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Committee Chair: Dr. Yuan Yao 
 

Maize is one of the top sources of food starch. Industrial use of starch is mostly in its native 

form and used due to their functional and structural properties. Native starch properties and 

functionalities have been altered using chemical. An alternative for the development of native 

starch substituents with desirable starch properties is the use of mutagenesis techniques to increase 

genetic variation in maize kernels. With this approach, a highly diverse library of native starches 

with different properties are produced. Traditional analysis of the functional and structural 

properties requires generous amounts of material as well as a time-consuming and costly breeding 

process to obtain enough kernels. To address this difficulty, high-throughput techniques are 

proposed  for studying starch properties and functions which includes a 1) single kernel sampling 

method for the isolation of milligrams of starch, and techniques for studying starch based on 

functional properties, 2) retrogradation and 3) shear resistance, using low-volume low-

concentration starch pastes. 

First, three mechanical approaches were evaluated for the collection of endosperm samples 

from individual kernels: razor blade, 1.5 mm drill bit, and trephine bur. Furthermore, two methods 

for the isolation of crude starch from endosperm samples (steeping method and combination of 

proteases and sonication) were compared. In this study, the mechanical approaches were evaluated 

using the recovery rate, throughput, and germination rate of sampled kernels. Moreover, yield 

determination, particle size distribution, and morphological evaluation using a light microscope 

were performed on crude starch isolated from the endosperm samples. The use of trephine bur to 

collect endosperm samples and isolation of crude starch using protease digestion and sonication 

showed the best combination for a high-throughput setting.  

Second, a high-throughput technique using milligram sample for the screening of 

retrogradation-resistant starch was evaluated by comparing two spectrophotometric techniques: 

turbidity method and molecular rotor (MR). MRs are fluorescent probes with high sensitivity to 
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the viscosity of their environment, polarity of the media, molecular crowding, and free volume. 

After excitation, MRs relax through rotational movement and reduces the emission of fluorescence. 

In this study, hydroxypropylated waxy corn starch (WCS) and hydroxypropylated normal corn 

starch (NCS) were used and their retrogradation kinetics was compared with retrogradation 

kinetics of native WCS and NCS.  

It was found that the molecular rotor 9-(2-carboxy-2-cyaovinyl)-julolidine (CCVJ) was 

effective to sense changes during slow retrogradation of amylose-containing starch pastes. 

Development of elastic modulus of retrograded NCS pastes obtained from dynamical rheology 

showed high correlation with the development of fluorescence intensity of the CCVJ. Furthermore, 

rate of retrogradation using fluorescence intensity was affected by the introduction of a 

retrogradation inhibitor, hydroxypropyl groups. Accelerated retrogradation of low-concentration 

WCS pastes was measured using the turbidity method and fluorescence intensity of CCVJ in a 

microplate. Accelerated retrogradation was performed by subjecting the low-concentration WCS 

pastes to six freeze-thaw cycles of -20 ºC for 1 hour and 30 ºC for 1 hour. Overall, development 

of turbidity resulted in the more sensitive technique to detect rate of retrogradation of amylopectin-

containing starch.  

The last part of this research studied the use of CCVJ as a technique to identify shear-

resistant starch in starch slurries using milligram sample. For this purpose, WCS was cross-linked 

with sodium trimetaphosphate (STMP) and phosphoryl chloride (POCl3). Low-volume starch 

slurries having CCVJ were prepared ranging from 0.5% to 1% starch concentration in a 96-well 

PCR plates and subjected to heat and shear treatments. It was found that fluorescence intensity 

measured in native WCS pastes were the lowest. Furthermore, fluorescence intensity of the CCVJ 

in the gelatinized starch increased as the amount of cross-linker increased in the cross-linked WCS. 

After shear treatments, the same trend in fluorescence intensity increase was recorded in all the 

crosslinked WCS. Results obtained using fluorescence intensity were compared with rapid 

viscosity analyzer (RVA) and images from microscope. Results obtained from both techniques 

corroborated the findings using fluorescence intensity. 

In general, the findings of this research provide new insights into the possibilities of 

developing a high-throughput screening platform of milligram starch sample based on their 

physical properties.  
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CHAPTER 1. LITERATURE REVIEW 

1.1 Introduction 

The production of starch is predicted to grow due to their extensive use not only in the food 

industry but also the paper, textile, pharmacy, and chemical industry. Sales of starch were expected 

to reach $77.4 billion by 2019 (Business Research Company, 2016). Starch in its native form was 

reported to represent 74% as primary use for industrial purposes, followed by hydrolyzed and 

modified starches (Business Research Company, 2013). Starch is obtained from a variety of 

botanical sources, but maize is one of the top sources. Starch is incorporated to food systems which 

benefit from its inherent diverse functional properties. In order to be incorporated in food stuffs, 

starch needs to provide a wide range of attributes and withstand a range of processing conditions 

(BeMiller, 2019). However, native starches have few of the desired characteristic and are very 

susceptible to heat, shear, and recrystallization. These defects are addressed by modifying starch 

through genetical, chemical, physical, or enzymatic methods that enhance native starches 

properties and increase their functionalities. 

Starch is composed of two polysaccharides: amylose (AM) and amylopectin (AP). The 

variation in their molecular structures, ratio, chemical composition, and molecular organization 

confers all the properties that starch exhibits (Wiesenborn et al., 1994; Vamadevan & Bertoft 2015). 

Moreover, these variations occur in different botanical sources and within botanical source. For 

this reason, it is necessary to understand starch structure at distinct levels of organization to predict 

its physicochemical properties.  

The increase in the demand of “organic” and natural ingredients is continuously growing. 

The demand to eliminate “artificial” products creates a new challenge to the food industry to 

replace the chemically modified ingredients and replace them with natural substituents. However, 

this task it is not easy and requires a lot of effort not only of the food processors but their partners 

as well. The development of new mutant lines of maize is showing promise for the development 

of new native material with the idea of finding cost-efficient natural substituents. Protein, fiber, 

and gums have been studied as natural substituents of starch. However, the disadvantage of the 

use of these materials is the cost and new properties that can be incorporated which are not 
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desirable. The finding of a promising solution is the identification of novel starch with comparable 

properties to those of modified starches that can be exploited in an industrial setting.  

In the present work, the overall goal was to develop new high-throughput methods for the 

screening of starch obtained from mutagenesis approaches or germplasm library based on desired 

physicochemical properties or enhanced functionalities. Spectrophotometric methods and the use 

of molecular rotors helped design novel approaches for the study of two starch properties. These 

new methods were compared with conventional methods of analysis. Finally, the combination of 

the high-throughput techniques with a single kernel analysis assures the development of a platform 

to screen corn kernels to accelerate the selection of novel starch materials.  

1.2 Clean label movement  

The clean label movement has arisen as health-conscious consumers demand simple names, 

minimal use of manufacturing aids, inclusion of natural ingredients and being free from GMO, 

gluten, allergens, and artificial or synthetic components (Finamore, 2017). Although the 

development of modified starches has led to the creation of new products, the introduction of the 

“clean label” trend represents a challenge for food companies and their partners to search for new 

natural ingredients (Asioli et al., 2017). Moreover, the reduction of the “unhealthy” and 

“unfamiliar” components of the food system is requiring food companies to develop techniques to 

improve functionalities of native starches by physical modification, thermal treatment, and 

selective crop breeding (McDonagh, 2012).  

This demand for “natural” and healthy products represents an opportunity to explore new 

techniques and develop natural starch substituents that are cost-efficient and can replace the use of 

modified starches in food stuffs.  

1.3 Genetic modification of corn 

With the development of industrial farming and the growing of the global population, a 

demand for higher yields has led to development of maize hybrids. However, the genetic 

variability of corn is suppressed with the development of new hybrids; thus, leading to the need to 

increase the genetic variation to enhance desirable traits such as yield, quantity and quality of 

starch, protein, oil, and other aspects such as pericarp thickness or kernel hardness (Darrah, 
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McMullen, & Zuber, 2019). The development of new techniques to increase mutagenesis, genetic 

transformation, and genome editing can be used to modify the genetic information of maize and 

obtain plants with different genetic backgrounds (Cabrera-Ponce, Valencia-Lozano, & Trejo-

Saavedra, 2019).  

1.3.1 Increasing genetic variation of corn 

Mutagenesis has been used to induce mutations and increase the genetic variation in maize. 

The approaches to induce mutation in maize include the use of 1) transposons, which insert a 

Mutator element and activator/dissociation element in the genome to induce mutation of genes; 2) 

other techniques that do not involve transposons, which uses chemical and physical mutation of 

the genome; and 3) phenocopying strategies, which silence gene expression by the use of double-

stranded RNAs (RNAi) (Weil & Monde, 2007; Cabrera-Ponce et al., 2019)  

With the current use of mutagens, a high number of mutant lines have been produced and 

an effective approach to identify mutant lines with starch possessing desirable properties and their 

corresponding genotypes is highly needed. Furthermore, the combination of mutagens and 

breeding techniques will result in an increase in the effectiveness and efficiency of selection of 

several quantitative traits with the goal of creating or identifying novel native starches that show 

the functionalities of chemically modified starch. However, two fundamental issues arise: 1) 

vitality of seed after analysis or screening needs to be preserved; and 2) limitation in the amount 

of material obtained. With these two limitations, screening techniques are needed that can enable 

identification of novel native starch and advance fundamental research of starch. 

1.3.2 Single corn mutant effects  

Single mutant maize with known recessive genes that alter the fine structure and ratio of starch 

components in the endosperm have been identified (Table 1.1). In addition, the effect of  recessive 

genes in the triploid endosperm also depends of the genetic background (Wang, 1992). Lastly, 

combination of recessive genes may result in additional variations to both structure and properties 

of the starch components (Boyer & Liu, 1985; Ninomya et al., 1989; Shannon, Garwood, & Boyer, 

2009).  
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Table 1.1 Characteristics of maize mutant with single recessive gene 

Mutant genotype Description Reference 
AM-extender (ae) High apparent amylose content ranging 

from 50 to 80%. 
Banks, Greenwood, & Muir, 

1974 
waxy (wx) Epistatic to all other known recessive 

genes for blocking amylose 
accumulation. 

Wang, 1992 ; Inouchi et al., 
1991 

brittle-1 (bt1) Higher sugar content at the expense of 
starch accumulation. 

Ninomya et al., 1989 

shrunken-2 (sh2) Reduced starch content to about 30% 
of the normal amount with dramatically 

increased sucrose content. 

Holder, Glover, & Shannon, 
1974; Dickinson & Preiss, 

1969 
sugary 1 (su1) Accumulation of phytoglycogen to 

25% or more of the kernel dry weight. 
Ninomya et al., 1989; Yeh & 

Yeh, 1993; Holder et al., 
1974 

dull (du) Increased AM content compared with 
normal corn starch. 

Holder et al., 1974; Ikawa et 
al., 1981; Boyer & Liu, 1985 

Source: Wang (1992)  

1.4 Starch and starch composition 

Starch is a major component of energy storage in maize and is mainly isolated from the 

corn kernel by the wet-milling process (BeMiller, 2019). Starch is a porous semi-crystalline and 

water-insoluble granule and is composed of two different polysaccharides. AM is a linear polymer, 

is composed by glucose units linked mainly by α-1,4 glycosidic bonds, and presents few 

ramifications in the position α-1,6. On the contrary, AP, with a molecular weight ranging from 107 

to 5 × 108 Da (Ratnayake & Jackson, 2008; Hamaker, Tuncil, & Shen, 2019), is a highly branched 

polymer of glucose units linked by α-1,6 glycosidic linkages and also linear branch chains of 

glucose linked by α-1,4 glycosidic bonds (Matignon & Tecante, 2017). Each AP chain may contain 

an average of 6-100 α,1-4 linked anhydroglucose residues (Ai & Jane, 2018). The composition of 

each polymer varies in corn starch, for example: NCS contains ~25% AM while the mutant WCS 

may contain >90% AP.  

1.4.1 Starch granule architecture 

Distinct levels of organization were found in the starch granule. Adjacent AP chains are 

associated into a double-helical crystallite and packed mostly in two different patterns: the A-type 

and the B-type polymorph with monoclinic unit cell and hexagonal unit cell, respectively (Buléon 
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et al., 1998). The double helices are packed into lamellas structure (Angellier-Coussy et al., 2009) 

and the AP lamella into spherical blocklets with a diameter of 20-500 nm (Gallant, Bouchet, & 

Baldwin, 1997). The blocklets are organized into hard and soft shells that allows the occurrence 

of growth rings in the starch granule (Ai & Jane, 2018). AM and AP are organized in amorphous 

and crystalline domains, respectively, arranged in alternating concentric rings that create a semi-

crystalline environment within the granule (Ratnayake & Jackson, 2008). 

Variation of the starch physical properties are due the molecular composition, chemical 

composition, and molecular organization which varies between botanical sources and within 

botanical (Wiesenborn et al., 1994; Vamadevan & Bertoft 2015). Fine structure of AP (i.e. chain 

length, distribution of chain lengths, and ratio of short to long chains), AM structure; and AM-AP 

ratio can be affected by the mutation of the starch biosynthetic enzymes. Moreover, the use of 

chemical mutagenesis promotes changes in the maize genotype, that may affect starch properties 

relevant to the food industry. 

1.5 Starch properties in water: Gelatinization, pasting, and retrogradation. 

Starch is the main ingredient in food products and is used due to its hydrothermal transition 

properties. When subjected to heating in presence of water, the starch granule undergoes a series 

of changes that are responsible for its food-industry relevant properties such as gelatinization, 

pasting, and retrogradation (Sullivan and Johnson, 1964; BeMiller & Whistler, 2009; Biliaderis, 

2009).  

1.5.1 Gelatinization 

Gelatinization is the process by which the semi-crystalline structure of the native granule 

is lost due to rapid hydration during heating (BeMiller, 2019). Starch granules are rapidly hydrated 

when added to aqueous system. Heating the aqueous starch dispersion increases hydration of the 

starch granule. Water acts as plasticizer and disrupts hydrogen bonds first in the amorphous regions 

of the granule with a change of shape, and second in the crystallites when the granule swells even 

more due to excessive heating (BeMiller, 2019). Heating starch granules in presence of water until 

melting of crystallites increases the volume of the granule and a loose structure is formed (Ai & 

Jane, 2018). This process is mainly responsible for the inherent hydrothermal transition properties 

of native starches. The difference in the fine structure and organization of starch molecules inside 
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the starch granule between botanical sources and within botanical source is reflected in the 

different gelatinization properties (Jane et al., 1999).  

1.5.2 Pasting 

An excess of heating and shearing of starch granules in excess water results in more 

swelling, leaching of the starch molecules, and disruption of the granule (BeMiller, 2019). As a 

result, a viscoelastic mass (i.e., paste) is formed consisting of a continuous phase that is a molecular 

dispersion of starch polymers and a discontinuous phase of swollen granules, granule ghosts, and 

granule fragments (BeMiller, 2011). Consequently, solubility of the granules, development of 

viscosity, and other properties related with the structure and organization of starch molecules 

inside the swollen starch granule such as texture and transparency are developed (Biliaderis, 2009).  

1.5.3 Shear resistance 

Shear resistance is the property of the starch granule to withstand severe heat and shear 

processing conditions. The rupture of the granules during pasting of starch are of high importance 

in developing food-relevant properties. When the granule is swollen, a rapid development of 

viscosity in the paste can be measured. Thereafter, rupture of the granules will result in a paste 

with low viscosity, low texture, stringy, and cohesive (Tattiyakul & Rao, 2000). Fine structure of 

AP affects gelatinization; Jane et al. (1999) reported a high pasting temperatures in starch 

dispersions of ae waxy which contain very-long AP chain than waxy starch. They suggest that 

very-long chain AP will hold the integrity of starch granules during heating and shearing, 

conferring shear-resistance to their granules.  

1.5.4 Retrogradation 

After gelatinization, reorganization of starch polymers into a water-insoluble semi-

crystalline structure has been recorded, retrogradation. Starch retrogradation is divided into two 

phases short-term and long-term retrogradation (Jacobson & BeMiller, 1998). Short retrogradation 

occurs immediately when the paste cools down and involves network formation among AM 

molecules (Fredriksson et al., 1998; Wang et al., 2015); this process can take up to 48 hours 

(BeMiller, 2011). Long-term retrogradation is a much slower process and may take several weeks 

for completion (Ring et al., 1987; Fredriksson et al., 1998); AM-AM, AM-AP, and AP-AP 

interaction govern this phase (Wang et al., 2015). 
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Recrystallization of AM and AP is described as a three-step process which includes 

formation of critical nuclei (nucleation), growth of crystals from the nuclei formed (propagation), 

and continuous slow growth or crystal perfection (maturation) (Zhou et al., 2010); the first two 

affect the speed of crystal formation (Eerliengen, Crombez, & Delcour, 1993). Furthermore, 

physical changes are accompanied with starch retrogradation such as increased viscosity and 

turbidity of pastes, gel formation, exudation of water and increase in crystallinity with the 

appearance of B-type crystal polymorphs (Hoover et al., 2010).  

Jacobson, Obanni, and Bemiller (1997) described that the rate of retrogradation depends of 

structure of AM and AP, ratio of AM to AP, temperature, starch concentration, botanical source 

of starch, and presence and concentration of other ingredients. The rate of retrogradation can be 

accelerated when the temperature of storage is cycled between the temperature of nucleation and 

temperature of propagation which promotes growth of crystalline regions and perfection of 

crystallites. (Jacobson & BeMiller, 1998; Silverio et al., 2000; and Zhou et al., 2010). Different 

temperature cycling has been used successfully to accelerate rate of retrogradation of starch pastes. 

Freeze-thaw cycling has been demonstrated to be an efficient method to study retrogradation in a 

short period of time (Jacobson & BeMiller, 1998).  

1.6 Enhancement of starch properties  

Genetic, chemical, physical, and enzymatic modifications can be used to enhance 

hydrothermal transitional properties of native starches and improve their functionalities. Chemical 

modifications are the most common methods to enhance properties of starch and improve their 

functionalities by stabilizing the granule with the introduction of chemical bonds at random 

locations (Tattiyakul & Rao, 2000). Among the chemical modifications, crosslinking and 

stabilization (hydroxypropylation) are the two mostly used to provide tolerance to processing 

conditions and prevent overcooking and to modify properties to prolong product stability, 

respectively (BeMiller, 2019). 
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1.6.1 Cross-linking of starch  

  
Figure 1.1 Chemical cross-linking of starch with sodium trimetaphosphate 

 

 

Figure 1.2 Cross-linking reaction of starch with phosphorus oxychloride 
 

Cross-linking of starch is usually accomplished by reacting it with monosodium phosphate, 

sodium trimetaphosphate (STMP) (Figure 1.1), phosphoryl chloride (POCl3) (Figure 1.2), 

epichlorohydrin, a mixture of adipic and acetic anhydrides, or a mixture of succinic anhydride and 

vinyl acetate (Hirsch & Kokini, 2002). 

The use of a crosslinker has been regulated by the Food and Drug Administration (FDA) 

and no more than 1% (weight of dry starch) of STMP or no more than 0.1% of POCl3 can be used 

(BeMiller & Whistler, 2009). Introduction of phosphate linkages into starch granule increases the 

average molecular weight (Rutenberg & Solarek, 1984), restricts swelling, and reduces granule 

rupture, loss of viscosity, and formation of a stringy paste during cooking (Woo & Seib, 1997). 

1.6.2 Stabilization of starch  

 
Figure 1.3 Chemical stabilization of starch with propylene oxide 
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Stabilization of starch involves either the esterification or etherification of the granules. 

The main objective of this chemical modification is to create products whose hot paste and gels 

exhibit less retrogradation and syneresis (BeMiller, 2019). The reaction of stabilization is 

performed in a basic medium with the addition of a salt, usually sodium sulfate to repress swelling 

and prevent pasting (Gray & BeMiller, 2005), followed of the addition of the hydroxyalkyl, mainly 

propylene oxide (Rutenberg & Solarek, 1984) (Figure 1.3). 

1.6.3 Increasing genetic variability for the modification of starch properties  

One alternative to chemical modification is the identification of native starches with 

improved native-starch functionalities. For example, fine structure of AP (i.e. chain length, 

distribution of chain lengths, and ratio of short to long chains), AM structure; and AM-AP ratio 

can be affected by the mutation of the starch biosynthetic enzymes. Vamadevan & Bertoft (2018), 

reported that AP with longer external chain length and longer inter-block chain length favors 

retrogradation; while AP with shorter chains counteract retrogradation. Furthermore, AM chain 

length will also affect rate and extent of retrogradation. Precipitation were found to occur with 

short-chain AM (DP<110), whereas long-chain AM (DP>1100) were found to form gels after 

cooling of pastes (Jankowski, 1992). 

New mutagenesis techniques of maize ensure the increase in genetic variation resulting in 

new mutant plants with native starch that may offer diverse functionalities. After identification of 

individuals having desired novel starch, these individuals can be later introduced in breeding 

programs to capture the desired attributes with commercial maize lines. However, the 

identification of individual with desirable traits has two limitans: 1) the vitality of seeds needs to 

be kept, and 2) limited amount of material is available for analysis. Classic analytical methods of 

starch properties use bulk kernels, require large amount of materials, and need long time to collect, 

process, and analyze data; therefore, tracking the properties of starch from individual kernels is 

difficult. Evidently, a high-throughput starch screening platform based on starch analysis of 

individual kernels is necessary. 
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1.7 Conventional methods for studying starch properties. 

1.7.1 Conventional methods for studying gelatinization. 

Measurement of starch gelatinization is accomplished by measuring the temperature range 

and the degree of gelatinization. The temperature range is studied by polarized-light hot-stage 

microscopy, which defines gelatinization temperature as the temperature at which more than 98% 

of granules lose birefringence (Collison, 1968). Differential Scanning Calorimeter (DSC) 

measures the temperature and enthalpy during gelatinization (Zhong & Sun, 2005). The degree of 

gelatinization can also be measured using the rate of enzyme-catalyzed hydrolysis, X-ray 

diffraction, molecule dissolution, and dye absorption (Ratnayake & Jackson, 2008).  

1.7.2 Conventional methods for studying paste properties and shear resistance. 

The mostly used conventional method to determine paste properties (including shear 

resistance of starch) is the use of rapid viscosity analyzer (RVA). The measurement of paste 

properties is based on the measurement of viscosity of a starch paste and recording of changes of 

viscosity during heating and cooling with constant stirring (Wiesenborn et al., 1994). From the 

RVA profiles, several paste properties can be obtained such as pasting temperature, peak viscosity, 

hot paste viscosity (trough), final viscosity, breakdown, and setback (BeMiller, 2011) (Table 2). 

Breakdown is an indicator of how susceptible swollen granules are to disintegrate; a reduction in 

breakdown suggests an increase of shear resistance of starch granules. 

 

Table 1.2 Description of RVA pasting properties of starch 

Parameter Description 
Pasting temperature The temperature at which rapid viscosity increase begins 
Peak viscosity The maximum viscosity achieved  
Hot paste viscosity (trough) The minimum viscosity just before or after the system begins 

to cool due to disintegration of the swollen granules under 
slight shear (stirring) of the instrument 

Final viscosity The viscosity when the temperature of the paste reaches 50°C 
Breakdown The difference between peak viscosity and trough viscosity. 
Setback The difference between the final viscosity and the trough 

viscosity 

Source: BeMiller (2011) 
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RVA has been used to calculate the relative degree of cross-linking of modified starches 

(Chatakanonda, Varavinit, & Chinachoti, 2000; Kaur, Singh, & Singh, 2006). Other methods for 

the determination of degree of cross-linking include the use of spectrophotometric methods to 

determine the amount of reduced phosphomolybdic acid complex (Morrison, 1964; Whistler et al., 

1964) and the determination of monostarch monophosphate and distarch monophosphate using 31P 

NMR (Sang, Prakash, & Seib, 2007; Kasemsuwan & Jane, 1996; Zhao et al., 2015). 

Dynamical rheology has also been used to determine the viscoelastic properties of starch 

gels and pastes (Biliaderis, 2009). Two independent dynamic moduli can be obtained from the 

dynamic measurements which describes the viscoelastic properties of starch gels and pastes. The 

shear storage/elastic module (G’) describes the energy stored and subsequently released, and the 

loss/viscous module (G”) describes the energy dissipated as heat (Keetels, van Vliet, & Walstra, 

1996). The viscoelastic measurements can also be expressed in the form of complex modulus (G*; 

G*= G’ + iG’’) and loss tangent (tan δ; tan δ= G’’/G’) which express the total contribution of the 

dynamic moduli in the changes in viscoelastic character of the polymer network structure 

(Biliaderis, 2009). 

1.7.3 Conventional methods for studying retrogradation. 

Differential Scanning Calorimeter (DSC), Visco-Amylo-Graph, RVA, and dynamical 

rheology are common methods for studying retrogradation of starch (Russell, Berry, & Greenwell, 

1989; Keetels, van Vliet, & Walstra, 1996; Jane et al., 1999; Biliaderis, 2009; and Jane, 2009). 

DSC is used to monitor changes of phase transitions through measuring energy changes when the 

starch paste is subjected to programmed heating and cooling (Wang et al., 2015). These changes 

are expressed in transition temperatures (onset, TO; peak, TP; and conclusion, TC) and enthalpy 

change (∆H) due to first order (melting and crystallization) and second order (glass) transition of 

starch (Biliaderis, 2009). The transition temperatures and enthalpy changes have been used to 

measure the rate of retrogradation and the effect of temperature cycling and isothermal temperature 

during retrogradation of starch pastes (Zhou et al., 2010; Jacobson & BeMiller, 1998). 

Other methods to study starch retrogradation include measurement of turbidity at 700 nm 

(Gidley & Bulpin, 1989) or 640 nm (Jacobson et al., 1997; Fu & BeMiller, 2017) by UV/Vis 

spectrophotometer, FTIR, NIR, Raman spectroscopy, NMR, light scattering (Gidley & Bulpin, 

1989; Foster & Sterman, 1956), X-ray diffraction, blue value determination, and resistance of 
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starch to hydrolysis (Wang et al., 2015). Measurements of absorbance at 640 nm indicate the 

reduction in transmitted light by the starch pastes with time of storage. The increase in the turbidity 

and reduction of the transmitted light have been associated with microstructural changes and 

molecular associations of the components of starch that occur during early stages of retrogradation 

(Jacobson et al., 1997). 

1.8 Starch properties studied using high-throughput platform 

Conventional methods used for studying hydrothermal transition properties of starch are 

reliable and reproducible; however, the large quantity of material needed, and their time-

consuming protocol limit the incorporation of these techniques in high-throughput screening 

platforms.  

The use of high-throughput techniques to characterize starch is not new; they have been 

used to characterize corn kernel composition and starch structure, but not starch hydrothermal 

transition properties. These methods involve a 96-well plate for the characterization of AM and 

AP using the iodine binding assay (Kaufman et al., 2015); microarrays to identify variation in 

starch structure (Tanackovic et al., 2016); analysis of starch fine structure by single kernel 

sampling and high performance size exclusion chromatography and fluorophore-assisted 

carbohydrate electrophoresis (Yao et al., 2002; and Chen & Bergman, 2007); prediction of kernel 

composition based on single kernel near infrared spectroscopy (Cogdill et al., 2004; Baye, Pearson, 

& Settles, 2006; Janni et al., 2008; Tallada, Palacios-Rojas, & Armstrong, 2009); and changes of 

the viscosity of digested starch dispersion using molecular rotors (Lee, Ramer, & Toppozada, 

2010).  

Hydrothermal transition properties of starch in a high-throughput platform have not been 

studied. However, devices for the study of microrheology have been developed. Passive and active 

microrheology techniques assure the study of viscoelastic properties at microscopic level (Yang et 

al., 2017). Active microrheology can be achieved by Atomic Force Microscopy (Kuribayashi-

Shigetomi et al., 2015), magnetic tweezers, and optical tweezers (Tassieri, 2019; Yang, et al., 

2017). Passive microrheology is performed by laser interferometry (MacKintosh & Schmidt, 1999), 

video microscopy combined with diffusing-wave spectroscopy (Breedveld & Pine, 2003), and 

light scattering particle (Yang et al., 2017). Moreover, measurement of rheological properties can 
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be achieved by using plungers in parallel to measure rheological properties in an array of samples 

(Mansky and Hajduk, 2004) and a microfluidic device (Schultz & Furst, 2011). 

Until this report, starch microrheology has been reported using γ-dodecalactone combined 

with diffusing-wave spectroscopy (Heinemann et al., 2004), high-resolution ultrasonic 

spectroscopy (Lehmann, Kudryashov, & Buckin, 2004), and particle tracking microrheology using 

high resolution microscopy (Moschakis, 2013). The development of these methods shows the 

advance in technology for the study of such important properties in viscoelastic materials. 

However, the application of these techniques requires a high investment and training to use them 

in a high-throughput platform. To the best of our knowledge, none of these techniques were used 

to characterize starch hydrothermal transition properties in a high-throughput platform. 

1.9 Single kernel sampling  

Selection of desired plants with the desirable genetic, physical, and/or chemical trait has 

been used to select crops for ensuring food security. Chemical composition analysis of the plant 

material is the most widely accepted reference method for desired trait selection (Baye et al., 2006). 

These methods are destructive and require large amount of plant/seed material that is obtained 

from bulk sampling.  

Expression of the desirable phenotype and genotype is not uniform in all seeds; for this 

reason, selections based on analysis of individual kernels are necessary to separate those with the 

desirable traits. Moreover, in plant breeding the material collected is scarce and it is important to 

have enough material to ensure that plants with the desirable phenotype and/or genotype are 

propagated in the new offspring. Single Kernel Sampling (SKS) requires/involves: the protection 

of post-sampling germination; more than 80% of the seeds sampled to maintain viability (Becker 

and Cope 2008); obtaining at least a minimum required sample amount; obtaining a useful amount 

of sample from a specific location on the seed; maintaining a particular throughput level for 

efficiency purposes; reducing or virtually eliminating contamination between samples; and 

allowing for the tracking of separate samples and their correlation to other samples in a group 

(Becker and Cope 2008).  
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1.9.1 Mechanical approach for individual kernel sampling  

Earlier efforts to sample individual kernels from different botanical sources have used 

mechanical approaches and laser, and their use have been reported (Table 1.3). 

Table 1.3 Mechanical approaches for sampling individual kernels 

Method Reference 

Hand-held rotary grinder with a #105 
Dremel grinding bit Sangtong et al., 2001 

Abrasive screen Cope, Kurth, and Oldenburg, 2012 
Rotary blade Deppermann et al., 2008  
Breaking of the seed using an applied 
force Cope, Jaehnel, & Mongan, 2012 

Broach mounted in a programmable slide Deppermann, Zhang, and Hinchey, 2014 
Cookie cutter Martinant et al., 2015 
Razor blade Yao et al., 2002 
Animal nail clipper and cigar-type 
multiple-blade cutter Becker & Cope, 2008 

Laser beam 
Hannappel, 2011; Hannappel, 2013; Cope & Kurth, 
2008; Cope, 2010; Cope, 2011; Abbas et al., 2011; 
Becker et al., 2014) 

 

The pitfalls of mechanical approaches and laser beam to collect tissues form single kernels 

are due to the defects that occur during processing. Cracks and damage of kernel, high shear forces 

leading to the heating of sample, disruption of sample while collecting, and damage of kernel by 

direct heat are some of the disadvantages for the use of mechanical approaches in SKS. 

Furthermore, collection of multiple samples from the individual kernels is not possible. In addition, 

length, sharpened edge, and reusability of the device would determine size and quality of the 

specimen. 

1.9.2 New mechanical approaches for single kernel sampling  

New mechanical approaches and techniques for the extraction of hard tissue have been 

developed. Medical devices for bone examination and removal of hard tissues have been 

developed with the goal to obtain a high efficiency rate and efficacy during sample collection. 

Furthermore, these devices were designed for the reduction of shear force and increase of the 

success rate when collecting samples. Commercial medical devices are trephine bur (Abdulrazaq, 

Issa, & Abdulrazzak, 2015), biopsy punch, bone biopsy needles (Wu et al., 2008), ultrasonic 
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cutters (Mathieson et al., 2017), piezoelectric bone surgery tools (Hennet, 2015), and cold plasma 

cutter (Gutierrez et al., 2013).  

Piezoelectric bone surgery uses a sharp (scalpels and scrapers), serrated (saw), or diamond-

coated metallic tip that vibrates at high frequency producing small movements, ranging between 

60 to 210 μm (Hennet, 2015). Applying light pressure while cutting, allows the user to cut hard 

tissue and has been demonstrated to produce less damage by heat (Labanca et al., 2008).  

Cold plasma has been used recently as a tool in surgery of soft and hard tissue. It uses a flow of 

helium gas that is energized when in contact with an electrical-energized metal blade to produce a 

plasma stream for cutting. The plasma stream can be controlled trough the electrical power and 

flow rate of gas for hard tissue removal (Gutierrez et al., 2013).  

1.10 Molecular rotors 

Molecular rotors are a group of molecules that has the ability to display an internal rotation 

in the fluorescence excited state (Haidekker & Theodorakis, 2010). These molecules are part of 

twisted intramolecular charge-transfer complexes (Akers, 2004; Gulnov, Nemtseva, & Kratasyuk, 

2016) and their sensitivity is based in the restriction of the internal rotation. An ideal molecular-

rotor sensor will have a large Stokes shift, that is the difference in wavelength of excitation and 

emission maxima; high sensitivity to structural rigidity; high brightness; and no coupling of the 

response to other physical and chemical property such as polarity (Alhassawi, et al., 2018).  

1.10.1 Mode of action 

Molecular rotors are composed of three units: an electron donor unit, an electron receptor 

unit, and an electron-rich spacer unit that is composed of a network of alternative single and double 

bonds (Haidekker & Theodorakis, 2010). Deactivation of this molecule is regulated by two 

competing deexcitation states: locally excited state or planar configuration (LE) and twisted 

intramolecular charge transfer state or non-planar configuration (TICT) (Loutfy, 1986 ; Haidekker 

& Theodorakis, 2007). Molecular rotors can relax either through LE or TICT which is determined 

by the environmental viscosity, molecular crowding, polarity of the media, and free volume 

(Haidekker & Theodorakis, 2007). In the TICT, the molecule experiences an internal molecular 

rotation due to the transfer of electron from the electron donor unit to the electron acceptor unit 

(Haidekker & Theodorakis, 2010). Inhibition of the TICT pathway leads to a decrease in the non-
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radiate decay rate and an enhancement of the quantum yield, that is the ratio of emitted photons to 

absorbed photon (Loutfy, 1986). 

The relationship between quantum yield (ϕ) and system microviscosity (ηm) is expressed 

with the Forster-Hoffman theory: Log	ϕ = x	(Logη*) + C; where x and C are probe-dependent 

and temperature-dependent constants (Loutfy & Arnold, 1982; Loutfy, 1986; Haidekker et al., 

2010). It has been proved that free volume is also determinant in the molecular rotor quantum yield 

and changes in the free volume of polymeric systems can be measured (Doolittle, 1952; Loutfy, 

1986; Jee et al., 2009; Gavvala et al., 2013; Jee, Bae, & Lee, 2010; Lee et al., 2014; Alhassawi et 

al., 2018). 

1.10.2  Application of molecular rotors in biological samples 

Molecular rotors have been used to monitor aggregation and polymerization of 

macromolecules (Loutfy & Teegarden, 1983); monitor protein aggregation (Hawe, Filipe, & 

Jiskoot, 2010; Kung & Reed, 1989; Sawada et al., 1992); examination of phospholipids bilayers 

and cell membrane (Nipper et al., 2008; Viriot et al., 1998; Haidekker, L’Heureux, & Frangos, 

2000); and measurement of microviscosity and viscosity change in biofluid or live cells (Haidekker 

& Theodorakis, 2007; Haidekker et al., 2002; Haidekker et al., 2000). These show that application 

of molecular rotors in hydrophilic and hydrophobic environments is possible and subtle changes 

can be detected using molecular rotors. 

1.10.3 Potential application of molecular rotors in food science 

The application of molecular rotors in food industry is expanding. Molecular rotors have 

been used to sense changes in the rigidity of polymer films (Jee, Bae, & Lee, 2009; Jee, Bae, & 

Lee, 2010), to measure change of viscosity of enzymatic-digested starch paste in real time in a 

high-throughput way (Lee et. al., 2010), to study the free volume of different cyclodextrins 

(Gavvala et al., 2013), and to study changes of microviscosity of gelatinized starch dispersions 

(Gulnov et al., 2016). 

Conventional hydrophilic molecular rotors such as 9-(2-carboxy-2-cyanovinyl) julolidine 

(CCVJ) and 9-(2,2-dicyanovinyl) julolidine (DCVJ) are more extensively used (Gavvala, Satpathi, 

& Hazra, 2015). The application of these molecular rotors to study food properties is possible due 

to their ability to sense changes in molecular crowding; polarity of media; micro-viscosity of 
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hydrophilic and hydrophobic liquids and semi solids; aggregation of molecules and 

macromolecules; phase behavior and phase transitions of hydrophobic molecules; and fluid flow.  

(Gulnov et al., 2016; Lee, Ramer, & Toppozada, 2010; Alhassawi et al., 2018). 

Molecular rotors can help to reveal local spatial restriction and free volume in starch gels. 

Starches with different AM and AP fine structure could form different micro- and nano- structures 

with varying free volume; thus, the effect of AP-fine structure of starch during gelatinization and 

retrogradation can be studied. Furthermore, the increase of molecular crowdedness by introduction 

of internal cross-linking, which will increase molecular weight of starch granules, can be detected 

through monitoring changes of fluorescence intensity of molecular rotors.  

1.11 Experimental aims 

Although methods to characterize starch structure using a high-throughput way have been 

developed. There is still the need to develop techniques to study and characterize starch granules 

from individual kernels based on their hydrothermal transition properties. Spectrophotometric 

analysis has been used to determine some hydrothermal transition properties in starch slurries, but 

their suitability as high-throughput technique has not been investigated. Furthermore, the 

successful development of new methods to study micro-structure based on the use of molecular 

rotors coupled with fluorescence microscopy, may increase the reliability of this technique for 

characterizing hydrothermal transition properties of starch.  

Our overall goal is to develop high-throughput techniques for studying starch properties 

combined with single kernel sampling for the selection of corn kernels with desirable native starch 

properties. It is hypothesized that high-throughput spectrophotometric techniques combined with 

SKS can replace the use of conventional methods to measure starch properties and functionalities. 

To accomplish this objective, we proposed the following specific aims: 

1. Evaluating medical devices to effectively extract endosperm tissue from corn kernels; 

2. Identifying a high-throughput technique to study starch retrogradation at a milligram level;  

3. Evaluating the use of molecular rotors to identify shear resistant-starch granules and use 

conventional methods to corroborate the results obtained using molecular rotors. 

The results obtained from this work will offer a new strategy to study hydrothermal 

transitional properties of starch and help screen starch granules based on these properties. 

Furthermore, the identification of high-throughput techniques combined with single kernels 
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analysis would allow rapid selection of novel candidates (maize seeds) with desirable 

properties/functionalities. The identification of such starch granule attributes would enhance 

breeding techniques and improve maize hybrid development.  
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CHAPTER 2. MILLIGRAM CRUDE STARCH ISOLATION FROM 
INDIVUDUAL CORN KERNELS  

2.1 Introduction 

There is a growing demand for the detection of specific traits in corn starch that is leading 

corn breeders toward the research and development of new techniques of analysis. The use of 

breeding techniques and the development of new to techniques to modify the genetic information 

of corn kernels with varying levels of mutation assure the creation of corn kernels containing starch 

granules with novel properties. 

Analysis of whole grain is still a widespread technique. However, bulk sampling does not 

allow identification of individual kernels that may have different composition (Dowell et al., 2002). 

In plant breeding, the plant material collected is scarce and it is important to keep the viability of 

the kernel for further analysis or propagation of the desirable trait. In addition, expression of the 

desirable phenotype and genotype is not uniform in all seeds.  

Single Kernel Sampling (SKS) has been used for the selection of seeds of interest without 

reducing viability of the material sampled (Tallada, Palacios-Rojas, & Armstrong, 2009; Yao et 

al., 2002; Cogdill et al., 2004; Janni et al., 2008). Different mechanical approaches have been 

developed for the sampling of individual seed with the objective of maintain the viability of the 

kernel, obtain the useful amount of material, maintain a particular throughput level, and reduce 

contamination of samples (Becker & Cope 2008). 

In previous efforts, many defects in kernels were found when using mechanical approaches: 

cracks and damage to the corn kernel caused by heat when using a #105 Dremel grinding bit 

(Sangtong et al. 2001), a rotary blade (Deppermann et al., 2008), and an abrasive screen (Cope, 

Kurth, & Oldenburg 2012); or a laser beam (Cope, 2010; Cope, 2011; Abbas et al., 2011; 

Hannappel 2011; Hannappel 2013; Becker et al., 2014); and cracks in the corn kernel when using 

a broach (Deppermann, Zhang, & Hinchey 2014), animal nail clipper (Becker & Cope, 2008), and 

a cookie cutter-like tool (Martinant et al. 2015). Although the use of these devices was successful 

for collecting samples of individual kernels in a high-throughput way, there have been recent 

advances in the development of equipment with high efficiency and efficacy to remove hard tissue, 

prompting their evaluation as tools in SKS. 
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Medical devices for bone examination and hard tissue extraction have been developed and 

designed to reduce heat by shear force and to increase success rate when cutting hard and soft 

tissue. Example of medical devices are the trephine bur (Abdulrazaq, Issa, & Abdulrazzak, 2015), 

biopsy punch, bone biopsy needles (Wu et al., 2008), ultrasonic cutters (Mathieson et al., 2017), 

piezoelectric bone surgery tools (Hennet, 2015), and the cold plasma cutter (Gutierrez et al., 2013). 

The use of these devices for SKS could better assure that collection of a good specimen with, 

reduced kernel damage during sampling, and multiple point sampling on a single kernel are 

possible. 

Starch isolation is an important part of carbohydrate research. Obtaining high purity and 

sufficient quantities without modification to the starch granule are required for characterization, 

chemical modification, fermentation, and industrial application (Puchongkavarin, Varavinit, & 

Bergthaller, 2005). Wet-milling is the main industrial process to separate fractions of starch, 

protein, germ, and fiber from corn kernels (Ji, Seetharaman, & White, 2004; Eckhoff, et al. 1997). 

Furthermore, new methods for the isolation of starch using cellulase and protease have been 

developed to increase starch yield that can be obtained from corn kernels and cereal flours (Wang 

& Wang, 2004; Wang & Wang, 2001; Lumdubwong & Seib, 2000; Cameron & Wang, 2006). 

In this study a method for the extraction of endosperm samples from individual corn 

kernels and crude starch isolation from endosperm samples is reported. Medical devices were used 

to sample single kernels and two method for the isolation of corn crude starch from endosperm 

samples were evaluated. The efficiency of using medical devices to collect endosperm samples, 

subjective analysis of kernel damage, germination rate of sampled kernels, throughput of each 

method, and crude starch yield obtained from endosperm sample are reported. 

2.2 Materials and methods 

2.2.1 Chemicals and Materials 

An ear of yellow dent corn was obtained from Dr. Yao’s collection. Single-edged carbon 

steel blades, trephine bur drill with a diameter of 2.3 mm, 1.5 mm drill bit, glass beads of 0.5 mm, 

1.5 mL Eppendorf tubes, and reagent grade sodium metabisulfite were purchased from Fisher 

Scientific (Hanover Park, IL). Neutral protease from Bacillus sp. (> 16 KNPU/g) was purchased 

from Sigma (Sigma-Aldrich Corp.) 
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2.2.2 Single Kernel Sampling 

2.2.2.1 Extraction of endosperm sample by mechanical approach: trephine bur and carbon steel 
blade 

Endosperm samples were extracted from single corn kernel using three mechanical devices: 

carbon steel blade, 1.5 mm drill bit, and trephine bur. A total of 20 kernels were used per medical 

device. 

For extraction of endosperm sample using a trephine bur and drill bit, a 6 mm benchtop 

variable-speed drill press was used (China). Corn kernel was fixed in a drill chuck, a multipoint 

fixing device; then the trephine bur or drill bit were coupled to the bench-top drill. The spindle 

speed was set at 150 – 170 RPM and a hole was bored in the corn kernel. Finally, an endosperm 

sample was collected in an Eppendorf tube. The procedure was repeated to collect multiple 

endosperm samples from the same corn kernel (Scheme 1).  

Collection of endosperm tissue using carbon steel blade was performed as described in Yao 

et al., (2002). Endosperm tissue was removed from the crown of a single kernel using a carbon 

steel blade. The angle of cut was about 45º to avoid damage of the germ. Tissue sample was 

collected in an Eppendorf tube. The use of a carbon steel blade did not allow multiple-point 

sampling from single kernel.  

The recovery rate and throughput were recorded for each mechanical approach. The 

recovery rate was defined as: 

 

weight	of	endosperm	sample
(weight	of	kernel	before	sampling − weight	of	kernel	after	sampling	) ∗ 100 

 

The throughput was recorded as the total time used to collect the entire endosperm sample 

of all corn kernels using a medical device. 
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Scheme 2.1 Flow chart of the sample collection using two mechanical approaches  

 

2.2.3 Crude starch isolation from endosperm sample.  

Steeping method and a combination of sonication and protease digestion were compared 

for the isolation of crude starch from endosperm samples.  

2.2.3.1 Steeping method 

Steeping is the most widely used method available for isolation of crude starch from corn 

kernel. The method consisted of the following steps: addition of glass beads (0.5 mm diameter, 

0.04 ~ 0.05 g) to each Eppendorf tube containing endosperm tissue; then, 200 μL of steeping 

solution (1% sodium metabisulfite solution (0.67% SO2) was added and kept for 24 h with constant 

stirring at 100 RPM and 45 °C in a water bath. Afterwards, pericarp was removed manually. 

Centrifugation (2,000 × g, 5 min) was performed three times to wash the corn crude starch. After 

centrifugation, the supernatant was discarded, and the precipitate was dried out completely in an 

oven at 40 °C. The weight of each pellet was measured. 

2.2.3.2 Sonication and protease digestion method 

Sonication and protease digestion method was performed as per Cameron & Wang (2006). 

Endosperm sample was soaked with sodium phosphate buffer solution (0.1 M, pH 7.0). Neutral 

protease was added at 0.05% (w/w; endosperm base) and left for 4 hours in a water bath at 50 ºC 

a. Fix maize kernel in a drill chuck  

b. Couple trephine bur or drill bit to drill bench 

c. Set spindle speed to 150~170 RPM 

d. Bore a hole in maize kernel 

e. Collect sample in Eppendorf tubes  

f. Purification and germination 
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with constant stirring. Afterward, the tubes were transferred to an ultrasonic bath (40 KHz; Fisher 

Brand, USA) and applied ultrasonic treatment using a 100% amplitude for 30 min. After 

ultrasonication treatment, the corn crude starch was centrifuged at 100 RPM for 30 min and 

supernatant was discarded. Then, the corn crude starch was washed three times by centrifuging at 

500 × g for 15 min and discarding the supernatant. Lastly, a final centrifugation at 3,000 × g for 

15 min was performed to isolate crude starch. 

2.2.4 Particle size 

The method described by Yue Li et al. (2008) was used. A dispersion of isolated crude 

starch was prepared by mixing 5 mg of isolate with 1 mL of deionized water. The dispersion was 

stirred for 10 min. Then, a Mastersizer 2000 (Malvern Instruments, UK) was used to obtain the 

particle size data. 

2.2.5 Microscope images  

An inverted microscope (VWR, US) equipped with a Motic Cam Pro 252A (Motic; British 

Columbia, Canada) was used to collect images of corn starch. Isolated crude starch was dispersed 

at 0.01% in deionized water and placed in a microscope slide. The specimen was observed using 

magnification of 10 – 40X. Microscopic images were taken using the software provided with the 

Motic Cam Pro 252A. 

2.2.6 Germination test.  

Twenty sampled kernels using each mechanical approach were used for germination testing. 

Kernels were placed in a petri dish that contained a wet towel paper and the dishes placed in a dark 

room at 25 °C. The paper towel was watered every day with a garden sprayer to keep high humidity. 

After 2, 5, and 7 days, the germinated seeds were counted, and germination rate calculated as: 

 

B
number	of	germinated	seeds

total	number	of	seeds D ∗ 100 

2.2.7 Statistical Analysis  

All experiments were performed in triplicate. Means and standard deviations were obtained 

using Microsoft Excel ver. 16.24 (California, USA). 
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2.3 Results and discussion 

2.3.1 Evaluation of mechanical approach as a method for single kernel sampling 

 

Table 2.1 Comparison of endosperm sample recovery, throughput, and germination rate of 
different mechanical devices used for sampling of individual corn kernel 

Mechanical 
device 

Recovery rate 
(%) 

Germination rate 
(%) 

Throughput 
(kernels/day) 

Scalability 

Drill bit 34.8 ± 20.2 85 ~80 (10 kernels/hr.) Yes 
Trephine bur 88.6 ± 10.3 95 ~100 (14 kernels/hr.) Yes 
Steel blade 98.7 ± 1.1 65 ~200 (26 kernels/hr.) No 

 

The efficiency of each device is shown in Table 2.1. The recovery rate is the amount of 

endosperm sample recovered after extraction of the endosperm sample. A high recovery rate, 

98.7%, was registered when a steel blade was used. Using the trephine bur a recovery rate of 88.6% 

was recorded. This device allows the collection of a good specimen. However, a ~12% endosperm 

sample was expected to be lost due to the ~0.3 mm wall that the device has. The use of the drill bit 

to collect sample form the corn kernel resulted in a low recovery rate. A drill bit produces a lot of 

debris and collection of endosperm tissues using this device was cumbersome. 

The throughput for endosperm collection was recorded for each medical device and was in 

the following order steel blade>trephine bur>drill bit. The use of a steel blade resulted in rapid 

processing of kernels per hour, 26 kernels/hour. A short amount of time was used to align the 

kernel and cut the endosperm sample from the crown. The use of a trephine bur increased the time 

needed to collect the endosperm sample, 14 kernels/hour. The corn kernel needed to be fixed in a 

multiple-point fixing device and more time was needed for this step (Figure 2.1b). Moreover, the 

use of the trephine bur allowed multiple point sampling of the kernel increasing the amount of 

sample collected. The use of a drill bit was more cumbersome. The time needed to bore a hole in 

the endosperm was similar to trephine bur device. Although this device also allowed multiple point 

sampling, the production of small debris increased the time required to collect endosperm tissue. 
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2.3.2 Vitality of kernel after SKS  

 

 

Figure 2.1 Depiction of a) trephine bur, b) multiple sampling point in corn kernel using trephine 
bur, c) cylindrical-shape endosperm sample obtained using trephine bur, and d) germinate kernel 

 

Germination rate of sampled corn kernels using different medical devices are shown in 

Table 2.1. The highest germination rate of sampled corn kernel was for trephine bur (95%) 

followed by sampled corn kernel using drill bit resulted, 85%. This high germination rate was 

expected because the germ can be easily identified and avoided when collecting the sample. The 

advantage of using these medical devices was that a multiple point sampling can be performed 

increasing the amount of sample collected resulting in a more representative sample (Figure 2.1). 

The germination rate for corn kernel sampled using a razor blade is less than 80%. The use of the 

razor blade allowed the rapid collection of endosperm sample. However, damage of the germ can 

be produced due to irregularity in the shape of the corn kernel and the steep cutting angle used.  

2.3.3 Comparison of crude starch yield by two isolation methods.  

 

Table 2.2 Crude starch yield from endosperm samples using two isolation methods 

Mechanical approach Crude starch isolation method Crude starch Yield 
(%) 

Trephine bur Steeping 47.3 ± 3.3 
Trephine bur Sonication + protease 50.4 ± 2.8 
Steel blade Steeping 30.3 ± 8.6 
Steel blade Sonication + protease   37.1 ± 10.6 

 

The mean crude starch yields isolated from endosperm samples using two methods are 

shown in Table 2.2. Crude starch yield obtained using steeping method and a combination of 

a c d b 
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protease digestion and sonication ranges from 30.3% to 50.4 %. These values are lower than those 

reported by Ji, Seetharaman, & White (2004). They reported a starch yield of up to 60% starch 

yield using the steeping in sodium metabisulfite method. Crude starch isolated using the 

combination of neutral protease digestion for 2 hours at 50 ºC and sonication for 30 min resulted 

in the highest yield of 50.4%. It was reported that a higher yield of 61.2 – 76.1% can be obtained 

when neutral protease from Bacillus subtilis and sonication are introduced during starch isolation 

(Cameron & Wang, 2006). The starch recovery in this study was lower than reported previously 

because corn crude starch was isolated from endosperm sample rather than cereal flour.  

Crude starch isolated from endosperm samples obtained by razor blade using the steeping 

method resulted in the lowest starch yield, 30.3 %. The use of the sonication and protease method 

did not increase the crude starch yield. The sample collected with razor blade contained a high 

amount of pericarp, which increased the initial endosperm weight. Moreover, the sample collected 

with razor blade was bulky and could not be digested well by the protease. The use of a tissue 

homogenizer or micro-blender before steeping of the endosperm sample could increase crude 

starch yield. 

A pitfall for the isolation of crude starch from endosperm samples using both mechanical 

approaches was starch loss during the washing step. During the washing step, protein, lipids, fiber, 

and starch particles are discarded with the supernatant. In order to reduce the amount of starch lost, 

a pre-treatment with cellulase can help to increase the effectiveness of the method. Cellulase and 

protease digestion may help to disintegrate the tissues that entrap starch, enhancing its removal 

from the endosperm sample (Yue Li et al., 2008). 
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2.3.4 Particle size distribution  

 

 
Figure 2.2 Distribution of particle sizes of corn crude starch isolated using two methods 

 

Table 2.3 Particle size presented as volume percent of corn crude starch dispersions using two 
isolation methods 

Method Particle range 
(μm) 

Average granule 
diameter (μm) 

PdI* 

<1 >1  
Steeping method 0 100 4.3 ± 0.5 0.201 ± 0.128 
Protease + sonication 35.21 64.79 0.8 ± 0.2 0.427 ± 0.183 

* Polydispersity index value 

 

The particle size distribution of crude starch dispersion isolated using steeping method 

showed a monomodal dispersion with a maximum peak at 4.15 μm. The volume fraction of starch 

granules using this method showed particles with size higher than 1 μm and average of 4.3 μm 

(Figure 2.2). 

The use of the combination of protease digestion and sonication to isolate corn starch 

disrupted the corn crude starch into different fractions with different particle sizes. A trimodal 
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particle size dispersion was observed with maximum peaks at 0.14 μm, 1.1 μm, and 5.6 μm for the 

first, second, and third fraction, respectively (Figure 2.2). The use of protease digestion and 

sonication to isolate crude starch resulted in a reduction in particle sizes (average ~ 0.8 μm).  

2.3.5 Microscope images of corn starch granules 

  

Figure 2.3 Microscope images of corn starch granules isolated by a) steeping method; and b) 
combination of protease digestion and sonication. Images were obtained using a magnification of 

40 X 

Microscope images of starch isolated using two methods are shown in Figure 2.3. Damage 

in the corn starch granules isolated using both methods was not observed. However, irregular 

shapes could be identified. It was observed a high number of small particles associated with the 

corn starch granule isolated using the steeping method (Figure 2.3a). It is likely that these small 

particles may have affected the particle size distribution. Association of small particles with starch 

granule isolated with protease digestion and sonicaion was not observed using a light microscope. 

However, small particles with diameter of ~1 μm were observed. 

2.4 Conclusions 

Two single kernel sampling methods were tested for the extraction of endosperm samples. 

A higher throughput was recorded when a razor blade was used. However, the damage inflicted to 

the kernel with the razor blade to the kernel resulted in a lower germination rate. The best 

mechanical approach to collect endosperm samples from single kernels in this report was using a 

a b 
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trephine bur. Although the throughput of the method was low compared to razor blade, is still a 

rapid approach for endosperm collection and is scalable.  

Two methods for the isolation of crude starch from the endosperm samples was tested. 

Corn crude starch was isolated from endosperm sample after protease digestion at 50 ºC for 2 hours 

with constant stirring followed of a sonication with 100% amplitude for 30 min. The combination 

of extraction of endosperm sample using a trephine bur and crude starch isolation using protease 

and sonication resulted in a crude starch yield of about 50% which is higher compared to the 

steeping method in sodium bisulfate solution. 
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CHAPTER 3. STARCH RETROGRADATION AT MILLIGRAM 
LEVEL OF COMMERCIALLY AVAILABLE CORN STARCH 

3.1 Introduction 

Starch is added to food product as a functional ingredient. However, properties and 

functionalities of native starch varies with botanical source and within botanical source. In order 

to fulfill this demand, native starch is often altered or mixed with additives that will impact their 

properties and functionalities in food systems which can influence costumer acceptability (Silverio 

et al., 2000; Vamadevan & Bertoft, 2018).  

The potential application of new commercial starches can be improved not only with 

chemical modification but also using biological modifications, i.e. mutation, or the combination 

of both chemical and biological modifications (Bemiller, 1997). The use of new methods to 

increase genetic variation in maize exponentially increases the number of potential individuals to 

be screened for starch properties.  

Conventional techniques to study starch properties are difficult to incorporate in high-

throughput screening platforms due to large amount of material needed and their time-consuming 

protocols. Several attempts have been made to use high-throughput techniques to characterize corn 

kernel composition and starch structure characterization (Kaufman et al., 2015; Tanackovic et al., 

2016; Yao et al., 2002; Chen & Bergman, 2007; Cogdill et al., 2004; Baye, Pearson, & Settles, 

2006; Janni et al., 2008; Tallada, Palacios-Rojas, & Armstrong, 2009); and viscosity of starch 

pastes (Lee, Ramer, & Toppozada, 2010; Gulnov et al. 2016). There is still the need to identify a 

technique that is sensitive to changes at milligram levels and provides characterization of starch 

properties with high reproducibility in a high-throughput platform. 

Starch, a porous semi-crystalline and water-insoluble granule, is composed of two α-D-

glucan components, amylose (AM) and amylopectin (AP) (Matignon & Tecante, 2017). When 

heated in presence of water the starch granule gelatinize and undergoes a series of changes 

including melting of crystallites, swollen of the granule, solubility, viscosity development, and 

disruption of intermolecular bonds of starch molecules (Biliaderis, 2009). After gelatinization, a 

reorganization of AM and AP into a water-insoluble semi-crystalline structure has been recorded 

in a process known as retrogradation.  
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Recrystallization of AM and AP molecules is described as a three-step process which 

include formation of critical nuclei (nucleation), growth of crystals from the nuclei formed 

(propagation), and continuous slow growth or crystal perfection (maturation) (Zhou et al., 2010). 

The rate of retrogradation can be accelerated by cycling the temperature of storage between 

temperature of nucleation and temperature of propagation. (Jacobson & BeMiller, 1998; Silverio 

et al., 2000; Zhou et al., 2010). Cycling the temperature of storage of paste between -20 ºC and 30 

ºC has been demonstrated to be an efficient method to study retrogradation in a short period of 

time (Jacobson & BeMiller, 1998).  

Retrogradation and other rheological characteristics of starch pastes can be studied using 

established conventional methods. Differential Scanning Calorimeter (DSC), Visco-Amylo-Graph, 

rapid viscosity analyzer (RVA), and dynamical rheology are the most common methods to study 

retrogradation of starch (Russell, Berry, & Greenwell, 1989; Keetels, van Vliet, & Walstra, 1996; 

Jane et al., 1999; Biliaderis, 2009; and Jane, 2009). Other methods include measurement of 

turbidity at 700 nm (Gidley & Bulpin, 1989) or 640 nm (Jacobson, Obanni, & Bemiller, 1997; Fu 

& BeMiller, 2017) by UV/Vis spectrophotometer, FTIR, NIR, Raman spectroscopy, NMR, light 

scattering (Foster & Sterman, 1956; Gidley & Bulpin, 1989) blue value determination, and 

resistance of starch to hydrolysis (Wang et al., 2015). Most of these methods, although reliable 

and reproducible, require substantial amounts of material and their time-consuming protocols limit 

their use in a high-throughput setting.  

New techniques for the study of changes in micro-environment of biological systems using 

molecular rotors have been developed (Akers, 2004; Haidekker et al., 2002; Haidekker et al. 2002; 

Gulnov et al., 2016). Molecular rotor, such as 9-(2-carboxy-2-cyanovinyl) julolidine (CCVJ), is a 

fluorescent probe composed of an electron donor, electron receptor, and a π-conjugation system 

(Haidekker & Theodorakis, 2010). It deactivates its excited state through two complementary 

decays: a radiative decay or emission of fluorescence, called locally excited state (LE); and a non-

radiative decay or release of heat without emission of photons and internal rotation, called twisted 

intramolecular charge transfer state (TICT) (Loutfy, 1986).  

The TICT state is the main deactivation pathway of the molecular rotor. If the molecular 

rotor is an micro-environment with high viscosity or spatial restriction, the TICT pathway is 

hindered and more photons are released through LE (Akers, 2004; Gulnov et al., 2016). The extent 

of these changes can be monitored through the measurement of the quantum yield, the ratio of the 
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photons emitted to the absorbed photons. Although, the viscosity-sense property of the molecular 

rotor is the most used, it has been proved that free volume and mechanical properties of the medium 

are also determinant in the molecular rotor quantum yield (Doolittle, 1952; Loutfy, 1986; Gavvala 

et al., 2013, Jee, Bae, & Lee, 2009; Jee, Bae, & Lee 2010).  

In this study a high-throughput technique to study starch retrogradation at milligram levels 

of starch is reported. Moreover, a method for the preparation of milligram-level starch pastes and 

a method for the measurement of accelerated retrogradation are also presented. A high-throughput 

platform using a single kernel analysis would allow rapid selection of novel candidates (maize 

seeds) with retrogradation-resistant corn starch. The identification of such starch granule attribute 

would enhance breeding techniques and improve maize hybrid development.  

3.2 Materials and methods 

3.2.1 Chemicals and materials 

Commercially available normal corn starch (NCS) (Melojel) and waxy corn starch (WCS) 

(Amioca) were purchased from Ingredion. Reagent grade CCVJ, Na2HPO4 and NaH2PO4, 

propylene oxide (PO), acetone, sodium sulfate, sulfuric acid (H2SO4), deuterium oxide (D2O), and 

dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO USA). 

3.2.2 Preparation of chemically modified normal corn starch and chemically modified waxy corn 
starch  

Hydroxypropylated starch was prepared using commercial NCS and commercial WCS 

based in the previous work of Fu & BeMiller (2017). Briefly, a 35% (w/v) starch slurry was 

prepared in 0.527 m sodium sulfate solution, and pH adjusted to 11.3. Propylene oxide (PO) was 

added to the starch slurry at ratio of 10%, 20%, and 40% of the dry base of starch. The mixture 

was kept at 25 ºC for 30 hours and constant agitation. Later, the starch slurry was neutralized with 

1M HCl, washed twice with 50% acetone (three times the original volume), and once (one volume) 

time with 100% acetone. The granular modified starch was air dried at room temperature. 

3.2.3 Analysis of hydroxypropylated starch 

Molar substitution (MS) was determined by 1D 1H NMR. A 10% dispersion of 

hydroxypropylated starch was prepared in 0.5 M H2SO4. The acidic dispersion was heated in a 
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boiling water bath for 1.5 hours and neutralized using 5 M NaOH, followed by freeze-drying to 

obtain sample hydrolysates.  

The freeze-dried sample was dissolved in D2O at 10 mg/ml. Two D2O exchanges were 

performed by keeping sample in a boiling water bath for 1 hour followed by freeze-drying. After 

second exchange, freeze dried sample was dispersed in D2O at 10 mg/ml, then 0.7 mL was 

transferred to a 5 mm Thin Wall Precision NMR sample tube. All the 1D 1H NMR measurements 

were performed with a Bruker AVANCE DRX 500 spectrometer operating at 500 MHz. 1D 1H 

NMR spectra were measured at 343 K with 32 scans, relaxation delay of 2 s between scans and an 

acquisition time of 2 s. All the spectra were processed using MestReNova version 10.0.2 

(MestRelab Research, Spain). Chemical shift was referenced by water, and its chemical shift was 

calculated according to equation δ(H2O) = 7.83 − T/96.9, where T is the absolute temperature in 

Kelvin (Jacobsen, 2007).  

MS was calculated by the equations: A/3 ÷ (B - A)/7, where A is the area of the integrated 

1D 1H NMR spectrum around 1.2 ppm (3 methyl protons of the hydroxypropyl group) and B is 

the area of the spectrum in the range 3.1 - 4.1 ppm (4 glucosyl ring protons and 2 methylene + 1 

methyne protons of the hydroxypropyl group) (Fu & BeMiller, 2017). 

3.2.4 Preparation of starch paste using standard methods 

Native and modified starches were used to prepare 0.125%, 3% and 5% (w/v) dispersions. 

For turbidity analysis and rheological measurements, dispersions were prepared in an RVA 

aluminum canister using deionized water. For fluorescence intensity analysis, sodium phosphate 

buffer (0.010 M and pH 6.9) containing CCVJ (5 μM) was used. Each starch dispersion was 

gelatinized in an RVA using standard protocol. An aliquot of 100 mg of the paste was transferred 

to a well of a clear-bottom 96-well black microplate. The microplate was stored at 4 ºC for further 

analysis. 

3.2.5 Preparation of starch pastes at milligram level 

Native and modified starches were prepared in a low-concentration dispersion at 0.1%, 

0.5%, and 1% (w/v) in phosphate buffer (0.010 M and pH 6.9) containing CCVJ (10 μM) or 

degassed and deionized water, for fluorescence emission or turbidity determination, respectively. 

Dispersions were prepared in 10 mL tubes; then an aliquot of 200-uL was transferred to a well of 
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PCR microplate. Starch paste was prepared by atmospheric cooking in a water bath: first, sample 

was heated at 50 ºC for 15 min and then mixed by inversion of microplate; then, microplate was 

heated at 75 ºC for 15 min and mixing by inversion; lastly, microplate was heated at 95 ºC for 15 

min and stabilized to room temperature. Thereafter, a 100 μL aliquot of each starch paste was 

transferred to a well of a clear-bottom 96-well black microplate. PCR oil (75 μL) was added to 

each well and microplate was covered with an adhesive film. 

3.2.6 Rheological measurements 

After preparation of samples using standard method (RVA), the 3% (w/v) paste was 

allowed to stabilize at room temperature. Then, aliquots of the NCS and WCS 3% paste were 

transferred to plastic reservoirs and sealed with plastic film to avoid water evaporation. The 

container with starch pastes were kept undisturbed in a refrigerated room at 4 ºC. After 1, 3, 4, 6, 

and 14 days, the retrograded starch paste was equilibrated to room temperature.  

Dynamic viscoelasticity measurements was done as per Qiu et al. (2015). Briefly, an 

aliquot of the starch paste was placed in a HR3 Discovery Hybrid Rheometer (TA Instruments) 

and held for 3 min at 25 °C. The viscoelastic properties in the low-concentration starch paste was 

conducted by small amplitude oscillatory measurements using a cone plate geometry system (40 

mm diameter, 2° cone angle, and truncation gap of 60 μm gap) (Biliaderis & Zawistowski, 1990). 

A strain sweep ranging from 0.01% to 200% at a fixed frequency (10 rad/s) was performed to 

stablish the linear viscoelastic regime. The frequency dependence viscoelastic moduli were 

measured by frequency sweeps between 0.1 and 40 rad/s within the linear viscoelastic domain at 

0.5% oscillatory strain. Before each experiment, a thin layer of mineral oil was applied to each 

well of the microplate to prevent moisture evaporation. 

3.2.7 Turbidity measurements  

The method developed by Jacobson, Obanni, and Bemiller (1997), and Fu and BeMiller 

(2017) was used with some modifications. After 1, 2, 4, 6, 8 ,10, 12, 14, 16, and 18 day of storage 

at 4 ºC, microplates were stabilized at room temperature for 30 min and turbidity of starch pastes 

was obtained by measuring the absorbance at 640 nm in a Synergy H1 spectrophotometer (Biotek, 

Winooski, VT, USA) at 25 ºC. Water was used as blank. 
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3.2.8 Fluorescence intensity profiles of low-concentration starch pastes at milligram level by 
molecular rotor. 

3.2.8.1 Preparation of CCVJ solutions 

A stock solution was prepared by dissolving CCVJ in DMSO (100 mM). Then, aliquots of 

stock solution were dissolved in sodium phosphate buffer (0.01M, pH 6.9) to obtain a 5 μM and 

10 μM solutions. A preliminary study of the effect of concentration of molecular rotor in the 

fluorescence intensity of CCVJ in different concentration of starch pastes revealed a linear 

relationship. In this study no more than 10 μM CCVJ was used to avoid molecular quenching of 

the fluorescent probe.  

3.2.8.2 Fluorescence intensity measurement 

Fluorescence intensity of CCVJ was measured in a Synergy H1 spectrophotometer (Biotek, 

Winooski, VT, USA) at 25 ºC and gain of 75%. The wavelength of maximum absorption (440 nm) 

was obtained from the excitation spectrum measured from 380 to 480 nm with a bandwidth of 2 

nm. The wavelength of maximum emission was obtained from the emission spectrum measured 

from 460 to 540 nm with a bandwidth of 2 nm and an excitation wavelength of 440 nm. The Stokes 

shift was recorded during the time of the experiment and no significant change was observed.  

3.2.9 Accelerated retrogradation by freeze-thaw cycling, temperature cycling and isothermal 
treatment. 

Two freeze/thaw cycles (FTC) (first FTC, -20 ºC for 1 hour and 30 ºC for 1 hour; and 

second FTC: -20 ºC for 1 day and 30 ºC for 1 day); two temperature cycles (TC) (first TC, 4 ºC 

for 1 hour and 30 ºC for 1 hour; second TC, 4 ºC for 1 day and 30 ºC for 1 day); and two isothermal 

temperature (4 ºC and -20 ºC, measurements made at 1, 5, 10, 14 days of storage) where tested to 

determine the best method to accelerate retrogradation that could be incorporated in a high-

throughput screening platform. From the preliminary test, the use of six FTC resulted in the best 

combination to accelerate retrogradation. Microplates containing low-concentration starch paste 

prepared at 0.1, 0.5, and 1% (w/v) of the modified and unmodified WCS starch paste were 

subjected to six FTC. Turbidity and fluorescence intensity were measured after each FTC. In this 

report, the results of the 1% starch pastes are shown. 
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3.2.10 Statistical Analysis  

All experiments were performed in triplicate. Means and standard deviations were obtained 

using Microsoft Excel ver. 16.24 (California, USA). 

3.3 Results and discussion 

3.3.1 Characterization of chemically modified normal corn and waxy corn starch 

 

Table 3.1 Modified WCS and NCS with different levels of propylene oxide and molar 
substitution 

Sample Propylene 
oxide (%) 

Molar 
substitution (n=2) 

Waxy corn starch 10 0.0348 
Waxy corn starch 20 0.1043 
Waxy corn starch 40 0.3224 
Normal corn starch 10 0.0287 
Normal corn starch 20 0.0680 
Normal corn starch 40 0.2874 

 

Native NCS and native WCS were modified with different amounts of PO and the molar 

substitution (MS) of each derivatized starch was obtained by NMR spectroscopy (Table 3.1). The 

MS expresses the number moles of hydroxypropyl groups introduced per mol of glucose (BeMiller 

& Whistler, 2009). An increase in the MS of hydroxypopylated starches was recorded when 

amount of PO used is increased. Similar results were observed by Liu, Ramsden, & Corke, (1999) 

and Han & BeMiller (2005); it was suggested that the leached molecules from NCS resulted in 

higher MS than the granular NCS molecule resulting in a decrease of the average MS of the NCS 

granule. 
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3.3.2 Evolution of dynamic viscoelastic moduli of stored starch pastes 

 

 

Figure 3.1 Evolution of viscoelastic moduli spectra, elastic/storage (G’) and viscous/loss (G’’) 
moduli, of normal corn starch (a) and waxy corn starch (b) pastes stored at different time 

intervals at 4 ºC. Viscoelastic moduli spectra were obtained by frequency sweeps at 25 ºC from 
0.1 rad/s to 10 rad/s in the linear viscoelastic region 

 

The evolution of the mechanical spectra during storage was recorded for WCS and NCS 

pastes prepared at 3% (w/v) starch concentration. The linear viscoelastic region was observed for 

both starch pastes when oscillation strain was applied from 0.01% to 10% (not shown). After such 

oscillation strain, a nonlinear viscoelastic region was observed.  

Frequency sweep of WCS and NCS pastes stored at different time intervals at 4 ºC were 

recorded from of 0.1 rad/s to 40 rad/s at 0.5% oscillation strain in the linear viscoelastic range 

(Figure 3.1). Values of storage modulus and (G’) and loss modulus (G’’) was smaller in WCS 

pastes than in NCS pastes. The G’ is a measurement of the elastic component of the paste; in other 

words, an increase of the G’ will result from the development of a stiffer network; whereas the G’’, 

is an indicator of the viscous properties of the material and estimates the energy dissipated as heat 

per cycle of deformation (Biliaderis, 2009).  

It was observed that G’ and G’’ values increased with increasing angular frequency in 

stored pastes made of both starches. The increment in G’ values with increasing angular frequency 

indicated more pronounced entanglements in the starch system. Furthermore, the mechanical 
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spectrum of both moduli increased with storage time at refrigeration temperatures which is 

attributed to an increment of entanglements/crystallization of the components in the gel network 

(Clark & Ross-Murphy, 1987). The contribution of the AM and AP reorganization in the 

retrograded starch paste is believed to contribute to the stiffness of the paste as result of the increase 

in the storage modulus. 

3.3.3 Evolution of viscoelastic moduli during storage of starch pastes 

 

 
Figure 3.2 Development of elastic/storage (G’) and viscous/loss (G’’) moduli of normal corn 

starch (a) and waxy corn starch (b) pastes stored at different time intervals at 4 ºC. Evolution of 
storage and loss moduli were obtained at 10 rad/sec and 0.5% oscillatory strain 

 

In the quick-cooled NCS pastes, the initial values of G’ were higher compared to WCS 

paste (Figure 3.2). Thereafter, G’ developed very rapidly from day 0 until day 1; then, a slow 

increase until day 3 and a rapid increase of the G’ values until day 14 was observed (Figure 3.2a). 

Positive changes in G’ values could be the result of an increase of the stiffness and number of 

entanglements of the paste when stored at refrigeration temperatures. The rapid increase of G’ 

from day 0 to day 1 could be related to very rapid retrogradation (short-range), presumably AM-

AM interaction, the slow increase in of G’ from day 1 to day 3 may be an indicator of total 

retrogradation of AM (loss of networked AM) and retrogradation of AP; lastly, changes from day 

3 to 14 could be related to stiffness of the network due to, possibly AM-AP interaction and AP-

0

100

200

300

400

500

0 5 10 15
Days

WCS G'

WCS G''

0

100

200

300

400

500

0 5 10 15

G
', 

G
'' 

(P
a)

Days

NCS G'

NCS G''
a b 

0

1

2

3

4

5

0 5 10 15



 
 

 

54 

AP interaction (Biliaderis & Zawistowski, 1990; and Fu & BeMiller, 2017). Moreover, other 

physical changes such as syneresis (Hoover et al., 2010) may have increased the stiffness of the 

retrograded paste. 

Figure 3.2b shows the evolution of G’ and G’’ of WCS paste stored at 4 ºC. From the 

development of G’ values, it was observed that retrogradation of WCS was a slow process 

compared to retrogradation of NCS paste. A slow and constant increase of G’ values from day 0 

to day 14 was recorded. It has been reported that commercially available waxy starches could be 

contaminated with up to 1% NCS granules (Jacobson et al., 1997), which may affect the molecular 

composition of the starch paste. The initial slightly increase of the G’ values may be due to rapid 

AM retrogradation; thereafter, the increase of the G’ values were presumably due to the 

recrystallization of AP molecules that increased the rigidity of the system. In order to register a 

major contribution of AP entanglements in the effect of G’ values a higher concentration of AP is 

needed, 10% to 20% (Ring, 1987; and Ring et al., 1987).  

For both starches the initial development of G’’ values were very low and constant. For 

NCS, after day 3 there was a slight increase in the rate of development of G’’ which may be related 

to the development of rapidly relaxing or weak interactions of AM and AP molecules. For WCS, 

the devolvement of G’’ was small. The evolution of G’’ in both starches may confirm the solid-

like behavior of the retrograded starch paste. 
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3.3.4 Turbidity measurements of retrograded starch pastes  

 

  
Figure 3.3 Absorbance at 640 nm of retrograded pastes of WCS (red lines) and NCS (black lines) 
at 0.125% (filled triangles), 3% (filled squares) and 5% (filled circles) w/v. Measurements were 

obtained at 25 ºC from pastes stored at different time intervals at 4 ºC 
 

Aqueous dispersion of unmodified commercially available WCS and NCS starch were 

subjected to RVA using standard conditions for gelatinization and pasting. Thereafter, starch 

pastes were stored at 4 ºC to induce retrogradation. The absolute change in turbidity, absorbance 

at 640 nm, for each starch paste was obtained for each retrograded starch paste (Figure 3.3).  

The turbidity profiles of each type of starch paste increased with the concentration of starch 

in the paste. NCS at 5% showed the highest initial turbidity among all the different concentrations 

for both starch pastes. For NCS pastes prepared at 3 and 5%, a rapid development of turbidity was 

registered during the first 4 days of storage (Figure 3.3). At the same time, the development of 

turbidity was of slower rate for the NCS paste prepared at 0.125%. After the 4th day of storage, the 

development of turbidity of all concentrations of NCS paste was of lower rate. A plateau in the 

turbidity development was registered for NCS prepared at 0.125% after 10 days of storage. No 

plateau was recorded for the retrograded NCS pastes prepared at 3% and 5% during the time of 

this experiment. Similar results were observed for Jacobson et al., (1997); and Fu & BeMiller, 

(2017).  
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Fu & BeMiller, (2017) reported that 3 main times could be observed based on the change 

of slope in the turbidity curves in NCS pastes prepared at 0.125%: the first at day 0, which 

correspond to short-term retrogradation; the second at day 2, that is the end of the process of short-

term retrogradation; and day 6, which correspond to the end of long-term retrogradation. The same 

3 times were observed in in this experiment. 

The absorbance at 640 nm of WCS paste was very low at the beginning of the experiment 

and the rate of turbidity development was slow compared to NCS (Figure 3.3). Jacobson et al., 

(1997) reported a rapid development of turbidity in the first day of storage at 4 ºC of a 2% WCS 

paste and attributed it to small contamination of NCS in the commercial WCS. In this report, the 

development of turbidity of WCS pastes prepared from 0.125% to 5% was slow and constant.  

During storage of AP-starch pastes prepared at 0.125% and 3% for 18 days at 4 ºC, the 

changes these pastes undergo were very little and the measurement of turbidity did not give any 

clue about the short-term and long-term retrogradation, i.e. reorganization of AP chains. Moreover, 

using a microscope technique, Jacobson et al. (1997) did not observe any visible structural change 

that could explain the slow increase in turbidity for retrograded WCS pastes at 2%. An increase in 

the absorbance at 640 nm was registered after day 10 in WCS paste prepared at 5%. Biliaderis, 

(2009) reported that the number of AP entanglements increases with an increase in the 

concentration of AP-containing starch pastes, which may contribute to the development of 

turbidity. In this study, a higher concentration of starch in the paste was not reported, because the 

scope of the study was to measure retrogradation in low-concentration, low-volume systems. 
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3.3.5 Fluorescence intensity profiles of retrograded starch pastes  

 

 
Figure 3.4 Development of fluorescence intensity of CCVJ in retrograded pastes of WCS (red 

lines) and NCS (black lines) at 0.125% (filled triangles), 3% (filled squares) and 5% (filled 
circles) w/v. Measurements were obtained at 25 ºC from pastes stored at different time intervals 

at 4 ºC 

 

Fluorescence intensity of CCVJ was measured in retrograded starch pastes prepared at 

different concentrations (Figure 3.4). For this purpose, starch dispersions were prepared with 

phosphate buffer containing the molecular rotor and subjected to heat and shear in an RVA using 

standard conditions. Aliquots of 100 μL were transferred to a well of a clear-bottom black 

microplate and subjected to constant treatment at 4 ºC. 

In this study, a molecular rotor was able to detect structural changes during retrogradation 

of NCS pastes prepared from 0.125% to 5% w/v. For NCS pastes, the highest initial fluorescence 

emission of CCVJ was recorded in pastes prepared at 5% followed by NCS paste at 3%. The lowest 

initial fluorescence intensity of CCVJ resulted in NCS prepared at 0.125%. For retrograded 3% 

and 5% NCS pastes, a rapid development of fluorescence intensity from day 0 until day 4 was 

observed. The fluorescence intensity developed from day 4 to day 6 was small; thereafter, a rapid 

increase in the fluorescence intensity from day 6 to day 10 was recorded. After day 10, the change 

in fluorescence intensity of CCVJ was small and constant. For retrograded NCS paste prepared at 

0

5,000

10,000

15,000

20,000

25,000

0 5 10 15 20

Fl
uo

re
sc

en
ce

 In
te

ns
ity

, R
FU

 

Days



 
 

 

58 

0.125%, a rapid increase from day 0 to day 2 was recorded. Afterwards, the change in fluorescence 

intensity was small and constant. 

For WCS, the highest initial fluorescence intensity values were recorded in the highest 

concentration of WCS paste, 5%, followed by pastes prepared at 3% and 0.125%. However, 

changes in the fluorescence intensity of CCVJ in retrograded WCS paste were similar for all the 

concentrations. First, a rapid increase in the fluorescence intensity from day 0 to day 2 was 

recorded. Thereafter, the change in fluorescence intensity were small and constant from day 2 until 

day 10. After the 10th day, a decrease in the fluorescence emission of CCVJ was recorded until the 

end of the experiment for both WCS pastes prepared at 3% and 5%. The fluorescence intensity in 

retrograded WCS paste prepared at 0.125% did not change. 

The results obtained by mechanical approach and turbidity data may help to explain 

changes registered with fluorescence emission of CCVJ. In retrograded NCS pastes, the rapid 

retrogradation is characterized by the development of AM gels after heating and is responsible for 

the formation of a network (Jacobson et al., 1997), possibly with high number of “nano-structures” 

with different size, which is affected by concentration of AM molecules in the paste. This could 

be observed in the initial fluorescence emission of NCS prepared at different starch concentration.  

From day 0 to day 2, the loss of the networked AM and the consequent AM reorganization 

(AM aggregates), and possible AP recrystallization may be responsible for the reduction of free 

volume in the “nano-structures” creating a stiffer gel and slowing down the TICT of CCVJ, which 

resulted in an increase in fluorescence intensity. From day 2 to day 4, the development of 

fluorescence intensity is presumably due to the loss of networked AM, the development of more 

AM aggregates, and the binding of granules remnants into AM and AM aggregates (Jacobson et 

al., 1997). The slow increase in the G’ modulus (Figure 3.2a) during this time confirmed the 

increase of stiffness of the gel network.  

From day 4 to day 6, presumably AP retrogradation and co-crystallization of AM-AP 

mainly may have further shrunk the gel and restricted TICT state of CCVJ. From day 6 to 10, the 

end of the long-term retrogradation, i.e. AP-AP interaction and AM-AP interaction (Ring et al., 

1987); and development of a network with higher elastic component, i.e. rapid development of G’ 

values (Figure 3.2a), may have resulted in the inability of CCVJ to relax through the TICT state 

and more relaxation through the emission of photons via fluorescence.  
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Other physical changes that occurs during the storage of NCS paste, such as syneresis and 

increase in the formation of B-type crystal polymorphs, may have affected the development of the 

more rigid structure, increased the crystallization rate and interaction of AM and AP molecules, 

and reduction of the size of the nano-structures. The slow-down and small decrease in the 

development of fluorescence intensity of CCVJ in NCS pastes at 3% and 5% after day 12, may be 

related to those physical changes. Haidekker & Theodorakis (2007) showed that TICT state of 

molecular rotors was increased when exposed to aqueous media. 

Based on the general shape of fluorescence intensity of the retrograded WCS pastes, three 

main stages could be observed: the first, at the day 0; second at day 2, the time the slope changes 

and is similar to the increase in G’ (Figure 3.2b); and third at day 10, which correspond to the 

change in slope and possibly completion of long-term retrogradation.  

The initial fluorescence intensity recorded, day 0, was presumably due to swollen and loose 

granules remnants with large pore sizes that were unable to slow down the internal rotation of the 

CCVJ. The higher concentration of WCS in the paste increased granule remnants and reduced the 

pore size, which resulted in higher fluorescence intensity. The recrystallization of AP in the 

granule remnant at day 2, may have increased the local spatial restriction and reduced internal 

motion of CCVJ. After day 2, the increase in recrystallization of AP molecules may have resulted 

in diffusion of CCVJ molecules to the aqueous phase and the increase of the internal twisting 

reducing the fluorescence intensity of CCVJ. A longer storage of the WCS paste at 4 ºC may have 

resulted in the development of more B-type crystal polymorphs and more diffusion of the CCVJ 

molecules to the aqueous media which may have resulted in an increase of the average relaxion 

through TICT stage. 
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3.3.6 Correlation of fluorescence intensity measurements of molecular rotor and rheological 
measurements.  

 

  
Figure 3.5 Correlation analysis of the evolution of storage (G’), loss (G’’) moduli and 

fluorescence intensity of CCVJ in normal corn starch paste at 3% (w/v) with increasing storage 
time at 4 ºC. R2 values are shown 

 

The correlation analysis of the fluorescence emission of CCVJ and mechanical 

measurements of retrograded NCS paste are presented in Figure 3.5. It could be observed that there 

was a strong relationship between the storage and loss moduli and the fluorescence intensity in the 

retrograded paste (r=0.9921 and r=0.9928, respectively). The time dependent changes in the 

network of NCS pastes at 3 %, i.e. the devolvement of the entanglements in the retrograded paste 

with increasing storage at 4 ºC, resulted in an increase of the storage modulus and possible an 

increase in restricted space in the “nano-structures” which may have reduced internal twisting of 

CCVJ and increased the relaxation through photon emission.  

Jee, Bae, & Lee (2009) reported that the reduction in the non-radiative decay channel, TICT, 

on 9-dicyanoviniljulolidine (DCVJ, analogue of CCVJ) depends not only on the free volume of 

the media but also on the elastic modulus (Young’s modulus) of polymers. Moreover, Jee et al. 

(2010) obtained a positive correlation of the viscoelastic property, G’, with reduction of internal 

motion of the molecular probe trans-4-[4-(dimethylamino)-styryl]-1-methylpyridinium iodide (4-

DASPI). In addition to these findings, Gavvala et al. (2013) reported that quantum yield of DCVJ 
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increased in the following order α-cyclodextrin (CD)< β-CD < γ-CD. They reported that structure 

of γ-CD incorporated more than one molecular probe inside its cavity resulting in alteration of the 

excited state photophysics of molecular rotor, while the cavity of α -CD did not allow the 

accommodation of molecules of DCVJ.  

The correlation analysis between the evolution of G’, G’’, and fluorescence intensity of 

CCVJ in the retrograded WCS paste showed R2 values of 0.4815 and 0.1996, respectively, which 

resulted in a poor correlation (data not shown). 

Gulnov et al. (2016) reported a poor correlation of microviscosity and macro-viscosity 

determined by fluorescence intensity of CVVJ and mechanical approach, respectively, in both 

potato starch pastes and gelatin gels prepared from 0.5% to 5%. They pointed out that some of the 

changes observed in the fluorescent intensity were due to the polymeric mesh formation in the 

potato and gelatin systems. A more detailed interpretation of the mechanical components, storage 

and loss moduli, in terms of the organization and interaction of AM and AP molecules during 

storage or thermal history, may have helped to explain the viscoelastic properties of the potato 

starch paste using molecular rotor.  
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3.3.7 Fluorescence intensity and turbidity profiles of retrograded hydroxypropylated starch 
pastes  

 

 
Figure 3.6 Development of fluorescence intensity of CCVJ (a and b) and turbidity (c and d) of 
retrograded native waxy corn starch, native normal corn starch, and hydroxypropylated starch 

pastes at 3% (w/v).Waxy corn starch and normal corn starch was reacted with 10% (10H), 20% 
(20H), and 40% (40H) propylene oxide (d.b.s.). Measurements were obtained at 25 ºC 

 

The absolute changes in turbidity and fluorescence emission for each starch is presented in 

Figure 3.6. Changes in absorbance at 640 nm of hydroxypropylated WCS and NCS starches is 

shown in Figure 3.6c and 3.6d, respectively. In general, introduction of hydroxypropyl groups in 
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the WCS and NCS granule resulted in a stabilized material that developed turbidity at slower rate 

than native starch pastes. The initial turbidity, measured after gelatinization, decreased as the as 

the amount of hydroxypropyl groups increased in the native starch. Moreover, the turbidity 

development was of slower rate as the amount of hydroxypropyl groups was increased in the native 

starch. Both samples, WCS and NCS reacted with the highest amount of propylene oxide, 

underwent the least retrogradation during storage at 4 ºC.  

The fluorescence intensity (FI) profiles for both modified starches are shown in Figure 3.6a 

and 3.6b. For modified NCS, it was observed that the initial (day 0) fluorescence intensity for the 

modified starches decreased as the amount of hydroxypropyl groups increased. Thereafter, an 

increase in the fluorescence intensity was observed until the second day of storage for all the 

hydroxypropylated NCS; then, a plateau was reached fast. Lastly, a decrease in the fluorescence 

intensity was observed after 10 days of storage at 4 ºC.  

The fluorescence intensity profiles for modified WCS after day 0 were different to those 

of NCS. A small increase in the fluorescence intensity was recorded until the second day of storage. 

Afterwards, no significant change in the fluorescence intensity was recorded until the last day of 

storage at 4 °C.  

Hydroxypropyl groups were introduced to the starch structure due to the ability to retard 

retrogradation in starch pastes. Hydroxypropyl groups introduce the capacity to form H-bonds in 

the starch paste network and reduce the recrystallization rate an interaction of both AM and AP 

molecules. However, it has been shown that CCVJ molecules has the affinity to form hydrogen 

bonding with the solvent or media; thus, increases the TICT formation (Haidekker & Theodorakis, 

2007). In this study. it is not clear if the reduction in fluorescence intensity of CCVJ in 

hydroxypropylated starch pastes was the result of more hydrogen bonding due to presence of 

hydroxypropyl groups or reduction in the time-dependent changes of AM and AP. More detailed 

study needs to be done to elucidate these findings. 
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3.3.8 Accelerated retrogradation of low-concentration corn starches pastes by freeze-thaw cycles 

 

 
Figure 3.7 Development of fluorescence intensity of CCVJ (a) and absolute absorbance at 640 
nm (b) of retrograded waxy corn starch and hydroxypropylated waxy corn starch prepared at a 
starch concentration of 1% w/v. Accelerated retrogradation was obtained by treating the starch 

paste with 6 freeze-thaw cycles (FTC). Each FTC consisted of storage of the paste at -20 ºC for 1 
hour followed of storage at 30 ºC for 1 hour. Hydroxypropylated starch was prepared by reacting 
WCS with 10% (10H), 20% (20H), and 40% (40H) propylene oxide (d.b.s.). Measurements were 

carried out at 25 ºC 
 

For this analysis, WCS was chosen to focus on the retrogradation behavior of AP, which 

is the responsible for slow retrogradation. Low-concentration starch pastes of modified and 

unmodified commercially available WCS were obtained by preparing pastes in PCR-microplates 

and subjected to atmospheric cooking. Pastes were prepared with deionized water or phosphate 

buffer containing the molecular rotor for turbidity and fluorescence intensity measurement, 

respectively. Aliquots of 100 μL were transferred to a well of a clear-bottom black 96-well 

microplate and subjected to constant treatment at 4 ºC. Six FTC were applied to accelerated 

retrogradation to each microplate. The development of turbidity and changes of fluorescence 

intensity of CCVJ were recorded to determine the best technique to detect changes during 

accelerated retrogradation of low-concentration WCS pastes. Furthermore, the effect of a 

retrogradation inhibitor was measured with both techniques (Figure 3.7). 
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For turbidity measurements, the retrogradation rate was decreased with increasing amount 

of the retrogradation inhibitor, hydroxypropyl groups. The least retrogradation rate or inhibition 

of retrogradation was observed in the sample containing the highest MS value. As shown in Figure 

3.7b, the unmodified WCS paste showed the highest initial absorbance at 640 nm. There was a 

sharp increase in the turbidity developed after the 2nd FTC until the 6th FTC. At this point the 

highest absorbance at 640 nm was registered in the unmodified WCS. 

Development of turbidity in a starch paste during retrogradation is associated to the number 

and size of molecular associations, and number of swollen granules remnants that can scatter light 

(Craig, Maningat, Seib, & Hoseney, 1989; and Jacobson & BeMiller, 1998). AM and AP 

recrystallization is a 3-step process that includes, nucleation, propagation, and maturation 

(Eerliengen et al., 1993). The first two are the more critical during the recrystallization process. 

Increasing the nucleation of the starch components will result in an increase in the retrogradation 

of starch. During FTC, Jacobson & BeMiller, (1998) showed that freezing starch pastes using a -

15 ºC freezer, which has a slower freezing rate, resulted in more molecular associations due to the 

starch paste kept near the temperature of maximum nucleation. Afterwards, thawing of the frozen 

starch paste resulted in propagation and perfection of the crystallites. The rate of these two 

increases with increasing thawing temperature (Zhou et al., 2010). 

The development of fluorescence intensity in the unmodified and modified WCS was slow 

and constant. The highest initial fluorescence intensity was recorded in the unmodified WCS 

(Figure 3.7a). An increase in the fluorescence intensity after the first FTC was recorded; then, a 

decrease in the emission of CCVJ. Thereafter, a slow and constant change in the fluorescence 

intensity was recorded until the 5th FTC. Subjecting the paste to next FTC resulted in a slower 

fluorescence intensity development. For modified WCS with 10% PO, the fluorescence intensity 

development was at slower rate than that of unmodified WCS and showed the plateau development 

after the 5th FTC. WCS with the highest MS value underwent the least retrogradation, obtained 

with turbidity measurements; and had the lowest fluorescence intensity development.  

These results showed that measurement of fluorescence intensity development was capable 

of discriminate among retrograded starch pastes with different amount of hydroxypropyl groups. 

However, after subjecting the modified and unmodified WCS paste to FTC, the increase in 

fluorescence rate was slower than turbidity measurements. 
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3.4 Conclusions 

Fluorescence intensity of CCVJ was used to measure changes of retrogradation of NCS 

and WCS pastes. The first part of the experiment was to correlate the development of fluorescence 

intensity of CCVJ with the development of the network in retrograded starch paste. It was 

determined that physical changes and development of structure during retrogradation of NCS 

pastes at the starch concentrations used affected emission of CCVJ and this was detected 

quantitatively. Time-dependent changes during storage at 4 ºC in the WCS paste suggested a 

diffusion of CCVJ to the aqueous phase and reduction of the fluorescence emission, higher internal 

twisting. 

The second part of the experiment was to identify the best high-throughput technique to 

measure retrogradation of starch pastes prepared with mild shear. For this purpose, WCS paste 

was used to simplify the molecular organization and to identify the technique that can measure 

long-term retrogradation, AP recrystallization. Our results indicate the best method to identify 

rates of retrogradation of unmodified and modified AP-containing starches at milligram level was 

with the combination of accelerated retrogradation and turbidity measurements. 

Hydroxypropylated WCS was used due to the fact that hydroxypropyl groups inhibits 

retrogradation. However, the effect of the interaction of hydroxypropyl groups and CCVJ is not 

well understood and more detailed investigation will be needed to explain our experimental results.  
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CHAPTER 4. IDENTIFICATION OF SHEAR-RESISTANT STARCH 
AT MILLIGRAM LEVELS USING A MOLECULAR ROTOR 

4.1 Introduction 

Maize is one of the staple foods of humankind and one of the top sources of starch. The 

global grain market is expected to grow from $267 billion in 2017 to $352 billion in 2021 (Business 

Research Company, 2018). In 2012, corn was the source of 74% of starch for industrial use and 

its primary use was in the native form, followed by hydrolyzed and modified starches (Business 

Research Company, 2013). Application of native starch is diverse, not only for the food industry 

but also the paper, textiles, pharmacy, and chemical industries.  

When subjected to heat in the presence of water, the starch granule undergoes a series of 

changes, and these hydrothermal transition properties confer a wide range of functionalities 

(BeMiller, 2019). Hydrothermal transition properties are responsible for food-industry relevant 

properties such as gelatinization, granule swelling, native crystalline melting, loss of birefringence, 

starch solubilization, pasting, and retrogradation (Sullivan & Johnson, 1964; BeMiller & Whistler, 

2009; Biliaderis, 2009). Starch has two main components: amylose (AM) and amylopectin (AP). 

AM is a linear chain of glucose units linked by α-1,4 glycosidic bonds and contains limited 

ramifications in the α-1,6 position; whereas AP contains both glucose units linked by α-1,4 

glycosidic linkages and a great number of glucose units linked by α-1,6 glycosidic bonds (BeMiller 

& Whistler, 2009).  

Chemical, physical, and enzymatic modifications are introduced to native starches to 

enhance their properties and enable functionalities (BeMiller, 2019). Chemical cross-linking of 

starch granules introduces phosphate linkages which result in covalent bonding of starch 

components. As result,  starch properties are affected and include restrict swelling, reduction of 

granule rupture, loss of viscosity, and formation of a stringy paste during cooking (Woo & Seib, 

1997). Sodium trimetaphosphate (STMP) and phosphoryl chloride (POCl3) are the most common 

cross-linker agents (Hirsch & Kokini, 2002) and no more than 1% of STMP and 0.1%  POCl3 

(weight of dry starch) can be reacted with starch for food purpose (BeMiller & Whistler, 2009). 

The most used conventional method for studying cross-linked starch is the rapid viscosity 

analyzer (RVA) which characterizes starch paste properties based on the measurement of viscosity 

and recording changes in viscosity during cycles of heating and cooling with constant stirring 
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(Wiesenborn et al., 1994). From the RVA profiles, several paste properties can be obtained, such 

as paste viscosity, paste temperature, hot paste viscosity, final viscosity, and breakdown. 

Breakdown is the difference between paste viscosity and hot paste viscosity. A reduction in the 

breakdown will be the result of an increase in the intra-molecular and inter-molecular bonding of 

the starch granule (Heo, Lee, & Chang, 2017). Furthermore, RVA has been used to calculate the 

relative degree of cross-linking of modified starches (Chatakanonda, Varavinit, & Chinachoti, 

2000; Kaur, Singh, & Singh, 2006). 

New techniques for the determination of changes in the microviscosity of biological 

systems have been reported. Molecular rotors, such as 9-(2-carboxy-2-cyanovinyl)-julolidine 

(CCVJ), are fluorescent molecules that relax from their excited state by two distinct states: locally 

excited state or planar configuration (LE) and twisted intramolecular charge transfer state or non-

planar configuration (TICT) (Loutfy, 1986; Haidekker et al., 2002; Haidekker & Theodorakis, 

2007). The rate of TICT relaxation is dependent of the microenvironment of the matrix. In a high 

viscosity environment, molecular crowding and polarity of the media restrict the formation of the 

TICT state resulting in more relaxation through LE (Akers, 2004; Alhassawi, et al., 2018).  

One alternative to chemical modification is the identification of native starches with 

improved native-starch functionalities. Fine structure of AP; i.e. chain length, distribution of chain 

lengths, and ratio of short to long chains; AM structure; and AM-AP ratio can be affected by 

mutation of the starch biosynthetic enzymes (Vamadevan & Bertoft, 2018). Furthermore, new 

mutagenesis techniques of maize kernels were developed (Weil & Monde, 2007) which promotes 

changes in the maize genotype to increase source of variation and affect starch properties relevant 

to the food industry These new techniques provide the possibility for high numbers of mutants 

with starch having diverse properties and functionalities. However, the identification of individual 

kernels with desirable traits has two limitans: 1) the vitality of seed needs to be maintained, and 2) 

limited amount of material is available for analysis. High-through put techniques for the 

identification of starch properties and functionalities are necessary to identify novel mutant maize 

with native starch substituent. 

The aim of this report was to use molecular rotor to detect level of disruption of starch 

granules after subjecting to shear forces. Measurements using conventional methods was used to 

corroborate the results obtained by measuring the signal of the fluorescent probe. For this purpose, 

native and cross-linked WCS are used as model samples. It is hypothesized that subtle changes in 
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the internal organization of the starch granule can be detected using the fluorescent emission of 

CCVJ. 

4.2 Materials and methods 

4.2.1 Chemicals and Materials 

Commercially available waxy corn starch (Amioca, WCS), and ClearJel® were purchased 

from Ingredion. Reagent grade 9-(2-carboxy-2-cyaovinyl)-julolidine (CCVJ), sodium 

trimetaphosphate (STMP), phosphoryl chloride (POCl3), deuterium oxide (D2O), dimethyl 

sulfoxide (DMSO), and sodium sulfate were purchased from Sigma -Aldrich Corp. (Saint Louis, 

MO, US). Eppendorf tubes (1.5 mL) were purchased from Fisher Scientific (Hanover Park, IL, 

US). Clear-bottom 96-well black microplates were purchased from Greiner (Monroe, NC, US). 

Double-distilled water was freshly prepared whenever required. 

4.2.2 Preparation of chemically modified waxy corn starch  

The protocol for crosslinking of starch with STMP was obtained from Lim & Seib (1993) 

and Hirsch & Kokini (2002); and was used with some modifications. A 40% (w/w) starch 

dispersion was prepared in deionized water containing 2% sodium sulfate and the pH of the 

mixture was adjusted to 11 with 1M sodium hydroxide. After complete dispersion, 0.01%, 0.1%, 

0.33%, and 1%, (d.b.s.) of STMP was added under constant stirring. Afterwards, the mixture was 

stirred for 3 hours at 40 ºC. The reaction was terminated by neutralizing the dispersion with 1M 

hydrochloric acid solution. The cross-linked WCS was recovered by centrifugation (3000 × g for 

10 min), followed of 3 cycles of washing with deionized water and centrifugation. Finally, cross-

linked WCS was dried at 40 °C. 

Crosslinking with POCl3 was performed as described by Gunaratne & Corke, (2007) with 

some modifications. A 40% (w/w) dispersion of starch (20 g, dry based) was prepared with 

deionized water containing 2% sodium sulfate and pH of the mixture was adjusted to 11.0 with 

1M sodium hydroxide solution. Phosphoryl chloride was added at 0.01%, 0.033%, and 0.1% (d.b.s) 

to the starch dispersion. The mixture was stirred at 25 ºC for 1 hour; then, the starch slurry was 

neutralized with 1M hydrochloric acid solution. The cross-linked starch was recovered as 

explained before. 
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4.2.3 Paste properties, solubility, and shear resistance determination. 

The protocol stablished by Peng & Yao (2018) was used to determine paste properties of 

native and modified starches. Briefly, starch material (1.5 g) was mixed with deionized water in 

an aluminum canister to make a 6% (w/w) starch slurry. A rapid viscosity analyzer (Newport 

Scientific, Australia) with the following heating and cooling conditions was used: 1) temperature 

held at 50ºC for 1 min, 2) increased to 95ºC at 12ºC/min and held at 95ºC for 2.5 min, and finally 

3) temperature reduced to 50ºC at 12ºC/min and held at 50ºC for 2 min. Pasting properties of each 

starch sample were obtained from the RVA curve using Thermocline version 2.2 software. 

4.2.4 Shear resistance determination by molecular rotor at microliter level. 

4.2.4.1 Preparation of molecular rotor 

A stock solution was prepared by dissolving CCVJ in DMSO (100 mM). Then, aliquots of 

stock solution were dissolved in sodium phosphate buffer (0.01M, pH 6.9) to obtain a 10 μM 

solution. 

4.2.4.2 Preparation of low-concentration starch paste for measurement of fluorescence intensity 

Native WCS and derivatives were used to prepare starch dispersions (0.5% and 1%; w/v)6 

in sodium phosphate buffer containing the molecular rotor in 200 µL PCR tubes. Glass beads (100 

mg, 0.5 mm diameter) were added to each starch dispersion. The starch dispersion was cooked in 

a water bath: the dispersion was heated at 50 °C, held for 15 min, and mixed by inversion; followed 

by heating at 75 °C, held for 15 min, and mixed by inversion; lastly, heated at 95 °C and held for 

15 min. After heat treatment, dispersions were allowed to cool down to room temperature and 

shaken for 10 min at 3000 RPM in a Genie cell disruptor (Scientific Industries; Bohemia, US). An 

aliquot of 100 µL of each non-shaken and shaken sample was transferred to a well of a clear-

bottom 96-well black microplate and allowed to stabilize overnight at room temperature. 

4.2.4.3 Fluorescence Intensity measurement 

Fluorescence emission spectra of CCVJ was measured with a Synergy H1 

spectrophotometer (Biotek; Winooski, USA) at 25ºC and gain of 75%. The wavelength of 

maximum absorption (440 nm) was obtained from the excitation spectrum measured from 380 to 

480 nm with a bandwidth of 2 nm. The wavelength of maximum emission was obtained from the 
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emission spectrum measured from 460 to 540 nm with a bandwidth of 2 nm and an excitation 

wavelength of 440 nm. 

4.2.5 Microscope images 

Microscope images were obtained using an inverted microscope (VWR; Illinois, US) 

equipped with a Motic Cam Pro 252 A (Motic, British Columbia, Canada) and the software Motic 

Image Plus 2.0 were used to record images. Aliquots from each sample was dispersed at 0.01% in 

deionized water, iodine solution was added, and placed in a microscope slide. Specimens were 

observed using magnification of 10X– 40X.  

4.2.6 Statistical Analysis  

All experiments were performed in triplicate. Analysis of variance (ANOVA) was 

performed with the R Studio program Version 1.1.463 (Boston, MA, USA). 

4.3 Results and discussion 

4.3.1 Preparation of chemically modified waxy corn starch 

 

Table 4.1 Cross-linking condition to prepare cross-linked waxy corn starch using two cross-
linker agents 

Substituent  
(%, s.b.) 

Phosphorylation condition 

pH Temperature ºC Time (h) Sodium sulfate 
(%) 

STMP*     
0.01 11 40 3 2 
0.1 11 40 3 2 
0.33 11 40 3 2 
1 11 40 3 2 
POCl3**     
0.01 11 25 1 2 
0.033 11 25 1 2 
0.1 11 25 1 2 
ClearJel®     

*Sodium Trimetaphosphate 
**Phosphorus oxychloride 
Cross-linking of WCS in aqueous slurry has been carried out using two cross-linking agents. 

Table 4.1 shows the phosphorylation conditions for each cross-linker. A basic medium, pH 11, 
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and 2% sodium sulfate were kept constant during phosphorylation of WCS with both cross-linkers. 

Temperature and reaction time varied for each cross-linker used. Cross-linking with STMP was 

carried out at 40 ºC and kept mixing for 3 hours, while phosphorylation of WCS with POCl3 was 

carried out at 25 ºC and constant mixing for 1 hour. The amount of cross-linker agent used in the 

reaction varied from 0.01% to 1% (s.b.) for STMP and 0.01% to 0.1% (s.b.) for POCl3. Woo & 

Seib (2002) found that the amount of phosphate groups in the cross-linked WCS increased with 

higher amount of cross-linker used. Furthermore, an impact in the starch functionalities is expected 

with increasing amount of crosslinker. Hirsch & Kokini, (2002) reported that the swelling factor 

of modified WCS is greatly reduced by POCl3 than STMP. 

The reaction kinetics of each type of cross-linker is unique and the level and position of 

the substituent will determine physical properties and functionalities of the modified starch. Zhao 

et al. (2015) reported that the introduced phosphorus by cross-linking reaction of sweet potato 

starch with STMP resulted in the formation of monostarch monophosphate and distarch 

monophosphate in a molar ratio of 1:1.03. Similar results were reported by Sang, Prakash, & Seib 

(2007) by crosslinking wheat starch with a mixture of STMP/STPP (sodium tripolyphosphate). 

While phosphorylation with POCl3 resulted in the formation of monostarch monophosphate only 

with AM in solution and a mixture of monostarch monophosphate and other types of phosphate 

ester in the insoluble fraction that contained AM and AP (Kasemsuwan & Jane, 1994).  

4.3.2 Effect of cross-linking on pasting properties of waxy corn starch 

The RVA profiles of unmodified WCS, ClearJel®, and cross-linked materials with STMP 

and POCl3 at 6% (w/w) concentration are shown in Figures 4.1 and 4.2. Paste properties of the 

crosslinked samples are described in Tables 4.2 and 4.3.  
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4.3.2.1 Paste properties of cross-linked WCS with STMP 

 
Table 4.2 Pasting parameters of native waxy corn starch, cross-linked waxy corn starch prepared 

with different levels of sodium trimetaphosphate (STMP), and ClearJel®, a commercially 
available shear-resistant starch. Similar letter means no significant difference (n=3) 

Sample Peak 
Time 
(min) 

Pasting 
Temperature 

(ºC) 

Paste Viscosity (cP) 
Peak Final Breakdown Setback 

Native WCS 4.0±0.1d 74.6±0.5bc 1305±66.7 abc 912±33.6d 462±18.4a 69 ±17.5d 
WCS - 40 4.1±0.0d 74.6±0.3bc 1060 ±11.2d 697±8.1e 437.±24.7a 94±6.4d 
WCS-STMP 0.01 4.0±0.1d 73.6±0.4c 1166±40.1cd 1164 ±55.4c 270±14.0b 268±16.6c 
WCS -STMP 0.1 4.6±0.2c 73.9±0.1bc 1453 ±42.9a 1712±73.9a 117±27.2c 376±14.9b 
WCS -STMP 0.33 4.6±0.1c 74.5±0.5bc 1251±28.8bc 1642±21.7a 75±28.2c 466±28.6a 
WCS -STMP 1 6.9±0.1a 75.1±0.4ab 1024±30.8d 1356±37.5b 12 ±2.9 d 344±12.2b 
ClearJel® 5.6±0.2b 76.3±0.8a 1320±102.8ab 1703 ±140.1a 104±2.6c 487 ±41.2a 

 
 

 
Figure 4.1 RVA profiles of 6% (w/w) of native corn starch and chemically modified starches. 
Waxy corn starch was reacted with sodium trimetaphosphate (STMP) at 0.01% (1), 0.1% (2), 

0.33% (3), and 1% (4). Waxy corn starch (5), waxy corn starch treated with same conditions as 
cross-linked samples (WCS-40) (6), and a commercially available shear-resistant sample 

(ClearJel®) (7) are included for comparison 
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At this concentration, no significant difference in the peak time, pasting temperature, 

breakdown, and setback were observed between the unmodified WCS and the WCS treated with 

the same conditions as the cross-linked WCS (WCS-40) (Table 4.2). However, the peak viscosity 

and final viscosity were higher in the native WCS than the treated WCS. The WCS treated with 

similar cross-linking conditions has been kept for 3 hours at pH 11 and 40 ºC. After this treatment, 

a considerable number of starch granules were likely gelatinized due to the high pH. Consequently, 

a decrease in the final viscosity was recorded in the RVA profile.  

It could be observed (Table 4.2) that small amounts of STMP, 0.01%, resulted in an 

increase of the final viscosity and setback compared to native WCS. However, a reduction in 

breakdown from 462 cP to 270 cP in the crosslinked sample with STMP at 0.01% was observed. 

Furthermore, increasing amount of reacted STMP up to 1%, a greater reduction of the breakdown 

was recorded. Similar results were reported by Heo, Lee, & Chang (2017). These results indicate 

that the increase in the cross-linked agent resulted in an increase of  inter-bonding and intra-

bonding resulting in a more ordered granule that can maintain their integrity (Jyothi, Moorthy, & 

Rajasekharan, 2006). 

Increasing the amount of STMP reacted with WCS (i.e., >0.01%), increased the peak time 

from 4.0 min in the native WCS up to 6.9 min in the sample crosslinked with 1% STMP, and 

pasting temperature from 74.6 ºC in the native WCS up to 75.1 ºC in the sample crosslinked with 

1% STMP. The increase of both pasting temperature and peak time indicate that more energy is 

required to break the new introduced chemical bonds in the granular starch (Wongsagonsup et al., 

2014). In addition, the new bonds may have created a restriction to swelling, which enabled the 

granule to withstand high temperature, 95 ºC, and shear.  

The WCS crosslinked with 0.1% of STMP showed the higher final viscosity and peak 

viscosity, 1712 cP and 1453 cP, respectively. Increasing the concentration of STMP, up to 1%, in 

the modified WCS resulted in a reduction of the final viscosity up to 1356 cP and the peak viscosity 

up to 1024 cP. The reduction of these paste properties with increasing amount of STMP could be 

attributed to a higher density of cross-linking and reduction of swelling behavior (Hirsch & Kokini, 

2002). Moreover, the reduction of swelling behavior may have resulted in a granule with lower 

volume and solubility, and thus, a reduction in the peak viscosity.  
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4.3.2.2 Paste properties of cross-linked WCS with POCl3 

 

Table 4.3 Pasting properties of native waxy corn starch, cross-linked waxy corn starch prepared 
with different levels of phosphorus oxychloride (POCl3), and ClearJel®, a commercially 

available shear-resistant starch. Similar letter means no significant difference (n=3) 
Sample Peak 

Time 
(min) 

Pasting 
Temperature 

(ºC) 

Paste Viscosity (cP) 
Peak Final Breakdown Setback 

Native WCS 4.0±0.1d 74.6±0.5b 1305±66.7b 912±33.6b 462±18.4a 69 ±17.5c 
WCS 25 4.0±0.1d 74.1±0.1b 1100±73.8c 782±13.9b 416±18.9b 77 ±1.5c 
WCS -POCl3 0.01 4.3±0.1cd 74.3±0.5b 1555±59.7a 1608 ±50.0a 238 ±13.8c 291 ±3.5b 
WCS -POCl3 0.033 4.5±0.1c 74.3±0.5b 1394±41.2b 1733±48.6a 143±15.9d 482±13.2a 
WCS -POCl3 0.1 4.9±0.1b 74.5±0.5b 1302±26.9b 1656±48.1a 99±8.5e 453±27.1a 
ClearJel® 5.6±0.2a 76.3±0.8a 1320±102.8ab 1703 ±140.1a 104±2.6de 487 ±41.2a 

 
 

 
Figure 4.2 RVA profiles of 6% (w/w) d.b. of native corn starch and chemically modified 

starches. Waxy corn starch was reacted with phosphoryl chloride (POCl3) at 0.01% (1), 0.033% 
(2), and 0.1% (3). Waxy corn starch (4), waxy corn starch treated with same conditions as cross-
linked samples (WCS 25) (5), and a commercially available shear resistant sample (ClearJel®) 

(6) are included for comparison 
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For the WCS treated with similar condition as those crosslinked with POCl3 (WCS 25), 

similar paste properties were observed compared to native WCS. However, a decrease in peak 

viscosity in the treated WCS was observed, possibly due to mild gelatinization of WCS granules 

treated at pH 11 and kept at 25 ºC with constant stirring for 1 hour. Addition of POCl3 increased 

the peak time from 4 min to 4.9 min in the WCS reacted with the highest amount of POCl3, 0.1%. 

As explained before, the increase of number of covalent bonds may have resulted in a granule that 

can withstand processing at higher temperature and more time needed to start the swelling of the 

granule. However, the pasting temperature was similar for all the modified and unmodified WCS, 

except for the commercially-available shear-resistant starch. 

Small amount of cross-linker, 0.01% POCl3, reacted with WCS increased the peak 

viscosity from 1305 cP in the native WCS to 1555 cP in the cross-linked WCS. This increase in 

the peak viscosity has been linked to a high degree of swelling that resulted in a strong interaction 

between starch granules (Hirsch & Kokini, 2002). The final viscosity was greater in the WCS 

cross-linked with any amount of POCl3 compared to the native WCS. A decrease of the breakdown 

from 462 cP in the native WCS to 99 cP in the WCS crosslinked with the highest amount of POCl3, 

0.1%, was observed. Finally, the setback value increased in the cross-linked WCS with both 0.033% 

and 0.1% POCl3 compared to the native WCS. 

4.3.2.3 Paste properties of commercially-available shear-resistant starch 

The commercially-available shear-resistant samples, ClearJel®, had peak viscosity, final 

viscosity, and breakdown values between cross-linked samples with 0.01% and 0.33% STMP. 

However, setback and pasting temperature values were higher in ClearJel® than all the STMP 

cross-linked WCS. Compared with cross-linked WCS with POCl3, ClearJel®’s peak viscosity, 

final viscosity, breakdown and setback were similar to the samples cross-linked with 0.033% and 

0.1% POCl3. Lastly, ClearJel® showed high peak time and pasting temperature compared to 

samples crosslinked with any amount of POCl3 and native WCS.  
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4.3.3 Light microscopy  

 
Figure 4.3 Micrographs of iodine-stained waxy corn starch, ClearJel®, and waxy corn starch 

crosslinked with different amounts of phosphoryl oxychloride (POCl3) and sodium 
trimetaphosphate (STMP). Starch dispersions were shaken at 3000 RPM for 10 min. Images 

were taken with a magnification of 20X 
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Figure 4.3 continued. 

 

Microscope images from aliquots of the samples prepared using RVA and the samples 

prepared at low-concentration of starch are shown in Figure 4.3. It was observed that the native 

WCS experienced an irreversible swelling when heated, and disrupted granules and granule 

remnants could be observed when native WCS granules were heated for longer periods of time at 

95 ºC. When shaken, the granules of gelatinized WCS were disrupted and most of the “ghost 

granules” disappeared and small granule remnants were visible. 
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WCS having lower amount of cross-linker, 0.01% POCl3 and 0.01% STMP, seemed to 

withstand processing at higher temperatures. Furthermore, swollen granules were observed after 

heating at 95 ºC for 15 min compared to the images of native WCS. Small amounts of cross-linker 

reacted with the native starch granule resulted in a granule that did not disrupt during heating. 

However, the granule seemed to disintegrate into small pieces after shear treatment.  

From the microscope images, it is clear that WCS cross-linked with 0.01% of POCl3 had 

greater effect in creating chemical bonds, possible due to the faster reaction time of POCl3, than 

the WCS reacted with 0.01% STMP. The increase of phosphate groups in the cross-linked WCS 

enhanced hydration of the starch granule, which resulted in an increase in the swelling property 

(Kaur et al., 2006; Lim & Seib, 1993).  

Increasing the amount of cross-linker reacted in the WCS granule, 0.1% POCl3 and 1% 

STMP, restricted more the swelling of the granule during heating, possible due to the increase of 

inter-molecular and intra-molecular bonding in the highly cross-linked WCS (Kaur et al., 2006; 

Yoneya et al., 2003). After shaking the low-concentration pastes prepared with high concentration 

of cross-linker, it could be observed that the granules were disrupted, and higher number of 

remnants were left. Higher amount of crosslinker, enhanced the ability of the granule to withstand 

severe process conditions, e.g. heat and shear.  

For specimens collected from RVA preparation, an increase of the degree of integrity was 

observed with increasing amounts of crosslinker agent in the WCS for both cross-linker agents. 

An increase of the amount of cross-linker also influenced paste transparency after RVA treatment. 

In addition, samples with higher amount of crosslinker were more turbid. A high number of intact 

granules were observed in the samples containing higher amount of cross-linker (Figure 3).  

4.3.4 Fluorescence intensity of CCVJ in low-concentration dispersions of native and chemically 
modified waxy corn starch  

Fluorescence intensity of CCVJ was measured at microliter level of gelatinized native 

WCS, WCS cross-linked with STMP and POCl3, and ClearJel® (Figure 4.4 and 4.5).  
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4.3.4.1 Fluorescence intensity of CCVJ in low-concentration dispersions crosslinked WCS with 
STMP. 

 

 
 

Figure 4.4 Fluorescence intensity of CCVJ in non-shaken (red bars) and shaken (blue bars) 
dispersions of native waxy corn starch and its derivatives. Cross-linked waxy corn starch was 
prepared by reacting it with sodium trimetaphosphate (STMP). Control samples were prepared 

by treating WCS with the same reaction condition as the crosslinked samples (WCS-40). A 
commercially available crosslinked waxy corn starch (ClearJel®) is included for comparison. 
Dispersions were prepared at 0.5% (a) and 1% (b) starch concentration and shaken at 30000 
RPM for 10 min. Fluorescence intensity of CCVJ was recorded with an excitation/emission 

wavelength of 440 nm and 500 nm, respectively. Different letters mean significant difference 
within samples before shaking (v, w, x, y, and z) and within samples after shaking (a, b, c, d, and 

e). Asterisk (*) means significant difference before and after shaking. 
 

For both starch concentration tested, 0.5% and 1%, the fluorescence intensity of CCVJ 

increased with increasing amount of cross-linker in the modified sample. The lower fluorescence 

intensity was recorded for the native WCS and WCS treated with the same conditions as the 

crosslinked samples for both starch concentrations. Furthermore, the fluorescence intensity of 

CCVJ in WCS prepared at 1% was higher than the starch prepared at 0,5%, which means that the 

amount of free volume in the sample was affected with concentration of starch.  

When subjected to shear treatment, no significant difference was found in the shaken and 

non-shaken WCS samples for both concentrations. When the native WCS and treated WCS 

granules were heated at 95 ºC there was a high swelling of granules. Addition of iodine in the 

cooled gelatinized paste, resulted in a slight staining (Figure 4.3). The swollen granules were loose 

and with large free volume in their structure. When subjected to shear treatment, the granules of 

these WCS samples were completely disrupted and the loose structure was no longer visible under 
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microscope. However, it was noticed that the free volume in the shaken starch granules was not 

affected and the signal of CCVJ was similar for both WCS samples.  

When the WCS was cross-linked with 0.01% of STMP there was an increase in the CCVJ 

signal after gelatinization. It was observed that the introduction of lower amount of crosslinker 

kept the integrity of the granule after heat treatment (Figure 4.3). However, the swollen granule 

was still loose. After shaking this starch pastes, the fluorescence intensity of CCVJ was reduced 

and was similar to the CCVJ signal registered for the native WCS. It can be observed from 

microscope images (Figure 4.3), that this slightly cross-linked WCS was completely disrupted 

after shear treatment. It is likely that the number of covalent bonds incorporated with the small 

amount of STMP to WCS granule increased the heat-resistant property of the granule but did not 

confer any shear-resistant property.  

The fluorescence emission of CCVJ increased with increasing amounts of the cross-linker 

in the modified WCS. The highest fluorescence intensity registered for both starch concentration 

was for WCS cross-linked with 1% STMP. After shear treatment, a reduction of the CCVJ signal 

was observed. The signal in samples prepared at 0.5% had no significant difference for all three 

samples cross-linked with high amounts of STMP. In the pastes prepared at 1%, the higher signal 

of CCVJ was registered for the sample cross-linked with 1% STMP. It could be seen from 

microscope images (Figure 4.3) that the increase of cross-linker resulted in a more restricted-

swollen granule after heat treatment. After shear treatment, a high number of granule remnants 

could be observed. It is likely that the cross-linking of WCS with higher amount of STMP resulted 

in a granule with high number of internal chemical bridges and hence a granule with restricted free 

volume. By increasing the amount of cross-linker, stiffer nano-structures may have been formed 

which further restricted the internal rotation of CCVJ and increased the emission of photons 

through fluorescence intensity.  
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4.3.4.2 Fluorescence intensity of CCVJ in low-concentration dispersions of WCS crosslinked 
with POCl3.  

 

 
 

Figure 4.5 Fluorescence intensity of CCVJ in non-shaken (red bars) and shaken (blue bars) 
dispersions of native waxy corn starch and its derivatives. Cross-linked waxy corn starch was 

prepared by reacting it and phosphoryl oxychloride (POCl3). Control samples were prepared by 
treating WCS with the same reaction condition as the cross-linked samples (WCS-25). A 

commercially available crosslinked waxy corn starch (ClearJel®) is included for comparison. 
Dispersions were prepared at 0.5% (a) and 1% (b) starch concentration and shaken at 30000 
RPM for 10 min. Fluorescence intensity of CCVJ was recorded with an excitation/emission 

wavelength of 440 nm and 500 nm, respectively. Different letters mean significant difference 
within samples before shaking (v, w, x, y, and z) and within samples after shaking (a, b, c, d, and 

e). Asterisk (*) means significant difference before and after shaking. 

 

The fluorescence intensity of the WCS and WCS with similar conditions as the cross-linked 

samples with POCl3 (WCS-25) were non-significative after heat and shear treatments. The 

fluorescence intensity of CCVJ increased when a higher amount of cross-linker agent was 

introduced in the modified WCS. After shear treatments, the signal of CCVJ was lower in the 

shaken starch granules. It could also be observed from microscope images (Figure 4.3) and 

fluorescence intensity measurements (Figure 4.5) that WCS treated with lower amounts of POCl3, 

0.01%, resulted in stiffer granule after shear treatment that those obtained with 0.01% of STMP. 

The reduction in CCVJ signal was lower in WCS cross-linked with 0.01% POCl3 compared to 

WCS reacted with 0.01% STMP. Reaction of POCl3 with starch was described as fast and 

occurring mainly on the surface of the granule (Hirsch & Kokini, 2002). This rapid reaction in the 

outer layer of granule, makes the granule stiffer and consequently a network with restricted volume. 

In previous reports, Loutfy, (1986), Jee et al. (2009), Gavvala et al. (2013), Jee, Bae, & 

Lee (2010),  Lee et al., (2014), and Alhassawi et al. (2018) reported that the TICT state of 
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molecular rotors is affected not only by changes in micro-viscosity, but also the free space and the 

mechanical properties of the media. Furthermore, an increase in the stiffness or elastic modulus 

(Young’s modulus) of films made of different polymers resulted in a reduction of the internal 

motion of the molecular rotor structure.  

In general, the effect of cross-linking in starch granule is associated mainly with its 

swelling behavior. The higher the degree of cross-linking the more restricted the swelling will be 

(Kaur et al., 2006; Liu, Ramsden, & Corke, 1999; Koo, Lee, & Lee, 2010). Furthermore, a higher 

dependence of swelling power of starch granules is reported for the fast reacting POCl3 than the 

slow reacting STMP (Hirsch & Kokini, 2002). Lastly, crosslinking increases the mechanical 

properties of the starch granule by increasing the storage and loss moduli (Bohlin, Eliasson, & 

Mita, 1986; Heo et al., 2017).  

These results suggest that higher amount of cross-linking agent reacted in the WCS granule 

may result in a granule with stiffer nano-structure structure and reduced internal free volume due 

to the higher inter-molecular and intramolecular bridges formed. Therefore, changes in the nano-

structure of WCS granules can be detected by recording changes in fluorescence emission of the 

CCVJ.  

4.4 Conclusions 

Shear-resistance of starch granules can be detected with the new protocol developed. The 

suitability of the high-throughput method has been evaluated. Moreover, fluorescence intensity of 

molecular rotor, CCVJ, was affected by the media containing diverse molecular crowding. 

Different amounts of phosphorus-containing agents were used to prepare cross-linked starch 

granules. This resulted in the likely increase of the molecular weight and molecular crowdedness 

inside the granule by introducing intra-molecular and inter-molecular covalent bonds. Our results 

show that increasing the amount of crosslinking agent used during phosphorylation of WCS 

resulted in a stiffer granule with reduced swelling and resistant to high-temperature and shear 

processing. Measurement of fluorescence intensity of CCVJ in dispersion of native and cross-

linked WCS resulted in a high CCVJ signal in the dispersions prepared with cross-linked WCS 

with higher amount of cross-linker agent. RVA profiles of the modified WCS and microscope 

images of the low-concentration shaken cross-linked WCS corroborated the results obtained by 

measuring CCVJ signal.  
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