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Abstract 

Starches esterified with octenylsuccinic anhydride (OSA) are lipophilic and have been 

used as emulsion stabilizers in beverage, food, pharmaceutical and personal care applications. 

The traditional method for synthesizing octenylsuccinate (OS) starch is to react granular starch 

with OSA in an aqueous slurry system under mild alkaline conditions. In this dissertation, 

distribution of OS substituents within a single granule of modified maize and potato starches was 

investigated, and new technologies developed in our laboratory were used to prepare OS starches 

for emulsion and encapsulation applications. OS distribution predominantly occurred on the 

surface of the waxy maize starch granules as determined by Raman microspectroscopy, and the 

level of OS substitutes in the center of granules was also high and nearly equal to that on the 

surface. The regions between the surface and the hilum of the waxy maize starch granules had 

reduced OS substitution. In contrast, OS groups in OSA-modified waxy and normal potato 

granular starches were shown to be preferentially located on its surface. The DS of granule 

ghosts (the remnant of starch granule after cooking under low shear) suggested that the OS 

groups on the surface was about 2.5 times that of the bulk after 60% interior granule was lost and 

removed. In beverage application, OS waxy potato starch, which has excellent paste clarity, was 

hydrolyzed by α-amylase, and the products displayed good emulsion stability for orange oil. 

Compared with the aqueous slurry system, the dry heating treatment for synthesizing OS 

starch appeared simpler, and more economical with higher yield. The OS waxy maize starch 

prepared by dry heating treatment was used to emulsify and encapsulate vitamin E. The stability 

of encapsulated vitamin E (VE) particles was excellent by OSA-modified normal maize starch 

prepared by dry heating method. Fresh emulsions with the high ratio of starch to VE (1:1) had a 

small particle size of 0.7 μm. 



 

 

The conformational properties of starch granules during dextrinization (dry heating in the 

presence of acid) were investigated by high performance size exclusion chromatography 

(HPSEC) coupled with multiple detectors. The measured exponent α values in Mark-Houwink 

equation indicated that pyrodextrins prepared at pH 3, 170 °C and 150 °C only had one compact 

spherical conformation (α 0.27-0.31) during dextrinization, whereas pyrodextrins at pH 2 and 

150 °C had a mixture of two shapes of molecules: compact sphere (α 0.26) and rigid coil (α 0.89) 

conformation. Pyrodextrins prepared at pH 3 and 150 °C for 4 h and its swollen granules 

recovered from glycerol/water mixtures were determined by X-ray diffraction and DSC, and the 

results showed that short-range crystallinity was destroyed but long-range order (birefringence) 

was retained. Interestingly, some intact granules could swell as much as 80% in glycerol/water 

40/60 to 60/40 at 10% starch solids and still displayed Maltese cross patterns, but were not 

crystalline. 
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Abstract 

Starches esterified with octenylsuccinic anhydride (OSA) are lipophilic and have been 

used as emulsion stabilizers in beverage, food, pharmaceutical and personal care applications. 

The traditional method for synthesizing octenylsuccinate (OS) starch is to react granular starch 

with OSA in an aqueous slurry system under mild alkaline conditions. In this dissertation, 

distribution of OS substituents within a single granule of modified maize and potato starches was 

investigated, and new technologies developed in our laboratory were used to prepare OS starches 

for emulsion and encapsulation applications. OS distribution predominantly occurred on the 

surface of the waxy maize starch granules as determined by Raman microspectroscopy, and the 

level of OS substitutes in the center of granules was also high and nearly equal to that on the 

surface. The regions between the surface and the hilum of the waxy maize starch granules had 

reduced OS substitution. In contrast, OS groups in OSA-modified waxy and normal potato 

granular starches were shown to be preferentially located on its surface. The DS of granule 

ghosts (the remnant of starch granule after cooking under low shear) suggested that the OS 

groups on the surface was about 2.5 times that of the bulk after 60% interior granule was lost and 

removed. In beverage application, OS waxy potato starch, which has excellent paste clarity, was 

hydrolyzed by α-amylase, and the products displayed good emulsion stability for orange oil. 

Compared with the aqueous slurry system, the dry heating treatment for synthesizing OS 

starch appeared simpler, and more economical with higher yield. The OS waxy maize starch 

prepared by dry heating treatment was used to emulsify and encapsulate vitamin E. The stability 

of encapsulated vitamin E (VE) particles was excellent by OSA-modified normal maize starch 

prepared by dry heating method. Fresh emulsions with the high ratio of starch to VE (1:1) had a 

small particle size of 0.7 μm. 



 

 

The conformational properties of starch granules during dextrinization (dry heating in the 

presence of acid) were investigated by high performance size exclusion chromatography 

(HPSEC) coupled with multiple detectors. The measured exponent α values in Mark-Houwink 

equation indicated that pyrodextrins prepared at pH 3, 170 °C and 150 °C only had one compact 

spherical conformation (α 0.27-0.31) during dextrinization, whereas pyrodextrins at pH 2 and 

150 °C had a mixture of two shapes of molecules: compact sphere (α 0.26) and rigid coil (α 0.89) 

conformation. Pyrodextrins prepared at pH 3 and 150 °C for 4 h and its swollen granules 

recovered from glycerol/water mixtures were determined by X-ray diffraction and DSC, and the 

results showed that short-range crystallinity was destroyed but long-range order (birefringence) 

was retained. Interestingly, some intact granules could swell as much as 80% in glycerol/water 

40/60 to 60/40 at 10% starch solids and still displayed Maltese cross patterns, but were not 

crystalline. 
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Overall introduction Chapter 1 - 

Having both hydrophilic and hydrophobic groups, octenylsuccinic anhydride (OSA) 

modified starches are used widely as emulsifiers and stabilizers in foods, oil-in-water beverage 

emulsions, personal care, pharmaceuticals, and paper industries. In this dissertation, OSA-

modified starch as an emulsion stabilizer in flavor beverages is reviewed (Chapter 2). Beverage 

emulsions are oil-in-water emulsions that are normally prepared as a concentrate and then diluted 

into finished products. Ring formation in beverages with emulsions during thermal processing 

and storage is one of the key challenges. Strategies to increase the stability of beverage 

emulsions generally comprise the use of homogenization, weighting agents (to raise the density 

of the oil phase), and emulsifiers. 

Our group has been conducting research on OS starches including i) reaction mechanism 

and reaction uniformity (Bai et al., 2009; Bai, et al., 2014; Bai & Shi, 2013), ii) structure of OSA 

and OSA modified starches (Bai et al., 2011; Bai & Shi, 2011; Qiu et al., 2012), iii) new novel 

methods of preparing OSA-modified starches (Shi & Bai, 2016), and iv) use of OS starch in 

stabilizing vitamin E emulsion (Shi & Bai, 2016). Continued research on OS starch was 

conducted this dissertation. Distribution of OS substituents within a single granule of modified 

maize and potato starches was investigated, and new technologies developed in our laboratory 

were used to prepare OS starches for emulsion and encapsulation applications. 

The number of publications in the field of OSA starch synthesis and characterization has 

significantly increased in the last decade (Altuna et al., 2018; Sweedman et al., 2013). 

Traditionally, the most widely used pathway for synthesizing OS starch is a reaction of starch in 

its granular form in an aqueous slurry system under mild alkaline conditions (Caldwell & 

Wurzburg, 1953; Sweedman et al., 2013; Trubiano, 1986). The structure of OSA modified starch 
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prepared by the aqueous alkaline slurry reaction was investigated in previous studies. At the 

granular level, after reacting with 3% (wt%, starch basis) OSA, the x-ray diffraction pattern of a 

starch is generally not changed, indicating that OS substitution occurs primarily in the 

amorphous regions of granules (Bai & Shi, 2011). Using FT-IR microspectroscopy, Bai et al. 

(2009) and Wetzel, Shi, & Reffner (2010) investigated the level and uniformity of OS 

substitution on individual waxy maize starch granules, and reported that OS concentration varied 

between granules. However, it should be noted that individual starch granules were flattened 

before measurements of FT-IR spectra due to the thickness of the whole granule and a loss of 

signal caused by the spherical lensing effect (Wetzel, Shi, & Schmidt, 2010). Therefore, Wetzel, 

Shi, & Schmidt (2010) first used confocal Raman microspectroscopy to provide greater spatial 

resolution and show a clear evidence for the presence of the octenyl succinate (OS) ester group at 

the surface of the unflattened modified starch granules at Raman band 1670 cm
-1

. However, there 

is no report on the OS distribution within a single granule.  Therefore, the distribution of OS 

substituents within a single granule of modified waxy maize starch was investigated by Raman 

microspectroscopy (Chapter 3). 

Compared with waxy and normal cereal starches that show an A-type crystalline pattern, 

potato starch exhibits a B-type X-ray crystalline pattern. In contrast to maize starch, potato starch 

granules have no channels with smooth surface (Wang et al., 2010). No work on waxy potato 

starch reacted with OSA agent has been reported. In Chapter 4, the OS substituent distribution in 

modified waxy and normal potato starches with different degrees of substitution (DS) was also 

determined by Raman microspectroscopy. In addition, two approaches were used to further 

determine OS substituents in starch granule: 1) isolation of residual surface granule (termed 

granule “ghosts”) after starch is gelatinized  and internal soluble starch was removed (Zhang et 
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al., 2014), and 2) isolation of internal starch granule after chemical surface gelatinization after 

the surface of starch granule was removed (Jane & Shen, 1993). The OS content in isolated 

starch “ghost” (surface part of the granule) and internal part of the granule was determined.    

New approaches (US patent application No. 16/728,400) to prepare degraded OS starches 

by α-amylase were used to make OS waxy potato starch. Waxy potato starch, which contains no 

amylose, has a higher paste clarity than waxy maize starch (Hsieh et al., 2019). Formation of 

orange oil-in-water emulsion stabilized by alpha-amylase-degraded octenylsuccinic anhydride 

waxy potato starches was studied in Chapter 5. 

Traditional method of preparation of OS starches is the alkaline slurry aqueous reaction, 

but this method has some drawbacks due to poor water solubility of the product, and the product 

requires further degradation by enzyme or acid conversion to be completely soluble in water. 

Compared with the aqueous system and other alternative methods, the dry heating treatment had 

high yield and appeared to be simpler and more economical. The dry heating treatment is an 

alternative way to produce dextrin, a degraded starch product prepared by a process involving 

heat treatment and/or acidification with high water solubility and low viscosity (Wurzburg, 

1986). The dextrinization caused a decrease in molecular size of starch, gelatinization and 

retrogradation endotherm, and average chain length (CL) as solubility and degree of branching 

(DB) increased with dextrinization time from 0.5h to 4h (Bai, Cai, et al., 2014; Bai & Shi, 2016; 

Han et al., 2018). However, the conformational properties of the pyrodextrins have not been 

studied. In Chapter 6, the molecular size and shape of waxy maize starch during dextrinization 

were determined.  

After studying of the molecular size and shape of pyrodextrins from waxy maize starch, 

the swelling behavior of pyrodextrins in granular structure in different ratios of glycerol/water 



4 

 

 

(100/0, 80/20, 60/40, 40/60, 20/80, and 0/100, w/w) was investigated to gain further information 

of structural changes in starch granules during the dry heating in the presence of acid  (Chapter 

7).  

Shi and Bai (2016) developed a novel approach to prepare OS starch by dry heating on 

the mixture of OSA and granular starch. For waxy maize starch, the optimum condition to 

produce the best product with high solubility, degree of substitution and light color was obtained 

when 3% (wt% by starch weight) NH4HCO3 was added and heated at 180°C for 2 h. The OS 

waxy maize starch had 100% solubility, a DS of 0.022 and 90% reaction efficiency with a highly 

branched structure. In addition to waxy maize starch, we hypothesized that normal maize starch 

could be used to this dry heating approach. Normal maize starch is widely available and cheaper 

than waxy maize starch in certain regions of the world. In Chapter 8, normal maize starch was 

used to prepare OS dextrin by dry heating, and the product was used to encapsulate vitamin E. 

The spray-dried vitamin E micro-particles have potentials to be used in feed industry. 

In the final chapter, conclusions and future work are presented.  

Overall, two approaches were used to prepare OS starches in this dissertation: one is 

slurry method and the other is dry heating method. The main objectives of this dissertation were: 

1. To determine the distribution of OS groups on waxy maize starch (Chapter 3) and waxy 

and normal potato starches (Chapter 4). 

2. To develop the optimum reaction conditions of preparing soluble OS maltodextrin from 

waxy potato starch in aqueous method that can be used in clear beverage application, and 

characterize degraded OS starches from waxy potato starch by α-amylase (Chapter 5).  

3. To study the effect of dextrinization conditions on the conformation (Chapter 6) and 

swelling behavior of pyrodextrins (Chapter 7). 
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4. To further understand the structure and properties of OS starch prepared from normal 

maize starch by dry heating; and to investigate the effect of the molecular size of OS 

starch, and DS of OS starch on emulsion and encapsulation of vitamin E (Chapter 8). 
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Octenylsuccinic anhydride modified starches as an Chapter 2 - 

emulsifier in beverage, a review 

 Abstract   

This review focuses on the utilization of octenylsuccinic anhydride (OSA) modified 

starch as an emulsifier in oil-in-water emulsions for beverages.  The synthesis and structural 

characterization of OSA-modified starch are reviewed, as well as other functional ingredients in 

beverage emulsions used to formulate these systems, including oil phases, surfactants, and 

weighting agents. Recent developments in the vitamin E emulsion are also discussed and 

summarized. 

 Introduction 

Starch is a natural polysaccharide consisting of homopolymers of glucose units joined by 

glycosidic bonds, and comprises two types of polymers: amylose and amylopectin (BeMiller & 

Whistler, 2009). Starch is synthesized by plants and serves as energy storage. Starch is a readily 

accessible and highly versatile with a great variety of useful applications in the food industry. 

However, the drawbacks of unmodified starches such as insolubility in cold water, lack of 

pasting consistency and stability when dispersed and heated in water, loss of viscosity by acids 

or mechanical shear, lack of clarity, tendency to retrograde during storage, and lack of 

emulsification, have limited their use in many commercial applications (BeMiller, 2018). 

Modified starches were developed in the 1940s to achieve desirable functional properties such as 

solubility, texture, adhesion, texture, dispersion and heat tolerance (Philips & Williams, 2000). 
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To overcome the lack of emulsification properties of native starch in water, the addition 

of hydrophobic octenylsuccinic anhydride (OSA) was introduced (Caldwell, 1952; Caldwell & 

Wurzburg, 1953). A polysaccharide (such as starch, dextrins and cellulose) was esterified with a 

substituted cyclic dicarboxylic acid anhydride. OSA (chemical formula C12H18O3), a cyclic 

dicarboxylic acid anhydride, has two active carboxyl groups which can react with the hydroxyl 

groups in polysaccharide under alkaline conditions in aqueous slurry systems as shown in Fig. 

2.1 (Altuna et al., 2018; Bai & Shi, 2013; Sweedman et al., 2013). The long alkyl chain of 

octenyl groups in OSA has hydrophobicity, which converts a polysaccharide to amphiphilic 

molecule (Shogren et al., 2000). In the United States, only OSA among other alkenyl succinic 

anhydrates is approved for food use with maximum level 3% (w/w) (DS ~ 0.02) by the Food and 

Drug Administration (FDA). Due to a combination of OSA’s hydrophilic and hydrophobic 

groups and starch’s highly branched macromolecular structure, OSA-modified starches are used 

widely as emulsifiers and stabilizers in beverage, food, pharmaceutical and personal care 

applications and in other industries where stable emulsions are required (Altuna et al., 2018; 

Dokić et al., 2012; Sweedman et al., 2013; Trubiano, 1986;  Zhao et al., 2017).  
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Figure 2.1 Structure of OSA-modified starches [Adapted from Sweedman et al., (2013)] 
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 Synthesis of OS starch 

 Traditional method and its variations 

Currently, the most widely used pathway for synthesizing OS starch is a reaction of 

starch in its granular form in an aqueous slurry system and adding OSA dropwise while stirring 

and maintaining pH under mild alkaline conditions at or near room temperature (Bai et al., 2014; 

Zhang et al., 2011).  The number of publications in the field of OSA starch synthesis and 

characterization has significantly increased in the last decade (Altuna et al., 2018; Bajaj et al., 

2019; Han, Zhang et al., 2019; Han, Chung et al., 2019; Jain et al., 2019; Li et al., 2018; Lin et 

al., 2018; Punia et al., 2019; Sun et al., 2020; Sweedman et al., 2013; Wang et al., 2020; Xu et 

al., 2018; Yu et al., 2019).  

Acid and enzyme treatments are the most common methods to change the structure of 

OS-starch to make it soluble and decrease in the molecular weight and apparent viscosity. Xu et 

al. (2015) investigated that β-amylase which cleaves (1→4)-α glycosidic bond from the non-

reducing ends of starch ranches could be used to hydrolyze OSA-modified waxy maize starch to 

obtain a better emulsion stability with orange oil, but the droplet size of emulsions was still large 

and the stability was weak. On the other hand, α-amylase, an endo-amylase which cuts (1→4)-α 

bond randomly in the interior of starch chains was also used to degrade OS starch (Han, Zhang et 

al., 2019; Liu et al., 2008; Zhang et al., 2018). In 2019, we filed a U.S. patent application (No. 

16/728,400) describing two approaches to prepare α-amylase-degraded OS starches. In the first 

approach, granular waxy maize starch was reacted with OSA, then cooked and hydrolyzed by α-

amylase to produce maltodextrins (gOSMs). In the second approach, granular starch was cooked 

and hydrolyzed by α-amylase to make a maltodextrin, and the resulting soluble maltodextrin was 
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reacted with OSA for OS maltodextrins (sOSMs). Preparation and structure of α-amylase-

degraded OS waxy maize starches with different substitution patterns were studied (Bai, 2013). 

The product (gOSMs) had localized OS substitution near the branching points or non-reducing 

ends; the other product (sOSMs) had OS groups distributed randomly throughout the starch 

chains, and OS substitutions were found close to the branching points as well as the non-

reducing ends.  

A new method for combining high hydrostatic pressure (HHP) and octenylsuccinic 

anhydride (OSA) esterification for starch modification in aqueous slurry was developed by Sun 

et al. (2020). The degree of substitution (DS) decreased after HHP treatment and OSA with 

combined HHP treatment destroyed the surface morphology of the starch. In previous study (Li 

et al., 2018), rice starch was pretreated by dynamic high-pressure microfluidization (DHPM) and 

subsequently modified by OSA in aqueous slurry. 

These OSA modifications to the traditional synthesis methodology proposed within the 

last two years with reaction conditions used for starch modification with OSA in aqueous slurry 

under mild alkaline conditions are listed in Table 2.1. The DS achieved by esterification of starch 

with OSA using the aqueous slurry method depends on the botanical source of the starch used, 

pretreatments, and reaction conditions. The DS of OS starches generally increases when the 

percentage of OSA increases. 

 

 

Table 2.1 Reaction conditions values most used in the recent literature in the last two years 

for starch esterification with OSA in aqueous slurry under mild alkaline conditions with 

variations.  
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Base starch 
Starch 

(% w/w) 
pH 

T 

(°C) 

OSA (%w/w, 

starch basis) 

Time 

(h) 
DS Reference 

lotus seed 

starch 

35 8-9 35 3 3 0.015 

Sun et al. 

(2020) 
    5  0.021 

    7  0.032 

    9  0.039 

Waxy rice 

dextrin  

20 8.5 25 1 3 0.006 

Wang et 

al. (2020)     2  0.011 

    3  0.019 

Taro starch 30 8.5 35 3 5  0.018 
Yu et al., 

(2019) 
    5  0.024 

    9  0.032 

Wheat starch 20 8 25 3 3 0.023 

Bajaj et al. 

(2019) 

Corn starch      0.024 

Waxy corn 

starch 

     0.018 

Potato starch      0.028 

Sweet potato 

starch 

     0.029 

Rice starch      0.027 

Kidney bean 

starch 

     0.060 

Mung bean 

starch 

45 8 25 3 1 0.017 Punia et 

al. (2019) 

Waxy corn 

starch 

40 8.5 35 3 1 0.023 Han et al. 

(2019) 

Corn starch 30 8.5 25 3 6 0.018 Han et al. 

(2019) 

Waxy maize 

starch 

35 8.5 25 3 3 0.016 

Lin et al. 

(2018) 

   5  0.025 

   7  0.034 

   9  0.042 

Rice starch  35 8.5-

9.0 

25 3 6 0.018 Li et al. 

(2018) 

Waxy maize 

starch 

35 8.5 35 3 2 0.018 Xu et al. 

(2018) 

Rice starch 35 8.5 35 3 2 0.014 Jain et al. 

(2019) Rice starch  35 8.5 35 3 2 0.020 
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Alternative methods 

Apart from the traditional pathway in aqueous slurry, some studies have been conducted 

to increase the reaction efficiency by using acetic acid (Shogren, 2003), organic solvents 

(Bhandari & Singhal, 2002; Viswanathan, 1999), microwave (Biswas et al., 2006; Rivero et al., 

2009), dry heating (Kim et al., 2010; Sandhu et al., 2015), dry media milling (M. Chen et al., 

2014; Hu et al., 2016), ionic liquids media and lipase as catalyst (Li et al., 2016). For more 

details on these alternative methods, the previous reviews of Altuna et al. (2018) and Sweedman 

et al. (2013) are referred. In Bai et al. (2017) used supercritical carbon dioxide (ScCO2) to 

synthesis of OS starch, diffusing dissolved OSA in ScCO2 into the starch granules, which led to 

an even distribution of OS groups in the starch granule. Additionally, OS starch prepared in 

ScCO2 had a lower gelatinization temperature and a higher peak paste viscosity indicated that 

this starch can be used as an effective thickener. 

Shi & Bai (2016) filed a United States patent application (U.S. Patent No. 9,458,252) 

describing an approach to prepare OS starch by dry heating on the mixture of OSA and granular 

starch. Optimum reaction conditions (3% NH4HCO3, heating at 180 °C for 2 h) were 

investigated to prepare OS waxy maize starch with a high degree of substitution (DS), high 

reaction efficiency (RE), high solubility, and a light color. RE of ca. 90% was obtained at OSA 

levels from 3%. After evaluation of the structure and properties of the OS dextrins, the OSA 

reaction did not change the granular appearance of the starch; however, the molecular weight of 

starch was significantly reduced after reaction. Heat and OSA reaction resulted in significant 

starch hydrolysis in the amorphous and crystalline regions of starch granules. OS substitutions 

probably occurred at the amorphous region of starch granules. Glycosyl linkages including α-
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(1→2), α-(1→6), β-(1→2), and β-(1→6) linkages were formed, and 1,6- anhydro-β-D-

glucopyranose was formed at the starch chain terminals. OS starch had a degree of branching of 

19.8%.  

 Characterization of OS-starch 

The functional properties of OS starch are determined by the structure of substituted 

starch which can be distinguished at three levels– universal, granular, and molecular (Bai et al., 

2014; Huber & BeMiller, 2009; Wang, He, Fu, Huang, & Zhang, 2016). At the universal level, 

the overall extent of substitution, or degree of substitution (DS) which represents the average 

number of modified hydroxyl groups per glucosyl unit, can be determined by titration, high 

performance liquid chromatography (HPLC) and nuclear magnetic resonance (NMR) 

spectroscopy ( Bai et al., 2011; Bai & Shi, 2011; Qiu et al., 2012; Sweedman et al., 2013). At the 

molecular level, OS substitution, up to DS ~ 0.06, was found to occur mainly at the O-2 and O-3 

positions of the anhydroglucose units (AGUs) in OSA-modified maize granular starch (Bai et al., 

2011; Bai & Shi, 2011). Most OS groups were located near the branch points of amylopectin at 

the low DS of 0.018, whereas at the higher DS of 0.92, OS groups were located near both the 

branch points and on or near the non-reducing ends (Bai et al., 2014). 

At the granular level, reaction patterns of modification within a granule have been 

examined by light microscopy, confocal laser scanning microscopy (CLSM), scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM) (Huber & BeMiller, 2009). 

After reacting with 3% (wt%, starch basis) OSA, the x-ray diffraction pattern of a starch is 

generally not changed, indicating that OS substitution occurs primarily in the amorphous regions 

of granules (Bai & Shi, 2011; Liu et al., 2018; Shogren et al., 2000). When examined by 
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backscattered-electron imaging of osmium-stained OSA modified waxy maize starch granules 

(Shogren et al., 2000), the OS groups appeared to be dispersed throughout the granules. 

However, x-ray photoelectron spectroscopy suggested that the surface concentration of OS was 

higher than that of the bulk (Huang et al., 2010; Shogren et al., 2000). CLSM results also 

indicated that the surface of granules has more OS groups than the interior (Chen et al., 2014; 

Wang et al., 2013; Ye et al., 2014; Zhang et al., 2011). Using CLSM to study the effects of high-

speed shear during the OSA modification reaction, Wang et al. (2015) reported increasing 

substitution of OS groups in the inner region of a starch granule, indicating a more even 

distribution of OS groups in the granules when the OSA reaction is conducted with high speed 

shear.  

Using FT-IR microspectroscopy, Bai et al. (2009) and Wetzel, Shi, & Reffner (2010) 

investigated the level and uniformity of OS substitution on individual waxy maize starch 

granules, and reported that OS concentration varied between granules. However, it should be 

noted that individual starch granules were flattened before measurements of FT-IR spectra due to 

the thickness of the whole granule and a loss of signal caused by the spherical lensing effect 

(Wetzel, Shi, & Schmidt, 2010). Therefore, Wetzel, Shi, & Schmidt (2010) first used confocal 

Raman microspectroscopy to provide greater spatial resolution and show a clear evidence for the 

presence of the octenyl succinate (OS) ester group at the surface of the unflattened modified 

starch granules at Raman band 1670 cm
-1

. Liu et al. (2018), using confocal 2D Raman 

microscopy, reported that OS groups in esterified waxy maize granules are located unevenly 

throughout the starch granules with an increased intensity in the center. However, it has not been 

reported on the OS distribution within a single granule. 
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 Application in beverages 

Recent developments in formulation, production, and applications of beverage emulsions 

have been reviewed (McClements et al., 2017; Piorkowski & McClements, 2014; Stounbjerg et 

al., 2018). Natural emulsifiers used in emulsion-based products were reviewed by McClements 

and Gumus (2016). Beverage products that should be either transparent or only slightly cloudy in 

appearance are consumed by people around the world. The main characteristics of beverage 

emulsions is that they are very dilute, containing as little as 20 mg/L of a dispersed oil phase in 

the finished product, and must remain physically stable for relatively long periods of time (4–12 

months) (Given, 2009). Hydrophobic components such as flavor oils, weighting agents, clouding 

agents, oil-soluble vitamins, and nutraceuticals can be incorporated into a variety of different 

colloidal delivery systems suitable for application within beverage products (McClements, 2012; 

McClements & Rao, 2011), with the most common being emulsions (100 nm to100 μm, 

turbid/opaque), nanoemulsions (10-100 nm, clear/turbid), and microemulsions (2-50 nm, clear) 

(McClements, 2011; Piorkowski & McClements, 2014). For clear products, the majority of 

droplets should be less than about 50 nm in diameter so that the light scattering is very weak 

(Wooster et al., 2008). 

Microemulsions are thermodynamically stable and typically contain very small particles 

and therefore tend to be optically transparent/clear, which is desirable for soft drinks that should 

be clear. However, the formation usually requires relatively high levels of synthetic surfactants 

and sometimes the use of cosurfactants/cosolvents, which can be undesirable due to toxicity, 

cost, taste, and labeling reasons (Piorkowski & McClements, 2014; Saari & Chua, 2020). The 

recent trend towards more natural (base on plant) and label friendly ingredients are considered to 
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replace artificial additives, as well as allergens from products of animal origin, to comply with 

consumer preferences (Stounbjerg et al., 2018).  

Emulsions and nanoemulsions are both thermodynamically unstable systems consisting 

of two immiscible liquids so they will breakdown given sufficient time due to gravitational 

separation, flocculation, coalescence and Ostwald ripening (McClements & Rao, 2011; Vilela et 

al., 2018). The droplets of emulsions are larger than that of nanoemulsions and therefore they 

scatter light more strongly and appear more turbid or cloudy, which is an advantage for soft 

drinks that are required to have a cloudy appearance, but a disadvantage for products where 

optical clarity is required. A major advantage of emulsions and nanoemulsions is that the 

emulsifier-to-oil ratio required to formulate them is often much less than that required for 

microemulsions, and they can be formulated from all natural ingredients (such as proteins and 

polysaccharides) rather than synthetic surfactants (such as Tweens) (Piorkowski & McClements, 

2014).  

In general, nanoemulsions can be prepared using two main approaches: high-energy and 

low-energy (Gupta et al., 2016; McClements, 2011; McClements & Rao, 2011). High-energy 

approaches start with oil-in-water (O/W) emulsions and utilize mechanical devices that produce 

intense disruptive forces that breakup the oil and water phases, such as ultrasonication, high 

pressure homogenizers (HPH), microfluidizers, and ultrasound generators. In contrast, low-

energy approaches mainly rely on the internal chemical energy of the system to form small 

droplets (Komaiko & McClements, 2015; McClements & Rao, 2011). Low energy methods start 

with water-in-oil (W/O) emulsions and break coarse emulsions into smaller droplets as they pass 

through a state of low interfacial tension during phase inversion. The emulsion inversion point 

(EIP) technique induces a phase inversion by water dilution whereas the phase inversion 
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temperature (PIT) approach induces a phase inversion on cooling of the mixture (Gupta et al., 

2016). However, the emulsifiers used for low energy emulsification methods are commonly 

surfactant, protein or lipid, not polysaccharide, the most economical abundant and versatile 

material in the world.  

Therefore, we focus primarily on the utilization of emulsion systems by plant-based 

polysaccharide using high-energy approaches in the preparation of oil-in-water emulsions for 

beverages. We will use the term “emulsion” to refer to both nanoemulsions and conventional 

emulsions. 

 Formation of flavor oil-in-water emulsions 

The most commonly used flavor oils in the food industry are citrus oils (essential oils 

extracted from the orange or lemon peel) in soft drinks formulation (Molet-Rodríguez et al., 

2018). Beverages are dilute oil-in-water emulsions, which are typically composed of a flavor oil 

blend with a polymeric emulsifier/stabilizer in continuous phase (Given, 2009). It should be 

noted that oil viscosity influences the efficiency of droplet disruption during high energy 

homogenization. When dispersed phase viscosity is close to continuous phase viscotiy, droplet 

disruption is effciennt and the emulsions with small particle size is produced (Piorkowski & 

McClements, 2014). 

 Weighting agent 

In the beverage industry, weighting agents, also called density-adjusting agents, would be 

added into the emulsion to increase the density of oil phase to level of density of continuous 

phase, thereby reducing the tendency for creaming and keeping the droplets uniformly 

distributed throughout the beverage (Dłużewska et al., 2006; Given, 2009). The criteria for a 
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good weighting agent are needed to be oil soluble with no undesirable flavor, odor, or color, 

higher specific gravity (density) than that of flavor or essential oils, and approved by food 

regulatory (Tan, 2004). These are oil soluble substances with high densities. In the 1940s, 

brominated vegetable oil (BVO) was first used in soft drinks as the weighting agents for orange 

oils. Since 1970, several restrictions have been imposed on the incorporation of weighting agents 

in beverage emulsions. For example, in United States and Canada, the permitted level of use was 

restricted at 15 ppm BVO, density 1.23–1.33 g/cm
3
 (Stounbjerg et al., 2018; Taherian et al., 

2008). Consequently, the stability of cloud or flavor emulsions for the desired period of time 

became a common concern in the beverage industry, and ringing or creaming has been a frequent 

defect in beverages containing cloud emulsions (Taherian et al., 2008). Therefore, the commonly 

used weighting agents have been investigated for use as weighting agent such as ester gum (EG), 

sucrose acetate isobutyrate (SAIB), and damar gum (DG). EG, considered as the best agent for 

creating cloudy emulsions when it is used in combination with other emulsifying agents and 

permitted for use at 0.01% in the finished beverage, is a hard, pale-amber-colored resin produced 

by the esterification of pale wood rosin with food-grade glycerol and purified by steam stripping 

(density 1.08 g/cm
3
) (Stounbjerg et al., 2018). SAIB is manufactured by esterification of sucrose 

with acetic anhydride and isobutyric anhydride in the presence of a barium hydroxide catalyst 

with density 1.146 g/cm
3
 approved by FDA for use at a maximum level of 0.03% in the finished 

beverage. DG is extracted from Damar plants in Malaysia, Indonesia, and the East Indies with 

high solubility in essential oils used as a weighting agent for edible oil to produce beverage 

clouds emulsion (density 1.05-1.08 g/cm
3
) (Tan, 2004).  

 Hydrocolloids acting as emulsifiers 
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Emulsifiers are usually selected from either high molecular weight biopolymers (such as 

proteins or polysaccharides) or low molecular weight surfactants (such as lecithins, saponins, 

Tweens, or Spans) (McClements & Jafari, 2018). Most surfactants are synthetic although these 

emulsifiers could be the most effective in reducing the particle size (Raikos et al., 2017). 

However, a great amount of surfactant and co-surfactant is not favorable due to normal 

membrane structure disruption and cytotoxicity (Colomer et al., 2012; Ménard et al., 2012). As 

natural emulsifiers, proteins are not suitable for beverages since it is sensitive to pH and ionic 

strength. Hydrocolloids acting as emulsifying agents was reviewed by Dickinson (2018). 

Hydrocolloids stabilize emulsions through steric hindrance, depletion flocculation, viscosity 

effects and electrostatic interactions, with some desired characteristics in high cold water 

solubility, low viscosity, high emulsifying capacity and no thickening and/or gelling effects with  

aging (Chanamai & McClements, 2001, 2002; McClements, 2010; Piorkowski & McClements, 

2014). The emulsification results were independent of oil content/concentration, solid 

concentration, pH value, and ion valence, but the ratio of emulsifier/oil has  a large influence on 

emulsion stability (Tesch et al., 2002).  

 Gum Arabic vs. modified starch 

The most widely used hydrocolloids in beverage are amphiphilic polysaccharides, such as 

gum arabic and modified starch which has been reacted with a derivative succinic anhydride due 

to their colorless and tasteless in solution, good stability to droplet aggregation at a wide range of 

pH values, ionic strengths and temperatures (Charoen et al., 2011, 2012; Given, 2009; 

McClements, 2011; McClements et al., 2017; Sanchez et al., 2018; Stounbjerg et al., 2018; 

Williams & Phillips, 2009). The presence of hydrophilic arabinogalacton molecules conjugated 

to hydrophobic protein chain in gum arabic allow the macro molecule to stabilize oil and water 
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emulsion, creating a homogenous texture to the beverages (Al-Assaf & Phillips, 2009; 

McClements et al., 2017). However, gum arabic is required in high concentrations (Chanamai & 

McClements, 2002), and due to issues regarding availability, the fluctuating price and 

inconsistent quality (Harnsilawat et al., 2006), the beverage industry is exploring other 

alternative of emulsifiers, such as modified starch and whey protein (Chanamai & McClements, 

2002). For example, 20% gum arabic was required to produce a stable 12.5 wt% oil-in water 

emulsion but modified starch was used as 12% (Chanamai & McClements, 2002). 

Previous study has compared gum arabic and OSA-modified starches used as emulsifiers 

to perform in formation and stabilization of orange oil-in-water emulsions (Qian et al., 2011). At 

the same emulsion conditions (5% oil, three passes at 9,000 psi by microfluider), the minimum 

droplet diameters produced were 0.497 and 0.222 µm while the ratio of emulsifier to oil required 

to produce small droplets were 3:5 and 5:5, respectively. They also found that there was little 

effect of pH, ionic strength and temperature on emulsions stabilized by gum arabic or OSA-

modified starches due to strong steric (rather than electrostatic) stabilization.  The similar 

conclusion was also found in other studies (Chaudhari et al., 2015; Xu et al., 2018). Since the 

main stabilizing mechanism of OSA-modified starches is steric hindrance, the stability of 

emulsions is resistant to changes in pH (3-9), ionic strength (0-100 mM NaCl; 0-25 mM CaCl2) 

and temperature (30-90 ºC) (Chanamai & McClements, 2001, 2002; Charoen et al., 2011; Qian 

et al., 2011). 

 OSA-modified starches as emulsion stabilizers 

As most of the available commercial samples of OS starch contain a high proportion of 

amylopectin (highly branched structure), responsible for the ingredient’s interfacial functionality 

(Dickinson, 2018). After high-pressure homogenizer, an oil-water interfacial layer of OS starch 
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has been formed. Three key structural attributes of the amylopectin molecule all contribute to its 

steric stabilization effectiveness due to its large molecular size, its high backbone rigidity, and its 

extensive chain branching (Dokić et al., 2012; Sweedman et al., 2013).  

Nevertheless, what factors could enhance the emulsification properties of OSA modified 

starch with orange oil? The most common factors affected on the stability of oil-in-water 

emulsion based beverage are reviewed by Meybodi et al. (2014). The importance of particle size 

distribution and rheological properties of water phase and emulsions on stability of beverage 

emulsions were highlighted.  

An overview of recent research articles on oil-in-water emulsion formation by OSA-

modified starches using a microfluidizer is shown in Table 2.2. Xu et al. (2015) reported that OS 

maltodextrin prepared from OS starch hydrolyzed by β-amylase which increased its degree of 

substitution (DS) and degree of branching (DB) showed better emulsification properties of 

orange oil. Wang et al. (2016) also found that more uniform OS group distribution would 

improve the stability of emulsion. The OSA reaction was performed under high shear condition 

from 500 rpm to 10,000 rpm, which improved the emulsion properties of modified starch with 

particle size from 1.76 to 1.37 µm. The effect of mineral elements (magnesium, calcium and 

potassium) on the stability of orange oil-in-water emulsions was studied by Królikowska et al. 

(2017). They suggested that the presence of potassium ions in OSA starches resulted in a lower 

diameter of oil droplets and a higher stability of the emulsions. Han et al. (2019) have 

investigated that the emulsifying capacity of OSA-modified waxy maize starches formed by 

hydrolysis by α-amylase, β-amylase and HCl for various hydrolysis times and found that the 

degraded OSA-starches treated by α-amylase generally had the smallest average chain length and 

largest degree of branching, resulting in the lowest viscosity and the best droplet stability with 
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the smallest creaming extent. Waxy rice starch hydrolyzed by β-amylase and then modified by 

OSA (OSA β-limit dextrin) was evaluated by Wang et al. (2020). 
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Table 2.2 Preparation of emulsion conditions of recent research articles (after 2015) on orange oil-in-water emulsion 

formation by OSA-modified starches using a microfluidizer and some works related to commercial OS starch (2010-2015) 

Base starch DS 
Starch 

content 
Oil phase 

Water 

phase 
Condition 

Particle 

diameter 
Reference 

Waxy maize starch 0.019 0.5% 4% orange oil 
 homogenized at 150,000 rpm 

1.01 μm (Wang et 

al., 2016) 

Waxy maize starch 0.018 0.2%  10.0% orange oil 0.15% 

sodium 

benzoate 

homogenized at 16,000 rpm 

for 3 min, then microfludizer 

at 300 bar for 1 cycle 

15.60 μm 
(Xu et al., 

2015) 
β-amylase waxy 

starch 

0.028 0.2% 10.0% orange oil 4.60 μm 

Waxy rice starch 

hydrolyzed by β-

limit 

0.006 3% 10.0% oil (not 

mention which 

oil) 
 

homogenized at 15,000 rpm 

for 2.5 min, then 

microfludizer at 1000 bar for 

3 times 

0.22 µm 

(Wang et 

al., 2020) 
0.011 0.19 µm 

0.019 0.17 µm 

Waxy maize starch 0.018 0.5% 9.5% orange oil 

0.15% 

sodium 

azide 

homogenized at 16,000 rpm 

for 3 min, then microfludized 

at 300 bar for 1 pass 

2.20 μm 

(Xu et al., 

2018) 

1% 9% orange oil 1.05 µm 

1.5% 8.5% orange oil 0.95 µm 

3% 7% orange oil  0.78 µm 

5% 5% orange oil 0.75 µm 

Purity Gum 2000  12% 5% orange 

oil+5% ester gum 
 

homogenized at 6000 to 

7000 rpm for 2 min, then 

microfluidizer at 13,000 psig 

0.7 μm 

(Reiner et 

al., 2010) 
Purity Gum 1773  12% 5% orange 

oil+5% ester gum 
 

1.1 μm 

Mira Mist 662  12% 5% orange 

oil+5% ester gum 
 

1.6 μm 
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 The mechanism of emulsion stabilized by OS-starch 

Steric hindrance is the main stabilizing mechanism of OS-starch when the concentration 

of starch has a great influence to emulsion viscosity (Tesch et al., 2002). When the starch 

concentration decreased, stabilization of emulsion was mainly determined by starch structure. 

Macromolecule density of the OS-starch at oil-water interface decreased, the average distance 

between macromolecule became larger, and therefore, electrostatics may play an important role 

in stabilizing the emulsions (Xu et al., 2015). Smaller molecules may have a higher diffusion rate 

and can migrate quickly to an oil-droplet surface to form smaller droplet when homogenizing. 

 Mixed emulsifiers used in beverage emulsions 

Improving emulsion formation, stability and performance using mixed emulsifiers are 

reviewed (McClements & Jafari, 2018). If the mixed emulsifiers are added prior to 

homogenization, then they will compete for the interface inside the homogenizer. Typically, 

small molecule surfactants will initially be present but may be displaced during storage due to 

competitive adsorption with other emulsifiers in system (McClements & Jafari, 2018). 

Alternatively, one emulsifier may be added before homogenization, while another one is added 

after homogenization. In this case, the original emulsifier may be fully or partially displaced 

from the droplet surfaces by the added emulsifier depending on their relatively concentrations 

and surface activities (McClements & Jafari, 2018). Two broad classes of emulsifying agents, 

small molecule surfactants (Tween 20) and macromolecular biopolymers (Hi-Cap 100, a 

commercial OS starch from Ingredion Inc., Bridgewater, NJ) were used together for emulsions 

(Jafari et al., 2007). The particle size of combination (2.5% Tween 20 and 10% Hi-Cap) was 

decreased from 850 nm (without adding Tween 20) to 180 nm. However, final emulsions were 

very unstable since a slow phase separation was observed with these emulsions during a short 
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time after microfluidization, especially at higher Tween concentrations (10%). This problem 

could arise from the influence of the combination of two emulsifiers on emulsion properties and 

possible interactions and competitions between both existent emulsifiers (Jafari et al., 2007). In 

the study of Lin et al. (2018a), 2% Tween 20 was added into 5% OSA-modified starch solution 

emulsified with 10% corn oil. After the treatment of Tween 20, the droplet sizes of all emulsions 

reduced significantly but they did not study the stability of these emulsions. 

 Formation of vitamin E emulsions 

There is increasing interest within the food industry in incorporating various types of fat-

soluble vitamins (A, D, E, and K) into food and beverage products to improve the nutritional 

value. Vitamin E is an essential nutrient derived from various crops (barley, wheat and soybean). 

The term ‘‘Vitamin E’’ actually refers to a group of eight closely related fat-soluble vitamins 

(Mayer et al., 2013; Qiu et al., 2015). Epidemiological and experimental studies have shown that 

DL-α-tocopherol is an effective antioxidant of VE and its acetate ester (named VE acetate) 

playing an important role in prevention of chronic disease and carcinogenesis (Saberi et al., 

2013b, 2014b). VE is not soluble in water, and it is necessary to convert it into a vitamin E 

emulsion before it can be used in beverage. Due to the limitation of its sensitivity to heat and 

oxygen, its low water-solubility, and its poor and variable bioavailability, emulsion-based 

delivery systems has been considerable interest to overcome these challenges (Chen & Wagner, 

2004; Morais Diane & Burgess, 2014; Saberi et al., 2013b, 2014b). Among the commercial VE 

acetate products, there are three forms: a highly concentrated oily form, encapsulated powders, 

and adsorbates of the oily form on selected carriers (Qiu et al., 2015). In beverages, the most 

challenging hurdle for VE is beverage turbidity and poor physical stability which particle size of 
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droplets increased and easy to form a ring around the bottleneck, so-called ‘ringing (Chen & 

Wagner, 2004).  

A recent beverages emulsion to enhance delivery of bioactive components (fat-soluble 

vitamins) was reviewed by Raikos and Ranawana (2017). Chen and Wagner (2004) produced a 

VE nanoparticle with OSA modified starch by microfluidizer. VE emulsion was prepared and 

stabilized with an ionic emulsifier with an average particle size of around 100 nm. The 

physicochemical properties of OSA modified starches ideal for good emulsification of VE were 

found to be high DS, low average molecular weight (Mw) and low interfacial tension 

(Hategekimana et al., 2014, 2015). At the latest study of Qiu et al. (2015), a VE emulsion made 

by OS starch with particle size of 0.1μm (fresh) was produced by a microfluidizer  at 20,000 psi 

(12 passes, 5 g OS starch, 5 g oil and 50 g water). They also found that increasing the number of 

passes resulted in free OS content increased and the stabilizing ability of OS starch decreased 

during microfluidization. Otherwise, most studied on formation of VE emulsions were used other 

aqueous phase except modified starches. Ozturk et al. (2014) reported that formation and 

stabilization of VE delivery systems using gum arabic (steric repulsion), which was much more 

stable than protein-based emulsifier (electrostatic repulsion). A study on stability by Yang & 

McClements (2013a) reported that the Q-Naturale-coated VE droplets were found to be stable to 

droplet coalescence over a range of pH values (2-8), salt concentrations (0-500 mM NaCl), and 

temperatures (20-90°C). It has been previously reported in literature that it is challenging to form 

nanoemulsion droplets when VE is used as the only oil because of its high viscosity (Yang & 

McClements, 2013a). On the other hand, small droplets could be formed when ≥20% MCT was 

incorporated into the oil phase resulting at low viscosity of oil phase prior to homogenization 
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using a natural surfactant (Q-Naturale), which was proved to be an effective way of forming 

edible VE delivery systems.   

Table 2.3 shows the preparation conditions of vitamin E emulsions in recent studies. The 

use of carrier oils has become handy in reducing the viscosity of VE.  It has been previously 

reported in literature that it is challenging to form nanoemulsion droplets when VE is used as the 

only oil because of its high viscosity (Yang & McClements, 2013a). Previous studies suggest 

that a range of viscosity ratios (ηD/ηC) between 0.1 and 5 is the optimum to produce small 

droplets in homogenizers. Therefore, some studies added MCT or other oil as lipid phase to 

decrease the viscosity of vitamin E due to its higher viscosity (Hategekimana et al., 2014; Saberi 

et al., 2014b; Yang & McClements, 2013b). On the other hand, emulsion containing Tween 80 is 

more sensitive to viscosity changes of dispersed and continuous phases than those of Q-Naturale 

(Yang & McClements, 2013a).VE is a highly viscous liquid that is difficult to homogenize alone, 

and so low viscosity food-grade oils such as MCT and orange oil is blended to facilitate 

homogenization. Overall, spontaneous emulsification is normally performed by addition of an 

organic phase to an aqueous phase while magnetically stirring (600 rpm) the system at 25°C to 

form the small droplets (Saberi et al., 2013b) . The organic phase consisted of different amounts 

of VE, MCT and surfactant, while the aqueous phase was a buffer solution (pH 3.0, 0.8% citric 

acid, 0.08% sodium benzoate) that contained different amounts of glycerol (0 to 50 wt%). Yang 

and McClements (2013a & 2013b) examined the smaller vitamin E droplets produced by adding 

different amounts of glycerol to the aqueous phase, resulting higher viscosity ratio and lower 

interfacial tension due to glycerol is less polar than water. The influence of glycerol 

concentration can reduce the cloudy by preparing an emulsion from an oil phase containing 

either 80% VE and 20% MCT or 100% VE.  
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Table 2.3. Recent studies on the delivery of VE emulsion systems 

Oil phase Emulsifier Aqueous phase Mechanic force 
Particle 

size 
Reference 

VE acetate  

 

OSA modified 

starch 

water Microfludizer 

ranging from 20 to 

300 MPa 

110-210 

nm 

Chen & Wagner 

(2004)  

VE acetate  

MCT
a
  

OSA modified 

starch 

water Microfludizer 250 nm Hategekimana et 

al. (2014, 2015) 

VE acetate  

 

OSA modified 

starch 

water Microfluidizer 1.3 µm Qiu et al., 

(2015) 

VE acetate 

Orange oil 

Whey protein 

isolate (WPI) or 

Gum Arabic  

buffer solution (10 

mM sodium phos-

phate, pH 7.0) 

Microfludizer 0.4 µm Ozturk et al. 

(2015);  

Raikos, (2017) 

VE acetate  

MCT 

Tween 80 / Brij 35 water Hydrophilic SPG 

membrance 

emulsification 

technique 

100nm Laouini et al. 

(2012) 

VE acetate 

MCT, or 

MCT and 

corn oil  

Tween 80 

or Tween 80 and  

propylene glycol 

or ethanol 

 

 

Acidic buffer 

solution that 

contained glycerol 

or ethanol (pH 3.0, 

0.8% citric acid, 

0.08% sodium 

benzoate) 

Magnetic stirrer 

speed of 600 rpm 

at 25°C 

50nm Ziani et al. 

(2012) 

  

 

VE acetate  

MCT 

Tween 80 or Q-

Naturale 200 

Buffer solution 

(pH 7) w/o 

glycerol 

Microfluidizer at 

9000 psi 

400nm Yang & 

McClements, 

(2013a, 2013b) 

VE acetate  

MCT  

Tween 20/ 

40/60/80 /85,  

WPI, Sucrose 

monopalmitate, 

Casein， Quillaja 

saponin (Q-

Naturale) 

Acidic buffer 

solution (pH 3.0, 

0.8% citric acid, 

0.08% sodium 

benzoate) 

Emulsion phase 

inversion (EPI): 

aquesous phase is 

titrated into the oil 

phase with stirring 

at 500 rpm, 

and 

Microfluidizer at 

12,000 psi 

90nm 
(Tween 

80) 

25µm (Q-

Naturale, 

WPI, 

SMP) 

50µm 
(Casein) 

Saberi et al. 

(2013a, 2013b, 

2013c, 2014a); 

Mayer et al. 

(2013) 

VE acetate  

Canola oil 

Span80 & 

CremophorRH40 

water Emulsion phase 

inversion (EPI) 

100nm Morais Diane & 

Burgess, 

(2014) ;  

Morais & 

Burgess, (2014) 

VE acetate  

Corn oil 

Q-Naturale 200 

or whey protein 

isolate (WPI) 

or gum arabic 

Phosphate buffer 

(5 mM, pH 7.0) 

Microfluidizer at 

14,000 psi 

1 µm Lv et al. (2018, 

2019) 

a 
MCT: medium chain triglyceride oil (Miglyol 812) 

 



30 

 

 

 Characterization of emulsions 

The particle size of emulsion is the sum of the radius of the oil droplet core and the 

thickness of the shell layer, therefore smaller size could be formed by using an emulsifier that 

forms a thinner layer around the oil droplets (McClements, 2011). Typically, the thickness of the 

film formed by emulsifiers surrounding the oil droplet: small molecule surfactants (such as 

Tweens and Spans) < globular proteins (such as egg, whey or soy proteins) < flexible proteins 

(such as caseinate or gelatin) < polysaccharides (gum Arabic or modified starch) (McClements, 

2011). 

It has been reported that a higher DS value of OS starch contributed to lower surface 

tension values at the air‒water interface (Królikowska et al., 2017), which surface tension value 

of native and OSA modified starches (3 and 9% OSA) was 71.75, 64.69 and 61.32 mM/m, 

respectively. The presence of more carboxyl groups in OSA-modified starches with higher DS 

values may contribute to a more rigid and compact surface that resists coalescence of the 

droplets. The emulsions stabilized by OSA modified starches with higher DS were more stable. 

The key instability mechanisms that are applied to complete emulsions’ separation phase 

include coalescence, creaming, Ostwald ripening, and flocculation (McClements & Jafari, 2018). 

A simple method to measure the stability of emulsions was established by Demetriades and 

McClements (2000) that calculate the creaming index by ratio of the height of interface to the 

height of total emulsion with storage 7 days at room temperature. HPLC was used to determine 

the stability of vitamin E (Li et al., 2011; Qiu et al., 2015). 
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 Conclusions 

This review provided a comprehensive overview of the scientific and technological 

principles underlying beverage emulsion of orange oil and VE. Modification with OSA groups 

gives the starch amphiphilic properties to absorb to the oil droplets. The importance of particle 

size distribution and rheological properties of water phase and emulsions on stability of beverage 

emulsions were highlighted. When the steric stabilization mechanism is dominant, concentration 

of OS starch is responsible for rheological properties of emulsions. It is important to determine 

the distribution of OSA substituent in starch granules, which higher OS degree of substitution 

contributes to a more rigid and compact surface that resists coalescence of the droplets. The size 

of OS starch molecule dissolved in water is also a critical factor to form oil-in-water emulsion 

since the thickness of the layer around the oil droplets. There are still many challenges to 

overcome the instability of emulsions.  Research is continuing in this area, and OSA modified 

starch has been identified to be suitable for stabilization of beverage emulsions.  
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Distribution of octenylsuccinate substituents within a Chapter 3 - 

single granule of modified waxy maize starch determined by Raman 

microspectroscopy
1
 

 Abstract 

Octenylsuccinic anhydride (OSA)-modified starches were prepared in granular form from 

waxy maize starch at two levels (3% and 9%, based on the weight of starch) of OSA reagent. 

The distribution of OS groups at five positions within a single starch granule was determined by 

Raman microspectroscopy. OSA-modified starch had one additional peak at 1670 cm
-1

, 

indicative of the carbonyl group in OS group bound to starch molecules. For each Raman 

spectrum obtained at a given position on a starch granule, the ratio of the band areas of carbonyl 

(1679 cm
-1

) to starch (2910 cm
-1

) was calculated. The highest level of OS groups was found on 

the granular surface. However, the level of OS groups in the center of granules was also high and 

nearly equal to that on the surface. The regions between the surface and the hilum of the waxy 

maize starch granules had reduced OS substitution.  
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 Introduction 

Octenylsuccinic anhydride (OSA)-modified starches contain both hydrophilic and 

hydrophobic groups and they are used widely as emulsifiers and stabilizers in foods, 

pharmaceuticals, and other products (Altuna, Herrera, & Foresti, 2018; Sweedman, Tizzotti, 

Schäfer, & Gilbert, 2013). Octenylsuccinated (OS)  starch is commonly prepared by the 

esterification of granular starch, with OSA aqueous alkaline slurry at or near room temperature 

(Bai, Kaufman, Wilson, & Shi, 2014; Zhang et al., 2011). The functional properties of OS starch 

are determined by the structure of substituted starch which can be distinguished at three levels– 

universal, granular, and molecular (Bai et al., 2014; Huber & BeMiller, 2009; Wang, He, Fu, 

Huang, & Zhang, 2016).  

At the universal level, the overall extent of substitution, or degree of substitution (DS) 

which represents the average number of modified hydroxyl groups per glucosyl unit, can be 

determined by titration, high performance liquid chromatography (HPLC) and nuclear magnetic 

resonance (NMR) spectroscopy (Bai & Shi, 2011; Bai, Shi, Herrera, & Prakash, 2011; Qiu, Bai, 

& Shi, 2012; Sweedman et al., 2013). At the molecular level, OS substitution, up to DS ~ 0.06, 

was found to occur mainly at the O-2 and O-3 positions of the anhydroglucose units (AGUs) in 

OSA-modified maize granular starch (Bai & Shi, 2011; Bai et al., 2011). Most OS groups were 

located near the branch points of amylopectin at the low DS of 0.018 (Bai et al., 2014), whereas 

at the higher DS of 0.92, OS groups were located near both the branch points and on or near the 

non-reducing ends (Bai et al., 2014). 

At the granular level, reaction patterns of modification within a granule have been 

examined by light microscopy, confocal laser scanning microscopy (CLSM), scanning electron 
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microscopy (SEM), and transmission electron microscopy (TEM) (Huber and BeMiller, 2009). 

After reacting with 3 wt% (starch basis) OSA, the x-ray diffraction pattern of a starch is 

generally not changed, indicating that OS substitution occurs primarily in the amorphous regions 

of granules (Bai & Shi, 2011; Liu, Li, Goff, Nsor-Atindana, & Zhong, 2018; Shogren, 

Viswanathan, Felker, & Gross, 2000). When examined by backscattered-electron imaging of 

osmium-stained OSA modified waxy maize starch granules (Shogren et al., 2000), the OS groups 

appeared to be dispersed throughout the granules. However, x-ray photoelectron spectroscopy 

suggested that the surface concentration of OS was higher than that of the bulk (Huang et al., 

2010; Shogren et al., 2000). CLSM results also indicated that the surface of granules has more 

OS groups than the interior (Chen, He, & Huang, 2014; Wang et al., 2013; Ye et al., 2014; 

Zhang et al., 2011). Using CLSM to study the effects of high-speed shear during the OSA 

modification reaction, Wang et al. (2015) reported increasing substitution of OS groups in the 

inner region of a starch granule, indicating a more even distribution of OS groups in the granules 

when the OSA reaction is conducted with high speed shear.  

Using FT-IR microspectroscopy, Bai et al. (2009) and Wetzel, Shi, & Reffner (2010) 

investigated the level and uniformity of OS substitution on individual waxy maize starch 

granules, and reported that OS concentration varied between granules. However, it should be 

noted that in those FT-IR microspectroscopic studies, individual starch granules were flattened 

before measurements of FT-IR spectra. A typical maize starch granule is nearly a spherical in 

shape with a diameter of 10-15 µm, which means it is impossible to analyze a spherical OS-

maize starch granule by infrared spectroscopy in a transmission (or absorption-reflection) mode 

due to the thickness of the whole granule and a loss of signal caused by the spherical lensing 

effect (Wetzel, Shi, & Schmidt, 2010). Therefore, Wetzel, Shi, & Schmidt (2010) first used 
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confocal Raman microspectroscopy to provide greater spatial resolution and analyze OS 

distribution on whole unflattened granules. There is another advantage of determining OS 

substitution patterns by Raman as opposed to infrared spectroscopy. In contrast to IR 

spectroscopy, which is sensitive to polar bonds, especially OH stretching in water, Raman 

spectroscopy is insensitive to OH-bonds, but instead is sensitive to non-polar bonds such as C-C 

or C-H. As a result, Raman spectroscopy eliminates the interference of moisture in starch 

(Wellner, 2013). Liu et al. (2018), using confocal 2D Raman microscopy, reported that OS 

groups in esterified waxy maize granules are located unevenly throughout the starch granules 

with an increased intensity in the center. 

Although the structure of OSA-modified starch has been examined extensively, little 

work has been reported on the OS distribution within a single granule. In this study, granular 

waxy maize starch was reacted conventionally with two levels (3 and 9%, based on the weight of 

starch) of OSA. We designed experiments to determine the distribution of OS groups among 5 

positions on a single granule: the edge-left, area between edge-left and center, center (hilum), 

area between center and edge-right, and the edge-right (Fig. 3.1).  

Small openings or pores on a starch granule surface are connected with channels linking 

the internal cavity/hilum region of a maize starch granule (Huber & BeMiller, 1997, 2000). 

Those pores and channels may provide a pathway for OSA reagent to access the interior region 

of the starch granule (Hsieh, 2013; Huber & BeMiller, 2000, 2001). Knowledge about the 

distribution of OS substituents within one starch granule would be helpful in understanding the 

reaction patterns of starch chemical modification, as well as in designing modified starches with 

improved functional properties.  
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Materials and Methods 

 Materials 

Waxy maize (AMOICA) starch was obtained from Ingredion Incorporated (Bridgewater, 

NJ, USA). Octenylsuccinic anhydride (OSA) was obtained from Gulf Bayport Chemicals L.P. 

(Pasadena, TX, USA). All other chemicals used were analytical grade. 

 Preparation of OS starches 

Waxy maize starch was modified with OSA in aqueous solution as previously described 

(Bai et al., 2011). Briefly, a starch slurry (250 g) of 40% solids content at 25 ᵒC was adjusted to 

pH 7.5 by adding 3 wt% sodium hydroxide with stirring. OSA (3% or 9% based on the dry 

weight of starch) was added dropwise to the starch suspension while maintaining the pH at 7.5. 

After the pH remained stable for 30 min, the reaction was terminated by adjusting pH to 6.0 with 

1.0 M hydrochloric acid. OS starch was recovered by filtration, washed with 300 mL of 

methanol, and dried at 40 ᵒC in an oven overnight.  

 Determination of the degree of substitution (DS) 

The DS of OS starch was determined by high-performance liquid chromatography 

(HPLC) as reported by Qiu et al. (2012). Briefly, for free OS determination, 0.5 g (d.w.) of OS 

starch was stirred in 5 mL of methanol for 1 h. After centrifuge, the solution of supernatant (1 

mL) and water (pH = 3) (1 mL) was analyzed by HPLC. To determine total OS, 0.5 g (d.w.) of 

OS starch was stirred overnight in 10 mL of 4N NaOH. The alkali solution (2 mL) was 

neutralized with 10 mL of 1N HCl and filled with acetonitrile to 25 mL volumetric flask. The 

solution was analyzed by HPLC. A mixture of acetonitrile and water containing 0.1% TFA 
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(45:55, v/v) was used as the mobile phase. The flow rate was 1.0 ml/min and the detection 

wavelength was set at 200 nm. Concentrations were determined from the peak area. 

 Raman microspectroscopy  

A DXR™ Raman microscope (Thermo Scientific™, Waltham, MA, USA) was used for 

all imaging experiments. Each starch sample (~ 5 mg) was spread onto a microslide and covered 

by a coverslip, and excess starch was blown away. Before Raman analysis, the coverslip was 

removed. Five positions edge-left, area between edge-left and center, area between center and 

edge-right, and edge-right, were excited with a 532 nm laser line within a speckle of 7 µm × 7 

µm (Fig. 3.1). Ten starch granules of each sample were analyzed one by one at the five positions 

within a granule. For each Raman spectrum obtained at each position on one granule, the 

baseline-adjusted band area ratio of carbonyl (1670 cm
-1

) to starch (2910 cm
-1

) was determined. 

The band area ratio was calculated as (band area of octenylsuccinic ester carbonyl group/band 

area of C-H stretching of carbohydrate) × 100.  

 Differential scanning calorimetry (DSC) 

A differential scanning calorimeter (DSC, Perkin-Elmer, Norwalk, CT, USA) was used to 

analyze the thermal properties of unmodified waxy maize starch and OS waxy maize starches. 

The weight ratio of starch to water was 1:2 (Shi, Sweedman, & Shi, 2018). Each sample was 

scanned from 10 ᵒC to 140 ᵒC at a heating rate of 10 ᵒC/min. An empty pan was used as a 

reference. The enthalpy change (ΔH), onset (To), peak (Tp), and conclusion (Tc) temperatures of 

starch gelatinization were calculated using Pyris software (Perkin Elmer, Norwalk, CT, USA).  
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 X-ray diffraction (XRD) 

X-ray diffraction patterns of unmodified and OS waxy maize starches were performed as 

previously described (Shi et al., 2018). Starch crystallinity was calculated as the ratio of the peak 

areas to the total diffractogram area (Komiya & Nara, 2006). The peak areas were calculated by 

OriginPro (version 8.5). 

 Light microscopy 

The morphology of unmodified and OS waxy maize starches was observed by an 

Olympus BX-51 optical light microscope with a digital camera (Tokyo, Japan) under 

illumination by normal visible and polarized light. Starch granules (10 mg) were mixed with 1 

mL of a mixture of glycerol: water (1:1, w/w) at 25 ᵒC, and one drop of the starch suspension 

was placed on a microscope slide before covering with a coverslip and viewing with a 40x 

objective lens. 

 Statistical analysis 

Analysis of variance was conducted using a Statistical Analysis System (SAS, version 9.3 

for Windows, SAS Institute, Cary, NC, USA). Least significant differences for comparison of 

means were computed at p < 0.05. 

 Results and discussion 

 Thermal properties and crystallinity of native and OSA-modified starches 

Native waxy maize, and two OSA-modified starches, DS 0.018 and 0.041, were 

characterized by a sharp endothermic peak at 73.4, 72.2, and 69.9 ᵒC (To, Tp, Tc) and enthalpies 
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of 19.3, 15.1, and 12.4 J/g, respectively (Table 3.1). The XRD diffractograms of those starches 

are shown in Fig. 3.2. The native and OSA-modified waxy maize starches all displayed the 

typical A-type pattern with peaks at 2θ = 15ᵒ, 17ᵒ, 18ᵒ and 23ᵒ. Unmodified waxy maize starch 

had 35.8% crystallinity, whereas the OS modified starches with DS 0.018 and 0.041 had 

decreased crystallinity of 32.7% and 30.3%, respectively. Based on the DSC and XRD results, 

there was a minor reduction in the crystalline regions at these low levels of OS substitutions, 

suggesting that OSA reacted preferentially in the amorphous region. However, as DS increased 

from 0.018 to 0.041, the degree of crystallinity did decline somewhat, indicating that OS 

substitution slightly weakened the crystalline structure. After OSA modification, starch granules 

remained and appeared identical to native starch when examined under a microscope using 

illumination with normal and polarized light (Fig. 3.3). Under polarized light, the OS starch still 

showed strong birefringence indicating a radial orientation of molecules, the same in the 

unmodified granules.   

 Raman spectra of native and OSA-modified waxy maize starches 

The five positions that were examined by Raman microspectroscopy on a single granule 

of native and OSA-modified starches are shown in Fig. 3.1. One Raman image (right edge of 

granule) and the Raman spectra of that edge for the unmodified and the two modified starches 

are shown in Fig. 3.4. Among the Raman bands, a strong band at 478 cm
-1

 is attributed to 

skeletal vibration modes of the pyranose ring (C-O-C). The region between 800 and 1500 cm
-1

 

provided highly overlapping and complex spectra which exhibited the motions of C-H 

deformation (865 cm
-1

), C-O-H bending (1082 cm
-1

), C-O stretching and C-O-H deformation 

(1124 cm
-1

), CH2OH deformation (1260-1280 cm
-1

), and CH2 bending (1460 cm
-1

) in the 
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starches (Kizil, Irudayaraj, & Seetharaman, 2002). In all the spectra, the Raman band at 940 cm
-1

 

is attributed to stretching of the α-1,4-glycosidic linkages in the starches, and the bands between 

2800-3000 cm
-1

 are assigned to C-H stretching in glucose repeat units, which exhibited 

vibrational modes of starches.  

The Raman spectra of samples exhibited almost identical bands, expect the band 

occurring at 1670 cm
-1

 originates from the carbonyl group as evidenced by its appearance in the 

spectra of the OS-esterified starches (Fig. 3.4) (Wetzel, Shi, & Schmidt, 2010). Compared with 

the unmodified starch, OSA-modified starch had a new peak at 1670 cm
-1

. As the DS of OS 

groups increased, the band area at 1670 cm
-1

 also increased. 

 Distribution of OS groups within a single starch granule 

In this study, 10 random starch granules of each OSA-modified starch with DS of 0.018 

and 0.041 were analyzed one by one on five positions within each one granule using the Raman 

microspectrometer (Fig. 3.4). For each spectrum obtained from individual positions on one 

whole granule, the carbonyl/carbohydrate band area ratio at each position was calculated (Table 

3.2). Based on those measurements, the distribution of OS groups was not uniform throughout a 

modified starch granule. In the case of both modified starches, the band area ratio of 

carbonyl/carbohydrate was reduced at positions 2 and 4 compared to surface positions 1 and 5, 

and to the center position 3. The level of OS groups on each modified starch was most 

concentrated at the surface of a granule, and was closely followed by the level at the center 

(Table 3.2), which included the surface and the internal central cavities/hilum region. The band 

area ratio at the surface (positions 1 and 5) and at the center (position 3) of starch granules was 
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higher than the ratio of the regions between the surface and center (positions 2 and 4), even in 

the low DS (0.018) of OS starch.  

Based on our results of band area ratios within one granule by Raman spectroscopy, the 

OS groups in the OSA-modified granular starch are shown to be preferentially located on its 

surface as well as on the central cavity/hilum region. Huber & BeMiller (2000) have reported 

that the penetration of an aqueous solution of merbromin dye into a maize starch granule 

occurred laterally from channels and from the central cavity (hilum region) outward, rather than 

from the surface and inward. Hsieh (2013) reached the same conclusion for the fluorescent 

probe, 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF), which was observed to react from 

inner cavities toward the periphery of normal and waxy maize granules. Overall, it seems that 

OSA droplets could travel through pores and channels into the interior cavity of starch granules 

where esterification occurs almost as much as on the surface of the waxy maize starch granules. 

The central hilum region is less ordered and that may explain why it is more reactive than the 

regions between the surface and the hilum of the waxy maize starch granules. 

 Conclusions 

The relative levels of OS substitution at five positions on a single starch granule were 

measured for the first time by the ratio of the carbonyl band and the C-H stretching bands of the 

starch in their Raman spectra. Waxy maize starch modified with 3% and 9% OSA gave modified 

granules wherein the OS groups were not uniformly distributed within an individual starch 

granule. The highest level of OS substitution was found on the granular surface. However, the 

level of OS groups in the center of a modified granule was also high and nearly equal to that on 

the surface, indicating that the central hilum region of a waxy maize granule was readily 
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accessible to OSA reagent penetration and reaction. The regions of a waxy maize starch granule 

between its surface and center had lower OS substitution.  
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 Figures 

 

Figure 3.1 Five positions (1, edge-left; 2, area between edge-left and center; 3, center; 4, 

area between center and edge-right; and 5, edge-right) within one starch granule analyzed 

by Raman microspectroscopy. 
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Figure 3.2 X-ray diffraction patterns of unmodified (A), OSA-modified starches with DS of 

0.018 (B), and 0.041 (C). 
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Figure 3.3 Microscopic image of unmodified (A), OSA-modified starches with DS of 0.018 

(B), and 0.041 (C). Scale bar in each graph represents 20 µm. Left images: normal visible 

light; right images: polarized light. 
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Figure 3.4 Raman image and spectra of the surface (edge-right) of one starch granule. 

These spectra are from unmodified (A), OSA-modified granules with DS of 0.018 (B), and 

0.041 (C). 
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 Tables 

Table 3.1 Thermal propertiesa determined by differential scanning calorimetry (DSC) on 

unmodified and OSA-modified waxy maize starches with degrees of substitution (DS) of 

0.018 and 0.041 

Sample To (ᵒC) Tp (ᵒC) Tc (ᵒC) ΔH (J/g) 

Native waxy 

maize starch 
64.2±0.2 a 73.4±0.2 a 95.8±0.1 a 19.3±0.5 a 

3% OSA-

modified starch 
63.5±0.4 a 72.2±0.6 a 96.7±0.7 a 15.1±0.3 b 

9% OSA-

modified starch 
60.5±0.4 b 69.9±0.5 b 95.6±0.6 a 12.4±0.5 c 

a
 Mean ± standard deviation values are reported. Means in the same column not sharing a 

common letter are significantly different at p < 0.05. 
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Table 3.2 The band area ratio of an OS group to starch content on five positions within one 

granule, calculated as (band area at 1670 cm
-1

 / band area at 2910 cm
-1

) × 100. Ten starch 

granules (n=10) of each sample were analyzed by Raman microspectroscopy
a
 

Samples 
Band Area Ratio 1670cm-1 / 2910cm-1 

Position 1 Position 2 Position 3 Position 4 Position 5 

3% OSA-

modified starch 
6.42±0.38 a 4.65±0.68 c 5.58±0.32 b 4.19±0.79 c 5.98±0.44 ab 

9% OSA-

modified starch 
9.58±1.61 a 7.95±0.84 bc 8.63±0.97 ab 7.52±1.03 c 8.91±1.13 ab 

a
 Mean ± standard deviation values are reported. Values followed by the same letter vertically are 

not significantly different (p < 0.05). 
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Distribution of octenylsuccinate substituents in modified Chapter 4 - 

waxy and normal potato starches 

 Abstract 

Distribution of octenylsuccinate (OS) substituents in octenylsuccinic anhydride (OSA)-

modified normal and waxy potato starches at 3% and 9% (based on the weight of starch) was 

studied using Raman microspectroscopy, starch gelatinization from granule ghosts (interior 

removed), and chemical surface gelatinization (surface removed). The distribution of OS groups 

at five positions for small round-shaped granules and seven positions for large oval-shaped 

granules within a single starch granule was determined. For each Raman spectrum obtained at a 

given position on a starch granule, the ratio of the band areas of ester carbonyl (1670 cm
-1

) to 

starch (2910 cm
-1

) was calculated. The OS groups in OSA-modified potato granular starches 

were shown to be preferentially located on its surface. As the weight of granular core loss in ca. 

60%, the OS content of OSA-modified potato starch surface increased 2.5 times over that of the 

bulk granule. In addition, as the weight of granular surface loss in ca. 30%, the OS content of 

OSA-modified potato starch was 0.25 times over that of the bulk granule. 

 Keywords 

Raman microspectroscopy; Normal potato starch; Waxy potato starch; Octenylsuccinic 

anhydride; Starch granule ghosts; Chemical surface gelatinization 
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 Introduction 

Octenylsuccinic anhydride (OSA, chemical formula C12H18O3), a cyclic dicarboxylic acid 

anhydride, has two active carboxyl groups which can react with the hydroxyl groups in 

polysaccharide under alkaline conditions in aqueous slurry systems (Altuna et al., 2018; Bai & 

Shi, 2013; Sweedman et al., 2013). The long alkyl chain of octenyl groups in OSA has 

hydrophobicity, which converts a polysaccharide to amphiphilic molecule (Shogren et al., 2000). 

In the United States, only OSA among other alkenyl succinic anhydrates is approved for food use 

with maximum level 3% (w/w) (DS ~ 0.02) by the Food and Drug Administration (FDA) (Bai et 

al., 2009). OSA-modified starches may be used as emulsifiers, stabilizers and thickening agents 

in foods (Altuna et al., 2018; Bajaj et al., 2019; Ghazaei et al., 2015).  

Potato is an excellent source of starch, which accounts for approximately 15–20% of its 

weight (Bertoft & Blennow, 2009). Starch granules from various botanical sources differ in 

shape, size, and morphology. In contrast to maize starch, potato starch granules have no channels 

with smooth surface (Wang et al., 2010). Singh et al. (2006) have shown the presence of small 

protuberances and fragmentation on the surface of potato starch granules. The average granule 

size of potato starch granules ranges from 1 to 20 μm for small spherical granules and 20 to 110 

μm for large oval granules (Huber & BeMiller, 2001; Singh et al., 2003). The average length and 

width of large oval potato starch granules were 56.8 and 35.2 µm, respectively (Kaur et al., 

2007). Compared with waxy and normal cereal starches that show an A-type crystalline pattern, 

potato starch exhibits a B-type X-ray crystalline pattern. Jane (2006) reported that the B-type 

starches have more clusters and stabilize the internal structures of granules. The A- and B-types 

are the polymeric forms of starch and they differ in the packing of amylopectin double helices 
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(Cai & Shi, 2010; Hsieh et al., 2019; Lee et al., 2012; Pérez & Bertoft, 2010). Waxy potato 

starch, which contains no amylose, has a lower paste viscosity and a higher paste clarity than 

normal potato starch (Hsieh et al., 2019). Like other starches, potato starch is often modified to 

improve its functional properties for food and industrial applications (Dupuis & Liu, 2019; 

Huber & BeMiller, 2001).  

In chemically modified starches, the structure of substituted starch is characterized at 

three levels: universal, granular, and molecular (Huber & BeMiller, 2009). At the granular level, 

OSA substitution occurs primarily in the amorphous region of normal potato starch granules 

without change in starch crystallinity with 3% OSA (Wang et al., 2016). The granular surface 

can react with OSA droplets as well as with dissolved OSA molecules (Shogren et al., 2000). 

Wang et al. (2013) reported that OSA could only react with the granular surface of normal potato 

starch due to the lower fluorescence intensity in granular interior using confocal laser scanning 

microscopy (CLSM). It has been suggested that OSA groups reacted first on the surface of 

normal potato starch granules and then penetrated to the core of granules, and slight corrosion 

appeared on the surface with increasing DS (Hui et al., 2009; Wang et al., 2016). The scanning 

electron microscopy (SEM) results suggested that the morphological structure of normal potato 

starch granules was not altered during the esterification reaction (Wang et al., 2010). 

Although some studies on OSA distribution of normal potato starches have been 

investigated, no work has been reported on the OS substituent distribution using Raman 

microspectroscopy on individual granules in waxy potato starch. In our previous study (Sun et 

al., 2019), we found that the level of OS groups in the center of granules was high in waxy maize 

starch and nearly equal to that on the surface. However, to our knowledge, no study has been 

done on distribution of OS groups in a single granule from either waxy or normal potato starch. 
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In this study, we used Raman microspectroscopy to determine the distribution of OS substituent 

in a single granule of OSA-modified waxy and normal potato. In addition, two more approaches 

were used to study the distribution of OS in waxy and normal potato starches: (i) isolation of 

starch ghost (mostly surface of granules remained) and (ii) surface removal by chemical surface 

gelatinization (inner portion remained).  

Starch ghost is defined as the outmost layer surface (insoluble material) of the starch 

granules persist in swollen hydrated forms after gelatinization in water (Derek et al., 1992; Han 

& Hamaker, 2002). The gelatinization process is achieved by heating the starch suspension under 

gently stirring in excess water by hydration and swelling with loss of birefringence and 

crystallinity of starch chains (Debet & Gidley, 2007; Gómez-Luría et al., 2017). After 

gelatinization, the amorphous and crystalline regions inside the starch granules were broke down. 

The surface structure of starch ghosts are composed mostly of amylopectin (Feng et al., 2014; 

Garcia-Hernandez et al., 2017). Zhang et al. (2014) reported that the potato ghost structure 

contains predominantly entangled amylopectin (and some amylose) molecules with the partially 

ordered enzyme-resistant fractions from amylopectin for B-type potato starch. Potato ghosts are 

more fragile and sensitive than maize ghosts due to its negatively charged phosphate monoester 

groups.  

Chemical surface gelatinization of potato starch was first revealed to study the internal 

structure by Jane and Shen (1993). Aqueous calcium chloride was used to gelatinize starch 

granules starting at the periphery. In the study of Koch and Jane (2000), they suggested that 

normal and waxy potato starch surface could be gelatinized evenly by calcium chloride 

treatments. In addition, they mentioned that waxy potato starch granules were chemically 
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gelatinized faster than normal potato starch granules. The CaCl2 solution destroyed the granules 

through peeling the layer by layer (Huang et al., 2014).  

The objectives of this study were to determine the distribution of octenylsuccinate 

substituents in OSA-modified waxy and normal potato starches at two levels (3% and 9%, based 

on the weight of starch) using Raman microspectroscopy, starch gelatinization from granule 

ghosts, and chemical surface gelatinization. 

 Materials and Methods 

 Materials 

Waxy potato (Eliane 100) starch was obtained from Avebe U.A. (Veendam, the 

Netherlands). Normal potato (PenCook 10) starch was obtained from Penford Food Ingredients 

Company (Centennial, Colorado, USA). Waxy maize starch (Amioca) and normal maize starch 

(Melojel) were obtained from Ingredion Incorporated (Westchester, Illinois, USA). 

Octenylsuccinic anhydride (OSA) was obtained from Gulf Bayport Chemicals L.P. (Pasadena, 

TX, USA). All other chemicals used were analytical grade. 

 Preparation of OS starches  

Normal or waxy potato starches were modified with OSA in aqueous slurry as previously 

described (Bai et al., 2011; Sun et al., 2019). Briefly, a starch slurry (250 g) of 40% starch solids 

content at 25 °C was adjusted to pH 7.5 by adding 3 wt% sodium hydroxide with stirring. The 

OSA (3% or 9% based on the dry weight of starch) was added dropwise to the starch suspension 

while maintaining the pH at 7.5. After the pH remained stable for 30 min, the reaction was 
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terminated by adjusting pH to 6.0 with 1.0 M hydrochloric acid. OS starch was recovered by 

filtration, washed with 300 mL of methanol, and dried at 40 °C in an oven overnight.  

 Raman microspectroscopy  

A DXR™ Raman microscope (Thermo Scientific™, Waltham, MA, USA) was used for 

all imaging experiments. Each starch sample (~ 5 mg) was spread onto a microslide and covered 

by a coverslip, and excess starch was blown away. Before Raman analysis, the coverslip was 

removed, and the sample was examined by the Raman microspectroscopy (Sun et al., 2019). 

Potato starch contains two types of shapes: round and oval. For round-shaped granules, 

five positions: edge-left, area between edge-left and center, center, area between center and edge-

right, and edge-right, were examined and excited with a 532 nm laser line within a speckle of 7 

µm × 7 µm (Fig. 4.1, a1-5). For long flat oval shaped granules, seven positions (edge-left, area 

between edge-left and center, center, area between center and edge-right, edge-right, top edge, 

and bottom edge), were examined and excited with 532 nm laser line within 10 µm × 10 µm 

laser speckle (Fig. 4.1, b1-7).  Ten starch granules of each sample were analyzed one by one. For 

each Raman spectrum obtained at each position on one granule, the baseline-adjusted band area 

ratio of carbonyl (1670 cm
-1

) to starch (2910 cm
-1

) was determined. The band area ratio was 

calculated as (band area of octenylsuccinic ester carbonyl group /band area of C-H stretching of 

carbohydrate) × 100. 

 Preparation of starch granule ghosts 

Granule ghosts were prepared according to Zhang et al. (2014). Starch (200 mg) was 

suspended in 0.3 mL of distilled water and poured into 40 mL of hot water (90 °C).The dilute 

suspension (0.5% w/v starch) of normal potato starches was kept at 90 °C for 15 min at a low 
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stirring rate (250 rpm, “low shear cooking”). For waxy potato starches, the starch dilute 

suspension was kept for 30 s without cap closured using a small magnetic stir bar at 250 rpm. 

Then, the suspension was cooled and centrifuged (30 °C, 2,000 g for 15 min). The supernatant 

was discarded, and the spun ghosts were washed twice by resuspension in hot water (70 °C) with 

gentle manual stirring using a spatula followed by centrifugation. For scanning electron 

microscopy (SEM), the washed starch ghosts were suspended in ethanol and dried in an oven at 

25 °C. Ghost yield was defined as the weight ratio of freeze-dried pellet to initial starch.  

For maize starch, starch (200 mg) was suspended in 0.6 mL of distilled water and poured 

into 40 mL hot water (85 °C) at a low stirring rate (250 rpm, “low shear cooking”). Then, the 

suspension was cooled and centrifuged (30 °C, 2,000 g for 15 min). The supernatant was 

discarded, and the spun ghosts were washed twice by resuspension in hot water (75 °C) with 

gentle manual stirring followed by centrifugation. For scanning electron microscopy (SEM), the 

washed ghosts were suspended in ethanol and dried in an oven at 30 °C. Ghost yield was defined 

as the weight ratio of freeze-dried pellet to initial starch. 

 Preparation of chemical surface gelatinization of OS starch granules 

The condition of chemical surface gelatinization of potato starch granules was conducted 

according to the method by Jane and Shen (1993) with some modifications. Each OS potato 

starch sample (2.5 g, dry basis) was suspended in 2 mol/L CaCl2 (17.5 mL) with low speed, 

magnetic stirring at 21-23 °C for 1h. For OS maize starch, each sample (2 g, dry basis) was 

suspended in 4 mol/L CaCl2 (15 mL) with low speed, magnetic stirring at 21-23 °C for 10 min (3 

and 9% OSA-modified normal maize), 7min (3% OSA-modified waxy maize) and 14 min (9% 

OSA-modified waxy maize). The degree of surface gelatinization was monitored by using a 
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polarized light microscope (Olympus BX-51, Tokyo, Japan). The reaction was stopped by 

adding chilled water (200 mL, 4 °C). Immediately the mixture was centrifuged at 3000 g (5000 g 

for maize starch) for 20 min, and the starch was washed with distilled water (200 mL) to remove 

residual CaCl2. 

The treated starch was then re-suspended in distilled water (300 mL) and blended with a 

commercial blender (Oster® 14-Speed, blend, Florida, USA) for 10 min to separate the 

gelatinized starch from the remaining non-gelatinized starch granules. The mixture was then 

centrifuged at 3000 g for 10 min. The procedure was repeated one more time with distilled water. 

The remaining non-gelatinized starch granules were washed with ethanol and dried in an oven at 

40 °C. The yield of remaining non-gelatinized starch granules was defined as below. 

Degree of chemical gelatinization = (1- the weight of remaining starch granules / the weight of 

initial starch) × 100 

 Determination of the degree of substitution (DS) 

The DS of OS starch was determined by high-performance liquid chromatography 

(HPLC) as reported by Qiu et al. (2012) and Sun et al. (2019). Methanol washed OS starch or 

starch after surface gelatinization and removal (0.5 g each, d.w.) was stirred in 20 mL of 4N 

NaOH, whereas the starch granule ghost (0.05 g, d.w.) was stirred in 2 mL of 4N NaOH 

overnight. The alkali solution (2 mL) was neutralized with 10 mL of 1N HCl and diluted to 25 

mL in volumetric flask with acetonitrile. The solution was filtered by nylon filter membranes 

(0.45 µm) and analyzed by HPLC. A mixture of acetonitrile and water containing 0.1% TFA 

(45:55, v/v) was used as the mobile phase. The flow rate was 1.0 mL/min and the detection 

wavelength was set at 210 nm. Concentrations were determined from the peak area.  
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 Crystalline structure 

X-ray diffraction (XRD) patterns of unmodified and OSA-modified waxy and normal 

potato starches were performed as previously described (Shi et al., 2018; Sun et al., 2019). Starch 

crystallinity was calculated as the ratio of the peak areas to the total diffractogram area (Komiya 

& Nara, 2006). The peak areas were calculated by OriginPro (version 8.5). 

 Thermal properties of starch 

A differential scanning calorimeter (DSC, Q200, TA Instrument, New Castle, DE, USA) 

was used to analyze the thermal properties of unmodified and OSA-modified waxy and normal 

potato starches. The weight ratio of starch to water was 1:3 (Shi et al., 2018; Sun et al., 2019). 

Each sample was heated from 10 °C to 140 °C at a heating rate of 10 °C /min. An empty pan was 

used as a reference. The enthalpy change (ΔH), onset (To), peak (Tp), and conclusion (Tc) 

temperatures of starch gelatinization were calculated using Pyris software (Perkin Elmer, 

Norwalk, CT, USA).  

 Light microscopy 

The morphology of unmodified and OSA-modified waxy and normal potato starches was 

observed by an Olympus BX-51 optical light microscope with a digital camera (Tokyo, Japan) 

under illumination by normal visible and polarized light viewing with a 40× objective lens (Sun 

et al., 2019).  

 Scanning electron microscopy of potato starches and granule ghosts 

The morphology of potato starches, granule ghosts and starches after surface 

gelatinization and removal were coated with gold-palladium using a sputter coater (Denton 
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Vacuum, LLC, Moorestown, NJ) and examined by scanning electron microscopy (SEM, 

S3500N, Hitachi Science Systems, Ltd., Japan) under an accelerating voltage of 10 kV and 

1000× or 450× magnification. 

 Statistical analysis 

Analysis of variance was conducted using a Statistical Analysis System (SAS, version 9.3 

for Windows, SAS Institute, Cary, NC, USA). Least significant differences for comparison of 

means were computed at p < 0.05. 

 Results and discussion 

 Properties of OSA-modified potato starches 

X-ray diffraction (XRD) results showed that both native normal and waxy potato starches 

gave a B-type crystalline pattern with strong diffractions of peaks identified at 2θ values of 5.6º, 

14.5º, 17.1º, 19.3º, 22.3º and 24.2º (Fig. 4.2) (Bajaj et al., 2018; Cai & Shi, 2010; Hsieh et al., 

2019; Lee et al., 2012; McPherson & Jane, 1999), and OSA-modified normal starches 

(DS=0.0167, 0.0400) and waxy potato starches (DS=0.0174, and 0.0383) all displayed the same 

pattern. Unmodified potato normal starches had 38.3% crystallinity, whereas the OS modified 

starches with DS 0.0167 and 0.0400 had decreased crystallinity of 34.6% and 32.0%, 

respectively. For waxy potato starches, OS modified starches with DS 0.0174 and 0.0383 had 

decreased crystallinity of 33.9% and 29.5%, respectively compared with unmodified waxy starch 

(40.5%). These results suggested that esterification did not change the crystalline pattern of OSA 

potato starches up to DS 0.04, whereas degree of crystallinity did decline as DS increased, 
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indicating that OS substitution occurred primarily in the amorphous regions of granules (Bai & 

Shi, 2013) but OS substitution slightly weakened the crystalline structure.  

The results of the thermal properties of native and OSA-modified potato starches 

examined by DSC are presented in Table 4.1. The unmodified waxy potato starches exhibit 

higher gelatinization temperatures (62.7 °C) and enthalpies (21.4 J/g) than the normal potato 

starch (56.7 °C and 19.8 J/g, respectively). The OSA-modified potato starches have lower To, Tp, 

and enthalpies than the native starch. With the higher degrees of substitution showed lower 

gelatinization temperatures. This observation can be explained as a weakening of internal 

hydrogen bonding by the alkenyl groups, accelerating starch swelling at relatively low 

temperatures and hence gradually decreasing the enthalpy of all the OSA starches with increased 

DS, especially affected distinctly on waxy potato starch by esterification (Bao et al., 2003). 

Compared with unmodified and OSA-modified maize starches, the potato starch (B-type 

starches) exhibits a lower gelatinization temperature than the maize starch (A-type starches) (Sun 

et al., 2019). The effect could be explained that potato starch has phosphate-monoester 

derivatives (0.09%) carrying negative charges. The negative charges of the phosphate groups 

repel one another and destabilize the double-helical structure of starch (Ai & Jane, 2015; Singh 

et al., 2006). 

The polarized light micrographs of native and OSA-modified potato starches on normal 

and waxy are shown in Fig. 4.3. All potato starch granules are roughly spherical and oval in 

shapes and display a wide size distribution (most in the range of 15–80 µm). The unmodified and 

OSA-modified starch granules all displayed Maltese cross centered at the hilum (strong 

birefringence), suggesting that the granular structure of OSA potato starches was preserved, even 

their edges lost some definition. The morphology of the potato starches was also investigated by 
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SEM (Fig. 4.4). The surfaces of the granules from unmodified starches showed round or oval 

shapes without fissures and cavities when viewed under a scanning electron microscope at 1000× 

(Fig. 4.4 NP and WP). SEM results showed that the OSA treatment caused some changes in the 

structure of starch granules compared with those of native starch. When DS increased, OSA 

starch granules exhibited slightly rough surfaces, which indicated that OSA modification in 

aqueous slurry systems moderately altered the granular structure of potato starch. 

 OS substituent distribution in a single starch granule determined by Raman 

microspectrometry 

Based on the results of light microscopy (Fig. 4.3) and SEM (Fig. 4.4), potato starch 

contains two types of shapes: round and oval. For round-shaped granules, five positions on a 

single granule of native and OSA-modified normal and waxy starches were examined by Raman 

microspectroscopy. For long flat oval shaped granules, seven positions were examined (Fig. 4.1). 

One Raman image (b1, left edge of granule) and the Raman spectra of that edge for the 

unmodified and the two OSA-modified starches (DS of 0.0174 and 0.0400) are shown in Fig. 

4.5. The formation of carbonyl groups from esterification of carbonyl groups of OSA with 

hydroxyl groups in the starch molecules was confirmed by Raman microspectrometer (Sun et al., 

2019; Wetzel et al., 2010). The Raman spectra of unmodified and OSA-modified starches 

showed that these have similar profiles, except the spectrum of OSA potato starches shows a new 

peak at 1670 cm
−1

, which suggests the formation of ester carbonyl groups (Sun et al., 2019). As 

the DS of OS groups increased, the band area at 1670 cm
−1

 also increased. Compared with the 

Raman spectra of waxy maize starches in Sun et al. (2019), the same pattern showed between 

maize and potato starches, except the potato starches had a higher intensity of peak at 865 cm
-1
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than maize starches, indicating more C-H deformation due to negatively charged phosphate ester 

groups in potato starch. 

For each spectrum obtained from individual positions on one whole granule, the 

carbonyl/carbohydrate band area ratio at each position was calculated (Table 4.2).The 

distribution of OS groups was not uniform throughout a modified starch granule. In the case of 

all round-shaped starch granules, the band area ratios of carbonyl/carbohydrate at position a1 and 

a5 were much higher than those at position a2-a4 (Fig. 4.1). On the oval-shaped granules, the 

ratios of the surface positions (b1, b5, b6, and b7) were also higher than those of internal 

positions on a single starch granule (b2-b4). The level of OS groups on each modified starch was 

most concentrated at the surface of a granule. With DS increased, the band area ratios increased 

as well (Table 4.2). Based on our results of band area ratios within one granule by Raman 

spectroscopy, the OS groups in the OSA-modified potato granular starch are shown to be 

preferentially located on its surface. This observation agreed with the findings of Wang et al. 

(2013) that OSA could react with the granular surface of potato starch due to the lower 

fluorescence intensity in granular interior using confocal laser scanning microscopy (CLSM). 

 OS substituent distribution in the starch revealed by granule ghosts 

In this study, fresh granule ghosts from unmodified and OSA-modified normal and waxy 

potato starches were isolated following the method reported by Zhang et al. (2014) with some 

modification. After precipitated with ethanol and dried, ghosts were examined by SEM (Fig. 

4.6). Walls of the ghosts did not show much deterioration or collapse. A well-defined outer 

surface was formed on most granule ghosts in each sample, but some ghosts from OSA-modified 

potato starches showed a spongier and puckered appearance probably due to the thinner wall 
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formed from swollen/expanded hollow granules, especially for waxy type. Also, ethanol 

precipitation can reduce the roughness of surfaces of ghosts.  

The OS content of granule ghosts (starch surface) was determined by HPLC (Table 4.3). 

Normal potato starch reacted with 3% OSA had a DS of 0.0167, whereas the ghost (yield = 

39.2% of starch, d.w.) had a DS of 0.0420 (Table 4.3), indicating the ghost had about 2.5 times 

of OS groups (0.0420/0.0167 = 2.51). Normal potato starch reacted with 9% OSA had a DS of 

0.0400, whereas the ghost (yield = 43.3% of starch, d.w.) had a DS of 0.0924 (Table 4.3), 

indicating the ghost had about 2.3 times of OS groups (0.0924/0.0400 = 2.31). According to the 

same calculation, the ghost (yield = 37.5%) from waxy potato starch reacted with 3% OSA had 

about 2.7 times of OS groups, and the ghost (yield = 41.6%) from waxy potato starch reacted 

with 9% OSA had about 2.4 times of OS groups (Table 4.3). As the weight of granular core loss 

in ca. 60%, the OS content of OSA-modified potato starch surface increased by a factor of 2.5 

times over that of the bulk granule (Fig. 4.7), indicating that OS groups mainly concentrated on 

the surface area of potato starch granule.  

Compared with maize starch, the ghost of waxy and normal maize starch reacted with 3% 

OSA (yield = 82.8% and 81.3% of starch, respectively) had about 1.2 times of OS groups on 

bulk granules. Similarly, the starch ghost of waxy and normal maize starch reacted with 9% OSA 

(yield = 88.4% and 89.1% of starch, respectively) had 1.1 times of OS groups on bulk granules 

(Table 4.3). 
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 OS substituent distribution in the starch revealed by chemical surface 

gelatinization 

The morphology of partially surface gelatinized starch granules (Fig. 4.8, A) and the 

remaining granules (Fig. 4.8, B) obtained after treatment with CaCl2 solution was also 

investigated by SEM. The OSA-modified normal and waxy potato starch surfaces were 

gelatinized evenly by CaCl2 treatments (Fig. 4.8, A). A gradual development of a layer structure 

at the periphery of the granule appeared. The gelatinized layer on the potato starch looked like a 

ring around a circle (Fig. 4.8, A). Scanning electron micrographs of these remaining granules 

showed relatively rough surfaces (Fig. 4.8, B), compared with smooth granules without treatment 

of CaCl2 (Fig. 4.4). The granule surfaces were rather evenly eroded and some holes were visible 

on some salt-treated unmodified and OSA-modified potato starch granules.  

The OS content of remaining granule and the amount remained from the original non-

gelatinized starches were determined in Table 4.3. Inner portion of the waxy and normal potato 

starch granules had a much lower DS. Normal potato starch reacted with 3% OSA had a DS of 

0.0167, whereas the remaining granules (yield = 82.3% of starch, d.w.) after chemical surface 

gelatinization had a DS of 0.0079 (Table 4.3), indicating the remaining granules had about 0.47 

times of initial OS groups (0.0079/0.0167 = 0.47). Normal potato starch reacted with 9% OSA 

had a DS of 0.0400, whereas the remaining granules after chemical surface gelatinization (yield 

= 70.7% of starch, d.w.) had a DS of 0.0109 (Table 4.3), indicating the remaining granules had 

about 0.27 times of initial OS groups (0.0109/0.0400 = 0.27). Similarly, the OS content of the 

remaining granules from 3% OSA-modified waxy potato starch (yield = 78.8%) with a DS of 

0.0076 had about 0.44 times of OS groups, and the OS content of the remaining granules form 
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9% OSA-modified waxy potato starch (yield = 65.7%) with a DS of 0.0086 had about 0.22 times 

of OS groups (Table 4.3). To sum up, as the surface amount removed by ca. 20%, the OS content 

of OSA-modified potato starch was ca. 0.45 times over that of the bulk granule; as the surface 

amount removed by ca. 32%, the OS content of OSA-modified potato starch was ca. 0.25 times 

over that of the bulk granule (Fig. 4.6). This is also mainly attributed to the fact agreed with the 

findings of OS substituent distribution in the starch revealed by granule ghosts, indicating that 

the OS substituent was predominately distributed on the surface of potato starch.  

For maize starch, the OS content of the remaining granules form 3% OSA-modified 

normal maize starch (yield = 80.0%) had about 0.75 times of OS groups, and the OS content of 

the remaining granules form 9% OSA-modified normal maize starch (yield = 56.2%) had about 

0.45 times of OS groups. The OS content of the remaining granules form 3% OSA-modified 

waxy maize starch (yield = 51.5%) had about 0.47 times of OS groups, and the OS content of the 

remaining granules form 9% OSA-modified waxy maize starch (yield = 27.6%) had about 0.32 

times of OS groups (Table 4.3).  

Since the yield of the remaining granules was around 80%, 3% OSA-modified normal 

potato and maize starches were compared. The OS contents of the remaining granules were 0.47 

and 0.75 times of initial OS groups, respectively, indicating that more OS substituent was 

distributed on potato starch; whereas more OS substituent was located in the remaining granules 

(interior) of maize starch. 

 Conclusions 

To observe reaction patterns within an individual OSA-modified potato starch granule, 

the ratio of the carbonyl band and the C-H stretching bands of the starch was determined by 
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Raman microspectroscopy. The highest level of OS substitution was found on the potato granular 

surface. Potato starch granules do not possess channels. OSA reagent reacts with starch at the 

periphery first. Waxy and normal potato starch ghost (after 37.5% and 39.2% starch remained) 

had about 2.5 and 2.7 times of DS compared with 3% OSA modified starches. After chemical 

surface gelatinization, inner portion of the waxy and normal potato starch granules had a lower 

DS. The OS content of OSA-modified potato starch was ca. 0.45 times over that of the bulk 

granule after interior granule remained in 80%; the OS content of OSA-modified potato starch 

was ca. 0.25 times over that of the bulk granule after interior granule remained in 70%. 

Both of those results showed that a greater proportion of the OS groups were distributed 

at the periphery than at the core of the granules, which is consistent with the result form Raman 

microspectroscopy. The OS groups in OSA-modified potato granular starches were shown to be 

preferentially located on its surface, which was different with the results of maize starches which 

OS substituent was distributed on both the surface and center. 
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 Figures 

 

Figure 4.1 Five positions (a1, edge-left; a2, area between edge-left and center; a3, center; 

a4, area between center and edge-right; and a5, edge-right) within a speckle of 7 µm × 7 

µm on one round-shaped potato starch granule, and seven positions (b1, edge-left; b2, area 

between edge-left and center;b3, center; b4, area between center and edge-right; b5, edge-

right; b6, top edge; and b7, bottom edge) within a speckle of 10 µm × 10 µm on one long 

flat oval-shaped potato starch granule analyzed both by Raman microspectroscopy. 
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Figure 4.2 X-ray diffraction patterns of potato starches: unmodified normal (NP), 

octenylsuccinic anhydride (OSA)-modified waxy starches with degree of substitution (DS) 

of 0.0167(NP3), and 0.0400 (NP9); unmodified waxy (WP), OSA-modified normal starches 

with DS of 0.0174 (WP3), and 0.0383 (WP9). 
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Figure 4.3 Microscopic image of unmodified normal potato starch (NP), octenylsuccinic 

anhydride (OSA)-modified normal starches with degree of substitution (DS) of 0.0167 

(NP3), and 0.0400 (NP9); unmodified waxy potato starch (WP), OSA-modified waxy 

starches with DS of 0.0174 (WP3), and 0.0383 (WP9). Scale bar in each graph represents 20 

µm. Left images: normal visible light; right images: polarized light. 
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Figure 4.4 Scanning electron microscopy (SEM) micrographs of potato starches: 

unmodified normal (NP), octenylsuccinic anhydride (OSA)-modified normal starches with 

degree of substitution (DS) of 0.0167 (NP3), and 0.0400 (NP9); unmodified waxy (WP), 

OSA-modified waxy starches with DS of 0.0174 (WP3), and 0.0383 (WP9). 

  

NP3 

NP9 WP9 

WP3 

WP NP 



89 

 

 

500 1000 1500 2000 2500 3000

0

500

1000

1500

2000

800 1000 1200 1400 1600 1800 2000

R
a

m
a

n
 I
n

te
n

s
it
y

Wavenumber (cm
-1
)

A

B

C

2910 cm
-1

 

1670 cm-1

 

Figure 4.5 Raman image and spectra of the surface (b1, edge-left) of one long flat oval-

shaped -starch granule. These spectra are from unmodified (A), octenylsuccinic anhydride 

(OSA)-modified granules with degree of substitution (DS) of 0.0174 (B), and 0.0400 (C).   
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Figure 4.6 Scanning electron microscopy (SEM) micrographs of ethanol-precipitated 

granule ghosts of native (NP-g), 3% (NP3-g), and 9% (NP9-g) octenylsuccinic anhydride 

(OSA)-modified normal potato starches; native (WP-g), 3% (WP3-g), and 9% (WP9-g) 

OSA-modified waxy potato starches, respectively.  
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Figure 4.7 Changes on bound OS content (% OS) of 3 and 9% octenylsuccinic anhydride 

(OSA)-modified potato starch (A) and maize starch (B): normal potato (NP3 and NP9), 

waxy potato (WP3 and WP9), normal maize (NM3 and NM9), and waxy maize (WM3 and 

WM9), and their granule ghost and remaining granules after chemical surface 

gelatinization. 
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Figure 4.8 Scanning electron microscopy (SEM) micrographs of partially surface 

gelatinized starch granules (A) and remaining granules (B): normal potato (NP), 

octenylsuccinic (OS) normal potato starches (NP3, NP9), and waxy potato (WP), OS waxy 

potato starches (WP3, NP9). 
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 Tables 

Table 4.1 Thermal properties of unmodified and octenylsuccinic anhydride (OSA) modified 

normal and waxy potato starches treated with 3% and 9% OSA determined by differential 

scanning calorimetry (DSC)
a
 

Sample DS
b
 To (°C) Tp (°C) Tc (°C) ΔH (J/g) 

Normal 

potato 

starch 

Native - 56.7 ± 0.1 a 64.0 ± 0.0 a 90.1 ± 1.3 a 19.8 ± 0.9 a 

3% OSA 0.0167 54.5 ± 0.1 ab 61.9 ± 0.1 b 90.7 ± 1.0 a 17.4 ± 0.2 b 

9% OSA 0.0400 52.2 ± 0.0 bc 60.2 ± 0.0 b 91.2 ± 0.1 a 16.7 ± 0.3 b 

Waxy  

potato 

starch 

Native - 62.7 ± 0.1 a 69.7 ± 0.0 a 95.6 ±0.9 a 21.4 ± 0.9 a 

3% OSA 0.0174 54.1 ± 0.1 b 60.2 ± 0.1 b 85.1 ± 1.1b 15.3 ± 0.5 b 

9% OSA 0.0383 50.5 ± 0.2 bc 56.8 ± 0.0 bc 80.9 ± 1.0 c 11.5 ± 0.1 c 
a
 Mean ± standard deviation values are reported. Means in the same column not sharing a 

common letter are significantly different at p < 0.05. 

b
 DS = degree of substitution   
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Table 4.2 The band area ratio of an OS group to starch content on five positions within one 

round-shaped granule (a1-5) and seven positions within one long flat oval-shaped potato 

starch granule (b1-7), calculated as (band area at 1670 cm
-1

 / band area at 2910 cm
-1

) × 100. 

Ten starch granules (n=10) of each sample were analyzed by Raman microspectroscopy
a
 

Position 

Band area ratio 1670 cm-1 / 2910 cm-1 

Normal potato starch Waxy potato starch 

3% OSA 9% OSA 3% OSA 9% OSA 

a1 5.20 ± 0.43 a 9.06 ± 0.50 ab 6.01 ± 0.32 a 7.20 ± 0.54 a 

a2 2.99 ± 0.27 b 7.15 ± 0.66 c 4.17 ± 0.15 b 5.22 ± 0.81 b 

a3 3.06 ± 0.14 b 7.99 ± 1.13 bc 4.23 ± 0.57 b 5.60 ± 0.32 b 

a4 2.98 ± 0.13 b 8.15 ± 0.79 bc 4.25 ± 0.43 b 5.41 ± 1.19 b 

a5 5.02 ± 0.36 a 9.72 ± 0.55 a 5.61 ± 0.18 a 7.03 ± 0.65 a 

b1 4.50 ± 0.14 b 9.34 ± 2.50 abc 5.39 ± 0.68 ab 6.98 ± 0.27 ab 

b2 3.54 ± 0.27 c 7.40 ± 0.26 bc 4.39 ± 0.23 bc 4.68 ± 0.14 c 

b3 3.27 ± 0.03 c 7.17 ± 1.22 c 3.91 ± 0.35 c 4.75 ± 0.40 c 

b4 3.60 ± 0.07 c 7.30 ± 0.93 bc 4.11 ± 0.29 bc 4.52 ± 0.22 c 

b5 4.96 ± 0.16 ab 9.24 ± 1.51 abc 5.18 ± 0.42 abc 5.63 ± 0.45 bc 

b6 5.71 ± 0.62 a 10.44 ± 0.61 a 6.39 ± 1.88 a  7.32 ± 1.21 a 

b7 4.88 ± 0.34 ab 9.50 ± 0.73 ab 5.33 ± 0.44 ab 6.02 ± 0.47 ab 
a
 Mean ± standard deviation values are reported. Values followed by the same letter vertically are 

not significantly different (p < 0.05). 

OSA = octenylsuccinic anhydride. 
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Table 4.3 Bound OS content (%OS), degree of substitution (DS) of octenylsuccinic 

anhydride (OSA) modified normal and waxy potato starch granules, starch granule ghosts, 

and remaining granules after chemical surface gelatinization 

Starch 

OSA 

treatment 

(%) 

Samples   

Remaining 

amount 

(%) 

%OS DS 

Normal 

potato 

3 

starch granule 100.0 2.12 ± 0.04  0.0167 ± 0.0001  

granule ghost 39.2 5.17 ± 0.05  0.0420 ± 0.0005  

remaining granule 82.3 1.02 ± 0.03  0.0079 ± 0.0002  

9 

starch granule 100.0 4.93 ± 0.03  0.0400 ± 0.0003  

granule ghost 43.3 10.70 ± 0.02 0.0924 ± 0.0002  

remaining granule 70.7 1.40 ± 0.03  0.0109 ± 0.0002  

Waxy 

potato 

3 

starch granule 100.0 2.21 ± 0.04  0.0174 ± 0.0003  

granule ghost 37.5 5.67 ± 0.02 0.0463 ± 0.0002  

remaining granule 78.8 0.98 ± 0.00  0.0076 ± 0.0000 

9 

starch granule 100.0 4.73 ± 0.07  0.0383 ± 0.0004  

granule ghost 41.6 10.64 ± 0.01  0.0918 ± 0.0001  

remaining granule 65.7 1.11 ± 0.02 0.0086 ± 0.0001  

Normal 

maize 

3 

starch granule 100.0 2.15 ± 0.05 0.0169 ± 0.0004 

granule ghost 81.3 2.60 ± 0.02 0.0205 ± 0.0001 

remaining granule 80.0 1.62 ± 0.03 0.0127 ± 0.0002 

9 

starch granule 100.0 5.13 ± 0.03 0.0418 ± 0.0002 

granule ghost 89.1 5.75 ± 0.03 0.0470 ± 0.0002 

remaining granule 56.2 2.31 ± 0.02 0.0182 ± 0.0001 

Waxy 

maize 

3 

starch granule 100.0 2.27 ± 0.02 0.0179 ± 0.0003 

granule ghost 82.8 2.56 ± 0.01 0.0203 ± 0.0001 

remaining granule 51.5 1.07 ± 0.05 0.0084 ± 0.0006 

9 

starch granule 100.0 4.83 ± 0.02 0.0409 ± 0.0001 

granule ghost 88.4 5.45 ± 0.04 0.0444 ± 0.0005 

remaining granule 27.6 1.72 ± 0.03 0.0135 ± 0.0003 
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Formation of orange oil-in-water emulsion stabilized by Chapter 5 - 

alpha-amylase-degraded octenylsuccinic anhydride waxy potato 

starches 

 Abstract 

The objectives of this study were to prepare α-amylase degraded octenylsuccinic 

anhydride (OSA) modified starches from waxy potato starch by two approaches and characterize 

their structure and emulsifying capacity and stability. In the first approach, granular waxy potato 

starch was reacted with 3% OSA first and then hydrolyzed by α-amylase to product OS 

maltodextrins (OSE) with dextrose equivalent (DE) of 4.97 and DS of 0.0175. In the other 

approach, granular waxy potato starch was hydrolyzed by α-amylase and then modified by 3% 

OSA to prepare OS maltodextrins (EOS) with DE of 4.39 and DS of 0.0209. Gel permeation 

chromatography (GPC) analysis confirmed that the molecular size of waxy potato starch was 

reduced after α-amylolysis, and the degree of decrease increased with the increase in α-amylase 

concentration. Emulsion stability, droplet size distribution were studied to evaluate the orange 

oil-in-water emulsions. With a low concentration of α-amylase, OS maltodextrin with high 

apparent viscosity (26 and 31 cp at 10% solid content) displayed good emulsion stability, and the 

product with higher molecular weight resulted more viscous emulsion and better stability.  

 Keywords 

Octenylsuccinic anhydride; Waxy potato starch; Maltodextrin 
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 Introduction 

Octenylsuccinic anhydride (OSA) modified starch was developed by Cardwell and 

Wurburg in early 1950s (Caldwell, 1952; Caldwell & Wurzburg, 1953), prepared by the 

esterification of granular starch with OSA aqueous alkaline slurry at or near room temperature, 

approved for food use at level of 3% (degree of substitution, DS <0.02) in the U.S. (Bai & Shi, 

2011; Sun et al., 2019). Preparation and properties of octenylsuccinate (OS) starch was reviewed 

by Sweedman et al. (2013) and Altuna et al. (2018). Due to both hydrophilic and hydrophobic 

groups, OSA-modified starches are used widely as emulsifiers and stabilizers in foods, a variety 

of oil-in-water emulsions, in some water-in-oil systems, pharmaceuticals, paper industry and in 

any industry where stable emulsions are required (Altuna et al., 2018; Dokić et al., 2012; 

Sweedman et al., 2013; Trubiano, 1986; Zhao et al., 2017).  

The most widely used hydrocolloids in beverage are amphiphilic polysaccharides, such as 

gum arabic and OSA modified starch due to their colorless and tasteless in solution, good 

stability to droplet aggregation at a wide range of pH values, ionic strengths and temperatures, 

but low interfacial surface activity compared to proteins or surfactants due to their hydrophilic 

glucose backbones (Charoen et al., 2011, 2012; Given, 2009; McClements, 2011; McClements et 

al., 2017; Sanchez et al., 2018). Less amount of modified starch is needed for stabilization of 

emulsions (Dickinson, 2018; McClements et al., 2017). For example, 20% gum arabic was 

required to produce a stable 12.5 wt% oil-in water emulsion but modified starch was used as 

12% (Chanamai & McClements, 2002). 

Our goal was to prepare soluble OS starch that can be used in beverage application. Also, 

in the area of food and beverage applications, the emulsion stabilizer with low apparent viscosity 
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is preferred, requiring less energy to flow during processing (Sweedman et al., 2014). Therefore, 

OSA-modified starch must be water soluble with low viscosity. Acid and enzyme treatments are 

the most common methods to hydrolyze OS-starch, decrease its molecular weight and viscosity 

in water. In 2019, we filed a U.S. patent application (No. 16/728,400) describing two approaches 

to prepare α-amylase-degraded OS starches. In the first approach, granular waxy maize starch 

was reacted with OSA, then cooked and hydrolyzed by α-amylase to produce maltodextrins 

(gOSMs). In the second approach, granular starch was cooked and hydrolyzed by α-amylase to 

make a maltodextrin, and the resulting soluble maltodextrin was reacted with OSA for OS 

maltodextrins (sOSMs). Preparation and structure of α-amylase-degraded OS waxy maize 

starches with different substitution patterns were studied (Bai, 2013). The product (gOSMs) had 

localized OS substitution near the branching points or non-reducing ends; the other product 

(sOSMs) had OS groups distributed randomly throughout the starch chains, and OS substitutions 

were found close to the branching points as well as the non-reducing ends.  

There are a number of studies on OSA modified starches in the literature. Xu et al. (2015) 

investigated that β-amylase which cleaves (1→4)-α glycosidic bond from the non-reducing ends 

of starch ranches could be used to hydrolyze OSA-modified waxy maize starch to obtain a better 

emulsion stability with orange oil, but the droplet size of emulsions was still large and the 

stability was weak. On the other hand, α-amylase, an endo-amylase which cuts (1→4)-α bond 

randomly in the interior of starch chains was also used to degrade OS starch (Han et al., 2019; 

Liu et al., 2008; Zhang et al., 2018). Han et al. (2019)  investigated the emulsifying capacity of 

OSA-modified waxy maize starches formed by hydrolysis by α-amylase, β-amylase and acid 

(HCl) and found that the degraded OSA-starches treated by α-amylase generally had the smallest 

average chain length and largest degree of branching, resulting in the lowest viscosity and the 
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best droplet stability with the smallest creaming extent. Waxy rice starch hydrolyzed by β-

amylase and then modified by OSA (OSA β-limit dextrin) was evaluated by Wang et al. (2020).  

Majority of studies in the literature of OS starch is on maize starch, especially on waxy maize. 

The second largest botanical origin is potato starch (Sweedman et al., 2013). Hui et al. (2009) 

and Won et al. (2017) reported preparation and properties of OSA-modified normal potato 

starch. They suggested that the crystalline pattern of OSA potato starches was not changed by 

esterification up to DS 0.045.  

To my knowledge, there is no report on OSA modified waxy potato starch. Waxy potato 

starch has a B-type X ray diffraction pattern as normal potato starch (Cai et al., 2010; Hsieh et 

al., 2019; Lee et al., 2012). Compared with other waxy starches, waxy potato starch contains 

little protein and lipids, has a higher pasting viscosity and greater paste clarity. We hypothesized 

that α-amylase degraded OS waxy potato starch would be a colorless emulsifier with excellent 

emulsification performance in flavor oil beverage. The objectives of this study were to prepare 

OS waxy potato starches by α-amylase treatment from two approaches with the improved 

emulsifying properties, and to find a novel emulsifier with a minimum concentration to stabilize 

emulsions.  

 Materials and Methods 

 Materials 

Waxy potato starch (Eliane 100) (phosphorus% = 0.07%) was obtained from Avebe 

(Veendam, the Netherlands). Octenylsuccinic anhydride (OSA) was obtained from Gulf Bayport 

Chemicals L.P. (Pasadena, Texas, US). Gum Arabic (pre-hydrated® Gum Arabic spray dry 
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powder) was from TIC Gums (Belcamp, MD, USA). Commercial OS starches (starch 1 and 2) 

were obtained from Ingredion Incorporated (Bridgewater, NJ, USA). An alpha-amylase (BAN® 

480 L) with a standard strength of 480 KNU/g produced by submerged fermentation of a 

selected strain of Bacillus amyloliquefaciens was obtained from Novozymes North America, Inc. 

(Franklinton, NC, USA). One KNU is defined as the amount of enzyme that dextrinizes 5.26g of 

starch (Merck Amylum soluble) per hour under standard conditions (37.0 °C, 0.0003MCa
2+

, and 

pH5.6). Orange oil (1-fold and 5-fold) was obtained from Citrus and Allied Essences Ltd. 

(Belcamp, MD, USA). The weighting agent (Pinova® Ester Gum 8BG) was obtained from TIC 

Gums, Inc. (Belcamp, MD, USA). Anhydrous citric acid was obtained from J.T. Baker 

Chemicals (Avantor Performance Materials, Inc., PA, USA).  Other chemicals were all analytical 

grade. 

 Preparation of amylase degraded OS starch 

 Approach 1 (OSA reaction + enzyme degradation) 

Preparation of α-amylase-degraded OS starch from Approach 1 is shown in Fig. 5.1. 

Granular waxy potato starch was first reacted with OSA in an aqueous slurry system. Waxy 

potato starch (500 g) was suspended in distilled water (750 g) with agitation under an overhead 

stirrer. Starch suspension (1250 mL) of 40% solid content was adjusted to pH 7.5 by sodium 

hydroxide (3%, wt.). OSA (3% based on the dry weight of starch) was added to the starch slurry 

while pH was maintained at 7.5 by sodium hydroxide (3%, wt.) during the reaction. After pH 

stabilized for 30 min, the reaction was terminated by adjusting pH to 6 with 1 N HCl. OS starch 

was recovered by filtration, washed by methanol, and dried in an oven at 40 °C overnight.  
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The OS starches were converted to OS maltodextrins by α-amylase hydrolysis. Ban 480L 

(α-amylase) (0.005, 0.01, or 0.02% based on the dry weight of starch) was added to the starch 

slurry of 18% solids. The pH of the slurry was adjusted to 6.0-6.4 by 1 N NaOH. Starch 

hydrolysis was carried out at 80 °C water bath in 20 min. α-amylolysis was stopped by holding 

the starch solution to boiling water for 20 min, and then cooled to room temperature. The OS 

maltodextrin obtained was recovered by spray drying (Spray dryer, LPG-5 model; Jiangsu 

Fanqun Drying Equipment Factory, Jiangsu, China). The spray drying conditions were inlet 

temperature 180°C and outlet temperature 100°C. 

 Approach 2 (enzyme degradation + OSA reaction) 

Preparation of α-amylase-degraded OS starch from Approach 2 is shown in Fig. 5.1. 

Granular waxy potato starch was first hydrolyzed by α-amylase as described in Approach 1. 

Waxy potato starch (360 g) was suspended in distilled water (1,640 g) with agitation under an 

overhead stirrer. The pH of starch suspension (18% solid content) was adjusted to 6.0-6.4 by 1 N 

NaOH. α-amylase (Ban 480L) (0.0005, 0.005, or 0.01 % based on the dry weight of starch) was 

added to the starch slurry. Starch hydrolysis was carried out at 80 °C water bath in 20 min. α-

amylolysis was stopped by holding the starch solution to boiling water for 20 min, and then 

cooled to room temperature.  

The starch solution was then reacted with 3% OSA (based on the dry weight of waxy 

potato starch) as described in Approach 1. The pH was maintained at 7.5 by sodium hydroxide 

(3%, wt.) during the reaction. After pH stabilized for 30 min, the reaction was terminated by 

adjusting pH to 6 with 1 N HCl. The OS maltodextrin was recovered by spray drying. The spray 

drying conditions were inlet temperature 180°C and outlet temperature 100°C. 
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 Characterization of OS starches 

 Determination of the degree of substitution (DS) 

The DS of OS maltodextrin was determined by high-performance liquid chromatography 

(HPLC) as reported by Qiu et al. (2012). Briefly, for free OS determination, 0.5 g (d.w.) of OS 

maltodextrin was stirred in 5 mL of methanol for 1 h. After centrifuge, 1 ml of supernatant was 

mixed with 1 ml of water (pH = 3, prepared by adding 1 ml of 1 N hydrochloric acid into 1 L 

water). The solution was analyzed by HPLC. To determine total OS, 0.5 g (d.w.) of OS 

maltodextrin was stirred overnight in 10 mL of 4 N NaOH. The alkali solution (2 mL) was 

neutralized with 10 mL of 1 N HCl and filled with acetonitrile to 25 mL volumetric flask. The 

solution was analyzed by HPLC. A mixture of acetonitrile and water containing 0.1% TFA 

(45:55, v/v) was used as the mobile phase. The flow rate was 1.0 ml/min and the detection 

wavelength was set at 210 nm. Concentrations were determined from the peak area. 

 Determination of dextrose equivalent (DE) 

DE of the α-amylase hydrolyzed products was determined by the Nelson-Somogyi 

method (Somogyi, 1952). Glucose standards in distilled water were prepared ranging from 0-0.5 

µmol/mL. The OS maltodextrin sample was prepared in an appropriate dilution (0.1 µmol/mL). 

Each standard or OS maltodextrin sample (1 ml) was placed in separate tubes and 1 mL of 

distilled water was used as the blank. To each tube, 1 mL of the copper reagent was added and 

placed in boiling water for 10 min. The tubes were cooled to room temperature and 1 mL of 

arsenomolybolic acid reagent – Nelson Reagent was added. The absorbance was measure at 520 

nm. 
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 Gel Permeation Chromatography (GPC) 

GPC analysis was performed as previously described (Shi et al., 2018). Each sample (4 

mg) were dissolved in dimethyl sulfoxide (DMSO) (4 mL) containing lithium bromide (0.5% 

w/w), and stirred at room temperature for 12 h. The mixture was filtered through a 2 μm filter 

and then injected into a PL-GPC 220 instrument (Polymer Laboratories, Inc., Amherst, MA, 

USA). The eluent was DMSO containing 0.5% (w/w) LiBr, and the flow rate was 0.8 mL/min. 

The molecular size (hydrodynamic radius, Rh) distribution was determined as described by 

Vilaplana & Gilbert (2010). 

 Orange oil emulsion preparation  

Orange oil emulsion stabilized by solubilized OS starch was prepared by the method of 

Trksak and Makarious (2010) with some modifications. To prepare the oil phase, 48% (w/w) 1× 

orange oil and 12% (w/w) 5× orange oil were mixed with 40% (w/w) weighting agent (Ester 

Gum 8BG) under constant stirring using a magnetic stirrer for 3 hours at room temperature. To 

prepare the water phase, 0.3% citric acid and 0.15% sodium benzoate were added in distilled 

water under constant stirring for 1 hour.  

To study the effects of the ratio of oil to starch on emulsion properties, the total amount 

of starch and oil, and water phase was maintained at 24 g, and 76 g, respectively. The ratio of 

oil:starch was designed as 12:12 (1:1), 16:8 (2:1), and 18:6 (3:1), respectively.  Different 

amounts of OS starch (12, 8, or 6 g, dry basis) were weighed into water phase containing 0.3% 

citric acid and 0.15% sodium benzoate in a 200-mL glass bottle using a magnetic stirrer to 

continuously disperse starch slurry in a water bath at 70 °C and 500 rpm for 2 hours. Starch 

slurry was cooled to room temperature. Then orange oil mixture (oil phase) (12, 16, or 18 g) was 
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added into starch slurry, and pre-homogenized by a bench-top homogenizer (PRO 350, PRO 

Scientific Inc., Oxford, CT) at 8,000 rpm for 3 min. The crude emulsion was homogenized by an 

M-110P microfluidizer (Microfluidics, Newton, MA, US) for 3 passes at a pressure of 30,000 

psi. The middle part of fresh emulsion was collected for analysis immediately.  

 Droplet size 

Droplet size of orange oil emulsions was determined using the laser scattering particle 

size distribution analyzer (LA-910, Horiba, Japan). Emulsions were shaken, brought into a 

stirring tank filled with distilled water. The reported d43 value is the mean volume-weighted 

particle sizes. All samples were performed in duplicate. The OS starch after dissolution in water 

phase was measure but had no signal.    

 Particle electrical charge (ζ-potential) 

The oil droplets ζ-potential was measured based on the principle of electrophoretic 

mobility and dynamic light scattering using a zeta potential analyzer (ZetaPALS, Brookhaven 

Instruments Corporation, Holtsville, NY). Emulsions were diluted 1:100 (v/v) with 

demineralized water and transferred into a cuvette having two electrodes. An electrical voltage 

was applied over the electrodes, resulting in particle movement which was influenced by the 

particle charge. The ζ-potential obtained describes the charge of the measured oil droplet. 

 Creaming index 

The creaming index of the emulsions was measured at 14 days after preparation. Capped, 

glass tubes were filled with 5 mL of emulsion and the total height was measured. The height of 

the upper cream layer was measured, allowing to calculate the creaming index. The creaming 

index (%) is expressed as the ratio of the height of the upper, cream layer (mm) to the height of 
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the total emulsion (mm). Tubes used for determination of the creaming index were not shaken 

during the storage experiment. 

 Stability of emulsions 

All emulsions were stored at room temperature for 14 and 30 days. The droplet size and 

particle electrical charge of emulsions were determined.  

 Results and discussion 

 Structural and physicochemical properties of α-amylase-degraded OS starch 

The action of α-amylase on starch was altered after OS substitution. When α-amylase was 

performed under 0.02, 0.01, and 0.005% at 80 °C for 20 min, the products prepared by approach 

1 (OSE) from 3% OSA-modified waxy potato starch with DS of ca. 0.0175 had DE of 7.42, 5.33, 

and 4.97, respectively (Table 5.1). The viscosity at 10% solid content of each sample was 6.5, 

13.0, and 26.0 cp respectively (Table 5.1). Similarly, When α-amylase was performed under 

0.01, 0.005, and 0.0005% at 80°C for 20 min, the products by approach 2 (EOS 1)  from native 

waxy potato starch with DS of c.a. 0.0209  had DE of 6.57, 5.25, and 4.39, respectively (Table 

5.1). After enzyme treatment, maltodextrin directly reacted with 3% OSA. The DS of each 

sample was c.a. 0.0210. The viscosity at 10% solid content of each sample was 8.0, 15.5, and 

30.5 cp respectively (Table 5.1). All the hydrolyzed OSA maltodextrin samples for all treatments 

showed a decreasing tendency of apparent viscosity with increase of enzyme concentration.  

With lower enzyme concentration, α-amylase hydrolysates had a lower DE with higher viscosity. 

The viscosities of the OSA maltodextrins are closely related with their molecular sizes. 
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The molecular size distribution profiles of α-amylase-degraded OS waxy potato starch 

(OS maltodextrin) prepared from approaches 1 and 2 are shown in Fig. 5.2. For all degraded OS 

starch samples after the α-amylase hydrolysis, the molecular size was significantly reduced 

compared with the unmodified waxy potato starch. The α-amylase hydrolyzed OSA starch with 

the lowest concentration of enzyme (OSE 3) had two peaks at Rh = 15 nm and 40 nm, whereas 

the other degraded starch sample with the highest concentration of enzyme (OSE1) had only one 

size peak at 1.5 nm. Similarly, the molecular size distribution of degraded OS waxy potato starch 

prepared from approach 2 (EOS) reduced with an increasing of enzyme concentration from 

0.0005 to 0.01% (Fig. 5.2B). These results suggest that the molecular size decreased with the 

increased of enzyme concentration. 

Alpha-amylase is an endo-acting amylase that hydrolyze α-1,4 bonds and bypass α-1,6 

linkages. OSA-modification has been suggested to occur preferentially at amorphous region (Bai 

& Shi, 2013). OS groups were distributed close to the branching points and non-reducing ends of 

amylopectin for degraded OS maltodextrin from approach 1 and localized randomly throughout 

the starch chains for degraded OS maltodextrin from approach 2 (Bai, 2013). This explained the 

differences of molecular size with and without OS-modification (compared to unmodified waxy 

potato starch). OS maltodextrins from approach 1 (OSE2) required higher enzyme concentration 

than OS maltodextrins from approach 2 (EOS2) to achieve the similar DE (~5.3) and molecular 

size distribution (Fig. 5.2). It was probably due to the starch molecules containing OS 

substitution groups that were resistant to α-amylases hydrolysis.  
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 Stability of emulsions formed using degraded OS-starch 

The orange-oil-in-water emulsion was formulated as in Table 5.2. The physicochemical 

stability of all emulsions was evaluated by determination of the particle size, particle charge (ζ-

potential) and creaming index, in combination with visual observation. The results from these 

analyses are shown in Table 5.3 and Fig 5.3. 

The influence of emulsifier type on the formation of emulsion-based delivery systems for 

α-amylase-degraded OS waxy potato starches (OSE 1, 2, 3 and EOS 1, 2, 3), natural biopolymers 

gum arabic and two types of commercial OS starches is shown in Table 5.3. The results for 

particle size measurement of fresh emulsions with the highest ratio of oil to starch (1:1) showed 

that all emulsions had a small particle size below 1.5 µm except for emulsifier EOS1 and EOS2. 

During 14 days stored at room temperature, the creamy separated oil layer appeared on the top of 

emulsions from EOS1 and EOS2. Droplet coalescence induced by the creaming may be formed 

resulting in the instability of the emulsions. The separation phenomena also occurred on the α-

amylase hydrolyzed OSA-starch sample OSE1, even though its fresh emulsion had a particle size 

ranging from 1.3-1.8 µm with an increase of oil ratio. These may due to low molecular 

size/weight and viscosity of these three highly enzyme converted OS starches by α-amylase. 

OSA-starches with lower molecular weight tend to have higher encapsulation efficiency and 

capacity (Hategekimana et al., 2015), while OSA modified starch samples containing larger 

molecules have better emulsion stability (Sweedman et al., 2013). 

The emulsion stability of the emulsion is expressed by the change (%) in the droplet size 

of the emulsions over storage with respect to the droplet size of the fresh emulsion (immediately 

after preparation) (Han et al., 2019). On the observation of particle size after storage of 14 days, 
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droplet size of the emulsions made by OSE2 showed a shift to larger size above 5 µm without 

creaming layer at the higher ratio of oil and starch (3:1), indicating that OSE2 had a poor 

emulsifying capacity at high oil load. At the lower ratio of oil to starch (1:1 and 2:1), the particle 

size of emulsion made by OSE2 was increased by 80% compared to the corresponding particle 

size at the initial stage of storage, where the largest particle size (2.8-3.4 µm) among other un-

creamed emulsions. The emulsion droplet size of commercial starch 1 also increased at a 

significantly faster rate by up to 76% at the ratio of oil to starch (1:1), > 5 µm at the ratio of 2:1, 

and separated creamy layer on the top of emulsion with creaming index 32.4% at the ratio of 3:1 

after 14 days. The emulsions made by gum arabic at ratio of 1:1 and 2:1 were stable after 14 

days, but gum arabic was not suitable for high oil load at the ratio of oil to gum arabic 3:1. 

For the α-amylase degraded OSA-starch samples (OSE3 and EOS3), there was an 

increase in the droplet size of the emulsion after 14 days of storage (increased by up to 40%, 

correspondingly to up to 3% per day), but still with small droplet size ranging from 0.90-0.93 µm 

at the ratio of oil to starch (3:1). There was also no creaming layer occurred on the emulsions by 

commercial starch 2 with the particle size below 3 µm. Compared with the emulsion stability 

(%), the particle size increased by up to 70% after 14 days with an average particle size of 2.8 

µm, which much larger than that of emulsions by degraded OSA-starch samples (OSE3 and 

EOS3). Among all the emulsions, the emulsions of the α-amylase degraded OSA-starch samples 

(OSE3 and EOS3) presented a relatively steady particle size with the increasing storage time 

indicting a better emulsion stability. The viscosity of OSA starch solutions was related to starch 

molecular size and the relative amounts of small molecules. Studies have reported that apparent 

viscosity of emulsion plays an important role in determining storage stability of emulsion, and a 

large Mw of OS-starch can lead to a more viscous solution and better stabilization of emulsion 
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when the addition of starch has a great influence on emulsion viscosity (Dokić et al., 2012; Xu et 

al., 2015). In Table 5.3, apparent viscosity of fresh emulsions stabilized by OSE3 and EOS3 was 

much higher than other emulsions at the corresponding ratio of oil to starch.  The high viscosity 

of the emulsion could retard free motion of the oil droplets delaying creaming, flocculation, and 

coalescence. Therefore, higher viscosity of emulsion is influenced by larger Mw of OS starch 

and higher emulsifier concentration.  

Because of their good emulsion performance at 14 days, OSE3, EOS3, gum arabric (GA), 

and commercial OS starch 2 (Starch 2) were selected to check the particle size distribution of 

emulsions with the ratio of oil to starch 1:1 and 2:1 after 30 days storage at room temperature 

(Fig. 5.3). At the ratio of oil to starch (1:1), all emulsions were stable with one peak of a narrow 

particle size distribution. OSE3 and EOS3 had a smaller volume diameter 0.578 and 0.656 μm, 

respectively. Gum arabic and commercial OS starch 2 had a larger volume diameter 1.350 and 

1.283 μm, respectively. Those emulsifiers showed good emulsify properties when the ratio of oil 

to starch was 1:1 after 30 days storage. The particle size distributions of selected emulsions with 

the ratio of oil to starch (2:1) increased after storage for 30 days. The wide particle size 

distribution after 30 days storage suggested the formation of free oil, and the emulsions were 

unstable. Oil was observed on the surface of those emulsions although obvious cream was not 

noted. The clarity of emulsions at the same ratio of oil to starch (1:1) diluted in 1:100 was shown 

in Fig. 5.4. Obviously, the emulsions made by OSE3 and EOS3 were much more clarity than that 

by gum arabic, commercial starch 1 and 2, indicating OS waxy potato starches by two 

approaches is suitable for clear beverage emulsions.  

The zeta-potential of the orange-oil-n-water emulsions made by α-amylase degraded 

OSA-starch samples was determined, and the results are presented in Table 5.3. The zeta-
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potential reflects the surface characteristic of the tested particles and is often applied to 

determine the stability of charged colloids (McClements et al., 2007). The charge of all the OS 

maltodextrins-coated oil droplets was highly negative. It can be attributed the presence of 

negatively charged carboxyl groups (–COO
–

) on the acidic polysaccharide (Chanamai & 

McClements, 2002). EOS2 and EOS3 exhibited the highest absolute potential (-12 mV) among 

OSA starches, and associated with the largest DS (Miao et al., 2014). When the oil to starch ratio 

decreased (emulsifier concentration increased), the potentials of EOS2- and 3-stabilzied 

emulsions fell from -12.94 and -12.95 mV to -12.09 and -11.93 mV, respectively. The higher DS 

was related with a lower zeta-potential, revealing that there were more OSA groups at the surface 

of the modified starch. The zeta-potential could not be measured for the separated emulsions 

(shown as ‘separation’ in Table 5.3), indicating a zeta-potential reading is representative of the 

stable emulsion.  

 The mechanism of emulsion stabilized by OS starch 

OS starches with large molecular size and long branches tend to form stable emulsions. 

OSA maltodextrins adsorb at interfaces and retard separation of oil and water phases, stabilizing 

oil droplets against coalescence (Nilsson & Bergenståhl, 2007). Steric stabilization is expected to 

increase with many branches and especially many long branches (Tesch et al., 2002). In general, 

steric hindrance is the main stabilizing mechanism of OS starch. At low apparent viscosity of 

emulsions with high oil loading (low starch content), the increase of DS and degree of branching 

of the OS starch would form more stable emulsion (Xu et al., 2015). Under the similar DS 

values, the chemical structure of OS starches was only one factor which influenced the emulsion 

stability (Wang et al., 2016). For approach 1 (OSA modification first and then enzyme 
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degradation), the OS groups are bound to starch first and have an action-blocking effect on α-

amylolysis of gelatinized starch. Substitution occurred near the branching points as well as at the 

non-reducing ends. Therefore, after hydrolysis, the OS groups were exposed outside and easy to 

reach the interface between oil and water. Starch molecular with more branching was preferred 

to stabilize emulsion by steric hindrance. For approach 2 (enzyme degradation first and then 

OSA modification), higher DS led to a stronger hydrophobic interaction with the surface of oil 

droplet to stabilize oil droplets. OS groups distributed randomly throughout the starch chains. 

Emulsion droplet size is mainly determined by the whole molecular size of the OSA 

maltodextrins. Our results showed the OSE3 and EOS3 were excellent emulsifiers, whereas the 

viscosity of emulsion had great effect on its stability. Therefore, both structure of emulsifier and 

viscosity of emulsion play important role in oil-water emulsion stabilization. 

 Conclusions  

The structural and emulsifying properties of OSA-modified waxy potato maltodextrins 

produced by two different approaches have been evaluated. With the increase of enzyme 

concentration, the molecular size and apparent viscosity for all the OSA maltodextrin samples 

with varying treatments were significantly decreased indicating the molecular degradation due to 

the enzyme hydrolysis. The α-amylase hydrolyzed products with relatively large molecular sizes 

and high apparent viscosities presented the best emulsion stability with the lowest creaming 

extent. Both of OSA-modified waxy potato starch hydrolyzed by α-amylase and waxy potato 

maltodextrin modified by OSA showed good emulsifying property with small droplets of orange 

oil when the ratio of oil to starch was 1:1 after 30 days storage. However, at the ratio of 2:1, OS 
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maltodextrin from approach 1 had better emulsion stability than that from approach 2, but OS 

maltodextrin from approach 2 had better clarity.  
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 Figures 

 

Figure 5.1 Experimental design of two approaches to prepare α-amylase-degraded OSA-

modified waxy potato starch 
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Figure 5.2 Molecular size distribution of waxy potato starch and granular octenylsuccinate 

maltodextrins obtained from approach 1 (A) and approach 2 (B). 

OSE1: OS maltodextrin from Approach 1 of degree of substitution (DS) of 0.0174 

OSE2: OS maltodextrin from Approach 1 of DS of 0.0176 

OSE3: OS maltodextrin from Approach 1 of DS of 0.0175 

EOS1: OS maltodextrin from Approach 2 of DS of 0.0209 

EOS2: OS maltodextrin from Approach 2 of DS of 0.0210 

EOS3: OS maltodextrin from Approach 2 of DS of 0.0210  
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Figure 5.3 Effects of selected good emulsifiers for the storage of 14 days: OSE3, EOS3, gum 

arabric (GA), and commercial OS starch 2 (Starch 2) on the particle size of emulsions with 

the ratio of oil to starch 1:1 and 2:1 after 30 days of storage at room temperature. 
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Figure 5.4 The appearance of emulsions stabilized by OSE3, EOS3, gum arabric (GA), and 

commercial OS starch 1 (Starch 1) and 2 (Starch 2) with diluted 1:100 by water at the same 

ratio of oil to starch 1:1. 
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 Tables 

Table 5.1 Degree of substitution (DS), dextrose equivalent (DE) and viscosity for 

octenylsuccinate (OS) maltodextrins prepared from approach 1 and approach 2 in Figure 

5.1 

Sample Treatments 
Enzyme 

concentration  
DS DE 

Viscosity 

(cp)* 

OSE1 
OSA (3%) + α-

amylase 

0.02% 0.0174 ± 0.0002 7.42 6.5 

OSE2 0.01% 0.0176 ± 0.0004 5.34 13.0 

OSE3 0.005% 0.0175 ± 0.0005 4.97 26.0 

EOS1 
α-amylase + OSA 

(3%) 

0.01% 0.0209 ± 0.0008 6.57 8.0 

EOS2 0.005% 0.0210 ± 0.0003 5.25  15.5 

EOS3 0.0005% 0.0210 ± 0.0006 4.39 30.5 

* Viscosity was measured using Brookfield spindle #21 running at 100 rpm at 10% solid content. 

  



123 

 

 

Table 5.2 Formulation of orange oil emulsions using degraded octenylsuccinic anhydride 

maltodextrin with different ratios of oil to starch 

Designed ratio  
 

Amount (g) 

Oil (g) :Starch (g) Orange oil
a
 OS starch Water

b
 

1:1  12 12 76 

2:1  16 8 76 

3:1  18 6 76 
a 
Composition of orange oil mix: 48% orange oil (1X), 12% orange oil (5X), and 40% ester gum 8BG. 

b 
Water contains 0.3% citric acid, and 0.15% sodium benzoate. 
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Table 5.3 Particle size (µm), zeta-potential (mV) and apparent viscosity (η, cp) of fresh 

orange oil emulsions using degraded octenylsuccinic anhydride maltodextrin in Figure 5.1 

with different ratios of oil to starch, and particle size, zeta-potential and creaming index (%) 

were measured after the storage of 14 days 

Sample 
oil: 

starch 

Fresh emulsion (1 h )  Storage of 14 d 

η (cp) 
Droplet size 

(µm) 

ζ-potential 

(mV) 
 

Droplet size 

(µm) 

ζ-potential 

(mV) 

Creaming 

index (%) 

OSE1 

1:1 11.0 1.346 ± 0.016 N/A
a
  separation N/A 18.5 ± 0.9 

2:1 9.5 1.566 ± 0.018 N/A
a
  separation N/A 20.1 ± 1.8 

3:1 6.5 1.767 ± 0.018 N/A
a
  separation N/A 21.7 ± 1.4 

OSE2 

1:1 19.5 0.526 ± 0.021  -9.90 ± 0.67  2.320 ± 0.013 -10.38 ± 0.66 N/A 

2:1 16.5 0.666 ± 0.017 -10.60 ± 0.75  3.810 ± 0.086 -10.94 ± 0.26 N/A 

3:1 12.0 1.295 ± 0.014 -11.19 ± 0.32  separation N/A N/A 

OSE3 

1:1 24.5 0.313 ± 0.010 -10.00 ± 0.88  0.506 ± 0.010 -10.45 ± 1.07 N/A 

2:1 18.0 0.318 ± 0.021 -11.53 ± 0.50  0.731 ± 0.015 -11.10 ± 0.53 N/A 

3:1 15.5 0.520 ± 0.004  -11.59 ± 0.74  0.927 ± 0.016 -12.09 ± 0.52 N/A 

EOS1 

1:1 14.0 2.185 ± 0.123 N/A
a
  separation N/A 30.9 ± 0.8 

2:1 10.5 3.560 ± 0.081 N/A
a
  separation N/A 33.7 ± 1.2 

3:1 8.5 3.973 ± 0.090 N/A
a
  separation N/A 35.1 ± 1.9 

EOS2 

1:1 16.5 1.673 ± 0.122 -12.09 ± 0.43  separation N/A 28.6 ± 1.8 

2:1 13.0 2.544 ± 0.020 -12.18 ± 0.43  separation N/A 31.3 ± 0.9 

3:1 11.0 2.648 ± 0.124 -12.94 ± 0.52  separation N/A 32.4 ± 1.1 

EOS3 

1:1 26.0 0.326 ± 0.021 -11.93 ± 0.69  0.593 ± 0.037 -13.10 ± 0.53 N/A 

2:1 20.5 0.428 ± 0.014 -12.67 ± 0.02  0.773 ± 0.029 -13.25 ± 0.14 N/A 

3:1 18.5 0.632 ± 0.012 -12.95 ± 0.58  0.903 ± 0.045  -14.65 ± 1.23 N/A 

Gum 

Arabic 

1:1 29.0 0.811 ± 0.014  -21.82 ± 0.50  1.268 ± 0.058 -21.32 ± 0.98 N/A 

2:1 23.5 0.949 ± 0.021 -23.44 ± 1.04  1.698 ± 0.162 -22.02 ± 1.07 N/A 

3:1 16.5 1.609 ± 0.013 -23.85 ± 1.01  separation N/A N/A 

Starch 

1 

1:1 12.5 0.359 ± 0.004 -8.25 ± 0.36  1.488 ± 0.067 -11.01 ± 0.89 N/A 

2:1 6.5 0.865 ± 0.022 -8.33 ± 0.56  separation N/A N/A 

3:1 4.0 0.958 ± 0.026 -8.41 ± 0.49  separation N/A N/A 

Starch 

2 

1:1 22.5 0.524 ± 0.008 -8.10 ± 0.15  1.214 ± 0.098 -10.57 ± 1.02 N/A 

2:1 16.5 0.759 ± 0.011 -8.18 ± 0.13  1.495 ± 0.093 -10.95 ± 0.58 N/A 

3:1 12.5 0.882 ± 0.016 -8.35 ± 0.81  2.804 ± 0.083 -11.09 ± 1.43 N/A 
a 
Data was not determined. 
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Changes in molecular size and shape of waxy maize Chapter 6 - 

starch during dextrinization 

 Abstract 

The conformational properties of pyrodextrins from waxy maize starch were investigated 

by high performance size exclusion chromatography with multiple detectors, and the 

relationships (Mark-Houwink equations) between molecular weights and intrinsic viscosities of 

pyrodextrins in water were established. Pyrodextrin was prepared by adjusting waxy maize 

starch to pH 3 or 2, heating at 170 °C or 150°C. As heating time increased from 0.5 to 4 h, the 

molecular size was decreased in the order of pH 2 and 150 °C > pH 3 and 170 °C > pH 3 and 

150 °C. The measured exponent α values in Mark-Houwink equation indicated that pyrodextrins 

prepared at pH 3, 170 °C and 150 °C only had one compact spherical conformation (α 0.27-0.31) 

during dextrinization, whereas pyrodextrins at pH 2 and 150 °C had a mixture of two shapes of 

molecules: compact sphere (α 0.26) and rigid coil (α 0.89) conformation. 

 Keywords 

Pyrodextrin; Thermal treatment; Conformation; Size exclusion chromatography; Starch 
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 Introduction 

Pyrodextrins are degraded starch products prepared by a process involving heat treatment 

and/or acidification of granular starch and widely used as adhesives, coatings, binders, and 

encapsulating agents in foods, pharmaceuticals, paper, and textile industries (Bai et al., 2014; Bai 

& Shi, 2016; Han et al., 2018; Wurzburg, 1986, 2006).  Pyrodextrins could also be a source of 

soluble dietary fiber due to their resistance to α-amylase (Ashwar et al., 2016; Cao et al., 2018; 

Kwon et al., 2005; Laurentin & Edwards, 2004; Sajilata et al., 2006).  

The structural changes during pyroconversion from native waxy maize starch granules to 

pyrodextrin has been investigated in our laboratory (Bai et al., 2014; Bai & Shi, 2016; Han et al., 

2018). Hydrolysis of the starch molecules in both amorphous and crystalline regions occurred 

but the radial arrangement of the starch molecules remained during dextrinzation (Bai et al., 

2014). New chemical bonds formed during dextrinization were determined by nuclear magnetic 

resonance spectroscopy (NMR) (Bai & Shi, 2016), and the retrogradation properties of 

pyrodextrins were examined by differential scanning calorimetry (DSC) (Han et al., 2018; Weil 

et al., 2020). The dextrinization caused a decrease in pyrodextrin molecular size and average 

molecular weight, gelatinization and retrogradation endotherm, and average chain length (CL) as 

solubility and degree of branching (DB) increased with dextrinization time. However, the 

conformational properties of the pyrodextrins have not been studied.  

High performance size exclusion chromatography (HPSEC) with multi angle light 

scattering (MALS), intrinsic viscosity and refractive index (RI) detectors has been employed to 

determine molecular structure and conformational properties (dimensions and shape 

characterization) via parameters such as absolute molecular weight (MW), MW distribution, 
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polydispersity index (Mw/Mn), intrinsic viscosity [η], hydrodynamic radius (Rh), radius of 

gyration (Rg), and the exponent (α) in Mark-Houwink equation (Kang et al., 2015, 2018; Lee et 

al., 2009; Millard et al., 1997; Vilaplana & Gilbert, 2010; Yokoyama et al., 1998). Intrinsic 

viscosity [η] is useful to characterize the conformation, as function of average molecular weight, 

Mw, and represented by Mark-Houwink equation: 

[𝜂] = 𝑘𝑀𝑤
𝛼                                                               (1) 

where k is a constant for a given polysaccharide-solvent-temperature system, and the exponent α 

can be determined by evaluating a plot of log [η] vs. logarithmic molecular weight by HPSEC-

triple detectors (Kang et al., 2015). Both k and α values are related to the stiffness of the polymer 

and depend on the particular polymer-solvent pair and on the temperature. The parameter k is 

dependent mainly on the geometry of the inter-residue linkages with the polymer chain (Lapasin, 

2012). The logarithmic slope α values reveals three dimensional chain conformation: sphere, 

random coil, and rod shapes (Wyatt, 1993). The α values are 0.0–0.5 for compact sphere in 

branched polymers, 0.5–0.8 for random coil in flexible macromolecules, and as high to 2.0 for 

rigid rods in more extended polymer (Lapasin, 2012). 

The molecular weight, dimensions, and shape of starch are important in determining its 

functional properties such as viscosity, stability, pasting, and digestibility (Fishman et al., 1996; 

Jane et al., 1999; Terpstra et al., 2010; Wurzburg, 1986, 2006). The stability of the solution of 

pyrodextrins differs widely depending upon the degree of pyroconversion. Branched structures 

give more stable solution than linear ones. Waxy maize starch contains essentially 100% 

amylopectin (branched polymers). We hypothesize that conformation of waxy maize starch 

changes during dextrinization and pyrodextrins have a mixture of compact sphere and rigid coil 

conformation.The objective of this study was to characterize the molecular size and shape 
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changes in waxy maize starch during dextrinization as well as its fractions by obtaining 

relationships between weight-average molecular weights (Mw), intrinsic viscosities ([η]), and 

hydrodynamic radius (Rh) in water. The information gained would be useful in understanding 

rheological properties particularly solution and paste viscosity and stability of pyrodextrins and 

guiding the use of pyrodextrins in food, beverage, and industrial applications such as adhesives. 

 Materials and methods 

 Materials 

Waxy maize starch (Amoica) was obtained from Ingredion Incorporated (Bridgewater, 

NJ, USA). All other chemicals used were analytical grade.  

 Preparation of pyrodextrin 

Pyrodextrins were prepared as described by Bai et al., (2014) and Bai & Shi, (2016). 

Briefly, waxy maize starch slurry of 40% solid content was adjusted to pH 3.0 by adding HCl 

solution (0.5 M). After filtration and drying, the starch was heated in an oven at 150 °C or 

170 °C for 0.5, 1, 2, 3, and 4 h. The experiments were also prepared the samples described as 

above by pH adjustment of 2.0 and at 150 °C. 

 Solubility 

Solubility of pyrodextrin was determined by a hand-held refractometer (Fisher Scientific, 

Pittsburgh, PA, USA). Pyrodextrin (0.100 g) was dissolved in distilled water (0.9 mL) and mixed 

by vortex. The slurry was centrifuged at 6708 g for 3 min. Pyrodextrin concentration in the 

supernatant was determined.  
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 Gel permeation chromatography (GPC) 

GPC analysis was performed as previously described by Shi et al. (2018). Each 

pyrodextrin sample (4 mg) were dissolved in 4 mL dimethyl sulfoxide (DMSO) containing 

lithium bromide (0.5% w/w) and stirred at room temperature for 12 h. The mixture was filtered 

through a 2 μm filter and then injected into a PL-GPC 220 instrument (Polymer Laboratories, 

Inc., Amherst, MA, USA) equipped with three Phenogel columns (00H-0642-K0; 00H-0644-K0; 

00H-0646-K0) and one guard column (03B-0290-K0) (Phenomenex Inc., Torrance, CA, USA), 

and a differential refractive index detector. The eluent was DMSO containing 0.5% (w/w) LiBr, 

and the flow rate was 0.8 mL/min. The molecular size (hydrodynamic radius, Rh) distribution 

was determined as described by Vilaplana & Gilbert (2010). 

 High-performance size-exclusion chromatography (HPSEC) 

The molecular characterization was determined using a HPSEC (1100 Series, Agilent 

Technologies, Waldbronn, Germany) equipped with multiple detectors: a combined light 

scattering and viscometric detector (Viscotek 270 Dual Detector, Malvern Instruments, 

Westborough, MA) for molecular weight and intrinsic viscosity determination and a refractive 

index (RI) detector (Viscotek VE3580 RI Detector, Malvern Instruments, Westborough, MA) for 

concentration determination.  Two columns PSS SUPREMA 3000 Å (10 µm, 8 × 300 mm and 

100 µm, 8 × 300 mm) with a guard column (10 µm, 8 × 50 mm) were used for the water-based 

eluent (0.1 M sodium nitrate (NaNO3) containing 0.03% (w/w) sodium azide (NaN3)) at a flow 

rate of 1.0 mL/min and injection volume was 100 µl.  

Each sample (1 mg) was dissolved in 1 mL distilled water at room temperature for 2h. 

For some samples that were not 100% soluble in water at 25 °C, they were neutralized by 0.001 
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N NaOH to pH 6.5 and heated at 60 °C in a water bath for 10–20 min until the samples were 

completely dissolved. All samples were cooled to room temperature and filtered through a 0.45 

µm nylon syringe filter directly into small vials, and then analyzed. All the calculations 

regarding polydispersity index, molecular weight averages, intrinsic viscosities, hydrodynamic 

radius, and the Mark-Houwink α value were processed and analyzed with the OmniSEC 4.7 

software (Malvern, TX, USA).  

 Statistical analysis 

Each experiment was performed in duplicate. The statistical analysis was conducted 

using a Statistical Analysis System (SAS, version 9.3 for Windows, SAS Institute, Cary, NC, 

USA). Least significant difference for comparison of means was computed at P < 0.05.  

 Results and discussion 

 Water solubility  

The water solubility of pyrodextrins at different thermal treatments is shown in Table 6.1. 

The solubility of the pyrodextrins prepared at pH 3, 150 °C and 170 °C increased from 64.7% to 

100% and 78.7% to 100% by heating from 0.5 h to 4 h, respectively. Starch became 100% 

soluble after heating for 3 h. At pH 3, the solubility of starch increased rapidly during conversion 

at the beginning (0.5 h) and reached to 100% at 3 h. In contrast, at pH 2 and 150 °C, starch 

became 100% soluble after heating for 0.5 h, indicating that lower pH affected starch 

degradation at a faster rate. 
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 Molecular size distribution of pyrodextrins 

The molecular size distribution of the pyrodextrins is shown in Fig. 6.1. Compared with 

the unmodified waxy maize starch, the molecular size of the pyrodextrins was significantly 

reduced (Figure B.1, Appendix B); a similar pattern using relative molecular weight (log Mw)  

was reported by Bai et al. (2014) but in this study, the molecular size distribution profile using 

hydrodynamic radius (Rh) as described by Vilaplana & Gilbert (2010) was reported. Acid 

hydrolyzed the glucosidic linkages in the starch and decreased the molecular weight and size 

(Bai et al., 2014; Wang & Wang, 2001; Wang et al., 2003; Wurzburg, 1986, 2006). Pyrodextrins 

treated at pH 3 and 170 °C for different periods of time 0.5–4.0 h was compared in Fig. 6.1A. 

The profiles of each pyrodextrin showed two peaks of different groups of molecular sizes at first 

2 h, where the first peak appearing at Rh = 4–6 nm and the second peak at Rh = 8–10 nm. As 

heating time increased, the proportion of the larger molecular size peak decreased rapidly at the 

beginning (0.5–2 h) and had relatively little change after 3 h of heating. At the latter stage of 

dextrinization, starch molecular size mainly retained one broad smaller molecular size peak. 

Pyrodextrins prepared at pH 3 and 150 °C also exhibited two peaks of different groups of 

molecular sizes (first peak Rh = 5 nm and second peak Rh = 10 nm) at 0.5–4 h in Fig. 6.1B. 

Increasing the heating time, the proportion of the larger molecular size peak had little change at 

the first 2 hours, and dramatically decreased after 3 h of heating. At the same time, the 

proportion of the smaller molecular size peak increased. After 3 h, at pH 3 and 150 °C, there was 

no shift in molecular size distribution profile.  At pH 2 and 150 °C, there was no change in 

molecular size (peak Rh = 3 nm) during dextrinization between 0.5 and 4 h, indicating that starch 

was degraded in granular form by the acid at lower pH (pH = 2) in the first 0.5 h (Fig. 6.1C). The 
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results on those three different pyrodextrins suggest that for the first 0.5 h, pH is a more critical 

factor on the pyrodextrin structure compared with temperature. After heating for 0.5 h, 

temperature has greater effect on starch molecular scission. 

Pyrodextrins prepared with the same processing time but different temperatures and pHs 

were compared in Fig. 6.2D, 6.2E, and 6.2F. After heating for 0.5 h, molecular size of 

pyrodextrin at pH 3, 150 °C and 170 °C had the similar molecular size range with two peak Rhs 

of 5 and 10 nm, respectively (Fig. 6.1D). However, pyrodextrin prepared at pH 2, 150 °C already 

had a much smaller molecular size at 0.5 h compared with pyrodextrins prepared at pH 3, 150 °C 

and pH 3, 170 °C in this study (Fig. 6.1D). As heating time increased to 2h (Fig. 6.1E) and 4 h 

(Fig. 6.1F), the proportion of the larger molecular size peak (peak 2) of pyrodextrin prepared at 

pH 3, 170 °C decreased more than that of pyrodextrin prepared at pH 3, 150 °C, indicating that 

more conversion occurred at higher temperature. These results suggest that starch molecular 

scission was promoted by higher temperature at the same pH value. At the end of dextrinization 

(4 h), the molecular size of pyrodextrins prepared at different conditions were in the order of pH 

2 and 150 °C < pH 3 and 170 °C < pH 3 and 150 °C. 

 Conformational properties of pyrodextrins 

Conformational parameters such as weight-average molecular weight (Mw), intrinsic 

viscosity [η], hydrodynamic radius (Rh), and exponent (α) in Mark-Houwink equation were 

determined by HPSEC coupled with multiple detectors: refractive index, low/right angle light 

scattering and viscometer, and reported in Table 6.2.  

After heating at 150 °C and 170 °C, pH 3 for 0.5 h, pyrodextrins had a similar average 

molecular weight (~142 kDa) (Fig. 6.2A, a and b). However, as the time increased to 4 h, the 
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pyrodextrins prepared at 170 °C had a rapidly decrease in average molecular weight, decreasing 

from ~142 kDa (0.5 h) to 46.7 kDa (4.0 h). After 4 h of dextrinization, the largest average 

molecular weight (~80 kDa) was obtained from pyrodextrin at pH 3 and 150 °C. The molecular 

weight of pyrodextrin at pH 3, 150 °C had a dramatically decrease from 2 to 3 h, but little 

changes after 3h. Pyrodextrin prepared at pH 2 and 150 °C had similar average molecular weight 

(~21 kDa) between 0.5 and 4 h, which was consistent with molecular size data in Fig. 6.1C 

obtained from GPC. Compared to other two sets of pyrodextrins prepared at pH 3, pyrodextrins 

at pH 2 had lowest absolute Mw with the highest retention volume (Fig. 6.2A, c), indicating that 

the level of acid used played a major role in degrading the starch during dextrinization.  

In Table 6.2, hydrodynamic radius (Rh) of pyrodextrins prepared at pH 3, 170 °C and 

150 °C, and pH 2 and 150 °C from 0.5 to 4 h decreased from 5.59 to 3.50 nm, 5.61 to 4.46 nm, 

and 2.62 to 2.46, respectively. Pyrodextrins were separated in solution by their size or 

hydrodynamic volume (Vh), which is proportional to the average molecular weight (Mw) and 

intrinsic viscosity [η] (Vilaplana & Gilbert, 2010). This size parameter, hydrodynamic volume 

Vh can be equivalent to the hydrodynamic radius (Rh) with equation: 𝑉ℎ = 4 3𝜋⁄ 𝑅ℎ
3 (Eq. 3).  

Intrinsic viscosity (IV, [η]) is related to polysaccharide conformation (Kang et al., 2015). 

IV of pyrodextrins prepared at pH 3, 170 °C and 150 °C decreased from 0.106 to 0.078 dL/g, and 

0.109 to 0.094 dL/g, respectively from 0.5 to 4 h (Table 6.2). The pyrodextrins prepared at pH 2 

had the lowest value of [η] at 0.06 dL/g, indicating that lower molecular weight was related to 

lower value of intrinsic viscosity (Fig. 6.2 A and B), and the level of acid used played a major 

role in degrading the starch during dextrinization.  

The average of Mark-Houwink α value for each pyrodextrin in different conditions was 

also shown in Table 6.2. The average α values of all pyrodextrins was in the range of 0.22–0.39.  
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However, the average α values may not reflect molecular shape changes for the whole molecular 

weight distribution (Fig. 6.3), and detailed analysis is needed. Based on Mark-Houwink equation 

(Eq. 6.1), the exponent α can be determined by evaluating a plot of log [η] vs. logarithmic 

molecular weight, as 

log[𝜂] =  log 𝑘 +  𝛼 log 𝑀𝑤                                                (2) 

According to quadratic equation, α is the slope and log 𝑘 is the y-intercept. Fig. 6.3 showed the 

relationship between logarithmic plots of the molecular weight vs. intrinsic viscosity determined 

by HPSEC-triple detectors. When the Mw and [η] data were plotted on a log-log scale (Eq. 2) as 

in Fig. 6.3 and fitted to a straight line by regression, a Mark-Houwink relation was obtained. 

These figures help us to understand the changes of molecular shape of pyrodextrins during 

dextrinization. A linear relationship between log Mw and log [η] was observed in pyrodextrins 

prepared at pH 3, 150 °C and 170 °C for 4 h, where the slope (exponent α) was less than 0.5 

(0.277 and 0.269, respectively) (Fig. 6.3, A and B), indicating a compact sphere conformation. In 

contrast, the logarithmic plot of pyrodextrins prepared at lower pH (pH = 2, heating at 150 °C for 

4 h) (Fig. 6.3C) was very different from others. At lower molecular weight range (Mw 10
3.0 

– 

10
4.1

 Da), α value was 0.8855, in the range of 0.8–1.8 for rigid coil conformation; however, at 

higher molecular weight range (Mw 10
4.1

 – 10
5.1

 Da), α value decreased to 0.2557 for compact 

sphere conformation. At pH 2, acid-catalyzed degradation in starch probably has a strong 

pyroconversion, and as a result, shorter side chains form a less flexible structure. 

The parameter k equals 10 to the power of the y-intercept in Fig. 6.3 (Eq. 2). For 

pyrodextrins prepared at pH 3, 150 °C and 170 °C for 4 h, one Mark-Houwink equation, 

[𝜂] = 0.002 𝑀𝑤
0.27, may be used to represent the relationship between weight-average molecular 

weights (Mw) and intrinsic viscosities ([η]) for compact sphere conformation. In contrast, two 
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Mark-Houwink equations are needed for pyrodextrins prepared at pH 2 and 150 °C:  [𝜂] =

0.133 × 10−4 𝑀𝑤
0.89 for rigid coil (Mw 10

3.0 
– 10

4.1
 Da), and [η] = 0.005 𝑀𝑤

0.26 for compact 

sphere (Mw 10
4.1

 – 10
5.1

 Da). 

The pyrodextrin prepared at pH 2 and 150 °C had a lower Mw  and intrinsic viscosity 

than the pyrodextrins prepared at pH 3 and 150 °C and pH 3 and 170 °C (Table 6.2). We would 

expect that a higher solids concentration is needed for the pyrodextrin prepared at pH 2 and 

150 °C to reach the critical concentration at which overlapping of the domains of pyrodextrin 

molecules in solution first occurs. It would be interesting to establish the relationship between 

viscosity and pyrodextrin concentration for pyrodextrins prepared at different conditions in the 

future work. The magnitude in viscosity increase with increasing in solids concentration would 

be different among pyrodextrins because the results from this study demonstrate that 

pyrodextrins have different conformational properties depending on processing conditions (pH 

and temperature). Solution and paste stability may also be affected by the conformation of the 

pyrodextrins in water although chain length of the pyrodextrins plays a critical role (Han et al., 

2018).  

We should note that in this study, the size and shape of the amylopectin in waxy maize 

starch was not measured in water by HPSEC because of its tendency to aggregate. Waxy maize 

starch was composed of essentially 100% amylopectin. It has been a challenge to determine the 

exact size and shape of amylopectin because for an accurate analysis, a complete dissolution of 

the starch in solvent is required; yet amylopectin has a very large molecular weight and tends to 

aggregate in aqueous solutions (Lee et al., 2014). Microwave heating in a high-pressure vessel 

has been used to dissolve starch in water (Bello-Perez et al., 1998; Fishman & Hoagland, 1994). 

Using analytical ultracentrifugation, Lelievre et al. (1986) reported that the amylopectin from 
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wheat starch in DMSO had a flat-sheet or disc-like, oblate ellipsoid structure with semi-major 

and semi-minor axes of 45 and 1.2 nm, respectively.  Callaghan and Lelievre (1985) suggested 

that amylopectin from wheat starch aggregated in water to form a large spherical shape that had a 

volume about 400 times larger than the single molecule.  

 Conclusions 

The molecular size decreased in the order of pyrodextrins prepared at pH 2 and 150 °C > 

pH 3 and 170 °C > pH 3 and 150 °C. The relationship between molecular weight and intrinsic 

viscosity (Mark-Houwink equation) was established for the pyrodextrins. The measured Mark-

Houwink α values indicated that pyrodextrins prepared at pH 3, 170 °C and 150 °C only had one 

compact spherical conformation (α 0.27 - 0.31) with average Rh 5.59 to 3.50 nm, and 5.61 to 

4.46 nm during dextrinization, respectively, whereas pyrodextrins at pH 2 and 150 °C had a 

mixture of two shapes of molecules: compact sphere (α 0.26) and rigid coil (0.89) conformation. 
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 Figures 

 

 

Figure 6.1 Molecular size distribution of pyrodextrins prepared at (A) pH 3 and 170 °C, (B) 

pH 3 and 150 °C, and (C) pH 2 and 150 °C at different time (0.5 h to 4 h) and the 

pyrodextrins prepared at (D) 0.5 h, (E) 2 h, and (F) 4 h as determined by gel permeation 

chromatography (GPC). 

  

(C) pH2, 150°C 
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Figure 6.2 Weight average molecular weight (Mw) (A) and intrinsic viscosity (IV) (B) of 

pyrodextrins prepared at (a) pH 3 and 150 °C, (b) pH 3 and 170 °C, and (c) pH 2 and 150 

°C. 
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Figure 6.3 Intrinsic viscosity ([η]) vs. molecular weight (Mw) plotted on a log-log scale 

behavior of pyrodextrins prepared at (A) pH 3 and 150 °C, (B) pH 3 and 170 °C, and (C) 

pH 2 and 150 °C from logarithmic plot of the molecular weight vs. intrinsic viscosity by 

HPSEC-triple detectors.  
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 Tables 

Table 6.1 Water solubility of pyrodextrins prepared at different pH, heating temperatures 

and time 
a
. 

pH Temp (°C) Time (h) Solubility (%) 

3 170 0.5 78.7 ± 0.5 d 

1 88.5 ± 0.4 c 

2 97.1 ± 0.3 b 

3 100.0 ± 0.1 a 

4 100.0 ± 0.0 a 

3 150 0.5 64.7 ± 0.6 c 

1 84.7 ± 0.5 b 

2 86.6 ± 0.6 b 

3 100.0 ± 0.2 a 

4 100.0 ± 0.0 a 

2 150 0.5 100.0 ± 0.0 a 

1 100.0 ± 0.0 a 

2 100.0 ± 0.0 a 

3 100.0 ± 0.0 a 

4 100.0 ± 0.0 a 

a
 Mean ± standard deviation values are reported. Means in the same column not sharing a 

common letter are significantly different at P ≤ 0.05. 
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Table 6.2 Conformational properties of pyrodextrins obtained from HPSEC coupled with multiple detectors (RI, viscometer, 

light scattering) 
a
. 

pH Temp 

(°C) 

Time 

(h) 

Peak RV (mL) 
1
 Mw (Daltons) 

2
 IV (dl/g) 

3
 Rh(w) (nm) 

4
 Mark-Houwink α 

5
 

3 170 

0.5 18.237±0.037 d 141,823±1,605 a 0.106±0.003 a 5.592±0.088 a 0.299±0.034 a 

1 18.314±0.023 c   89,628±1,135 b 0.101±0.000 a 4.775±0.061 b 0.308±0.003 a 

2 18.432±0.007 b   77,349±7,831 bc 0.092±0.007 b 4.359±0.230 c 0.305±0.007 a 

3 18.560±0.014 a   65,307±8,069 c 0.085±0.002 b 3.964±0.167 d 0.294±0.004 a 

4 18.597±0.004 a   46,736±5,570 d 0.078±0.002 c 3.504±0.126 e 0.269±0.020 a 

3 150 

0.5 18.240±0.015 c 142,541±2,205 a 0.109±0.005 a 5.606±0.092 a 0.278±0.006 a 

1 18.282±0.024 bc 122,388±5,616 b 0.103±0.002 ab 5.234±0.095 b 0.293±0.014 a 

2 18.295±0.026 b 117,533±3,990 b 0.099±0.002 b 5.128±0.083 b 0.297±0.041 a 

3 18.417±0.037 a   74,478±1,725 c 0.094±0.006 b 4.338±0.144 c 0.324±0.039 a 

4 18.399±0.036 a   80,448±1,950 c 0.097±0.002 b 4.458±0.062 c 0.277±0.033 a 

2 150 

0.5 18.779±0.010 a   21,045±815 a 0.063±0.007 a 2.619±0.084 a 0.292±0.062 ab 

1 18.762±0.005 a   22,088±743 a 0.064±0.002 a 2.580±0.022 a 0.394±0.025 a 

2 18.764±0.017 a   22,030±790 a 0.062±0.005 a 2.485±0.120 a 0.222±0.026 b 

3 18.773±0.017 a   21,900±349 a 0.065±0.002 a 2.562±0.026 a 0.346±0.027 a 

4 18.791±0.012 a   20,293±2,363 a 0.058±0.004 a 2.463±0.075 a 0.298±0.006 ab 
a
 Mean ± standard deviation values are reported. Means in the same column not sharing a common letter are significantly 

different at p ≤ 0.05. 

1
 Peak RV = peak with retention volume. 

2
 Mw = weight-average molecular weight. 

3
 IV = intrinsic viscosity. 

4
 Rh = hydrodynamic radius. 

5
 Mark-Houwink α = exponent (α) in Mark-Houwink equation. 
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Swelling behavior of waxy maize pyrodextrins in Chapter 7 - 

glycerol and water 

 Abstract 

Pyrodextrins were prepared by heating waxy maize starch for 4 h at pH 3 - 150 °C, pH 3 

- 170 °C, and pH 2 - 150 °C. Those pyrodextrins were soluble in water, but insoluble in glycerol, 

and displayed a granular shape and a Maltese cross pattern of birefringence in glycerol by light 

microscopy. The objectives of this study were to investigate the swelling behavior of the 

pyrodextrins in mixtures of glycerol/water and determine the crystalline structure of the swollen 

pyrodextrins. Pyrodextrins prepared at pH 3 - 170 °C (high temperature) and pH 2 - 150 °C (high 

acid) dissolved at 25 °C when the level of water was greater than 60%, and they swelled 

marginally in glycerol/water mixtures of 80/20 and 60/40. In contrast, the pyrodextrin prepared 

at pH 3 - 150 °C (P3-150) with less molecular degradation, swelled in the glycerol/water 

mixtures. The diameter of the granules increased as much as ~ 80% in glycerol/water 40/60 to 

60/40 at 10% solids. Despite that swelling, P3-150 still displayed birefringence (Maltese cross). 

However, x-ray crystallography showed that those swollen granules of P3-150 were amorphous, 

which was confirmed by differential scanning calorimetry. 

 Keywords 

Pyrodextrin; Swelling behavior; Maltese cross; Birefringence; Starch 
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 Introduction 

Starch is a glucose polymer linked by α-1, 4 and α-1, 6 linkages. It is biosynthesized in 

plants as insoluble, compact, and partially crystalline granules of dimensions ranging in diameter 

from 0.1–200 µm (Pérez et al., 2009; Wurzburg, 1986). Starch granules vary in size and shape 

depending on their botanical origin. Common maize starch has polygonal-shaped granules with 

some spherical granules, and with an average diameter of 15 µm (Wurzburg, 1986). The 

crystallinity of starches varies from 15% to 45%, including the whole granule, the growth rings, 

the semicrystalline lamellae, and the crystallites (Buléon et al., 1998; Pérez & Bertoft, 2010). 

Under a microscopy, starch granules illuminated with polarized light are birefringent and show a 

“Maltese cross” pattern. The positive birefringence indicates that the organized molecular 

segments are densely packed in starch granules and confined to a radial orientation of the 

principle axis of the crystallites (Bertoft, 2017; Pérez & Bertoft, 2010; Zobel, 1988). Therefore, a 

loss of birefringence is a good indicator of the destruction of the ordered structure of molecules 

in starch granules.  

Pyrodextrin is a degraded starch product which is made by heat or a combination of heat 

and acid. The dextrinization process involves heating a dry starch powder having intact granules 

to give products that generate a low viscosity and high cold-water solubility (Bai et al., 2014; 

Wurzburg, 1986). The changes from insoluble granular starch to soluble pyrodextrin during the 

dextrinization process have been examined by multiple techniques, including small-angle and 

wide-angle X-ray scattering, differential scanning calorimetry (DSC), and gel permeation 

chromatography (GPC) (Bai et al., 2014). Pyrodextrin molecular weight and size, crystallinity, 

crystal size, its associated melting enthalpy, the degree of retrogradation, and average chain 
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length (CL) decreased, and the degree of branching (DB) increased as pyrodextrin solubility 

increased (Bai et al., 2014; Han et al., 2018). No small-angle X-ray scattering (SAXS) 

characteristic peak was observed in native waxy maize and pyrodextrins in glycerol, but a peak 

at ca. 0.6 nm
-1

 appeared for native starch in a mixture of water and glycerol (20/80, w/w), 

reflecting the alternating crystalline and amorphous lamellars in the starch granules (Bai et al., 

2014). The intensity of the peak decreased as pyrodextrin solubility increased and the peak 

disappeared as pyrodextrin solubility reached 100%. Based on NMR spectroscopic identification, 

new glycosyl linkages including α-1,6, β-1,6, α-1,2, and β-1,2, as well as 1,6-anhydro-β-D-

glucopyranosyl end groups were found in the pyrodextrin (Bai & Shi, 2016). Pyrodextrins 

exhibited hypoglycemic bioactivities in mice with high-fat-diets induced obesity, probably due to 

its highly branched structure and non-digestible bonds (Cao et al., 2018). 

When examined under a microscope, pyrodextrins in glycerol appear as granules 

identical to the native starch under illumination by a normal and polarized light. Pyrodextrins 

show strong birefringence with a Maltese cross pattern, indicating a radial orientation of 

molecules in the granules (Bai et al., 2014; Sjostrom, 1936; Wurzburg, 1986). However, granules 

of pyrodextrins lose birefringence when placed in water at room temperature. We hypothesize 

that pyrodextrins would swell in a mixture of glycerol and water. The objectives of this study 

were to prepare pyrodextrins from waxy maize starch, and to investigate the swelling behavior of 

those pyrodextrins over a period of 5 min in mixtures of glycerol/water (100/0, 80/20, 60/40, 

40/60, 20/80, 0/100, w/w) at room temperature. In addition, two levels of the solids content (10 

and 40%) were used to study the effects of solids content on the swelling of the pyrodextrins. 

Pre-swollen pyrodextrins were isolated after holding in various mixtures of glycerol and water 
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and subjected to DSC and X-ray diffraction (XRD) measurements. The data on the pre-swollen 

pyrodextrins was used to explain the swelling behavior of the pyrodextrins in glycerol/water. 

 Materials and methods 

 Materials 

Waxy maize starch (WMS) was Amioca starch obtained from Ingredion Incorporated 

(Bridgewater, NJ, USA). All other chemicals were analytical grade. 

 Preparation of pyrodextrins and swollen pyrodextrins 

Pyrodextrin was prepared as described by Bai et al. (2014). Briefly, an aqueous slurry (40 

wt% starch) of waxy maize starch (150 g, dry weight) was adjusted to pH 3.0 by adding 

hydrochloric acid (0.5 M). After filtration and drying at 40 °C in a forced-draft oven overnight, 

the starch was heated in an open ceramic dish at 170 °C or 150 °C for 4 h. Those two waxy 

maize pyrodextrins were labeled as P3-150 and P3-170. Another pyrodextrin (P2-150) was 

prepared by adjustment to pH 2.0 and heating at 150 °C for 4 h. 

Pyrodextrin (1.0 g, dry weight) was suspended in 9.0 g of glycerol/water (100/0, 80/20, 

60/40, 40/60, 20/80, 0/100, w/w) at room temperature (25 °C). After 3 h the paste or slurry was 

added portion-wise into ethanol (50 mL) with mild stirring using a magnetic stir bar. The starch 

was collected and placed in a desiccator, and vacuum dried using a solvent trap cooled in dry 

ice/acetone. A treated pyrodextrin was sealed in a screw-cap bottle and saved for microscopic, 

XRD and DSC analysis.  
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 Light microscopy 

Waxy maize starch or pyrodextrin (0.4 or 0.1 mg, dry weight) was placed in 0.6 or 0.9 g 

of glycerol/water (100/0, 80/20, 60/40, 40/60, 20/80, 0/100, w/w) at 40 or 10% solids for 5, 60, 

and 180 min at 25 °C. A drop of each mixture was placed on a glass slide and covered with a 

cover slip. All samples were viewed with a 40× objective lens under bright-field and polarized-

light illumination using an Olympus BX51 optical microscope with a digital camera (Olympus 

America Inc., Melville, NY, USA). Images were captured by a SPOT Insight camera, and each 

selected diameter of granule was measured using SPOT ADVANCE software (Diagnostic 

Instruments Inc., Sterling Heights, MI, USA). 

 X-ray diffraction (XRD) 

Wide-angle x-ray diffraction was conducted with an x-ray diffractometer (PANalytical, 

Almelo, The Netherlands) at 35 kV and 20 mA with a theta-compensating slit and a diffracted 

beam monochromator. The diffractograms were recorded between 3° and 35° (2θ). The degree of 

crystallinity was estimated by the ratio of the total areas of the crystalline peaks to the total 

diffractogram area. The peak areas were calculated by OriginPro (version 8.5). 

 Differential scanning calorimetry (DSC) 

Thermal properties of native starch, pyrodextrin and swollen pyrodextrins were 

determined by DSC (Q200, TA Instruments, New Castle, DE, USA). Samples (~ 15 mg, dry 

weight) were mixed with ~ 45 mg of glycerol/water mixture (80/20, w/w) at a ratio of 1:3 

(starch: solvent, w/w) and a mixture was lightly stirred with a spatula. Pyrodextrins that formed a 

paste were mixed with the liquids in a centrifuge vial and each mixture was allowed to stand for 

6 h at room temperature (25 °C). A pyrodextrin paste (45–55 mg) was accurately weighed with a 
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microbalance and placed into a large DSC stainless steel pan. DSC pans were held at 10 °C for 1 

min, then heated up to 160 °C at 10 °C/min. The onset, peak, conclusion temperatures (To, Tp, 

and Tc, respectively) and enthalpy energy (ΔH) were calculated using Universal Analysis (TA 

Instruments). An empty pan was used as a reference.  

 Statistical analysis 

Data were analyzed by analysis of variance (ANOVA) using Minitab 17 Statistical 

Software Program (Minitab Inc. State College PA, USA) with a significant level of p < 0.05. 

Experiments were run in duplicate. Mean values and standard deviation of replications were 

reported. 

 Results and discussion 

 Microscopic observation of starch granules in glycerol/water mixtures 

Figure 7.1 and 7.2 show that microscopic photos of native WMS, and pyrodextrins 

prepared at pH 3 and 170 °C (P3-170), pH 3 and 150 °C (P3-150), and pH 2 and 150 °C (P2-

150) for 4 h, immersed in glycerol/water mixture (80/20, w/w) at room temperature (25 °C) for 

180 min, at 40 and 10% solids, respectively. Under a light microscopy, when examined at 40% 

solid content, the pyrodextrins prepared at pH 3 - 170 °C and pH 2 - 150 °C (P3-170 and P2-150) 

showed evidence of weakened structure of granules compared with native WMS and the 

pyrodextrin prepared at pH 3 - 150 °C (P3-150). At 10% solid content, all pyrodextrins showed 

weakened structure compared with the WMS. 

At high solid content (40%) (Fig. 7.1 WMS), WMS granules were aggregated. At 10% 

solid content (Fig. 7.2 WMS), the granules were better dispersed, and the size was similar to 
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what was observed at 40% solid content. Under polarized light, native WMS in a glycerol/water 

mixture (80/20, w/w) showed Maltese cross with strong birefringence at both 40% and 10% solid 

contents at room temperature (Fig. 7.1 and 7.2, WMS). Native WMS had mainly polygonal 

shaped with some spherical granules ranging from 5–25 µm in accordance with the results 

previously reported (Muñoz et al., 2015; Pérez & Bertoft, 2010). Native WMS granules were 

insoluble in either glycerol or water at room temperature, and no obvious difference in size was 

observed when the starch was placed in glycerol and water (100/0, 80/20, 60/40, 40/60, 20/80, 

0/100, w/w) (Fig. 7.3). 

Pyrodextrins (P3-170, P3-150, and P2-150) in different ratios of glycerol to water at 

room temperature are shown in Figs. 7.4, 7.5, and 7.6, respectively. When examined under a 

microscope, the shape and size of all pyrodextrins in glycerol appeared identical to the native 

WMS and showed Maltese cross with strong birefringence under polarized light (Figs. 7.4–6, 

glycerol/water = 100/0, w/w), indicating they were insoluble in glycerol. The granules of P3-170, 

P3-150, and P2-150 were dissolved in water after suspended 180 min (Fig. 7.4–6, solvent: 

glycerol/water = 0/100, w/w). Glycerol is not an effective solvent for starch compared with water 

as a plasticizer because it has a larger molecular weight (Donald, 2001; Perry & Donald, 2000). 

Microscopic investigation of pyrodextrins in other ratios of glycerol/water solvents 

(80/20, 60/40, 40/60, 20/80, w/w) revealed that pyrodextrin granules had a decreased intensity of 

birefringence as the level of water increased. Detailed examination revealed that the pyrodextrins 

prepared at difference conditions behaved differently in the mixture of glycerol and water 

systems and is discussed in the three sections below. 

 Swelling behavior of pyrodextrins prepared at pH 3 - 170 °C (P3-170) in glycerol 

and water 
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At 40% solid content, starch granules of P3-170 did not swell in glycerol/water of 80/20 

(w/w) and 60/40 (w/w) mixtures but partial cracks through the central hilum region were 

observed when the immersion time increased to 180 min (Fig. 7.4). When the water level 

increased to 60%, birefringence was completely lost in 5 min (Fig. 7.4, 40% solid content at 5 

min immersion time, glycerol/water = 40/60, 20/80). As immersion time increased to 180 min, 

all starch granules disappeared (Fig. 7.4, glycerol/water = 40/60 and 20/80).  

At 10% solid content, P3-170 in glycerol/water (80/20, w/w) mixture (Fig. 7.2, P3-170) 

retained a similar feature as that at 40% solid content ((Fig. 7.1, P3-170). However, at 10% solid 

content in glycerol/water of 60/40 and 40/60 (w/w) mixtures, some granules swelled to 29 µm 

and lost the birefringence (Fig. 7.4, 10% solid content at 5 min immersion time, glycerol/water = 

60/40 and 40/60), indicating that granules swelled more at 10% solids than that at 40% solids, 

and those long-range order was destroyed. 

The granules of P3-170 were dissolved in water (Fig. 7.4, glycerol/water = 0/100, w/w), 

reflecting that P3-170 was a highly converted pyrodextrin and the granules immediately 

disappeared when the samples came in contact with water. When examined in water, the more 

highly converted pyrodextrins showed evidence of structural weakening and exfoliation of the 

outer layers (Sjostrom, 1936). 

 Swelling behavior of pyrodextrins prepared at pH 3 - 150 °C (P3-150) in glycerol 

and water 

At 40% solid content, with increasing immersed time to 180 min, P3-150 granules 

swelled slightly at glycerol/water (80/20 and 60/40, w/w) mixture (Fig. 7.5). The greatest granule 

swelling with the maximum diameter of swollen granule (~ 31 µm) was observed when the water 

level increased to 60%; yet the Maltese cross patterns were still maintained in these granules 
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when viewed under polarized light (Fig. 7.5, 40% solid content at 180 min immersion time, 

glycerol/water = 40/60).  Therefore, the granules of P3-150 swelled in the mixtures of glycerol 

and water but the swelling at 40% solid content was limited due to insufficient swelling space.  

With the solid content decreased to 10%, the starch granules (P3-150) swelled 

dramatically in glycerol/water (60/40, w/w) in the longer immersion time (180 min), and similar 

swelling occurred in glycerol/water (20/80, w/w) in the shorter immersion time (5 min) (Fig. 7.5, 

10% solid content). At 60% glycerol and 180 min immersion time, granules could swell to 36 

µm, an increasing ~ 80% of average initial size in 100% glycerol (~ 20 µm) (Fig. 7.5, 

glycerol/water = 100/0). At 20% glycerol and 5 min immersion time, granules swelled to 35 µm, 

increasing ~ 75% of average initial size in 100% glycerol (~ 20 µm) (Fig. 7.5, glycerol/water = 

100/0). The swelling was evident but birefringence was still observed under polarized light, 

indicating that solvents were not strong enough to destroy the long range order of starch granules 

of P3-150 until extra water was used. For P3-150 (10%) in water alone, the granules partially 

swelled, and the Maltese crosses disappeared.  

In studying granular cold-water swelling starch prepared by aqueous ethanol treatments 

at elevated temperatures (Dries et al., 2014),  Dries et al reported that those cold-water swelling 

starch granules swelled to several times their initial size in water but birefringence was 

completely lost. In our study, we found that Maltese cross was observed when the starch 

granules (P3-150) swelled in the mixture glycerol and water but long-range order (birefringence) 

was not lost. 

 Swelling behavior of pyrodextrins prepared at pH 2 - 150 °C (P2-150) in glycerol 

and water 
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For the pyrodextrin prepared at pH 2 - 150°C (P2-150), its swelling behavior (Fig. 7.6) 

was different from P3-150 (Fig. 7.5) but similar to P3-170 (Fig. 7.4) in the glycerol and water 

mixtures. At 40% solid content, radial cracks were found in glycerol/water mixture (80/20 and 

60/40, w/w) immersed for 60 and 180 min (Fig. 7.6). At 100% water, the outside of the granules 

dissolved first and then whole granules dissolved and disappeared. At 10% solid content, P2-150 

granules appeared weaken structure at 40% water, and  disappeared when water content was 

60% and higher (glycerol/water, and 20/80, 0/100, w/w). There was no swelling of the granules. 

Instead a granule was broken into pieces, and dissolved gradually as water content and 

immersion time increased. P2-150, which was more degraded by acid, appeared to be solubilized 

in water without swelling of the granules. 

It is interesting to note that the swelling behavior of the pyrodextrin prepared at pH 3 and 

150 °C (P3-150) (Fig. 7.5) differed from the other two pyrodextrins (P3-170 and P2-150) (Fig. 

7.4 and 7.6). Both P3-170 (high temperature) and P2-150 (high acid) were more converted than 

P3-150. The average molecular weight of P3-170, P3-150, and P2-150 was 46.7, 80.5, and 20.3 

kDa, respectively (Sun et al., 2020). P3-170 could swell slightly but Maltese cross pattern was 

totally lost, and P2-150 did not swell at all. In contrast, P3-150 granules, which had a higher 

molecular weight, could swell ~ 80% in glycerol and water mixture to break down the ordered 

structures yet still displayed Maltese cross patterns. To further understand the unique swelling 

behavior of P3-150, we isolated and examined its swollen pyrodextrins by XRD and DSC. 

 Crystallinity and birefringence of swollen pyrodextrins from P3-150 

Both native WMS and the pyrodextrin (P3-150) exhibited the typical A-type diffraction 

pattern with strong peaks at 2θ values at 15º, 17º, 18º and 23º (Fig. 7.7, A and B). Crystallinity of 



155 

 

 

the native WMS was approximately 35.8%, which is close to previous literature values (Dries et 

al., 2014; Lopez-Rubio et al., 2008). Pyrodextrin (P3-150) had a reduced crystallinity of 19.4%. 

Acid and heat treatment impacted the intensity of the peaks and the relative crystallinity of the 

WMS granules (Bai et al., 2014). Swollen pyrodextrins recovered from 100/0 and 80/20 

glycerol/water mixtures (Fig. 7.7, C and D) still showed an A-type pattern but with broadened 

peaks and reduced intensity at 15º, 17.5º, and 23º. As the water content in the solvent increased 

to more than 40%, the swollen pyrodextrins recovered were amorphous (Fig. 7.7, E-H). 

The thermal properties of native waxy maize starch, pyrodextrin and its swollen 

pyrodextrins recovered from different glycerol/water mixtures were analyzed by DSC. A 

reduction in the crystallinity of pyrodextrins was also reflected in the DSC data (Table 7.1). The 

onset (To), peak (Tp), and conclusion (Tc) gelatinization temperatures of WMS in 80% glycerol 

were 92.3, 100.6, and 133.8 °C, respectively, which were higher than the gelatinization 

temperatures of the WMS in water (Bai et al., 2014; Liu et al., 2011). The gelatinization 

temperature is elevated due to glycerol by reducing the volume fraction of water within the 

system (Perry & Donald, 2000). For the pyrodextrin (P3-150) in 80% glycerol, the gelatinization 

peak was shifted to lower temperature and much broader than the native starch. The enthalpy 

values (ΔH) of the pyrodextrin decreased from 20.2 to 10.3 J/g, suggesting a lower crystallinity. 

Table 7.1 shows the DSC results of swollen pyrodextrins (100/0, 80/20, 60/40, 40/60, 20/80, 

0/100) recovered from glycerol/water mixtures. The swollen pyrodextrin recovered from 100% 

glycerol had a similar gelatinization peak compared with the pyrodextrin (P3-150). As water 

content increased in glycerol/water mixture, swollen pyrodextrins did not show any endothermic 

peak, indicating that the crystallinity of swollen pyrodextrins recovered from 0–80% glycerol 

was lost. These DSC results suggested loss of the crystallinity during granules swelling. X-ray 
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crystallography showed that those swollen granules of P3-150 were amorphous, in agreement 

with the DSC results. 

To confirm if the recovered swollen pyrodextrins from P3-150 were still birefringent, we 

re-examined them by light microscopy. Figure 7.8, C-H shows bright field and polarized light 

micrographs of swollen pyrodextrins. The shape and size of the pyrodextrin granules (P3-150) 

recovered from 100% glycerol (Fig. 7.8, C) appeared identical to the native WMS (Fig. 7.8, A) 

and the P3-150 (Fig. 7.8, B) and showed Maltese cross with strong birefringence under polarized 

light. Majority of the granules recovered from the mixtures of glycerol/water 80/20, 60/40, and 

40/60 (Fig. 7.8, D-F) still had Maltese cross patterns although some soluble materials might be 

lost during the recovery process. The swollen pyrodextrin recovered from 80 and 100% water 

had few starch granules (Fig. 7.8, G and H). In the study of Sittipod and Shi (Sittipod & Shi, 

2016), intact starch granules from parboiled rice still displayed Maltese cross patterns, but were 

not crystalline; some granules from the parboiled rice were able to swell in glycerol to 4-5 times 

of their original size. In this study, the pyrodextrin prepared at pH 3 and 150 °C was able to swell 

in the mixture of glycerol and water and still retain its birefringence.  

 Conclusions 

Pyrodextrins prepared at pH 3 - 170 °C and pH 2 - 150 °C (P3-170 and P2-150) were 

highly converted by heat or acid and did not swell much when placed in water. In contrast, 

granules in the pyrodextrin prepared at pH 3 and 150 °C (P3-150) could swell in glycerol/water ~ 

80% of their original size and still displayed Maltese cross patterns, but were not crystalline. The 

applications of this unique swelling property of P3-150 in a mixture of glycerol and water need 

to be further investigated.   
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 Figures 

 

 

 

 

Figure 7.1 Microscopic images under bright field (left) and polarized light (right) (scale bar 

= 20 µm) of native waxy maize starch (WMS), and pyrodextrins prepared at pH 3 and 170 

ᵒC (P3-170), pH 3 and 150 ᵒC (P3-150), and pH 2 and 150 ᵒC (P2-150) for 4 h, immersed in 

glycerol/water mixture (80/20, w/w) at 40% solid content for 180 min.  
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Figure 7.2 Microscopic images under bright field (left) and polarized light (right) (scale bar 

= 20 µm) of native waxy maize starch (WMS), and pyrodextrins prepared at pH 3 and 170 

°C (P3-170), pH 3 and 150 °C (P3-150), and pH 2 and 150 °C (P2-150) for 4 h, immersed in 

glycerol/water mixture (80/20, w/w) at 10% solid content for 180 min. 
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Figure 7.3 Microscopic photos of native waxy maize starch (WMS) granules immersed in 

different ratios of glycerol/water solvents: 100/0, 80/20, 60/40, 40/60, 20/80, 0/100, (w/w) for 

5, 60, and 180 min at 40% and 10% solids, respectively.  
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Figure 7.4 Microscopic photos of pyrodextrins prepared at pH 3 and 170 °C (P3-170) for 4 

h immersed in different ratios of glycerol/water solvents: 100/0, 80/20, 60/40, 40/60, 20/80, 

0/100, (w/w) for 5, 60, and 180 min at 40% and 10% solids, respectively.  
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Figure 7.5 Microscopic photos of pyrodextrins prepared at pH 3 and 150 °C (P3-150) for 4 

h immersed in different ratio of glycerol/water solvents: 100/0, 80/20, 60/40, 40/60, 20/80, 

0/100, (w/w) for 5, 60, and 180 min at 40% and 10% solids, respectively.  
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Figure 7.6 Microscopic photos of pyrodextrins prepared at pH 2 and 150 °C (P2-150) for 4 

h immersed in different ratio of glycerol/water solvents: 100/0, 80/20, 60/40, 40/60, 20/80, 

0/100, (w/w) for 5, 60, and 180 min at 40% and 10% solids, respectively.  
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Figure 7.7 X-ray diffraction (XRD) pattern of (A) native waxy maize starch, (B) 

pyrodextrin prepared at pH 3 and 150 °C for 4 h, and its swollen pyrodextrin recovered 

from glycerol/water mixtures: (C) 100/0, (D) 80/20, (E) 60/40, (F) 40/60, (G) 20/80, and (H) 

0/100, (w/w). 
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Figure 7.8 Photomicrographs viewed in pure glycerol under bright field (left) and polarized 

light (right) (scale bar = 20 µm) of (A) native waxy maize starch, (B) pyrodextrin prepared 

at pH 3 and 150 °C for 4 h, and its swollen pyrodextrin recovered from glycerol/water 

mixtures: (C) 100/0, (D) 80/20, (E) 60/40, (F) 40/60, (G) 20/80, and (H) 0/100, (w/w).  
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 Tables 

Table 7.1 Thermal properties
a
 of native waxy maize starch, pyrodextrin prepared at pH 3, 

150 °C (P3-150) for 4 h, and its swollen pyrodextrins recovered from glycerol/water 

mixture (100/0, 80/20, 60/40, 40/60, 20/80, 0/100, w/w) as determined by differential 

scanning calorimetry in a mixture of glycerol / water (80/20, w/w) 

Sample To (°C) Tp (°C) Tc (°C) ΔH (J/g) 

Waxy maize starch 92.3 a 100.6 a 133.8 a 20.2 a 

Pyrodextrin (P3-150) 63.3 b 74.0 b 102.3 b 10.3 b 

P3-150 recovered 

from100% glycerol 

63.2 b 73.2 c 101.8 c 7.8 c 

P3-150 recovered from 

glycerol/water mixtures 

(80/20, 60/40, 40/60, 

20/80, 0/100, w/w) 

No endothermic peak 

a 
Means in the same column not sharing a common letter are significantly different at p < 0.05. 
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Encapsulation of vitamin E by octenylsuccinate starch Chapter 8 - 

obtained from normal maize starch by dry heating 

 Abstract 

The aim of the present study was to investigate the application of octenylsuccinic 

anhydride (OSA) starch from normal maize starch to form emulsions in the spray-drying 

microencapsulation of Vitamin E oil. OS starch was prepared by dry heating a mixture of normal 

maize starch and octenylsuccinic anhydride (OSA). The effects of the heating conditions (reaction 

pH, temperature and heating time) on the degrees of substitution (DS), water solubility, and the physical 

properties of the OS dextrins were evaluated. Heat and OSA reaction resulted in starch hydrolysis in 

the amorphous and crystalline regions of starch granules with the reduced molecular size. The 

effect of ratio of starch to oil on emulsion properties was studied. The emulsion with high VE 

loaded (7.5%) at ratio of starch to oil (1:1) had a small particle size of 0.704 µm. The spray-dried 

microencapsulated particles were characterized by oil load efficiency (97.4%) and density (1.082 

g/cm
3
) with fair flowability. The stability of encapsulated VE particles was excellent for OSA 

starch prepared at pH 8.0 attained by the addition of 2% NH4HCO3 and heating at 180 °C for 2 h. 

These results indicated that OS starch prepared by dry heating as both emulsifier and wall 

materials was effective for encapsulation of functional additives by spray drying.  

 Keywords 

OSA modified starches; Normal maize; Dextrin; Dry heating; Vitamin E; Emulsion; 

Encapsulation; Spray drying 
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 Introduction 

Preparation of octenylsuccinic anhydride (OSA) modified starch was first patented by 

Caldwell and Wurzburg (1953). Conventionally, the most widely used  pathway for synthesizing 

OS starch is a reaction of starch in its granular form in an aqueous slurry system under mild 

alkaline conditions (Altuna et al., 2018; Caldwell & Wurzburg, 1953; Sweedman et al., 2013). 

This pathway for starch esterification with OSA has been investigated extensively and reaction 

conditions have been optimized (Altuna et al., 2018). However, the aqueous reaction has some 

disadvantages due to poor water solubility, and the reaction requires further degradation of OS 

starch undergo enzyme or acid conversion to be completely soluble in water. Apart from the 

traditional pathway in aqueous slurry, some studies have been conducted to increase the reaction 

efficiency by using acetic acid (Shogren, 2003), organic solvents (Bhandari & Singhal, 2002; 

Viswanathan, 1999), microwave assisted (Biswas et al., 2006; Rivero et al., 2009), dry heating 

(Kim et al., 2010; Sandhu et al., 2015), dry media milling (Chen et al., 2014; Hu et al., 2016), 

ionic liquids media and lipase as catalyst (Li et al., 2016). For more details on these alternative 

methods, the previous reviews of Altuna et al. (2018) and Sweedman et al. (2013) are referred. In 

the latest study of novel preparation, Bai et al. (2017) used supercritical carbon dioxide (ScCO2) 

to synthesis of OS starch, diffusing dissolved OSA in ScCO2 into the starch granules. Their 

chemical surface gelatinization results indicated that substituent groups of OS starch prepared in 

ScCO2 were more evenly distributed.  

The using of carbohydrates as wall material should take into consideration of their 

properties and cost, such as solubility, emulsifying activity, and bioactivity. Compared with the 

aqueous reaction and other alternative methods, the dry heating treatment appeared simpler, 
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higher yield and more economical, which results a significant degradation of starch during the 

process. The dry heating treatment is an alternative way to produce dextrin, a degraded starch 

product prepared by a process involving heating starch granules at higher than 100 ᵒC and/or 

acidification with high water solubility and low viscosity (Wurzburg, 1986, 2006). Dextrin could 

be used together with OSA to enhance its emulsifying capacity. The OS substitution could allow 

the starch dextrin to be used as an emulsifier due to esters containing both hydrophilic and 

hydrophobic groups. The OS dextrin produced from this approach was suggested as an effective 

substitute for the fat in dairy cream and muffins (Chung et al., 2010) and cake (Punia et al., 

2019), and as a stabilizer for pickering emulsions (Marku et al., 2012; Rayner et al., 2012; 

Timgren et al., 2013).  

In 2016, we filed a United States patent (U.S. Patent No. 9,458,252) describing an 

approach to prepare OS starch by dry heating on the mixture of OSA and granular starch (Y.-C. 

Shi & Bai, 2016). Optimum reaction conditions (3% NH4HCO3, heating at 180 °C for 2 h) were 

investigated to prepare OS waxy maize starch with a high degree of substitution (DS), high 

reaction efficiency (RE), high solubility, and a light color. RE of ca. 90% was obtained at OSA 

levels from 1 to 6%. After evaluation of the structure and properties of the OS dextrins, we knew 

that the OSA reaction did not change the granular appearance of the starch; however, the 

molecular weight of starch was significantly reduced after reaction. Heat and OSA reaction 

resulted in significant starch hydrolysis in the amorphous and crystalline regions of starch 

granules. OS substitutions probably occurred at the amorphous region of starch granules. 

Glycosyl linkages including α-(1→2), α-(1→6), β-(1→2), and β-(1→6) linkages were formed, 

and 1,6- anhydro-β-D-glucopyranose was formed at the starch chain terminals. OS starch had a 

degree of branching of 19.8%. Our previous goal was to prepare soluble OS dextrin that can be 
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used in beverage applications. Therefore, Shi and Bai (2016) used this highly branched OS starch 

by dry heating for vitamin E emulsion that showed excellent emulsification property.  

Instead of waxy maize starch, we investigated normal maize starch in the dry reaction. 

We hypothesized that normal maize starch with 28% amylose would have different properties. 

Normal maize starch is widely available, and OS starch made by dry heating method offer a low-

cost product. The use of OSA esterified intact starch granules as a novel powder material 

stabilizing oil in water emulsions was studied. Particle size plays an important role in the 

stability of emulsion systems and the decrease in particle diameter has also been reported to 

increase bioavailability of encapsulated compounds (Chen & Wagner, 2004; Ozturk et al., 2014, 

2015). Spray drying technique was successfully used to form VE loaded encapsulates using 

OSA- modified starches as emulsifiers and wall materials (Hategekimana et al., 2015). The 

objectives of this study were to prepare OS dextrin by dry heating, use OS dextrin to emulsify 

vitamin E, and determine the stability of vitamin E in spray dried products. 

 Materials and methods 

 Materials 

Octenylsuccinic acid anhydride (OSA) was obtained from Gulf Bayport Chemicals L.P. 

(Pasadena, TX). Normal maize starch was provided by Tate & Lyle (Decatur, IL). Vitamin E 

acetate (purity >98%) was obtained from Zhejiang NVB Co. Ltd (Xin Chang, Zhejiang, China). 

All other chemicals were analytical grade. 
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 Preparation of OS starch 

The process of preparing OS starch was followed by preparation of OSA-modified waxy 

maize starch in Shi and Bai (2016). Normal maize starch (100 g) was suspended in distilled 

water (150 g) with agitation. The pH of the starch slurry was adjusted by adding NH4HCO3. The 

starch suspension was filtered and the starch cake was mixed with 1–3% OSA (wt% based on the 

dry weight of starch) by a mixer (Model K45SSWH, KitchenAid, St. Joseph, MI) at 2nd speed 

for 15 min. The mixture was dried in an air-forced oven at 40 °C overnight. Starch mixture was 

ground by an analytical mill (A-10, Tekmar, Staufen, Germany) followed by sieving through a 

110-mesh sifter. The powdered starch was thinly spread over an oven pan and heated at 140-

180°C for 0.5–6 h.  

 Characterization of OS starches 

 Degree of substitution (DS) 

The degree of substitution (DS) of OS starch was determined by high-performance liquid 

chromatography (HPLC) as reported by (Qiu et al., 2012). Briefly, for free OS determination, 0.5 

g (d.w.) of OS starch was stirred in 5 mL of methanol for 1 h. After centrifuge, the solution of 

supernatant (1 mL) and water (pH = 3) (1 mL) was analyzed by HPLC. To determine total OS, 

0.5 g (d.w.) of OS starch was stirred overnight in 10 mL of 4 N NaOH. The alkali solution (2 mL) 

was neutralized with 10 mL of 1 N HCl and filled with acetonitrile to 25 mL volumetric flask. 

The solution was analyzed by HPLC. A mixture of acetonitrile and water containing 0.1% TFA 

(45:55, v/v) was used as the mobile phase. The flow rate was 1.0 ml/min and the detection 

wavelength was set at 200 nm. Concentrations were determined from the peak area. 
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 Solubility 

Solubility was measured according the methods of Bai et al. (2014). Starch (0.1 g) was 

dissolved in distilled water (0.9 mL) using a stir bar, and centrifuged at 6708 x g for 3 min. After 

centrifugation, starch concentration in the supernatant was determined using a hand-held 

refractometer (Fisher Scientific, Pittsburgh, PA) under direct lighting. 

 Color measurement 

Colors of starches were measured using a digital colorimeter (Minolta CR-310 Chroma 

Meter, Konica Minolta Sensing Americas, Inc., Ramsey, NJ). The starch samples were packed in 

the granular-materials attachment CR- A50 and the parameters were expressed in the CIE L*a*b 

color system as L* (lightness; 0 = black, 100 = white), a* (+a = redness, -a = greenness), and b* 

(+b = yellowness, -b = blueness) values. 

 Molecular size distribution by gel permeation chromatography (GPC) 

GPC analysis was performed as previously described (J. Shi et al., 2018). OS starches (4 

mg) were dissolved in DMSO (4 mL) and stirred at room temperature for 12 h. The mixture was 

filtered through a 2 μm filter and then injected into a PL-GPC 220 instrument (Polymer 

Laboratories, Inc., Amherst, MA, USA). The eluent was DMSO containing 0.5% (w/w) LiBr, 

and the flow rate was 0.8 ml/min. The results of GPC were presented with the terms of 

hydrodynamic radius (Rh). 

 X-ray diffraction (XRD) 

X-ray diffraction patterns of unmodified and OS waxy maize starches were performed as 

previously described (Shi et al., 2018). Starch crystallinity was calculated as the ratio of the peak 

areas to the total diffractogram area (Komiya & Nara, 2006). The peak areas were calculated by 

OriginPro (version 8.5). 
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 Scanning electron microscope (SEM) 

The starch samples were coated with 18nmAu/Pt and examined by a scanning electron 

microscope (LEO1530VP, Zeiss, German) with the field emission gun operating at 3kV. 

 Preparation of vitamin E emulsion and spray-dried encapsulates 

The OS starch sample (7.5 or 10 g) was dispersed in distilled water at room temperature 

for 2 h and heated in a boiling water bath with stirring for 30 min to completely dissolve the OS 

starch. Sodium benzoate (0.04 g) was added to the starch solution as a preservative. Vitamin E 

acetate (7.5 or 5 g) was added and mixed with a portable homogenizer (Bamix, Mettlen, 

Switzerland) for 3 min. The starch and vitamin E mixture were pre-homogenized by a bench-top 

homogenizer (PRO 350, PRO Scientific Inc., Oxford, CT) at 8,000 rpm for 10 min. The crude 

emulsion was homogenized by a microfluidizer (M-110P, Microfluidics, Newton, MA) for 6 

passes at 30,000 psi. The fresh emulsion was collected for analysis on particle size, apparent 

viscosity and HPLC (Qiu et al., 2015).  

After measurement, the rest of the emulsion was spray dried (Mini Spray Dryer B-290, 

BUCHI Corporation, New Castle, DE USA) at an inlet temperature of 160°C and outlet 

temperature of 100°C, and feed rate 15 mL/min. Each spray dried powder was packed in a sealed 

glass bottle and stored at room temperature for further analysis after one month. 

 Droplet size determination 

Emulsion droplet size distribution was measured 1 h after preparation of the emulsion by 

a laser diffraction particle size distribution analyzer (LA-910, HORIBA, Ltd., Tokyo, Japan) at 

ambient temperature. The volume mean diameter (d43) was recorded. Emulsions were stored in 
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the dark at room temperature. The OS starch solution after homogenization was also measured 

but no particle size was observed. 

 Stability study of vitamin E in microparticles by HPLC 

HPLC was used to study the stability and integrity of VE encapsulated in the spray-dried 

microparticles. HPLC system Agilent 1100 Series (Agilent, Waldbronn, Germany) equipped 

with a Phenomenex Kinetex C18 column (2.6 μm, 100 × 4.6 mm; Torrance, Calif., U.S.A.). For 

measurement of VE acetate, methanol was used as the mobile phase, the flow rate was 1.0 

mL/min, and the detection wavelength was set at 285 nm.  

To determine the surface/free oil, spray dried encapsulates (0.1g) were extracted with 9 

mL of methanol with magnetic stirring for 30 min. The mixture was stood and 1 mL of 

supernatant was collected and mixed with 9 mL of methanol. The solution was filtered by nylon 

filter membranes (0.45 µm) and then analyzed by HPLC. For total oil determination, spray-dried 

encapsulates (0.1 g) were re-suspended in 0.9 mL of distilled water, 10 µL of α-amylase 

(Ban480L) was added and placed into water bath at 60 ᵒC for 20 min. After the mixture was 

cooled to 25°C, and it was transferred into a 10-mL volumetric flask, and filled with methanol 

for extraction of VE. The mixture was centrifuged at 3000 g for 15 min, and the supernatant (1 

mL) was transferred to another 10-mL volumetric flask and filled with methanol. The solution 

was filtered by a nylon filter membrane (0.45 µm) and analyzed by HPLC. The standard curves 

for VE acetate was established as previously described (Qiu et al., 2015). The amount of vitamin 

E in the emulsion was calculated from a vitamin E standard curve. Oil load (g), free oil (Wfree, g) 

and oil load efficiency (%) were calculated from the equations below: 

Oil load (g) = Wtotal – Wfree 
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Oil load efficiency (%) = 
𝑜𝑖𝑙 𝑙𝑜𝑎𝑑

𝑊𝑡𝑜𝑡𝑎𝑙
 ×100% 

The amount of vitamin E acetate was determined immediately and at the storage of one 

month after the spray-drying process.  

 Density 

The density of the encapsulated powder samples was measured using a helium gas 

pycnometer (AccuPyc II 1340, Micromeritics, Norcross, GA, USA), and was calculated from the 

weight and particle volume. The averages of three measurements were calculated and reported. 

 Flow properties of spray dried powders 

Angle of repose is one of flow indicators that are commonly used. Higher angle of repose 

could indicate poor flow of bulk material (Ambrose et al., 2016; Bian et al., 2015). The angle of 

repose was measured by a Hosokawa powder tester (Micron powder systems, Summit, NJ). The 

sample was poured into the funnel at a stable feeding by vertical vibration. After pouring the 

samples, the height of the cone was measured and the angle of repose was calculated using the 

following relationship: 

θ = arctan(2H/D)                                                                                                             (1) 

 Statistical analysis  

Analysis of variance was conducted using a Statistical Analysis System (SAS, version 9.3 

for Windows, SAS Institute, Cary, NC, USA). Least significant differences for comparison of 

means were computed at p < 0.05. 
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 Results and discussion 

 Solubility, degree of substitution, and reaction efficiency of OS starches from dry 

heating 

Process of preparing octenylsuccinate (OS) starch from dry heating is shown in Fig. 8.1. 

NH4HCO3 was used because it decomposed to NH3 and CO2 at high temperature. The pH of the 

starch changed during the process (Table 8.1). First, pH of the starch slurry was adjusted to 7.6, 

8.0, 8.2 and 8.3 (pH I) by 0.3, 2.0, 3.0. and 4.0% NH4HCO3 (wt% based on the dry weight of 

starch), respectively. Different concentration of NH4HCO3 resulted in differences in pH. Second, 

pH of the pre-dried starch decreased to ca. 5 (pH II) after pre-drying, which was attributed to 

some hydrolysis of OSA from anhydride form to acid form. Finally, after heating at 180 °C, pH 

of the starch decreased to ca. 4 (pH III, not shown), resulting from the decomposition of 

NH4HCO3 and reaction of OSA with the starch.  

At 2 h heating time, DS and RE of OS starch were significantly increased with the 

increase in the level of NH4HCO3 (Table 8.1). As the level of NH4HCO3 increased from 0.3 to 

2.0%, solubility increased from 61.3 to 64.9%. However, future increasing the level of 

NH4HCO3 resulted in decreased solubility from 64.9 to 47.8%. At 4 h heating time, DS and RE 

increased as the level of NH4HCO3 increased 0.3 to 2.0%, but further increase to 4% did not 

change DS and RE, but decreased solubility from 75.9 to 57.5%. At 6 h heating time, future 

increase in NH4HCO3 did not change the solubility, and DS and RE were ca.0.017 and ca.73%, 

respectively. NH4HCO3 probably played an important role in ionizing starch as well as 

hydrolyzing OSA, because DS and RE were low with low NH4HCO3 (0.3%). Adding a small 

amount of NH4HCO3 probably limited starch ionization and OSA hydrolysis, but at a high 
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concentration of NH4HCO3, the reduced solubility and increased DS and RE was probably due to 

the reaction between OSA and NH4HCO3 during pre-drying. Compared with OS starch from waxy 

maize starch, OS starch from normal maize starch had low solubility and high molecular size due to 

amylose content. The reaction was optimum when 2% NH4HCO3 was added to adjust pH I to 8.0. 

Properties of OS starch at different substitution levels are shown in Table 8.2. Solubility 

and DS of OS starch increased with the OSA concentration. Also, DS increased as temperature 

increased from 140 to 180 °C. The solubility of OS starch was 5.7% when OSA and the starch 

mixture were heated at 140 °C for 2h and increased to 51.1% when heated at 180 ºC. The highest 

solubility was obtained when the reaction was carried out at 180 °C. The color of OS starch 

became yellowish when 180 °C was used. High temperature and long reaction time resulted in 

products with higher b value and lower L value, reflecting a yellowish color, and the starch 

darkened. Because longer reaction time resulted in starch with a darker color, the optimum 

reaction time was 2 h. 

To sum up, OS starches (OSS) prepared at pH 8.3 (4% NH4HCO3), 180 °C for 2 and 6 h 

(OSS4-2 and OSS4-6) were selected due to their high DS and RE. OS starches prepared at pH 

8.0 (2% NH4HCO3), 180 °C for 2 and 6 h (OSS2-2 and OSS2-6) were selected due to their high 

solubility among those samples. These two sets of OS normal maize starch were used to analysis 

their structure and evaluated as emulsifiers to encapsulate vitamin E in application.  

 Structure characterization of OS starches 

OS starches reacted with 3% OSA were characterized by GPC, XRD and SEM. 

Molecular size distribution of OS starch prepared at pH 8.02 (adjusted by 2% NH4HCO3) heated 

at 180 °C for 2 h and 6 h, and pH 8.30 (adjusted by 4% NH4HCO3) heated at 180 ºC for 2 h and 
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6 h are shown in Fig. 8.2. Each OS starch showed two peaks. OS starches prepared at 2 h had a 

high proportion of the larger molecular size peak (8.0 nm). As reaction time increased to 6 h, the 

proportion of larger molecular size peak (8.0 nm) decreased and the smaller molecular size (1.8 

nm) increased. Starch molecules were significantly hydrolyzed during the dry heating reaction, 

and starch hydrolysis increased with reaction time. As the concentration of NH4HCO3 increased 

from 2.0 (pH 8.02) to 4.0% (pH 8.30), the molecular size distribution had slightly shifted. More 

OSA hydrolyzed to its acid form due to more concentration of NH4HCO3 in starch granule. 

Therefore, starch with 4% NH4HCO3 was degraded in granular form by the acid and heat.  

The native and OSA-modified waxy maize starches all displayed a typical A-type x-ray 

diffraction pattern with peaks at 2θ of 15°, 17°, 18° and 23° (Fig. 8.3). Native normal maize 

starch had a crystallinity of 34.4%. After OSA reaction, crystallinity decreased to 33.1 and 27.2% 

for starch prepared at pH 8.0 at 2 and 6 h, respectively. OS starch at elevated pH (8.3) showed a 

decreasing trend for peak broadening and peak intensity 32.3 and 26.8% for 2 and 6 h 

respectively. Based on the XRD results, there was a minor reduction in the crystalline regions at 

these low levels of OS substitutions, suggesting that OSA reacted preferentially in the 

amorphous region in the starch granules. However, as heating time from 2 to 6 h, the degree of 

crystallinity of the thermal degradation of the starch during the dry heat treatment did decline, 

indicating that heat for long time slightly weakened the crystalline structure. Compared with 

OSA reaction in an aqueous slurry system, which did not affect the crystalline region of starch 

granules ( Bai & Shi, 2011), the OSA reaction in this study significantly hydrolyzed the 

crystalline regions of starch granules. The process affected the starch granules in a manner 

similar to dextrinization (Bai et al., 2014). 
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After OSA modification, starch granules remained and appeared identical to the 

unmodified normal maize starch when examined under SEM (Fig. 8.4). OS starch appeared to 

have the same granular shape and surface morphology as native starch, indicating that OSA 

modification by dry heating did not change the appearance of the starch granules. 

 Characterization of VE emulsions stabilized by OS starch 

The use of OSA esterified intact starch granules (OSS2-2, OSS2-6, OSS4-2, and OSS 4-6) 

as a novel powder material stabilizing oil in water emulsions was studied. Table 8.3 shows the 

formulation, viscosity after microfludizer, particle size of emulsions with different ratios of 

starch to oil (their total concentrations of starch and oil were 15.0%). All OS starches resulted in 

stable emulsions with fine particle size. The viscosity of all emulsions was in the range of 4.0-6.0 

cp. At the ratio of starch to oil (2:1), the smallest mean particle size of 0.485 µm was obtained by 

OS starch prepared at pH 8.0 (adjusted by 2% NH4HCO3), and 180 ºC for 2 h with (OSS2-2). 

The smallest mean diameter was 0.704 µm when the ratio of starch to oil was 1:1 (Table 8.3). 

The mean particle diameter (d43) decreased with decreasing oil phase concentration or increasing 

emulsifier concentration for OS starch-stabilized emulsions. The amount of emulsifier needed to 

create small droplets was considerably higher for OSS2-6 than for OSS2-2. For example, about 

10.5% OSS2-6 was needed to achieve d43 = 0.816 µm, but only 8.1% OSS2-2 was needed to 

achieve d43 = 0.704 µm. The mean particle size of emulsions made by OSS4-2, and OSS4-6 was 

higher than the emulsion made by OSS2-2, and OSS2-6, respectively. OSS2-2 displayed good 

emulsification properties implying that it was rapidly adsorbed to the surface of the oil droplets 

during homogenization due to its relatively large molecular size with a high solubility. 
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In this study, we monitored the emulsions during storage at room temperature for 4 and 

20 h after preparation. Our result showed that the diameter of droplets for all emulsions increased 

during storage (Table 8.3, 1, 4, and 20 h), but the mean particle size was still less than 1.3 µm, 

indicating the good stability of emulsions 20 h after preparation. Tesch et al. (2002) suggested 

that steric hindrance was the main stabilizing mechanism of OS starch. This mechanism of 

emulsion stabilized by OS starch agreed well with the conclusions of other studies 

(Hategekimana et al., 2014; Simsek et al., 2015; Xu et al., 2015). 

 Encapsulation of VE by spray drying 

In this study, the emulsion was spray-dried after it showed stability after stored at 25 °C 

for 20 h. Oil load, density, and flowability (angle of repose) of encapsulated powders are shown 

in Table 8.4. The spray-dried powder (P2-2) made by OSS2-2 had a higher oil load efficiency 

than encapsulates (P2-6) made by OSS2-6 at the same ratio of starch to oil, indicating that OSS2-

2 was adsorbed more VE acetate oil. Similarly, P4-2 had a better emulsifying capacity than P4-6. 

Through measuring reconstructed emulsions by HPLC, oil load efficiency was as high as 98.1%, 

and low free oil (0.10 g) was found when the ratio of starch to oil was 2:1 (Table 8.4) by the OS 

starch prepared at pH 8.0 (adjusted by 2% NH4HCO3) heating at 180 °C for 2 h (OSA2-2). The 

same spray-dried powder had the highest oil load efficiency (95.4%) after one month’s storage. 

In addition, oil load efficiency was as high as 97.4% and low free oil (0.19 g) was found when 

the ratio of starch to oil was 1:1 (Table 8.4) prepared by the same OS starch (OSS2-2). Also, the 

same formulated spray-dried powder had the highest oil load efficiency (94.1%) after one 

month’s storage. The oil load efficiency of P4-2 and P4-6 decreased to c.a. 65% after one 

month’s storage at room temperature, indicating P4-2 and P4-6 had bad encapsulation capacity 
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due to its low solubility and high DS (Table 8.1). These results suggested that OSA2-2 displayed 

the best emulsification and encapsulation properties, and the high ratio of starch to oil was 

beneficial to encapsulation stability. 

Through observation on density, the spray-dried powder made by OSS2-2 and OSS4-2 

had a higher density than powder made by OSS2-6 and OSS4-6, respectively. Starch reacts with 

OSA by dry heat treatment at longer heating time caused lower molecular weight and density. 

The density of P2-2 and -6 had little changes after one month’s storage, whereas the density of 

P4-2 and -6 deceased to 1.061 g/cm
3
 which was close to the density of VE acetate (0.95 g/cm

3
), 

indicating more free oil on the surface of spay-dried powder. For fresh encapsulates, P2-2 a and 

b, P2-6 a and b, P4-6 a and b had an angle of repose value below 45°, indicating that those spray 

dried powder had acceptable flow property, whereas P4-2 a and b had poor flow property due to 

its angle of repose greater than 45° (Ambrose et al., 2016). After one month’s storage, all spray-

dried powders of P2-2 and -6 had little changes on flow property, but angle of repose on powders 

of P4-2 and -6 increased, indicating poor flow property due to higher free oil in the powder.  The 

results were in a good agreement with free oil (g), oil load efficiency (%) and density g/cm
3
 

(Table 8.4). These results confirmed that OSS2-2 displayed the best emulsification and 

encapsulation properties. 

 Conclusions  

VE can be successfully encapsulated using OS starch from normal maize starch as 

emulsifiers and wall materials by spray drying technique. Dry-heating with starch premixed with 

OSA produces dextrins by simultaneous substitution and thermal degradation. OSA modification 

by dry heating did not change the appearance of the granular starch, but the molecular weight of 
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starch was significantly reduced. OSA modification and heat resulted in significant starch 

hydrolysis in amorphous and crystalline region. The best product with high solubility and DS 

with light color was obtained when 2% (wt% by starch weight) NH4HCO3 was added and the 

starch was heated at 180°C for 2 h. The OS starch was 65% soluble in water with a DS of 0.016.  

For the same concentration of starch and oil (15%), emulsions with high VE loaded 

(7.5%) at ratio of starch to oil (1:1) had a small particle size of 0.704 µm. After spray drying, the 

microencapsulated particles had high oil load efficiency (97.4%) with passable flow property as 

fresh samples. These results showed that OS starch prepared by dry heating as wall material was 

effective in delivering and encapsulating VE by spray drying. OS-stabilized VE may be suitable 

for incorporation in many functional feed systems. 
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 Figures 

 

Figure 8.1 Process of preparing octenylcuccinate (OS) starch from dry heating [Adapted 

from (Shi & Bai, 2016)]. 
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Figure 8.2 Molecular size distribution of native normal maize starch and octenylsuccinate 

(OS) starch prepared at 3% OSA, pH 8.02 (adjusted by 2% NH4HCO3), 180 ºC for 2 h and 

6 h; pH 8.30 (adjusted by 4% NH4HCO3), 180 ºC for 2 h and 6 h. 
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Figure 8.3 Wide-angle X-ray diffraction patterns of unmodified maize starch (NM), 

octenylsuccinate (OS) starch prepared with 3% OSA, pH 8.02 (adjusted by 2% 

NH4HCO3), 180 ºC for 2 h (DS of 0.0156) (A) and 6 h (DS of 0.0173) (B); pH 8.30 (adjusted 

by 4% NH4HCO3), 180 ºC for 2 h (DS of 0.0170) (C) and 6 h (DS of 0.0201) (D). 
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Figure 8.4 Scanning electron microscope (SEM) of native normal maize starch (NM) and 

octenylsuccinate (OS) starch prepared at 3% OSA, pH 8.0 (adjusted by 2% NH4HCO3), 

heating at 180 ºC for 2 h (OSS2-2) and 6 h (OSS2-6); pH 8.3 (adjusted by 4% NH4HCO3), 

heating at 180 ºC for 2 h (OSS4-2) and 6 h (OSS4-6). 
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 Tables 

Table 8.1 Characteristics of 3% OSA-modified normal maize starches adjusted to pH by 

NH4HCO3 and heat treated at 180°C 

NH4HCO3 

added (%) 

pH Time 

(h) 
DS

a
 

RE 

(%)
a
 

Solubility 

(%)
a
 

Color
a
 

I II L a b 

0.3 7.63 4.58 

2 
0.0129 ± 

0.0003 c 
54.97 b 61.3 c 94.95 a 

-1.64 

c 

10.47 

c 

4 
0.0135 ± 

0.0001 b 
57.19 a 75.9 b 93.99 b 

-1.30 

b 

11.65 

b 

6 
0.0140 ± 

0.0002 a 
59.51 a 77.2 a 91.75 c 

-0.41 

a 

12.42 

a 

2.0 8.02 5.51 

2 
0.0156 ± 

0.0004 c 
66.15 b 64.9 c 94.77 a 

-1.60 

c 

10.15 

c 

4 
0.0167 ± 

0.0004 b 
70.80 b 73.5 b 93.34 b 

-1.12 

b 

12.11 

ab 

6 
0.0173 ± 

0.0002 a 
73.01 a 80.9 a 91.58 c 

-0.40 

a 

12.70 

a 

3.0 8.17 5.05 

2 
0.0165 ± 

0.0002 b 
69.61 b 51.1 c 94.33 a 

-1.72 

c 

10.27 

c 

4 
0.0169 ± 

0.0004 b 
71.47 ab 72.0 b 92.93 b 

-0.47 

b 

11.90 

b 

6 
0.0173 ± 

0.0001 a 
73.11 a 80.7 a 91.20 c 

-0.05 

a 

12.64 

a 

4.0 8.30 5.34 

2 
0.0170 ± 

0.0004 b 
72.06 b 47.8 c 94.02 a 

-1.26 

c 

10.68 

c 

4 
0.0173 ± 

0.0006 a 
73.06 a 57.5 b 92.64 b 

-0.44 

b 

12.02 

b 

6 
0.0171 ± 

0.0005 b 
72.65 b 79.7 a 90.06 c 

0.79 

a 

13.11 

a 
a 
Means with the same letter (a, b, c) in each column within each treatments indicate significant 

differences (p <0.05) between treatments. 
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Table 8.2 Characteristics of 3% OSA-modified normal maize starches by adding 3% 

NH4HCO3 (pH 8.17) and heating for 2h 

OSA (%) 
Temp 

(ᵒC) 

Solubility 

(%)
a
 

DS
a
 

RE 

(%)
a
 

Color
a
 

L a b 

1 180 6.7±0.6 c 0.0065±0.0003 d 82.94 a 96.85 a -0.99 c 8.96 d 

2 180 12.8±0.9 b 0.0130±0.0002 c 82.61 a  93.99 c -0.84 b 10.65 c 

3 180 51.1±3.4 a 0.0165±0.0002 a 69.61 c 92.93 d  -0.47 a 11.36 a 

3 140 5.7±0.3 d 0.0153±0.0004 b 65.02 b 95.02 b -1.30 d 11.20 b 
a 
Values with the same letter are not significantly different (p < 0.05). The statistical analysis is 

done only for the data of same column 
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Table 8.3 Droplet size of emulsions with different ratios of starch to oil 

Starch 

sample
a
 

Starch:Oil
b
 

Designed 

amount (g) 
Added 

VE oil 

(g)
c
 

Viscosity 

(cp) after 

micro-

fluidizer
d
 

Droplet size (µm)
e
 

Starch Oil Fresh (1h) 4h 20h 

OSS2-2 
2:1  10.0 5.0 4.97 5.5 0.485 ± 0.013 e 0.553 ± 0.016 d 0.648 ± 0.027 d 

1:1 7.5 7.5 7.46 4.0 0.704 ± 0.022 d 0.767 ± 0.001 c 0.883 ± 0.032 c 

OSS2-6 
2:1 10.0 5.0 5.02 4.5 0.816 ± 0.018 c 0.849 ± 0.004 b 0.974 ± 0.018 bc 

1:1 7.5 7.5 7.50 4.0 0.919 ± 0.008 b 1.077 ± 0.057 a 1.054 ± 0.089 b 

OSS4-2 
2:1 10.0 5.0 5.05 6.0 0.835 ± 0.021 c 0.898 ± 0.036 b 0.925 ± 0.046 c 

1:1 7.5 7.5 7.56 4.0 0.855 ± 0.011 c 1.087 ± 0.028 a 1.239 ± 0.078 a 

OSS4-6 
2:1 10.0 5.0 5.03 5.0 0.824 ± 0.017 c 0.900 ± 0.025 b 0.912 ± 0.037 c 

1:1 7.5 7.5 7.52 4.0 1.025 ± 0.022 a 1.051 ± 0.016 a 1.087 ± 0.019 b 
a 
OSS2-2: OS starches prepared at pH 8.0 (2% NH4HCO3), 180 ºC for 2 h 

  OSS2-6: OS starches prepared at pH 8.0 (2% NH4HCO3), 180 ºC for 6 h 

  OSS4-2: OS starches prepared at pH 8.3 (4% NH4HCO3), 180 ºC for 2 h 

  OSS4-6: OS starches prepared at pH 8.3 (4% NH4HCO3), 180 ºC for 6 h 

b 
The designed solid concentration (wt%) is 15.0%. The starch concentrations (wt%) are 10.5% at ratio of 2:1, and 8.1% at ratio of 1:1. 

c 
The actual weight of VE acetate oil added when emulsion was prepared. 

d 
Viscosity was measured using Brookfiled spindle #21 running at 100 rpm 

e
 Values with the same letter are not significantly different (p < 0.05). The statistical analysis is done only for the data of same column. 
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Table 8.4 Oil load, density, and flowability (angle of repose) of encapsulated particles 

Sample 
Fresh encapsulates  Storage of 1 month 

Oil load (g)
a
 

Free 

oil (g) 

Oil load 

efficiency
b
 

Density 

(g/cm
3
)

b
 

Angle of 

repose (ᵒ)
b
 

 Oil load (g)
a
 

Free 

oil (g) 

Oil load 

efficiency
b
 

Density 

(g/cm
3
)

b
 

Angle of 

repose (ᵒ)
b 

P2-2a
I
 4.87 ± 0.03 0.10 98.1% a 

1.125 ± 

0.007 d 
36.2 e  4.79 ± 0.01  0.23 95.4% a 

1.132 ± 

0.005 a 
36.1 d 

P2-2b
II

 7.27 ± 0.06 0.19 97.4% a 
1.082 ± 

0.012 g 
42.3 c  6.98 ± 0.03  0.52 94.1% b 

1.066 ± 

0.009 d 
42.8 b 

P2-6a 4.86 ± 0.01 0.16 96.9% a 
1.144 ± 

0.005 c 
31.7 f  4.59 ± 0.01 0.38 92.3% b 

1.138 ± 

0.002 a 
33.5 e 

P2-6b 7.04 ± 0.06 0.46 93.9% bc 
1.078 ± 

0.003 g 
40.3 d  6.83 ± 0.03 0.63 91.6% b 

1.109 ± 

0.007 b 
40.7 c 

P4-2a 4.85 ± 0.01 0.18 96.4% a 
1.275 ± 

0.005 a 
48.6 b  3.39 ± 0.04 1.66 67.1% c 

1.108 ± 

0.009 bc 
53.1 a 

P4-2b 6.98 ± 0.04 0.58 94.3% c 
1.217 ± 

0.012 b 
49.9 a  4.72 ± 0.02 2.84 62.4% d 

1.087 ± 

0.008 c 
52.9 a 

P4-6a 4.74 ± 0.03 0.32 94.4% b 
1.113 ± 

0.009 e 
32.3 f  3.27 ± 0.05 1.76 65.0% c 

1.064 ± 

0.012 d 
41.5 c 

P4-6b 6.99 ± 0.02 0.53 92.9% bc 
1.094 ± 

0.009 f 
36.2 e  4.59 ± 0.00 2.93 61.0% d 

1.061 ± 

0.002 d 
43.3 b 

a 
The calculated weight of VE acetate oil in emulsion based on HPLC analysis and calculation. 

b 
Values with the same letter are not significantly different (p < 0.05). The statistical analysis is done only for the data of same column. 

I
 a represents the designed ratio of starch:oil of 2:1 in Table 8.3. 

II
 b represents the designed ratio of starch:oil of 1:1 in Table 8.3. 
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Overall conclusions and future work Chapter 9 - 

 Conclusions 

Octenylsuccinate (OS) starches could be prepared by two different approaches – slurry 

reaction and dry heating reaction. When octenylsuccinic anhydride (OSA) modified starch was 

prepared in an aqueous slurry system from granular waxy maize starch, OSA droplets could 

penetrate through pores and channels into the interior cavity of starch granules where 

esterification occurs almost as much as on the surface of the waxy maize starch granules as 

determined by Raman microspectroscopy analysis on individual granules. The OS groups in the 

OSA-modified granular starch are preferentially located on its surface as well as on the central 

cavity/hilum region. The regions between the surface and the hilum of the waxy maize starch 

granules had reduced OS substitution. 

Compared with the Raman spectra of maize starches, potato starches had a similar pattern 

but a higher intensity of peak at 865 cm
-1

, indicating more C-H deformation due to negatively 

charged phosphate ester groups in potato starches. OS groups in OSA-modified potato granular 

starches were preferentially located on granular surface. After the interior part of the granules 

(ca. 60%) was removed after gelatinization, the residual OSA-modified potato starch surface had 

ca. 2.5 times OS content as the whole granules. After chemical surface gelatinization, as the 

exterior surface of granules was removed by ca. 20%, the OS content of OSA-modified potato 

starch decreased by a factor of ca. 0.45 times over that of the bulk granule; as the surface amount 

removed by ca. 30%, the OS content of OSA-modified potato starch decreased by a factor of ca. 

0.25 times over that of the bulk granule. 
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Alpha-amylase-degraded OSA starches from waxy potato starch were obtained through 

two approaches. Granular waxy potato starch was reacted with 3% OSA first and then 

hydrolyzed by α-amylase to product OS maltodextrins (OSE) with dextrose equivalent (DE) of 

4.97 and DS of 0.0175. Granular waxy potato starch was hydrolyzed by α-amylase and then 

modified by 3% OSA to prepare OS maltodextrins (EOS) with DE of 4.39 and DS of 0.0209. At 

the ratio of oil to starch (1:1), the emulsions by OSE and EOS had a smaller volume diameter 

0.578 and 0.656 μm, respectively with one peak of a narrow particle size distribution after 30 

days storage. These two products with high apparent viscosity (26 and 31 cp at 10% solid 

content) displayed good emulsion stability for orange oil. 

The conformational properties of starch granules during dextrinization were investigated 

by high performance size exclusion chromatography (HPSEC) coupled with multiple detectors. 

At the end of dextrinization, the molecular size was altered in the order of pyrodextrins at pH 3 

and 150ºC > pH 3 and 170ºC > pH 2 and 150ºC, indicating that the level of acid used played a 

major role in degrading the starch during dextrinization. The measured α values indicated that 

pyrodextrins prepared at pH 3, 170 °C and 150 °C only had one compact spherical conformation 

(α 0.27-0.31) during dextrinization, whereas pyrodextrins at pH 2 and 150 °C had a mixture of 

two shapes of molecules: compact sphere (α 0.26) and rigid coil (α 0.89) conformation. 

Pyrodextrins prepared at pH 3 and 150°C for 4 h and its swollen granules recovered from 

glycerol/water mixtures were determined by X-ray diffraction differential scanning calorimetry, 

and microscopy, and showed that short-range crystallinity was destroyed but long-range order 

(birefringence) was retained. Interestingly, some intact granules could swell in glycerol/water to 

~ 80% of its original size and still displayed Maltese cross patterns, but were not crystalline. 
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The stability of encapsulated vitamin E particles was excellent by OSA-modified normal 

maize starch prepared at pH 8.0 attained by the addition of 2% NH4HCO3 and heating at 180°C 

for 2 h. The spray-dried microencapsulated particles were characterized by oil load efficiency 

(97.4%) and density (1.082 g/cm
3
) with good flowability. These results indicated that low 

molecular weights OSA modified starches were effective for the spray-drying encapsulation of 

functional additives with OSA starch as both emulsifier and wall materials. 

 Future work 

Based on the results and conclusions from this dissertation, future research on the 

following subjects should be considered. For slurry reaction, the conditions of two approaches 

(lower enzyme concentration) in Chapter 4 could be optimized with higher viscosity obtained. In 

addition, α-amylase degraded OSA-modified starch from waxy potato starch obtained through 

first approach (first OSA modification and then enzyme degradation) could be designed to obtain 

the same DS with the degraded OS starch obtained through second approach (first enzyme 

degradation and then OSA modification). For the same DS, the emulsion performance between 

two approaches could be compared. In addition, the degraded OS starches from waxy maize 

starch by two approaches could be also obtained to compare with the emulsion capacity of that 

from waxy potato starch.  

For dry heating system, OS starch prepared from waxy potato starch should be explored 

since the clarity of waxy potato starch is better than waxy maize starch. To further explore on 

clear vitamin E emulsion, Tween 20 or 80 as small-molecular emulsifier could be used with OS 

waxy potato starch together since the particle size is decreased obviously by surfactants, 

investigating the effect of OS starch with other surfactants.  
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Pyrodextrin prepared at pH 3 and 150 °C could swell in glycerol/water and still displayed 

Maltese cross patterns, but was not crystalline.  The applications of this unique swelling property 

in a mixture of glycerol and water need to be further investigated. 
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Appendix B - Chapter 6 Supplementary Materials 

 

Figure B.1 Molecular size distribution of native waxy maize starch and pyrodextrins 

prepared at pH 3 and 170 °C, pH 3 and 150 °C, and pH 2 and 150 °C, at 4 h. 
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Appendix C - Dry reaction of OSA reaction by ammonium 

hydroxide 

Waxy maize starch (100 g) was suspended in distilled water (150 g) with agitation. The 

pH of the starch slurry (pH 8, 9, and 10) was adjusted by adding NH4OH. The starch suspension 

was filtered and the starch cake was mixed with 3% OSA (wt% based on the dry weight of 

starch) by a mixer (Model K45SSWH, KitchenAid, St. Joseph, MI) at 2nd speed for 15 min. The 

mixture was dried in an air-forced oven at 40 °C overnight. Starch mixture was ground by an 

analytical mill (A-10, Tekmar, Staufen, Germany) followed by sieving through a 110-mesh sifter. 

The powdered starch was thinly spread over an oven pan and heated at 180°C for 0.5–4 h. Degree 

of substitution (DS) was measured by high-performance liquid chromatography (HPLC).  
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Table C.1 Degree of substitution (DS) and reaction efficiency (RE) of 3% OS waxy maize 

starches prepared by dry reaction at 180 ºC for 0.5-4 h. 

Adjusted 

pH 

Properties 

(DS and RE) 

Reaction time (h) 

0.5 1 2 3 4 

pH 8 

OSfree 0.977 0.817 0.618 0.488 0.386 

OStotal 2.159 2.133 2.120 2.401 2.527 

OSbound 1.183 1.316 1.502 1.913 2.141 

DS 0.009 0.010 0.012 0.015 0.017 

RE (%) 39.4 43.9 50.1 63.8 71.4 

pH 9 

OSfree 0.840 0.681 0.564 0.353 0.300 

OStotal 2.034 2.117 2.116 2.112 2.198 

OSbound 1.194 1.437 1.552 1.759 1.897 

DS 0.009 0.011 0.012 0.014 0.015 

RE (%) 39.8 47.9 51.7 58.6 63.2 

pH 10 

OSfree 0.673 0.500 0.359 0.379 0.296 

OStotal 2.234 2.231 2.284 2.228 2.172 

OSbound 1.560 1.731 1.926 1.849 1.876 

DS 0.012 0.014 0.015 0.015 0.015 

RE (%) 52.0 57.7 64.2 61.6 62.5 
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