 

prepared using exactly the same procedure described in 3.2.2.7. After the equilibrium dispersion, 

a series of dilution was done to make the SS concentration to 0.05% (w/v). The diluted SS 

dispersions dyed with iodine were subsequently observed under light microscopy (LM). The LM 

images of Fig. 3-3 show the actual size and morphology of SS in water. It is observed that the 

majority granules of all SS materials are monodispersed in water, despite some agglomerates of 

SS granules present for S-AS and S-CCS. The images again confirm that the agglomerated 

particles of SS observed in Fig. 3-2 are disintegrable after the dispersion procedure while 

preserving the integrity of SS granules. Compared to native starches, different level of swelling 
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was observed for SS materials: in general, the granules of S-AS and S-CCS maintained the 

spherical particulate shapes without visible change of granular size, whereas the granules of S-

WCS and S-NCS were visually enlarged with irregular shapes. The result suggests that the 

contrasts of granular morphology between large-granule starch (NCS and WCS) and small-

granule starch (AS and CCS) still exist even after swelling. 

 

Figure 3-2. Scanning electron microscopy (SEM) images showing the morphology of native 

starch granules of amaranth (1), cow cockle (3), waxy corn (5), normal corn (7); and swellable 

starch granules of amaranth (2), cow cockle (4), waxy corn (6) and normal corn (8) in the dry 

powder forms. The surface pores and openings are labeled with arrows. 
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Figure 3-3. Light microscopy images showing the morphology of swellable starch granules of 

amaranth (1), cow cockle (2), waxy corn (3), and normal corn (4) after equilibrium dispersion in 

water. The scale bar = 10 μm. 

3.3.2.3 Swelling power and water-soluble index 

Fig. 3-4 showed the SP and WSI values for different native and swellable starches. The SP 

values (Figure 3-4A) for native starches were low (2.7-3.3) and slightly varied with starch 

variety. In contrast, the SP for S-NCS, S-CCS, S-WCS and S-AS was 23.4, 16.7, 13.2 and 12.8, 

respectively. The WSI value is usually used to indicate the portion of starchy materials that leach 

from granules and are inseparable from the water phase through the centrifugation applied (Li 

and Yeh, 2001). The WSI values for different starch materials are shown in Fig. 3-4B. For native 

AS and CCS, the WSI values were not available as the sedimented starch granules, due to their 

very small sizes, were easily decanted with the supernatant. The WSI values for NCS and WCS 

were 1.2% and 1.6%, respectively. For SS materials, the WSI values of S-NCS, S-WCS, S-AS, 

and S-CCS were 17.8%, 12.9%, 16.0%, and 5.5%, respectively.  
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Figure 3-4. Swelling power (A) and water solubility index (B) of native and swellable starches. 

Bars indicate standard deviation. Columns in the same interior pattern that do not share a 

common superscript letter are significantly different (P < 0.05). 

3.3.2.4 Particle size distribution 

The particle size distributions of native and swellable starch materials in aqueous solution are 

shown in Fig. 3-5. The d43 and d32 values for AS were about 1.9 μm and 1.5 μm, respectively 

(Fig. 3-5A). The small difference between d43 and d32 values indicates the monomodal 

distribution of AS granules. In contrast, CCS exhibited smaller d43 value (1.8 μm) but similar d32 

value (1.5 μm), also suggesting highly homogeneous distribution (Fig. 3-5B). Compared to d32, 

d43 is more sensitive to large particles (Merkus, 2009). Therefore, the larger d43 value for AS is 

attributed to the higher proportion of large granules (>2 μm) that is observable in Fig. 3-5A. A 

big difference between d43 and d32 values were observed for WCS (18.1 μm v.s. 9.0 μm) and 

NCS (15.2 μm v.s. 7.8 μm). This result could suggest their bimodal distributions of starch 

granules (Jafari et al., 2006). The result is also confirmed with our observation in Fig. 3-5C and 
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3-5D, that is, two characteristic granule populations were identified with the size of 0.5-2.5 μm 

and 5-60 μm for WCS, and 0.45-2.5 μm and 5-35 μm for NCS. 

 

Figure 3-5. Volume-based particle size distribution of native and swellable starches (SS) in 

aqueous dispersion. AS, CCS, WCS, and NCS represent native starches isolated from amaranth, 

cow cockle, waxy corn and normal corn. S-AS, S-CCS, S-WCS and S-NCS represent the SS 

prepared from AS, CCS and WCS, NCS. The Sauter mean diameter (d32) and volume mean 

diameter (d43) for different samples are shown with the figure legends. 

 

Except for S-AS, the d43 of S-CCS, S-WCS and S-NCS granules were 2.2, 1.8 and 3.3 times 

larger than their native counterparts indicating substantial swelling of SS in water after 

dispersion. The increase of granular size for different swellable starches can reasonably explain 

their various swelling power determined in 3.3.2.3. Despite the monomodal size distribution of 

AS, multimodal particle size distribution was observed for S-AS yielding big deviation between 

d43 and d32 values (10.6 μm v.s. 2.7 μm). The granule population of S-AS with the size of ~10- 

200 μm should correspond to the presence of residual agglomerates. Moreover, the major granule 
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population of S-AS was ranging from 0.45 μm to10 μm with the d43 of 3.0 μm, essentially 

accounting for the lower SP of S-AS compared to other SS materials. 

3.3.3 HPSEC profile of maltodextrin  

Figure 3-6 shows the HPSEC profile of maltodextrin. Five peaks were identified at the retention 

time of 12.0, 19.3, 20.2, 20.7, and 21.2 min, corresponding to five glucan populations with 

modal degree of polymerization (DP) of 480, 7, 4, 2 and 1, respectively. The high DP population 

is believed to be the residual branching remnants survived from hydrolysis (Wang and Wang, 

2000). 

The chromatogram of maltodextrin can be arbitrarily divided into three regions: (1) the high DP 

region with the DP of 100 to 1225 DP, (2) the intermediate DP region of 12 to 100DP, and (3) 

the low DP region of 1 to 12 DP. The mass ratios of the three regions were 22%:43%:35%. 

 

Figure 3-6. High performance-size exclusion chromatograms showing the chain length 

distribution of maltodextrin. Five characteristic composition of maltodextrin is identified from 

the chromatogram and labelled with their corresponding peak degree of polymerization (DP). 

The dashed lines separate the chromatogram to two sharp peak regions and a valley region, 

representing maltodextrin compositions with high (I, DP100-1225), intermediate (II, DP12-100) 

and low (III, DP 1-12) DPs. 
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3.3.4 Retention capacity of starch materials 

 

Figure 3-7. An example demonstrating the data processing procedures described in 3.2.2.12 and 

3.2.2.13. A, the dotted line represents the chromatogram corresponding to the theoretical 

concentration of maltodextrin components in the free water phase (MDCf) at time zero; the solid 

line represents the chromatogram corresponding to the concentration of MDCf at time I (ti). B, 

the differential chromatogram is obtained by subtracting the chromatogram at t = ti (solid line in 

A) from the theoretical chromatogram at t = 0 (dotted line in A). C, the y-axis values of the plot 

is proportional to the mass of maltodextrin components retained in unit mass of starch. 

 

Fig. 3-7 is to exemplify the actual data processing procedures given in 3.2.2.12 and 3.2.2.13, 

through which the original chromatogram was transformed to represent the retention capacity of 

a unit mass of starch material. The chromatogram with dotted line of Fig. 3-7A corresponded to 

the theoretical RI response corresponding to the content of MDCf at time zero. The 

chromatogram with solid line was experimentally obtained representing the content of MDCf 

after a certain time of incubation. As is described in Eq. (5), the differential chromatogram of 

Fig. 3-7B was obtained by subtracting the RI signals of the solid line from the RI signals of the 

dotted line. Based on Eq. (11), every ∆𝑅𝐼 signals in Fig.3-7B was multiplied with the volume of 
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free water (Vf), then divided by the mass of starch (Mst) to obtain the plot in Fig 3-7C, of which 

y-axis values (
𝑉𝑓

𝑀𝑠𝑡
∙ ∆𝑅𝐼) are proportional to the retention capacity of unit mass of starch. 

Accordingly, higher y-axis values mean stronger capacity of starch material in retaining 

maltodextrin components. In this study, we termed the plot in Fig.3-7C as ‘retention plot’ for 

convenience. 

3.3.4.1 The effect of native starches 

The retention plots for different native starches were compared in Fig. 3-8. It is observed that the 

retention plots are essentially analogous to the original HPSEC profile of maltodextrin (Fig. 3-6). 

The result suggests that all maltodextrin components with a broad range of DP values (1-1225 

DP) can be retained by native starch granules. The retention plots with solid and dashed lines 

corresponded to the mass of maltodextrin retained in unit mass of starch after 5 min and 240 min 

of incubation, respectively. It is obvious that the retention capacity of native starch was enhanced 

with the incubation time, since the y-axis values for the dotted lines were in overall higher than 

those for the solid lines. Such time-dependent variations in y-axis values were more substantial 

in the intermediate and small DP regions (region II and region III, DP<100). A possible 

explanation is that intermediate and low DP maltodextrin components are able to diffuse from 

the free water phase to the internal volumes of starch granules, which takes time to reach 

equilibrium. This deduction was supported by our observation in Fig.3-8 that the time-dependent 

variations in y-axis values was larger in region II than region III, as the diffusion of larger 

molecules (with higher DP) should be, to a higher extent, retarded by starch matrix. In contrast, 

the semi-crystalline granules of native starch appeared too dense to be permeable for high DP 

maltodextrin components (region I), since the maximum retention was almost instantly achieved 

after 5-min incubation possibly only through surface interaction. 

The retention capacity also showed strong dependence with the variety of starch. First, the y-axis 

values of retention plots for amylose containing starches (CCS and NCS) were higher than those 

for waxy-type starches (AS and WCS), indicating higher retention capacity of amylose-

containing starches. This can be attributed to the less ordered granular structure of amylose-

containing starches (crystallinity = 39%-45%) compared to waxy-type starches (crystallinity = 

50%-56%) (Fig. 3-1A). Second, granular morphology was also considered to contribute to the 

difference in retention plots. Larger difference in retention capacity was observed between the  
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Figure 3-8. Retention capacity of native starches after 5-min incubation (solid lines) and after 

240-min incubation (dashed lines). AS, amaranth starch; CCS, cow cockle starch; WCS, waxy 

corn starch; NCS, normal corn starch. The y-axis values are proportional to the mass of 

maltodextrin retained in unit mass of starch granules. The dotted lines are divided the retention 

plots to three regions (I, II and III), corresponding to the maltodextrin components with high 

(100-1225 DP), intermediate (12-100 DP) and low (1-12 DP) degree of polymerization. 

 

pair of AS and CCS than the pair of WCS and NCS, despite the similar variation of crystallinity 

(~5%) in each pair. This is largely due to the presence of opening microstructures in WCS and 

NCS (Fig. 3-2-5 and 3-2-7), which may provide the by-pass route for the diffusion of 

maltodextrin. Third, the retention capacity of small-granule starches (AS and CCS) exhibited 

stronger dependence with the incubation time. This phenomenon is more substantial when 

comparing the retention plots between AS and WCS. For AS, the intermediate DP components 

were retained in AS granules at a very low level in the first 5-min incubation, but the retention 

increased substantially in the subsequent incubation. In contrast, the retention of intermediate DP 

components in WCS granules only increased a little after 5 minutes.  

The total area under the retention plot could be integrated for the calculation of retention 

capacity of each starch. After 5-min incubation, the retention capacity (expressed as ‘mg 
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maltodextrin/g starch’) for AS, CCS, WCS and NCS were 61, 150, 144, and 146. After 240-min 

incubation, the retention capacity (in mg maltodextrin/g starch) for AS, CCS, WCS, and NCS 

were 117, 192, 161 and 189. In sum, our results clearly suggest that (1) the retention of 

maltodextrin in native starch granules easily occur within several minutes of mixing which 

should not be overlooked in food processing, (2) the interaction between small molecules and 

starch granules is seriously affected by starch variety due to the diversified granular morphology 

of different starch.  

3.3.4.2 The effect of swellable starches 

 

Figure 3-9.  Retention capacity of swellable starches after 5-min incubation (solid lines) and 

after 240-min incubation (dashed lines). S-AS, S-CCS, S-WCS, and S-NCS represent swellable 

starches prepared from amaranth starch, cow cockle starch, waxy corn starch and normal corn 

starch. The y-axis values are proportional to the mass of maltodextrin retained in unit mass of 

starch granules. The dotted lines are divided the retention plots to three regions (I, II and III), 

corresponding to the maltodextrin components with high (100-1225 DP), intermediate (12-100 

DP) and low (1-12 DP) degree of polymerization. 
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The retention plots of different swellable starches were compared in Fig. 3-9. The shape of the 

retention plots also indicated the substantial retention of maltodextrin components in high, 

intermediate and low DP regions. The y-axis values for the solid-lined and dash-lined plots were 

almost overlapping in the low DP and high DP regions (region I and III), indicating that the 

maximum retention achieved within the first 5-min incubation. As we have discussed earlier, SS 

granules were enlarged to 2-3 times their original sizes after dispersion yielding significantly 

swollen granules (~13-23 times their original volume). The swollen granular matrix may 

completely loss the retardation on the diffusion of low DP maltodextrin components and thus led 

to the maximum retention within 5 minutes. Conceivably, the interaction of the loose SS matrix 

and high DP maltodextrin components might not only be limited to the granular surfaces, but 

also expand towards the near-surface layers of the granules, which should give higher retentions. 

This is supported by the observation in Fig. 3-9 that the y-axis values in the high DP region for 

SS materials (~700-1500) are ~ 6 times larger than those for native starches (~125-220). In 

contrast to the y-axis values in region I and III, time-dependent variations in y-axis values were 

preserved in region II, except for S-AS. This result indicates that the loose SS matrices of S-

CCS, S-WCS and S-NCS still maintain the retardation on the diffusion of intermediate DP 

maltodextrin components.  

Based on the y-axis values of retention plots, we were able to list SS materials in descending 

order of retention capacity as S-NCS>S-CCS>S-WCS>S-AS. Such order in the retention 

capacity is essentially in accordance with their SP values in Fig. 3-4. SS granules in dispersions 

can be treated as mesh-like particles with abundant interspaces filled with water. Maltodextrin 

components that are retained in SS granules, should mainly locate in these interspace volumes of 

mesh-like particulates. Hence, the retention capacity of SS granules should be presumably 

determined by the total volume of interspaces which is well measured by SP. More specifically, 

after 5-min incubation, the retention capacity (mg maltodextrin/g starch) for S-AS, S-CCS, S-

WCS and S-NCS were 538, 719, 723 and 984. After 240-min incubation, the retention capacity 

(in mg maltodextrin/g starch) for S-AS, S-CCS, S-WCS, and S-NCS were 454, 926, 803 and 

1206. In sum, SS materials exhibited considerably higher retention capacity compared to native 

starch granules due to swelling. In food production, native starch and maltodextrin were usually 

subject to heat treatments (e.g. baking, steaming, and sterilization) that may result in partial or 

complete swollen starch granules. The high retention capacity of swollen starch granules should 
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not be overlooked in practice, because such high extent of retention may seriously affect the 

sensory, physicochemical and processing quality of the products. 

3.4 Conclusion 

The retention of small molecules in native and swollen starch is a prevalent, fundamental and 

critical phenomenon that food industry may benefit from for the improvement of food quality. In 

this study, maltodextrin with broad DPs was used as the model. Native and swellable starches 

varying with amylose content, swelling power and granular morphology, were incubated with 

maltodextrin to simulate food formulation process involving the contact of raw and gelatinized 

starches with small molecules.  

In summary, (1) both native and swollen starch matrices were active for the retention of small 

molecules, and different mechanisms (e.g. surface interaction or diffusion) were involved for 

small molecules with varying DP. (2) The instant (by 5 min of incubation) and equilibrium (by 

240 min of incubation) retention capacity (mg maltodextrin/g starch) for native starch was ~ 60-

150 and ~ 120-190, respectively. Granular morphology was the most impactful factor that 

dominated the retention capacity of native starches. (3) The instant and equilibrium retention 

capacity (mg maltodextrin/g starch) for SS starch was ~ 540-980 and ~ 450-1200, respectively. 

Swelling power was the most impactful factor that dominated the retention capacity of native 

starches. It is important and of high interest for food industry to elucidate the degree of 

interactions between starch and maltodextrin and the effects of starch variety on such 

interactions. Our study can support this area that facilitates selection of proper starches and 

processing conditions in the future targeting on the improvement of starchy food qualities.
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CHAPTER 4.  SUPRAMOLECULAR STRUCTURE OF 

PHYTOGLYCOGEN AND AMYLOPECTIN PROBED USING 

MOLECULAR ROTOR 

4.1 Introduction 

α-D-glucans are one of the most important kind of natural biomacromolecules that have broad 

applications in food, pharmaceutics and agriculture (Grossutti et al., 2017; Le Corre et al., 2010). 

Amylopectin (AP) and phytoglycogen (PG) are the major forms of branching α-D-glucans in 

nature and both are generated by the starch biosynthetic pathway (Hannah, 1997). Despite their 

similarities in chemical composition and biosysthesis, AP and PG exhibit quite distinct 

characteristics in crystallinity, stability, solubility and functionality. Such differences are solely 

associated with their unique molecular structures. For AP, the periodically clustering of branch 

points (the α-1,6-linkages) along with the elongation direction of AP renders repeating linear 

(crystallized) and branching (amorphous) regions (Tester et al., 2004; Thompson, 2000) . In 

contrast, branching occurs more regularly in PG than AP, leading to an amorphous and 

dendrimer-like structure of PG (Huang and Yao, 2011; Inouchi et al., 1987; Manners, 1989).  

More diversities in the glucan structure are found for APs from different botanic sources and 

mutants (Peng and Yao, 2018; Yao et al., 2004). Subtle structural difference in the size of 

branching clusters and the length and composition of unit branching chains may contribute to 

large variations in the physicochemical properties of AP (Jane et al., 1999). The primary 

functions of AP and PG, such as texturizing, encapsulation and controlled delivery, are relevant 

to the interactions among glucan chains (Tester et al., 2004) or among glucan chains and other 

components (Chen and Yao, 2017a, 2017b), which is also predominantly decided by their 

characteristic local branching nanostructures. From a broader perspective, the fundamental 

studies that can correlate the local nanostructure of AP and PG with their characteristic 

physicochemical properties are always welcome, because such scientific knowledge may not 

only highlight their unique functions, but also advance related research disciplines, such as the 

nanoengineering of biomacromolecules and the breeding of agricultural cultivars. 

Current chromatographic and microscopic techniques often fail in the in situ measurement of 

local branching nanostructures of AP and PG through non-invasive approaches (Picton et al., 
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2000; Szymońska and Krok, 2003; Tamjidi et al., 2013). This could be a significant technical 

hurdle in the utilization and innovation of AP and PG. Molecular rotor (MR) is a group of special 

fluorophores that is sensitive to the spatial restriction of local microenvironment (A. Haidekker 

and A. Theodorakis, 2007). In previous studies, MR has been used to monitor the viscosity 

changes in biofluid or live cells (Gulnov et al., 2016; Kuimova, 2012) and subtle structural 

changes of biopolymers (Hu et al., 2009). Thus, the fluorescent spectrometric methods based on 

MR might also be applicable to the measurement of local glucan structures. 

MR generally consists of an electron donor (D), an electron acceptor (A), and a π-conjugation 

system (denoted as the D-π-A motif). After being excited, an MR has two distinct states: (1) a 

planar conformation termed as locally excited state (LE) and (2) a twisted conformation termed 

as twisted intramolecular charge transfer state (TICT) (Rettig, 1986). Each excited MR can lose 

energy (to “relax”) through either the LE or TICT state depending on the level of local spatial 

restriction (Rettig, 1986). If the MR is in free space, it relaxes through TICT state by releasing 

heat without emitting any photon (noted as “dark MR”). If the MR is in a local environment with 

spatial restriction (i.e. steric hindrance), the transition from LE to TICT state is retarded and the 

relaxation is completed through the photon emission from LE state (noted as “bright MR”). For a 

given polymeric matrix, the overall spatial restriction governs the amount of MR molecules 

undergoing fluorescent emission. The quantum yield of MR, that is, the ratio of emitted photons 

to absorbed photons, precisely reflects the portion of “bright” MR (Haidekker et al., 2010) and 

thus the spatial restriction of certain polymeric matrix to this MR. Therefore, we hypothesized 

that MR can emit characteristic fluorescence in response to the unique spatial restriction exerted 

by the local glucan structures of AP and PG. 

To test our hypothesis, we prepared four model glucans and characterized their structural 

attributes using well-established approaches. The fluorescent emission behaviors of MR in 

different model glucans were compared and discussed. More specifically, AP from waxy maize, 

PG from sugary-1 maize and their enzymatic derivatives were used to provide diversified local 

glucan structures with varying branching characteristics. 9-(2-carboxy-2-cyanovinyl)-julolidine 

(CCVJ), a hydrophilic molecular rotor, was used to probe the nanostructure of model glucans. 

This study may elucidate the interaction of MR and local glucan structure, which should support 

the development of novel, non-invasive and in situ measurement on AP and PG structure. 
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Results from this study may further benefit the utilization and innovation of natural α-D-glucans 

with superb functions in the future.  

4.2 Materials and methods 

4.2.1 Materials 

Mutant maize sugary-1 kernels were purchased from Burpee Co. (Warminster, PA). Waxy corn 

starch (WCS) was obtained from a commercial source. The molecular rotor, CCVJ with ≥ 97.0% 

purity, in the powdered form was purchased from Sigma. All chemical reagents used for the 

study were of analytical grade unless specified. 

4.2.2 Methods 

4.2.2.1 Preparation of phytoglycogen 

500 g of sugary-1 kernels were ground into grits and homogenized with a high-speed blender 

(Variable Speed Laboratory Blender, WARING Laboratory, CT) with 1.5 L deionized water. 

After passing through a 270-mesh sieve, the retentate was homogenized with another 1.5 L 

deionized water. All the permeates were combined and centrifuged at 10,000×g for 20 min. After 

removing the floating layer, the supernatant was collected and acidified (pH 4.6) with 0.1 M 

hydrogen chloride to allow protein precipitation, and centrifuged again (10,000 × g, 15 min). The 

supernatant fraction was then neutralized using 0.1 M sodium hydroxide, autoclaved (121°C, 50 

min) and centrifuged (10,000 × g, 15 min) to remove residual proteins. PG component in the 

supernatant was precipitated using 3 volumes of ethanol. The PG solid obtained after 

centrifugation was resuspended in ethanol and centrifuged again. Purified PG solid (~150 g) was 

placed in a fume hood to remove residual ethanol and stored in a sealed glass jar before use. 

4.2.2.2 Preparation of non-granular waxy corn starch 

Non-granular (NG) waxy corn starch were prepared according to the method described by Huang 

and Yao (2011). Waxy corn starch (100 g, dry weight) was dispersed in 1.5 kg 90% (v/v) 

dimethyl sulfoxide (DMSO) and the mixture was heated in a boiling water bath with constant 

stirring until the suspension became clear. The suspension was then homogenized using a high-

speed homogenizer (Waring Laboratory Science, Torrington, CT) for 4 min. Thereafter, 3 
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volumes of ethanol were added, and the mixture was then centrifuged at 6,500 × g for 15 min. 

The supernatants were discarded, and the pellets were washed by suspending them in 600 mL of 

100% (v/v) ethanol followed by centrifugation (6,500 × g). The washing procedure was repeated 

three times with ethanol. The ethanol-washed precipitate was then dried in a ventilated air oven 

at 50°C for 24 h to remove residual ethanol. Dried NG starch was passed through a 50-mesh 

sieve and stored in a sealed glass jar. As the WCS was exclusively composed of amylopectin (≥ 

98.6 wt%), the prepared material is used as AP in this study.  

4.2.2.3 Preparation of β-limit dextrins 

β-limit dextrins (BLD) of AP and PG were prepared according to Peng and Yao (2018). AP and 

PG (each about 40 g) were fully dispersed in 200 g of 90% (v/v) DMSO by heating in a boiling 

water bath for 10 min. The DMSO-dispersed sample was mixed with 1.4 kg sodium acetate 

(NaAc) buffer (20 mM, pH 6.0, preheated to 50°C), heated in a boiling-water bath for 20 min 

and cooled to 50°C. To each AP or PG dispersion, β-amylase (from Megazyme) was added at a 

dose of 710 U/ g glucan substrate. Thereafter, the reactants were incubated at 50°C with constant 

agitation. To reach the limit of β-amylolysis, the hydrolysate after 24 h β-amylolysis was heated 

in a boiling-water bath for 10 min and cooled to 50°C. To each hydrolysate, an additional dose of 

β-amylase was added. The β-amylolysis was carried out for another 24 h. To terminate β-

amylolysis, the reactants were once again heated in a boiling-water bath for 10 min and cooled to 

room temperature. By the end of β-amylolysis, a 5 g aliquot of the hydrolysate was withdrawn 

for determining the degree of β-amylolysis. The rest of β-amylolysis hydrolysates were mixed 

with 3 volumes of 100% (v/v) ethanol, centrifuged (3000 × g, 10 min) and washed with ethanol 

for three times (300 mL each time). The precipitated BLDs were dried (50°C, 12 h) and passed 

through a 50-mesh sieve. The β-limit dextrin materials thus prepared were stored in sealed glass 

jars before use. 

4.2.2.4 Degree of β-amylolysis 

The net matter loss after the exhaustive β-amylolysis was used to indicate the degree of β-

amylolysis. The hydrolysate aliquot (~5 g) withdrawn by the end of β-amylolysis was 

immediately added into 15 g 100% (v/v) ethanol and vortexed for 1 min. The mixtures were then 

centrifuged at 3000 × g for 10 min; the supernatants were separated and saved for maltose 
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quantification using high-performance size exclusion chromatography (HPSEC). A maltose 

standard curve was made using maltose standard solutions (0.1- 0.5 wt%). The degree of β-

amylolysis was calculated using the following equation: 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝛽-𝑎𝑚𝑦𝑙𝑜𝑙𝑦𝑠𝑖𝑠 (%) =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑚𝑎𝑙𝑡𝑜𝑠𝑒 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 × 0.9

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐺 𝑜𝑟 𝐴𝑃
×  100%             Eq. (1) 

4.2.2.5 Preparation of debranched AP, PG, and their BLDs 

AP, PG and their BLDs (~5 mg each) were dispersed in 90% DMSO (125 μL) in a boiling-water 

bath for 10 min, then mixed with NaAc buffer 875 μL (20 mM, pH 4.75, 50°C). The mixture was 

heated again (95°C, 10 min), cooled to room temperature. To start the hydrolysis, 50 μL 

isoamylase (Megazyme, 5 U/ mL in NaAc buffer) was added to the mixture. The mixture was 

incubated in a shaking water bath at 37°C for 24 h and then heated in a boiling-water bath for 10 

min to denature the enzyme. After cooling, 40 μL pullulanase solution (Megazyme, 7.2 U/ mL in 

NaAc buffer) was added and the mixture was incubated for another 24 h at 37°C and then heated 

for 10 min. The BLD was also debranched using the abovementioned procedure, except that 40 

μL of an isoamylase solution (0.5 U/ mL) and a pullulanase solution (0.43 U/ mL) were used. 

Thereafter, a nitrogen gas blower (REACTI-THERM III, Thermo Scientific, US) was used to 

remove the moisture of each enzyme-treated mixture at room temperature and the volume of 

each sample was adjusted to 1.0 mL using 90% DMSO. After vortexing and centrifugation to 

remove insoluble materials, a 20 μL aliquot was injected in a HPSEC system. 

4.2.2.6 High performance size exclusion chromatography 

The HPSEC contained two connected Zorbax gel PSM 60-S columns (6.2 mm × 250 mm, 

Agilent Tech., Santa Clara, CA) equipped with a Waters 2414 refractive index (RI) detector 

(Waters, MA). DMSO was used as the mobile phase at the flow rate of 0.5 mL/min. Glucose, 

maltose, maltotriose, maltopentaose, maltoheptaose, and three pullulan standards (6 kDa, 50 

kDa, 400 kDa) (Sigma, US) were used for column calibration. RI signals collected from the 

Millennium software (Waters, Milford, MA) were exported to an Excel spreadsheet, loaded to 

the Origin Pro 2018 software, and normalized on the basis of the total area. The structural 

parameters that describe branching pattern of starch, amylopectin, and BLD were obtained 

according to previous publications (Klucinec and Thompson, 1998; Yao et al., 2004; Yuan et al., 
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1993). Models of BLD branching pattern were established using the method proposed by Yun 

and Matheson (1993). 

4.2.2.7 Determination of weight-average molar mass, Z-average root mean square radius, and 

dispersed molecular density 

HPSEC equipped with a multi-angle laser-light scattering detector and a reflective index detector 

(HPSEC-MALLS-RI) was used to determine the weight-average molar mass (MW) and Z-

average root mean square radius (RZ) of AP, PG, and their BLDs. For the measurement, 1% 

(w/v) glucan dispersion was prepared using prefiltered deionized water (0.22-μm nylon syringe 

filters, Lab Depot, US). The dispersion was heated at 100 °C for 10 min to ensure the full 

solubilization of glucans. The HPSEC consists of an isocratic pump (515 HPLC, Waters), an 

injector (Model 7725i with a 20-μL sample loop, Rheodyne), a multi-angle laser-light scattering 

detector (MALLS, Dawn HELEOSII, Wyatt Technology) with a He-Ne Laser source (λ = 632.8 

nm), and a refractive-index detector (RI, OptilabrEX, Wyatt Technology). Deionized water (pH 

6.8, containing 0.02% sodium azide) was used as the mobile phase at a flow rate of 1.0 mL/min. 

Samples were filtered using 0.45-μm nylon syringe filters (Lab Depot, US) before injection. 

Each 50 μL filtrate was injected into the system and separated using two connected columns (PL 

Aquagel-OH 40 15 μm and 60 15 μm, Polymer Laboratories, Varian) with a guard column (PL 

Aquagel-OH Guard 10 μm, Polymer Laboratories, Varian). was used to determine The MW and 

RZ for the glucans were obtained from the first-order Berry model using the Astra software 

(Version 5.3.4.14, Wyatt Technology). The dn/ dc value of 0.146 was used for calculations. 

Dispersed molecular density (ρ) was calculated by: 

𝜌 =  
𝑀𝑤

𝑅𝑧
3                                                                                                                                   Eq. (2)  

For each sample, triplicate injections were carried out. 

4.2.2.8 Preparation of polysaccharide dispersions containing CCVJ 

CCVJ powder (5 mg) was at first dissolved in 0.5 mL DMSO (HPLC grade, Fisher Chemical, 

US). 0.2 mL of the solution was further diluted with 3.8 mL phosphate buffer (5 mM, pH 7.0) to 

obtain the CCVJ stock solution (0.19 mM). The stock solution was stored in dark at room 

temperature before use. 
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AP, PG and their BLDs were accurately weighed to 15-mL capped polypropylene centrifuge 

tubes containing 9.9 mL phosphate buffer and 0.1 mL CCVJ stock solution. Polysaccharide 

dispersions in 5 mM phosphate buffer (pH 7.0, containing 1.9 μM CCVJ) were thus prepared at 

the diluted (0.1%-0.5%, w/v) and concentrated (2-10%, w/v) concentration ranges. The 

phosphate buffer with 1.9 μM CCVJ was used as the blank. To facilitate homogeneous 

dispersion, the mixtures in capped centrifuge tubes covered with aluminium foil were heated in a 

boiling water bath for 60 min with intermittent gentle converting in very 5 min.  Our preliminary 

tests suggested that this heating treatment did not affect the stability of CCVJ, as the emission 

intensity for the blank solution was not significantly different before and after the heating (P < 

0.05).  After cooling to room temperature, the dispersions in tubes were spun at 200 rpm for 3 

min to remove air bubbles. The liquid layer of polysaccharide dispersion was then subjected to 

viscosity and fluorescent spectra measurements. 

4.2.2.9 Viscosity measurements 

The viscosity of polysaccharide dispersion was conducted using a rheometer (ARG-2, TA 

Instruments, New Castle, DE). Dynamic viscosity tests were performed using the parallel plate 

geometry (4 cm diameter) at 25°C. Shear rate was increased logarithmically in a range of 1-1000 

s-1. The stress-shear rate plots corresponding to each sample was fitted with Newtonian and non-

Newtonian (power law) fluid models (σ = η0 ∙ γ̇𝑛), where σ is shear stress, η0 is flow 

consistency index, γ̇ is shear rate, and n is flow behavior index). For this study, the flow behavior 

index (n) was used to determine the fluid type of glucan dispersions. To allow the comparison in 

glucan dispersions, the apparent viscosities at 50 s-1 were then calculated using the fitted shear 

stress (at 50 s-1) divided by the shear rate (50 s-1). 

4.2.2.10 Fluorescent spectrometer 

Fluorescence emission spectra and fluorescent intensity of CCVJ in polysaccharide or blank 

dispersions were measured using a Synergy H1 Hybrid Multi-mode Reader (BioTek, US) in the 

top-read mode (read height = 7 mm). Triplicate aliquots of dispersion (100-μL each) was 

pipetted to 96-well polypropylene microplates (Greiner Bio-one, Germany). The excitation 

wavelength and spectral bandwidth was set at 420 nm and 2 nm, respectively. The emission 



89 

 

 

spectra from 450 nm to 650 nm was measured with the spectra bandwidth of 2 nm. The system 

temperature throughout the tests was maintained at 25°C.  

4.2.2.11 Statistical analysis 

Measurements were conducted three times. ANOVA was conducted using SPSS Statistics 24.0 

(IBM, US) with all comparisons conducted at a significance level of 95%. 

4.3 Results and discussion 

4.3.1 β-amylolysis of AP and PG 

β-Amylase cleaves α-1,4-glycosidic linkages in every two glucopyranosyl units from the non-

reducing end and yields maltose during β-amylolysis (Eglinton et al., 1998). At the limit of β-

amylolysis, the hydrolysis stops close to the branching points (α-1,6-glycosydic linkage) leaving 

2-3 residual glucopyranosyl units (the stubs) for individual hydrolyzed glucan chains (Yao et al., 

2004). Hence, an exhaustive β-amylolysis results in the generation of BLDs composed of the 

internal chains, all branching points, and external stubs (Figure 4-1). In our study, the degree of 

β-amylolysis was 56% for AP and 42% for PG (Table 4-1). The result shows that PG was more 

resistant to β-amylolysis than AP (P < 0.05). Similar results were reported in previous studies, 

where the degree of beta-amylolysis for AP and PG were about 60% and 40%, respectively 

(Chen et al., 2015; Inouchi et al., 1987). The higher degree of beta-amylolysis for AP could be 

attributed to its high weight percentage of external chains in its cluster structure (Yun and 

Matheson, 1993), providing more abundant substrates for β-amylase. 

4.3.2 Overall particulate features of AP, PG and their BLDs 

AP, PG and their BLDs were used as the model glucan molecules for this study. Their basic 

structural parameters were shown in Table 4-1. Before β-amylolysis, the molecular weight (Mw) 

for AP (45.4 MDa) was nearly twice as that for PG (24.5 MDa), while the z-average size (Rz) for 

AP (83.6 nm) was ~3.4 times as that for PG (24.3 nm). The above Mw and Rz values for AP are 

smaller than the previously reported values of native (intact) AP moelcules (~650-8300 MDa and 

~300-400 nm) (Yoo and Jane, 2002) but in accordance with the previous reports of our lab (~38-

42 MDa and ~88-91 nm) (Chen et al., 2015; Huang and Yao, 2011). In this study, a shear 



 

   

 

Table 4-1. Structural features of model polysaccharides1 

1 Data expressed as means ± standard deviations (n = 3). The means in the same column with different letters are significantly 

different (P < 0.05) 

2 PG, phytoglycogen; PG-BLD, β-limit dextrin of PG; AP, amylopectin from waxy maize; AP-BLD, β-limit dextrin of amylopectin 

from waxy maize. 

3 Mw and Rz, weight-average molar mass and z-average root mean square radius obtained from first-order Berry model. 

4 ρ, dispersed molecular density using the following equation: ρ = MW / RZ
 3. 

5 Branch density is calculated as the inverse number of number-average chain length (𝐶𝐿𝑛
̅̅ ̅̅ ̅). 𝐶𝐿𝑛

̅̅ ̅̅ ̅ = ∑ 𝑀𝑖 ∙ 𝑁𝑖, where Mi and Ni are the 

degree of polymerization at certain retention time and the corresponding molar response in the normalized molar-based 

chromatogram. 

 

Polysaccharide2  Mw (MDa)3 Rz (nm)3 ρ (g/mol·nm3)4 Branch density (%)5 Maltose yield (%) 

PG 24.5 ± 0.1B 24.3 ± 0.2C 1714.7 ± 41.5A 8.2 ± 0.1C -- 

PG-BLD 13.4 ± 0.1C 23.4 ± 1.2C 1056.9 ± 150.3B 13.0 ± 0.0A 42.0 ± 0.1B 

AP 45.4 ± 0.8A 83.6 ± 0.8A 77.6 ± 1.5C 5.4 ± 0.0D -- 

AP-BLD 24.8 ± 0.1B 72.6 ± 0.6B 65.0 ± 1.5C 11.4 ± 0.1B 56.1 ± 0.3A 

 

9
0
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Figure 4-1. The schematics showing the particulate features and the cluster branching patterns of 

amylopectin, phytoglycogen and their β-limit dextrins. 

 

treatment was applied to AP dispersion to increase the resistance of AP material to the shearing 

occurred in the HPSEC columns. 

The dispersed molecular density (ρ) is a parameter that can reflect the compactness of glucan 

structure in hydration state (Wong et al., 2003). The molecular structure for hydrated PG was 

highly compact (ρ = 1714.7 g/mol·nm3). Nevertheless, AP exhibited quite loose structure (ρ = 

77.6 g/mol·nm3) in aqueous solution, mainly due to the substantial swelling of AP after 

hydration (Li and Yeh, 2001). Our result suggests that hydrated AP is a uniformly swollen 

particulate (abundant in interspaces) whereas hydrated PG is a compact particulate.   

After β-amylolysis, the Mw decreased by nearly 45% for both PG and AP This result is slightly 

different from the degree of β-amylolysis values determined in 4.3.1 (42% for PG and 56% for 

AP), possibly indicating that some shearing on AP in the HPSEC column might lead to an 

underestimating of the Mw for AP in Table 4-1. Meanwhile, the Rz for AP-BLD and PG-BLD 

decreased by ~11 nm and ~0.9 nm compared to AP and PG, respectively (Fig. 4-1). This result 

was in accordance with the previous observation (Chen et al., 2015). β-amylolysis only trimmed 
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external chains while preserving internal branches and chains. Our result indicates a layer of 

external chains with the thickness of ~ 11 nm exists at the outmost surface of AP particulate 

(Fig. 4-1). In contrast, such a thick layer of external chains was not found in PG. The ρ value for 

PG-BLD was 1056.9 g/mol·nm3, showing significant reduction compared to that of native PG 

whereas still much greater than that for AP and AP-BLD (65-78 g/mol·nm3) (Table 4-1). The 

result indicated that PG-BLD exhibits more open particulate nanostructures compared to PG, but 

AP-BLD maintained a loose and swollen particulate structure similar to AP. 

4.3.3 Debranched AP and PG 

Figure 4-2A and 4-2B showed the normalized mass-based chain length distributions (CLD) of 

AP and PG, respectively. Two characteristic peaks are usually defined on the chromatogram 

according to previous studies: the peaks at the retention time of 11-13 min and 13-21.5 min 

correspond to the long linear chain population (i.e. amylose) and released linear segments from 

branched components, respectively (Chen et al., 2015; Klucinec and Thompson, 1998). As 

shown in Figure 4-2A, for either AP or PG, the branched components contributed about 99% of 

total mass.  

The CL profile of AP and PG were highly different. Despite the similar large shoulder peak for 

AP and PG (peak at DP 12-15, and shoulder at DP 17-18), an additional peak at DP 35-36 

existed for AP accounting for ~24% total mass. This observation supports the idea that the 

branching structure of PG is mainly built up by short glucan chains (Yun and Matheson, 1993), 

while AP molecules are composed of individual clusters connected with long, inter-cluster 

chains.  

The molar-based CLDs for AP and PG were obtained through first dividing the RI responses 

(mass-based) by their corresponding molecular weights at each data point and then normalizing 

the chromatogram based on the total area (Peng and Yao, 2018) (Fig. 4-2C and 4-2D). Based on 

the molar-based chromatograms, PG is comprised a greater number of short chains (< DP10) 

than AP (38% v.s. 5%).  

The number-average chain length (𝐶𝐿𝑛
̅̅ ̅̅ ̅) of AP and PG were 12.2 and 18.5 DP, respectively. 

Branch density can be obtained as the inverse number of 𝐶𝐿𝑛
̅̅ ̅̅ ̅ and shown in Table 4-1 (Shin et 

al., 2008). The branch density for AP and PG was 5.4% and 8.2%, respectively, meaning that 

there were in average 5.4 and 8.2 branches per 100 DP in AP and PG. 
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Figure 4-2. High performance-size exclusion chromatograms showing mass (A and B) and 

molar (C and D) based chain length distribution of phytoglycogen (PG), amylopectin (AP), β-

limit dextrin of phytoglycogen (PG-BLD) and β-limit dextrin of amylopectin (AP-BLD), 

respectively. Red dotted lines classify the chromatograms of β-limit dextrins into characteristic 

regions. For the AP-BLD chromatogram: I, A chains (i.e. external chains attaching to other 

chains); II: B1a (short intra-cluster B chains), III: long intra-cluster B chains; IV: B2 chains 

(inter-cluster chains connecting two clusters), and V: B3 chains (inter-cluster chains connecting 

three clusters). For PG-BLD chromatogram: I, external chains without branching points; II, III 

and IV, internal chains containing 1, 2, and 3 or more branching points, respectively. 

 

4.3.4 Branching pattern of AP and PG 

The CL profiles of debranched BLDs were used to study the branching patterns of AP and PG. 

Fig 4-2A and 4-2B (red lines) showed the normalized mass-based CL profiles of BLDs of AP 

and PG, respectively. The red dotted lines and Roman numerals defined the characteristic 

populations of chain constituents that formed the branching structures. For AP-BLD, the chains 

were differentiated and termed based on their primary role in constructing the clusters of AP: I,  



 

   

 

Table 4-2. Parameters describing the structural characteristics β-limit dextrins 

1 AP-BLD, β-limit dextrin of amylopectin from waxy maize; PG-BLD, β-limit dextrin of PG. 

2 Degree of polymerization. 

3 Intra-cluster branch distance. 

4 Internal chain length distance of B2 chains. 

5 Average number of branches per cluster. 

6 Non-determined. 

 

 

Polysaccharides1 
Chain length of β-limit dextrins (DP2) 

IBD3 ICLB2
4 

Relative number of chains 

(A: B1a: B1b: B2: B3) 
ANBPC5 

I II III IV V 

AP-BLD 2/3 6 12 26 62 3 24 10 : 2.9 : 3.4 : 2.4 : 0.2 7 

PG-BLD 2/3 6 10 14 N.D.6 3 N.D.6 10 : 3.3 : 6.2 : N.D.6 : N.D.6 N.D. 

 

9
4

 



95 

   

 

  

the external A chains; II and III, intra-cluster B chains (B1a and B1b, respectively); and IV and 

V, inter-cluster B chains (B2 and B3, respectively) (Peng and Yao, 2018). The basic principles 

for defining these chains have been very well-established in previous studies (Peng and Yao, 

2018; Yao et al., 2004; Yun and Matheson, 1993). It is evident that the branching cluster of AP 

comprises significant amount of inter-cluster B chains, accounting for 42% total mass of AP-

BLD. The CL of inter-cluster chains for AP was DP 26 for B2 chain and DP 62 for B3 chains. 

In contrast, branches are not clustering but periodically presented in PG-BLD, which leads to the 

typical “branch-on-branch” pattern without the presence of ‘cluster’ (Nickels et al., 2016). Such 

structure allows us to differentiate the characteristic chains of PG-BLD based on the number of 

branching points they can carry, because all branches are homogeneously apart from each other 

in PG-BLD. 

In the chromatogram of PG-BLD (Fig. 4-2A), the peak (DP6) nearest to the peaks of external 

chain stubs (DP2 and 3) should correspond to the internal chain containing only one branching 

point (IC1). The average length of external stubs for both A and B chains was 2.5 DP (Yun and 

Matheson, 1993). Therefore, we obtained the average branch distance (~3 DP) for PG-BLD by 

subtracting the external stub (2.5 DP) and the branching point (1 DP) from the CL of the IC1 

chain (6 DP). Then we were able to calculate the CL of internal chains that carried 2, 3, 4, and 5 

branching points, that is, DP 10, 14, 18, ad 22. Chains with the CL>DP22 only accounted for ~ 

6% total mass of PG-BLD. On the other hand, the modal CL value for the chromatographic peak 

with the smallest retention time corresponded to DP 12 for PG-BLD. Hence, it is representative 

enough to define four chain populations in the chromatogram of BLD-PG: i, external chains 

without branching points; ii, iii and iv, internal chains containing 1, 2, and 3 or more branching 

points, respectively.  

The molar-based CL profiles for AP-BLD and PG-BLD were shown in Fig. 4-2C and 4-2D. The 

branch density for AP-BLD and PG-BLD was 11.4% and 13.0%, respectively (Table 4-1). The 

values were significantly greater than those of AP and PG due to the removal of linear segments 

through β-amylolysis. The CL and molar ratios of the characteristic chain populations defined 

above were determined in Table 4-2. These parameters were used to draw the schematic models 

showing the branch structure of AP, PG and their BLDs (Fig. 4-1).  
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4.3.5 Concentration dependence of viscosity in AP, PG and their BLD dispersions 

 
Figure 4-3. Apparent viscosity of polysaccharide dispersions as a function of glucan 

concentration. The Dynamic viscosity was measured at the shear rate of 1-1000 s-1. The shear 

stress v.s. shear rate plot was fitted to the power law model (R2 = 0.99) and the apparent viscosity 

at 50 s-1 was calculated based on fitted model. PG, phytoglycogen; PG-BLD, β-limit dextrins of 

phytoglycogen; AP, amylopectin; AP-BLD, β-limit dextrins of amylopectin. The embedded 

figure shows the apparent viscosities when polysaccharide content was 0.1- 0.5%. 

 

The concentration dependence of viscosity reveals the interactions among dispered polymers 

(Morris et al., 1981). The apparent viscosities at 50 s-1 of model glucan dispersions in various 

concentrations (0.1-10 wt%) are shown in Fig. 4-3. All diluted glucan dispersions (0.1-0.5 wt%) 

exhibited Newtonian flow behavior with viscosities varying slightly in the range of 1.0-1.5 

mPa·s. The viscosities are generally close to the viscosity of pure buffer (~1.0 mPa·s). The result 

suggests that the interactions among glucan particles are at the negligible level in the dilute 

concentration range, such that the flow behavior as well as viscosity are similar to pure water. In 
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general, the phyiscal entanglement of particles occur at 0.9 wt% for AP (Ring et al., 1987) and 

25% for PG (Atkinson, 2015), which also indicates the absence of particle-particle interaction in 

0.1-0.5 wt% glucan dispersions. 

With the increase of mass content from 2 wt% to 10 wt%, dispersions showed different extents 

of shear-thining behavior (n<1) due to the presence of interactions among dispersed particles. 

Specifically, AP and AP-BLD dispersions showed the high flow behavior index of 0.84-0.98, 

sugguesting high resistance of inter-particulate interactions to shear. In this concentration range,  

interactions among individual AP and AP-BLD particles occurred due to their high swelling and 

chain flexibility. Fig. 4-3 shows that, for AP and AP-BLD dispersions, the viscosity increased 

about 6 to 200 mPa·s with the increase of glucan concentration. In contrast, over this 

concentration range, PG and PG-BLD showed shear-thining flow behaviors but with much lower 

flow behavior index (0.3-0.6) and apparent viscosity (below 15 mPa·s), suggesting the high-

density, low-swelling nature of phytoglycogen nanoparticles. 

4.3.6 Fluorescent emission spectra 

To test our hypothesis of using CCVJ to probe local glucan structure, the fluorescent emission of 

CCVJ in model glucan dispersions (0.1-10 wt% AP, PG and their BLDs) and glycerol solutions 

(0-80 wt%) were compared. The emission spectra of CCVJ in different dispersions or solutions 

are shown in Figure 4-4. The peak emission wavelength (λmax) was labelled with dash lines. 

As shown in Fig. 4-4, the emission spectra of AP, PG and their BLDs (λmax = 492- 494 nm) are 

slightly blue-shifted compared to the spectra of glycerol and pure buffer (λmax = 498- 500 nm). 

For starch, similar blue-shifting trend (495-500 nm for glycerol and pure buffer, and 490 nm for 

starch) was also reported by Gulnov et al. (2016a). CCVJ emits blue-shifted fluorescence in less 

polar microenvironment (Haidekker et al., 2005) and the microenvironment of amylopectin 

clusters is less polar than water and comparable to ethylene glycol (de Miranda et al., 2007). A 

previous study has shown that the λmax of CCVJ in ethylene glycol was around 490 nm 

(A. Haidekker and A. Theodorakis, 2007). As no significant difference in λmax is observed among 

model glucans, it is reasonable to consider that the model glucans used in this study provided 

similar and less polar microenvironment for CCVJ molecules. 
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Figure 4-4. Fluorescent emission spectra of CCVJ in phytoglycogen (A), β-limit dextrins of 

phytoglycogen (B), amylopectin (C), β-limit dextrins of amylopectin (D) and glycerol (E) 

dispersions. The mass contents for polysaccharide dispersions and glycerol solutions are 0.1- 

10% and 0- 80%, respectively. Red dash lines indicate the peak emission wavelength (λmax). The 

λmax for each sample is shown on the top of the figure. RFU, relative fluorescence unit. 

 

As is shown in Fig. 4-4, the emission intensity of CCVJ is affected by the concentration and 

structure of the glucan in the dispersion. In general, CCVJ emitted much stronger fluorescence in 

PG and PG-BLD dispersions (1200-18,000 RFU) than in AP and AP-BLD dispersions (850-

10,000 RFU) at all concentration levels. Compared to glucans, CCVJ was less sensitive to the 

concentration of glycerol. The emission intensity was about 880 RFU for 20% glycerol that was 

comparable with 0.1% AP or AP-BLD. As the polarity does not affect the emission intensity of 

CCVJ, the fluorescent emission should be exclusively related to spatial restriction (Haidekker et 

al., 2005). In other words, 20% glycerol and 0.1% AP or AP-BLD yielded a similar level of 

spatial restriction. 
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4.3.7 Relations of CCVJ fluorescence and dispersion viscosity 

 

Figure 4-5. A: Emission intensity of CCVJ in glucan dispersions and glycerol solutions as a 

function of the apparent viscosity at 50 s-1 in a double-logarithmic scale. Data points in the linear 

region were fitted for the double-logarithmic linear model. The fitted curves were shown in dash 

lines. The shaded region highlighted the data points that deviated from the fitting model. B: 

Emission intensity of CCVJ in diluted glucan dispersions and glycerol solutions as a function of 

mass content. The dashed lines in B with the same intercept of 437 RFU (corresponding to the 

emission intensity of CCVJ in blank buffer) showed the linear relationship of emission intensity 

and mass content. PG, PG-BLD, AP and AP-BLD represents phytoglycogen, β-limit dextrins of 

phytoglycogen, amylopectin, and β-limit dextrins of amylopectin, respectively. 

 

An early study indicated the double-logarithmic linear relationship between fluid viscosity and 

MR fluorescence response (Förster and Hoffmann, 1971). Based on this finding, MR such as 

CCVJ has been studied as a marker to determine fluid viscosity (Haidekker et al., 2010). In this 

study, the fluorescent emission response (I) and the apparent viscosity (η) for glucan dispersions 

and glycerol solutions were plotted in the double-logarithmic coordinate (Figure 4-5A).  
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As shown in Fig. 4-5A, β-amylolysis led to limited differences in the emission-viscosity (I- η) 

relationships, as the plots for the original glucan and its BLD counterpart are almost overlapping. 

Nevertheless, the type of dispersed particle or solute predominantly decides the mode of I- η 

relation. The I- η curve for glycerol kept good linearity in wide viscosity range (1- 40 mPa·s), 

whereas the curves for model glucans exhibited non-linear shape (labelled with shaded 

background in Fig. 4-5A) in the low viscosity region of 1- 1.5 mPa·s. Such observation is also 

reported by a previous study of using CCVJ to probe the viscosity of dextrins (Akers and 

Haidekker, 2004). The non-linear range is believed to be associated with the incorporation of 

MR in polymeric microstructure at diluted state resulting in strong mass-dependent instead of 

viscosity-dependent fluorescence.  

For further comparison, data points within the linear regions of I- η plots were fitted to the 

double-logarithmic linear model developed by Förster and Hoffmann (R2 = 0.93- 1.00) (Förster 

and Hoffmann, 1971):  

𝐿𝑜𝑔 𝐼 = 𝐴 ∙ 𝐿𝑜𝑔 𝜂 + 𝐶                                                                                                           Eq. (5) 

The fitting parameters were shown in Table 4-3. The slope for the glycerol solution, PG and PG-

BLD dispersions were similar ranging from 0.67 to 0.76, respectively. This result is in 

accordance with the reports of previous studies (0.67-0.75), as the slope is considered as a MR 

and solvent-dependent constant (Gulnov et al., 2016; Haidekker et al., 2010; Loutfy and Arnold, 

1982). Despite the similar slope, the intercept for PG and PG-BLD dispersions (3.47-3.54) was 

higher than that for glycerol solution (2.82) resulting in stronger fluorescence at the same 

viscosity. This is because at the same bulk viscosity, bulk viscosity induces similar level of 

microfriction for the MR in bulk water phase, however, PG and PG-BLD possessing intra-

particulate volumes should exert additional spatial restriction to the MR in particulate phase, 

which thus leads to stronger overall fluorescence compared to glycerol. In contrast, as the slopes 

for PG, PG-BLD and glycerol dispersions were highly comparable, suggesting that the increase 

of bulk viscosity enhances the microfriction for MR with a similar efficiency for PG, PG-BLD 

and glycerol dispersions. This phenomenon could be attributed to the rigid spherical nature of 

PG, PG-BLD and glycerol molecules, which fundamentally obeys the assumptions for the 

correlation between microfriction and bulk viscosity in the Förster and Hoffmann equation. 
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Table 4-3. Parameters for the fitted curves showing the double-logarithmic linear relationship of 

fluorescence emission and dispersion viscosity1 

1 The double-logarithmic model: Log I = A Log η + C, where I and η are the emission intensity 

and apparent viscosity at 50 s-1, respectively; A and C are the slope and intercept of the fitted 

curve. 

 

The slope for the AP and AP-BLD curves was 0.15 and 0.18, which substantially deviated from 

the slopes for PG, PG-BLD and glycerol curves. The small slope values for AP and AP-BLD 

curves can be attributed to their high capacities of swelling. Completely hydrated AP or AP-BLD 

can uptake more than 20-fold mass of water in dispersions (Lei and Gao, 2014; Tester and 

Morrison, 1991). In the fitted concentration range (2-10 wt%), bulk viscosity was seriously 

affected by physical entanglements of dispersed AP and AP-BLD particles. However, such inter-

particulate entanglements cannot be effectively probed in the form of microfriction for MR since 

major portion of MR should be entrapped in the intra-particulate volumes of swollen particles. 

As a result, the swelling of AP and AP-BLD may yield less available MR in the bulk buffer 

phase for the probing of microfriction altered by inter-particulate entanglements, which thus 

gives less sensitive fluorescence in response to the bulk viscosity change (the small slopes). This 

explanation is also supported by our data in Table 4-3, of which the slopes for BLDs (0.72 for 

PG-BLD and 0.18 for AP-BLD) were slightly larger than those for their native counterparts (0.67 

for PG and 0.15 for AP), since BLDs usually exhibited reduced capacity of swelling. The 

intercept for AP and AP-BLD curves was 3.72 and 3.61, which was essentially comparable to 

that for PG and PG-BLD but larger than that for glycerol. The result again confirms that 

particulate structures can induce additional spatial restriction to MR. 

Sample2 
Fitted viscosity 

 range (mPa·s) 
Slope (A) Intercept (C) r-square 

Glycerol solution 1.6 - 47.4 0.76 ± 0.04 2.82 ± 0.04 0.995 

PG 1.1 – 11.6 0.67 ± 0.03 3.54 ± 0.02 0.988 

PG-BLD 1.1 – 14.7 0.72 ± 0.02 3.47 ± 0.02 0.993 

AP 6.4 – 204.7 0.15 ± 0.02 3.72 ± 0.04 0.932 

AP-BLD 7.3 – 198.0 0.18 ± 0.02 3.61 ± 0.03 0.969 
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4.3.8 Relation of CCVJ fluorescence and the intra-particulate structure of glucan 

In diluted concentration range (0.1- 0.5 wt%), individual glucan particulates are spatially 

separated and surrounded by the solvent. In this circumstance, the fluorescence intensity of 

CCVJ was attributed to: (1) the viscosity-related restriction to the motions of molecules at the 

locations not occupied by individual particulates, and (2) the glucan structure-related restrictions 

at locations inside or closely associated with individual glucan particulates. For diluted glucan 

dispersions, comparable viscosities were observed at different glucan concentrations, and 

therefore the viscosity-related fluorescence would remain constant at different concentrations. As 

glucan concentration increased, the change of fluorescence intensity should correlate with the 

increase of spatial restriction associated with the glucan structure, and such an increase can be 

used to characterize glucan structure. 

 

Table 4-4. Parameters for the fitted curves showing the linear relationship of fluorescence 

emission and mass content in the initial linear region1 

Sample 
Initial linear region  

for fitting (%, wt) 
Initial slope (k) r-square 

Glycerol 0-0.5% 13.9 ± 4.6 0.999 

PG 0-0.3% 8299.5 ± 292.7 0.996 

PG-BLD 0-0.5% 6880.0 ± 67.5 1.000 

AP 0-0.5% 4409.6 ± 29.7 0.999 

AP-BLD 0-0.5% 4140.7 ± 35.8 1.000 

1 The linear model: I = k W + C0, where I and W are the emission intensity and mass content, 

respectively; k is the slope of the initial linear region. C0 is the intercept fixed to 437 

corresponding to the emission intensity in blank buffer.  

2 PG, BLDPG, AP and BLDAP represents phytoglycogen, β-limit dextrins of phytoglycogen, 

amylopectin, and β-limit dextrins of amylopectin, respectively. 

 

In Figure 4-5B, the fluorescence intensity of CCVJ vs. solute concentration was plotted for 

diluted glucan dispersions and glycerol solutions (0.1- 0.5 wt%). For glycerol solutions, the 

fluorescent emission of CCVJ remained essentially the same as that of the blank (437 RFU). 

However, substantial increases of fluorescence intensity with concentration were observed for 
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diluted model glucan dispersions. The linear regression results labeled on Figure 4-5B showed 

that for glucan dispersions at 0-0.5% range the fluorescence intensity-concentration relationship 

was essentially linear. Specifically, the trendline slopes of PG and PG-BLD were much greater 

than those of AP and AP-BLD (Table 4-4). 

4.3.9. Impact of glucan supramolecular structure on CCVJ fluorescence intensity 

Figure 4-6 shows the modeling of the three-dimensional branching structure comprising one B 

chain and two A chains (Chem3D 16.0, PerkinElmer, US). In a hydrated form, glucan chains 

display a single-helical conformation due to hydrogen bonding among individual glucopyranosyl 

units (Whistler and Daniel, 1984). As shown in the model, the external portion of an A chain 

forms a helix that contains a central cavity (indicated with orange circles in Fig. 4-6). The cavity 

of single-helical glucan chain, which has a diameter of 5.0-5.4 Å (Hinkle and Zobel, 1968; 

Immel and Lichtenthaler, 2000), is usually spacious enough to host small molecules with 

hydrocarbon chains (e.g. fatty acids) (Putseys et al., 2010). The diameter of a CCVJ molecule 

(with structure indicated in yellow) is 7 Å (Gulnov et al., 2016). Hence, such cavities can hardly 

accommodate CCVJ molecules. 

A recent study reported that CCVJ can be retained by the cavity of β- and γ- rather than α-

cyclodextrin, and the diameters of central cavity for α- , β-, and γ- cyclodextrins are 5.7, 7, and 

9Å, respectively (Gavvala et al., 2015). Conceivably, the size of the nano-pockets needs to be 7Å 

or higher to accommodate CCVJ molecules. 

The B chain and the stubs of A chains (labelled with green rectangles) exhibits more stretching 

helical conformations that surrounds a nanosized pockets (labelled with the yellow dotted line) 

around each branch point. A single glucosyl unit is about 8.6 Å (Lourvanij, 1995); formed with 

about 3 glucosyl units, the diameter of the nano-pockets should be around 2-3 nm, which is 

sufficient to host a CCVJ molecule. Fig. 4-6-5 and 4-6-6 show a CCVJ molecule tightly fits in a 

nano-pocket with considerable spatial restriction.  

 



 

   

 

 

Figure 4-6. A three-dimensional model showing the interaction between CCVJ and the nano-pocket at the branching points of 

glucans. A segment of B chain (12 DP) and one (1, 2, 3, 5 and 7) or two (4, 6 and 8) full A chains (each12 DP) are included to show 

the local structure in the vicinity of branching points of amylopectin and phytoglycogen. The embedded images show the structures 

from the top view. Under room temperature, external linear segments of hydrated glucans form single-helical structure stabilized 

through hydrogen bonding. There are about 3 glucosyl units between two adjacent branching points. The CCVJ molecule is shown in 

yellow. 1-2: the size comparison between the central cavity of external chain single-helix (orange circles) and CCVJ. 3-4: a CCVJ 

molecule not associated with the glucan structure, thus subjected to negligible spatial restriction. 5-6: a CCVJ molecule entrapped in 

the nano-pocket (defined using dotted border) formed at the branch point of native glucans. For 5, the branching region of B chain and 

the A chain form a relative open nanopocket. For 6, the branching region of B chain and the neighboring A chains form a relative 

complete nanopocket. 7-8: a CCVJ molecule entrapped in the nano-pocket (defined using dotted border) formed at the branch point of 

β-limit dextrins. The branching region of B chain and the A chain stub form a more opening nanopocket in 7 than in 8. 

 

 

1
0
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Based on the modeling, we consider that the concentration-related fluorescence intensity for 

glucan dispersions (Fig. 4-5B) is governed by the abundance of nano-pockets formed either at 

the branch point (Fig. 4-6-5 and 4-6-7) or among two neighboring external segments (Fig. 4-6-6 

and 4-6-8).  

In this study, the branch density is used to indicate the abundance of branch points. The branch 

density can be calculated using Equation (6).  

𝑛𝑏 = (
𝑚

𝑀𝑤
) × (

𝑀𝑤

16200
) × 𝐵𝑟𝑎𝑛𝑐ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (

𝑚

16200
) × 𝐵𝑟𝑎𝑛𝑐ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦                           Eq. (6) 

Where, 𝑛𝑏 is the molar number of branch points per liter of glucan dispersion, and m (in g/L), 

Mw (in Da) and 16200 represent the mass content of glucan dispersion, molecular weight of 

glucan, and the total molecular weight of 100 glucosyl units, respectively.  

The characteristic spatial restriction of nano-pocket is estimated using Equation (7): 

EG𝑏 =
dEM

dn𝑏
=

𝑑𝐸𝑀

𝑑((
𝑚

16200
)×𝐵𝐷)

=
16200

𝐵𝐷
∙

𝑑𝐸𝑀

𝑑𝑚
=

16200

𝐵𝐷
∙ 𝐸𝐺𝑚                                                       Eq. (7) 

where EM and BD correspond to the emission intensity and branch density; EGb and EGm denote 

the emission strength gradients based on 𝑛𝑏 and mass content of glucan, respectively. Overall, 

EGb is used to estimate the emission strength with each molar unit branch points. 

A new series of fluorescent gradient values with the unit of RFU/ mole branching points are thus 

developed to represent the characteristic spatial restriction of a single nano-pocket for different 

glucans.  

In this study, the EGb for model glucans were 1.68× 106 for PG, 0.85× 106 for PG-BLD, 1.31× 

106 for AP, 0.59× 106 for AP-BLD. These values are well in accordance with our established 

models in Fig. 4-1. First, it is easy to conclude from Fig. 4-6-5 and 4-6-6 that the nanopockets 

formed with the branching region of B chain and two neighboring A chains (denoted as ‘2A+1B’ 

pocket) should exhibit higher spatial restrictions than those formed with the branching region of 

B chain and one A chain (denoted as ‘1A+1B’ pocket). Owing to the ‘branch-on-branch’ pattern 

of PG, ‘2A+1B’ pockets are more frequently found in PG than AP, which contributes to the high 

EGb value for PG in overall. Second, β-amylolysis drastically reduces the local spatial restriction 

by forming more opening nanopockets compared to those in the native state (Fig. 4-6-7 and 4-6-

8). Compared to the native counterparts, the EGb values decreased by 50-55% after β-amylolysis, 

suggesting the important role of A chains in forming the spatial boundaries of nanopocket. In β-

limit dextrins, ‘2A+1B’ pocket also appears to render higher spatial restriction than ‘1A+1B’ 
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pockets (Fig. 4-6-7 and 4-6-8), thus contributing to the higher EGb value in PG-BLD than in AP-

BLD. Third, the EGb values derived from MR fluorescence are essentially in accordance with the 

fine structure of model glucans we established by classic approaches, which may highlight the 

use of EGb as a novel parameter in the characterization of glucan structure. 

4.4 Conclusion 

In this study, we assessed the structural features of AP, PG and their BLDs and tested our 

hypotheses that uses molecular rotor as a small molecule probe for the investigation of glucan 

particulate structure and glucan interactions in dispersion. The results indicated that the “branch-

on-branch” structure of PG resulted in densely packed and highly branched structure with high 

spatial restriction to molecular rotor. Compared to phytoglycogen, amylopectin possesses 

swollen and less branched particulate structure due to the presence of long inter-cluster glucan 

chains, yielding less spatial restriction to small molecules. The study also established a novel 

fluorescent technique using molecular rotor to quantitatively characterize and differentiate 

glucan structures in terms of their spatial restriction to small molecules. In the future, this 

technique is believed to show great potential in advancing the utilization and innovation of 

carbohydrate polymers. 
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CHAPTER 5.  IN SITU VISUALIZING SPATIAL RESTRICTION IN 

STARCH GRANULES DURING RETROGRADATION 

5.1. Introduction 

Starch is widely used as texturizer and stabilizer in food by providing characteristic texture, 

viscosity, and water holding capacity (Eliasson, 2004). However, cooked starch is unstable in 

structure. When cooked starch is subjected to low temperature or prolonged storage, glucan 

chains are readily re-associate and form crystalline structures (Wang et al., 2015). This process is 

known as starch retrogradation, which may show detrimental effects on food products, such as 

the staling (hardening) of bread and the syneresis of gelling foods during storage (Gray and 

Bemiller, 2003). In practical foods, starch is often formulated with other food ingredients in a 

complex system and some hydrophilic substances, such as simple sugars, salts, and polyphenols, 

and are able to interact with starch which can largely alter starch retrogradation (Baek et al., 

2004; Baker and Rayas‐Duarte, 1998; Barros et al., 2012). The accurate and convenient 

evaluation of starch retrogradation is therefore critical not only for the discovery of anti-

retrogradation starch, but also for the optimization of food quality. 

There are several routine approaches for the evaluation of starch retrogradation. Most of these 

approaches target on the measurements of characteristic physical transitions coinciding with 

starch retrogradation. The textural transition, such as the increase of hardness and elastic 

modulus, of retrograded starch is often evaluated by rheometer or textural profile analyzer 

(Klucinec and Thompson, 1999; Sandhu and Singh, 2007). The crystalline structure formed in 

starch retrogradation can be detected by differential scanning calorimetry (DSC) or X-ray 

diffraction (Karim et al., 2000; Kim et al., 1997). The reduction of mobility of starch molecules 

due to the reassociation of starch molecules during retrogradation is detectable by nuclear 

magnetic resonance (Chen et al., 1997). At the molecular level, Fourier transform infrared 

spectroscopy can follow the changes in the conformation of starch molecules during 

retrogradation (Flores-Morales et al., 2012). Turbidimetric methods are often applied to monitor 

starch retrogradation at low concentration (<2%) by means of measuring the reduction in 

transmitted light due to phase separation (Jacobson et al., 1997; Sandhu and Singh, 2007). 

However, these methods usually have their own limitations in the lack of sensitivity or the 
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applicability for probing in situ spatial arrangement of glucan chains and network. Although 

cryo-scanning electron microscopy may allow the direct observation of microstructure, the 

requisite procedure that immerses sample in liquid nitrogen followed by sublimation may be too 

invasive for the highly hydrated glucan networks and thus fails in providing in situ measurement.  

Molecular rotor (MR) is a kind of unique fluorophore that only emits fluorescence when its 

motion is retarded by the spatial restriction (Rettig, 1986). Based on this unique property, some 

previous studies have applied MR for the detection of polymeric aggregation (Hong et al., 2011) 

and cell membrane viscosity (Haidekker et al., 2002, 2000). In these applications, MR can locate 

at the places of interest and the microstructural changes due to the association or dissociation of 

molecules are reflected by MR fluorescence as the spatial restriction exerting to MR varying 

with the microstructures. Cooked starches, either in a fully dispersed form or a swollen granular 

state, form polymeric matrices that may exert spatial restriction to the small molecules locating 

at the interspaces of the matrices. If retrogradation of starch with molecular rotor occurs, the 

reassociation and recrystallization of starch molecules may alter the microstructure of starch 

matrices and further affect the spatial restriction exerted on molecular rotors as well. Hence, we 

hypothesized that the microstructural changes of starch matrices during retrogradation can be 

visually probed with the change of local fluorescent emission of molecular rotor. A most recent 

study evaluated the use of MR for the measurement of viscosity in starch pastes (Gulnov et al., 

2016). However, there is no attempt to date in using MR for the in situ and visual observation of 

starch retrogradation. 

The aim of this study is to develop a novel MR-based fluorescent microscopic method for the in 

situ and visual observation of starch retrogradation. A number of cereal and tuber starches from 

amaranth, cow cockle, waxy corn, normal corn and potato were used as the models. A 

hydrophilic molecular rotor, 9-(2-carboxy-2-cyanovinyl) julolidine (CCVJ), was used as the 

probe to monitor the microstructural changes of starch matrices induced by retrogradation. This 

work is expected to support the fundamental research on starch retrogradation as well as the 

quality control of starchy foods.  
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5.2 Materials and methods 

5.2.1 Materials 

Waxy corn starch (WCS), normal corn starch (NCS), and normal potato starch (PS) were 

obtained from Ingredion. Cow cockle starch (CCS) was extracted from cow cockle seeds 

purchased from Hangzhou Botanic Technology Co., Ltd., China. Amaranth starch (AS) was 

isolated from the amaranth grains purchased from Woodland Foods Co., Ltd., IL. All chemical 

reagents used for the study were of analytical grade unless specified. 

5.2.2 Methods 

5.2.2.1 Preparation of amaranth and cow cockle starch 

Amaranth starch (AS) was isolated using a modified alkaline extraction method. To start the 

extraction, 1.5 kg of dry grains were soaked in 4 L of 0.1% (w/v) sodium hydroxide (NaOH) 

solution and kept at 50 °C in a water bath with slight agitation. Cow cockle starch (CCS) was 

isolated according to the methods of Peng and Yao (2018) with modifications. Cow cockle seeds 

(1.5 kg) were soaked in 4 L 0.15 M lactic acid solution at 50 °C in a water bath with slight 

agitation. 

After the 48 h-steeping process and decanting the steeping solution, wet grains or seeds were 

homogenized with 3 L of water using a blender at high speed for 4 min and passed through a 

270-mesh sieve. The retained solids (by the sieve) were extracted again using another 3 L of 

water. The fractions permeated through the sieve were combined, adjusted to pH 10 and 

centrifuged at 3000 g for 15 min. The precipitate, as the crude starch material, was collected. 

Each crude starch material (about 700 g) was resuspended in 3 L of water and adjusted to pH 10, 

agitated for 30 min, and centrifuged again. The precipitate was then repeatedly washed with 

water three times, during which the proteinaceous material on the top of the precipitate was 

scraped off using a spatula. Thereafter, the precipitate was resuspended in deionized water, 

neutralized to pH 7.0 using 1.0 M hydrogen chloride (HCl) solution, and centrifuged. The starch 

precipitate was further washed twice using deionized water (1.5 L for each cycle). The material 

collected was resuspended in 500 mL 80% (v/v) ethanol, subjected to vacuum filtration and 

finally washed using 100 mL of pure ethanol. Starch materials were collected and dried in an 
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oven at 40 °C overnight. All starch materials (~ 400-500 g for each) were stored in glass jars at 

room temperature before use. 

5.2.2.2 Preparation of gelatinized and retrograded starch 

80 mg starch was dispersed in 40 g phosphate buffer (5 mM, pH 7.0) pre-stained with 4.5 μM 

CCVJ. A blank solution without starch was used as the control. The starch dispersion in capped 

50-mL centrifuge tube was heated in a water bath at 95 °C for 20 min and cooled to room 

temperature. To avoid clumps of gelatinized starch granules, the dispersion was first vigorously 

vortexed for 1 min before putting into the water bath. Thereafter, the tubes were gently inverted 

for 10 times in every two minutes of heating. The obtained dispersions were subsequently stored 

at 4 °C for 14 days. Samples were withdrawn from the tubes by the end of heating (as gelatinized 

starch samples) and 7 and 14 days after storage (as retrograded starch samples). The gelatinized 

and retrograded samples were evaluated by UV-Vis spectrophotometer and confocal fluorescent 

microscopy. All procedures were conducted in dark. 

5.2.2.3 Differential scanning calorimetry (DSC) 

The gelatinization property of each starch was evaluated using differential scanning calorimetry 

(DSC Q-2000, TA instruments, US). Starch material (~5.0 mg) and deionized water were 

precisely weighed into aluminum T-Zero pans (TA instruments, US) to prepare a 50% (w/w) 

mixture and then hermetically sealed. The starch slurry in the pans were conditioned at room 

temperature for 12 h. The scan was operated at 20-110 °C with the rate of 10 °C/ min. An empty 

pan was used as the reference. The peak temperature (Tp) and melting enthalpy (ΔH) were 

recorded using the TA instrument TRIOS software. 

A second scan of DSC pans with freshly gelatinized starch were conducted right after the first 

scan for checking if starches were completely gelatinized. Then the pans were stored at 4 °C for 

14 days. Pans with retrograded starch were scanned by DSC after 7 and 14 days of storage. The 

peak temperature (Tp) and melting enthalpy (ΔH) were recorded using the TA instrument TRIOS 

software. The extent of retrogradation was expressed as the ΔH for retrograded starch. 
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5.2.2.4 Spectrophotometric analysis 

Aliquots (~1.5 mL) of starch dispersion obtained from 5.2.2.2 were placed in disposable 

cuvettes. The absorbance at 640 nm was measured using a UV-Vis spectrophotometer at room 

temperature. 

5.2.2.5 Confocal fluorescent microscopy 

Starch dispersion (50 μL) was withdrawn using a cut-end plastic tip and applied on the central 

cavity of a glass slide (VWR, US). A coverslip was gently placed on the slide and the four 

corners were attach to the slide using nail polish. The samples were observed using the Nikon-

A1Rsi+ Confocal fluorescent microscopy with the 20× (Plan Apo 20× DIC M N2) lens. The 

excitation and emission wavelength were set at 448.3 nm and 482 nm, respectively. 

5.2.2.6 Statistical analysis 

Measurements were conducted three times. ANOVA was conducted using SPSS Statistics 24.0 

(IBM, US) with all comparisons conducted at a significance level of 95%. 

5.3 Results and discussion 

5.3.1 Retrogradation behaviors evaluated by DSC 

Retrogradation behaviors of different starches in the concentrated system (50 wt% starch) are 

shown in Fig. 5-1. In gelatinization, all starches show large endothermic peaks at ~ 65.3-71.6 °C 

with an enthalpy of 12.8-17.7 J/g (Table 5-1.), suggesting their highly ordered structures in the 

native state. It is worthy to note that amaranth starch as a small-granule starch exhibited the 

highest peak temperature (71.6 °C) and enthalpy (17.7 J/g) showing the robust crystalline 

structure of amaranth starch. These results are generally in agreement with previous studies 

(Paredes‐López et al., 1989; Peng and Yao, 2018). 

No endothermic peaks could be observed in the DSC thermograms for the freshly gelatinized 

starches suggesting that the crystalline structure had been fully melted after gelatinization. In 

contrast, substantial endothermic peaks were observed after 7 or 14 days of storage, clearly 

showing the starch retrogradation during storage. Table 5-1. compares the peak temperature and 

the enthalpy values for retrograded starches. In general, the peak temperature



 

   

 

Table 5-1. Gelatinization and retrogradation behaviors of starches in concentrated systems1 

1The weight fraction of starch to water is 1:1. Tp, the peak temperature; ΔH, enthalpy corresponding to the melting of crystalline 

structures. Values were expressed by means ± standard deviations (n = 3). The means in the same column with different letters are 

significantly different (P < 0.05). 

 

 

 

 

 

 

 

Sample Native starch 

Retrograded starch 

7 days 14 days 

Tp (°C) ΔH (J/g) Tp (°C) ΔH (J/g) Tp (°C) ΔH (J/g) 

Amaranth 71.6 ± 0.1 A 17.7 ± 0.1 A 53.9 ± 0.3 C 7.5 ± 0.4 AB 52.4 ± 0.4 C 8.6 ± 0.6 B 

Cow cockle 66.9 ± 0.2 D 15.2 ± 0.5 B 53.7 ± 0.5 C 4.3 ± 0.4 C 52.7 ± 0.3 C 5.3 ± 0.1 D 

Waxy corn 69.8 ± 0.1 C 12.8 ± 0.4 C 53.7 ± 1.0 C 8.7 ± 0.4 A 53.4 ± 0.8 C 10.4 ± 0.4 A 

Normal corn 70.2 ± 0.1 B 13.8 ± 1.0 C 59.7 ± 0.9 B 7.0 ± 0.6 B 58.9 ± 0.6 B 6.9 ± 0.6 C 

Potato 65.3 ± 0.2 E 16.5 ± 1.1A 67.6 ± 0.5 A 7.9 ± 1.1 AB 66.8 ± 1.0 A 8.0 ± 0.5 B 

 

1
1
2
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for retrograded AS and WCS were ~52-54 °C, which was significantly lower than that for 

retrograded NCS (59-60 °C) and PS (67-68 °C). The result may be possibly related to the 

presence of amylose in NCS and PS (Singh et al., 2003). Retrograded CCS as an amylose-

containing starch, however, showed similar peak temperature as the waxy-type starches. This 

result indicates the molecular structure of CCS not favorable for retrogradation. 

 

Figure 5-1. Differential scanning calorimetric (DSC) endothermic thermograms showing the 

gelatinization and retrogradation properties of different starches. From the bottom to the top, the 

thermograms represent the melting of native, freshly gelatinized (cooked) and retrograded 

(stored at 4 °C for 7 or 14 days) starches. 

 

The enthalpy values for retrograded starches are usually considered to represent the degree of 

retrogradation. Our results showed that the retrogradation occurred in two different modes for 

various starches. For NCS and PS, starch retrogradation rapidly completed by 7 days of storage. 

For AS, CCS and WCS, starch retrogradation was on progress throughout the 14 days. By the 

end of the storage, the two waxy-type starches, AS and WCS, exhibited substantially higher 

degree of retrogradation (enthalpy values = 8.6-10.4 J/g) than the other amylose-containing 
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starches (enthalpy values = 5.3-8.0 J/g). In our study, a low degree of retrogradation was 

observed for CCS, highlighting its good storage stability in concentrated systems. 

5.3.2 Retrogradation behaviors evaluated using turbidity change  

 

Figure 5-2. The change of absorbance for different starch dispersions (0.2%, w/v) stored at 4°C 

for 0, 7 and 14 days. 

 

The retrogradation behaviors of different starches in the diluted system (0.2 wt% starch) is 

shown in Fig. 5-2. It is obvious that the initial absorbance values for fresh gelatinized samples 

vary greatly with starch varieties. Similar strong dependence on starch variety were also reported 

previously (Jacobson et al., 1997), mainly due to the various transmittance of starch dispersions 

affected by particle size, residual granular structure, and refractive index.  

In general, the turbidity method is based on the idea that retrogradation may result in phase 

separation of starch matrices and lead to increasing absorbance (Karim et al., 2000; Sandhu and 

Singh, 2007). At the molecular level, the reassociation of glucan chains may repel water from the 

starch network and result in high-density starch networks that can seriously retard transmission 
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of light and increase the turbidity of whole starch dispersion. In our study, the absorbance for 

WCS, NCS and PS increased by ~52%, 117% and 235% during 14 days of storage, respectively. 

The result suggests that phase separation occurs more significantly in PS and NCS than WCS 

during storage. Our result is basically in agreement with the previous study (Jacobson et al., 

1997).  

The change of absorbance for small-granule starches (AS and CCS) is significantly different 

from that for the large-granule starches. After 14 days of storage, the absorbance for CCS kept 

stable while the absorbance for AS decreased by ~20%. The result may possibly indicate a 

limited level of phase separation for AS and CCS compared to the large-granule starches (WCS, 

NCS and PS). 

5.3.3 Molecular rotor-based observation of starch retrogradation 

In this study, we used a hydrophilic MR, CCVJ, to detect the granular structure change induced 

by starch retrogradation. As large variations in the intensity of fluorescence exist among the 

images, the high-contrast (HC) or low-contrast (LC) settings were applied by adjusting the 

saturation intensity values to 3500 (for HC) and 1500 (for LC), respectively, such that the 

confocal images were not too dark or too bright while preserving the true difference in 

fluorescent intensity. In this way, the intensity of each pixel (0.25 μm/ pixel) in a confocal image 

can represent the degree of local spatial restriction to MR, and any saturated pixels (the 

fluorescent intensity of the pixel > 3500 for HC and >1500 for LC) will be colored in orange. 

5.3.3.1 Buffer solution 

The fluorescent intensity of the blank buffer solution is too low to be visible under either HC or 

LC settings, showing a pure black background (data not shown). This is because negligible 

spatial restrictions exist when the MR molecules is completely dissolved in bulk water phase. 

After 7 and 14 days of storage, the confocal images for the blank solution kept showing pure 

black backgrounds under both HC and LC settings. 

5.3.3.2 Visual observation of starch retrogradation 
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Figure 5-3. Confocal microscopic images of 0.2% (w/v) amaranth starch (AS) and waxy corn 

starch (WCS) dispersions dyed with 4.5 μM CCVJ. HC and LC represent the high contrast and 

low contrast settings, respectively. Images were taken after gelatinization (day 0) and on the 7 

and 14 days of storage at 4°C. Bar = 50 μm. 
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The confocal images for waxy-type starches (AS and WCS) were too dark under HC setting, so 

we used the images under LC setting for analysis (Fig. 5-3). For freshly gelatinized AS (on Day 

0), some irregular particulate structures (2-10 μm) were visible with blue fluorescence, while 

abundant dots with lower brightness were observed in the bulk phase. Similar result was 

observed for freshly gelatinized WCS, where larger (~20-50 μm), brighter and more particulate 

structures were visible. In overall, the pixels corresponding to dots were brighter than the pixels 

corresponding to the particulate structures. It is well known that waxy-type starches readily lose 

granular structure and form fully dispersed starch after cooking (Han and Hamaker, 2002). Thus, 

the blue dots in the bulk phase should correspond to fully dispersed starch molecules that yielded 

spatial restriction to CCVJ. In contrast, the particulate structures outlined by the blue 

fluorescence of CCVJ should correspond to the residual granule fractions survived in cooking. 

Previous studies have shown that the residual granule fractions found in cooked starch  are 

composed of randomly crosslinked starch (i.e. amylopectin) (Zhang et al., 2014). In such residual 

granule fractions, amylopectin molecules should exhibit lower mobility compared to fully 

dispersed ones due to the presence of crosslinking. Thus, the local microstructure for the residual 

granule fractions should also exert higher spatial restriction to MR than the fully dispersed 

starch, which may explain the brighter pixels for the particulate structures in Fig. 5-3.  

After the first 7-day storage, the particulate structures of both AS and WCS were less visible, 

whereas the brightness of the dots in the bulk phase increased for both images. After 14 days of 

storage, the pixels corresponding to both particulate structures and the dots became significantly 

brighter than the those shown in the images captured on day 0 and day 7. The results may 

indicate that (1) the residual starch fractions lose spatial restrictions to MR at first (0-7 days of 

storage), but restore spatial restrictions later (7-14 days of storage); (2) the retrogradation of 

amylopectin in bulk water phase continuously occurs yielding increasing spatial restriction to 

MR. 

In contrary to waxy-type starches, the particulate structures were much better preserved after 

cooking and visible enough under the HC setting for amylose-containing starches (CCS, NCS 

and PS) images (Fig 5-4). In the confocal images for CCS, NCS and PS with LC setting (figures 

not shown), bright dots were only occasionally observed, suggesting that the majority of starchy 

materials remained in the particulate structures after cooking. Thus, we only used the images 

under HC setting for analysis. Compared to waxy-type starches, the stronger fluorescence  
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Figure 5-4. Confocal microscopic images of 0.2% (w/v) cow cockle starch (CCS), normal corn 

starch (NCS) and potato starch (PS) dispersions dyed with 4.5 μM CCVJ. HC represent the high 

contrast setting. Pixels with saturated fluorescent intensity were colored in orange. Images were 

taken after gelatinization (day 0) and on the 7 and 14 days of storage at 4°C. Bar = 50 μm. 

 

for the particulate structures in Fig. 5-4 suggests that the residual granule fractions for amylose-

containing starches exert much stronger spatial restrictions to CCVJ than those for waxy-type 

starches. A possible explanation is that the presence of amylose can strengthen the crosslink 

among amylopectin molecules, immobilize starch networks as well as divide the matrices into 

finer microvolumes (Debet and Gidley, 2007). 

Similarly to WCS and AS, the particulate structures for CCS and PS became less visible after the 

first 7 days but restore fluorescence after the second 7 days. However, NCS behaved differently 
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in storage, during which the fluorescence for the particulate structures did not decrease after 7 

days of storage. A possible explanation is that the loss of fluorescence for NCS occurs faster than 

that for the other starches, such that was not captured on the 7th day of storage. It is worthy to 

note that the pixels corresponding to the particulate structure for NCS were saturated (intensity > 

3500, shown in orange color) after 14 days of storage. This result indicates that the local 

microstructures in the residual granule fractions of NCS exert substantially stronger spatial 

restrictions to CCVJ than those for CCS or PS. 

5.3.4 Interaction of molecular rotor with local starch microstructures 

In our study, the variations in fluorescence for the particulate structures shared a similar trend, 

that is, the fluorescence decreases after 7 days and increases after 14 days. The results clearly 

indicated the common structural transition of starch network during retrogradation, which 

involved a ‘decrease-and-increase’ pattern of variation in the spatial restriction to CCVJ. 

Combined with the established theory on the structural transition during starch retrogradation 

(Wang et al., 2015), we proposed a possible mechanism to explain this critical phenomenon (Fig. 

5-5).  

 

Figure 5-5. Schematics showing the interaction of molecular rotor with local starch 

microstructures. The blueness of background color shows the fluorescent intensity of CCVJ 

(green or orange triangles) in response to the different local structures. 1, freshly cooked starch 

with glucan chains are separate from each other. CCVJ molecules can locate in the interspaces 

between single glucan chains (type I space) or in the interspaces among starch molecules (type II 

space). 2, Glucan chains with double-helical associations in the early stage of retrogradation. 

CCVJ molecules are repelled out from type I space and enter to type II space. The dimensions 

for type II spaces are also increased due the reassociation of glucan chains. 3, Spatial 

rearrangements of glucan chains with crystalline structure. CCVJ molecules can locate in the 

amorphous interspaces among starch network (type III space).  
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In freshly cooked starch, glucan chains are separated from each other yielding abundant 

interspaces between single glucan chains (labelled as ‘type I’) that can accommodate CCVJ 

molecules (Fig. 5-5-1). CCVJ can also dissolved in the intermolecular interspaces surrounded by 

starch molecules, which is labelled as ‘type II’ spaces. In the early stage of retrogradation, single 

helical or random coiled glucan chains can reassociate to double-helical chains (Fig. 5-5-2). In 

general, no central cavity is found in double-helical structures of starch (Immel and 

Lichtenthaler, 2000), which should repel CCVJ molecules out from the type I interspaces. For 

turbidimetric tests, the reassociation of glucan chains may conceivably yield higher absorbance 

due to the prevalent formation of double-helical chains. In contrast, such reassociation can 

substantially reduce CCVJ fluorescence, because (1) less CCVJ molecules are retained in the 

type I interspaces and (2) the repelled CCVJ molecules are relocated in type II spaces (micro to 

submicro scale) with much larger dimensions than the previous type I interspaces (nano to 

subnano scales). 

In the subsequent stage of retrogradation, double-helical chains can further rearrange to ordered 

structures and eventually form local crystallites (Fig. 5-5-3). This process can further result in 

densely packed starch networks that again increase the absorbance for turbidimetric tests. In 

contrary to the early stage, CCVJ molecules can reside in the amorphous interspaces (labelled as 

‘type III’) of rearranged local networks. Owing to crystallization, the overall flexibility of starch 

network should be substantially reduced, and the crystallized regions, as the junction zones may 

further divide the whole network into smaller microvolumes compared to the type II spaces or 

pull neighboring double-helical chains into contact and produce more intermolecular interspaces. 

Both of the factors can contribute to stronger spatial restriction to CCVJ. Therefore, the 

particulate structures restore strong fluorescence in the second 7 days of storage (Fig. 5-3 and 5-

4).  

5.4 Conclusion 

In this study, the retrogradation of five model starches were evaluated by DSC, turbidimetric and 

the novel MR-based confocal microscopic methods. The DSC result showed the outstanding 

stability of cow cockle starch in concentrated state for prolonged storage time, highlighting its 

potential use as an anti-retrogradation native starch. The spectrophotometric result showed high 

storage stability of small-granule starches compared to large-granule starches. In contrast to the 
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conventional methods, the novel confocal microscopic method achieved in situ and visual 

observation on starch retrogradation. Two characteristic stages of structure transition during 

retrogradation were associated with the variations in MR fluorescence. Mechanistic studies are 

expected to be done in the future. To the best of our knowledge, this MR-based confocal 

microscopic method, for the first time, provides a direct visual observation on starch 

retrogradation. Owing to the quantitative nature of MR fluorescence, a quantitative method based 

on this confocal approach may also be established in the future. 
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