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Abstract 
Starch is a promising polymer as a renewable alternative to petroleum and nature gases. 
However, native starch possesses limitations such as low shear stress resistance, thermal 
decomposition, high re-crystallisation/retrogradation, and syneresis. Acid hydrolysis 
followed by acetylation is a reaction used to improve the film-formation of native starch.  
Acetylation foremost improves the hydrophobicity of starches. In addition, acetylated 
starches have shown to form films more easily compared to unacetylated starches. 
Controlling different modifications of starches can help tailoring mechanical and barrier 
properties of materials, therefore improving the effectiveness of food packaging.  

The object of this investigation was to examine how the structure of certain 
starches was affected by chemical modifications as acid hydrolysis and acetylating as 
well as by film-forming. The ratio of amylose and amylopectin was examined by using 
size exclusion chromatography (SEC), followed by phenol-sulfuric acid reagent and 
iodine-staining. Secondly, High Performance Anion Exchange Chromatography with 
Pulsed Amperometric Detection (HPAEC-PAD) was used to determine the amylopectin 
chain length distribution.  

In acid hydrolyzed starches, the amylopectin and amylose content was replaced to 
a great extent by degradation products yield by the depolymerizing reaction of acid 
hydrolysis. Acetylation was found to have a smaller degrading effect as well. However, 
film forming performed by solution casting did not seem to contribute to any further 
degradation of the polymers. Starches with a great extent of degradation possessed an 
increased amount of chains with degree of polymerization (DP) values between 35-65 
due to degradation of the highly branched amylopectin molecule. 
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SVENSK SAMMANFATTNING 
 
Stärkelse har på senare år blivit en mycket lovande biopolymer och kommer 

förhoppningsvis kunna bli ett väl fungerande naturvänligt alternativ till oljebaserade 

material så som plaster. Inom ett par generationer kommer tillgångarna på olja och 

naturgaser med största sannolikhet att ta slut på jorden, och därför har intresset och 

forskningen kring förnybara och miljövänliga material ökat kraftigt under de senaste två 

decennierna.  Stärkelse har visat sig ha utmärkta materialegenskaper, som t.ex. 

filmbildningsförmåga och gasbarriäregenskaper, vilket gör den till en mycket lovande 

biopolymer speciellt för material med begränsad hållbarhetstid.  Dock är 

användningsområdet av stärkelse idag begränsat på grund av dess fuktkänslighet samt det 

faktum att stärkelsegranuler löser upp sig i varmt vatten. Dessa begränsningar kan 

emellertid motverkas med hjälp av modifieringar av de fria hydroxigrupperna i 

stärkelsemolekylen och på så vis kan stärkelsestrukturen anpassas efter specifika 

önskemål. Syftet med detta projekt var därför att undersöka hur stärkelsestrukturen 

påverkas av kemiska modifieringar som syrahydrolysering och acetylering, likväl av 

filmbildning.   

 Förhållandet mellan amylos och amylopektin har tidigare visat sig påverka 

stärkelsens filmbildningsförmåga. Med hjälp av gelfiltrering (SEC) kunde amylos och 

amylopektin i olika stärkelseprover från potatis och majs, både modifierade och icke-

modifierade, separeras och därefter identifieras med hjälp av våtkemiska analysmetoder 

som jodinbindning och fenol-svavelsyra reagens. Det visade sig att amylos- och 

amylopektininnehållet till stor del ersattes av nedbrytningsprodukter bildade genom 

syrahydrolyseringsreaktionen. Resultaten visade även att ju lägre viskositet på stärkelsen, 

desto mer omfattande var nedbrytningen orsakad av kraftig syrahydrolysering. Även 

acetylering visade sig ha en mindre nedbrytningseffekt. Dock hade inte filmbildning, 

utförd via solution casting, någon ytterligare nedbrytningseffekt på stärkelsepolymererna.  

 Amylopekinets kedjelängdsfördelning analyserades med hjälp av High 

Performance Anion Exchange Chromatography with Pulsed Amperometric Detection 

(HPAEC-PAD). Det visade sig att stärkelseprover med låg viskositet, dvs. mer 

omfattande syrahydrolysering, innehöll en ökad mängd av glukoskedjor med degree of 
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polymerization (DP) värden mellan 35-65. Dock är det fortfarande oklart om dessa kedjor 

har någon effekt på själva filmbildningförmågan hos stärkelse. 
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1. INTRODUCTION 

 
Starch is one of the most abundant biopolymers in Nature, and functiona as an energy 

store in plants. Starch from different botanical sources has dissimilar functional 

properties due to morphological and structural differences (Zobel 1988, BeMiller and 

Whistler 1996). Starches, and modified starches, are used in a wide range as raw 

materials in different industries such as paper-, textile- and food industry, and the 

adaptation of starches for specific purpose is greatly dependent on their physico-chemical 

characteristics. Because of environmental problems, which are a consequence of the great 

amounts of plastics produced, and the fact that the Earth in a few generations is likely to 

run out of petroleum resources and nature gases, a growing interest of alternative 

materials have been developed over the past two decades (Ghandini 2008, Long & Ling 

2009). Hence, starch and starch-based materials have become a very interesting area for 

research.  

Apart from being a biodegradable natural polymer, starch possesses great material 

properties such as good film-forming and great gas barrier properties (Hizukuri 1996, 

Rindlav-Westling et al. 1998). Besides, it is non-toxic, modifiable, and economical, 

which makes starch a very promising biopolymer, especially for materials with a limited 

life span (Hizukuri 1996, Long & Ling 2009). However, even though the benefits of 

starch-based materials are obvious, the use is restricted by several factors; the moisture 

sensitivity, the influence of moisture content on the materials properties, and the fact that 

starch granules completely disperse in hot water (Stading et al., 2001). Therefore, 

different kinds of modifications, e.g. physical, chemical and enzymatic modifications, of 

free hydroxyl groups in the starch molecule are used in order to adjust the structure for 

specific requests and thereby bring opportunities to develop materials for new 

applications (Van Soest, 1997). Controlling film-formation allows tailoring the 

mechanical and barrier properties of the materials, and improving the effectiveness of 

food packaging. Thus, knowledge of the starch structure will help us to understand the 

properties of film-forming in starch-based materials.  
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1.1 Aim 

 
The object of this investigation was to examine how the structure of certain starches, such 

as the ratio of amylose and amylopectin and the chain length distribution of amylopectin, 

was affected by chemical modifications as acid hydrolysis and acetylating as well as by 

film forming. Molecular structure was examined by using size exclusion chromatography 

(SEC), phenol-sulfuric acid reagent, iodine-staining, and High Performance Anion 

Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD). The 

investigation is a part of the Renewable Functional Barriers Project. RenewFuncBarr is 

an extensive cooperation between SLU, Karlstad University, KTH, Chalmers, STFI, YKI, 

and several industries, with the purpose to study the possibilities to use grain proteins and 

starch as food packaging barriers. 

1.2 Starch composition 

1.2.1. General properties of starch  

Starch occurs naturally as discrete particles in plants called starch granules. The shape, 

size, and properties of the starch granules depend on the botanical source. The size of 

starch granules ranges from about 0.5 µm to 100 µm (Jane et al., 1992), and starch 

granules are basically a mixture of two main components of glucose polymers: a mainly 

linear polysaccharide called amylose, and a highly branched polysaccharide called 

amylopectin. The ratio of the two polymers varies depending on the plant source, 

however, a standard value is determined to 25% amylose and 75% amylopectin for 

“normal” potato starch.  

Even though starch granules are composed of hydrophilic polymers, the granules 

are not very soluble in cold water due to their semi crystalline structure (i.e. they have 

both crystalline and amorphous regions). However, when starch is heated in water, the 

granules absorb water and swell in an irreversible viscosity-building process called 

gelatinization, where the order within the starch granules is disrupted and they lose their 

crystallinity. This phase transition phenomenon results in the formation of a starch past. 

Cooling of starch pasts lead to formation of starch gels, a process called retrogradation. 

Since retrogradation is a non-equilibrium recrystallization process, gelatinized starch will 

retrograde to a more crystalline and ordered state after time and this will change the 
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rheological properties of starch during, for instance, storage (Zobel 1988, BeMiller and 

Whistler 1996, Eliasson et al. 1996).  

The fact that the starch polymer consists of both linear and branched components 

complicates the examination of the discrete polymers. Therefore selective fractionations 

with chemical components which form complexes with one of the polymers are often 

being used to be able to study isolated amylose or amylopectin (Morrison et al., 1982). 

Besides, even though glucose is the major component of starch granules, they also 

contain minor amounts of lipids, proteins and phosphorous, which might affect the 

analyses (Zobel, 1988).  

1.2.2 Amylose and amylopectin 

In the linear amylose molecule the glucose residues are interconnected through (1→4)-α-

D-glucosidic linkages (Fig. 1). Some amylose molecules are slightly branched with few 

(1→6)-α-D-glucosidic linkages, but these do not affect the predominant linear physical 

property. The glucose units linked in amylose forms a right-handed helical shaped 

complex with polar lipids, and the molecular weight (Mw) of amylose ranges from 105 to 

106 (Zobel 1988, Aberle 1994, BeMiller and Whistler 1996). Conversely, amylopectin is 

highly branched through (1→6)-α-D-glucosidic linkages (Fig. 1), and the branch points 

are not randomly distributed (Bertoft et al., 1992). Hence, amylopectin has a bush-like 

structure and is a much larger molecule compared to amylose.  

Fig. 1.  Molecular structure of amylose (a) and amylopectin (b). 
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Amylopectin has a molecular weight of 107-109 and is thereby one of the largest 

naturally-occurring molecules. The highly branched structure of amylopectin reduces the 

mobility of the polymer chains. Thereby the levels of hydrogen bonding between the 

chains are decreased, and the ability of film forming is affected negatively (Hizukuri et 

al.1981, Pérez et al. 1996). Amylopectin consists of three different kinds of glucose 

chains; A-, B-, and C-chains. The C-chain is equivalent to the spoil of the molecule and it 

carries the only reducing end-group. B-chains are linked to the C-chain through their 

reducing groups, and unbranched A-chains are linked to the B-chains in the same way 

(Hizukuri 1986, BeMiller and Whistler 1996, Hanashiro et al. 1996, Hizukuri 1996). The 

branches of the amylopectin polymer are clustered in structural domains, and occur as 

packed double helices, and it is most likely the packing together of these structures that 

forms the main crystalline component in starch granules (BeMiller and Whistler, 1996). 

The concentration of amylose is significant for the film-forming ability of 

starches (López et al., 2008). High amylose starches is known to form films with better 

functional properties regarding both strength and barrier properties than those films of 

predominantly amylopectin (Rindlav-Westling et al., 1998). When starch granules 

gradually swell in hot water, the granules break, releasing amylose and amylopectin. 

Highly branched amylopectin molecules have little affinity to each other, and therefore 

these gels and films are weak and flexible. On the contrary, the long linear chains in 

amylose interact by hydrogen bonds to a higher extent and this enable stiffer and stronger 

gels and films (Rindlav-Westling et al. 1998, López et al. 2008). 

1.3 Modifications and the effect on film-forming properties of starches 

 
Native starches are not very suitable as raw material for any specific applications at 

industrial level since they possess limitations. Native starches have for instance low shear 

stress resistance, thermal decomposition, high re-crystallisation/retrogradation, and 

syneresis (i.e. the separation of liquid from a gel that is caused by contraction). Hence, 

films made by native starch must be protected from both air humidity and water, which 

enables by making the starch less water-sensitive (Fleche 1985, Van Soest 1997). Native 

starch films are also known to show very low oxygen permeability (Tomka, 1991).  
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Starch can undergo reactions at its free hydroxyl groups, and different kinds of 

modifications of native starches are used in order to adjust the chemical structure of the 

polymers for specific purposes. Chemical modifications involve the introduction of 

functional groups into the starch molecule, and substituted starches generally have better 

properties such as higher stability, lower hydrophilicity, increased resistance to 

retrogradation, reduced gelatinization time, and increased film-forming ability (Fleche 

1985, Agboola et al. 1991, BeMiller and Whistler 1996, Van Soest 1997).  

To describe the level of modification the degree of substitution (DS) is used. DS 

is the average number of hydroxyl groups per monosaccharide unit that are derivatized by 

substituent groups. The DS value can not be higher than 3 due to the fact that only three 

hydroxyl groups in each glucose unit are available for substitution (Eliasson et al. 1996, 

Van Soest 1997). High DS acetylated starches have been identified as attractive materials 

for barriers towards water and water vapor, because of the hydrophobic character (Chi et 

al., 2008). Acetylated starches have also shown great characteristics to form films (López 

et al., 2008). In acetylation, hydrogen atoms of free hydroxyl groups are replaced with 

acetyl groups (CH3CO) via ester linkages. Acetylation lowers the gelatinization 

temperature, improves paste clarity, and provides stability to retrogradation (BeMiller 

and Whistler, 1996). The depolymerization process of acid hydrolysis prior to acetylation 

facilitates the acetylating reaction through more or less random cleavage of glucosidic 

linkages between the monosaccharides, and the polymer chains are shortened.  Acid 

hydrolysis therefore enables the construction of highly acetylated starches (BeMiller and 

Whistler, 1996). Acid hydrolysis decreases viscosity, increases the solubility of the starch 

granules, and minimizes the syneresis (Fleche, 1985).  

1.4 Molecular characterization of amylose and amylopectin 

 
Characterization of amylose and amylopectin is commonly done by collecting fractions 

from size exclusion chromatography (SEC). Each fraction is then analyzed for its content 

of polysaccharides by different methods such as phenol-sulfuric acid reagent or iodine 

staining. Another common method for starch analysis is High Performance Anion 

Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD), which 

determine the chain length distribution of the amylopectin component of starches. 
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1.4.1 Size exclusion chromatography 

Amylopectin and amylose molecules have to be separated prior to further 

characterization analyses. A common technique for separating molecules is gel filtration 

chromatography, or size exclusion chromatography (SEC). The underlying principle of 

SEC is that molecules of different size in solution, or hydrodymanic volume, will elute 

through a stationary phase at different rates (Lloyd et al., 1996). The stationary phase 

consists of porous gel particles packed in a column, in which molecules of a small 

enough size can penetrate into the pores (Hagel, 1989). Consequently, as the dissolved 

sample moves within the column, some molecules enter the pores. Larger molecules, 

which are unable to permeate the pores in the gel, elute faster. Molecules of smaller size 

will be fractionated based on their permeability into the pores, with those least able to 

permeate eluting first. Therefore, molecular size of a certain molecule can be associated 

to its elution volume, which is dependent on the column dimension and the pore size 

(Hagel, 1989).  

1.4.2 The phenol and sulfuric acid colorimetric method of determination of 
carbohydrates 

The phenol and sulfuric acid reagent is used for the quantitative colorimetric 

determination of amylose and amylopectin, and other derivatives of sugars, according to 

DuBois (1956). Sulfuric acid hydrolyzes polymers to monomers, glucose molecules, and 

the carbohydrate converts to furfurals or hydroxyl methyl furfurals. Furals form a yellow 

colored complex when mixed with phenol. The amount of color is proportional to the 

amount of carbohydrates present, and the absorbance of the complex is measured at 

485nm. The reaction is stable, and possesses a definite absorbance peak (DuBois et al., 

1956). 

1.4.3 The iodine staining method of determination of carbohydrates 

Iodine is able to form complexes with the hydrophobic interiors of the helical linear 

chains of both amylose and amylopectin molecules. The long helical segments in 

amylose allow formation of polyiodine complexes, which produce a blue color. The 

highly branched amylopectin has too short helical segments for formation of long chains 

of polyiodine; hence a brownish color is produced. The method is specific, sensitive, and 

easy to determine qualitatively and quantitatively by spectrophotometer. The method is 
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being used for differentiation of amylose and amylopectin on the basis of their iodine-

binding properties. Maximum absorbance of the blue-colored iodine complex occurs at 

640 nm, and the brownish-colored iodine-complex has it maximum at lower wavelengths 

around 530-590nm (Banks et al., 1975). Amylose gives high absorbance values since it 

has an extensive linear part, while amylopectin gives low values due to short linear 

segments (Morrison et al. 1982, BeMiller and Whistler 1996, Hizukuri 1996). 

1.4.4 High Performance Anion Exchange Chromatography with Pulsed Amperometric 
Detection (HPAEC-PAD) 

Chain-length distribution is an important parameter for characterizing the molecular 

structure of starch. High Performance Anion Exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC-PAD) is a method used to determine the chain length 

distribution of the amylopectin component of starch. The technique provides details about 

the amount of the individual unit glucan chains.  

Debranched starch is injected on a column where the carbohydrates are ionized by 

the highly basic environment. The negatively charged oxyanions are able to bind to the 

cationic stationary phase within the column. The separation is strongly affected by the 

accessibility of oxyanions to the functional groups attached to the stationary phase, 

thereby short chains detach first due to weaker binding (Huber and Bonn, 1995). The 

oxyanions elutes by the assistance of pushing agent. The pushing agent (usually nitrate or 

acetate) is a counter ion, which has stronger affinity to the stationary phase (Wong et al., 

1995). Separated unit chains are then detected by PAD, where the current resulting from 

the oxidation or reduction of unit chains is measured at the surface of a metal electrode. 

Gold is a commonly used metal for the electrode since carbohydrates adsorb easily and 

are able to undergo electrochemical reactions at low potential (Johnson and LaCourse, 

1995). The degree of polymerization (DP) values is determined, which is the number of 

repeated glucosidic units in a certain chain. Only carbohydrates with DP values between 

2 and 65 can be detected due to column limitations. This prevents amylose chains to be 

detected, due to the fact that they are too large (Wong et al. 1995, Koch et al. 1998). 

 
2. MATERIALS AND METHODS 
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2.1 Materials  

 
Fourteen potato and maize starch samples were obtained from Lyckeby Stärkelsen 

(Kristianstad, Sweden). The samples were non-modified, acid hydrolyzed (by 

hydrochloric acid) and acid hydrolyzed acetylated, as shown in Table 1. The latter 

consisted both as powder and film. The modified samples had high DS values, but the 

values were not precise.  

The acetylation was done using acetic acid anhydride with sodium hydroxide as 

catalyst, according to Mark (1972). The films were produced by solution casting. Starch 

powder was dissolved in one hundred percent of acetic acid, and the solution was poured 

into a Petri dish. Thereafter the starch solution was left to dry at ambient temperature and 

humidity, and a film was formed. The starch film samples had to be pestled to enable 

dissolution and further analyses.  

Sodium hydroxide, sulfuric acid, iodine resublimed, and potassium iodide were 

purchased from Merck (Darmstadt, Germany). Sodium acetate was purchased from Fluka 

(Buchs, Switzerland). Iso-amylase (from Pseudomonas sp. 1000U/mL), Pullulanase 

(from Klebsiella planticola, 720U/mL), and β-amylase (from barley, 18.000U/mL) were 

obtained from Megazyme (Wicklow, Ireland). Water from a milli-Q water purification 

system was used for HPAEC-PAD analysis. All chemicals used throughout this work 

were of analytical grade, and all enzyme activities were given by suppliers. All eluents 

were filtered (0.45 µm) and degassed before used in chromatography. 

 

Table 1. Potato and maize starch samples were non-modified, acid hydrolyzed or acid hydrolyzed acetylated. The table 
shows abbreviations and complete names. 

  

Samples Complete names Comments 

HAM High Amylose Maize  

SHHAM Acid Hydrolyzed High Amylose Maize  

SHAHAM Acid hydrolyzed Acetylated High Amylose Maize Both as powder and film 

HAP High Amylose Potato  

SHHAP(HV) Acid Hydrolyzed High Amylose Potato (High Viscosity)  

SHHAP(LV) Acid Hydrolyzed High Amylose Potato (Low Viscosity)  

NP Native Potato  

SHNP(HV) Acid Hydrolyzed Native Potato (High Viscosity)  

SHNP(MV) Acid Hydrolyzed Native Potato (Medium Viscosity)  

SHANP(MV) Acid Hydrolyzed Acetylated Native Potato (Medium Viscosity) Both as powder and film 

PAP Potato Amylopectin Potato high in amylopectin 

SHPAP Acid Hydrolyzed Potato Amylopectin Potato high in amylopectin 
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A few of the raw data used in this work were derived from Dr. Kristine Koch, who 

carried out some analyses previous to this work. The reason was that this work was a 

continuation on an already started project, as well as the great extent of the project and 

the limits of time. These samples are listed in appendix 1.  

2.2 Amylose and amylopectin ratio 

2.2.1 Gel permeation chromatography on Sepharose CL-2B 

Approximately 25mg starch powder was dissolved in 0.1 M NaOH during stirring. 

Acetylated samples, including films, required a NaOH concentration of 0.5 M. However, 

some of the acetylated samples were not fully dissolved in 0.5 M NaOH, and these had to 

be filtered or centrifuged to achieve an opaque and clear solution.  

The starch solutions were fractionated by size exclusion chromatography (SEC) 

on Sepharose CL-2B (80×1.6cm) (GE Healthcare, Sweden) using 0.01 M NaOH as 

eluent at a flow rate of 0.4 mL/min. One hundred fractions were collected (in 10mL 

tubes) with 1mL per tube using a Gilson FC 204 fraction collector (Middleton, MI, 

USA). When the analysis of the acetylated starch samples began, the fraction collector 

had to be exchanged to a Foxy Jr fraction collector (Knauer, Berlin, Germany) due to the 

fact that many people in the laboratory needed the same equipment. This forced some 

further adjustments; fewer fractions were collected with an increased fraction volume of 

2mL per tube, which had to be divided into two before further analysis.  

2.2.2 Iodine staining 

The distribution of amylose and amylopectin in the starch samples was detected by iodine 

staining, essentially according to the method developed by Morrison and Laignelet 

(1983). To each fraction 100 µl I2/KI solution (2mg I2 and 20 mg KI/mL) were added, 

and the samples were thoroughly vortexed. Spectra for all fractions were measured 

between 300 and 800 nm (UV-2101PC Spectrophotometer, Shimadzu, Kyoto, Japan). 

The fractions were measured in chronological order and one measurement took about 1.5 

min. All samples were analyzed in duplicate. 



 15 

2.2.3 The phenol and sulfuric acid colorimetric method for determination of sugars 

The starch samples were analyzed for carbohydrate by the phenol-sulfuric acid reagent, 

essentially according to DuBois et al. (1956). All fractions from CL-2B gel permeation 

chromatography were treated with 0.5mL 25% phenol solution and 2.5mL sulfuric acid. 

Stirring by vortex was performed three times at 30 minutes intervals. The absorbance was 

measured at 490nm wavelength using a WPA CO 7500 Educational Colorimeter 

(Biochrom, Cambridge, UK). This colorimeter could not measure absorbance at the 

desirable 485 nm, but 490 nm worked very well. All samples were analyzed in duplicate. 

2.3 Amylopectin chain length distribution 

2.3.1 High Performance Anion Exchange Chromatography with Pulsed Amperometric 
Detection (HPAEC-PAD) 

Approximately 2 mg starch was first dissolved in 50 µL 90% DMSO and stirred at room 

temperature over night. Thereafter 400 µL de-ionized water and 50 µL 0.1 M acetate 

buffer (pH 5.5) were added. The solution was debranched with 1 µL iso-amylase and 1 

µL pullulanase, according to Bertoft (2004). These two enzymes are of direct-

debranching type, i.e. they hydrolyze (1→6)-α-D-glucosidic linkages directly or by one 

single step (Eliasson et al. 1996). Thereafter the enzymes were inactivated by heating in a 

boiling water bath for 5-10 minutes.  

 The degree of debranching was verified by adding 1 µL β-amylase to debranched 

starch samples, and the reaction was stirred over night. Heating in boiling water for 5-10 

minutes inactivated the enzyme. The β-amylase catalyzes the hydrolysis of the second 

(1→4)-α-D-glucosidic linkages in amylose and amylopectin. The polymers are 

hydrolyzed exowise from the nonreducing terminal residues close to the branching 

linkages, and maltose and maltotriose are produced (Hizukuri, 1996). 

HPAEC-PAD analysis chromatography was performed on a Dionex DX 500 

instrument (Sunnyvale, CA, USA) equipped with a PAD system (ED40), and each 

sample analysis took 112 min. Debranched, filtered (PTFE filter 45 µm), starch samples 

(20 µL, 2 mg starch/mL) were injected at room temperature onto a CarboPac PA-100 

anion-exchange column (250×4mm) in combination with a CarboPac PA-100 guard 

column via an autosampler (Spectra-Physics, Fremont, CA, USA). The potentials and 

durations were E1 0.10 V (t=0.00-1.40ms), E2 -2.0V (t=0.40-0.42ms), E3 0.60 V 
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(t=0.43ms), and E4 -0.10 V (t=0.44-0.50 ms). The column was eluted with a gradient 

system including two eluents, eluent A (150 mM NaOH) and eluent B (150 mM NaOH 

containing 500 mM NaOAc), at a flow rate of 1ml/min. The samples were eluted by 

increasing the portion of eluent B as follows: 0-9 min 15 to 36%, 9-18 min 36 to 45%, 

18-110 min 45 to 100%, and 110-112 min 100 to 15% (return to start portions). All 

samples were analyzed in duplicate. 

 

3. RESULTS AND DISCUSSION 

3.1 Amylose and amylopectin ratio 

 
Fourteen different starch samples from potato and maize were dissolved as described and 

fractionated by SEC on a column of Sepharose CL-2B, and amylose and amylopectin 

were detected by iodine staining and by phenol-sulfuric acid reagent.  

When analyzing the starch samples with phenol-sulfuric acid reagent, two major 

peaks were detected (Figs. 2-5). In SEC, the polymers are separated based on their 

hydrodynamic volume. Due to its highly branched structure, the large amylopectin 

molecule elutes faster through the column compared to amylose. Hence, the first major 

peak in the chromatograms is suggested to correspond to amylopectin. Consequently, the 

second peak thus corresponded to smaller molecules such as amylose or degrading 

products from the acid hydrolysis reaction. In the acid hydrolysis reaction, polymer 

chains depolymerize through cleavage of glucisidic bonds between the monosaccharides, 

and smaller products are produced (BeMiller and Whistler, 1996). 
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Fig. 2. Chromatogram for average values of potato amylopectin, PAP, and acid hydrolyzed potato amylopectin, SHPAP, fractioned on 
Sepharose CL-2B and detected by phenol-sulfuric acid reagent. 
 

Fig. 3. Chromatogram for average values of high amylose potato, HAP, acid hydrolyzed high amylose potato with low viscosity, 
SHHAP(LV), and acid hydrolyzed high amylose potato with high viscosity, SHHAP(HV), fractioned on Sepharose CL-2B and 
detected by phenol-sulfuric acid reagent.  



 18 

 
Fig. 4. Chromatogram for average values of high amylose maize, HAM, acid hydrolyzed high amylose, SHHAM, and acid hydrolyzed 
acetylated high amylose maize, SHAHAM, fractioned on Sepharose CL-2B and detected by phenol-sulfuric acid reagent.  

 

Fig. 5. Chromatogram for average values of native potato, NP, and acid hydrolyzed native potato with high viscosity, SHNP(HV), 
acid hydrolyzed native potato with medium viscosity, SHNP(MV), and acid hydrolyzed acetylated native potato (powder and film) 
fractioned on Sepharose CL-2B and detected by phenol-sulfuric acid reagent. 
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As shown in Fig. 6, comparison of unmodified starch samples was made, and gives a hint 

of the structural differences between the different starches analyzed. The chromatogram 

demonstrates the distribution of amylopectin and amylose, and there are significant 

differences between the different samples. The potato amylopectin sample, PAP, 

contained the largest first peak, and thus the greatest quantity of amylopectin molecules. 

However, the second peak of PAP is the smallest, i.e. PAP has the lowest amount of 

amylose. Whereas the high amylose maize sample, HAM, has the largest quantity of 

amylose, and smallest quantity of amylopectin, as were expected. In acid hydrolyzed and 

in acid hydrolyzed acetylated starches, the first peak decreased or completely 

disappeared. Instead a larger second peak was yield, compared to unmodified samples 

(Figs. 2-5), due to the degradation of amylose and amylopectin caused by the 

depolymerizing reaction of acid hydrolysis.  

 
Fig. 6. Chromatogram demonstrating the distribution of amylopectin and amylose for unmodified PAP, HAP, NP, and HAM, 
fractioned on Sepharose CL-2B and detected by phenol-sulfuric acid reagent.  
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Amylopectin and amylose are able to be distinguished on the basis of their iodine-binding 

properties. Iodine forms a brownish to blue-colored helical polyiodine complex by 

binding to the hydrophobic cavity of the linear chains of the polymers, and the blue 

colored complex is strongly connected to amylose. These colors were clearly visible after 

iodine was added to the fractions. The colors were, however, slightly weaker in 

acetylated starches. The wavelength corresponding to maximum absorption when starch 

complexes with iodine is denoted the λmax, and  λmax-values for each fraction stained with 

iodine were calculated from data obtained by the spectrophotometer measurement, as 

shown in Figs. 7-15. Noteworthy, the amylopectin-iodine complex is not as stable over 

time as the amylose-iodine complex on account of weaker binding, which might affect 

the results. There might be molecules whose absorbance could not be measured due to 

complex instability. A typical λmax-value for long polymer chains as in amylose is around 

640nm, showing a deep blue color. The amylopectin polymer is instead showing a 

brownish color at λmax-values around 530-590nm (Banks et al., 1975). Both the λmax and 

the color intensity are dependent on the chain length of the polymers. Consequently, 

longer chains mean more polyiodine complex forms and the intensity of the blue color 

enhances. The absorption maximum, Absmax, corresponds to the absorbance value of each 

fraction, and indicates the amount of the sample.   

As shown in Figs. 7-15, the absorption maximum curve, Absmax, obtained from 

the iodine staining, and the absorbance curve measured at 490nm, Abs (490nm), in the 

phenol-sulfuric acid reagent clearly overlapped. The λmax-values, shown in the same 

chromatograms, obtained from the iodine staining, were of great importance when 

verifying the two peaks observed. For instance, the curves of Absmax and Abs (490nm) 

might show a large second peak in the chromatograms, but the λmax will indicate whether 

if it is amylose or smaller degradation products, due to the typically value for amylose of 

640 nm (Banks et al., 1975). The initial peak, between elution volumes 45 and 70 mL, 

corresponded to the large amylopectin molecules, which are emphasized by a λmax 

between 530 and 590 in this region. The second peak, generally more wide and low, with 

elution volumes approximatively between 90 and 160 mL, had a λmax around 640 nm or 

substantially lower. This peak corresponded to amylose and to partially degraded 

amylopectin and amylose. The fact that the λmax of the second peak was not as high as 
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pure amylose in the acid hydrolyzed starches indicated presence of fragments from the 

degradation of amylopectin and amylose. Furthermore, the λmax decreased over the 

second peak, which indicated the fact that the polymer chain length decreases with 

decreasing molecular size, i.e. the λmax decreases with increasing degradation. However, 

it is noteworthy that the curves of Absmax and Abs (490nm) in Figs. 7-15 frequently have 

varying width. The Abs (490nm) curve produced by phenol-sulfuric acid reagent has 

generally an extended base. The difference observed probably depends on the fact that 

the materials contained chains that were too short to form complexes with iodine, or the 

complexes formed were quite unstable. Therefore less absorbance could be detected. 

However, in phenol-sulfuric acid reagent the chain lengths were not important. As long 

as there is material, the glucose molecules form complexes with phenol and the 

absorbance could be measured.  

As shown in Figs. 3 and 5, the level of viscosity due to depolymerization is 

clearly demonstrated. Lower viscosity indicates higher degradation of amylose and 

amylopectin, which demonstrates by a smaller first peak and a larger second peak. There 

was a significant difference in the level of degradation between high and low viscosity 

samples as seen in Fig. 3. Comparison of the λmax between low and high viscosity 

samples of acid hydrolyzed high amylose potato, SHHAP, showed that the second peak 

in the low viscosity sample consisted of a larger amount of degradation products. This 

was demonstrated by λmax–values less than 600 nm, substantially lower than the value of 

amylose. In SHHAP (HV) the λmax for the second peak was around 640 nm, which 

reflects the fact that most of the material in the peak was amylose (Figs. 7 and 8). The 

second peak of SHHAP (LV) was eluted in later fractions, 90 to 160 ml, compared to 75 

to 140 ml for the high viscosity samples, which indicated a decreasing molecular size. 

Besides, as shown in Fig. 3, the first peak in the chromatogram, the ratio of amylopectin, 

in SHHAP (HV) possessed clear similarities to the unmodified HAP sample, whereas the 

first peak in SHHAP (LV) is completely decomposed. Thus, there was extended 

degradation and decreased chain length of polymers in low viscosity samples, which 

were expected.  However, in the acid hydrolyzed native potato with medium viscosity, 

SHNP (MV), the λmax is not significantly lower than the λmax for the high viscosity 

sample (Figs. 11 and 14). This is explained by less extensive acid hydrolysis, and 
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therefore less degradation of amylose and amylopectin, compared to starch samples with 

lower viscosity. The fact that the level of viscosity due to depolymerizing causes 

structural differences between starches, might be important to recall when the extent of 

acid hydrolysis is chosen.  

The differences in λmax between acid hydrolyzed starch samples are shown in Fig. 

16. Acid hydrolyzed potato amylopectin, SHPAP, had the lowest, and most straight, λmax 

curve, which could be explained by its molecular structure. The λmax were in the 

amylopectin region. Consequently, potato amylopectin starch contained a very high 

concentration of amylopectin, and almost none amylose, as shown in Fig. 2. The λmax of 

acid hydrolyzed native potato, SHNP, samples presented similar patterns; the λmax 

increased from 540 nm to 640 nm and then decreased to values around 600nm. It has its 

highest value in the amylose region. However, there were some distinctions. The SHNP 

sample with medium viscosity eluted about ten fractions later compared to the sample 

high viscosity, and had lower λmax in the amylose region. The lower λmax-values are due 

to a larger quantity of degradation products. Later elution volumes also indicated the fact 

that the material contained molecules of smaller size. The curves for the acid hydrolyzed 

high amylose potato, SHHAP, samples distinctly differed between the high viscosity 

sample and the low viscosity sample. The former demonstrated a λmax curve, which 

followed the same pattern as the curves for the SHNPs, i.e. the λmax increased from 540 

nm to 640 nm and then decreasing to values around 600nm. The curve had its lowest λmax 

in the amylopectin region, and the highest value in the amylose region. Thus, both 

amylopectin and amylose are present. The latter was eluted in later fractions, did not 

showing the same pattern, and the λmax were in general much lower. All due to a higher 

level of acid hydrolysis. 

As shown in Figs. 4, acetylation was found to have a degrading effect on the 

starch structure in high amylose maize, HAM. The second peak belonging to acid 

hydrolyzedacetylated samples, SHA, in the chromatograms were apparently higher 

compared to acid hydrolyzed samples, SH. The λmax in Figs. 9-10 and 11-12 verified the 

degradation impact by acetylation by showing a lowering of λmax in the acetylated 

sample. On the contrary, this effect was not apparent for native potato, NP, in the 

chromatogram yield by phenol-sulfuric acid reagent shown in Fig. 5. The curves for 



 23 

SHNP (MV) and SHANP (MV) were approximately the same. The acetylated sample did 

not indicate any degrading due to acetylation. However, these two samples were 

centrifuged or filtered due to difficulties in the dissolution process, which most likely 

caused a significant decrease in absorbance measured because of loss of material. 

Therefore, the accuracy is low and degradation due to acetylation is still very probable. 

Furthermore, it is important to notice that the acetyl substitutes were being removed 

during dissolution of acetylated samples in 0.5 M NaOH. When acetylated starch was 

added into the sodium hydroxide solution, and the mixture was stirred for about 30 h, the 

acetyl groups evidently fell off. This was not intended from the beginning, but according 

to Chi et al. (2007) this reaction should occur. However, the removal of acetyl groups did 

not affect the analysis of the molecular structure of the starches, and structural changes 

were still able to be noticed.  

Two starch films were received from Lyckeby Stärkelsen: acid hydrolyzed 

acetylated high amylose maize, SHAHAM, and acid hydrolyzed acetylated native potato 

with medium viscosity, SHANP (MV). However, only SHANP (MV) was able to be 

dissolved in 0.5 M NaOH. Shortage of time prevented further method development, and 

therefore SHAHAM could not be analyzed. As shown by Fig. 5, the starch structure in 

acid hydrolyzed acetylated powder and film were comparable. This was also seen by the 

chromatogram presenting SHANP (MV) starch powder and film in Figs.11-12. Hence, 

there seem to be no structural modifications as a consequence of film-forming when films 

are made by the method of solution casting. However, the iodine measurement for 

filtered SHANP (MV) had a continuously decreasing baseline which had to be adjusted 

for. Also this sample could unfortunately not be performed in duplicate due to shortage of 

time. For both reasons these data are less reliable. We chose not to include centrifuged 

SHANP (MV) due to irregular data points, and shortage of time prevented further 

analyses.  
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Fig. 7. Chromatograms and λmax for acid hydrolyzed high amylose potato with high viscosity, SHHAP(HV), fractionated on Sepharose 
CL-2B and detected by iodine staining and phenol-sulfuric reagent.  
 

Fig. 8. Chromatograms and λmax for acid hydrolyzed high amylose potato with low viscosity, SHHAP(LV), fractionated on Sepharose 
CL-2B and detected by iodine staining and phenol-sulfuric reagent. 
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Fig. 9. Chromatogram and λmax for acid hydrolyzed high amylose maize, SHHAM, fractionated on Sepharose CL-2B and detected by 
iodine staining and phenol-sulfuric reagent.  
 

Fig. 10. Chromatogram and λmax for acid hydrolyzed and acetylated high amylose maize, SHAHAM, fractionated on Sepharose CL-
2B and detected by iodine staining and phenol-sulfuric reagent. 
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Fig. 11. Chromatogram and λmax for acid hydrolyzed native potato with medium viscosity, SHNP(MV), fractionated on Sepharose CL-
2B and detected by iodine staining and phenol-sulfuric acid reagent. 
 

 

 
Fig. 12. Chromatogram and λmax for acid hydrolyzed acetylated native potato with medium viscosity, SHANP(MV), fractionated on 
Sepharose CL-2B and detected by iodine staining and phenol-sulfuric acid reagent. 
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Fig. 13. Chromatogram and λmax for acid hydrolyzed acetylated native potato film with medium viscosity, SHANP(MV) film, 
fractionated on Sepharose CL-2B and detected by iodine staining and phenol-sulfuric acid reagent. 
 
 

 
Fig. 14. Chromatogram and λmax for acid hydrolyzed native potato with high viscosity, SHNP(HV), fractionated on Sepharose CL-2B 
and detected by iodine staining and phenol-sulfuric acid reagent. 



 28 

Fig. 15. Chromatogram and λmax for acid hydrolyzed potato amylopectin, SHPAP, fractionated on Sepharose CL-2B and detected by 
iodine staining and phenol-sulfuric acid reagent. 
 
 
 

 
Fig. 16. Chromatogram showing the comparison of λmax between SHHAP(LV), SHHAP(HV), SHHAM, SHNP(HV), SHNP(MV), and 
SHPAP. The samples were fractionated on Sepharose CL-2B and detected by iodine staining and phenol-sulfuric reagent.  
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3.2 Amylopectin chain length distribution 

 
Debranched acid hydrolyzed starch samples with concentrations of 2 mg/mL were 

subject to HPAEC-PAD analysis by the acetate gradient system. Non-modified starches 

appeared to be unable as subjects to HPAEC-PAD due to high concentration of amylose. 

The long linear amylose molecules have great affinity for the column and are likely to get 

stuck in it. This will damage the column; therefore the non-modified samples were not 

runned. Hence, only acid hydrolyzed starch samples with two different viscosities can be 

discussed in this report. The other acid hydrolyzed starches have no samples they can be 

compared to.  

The average degree of polymerization, i.e. the number of repeated glucosidic units 

in a certain chain, was calculated for each unit chain fraction by the HPAEC-PAD 

program in the connected computer, and the resulting chromatographic profiles with the 

chain length distributions of the amylopectin are shown in Figs.17-20. Amylose 

molecules are too large to be detected, as described in the introduction part. The relative 

weight was calculated by dividing the obtained relative area with detector response 

factors according to the method described by Koch et al. (1998). The chromatograms 

were analyzed from the peak representing DP 6 and higher based on the generally 

accepted assumption that DP 6 appear to be the smallest chains existing in amylopectin 

(Koizumi et al. 1991). The DP 6 was recognized by a retention time around 8 min.  
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Fig. 17. Bar graphs showing the chain length distribution of amylopectin in acid hydrolyzed high amylose potato with high viscosity, 

SHHAP(HV), on a relative amount basis obtained by HPAEC-PAD.  

 

 
Fig. 18. Bar graphs showing the chain length distribution of amylopectin in acid hydrolyzed high amylose potato with low viscosity, 
SHHAP(LV), on a relative amount basis obtained by HPAEC-PAD. 
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Fig. 19. Bar graphs showing the chain length distribution of amylopectin in acid hydrolyzed native potato with high viscosity 
SHNP(HV), on a relative amount basis obtained by HPAEC-PAD.  
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Fig. 20. Bar graphs showing the chain length distribution of amylopectin in acid hydrolyzed native potato with medium viscosity 
SHNP(MV), on a relative amount basis obtained by HPAEC-PAD. 
 

As shown in Fig. 17 and 18, differences existed in the internal unit chain distribution of 

the amylopectin molecules of acid hydrolyzed high amylose potato, SHHAP, with high 
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and low viscosity. The results showed that the variation in response for short chains with 

DP<35 was large, SHHAP (HV) possesses a larger quantity of short chains compared to  

SHHAP (LV). The shortest chains with DP 6-8 possessed, however, typical amylopectin 

profiles for both starch samples. These amylopectin profiles are regarded to be 

fingerprints of the amylopectin source (Koizumi et al. 1991). In addition, the unit chain 

distribution of amylopectin in SHHAP (HV), Fig. 17, is very similar the distribution of 

chains in pure amylopectin, according to the amylopectin model presented by Koch et al. 

(1998). In addition, Fig. 3 showed little difference in the ratio of amylopectin between the 

unmodified high amylose potato, HAP, and SHHAP (HV). Therefore, it was possible to 

estimate there was little degradation on the amylopectin molecules in the high viscosity 

samples. As shown in Fig. 21, formation of chains with DP 35 to 60 has occurred in 

SHHAP (LV). This formation is probably due to cleavage of chains between clusters in 

the amylopectin molecule caused by extensive acid hydrolysis. Moreover, as shown in 

Fig. 22, the degradation of the amylopectin molecule in medium viscosity starches did 

not contribute to formation of chains with DP 35 to 60, which demonstrates by the fact 

that the chromatograms representing SHNP (HV) and SHNP (MV) correlates. The acid 

hydrolysis process therefore needs to be more extensive if the purpose is to form chains 

with DP 35 to 60. It is still unknown, though, how these chains affect film-forming of 

starches. Altogether, HPAEC-PAD was a method able to clarify clear differences in the 

fine structure of different starches.  
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Fig. 21. Chromatogram showing comparison of  the chain length distribution of amylopectin in acid hydrolyzed high amylose potato 
with low viscosity, SHHAP(LV), and of amylopectin in acid hydrolyzed high amylose potato with high viscosity, SHHAP(HV), on a 
relative amount basis obtained by HPAEC-PAD. 

 
Fig. 22. Chromatogram showing comparison of the chain length distribution of amylopectin in acid hydrolyzed native potato with 
high viscosity SHNP(HV), and of amylopectin in acid hydrolyzed native potato with medium viscosity SHNP(MV), on a relative 
amount basis obtained by HPAEC-PAD. 
 
The bar graphs in Figs. 23 and 24 showed that the starch samples were debranched by 

isoamylase and pullulanase. β-amylase act on (1→4)-α-D-glucosidic linkages and 

hydrolyses maltose exowise from the outer starch chains, leaving mainly maltose and 

some maltotrios if the chains are completely linear (BeMiller, 1996). The major peak in 

Figs. 23 and 24 corresponds to maltose, and the smaller peak to maltotrios. The absence 

of peaks of higher DP demonstrates complete debranching of liner chains.  
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Fig. 23. Bar graph showing the chain length distribution of amylopectin in acid hydrolyzed high amylose potato with high viscosity, 
SHHAP(HV), treated with β-amylase.  
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Fig. 24. Bar graph showing the chain length distribution of amylopectin in acid hydrolyzed high amylose potato with low viscosity, 
SHHAP(LV), treated with β-amylase.  
 

3.3 Comments and further aspects 

 
Some procedures and methods did not work very well during this work, and these need to 

be improved before further analyses. Centrifugation of acetylated starch samples did not 
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work with the procedure used in this work. Extended centrifugation times or increased 

force might have improved regularity of the values, or perhaps centrifugation should not 

have been used at all. Instead all acetylated samples appeared to dissolve in 0.5 M NaOH 

when stirred for a longer period of time, i.e. 30h instead of 6h, as seen for SHAHAM. In 

addition, if time had been unlimited, all acetylated samples would have been analyzed 

and a more thorough investigation of the starch structure could therefore have been 

performed.  

In HPAEC-PAD, the non-modified samples could not be runned due to high 

concentrations of amylose. This could be resolved by purifying amylopectin from the 

starch samples before they are injected to the column. Unfortunately this could not be 

done in this investigation.  

Acid hydrolyzed starch films were difficult to dissolve in 0.5 M NaOH, and the 

method needs to be improved before further film analyses. More investigations of film 

samples need to be done as well as measurements of barrier properties, stress at break, 

and strain at break in order to study the relationship between starch chemical structure 

and mechanical properties of materials.   

 

4. CONCLUSIONS 

 
The ratio of amylose and amylopectin in certain modified and unmodified potato and 

maize starches was examined by using size exclusion chromatography (SEC), followed 

by phenol-sulfuric acid reagent and iodine staining. A distinct separation of amylose and 

amylopectin was observed and established by λmax-values. In acid hydrolyzed starches, 

the amylopectin and amylose content was changed to a great extent by degradation 

products formed by the depolymerizing reaction of acid hydrolysis. Lower viscosity was 

equivalent to higher level of degradation caused by a greater degree of acid hydrolysis. 

Acetylation was found to have a smaller degrading effect as well. However, film-forming 

performed by solution casting did not seem to contribute to any further degradation of the 

polymers.   

Clear differences in amylopectin chain length distribution in samples of different 

viscosity were observed. Starches with low viscosity, i.e. great extent of degradation, 

possessed an increased amount of chains with degree of polymerization (DP) values 
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between 35-65 due to degradation of the amylopectin molecule. It is still unknown, 

though, how these chains affect film-forming. 

However, more investigations are needed to understand the relationship between 

starch chemical structure and mechanical properties of materials. 
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APPENDIX 1 

SAMPLES PERFORMED BY DR. KRISTINE KOCH 

 

PAP1 

NP1 

SHHAM1 

SHNP(MV)1 

SHHAP(LV)1 

HAP1 

From phenol-sulfuric acid reagent 

 

SHHAM1 

SHHAP(HV)2 

SHHAP(LV)1 

SHNP(HV)2 

From iodine staining 

 

The samples mentioned are one of two duplicates.  


