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ABSTRACT

The heat-moisture treatment (HMT) has been suggested to employed on 

various starches to change the proportion of starch digestion fraction which

is generally classified into three groups, rapidly digestible starches (RDS), 

slowly digestible starch (SDS), and resistant starch (RS). 

The inherent physicochemical properties such as low swelling power and 

paste viscosity of HMT starch limited its industrial use. In addition, studies 

of the HMT conditions that maximize the content of RS in normal corn 

starch were lacking.

The alcoholic-alkaline treatment (AAT) has been applied to natural 

starches and carried out under various conditions such as heating at room 

temperature (25 °C), 35 °C, and above the gelatinization temperature as a 

measure of increasing viscosity and solubility in cold water. On the other 

hand, there has been no study on the changes in physicochemical properties 

of starch when the concentrations of ethanol and sodium hydroxide, which 

are used for AAT, have not been excluded in the structural change of starch 

by heat.
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In this study, a full factorial method of 2-factor 3 level was introduced, 

and a total of nine different HMT conditions were performed on the normal

corn starch to maximize the RS content. 

Further, three different levels of AAT were introduced to HMT starch to 

improve the low cold water viscosity and solubility of HMT starch.

The changes in X-ray diffraction pattern and thermal properties were 

compared according to the heat treatment conditions. As the moisture 

content increased to more than 25%, the RDS content increased sharply and 

the relative crystallinity and gelatinization enthalpy decreased. The heat-

moisture treated sample H2, of which the moisture content was 15% and the 

heating temperature was 100 ℃, showed the highest content of the RS at

57.2%.

In HMT-AAT sample (H2A2) which was treated with 17.2% and 3.2% of 

ethanol and sodium hydroxide, respectively, the cold water viscosity showed 

the highest at 1542 cP in the 8% starch suspension. The SUN-PREGEL, a 

commercial pre-gelatinized normal corn starch product, showed a cold water 

viscosity of 565 cP at 8% starch suspension and was 0.37 times lower than 

H2A2 sample. The RDS, SDS, and RS contents of sample H2 were 43.2%, 

48.8% and 1.90%, respectively. The RDS, SDS, and RS content of SUN-

PREGEL were 85.5%, 2.6% and 11.9%, respectively. Therefore, it was 
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confirmed that the SDS content of H2 was significantly more than that of the 

commercial pre-gelatinized normal corn starch (p < 0.05).

Scanning electron microscopic observation showed that HMT enlarged the 

size of the cavity inside the starch granule. The particles were irregular in 

shape and the surface area increased when the AAT was applied to starch. 

Furthermore, the starch granules formed agglomerates with high porosity at a 

certain alcoholic-alkaline treatment concentration (A2). The high cold water 

viscosity and SDS content of H2A2 starch could be explained by the

formation of agglomerates with high porosity. Regarding the physical 

properties such as cold water solubility and cold water viscosity, H2A2 

sample showed much better properties than these of SUN-PREGEL did.

It was confirmed that the dual-modified starch through HMT and AAT on 

normal corn starch had high cold water viscosity and simultaneous slow 

digestion characteristics, which have not previously been reported. When 

such modified starch (H2A2) is added to food as a substitute for 

conventional pre-gelatinized starch, it shows the same thickening ability with 

less than half amount of the starch. This dually modified corn starch could be 

used as a health functional ingredient providing the low glycemic response.

Keywords: heat-moisture treatment, alcoholic-alkaline treatment, resistant starch, 
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INTRODUCTION

Starch is widely used as main raw material and food additives in the food 

industry. As a food additive, starch contributes to the thickening and 

stabilizing effects and texture modification in food (Gudmundsson & 

Eliasson, 2006). Recently, as people have been consuming more calorie than 

expending, overweight, obesity, and diabetes come to the front issue of 

society (Flegal, Carroll, Kit, & Ogden, 2012; Ogden, Carroll, Kit, & Flegal, 

2014; Wild, Roglic, Green, Sicree, & King, 2004). Therefore, many food 

researchers are interested in studying the beneficial effects of low digestible 

starch as food ingredients, such as resistant starch (RS) and slowly digestible 

starch (SDS). The classification of starch into rapidly digestible starch (RDS), 

SDS and RS were suggested by Englyst. RDS is digested rapidly, SDS is 

digested slowly but completely in the small intestine, and RS is likely to be 

passed into colon. RS has various physiological effects such as decreases in 

postprandial glucose and insulin response, controlling hyperlipidemia, 

increases in absorption of magnesium and calcium, and epithelial 

proliferation etc. Human colonic bacteria ferment RS to short-chain fatty 

acids (SCFA), mainly acetate, propionate, and butyrate. SCFA stimulate 

colonic blood flow and fluid and electrolyte uptake. Butyrate is a preferred 
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substrate for colonocytes and appears to promote a normal phenotype in 

these cells (M Gꎬ Sajilata, Singhal, & Kulkarni, 2006; Topping & Clifton, 

2001). Furthermore, SDS has the physiological effects of controlling insulin 

response, reduced hyperlipidemia and keeping the postprandial satiety 

(Lehmann & Robin, 2007; Zhang, Ao, & Hamaker, 2006; Zhang & Hamaker, 

2009).

By far the largest source of starch is corn (maize) with other commonly 

used sources being wheat, potato, tapioca and rice. Corn starch is a typical 

cereal starch with distinctly low protein and ash contents. Its carbohydrate 

content of high purity makes it useful in several industries (Swinkels, 1985).

But its native form has limited use in the industry because of its poor 

physical and mechanical properties such as cohesive texture, heat and shear 

sensitivity, lack of clarity, opacity, low viscosity and retrogradation or 

precipitation upon storage (Junistia et al., 2008).

Chemical, enzymatical, and physical modifications are commonly used to 

produce starches with special properties. Among these methods, physical 

modification has attracted increasing attention due to the interest in 

producing starch products and reducing generated wastes during 

modification (BeMiller & Huber, 2015). Heat-moisture treatment (HMT), as 

a typical physical modification method, refers to the exposure of starch 
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granules to high temperature (90–120°C) above the glass transition 

temperature but below the gelatinization temperature for a certain time 

period ranging from 15 min to 16 h at a restricted moisture content (10%–

35%). HMT has been reported to alter the structure of the starch granule and 

eventually affect the physicochemical properties, such as chemical reactivity, 

gelatinization, and retrogradation. Also, heat-moisture treated starch may 

display higher enzymatic resistance than the native counterpart, probably due 

to starch molecular interactions. This raises the possibility of using HMT to

increase the total content of RS and SDS in starch products (Chung, Liu, & 

Hoover, 2009; W. Jiranuntakul, Puttanlek, Rungsardthong, Puncha-arnon, & 

Uttapap, 2011; Wittawat Jiranuntakul, Puttanlek, Rungsardthong, Puncha-

arnon, & Uttapap, 2012; W. Jiranuntakul et al., 2013; Lee & Moon, 2015; 

Lim, Chang, & Chung, 2001; Sui et al., 2015; Wang, Zhang, Chen, & Li, 

2016; Wongsagonsup, Varavinit, & BeMiller, 2008; Zavareze & Dias, 2011). 

Starches from different botanical sources show different responses to the 

treatment conditions. The extent of the changes in these physicochemical 

characteristics of HMT starches is mainly influenced by the alteration of the 

semi-crystalline supramolecular structure in starch granules (Ambigaipalan, 

Hoover, Donner, & Liu, 2014; Gunaratne & Hoover, 2002). R Hoover and H 

Manuel (1996) suggested that HMT results in structural changes within both 
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amorphous region and crystalline region to different degrees. The greatest

changes have been proposed to occur in the amorphous region through 

facilitating the chain associations in cereal, tuber and legume starches

(Hoover & Vasanthan, 1994; Jacobs & Delcour, 1998; Vermeylen, Goderis, 

& Delcour, 2006). It is difficult to define the properties of HMT starches in a 

consistent way because the reaction conditions are diverse, including the 

botanical source, moisture content, temperature, length of treatment, heat 

resource, and cooling process. The effect of heating length and various 

amylose content of corn starch were studied (H. J. Chung, R. Hoover, & Q. 

Liu, 2009; H. J. Chung, Q. Liu, et al., 2009; R. Hoover & H. Manuel, 1996; 

Lim et al., 2001; Sui et al., 2015; Wongsagonsup et al., 2008). However, 

there is limited information on comparison of the effects of moisture content 

and heating temperature on the properties of corn starch during HMT. 

Furthermore, HMT starch is not suitable as thickening agent for processed 

food because of the lower peak, breakdown, cool paste and setback viscosity 

than its native starch. (Sui et al., 2015). HMT starch needs to improve its 

physical properties such as paste viscosity and solubility. 

Semi-crystalline native starch granules are water-insoluble which often 

makes them undesirable for food, feed, and industrial applications. To 

enhance water solubility and provide instant viscosity, starches can be 
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physically modified by drum drying of a granular slurry followed by

grinding to fine powder to produce pre-gelatinized cold-water-soluble (CWS) 

starches. Due to the consequent loss of granular integrity, the resulting cold 

water-dispersible starches are inferior in terms of pasting quality compared 

to freshly cooked starches (Rajagopalan & Seib, 1992). To overcome this 

limitation, several technologies have been developed for producing CWS 

starch with granular integrity (granular cold-water-soluble (GCWS) starch). 

Methods including injection and then nozzle drying of starch slurry (Pitchon, 

O'rourke, & Joseph, 1981) and heating a slurry of starch and monohydric 

alcohol at high temperature under elevated or ambient pressure (Rajagopalan 

& Seib, 1992) have been described. Another method is the alcoholic-alkaline 

treatment (AAT) at ambient pressure. In this method, sodium hydroxide 

causes granule swelling and ethanol prevents disintegration (Bello-Perez, 

Romero-Manilla, & Paredes-Lopez, 2000; Chen & Jane, 1994a; Jivan, 

Yarmand, & Madadlou, 2014; W. H. Li et al., 2014). The AAT process is 

divided into non-thermal and thermal treatment. Non-thermal AAT is 

conducted at room temperature. And the heating AAT is divided into semi-

melting at 35 °C and full heating. The heat treatment causes a sudden change 

in the granule structure of the starch. Therefore, there is a limit to 

understanding the effects of compounds used in AAT. However, chemicals 
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are used for production of GCWS starch, it is not a chemically modified 

starch because the since modified glucose residues would have interfered 

with the catalytic and binding sites of the enzyme, thus reducing starch 

digestibility. Consequently, resistant oligosaccharides or modified glucose 

would have been observed in the enzyme digest. (J. Jane, Craig, Seib, & 

Hoseney, 1986). 

GCWS starches can be used in mayonnaise and salad dressings as a 

thickener or stabilizer and can also be used as a fat replacer by creating 

desirable texture and mouth-feel (BeMiller & Huber, 2015; J.-l. Jane, 1992).

By this time, there is no study on comparison of the influences of both

ethanol and sodium hydroxide at various levels on the physicochemical 

properties of non-thermal treated GCWS. The nature and fate of molecular 

alterations, transitions, and interactions occurred in starch structure because 

of AAT however, remain still relatively vague. Until now AAT has just been

treated on native starches and the perfect mechanism of AAT has not been 

elucidated. To obtain a deeper understanding of the mechanism of AAT, the 

study of the changes in the crystalline region by AAT is needed. The study 

employing HMT starch as a substrate of AAT can be proposed as a new 

method to understanding AAT mechanism. 
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This study aimed to meet two main objectives. The first objective was to 

establish the optimum conditions for maximizing the RS content by HMT of 

normal corn starch employing 32 full factorial design. And It is also 

conducted to investigate the effect of HMT conditions on structural and 

physicochemical characteristics of normal corn starch. The second objective 

to assess the effects of alcoholic-alkaline treatment (AAT) on structural and 

physicochemical properties of HMT starch. By doing so, the final goal of 

this research was to suggest the cold-water viscous heat-moisture treated 

normal corn starch produced by alcoholic-alkaline treatment. This dual-

modified starch can be used for various processed food products that can 

contribute to the control of blood sugar level.
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MATERIALS AND METHODS

1. Materials

Normal corn starch, which has 10.65% of moisture content, 0.28% of 

protein and 0.05% of ash, was obtained from Ingredion (Westchester, IL, 

USA). A commercial pre-gelatinized normal corn starch with the name of 

SUN-PREGEL was received from the Samyang Corporation (Seoul, Korea).

Ethanol (EtOH, 99.9%) and sodium hydroxide (NaOH, Extra pure) were 

purchased from Duksan Pure Chemicals (Jinju, Republic of Korea). 

Pancreatin (P7545, activity 8 × USP/g), amyloglucosidase (AMG 300L, 

activity 300 AGU/mL) and GOD-POD assay kit were from Sigma Chemical 

Co. (St. Louis, MO, USA), Novozymes (Bagsvaerd, Denmark) and Embiel 

Co. (Gunpo, Republic of Korea), respectively. All other chemicals were 

reagent grade.
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2. Methods

2.1. Experimental design for heat-moisture treatment

A 32 (three level two factors) full factorial design was applied to

investigate the effect of varying the levels of HMTs on starch digestibility. 

The experiment design optimized the two independent variables, namely, the 

moisture content (w/w%) (�1) and the heating temperature (°C) (�2). The

heating time of HMT was fixed to be 16 hours. The RS content (%) of starch 

samples measured using the Englyst method was analyzed as a response 

parameter by the factorial design studies. Results were expressed as the 

second order polynomial equation: 

��= �0 + �1�1 + �2�2 + �12�1�2 + �11�21 + �22�22, (1)

where �0 denoted the arithmetic mean response for nine runs and �� (� = 

1,2) denoted the estimated coefficient for the factors, �� (� = 1,2). �� (� = 1,2) 
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denoted the effect of changing one factor at a time from its lowest to highest 

level. The interaction terms �1�2 denoted the effect when both factors were 

changed simultaneously. The polynomial terms �2� (� = 1,2) were used to 

explain nonlinearity. � was the measured response parameter in each 

experiment. The coefficients corresponding to the linear effects �1 and �2, 

interaction �12, and the quadratic effects, �11 and �22, were determined from 

the experimental results.

The process variables (factors) and levels with experimental values are 

presented in Table 1. In this design, two factors with three levels were probed 

to investigate the main and interaction effect of the two factors on nine 

responses (Table 2). The analysis was executed using IBM SPSS statistics 

SOFTWARE version 22.0 (IBM, New York, USA).
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Table 1. Factors and levels of 32 full factorial design for preparation of 

heat-moisture treated normal corn starch

Factors
levels

-1 0 1

X
1

= Moisture content (%) 15 25 35

X
2

= Temperature (°C) 80 100 120

Table 2. Factorial design layout for nine formulations H1 to H9

Sample 

code

Variable levels in 

coded forms
Actual value

X1 X2 Moisture content (%) Temperature (°C)

H1 -1 -1 15 80

H2 -1 0 15 100

H3 -1 1 15 120

H4 0 -1 25 80

H5 0 0 25 100
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H6 0 1 25 120

H7 1 -1 35 80

H8 1 0 35 100

H9 1 1 35 120

2.2. Preparation of heat-moisture treated starches

The initial moisture content of the normal corn starch used was 

determined to be 10.65% according to the AACC 44-15A method (American 

Association of Cereal Chemists, 2001). The moisture content of the normal 

corn starch was brought to 15, 25, and 35% (w/w) by adding appropriate 

amounts of distilled water into the glass containers. The sample containers

were sealed in containers, and kept at room temperature for 12 h for 

equilibration. The heat treatment was performed in a forced air oven at 80, 

100, and 120 °C for 16 h. Then, the containers were opened, and the samples 

were air-dried at 80 °C for 3 h to a moisture content of approximately 10%. 

All the samples were ball milled in a planetary mono mill (pulverisette 6, 

Fritsch, Idar-Oberstein,  Germany) with zircon grinding bowls (volume of 

80 ml) and grinding balls (15, 12, 10, and 5 mm diameter, 4 balls for each 

size) at 300 rpm for 20 min and passed through a 100-mesh sieve.
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2.3. Preparation of alcoholic-alkaline treated HMT starches

A HMT condition with the highest RS content was selected through full 

factorial design. Then, AAT was applied to the HMT starch prepared under 

that HMT conditions. As a comparative group, AAT was also applied to 

native starch. 

The procedure described by Chen and Jane (1994) was followed with 

slight modification to produce GCWS starch. Starch (100 g, dry basis) was 

suspended in 700 g of ethanol and stirred using a magnetic stirrer. Then 500 

g NaOH solution was added gradually to the suspension and stirred for 15 

min. The proportion of EtOH and NaOH solution of each level of treatment 

were reported in Table 3. After that 700 g of ethanol solution (40%, w/w) 

was slowly added to the suspension followed by stirring for 10 min. The 

sample was left to sit until the starch settled to the bottom. The supernatant 

was decanted and the starch was washed with ethanol solution (40%, w/w) 

and neutralized with HCl (3 M in absolute ethanol) and further washed with 

60% (w/w) ethanol solution once and 100% (w/w) ethanol solutions twice. 



23

The sample was then dehydrated with absolute ethanol and dried at 80 °C for 

3 h. All the samples were ground in a mortar with a pestle and passed 

through a 100-mesh sieve. The samples were named according to the order 

and the level of HMT and AAT as H#A# (H#A1, H#A2, H#A3).
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Table 3. Different level of alcoholic-alkaline treatment

Treatment 
name

Proportion (w/w)
Ratio   to 

A12)

Reagent concentration

Starch
(dsb1))

DW
100%
EtOH

3M
NaOH

EtOH
(%, w/w)

NaOH
(%, w/w)

A1 1.0 4.2 2.8 5 1.0 21.5 4.0

A2 1.0 5.8 2.2 4 0.8 17.2 3.2

A3 1.0 7.3 1.7 3 0.6 13.0 2.4

1) dbs. = dry basis

2) The ratio of the amount of 100% EtOH and 3M NaOH to those of A1 treatment.
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2.4. Determination of apparent amylose content 

Apparent amylose contents were measured according to the colorimetric 

method outlined in AACC Approved Method 61-03 (AACC, 2000). Starch 

(20 mg) was suspended in absolute ethanol (0.2 mL), and then 1 M NaOH 

(1.8 mL) was added to the mixture and boiled with intermittent vigorous 

vortex mixing for 10 min. After boiling, the dispersion was cooled to room 

temperature for 30 min. The cooled starch suspension (1 mL) was diluted to 

10 mL with distilled water. An aliquot (0.5 mL) of the diluted starch 

suspension was combined with 1 M acetic acid (0.1 mL) and diluted again to 

10 mL with distilled water. Lugol’s solution (0.2 mL; 0.2% I2 + 2.0% KI, 

Sigma–Aldrich Chemical Co., St. Louis, MO, USA) was added and held for 

20 min in the dark. The absorbance of the color-developed starch suspension 

was measured at 620 nm. The apparent amylose content of the starch sample 

was determined from a standard curve prepared with amylose from potato 

and amylopectin from maize (Sigma–Aldrich Chemical Co., St. Louis, MO, 

USA).
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2.5. In vitro digestibility of starch

Starch digestibility was determined following the method described by 

Englyst et al. (1992) as modified by Shin et al. (2007). Pancreatin (1.5 g) was 

added to 18 mL of water in a beaker and stirred using a magnetic stirrer for 

10 min. This solution was centrifuged at 1,500 xg, 4 °C for 10 min. A 15 mL 

volume of the cloudy supernatant was transferred to a volumetric flask 

containing 0.3 mL amyloglucosidase solution and brought to 2.7 mL with 

distilled water.

For the determination of starch digestibility, samples (30 mg, wet basis) 

were placed into 2mL-microtubes, and 0.75 mL of sodium acetate buffer 

(0.1M, pH 5.2) and a glass bead was added to each micro tube. The micro 

tubes were equilibrated in a shaking water bath with a stroke speed of 240 

rpm at 37 °C for 10 min. Prepared enzyme solution (0.75mL) was then added 

to each micro tube. The tubes were removed at 10 or 240 min, boiled to stop 

the reaction, and centrifuged at 5,000 × g for 10 min. The glucose content of 

supernatant was measured using a GOD-POD kit (BCS Co., Anyang, 

Republic of Korea). RDS and SDS were measured after incubation with 

enzyme solution (pancreatin and amyloglucosidase) at 37 °C for 10 and 240 

min, respectively. Rapidly digestible starch (RDS) fraction was calculated 

using the value of glucose after enzyme reaction for 10 min. Slowly 
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digestible starch (SDS) fraction was defined as digested amount between 10 

min and 240 min of hydrolysis. The undigested fraction after 240 min was 

determined as resistant starch fraction (RS).

2.6. Determination of thermal properties

Thermal properties of starch samples were examined using a differential 

scanning calorimeter (DSC, Diamond DSC, Perkin-Elmer, Waltham, MA, 

USA). Each sample (10 mg) was weighed in a stainless steel pans (03190029, 

Perkin-Elmer, Waltham, MA, USA), and 40 μL of distilled water was added. 

The sample pan was sealed and kept at room temperature for 12 h to reach an 

equilibrium. An empty aluminum pan was used as a reference. DSC scan was 

performed from 30 °C to 150 °C with a rate of 5 °C/min. The onset 

temperature (To), the peak temperature (Tp), the conclusion temperature (Tc), 

and the melting enthalpy (△H) were recorded.



28

2.7. Analyses of X-ray diffraction patterns and relative crystallinity

X-ray diffractometry was conducted using a powder X-ray diffractometer 

(Model New D8 Advance, Bruker, Karlsruhe, Germany) at 40 kV and 40 mA. 

The sample was scanned through 2θ range from 3° to 30° with a 0.02° step 

size and a count time of 2 sec. The area was calculated using the software 

developed by the instrument manufacturer (EVA, 2.0). The relative 

crystallinity was calculated according to the following equation (Nara & 

Komiya, 1983). 

Relative	crystallinity	(%) = 	
��

�� + ��
× 100

��: area of amorphous region, ��: area of crystalline region

2.8. Cold water solubility (CWS) measurement

CWS of starch samples was measured by the method of Schoch (1964) 

with a slight modification. A 1g of starch was added to a 250 mL of 

centrifuge cell containing 100 mL of distilled water (25 ). While keeping ℃

the temperature of 25 , starch suspension was stirred for 15 min. Afterwa℃ rd, 

the suspension was centrifuged at 1500 ´g at 4 ℃, and the supernatant was 
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transferred to a pre-weighed stainless weighing container which was dried at 

110  in a dry℃ ing oven previously. The container was dried at 110  ℃ for 2 h

and cooled for 30 min at room temperature. The dry weight of container was 

weighed. CWS was calculated as follows: 

CWS = 
����ℎ�	��	���������	������	��	���	�����������

������	��	������
× 100

2.9. Determination of paste viscosity and cold viscosity

Viscosity of starch suspensions was measured with a Rapid Visco 

Analyzer (RVA-4, Newport Scientific Pty, Ltd., Warriewood, Australia). 

Each starch sample (2g) was added to 25ml of distilled water to make 8%

(w/v) suspension.

For determining paste viscosity, the starch suspension was equilibrated at 

50°C for 1 min, heated from 50 to 95 °C at a rate of 12 °C/min, held at 95°C 

for 2.5 min, cooled to 50 °C at the same rate, and held at 50 °C for 2 min. 

The paddle speed was 960 rpm for the first 10 s, and then 160 rpm for the 

remainder of the experiment.

To determining cold water viscosity, each suspension was first mixed 

manually using the RVA plastic paddle for 1 min and then the canister was 
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placed inside the instrument and stirred using the paddle at 960 rpm for the 

first 20 s and then at 160 rpm for the rest of the experiment. The temperature 

of the RVA was set at 25 °C, and the experiment was continued for 15 min. 

RVA curves indicating the viscosity changes over time at a constant 

temperature were obtained and analyzed.

For specific samples, viscosity was also measured for 2, 4, 6, and 10% 

suspensions to further investigate the changes in viscosity by starch 

concentration.

2.10. Morphological property of starch

Starch samples were investigated using a Field emission scanning electron 

microscopy (FE-SEM) (SUPRA 55VP, Carl Zeiss Inc., Oberkochen, 

Germany) at 2.0 kV. Starch powder sample and starch gel sample, which was 

obtained after viscosity analysis experiment, were dehydrated by oven drying 

and freeze drying, respectively. Dried samples were mounted on SEM stub 

with copper double-stick tape, and then coated by platinum using a sputter 

coater.
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2.11. Statistical analysis

All experimental data were analyzed using analysis of variance (ANOVA) 

and expressed as mean ± standard deviation of replicate measurement. 

Tukey's multiple comparison test was used to evaluate the mean difference 

among individual diets at the 0.05 significance level. 

Multivariate analysis of variance (MANOVA) was performed on data of 

the RS content of HMT starches. Data of the RS content of HMT starches 

was submitted to analysis of variance considering moisture content and 

heating temperature as factors, and means were compared by Tukey’s test. 

Statistical analysis was conducted by IBM SPSS statistics version 22.0 

(IBM, New York, USA).
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RESULTS AND DISCUSSION

1. Preparation of heat-moisture treated normal corn starch

using different moisture content and heating temperature

1.1. Establishment of processing conditions for maximum RS 

content

Changes in starch structure and properties by heat-moisture treatment have 

been found to vary with starch source (Gunaratne & Hoover, 2002). Thus, 

the optimum conditions for preparation of normal corn starch with increased 

amounts of RS could be diverse according to HMT conditions. In order to 

increase the formation of RS, normal corn starch was heat-moisture treated, 

and 32 full factorial design was used to investigate the effect of HMT

treatment parameters. To examine the multivariate effect of moisture content, 

heating temperature, and their interaction in the data set of digestion 

properties, a MANOVA test was performed and the results are reported in 

Table 4. According to Wilks’ Lambda, both estimated coefficients for the two 

factors as the moisture content and temperature were significant (p < 0.001). 
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Moisture content, temperature, and their interaction influence a RS content 

of HMT normal corn starch. The portion of RDS, SDS, and RS were 

measured for the 9 treatment combinations shown in Table 5. When 

considering the coefficients of the multivariate combination of dependent 

variables of each effect, the RS content of H2 sample was relatively higher,

compared with other samples. The RDS, SDS and RS contents of H2 were 

29.1%, 13.7%, and 57.2%, respectively. The SDS contents were significantly 

higher than the other samples in the order of H1, H3, and H4. The SDS 

contents of these samples were 54.4%, 51.8%, and 49.0%, respectively. 

Among all the samples, the RDS content of the H2 sample indicated its 

lowest digestion property. Therefore, HMT treatment conditions of H2

(moisture content of 15% and temperature at 100 ºC) were adopted to 

prepare the starch with maximum RS content.
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Table 4. Factor effects and significances on the moisture content and 

heating temperature of HMT starch

Effect Test name Value F P1)

X1
2)

Pillai’s Trace 1.000*** 4380405108.613 .000

Wilks’ Lambda .000*** 4380404930.105 .000

Hotelling-Lawley Trace 821325924.395*** 4380404930.105 .000

Roy’s Largest Root 821325924.395*** 4380404930.105 .000

X2
2)

Pillai’s Trace 1.323*** 11.079 .000

Wilks’ Lambda .002*** 125.891 .000

Hotelling-Lawley Trace 407.715*** 1019.288 .000

Roy’s Largest Root 407.232*** 2307.649 .000

X1X2
2)

Pillai’s Trace 1.897*** 104.630 .000

Wilks’ Lambda .001*** 193.601 .000

Hotelling-Lawley Trace 140.961*** 352.402 .000

Roy’s Largest Root 131.457*** 744.922 .000

1) *p<0.05, **p<0.01.

2) X1: Starch genotype; X2: pH; X3: Temperature.
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Table 5. The contents of RDS, SDS, and RS under different HMT

conditions

Sample  

Variables Response

Moisture content

(%)

Temperature.

(ºC)

RDS1)

(%)

SDS

(%)

RS

(%)

NCS 70.4 ± 0.5c 7.8 ± 0.3e 21.8 ± 0.3b

H1
15 80 36.6 ± 0.9ef 54.4 ± 1.1a 9.0 ± 0.6e

H2 15 100 29.1 ± 1.6g 13.7 ± 1.7d 57.2 ± 0.6a

H3 15 120 33.6 ± 0.9f 51.8 ± 1.3ab 14.6 ± 0.8d

H4 25 80 37.4 ± 1.9e 49.0 ± 2.7b 13.6 ± 1.3d

H5 25 100 70.5 ± 1.4c 6.3 ± 0.7e 23.2 ± 0.7b

H6 25 120 64.9 ± 1.5d 18.0 ± 1.8c 17.1 ± 1.1c

H7 35 80 79.2 ± 0.9b 6.0 ± 0.9e 14.8 ± 1.2d

H8 35 100 83.9 ± 1.7a 7.2 ± 1.8e 9.0 ± 0.4e

H9 35 120 81.8 ± 0.2ab 7.6 ± 0.8e 10.6 ± 0.9e

1) RDS, SDS and RS indicate the rapidly digestible starch, slowly 

digestible starch, and resistant starch, respectively.

2) The values with different superscripts in the same column are 
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significantly different (p<0.05) by Tukey’s multiple range test.

.

2. In vitro digestibility of HMT normal corn starches

The proportion of RDS, SDS, and RS in native and heat-moisture treated 

normal corn starch are shown in Table 5. In the Englyst digestion assay, 

porcine pancreatic α-amylase and amyloglucosidase are used to accelerate 

the enzymatic hydrolysis reaction of starch granules (Englyst, Kingman, & 

Cummings, 1992). 

The RDS of the HMT starch increased as the moisture content of starch 

increased more than 25%. When the samples except 15% moisture content 

were examined, the RDS content was the highest at 100 ºC, and the order of 

RDS content was 100 ºC, 120 ºC, and 80 ºC. These indicates that the RDS 

content was influenced not the main effects of two factors, moisture content 

and temperature, but the interaction effect of two factors.

The increase in the RS fraction of sample H2 might be a result of partial 

association of amylose chains within the amorphous region, which would 

decrease accessibility to α–amylase (Gunaratne & Hoover, 2002). The

increases in the RDS fraction implied that they contained structures which 

can be more easily attacked by α-amylase, compared with other heat-

moisture treated samples. It was due to higher temperature destroying the 
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intermolecular structure of starch. The decrease in the relative crystallinities 

and the gelatinization enthalpies followed the disruption of the starch 

granules (Table 6 and 7). It suggests the disruption of crystalline region and 

loss of double helices within the granule (Cooke & Gidley, 1992). Gunaratne 

and Hoover (2002) claimed that the initial step of α-amylolysis corresponds 

to the adsorption of α-amylase to the granule surface. Therefore, crystallite 

disruption near the granule surface upon heat-moisture treatment of true yam 

and potato starches could facilitate the rapid entry of α-amylase into the 

granule interior. The alteration of hydrothermally treated starch could induce 

an increase in the extent of amylolysis compared with that of native starch. 

The influence of HMT on digestibility is dependent on moisture content 

during HMT, temperature and reaction time, amylose-lipid interactions and 

amylose-amylose and/or amylose (AM)-amylopectin (AP) interaction 

(Gunaratne & Hoover, 2002; Liu, Gu, Donner, Tetlow, & Emes, 2007). The 

increase in RDS and the decrease in SDS and RS levels in HMT samples, 

such as H5 to H9, suggested that crystalline disruption resulted from HMT as 

evidenced by decreased crystallinity (Table 7) and gelatinization enthalpy 

(Table 6) (Chung, Hoover, & Liu, 2009; Jyothi, Sajeev, & Sreekumar, 2010; 

Vieira & Sarmento, 2008).

In short, the structural rearrangement in starch granules of normal corn 
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starch by HMT causes the changes in starch digestibility and likely 

contributes to their slow digestion property.

2. Thermal properties of heat-moisture treated normal corn 

starches

The gelatinization parameters (T0, Tp, Tc and ΔH) of native and heat-

moisture treated normal corn starch are shown in Table 6. The HMT samples 

showed increases in T0, Tp, Tc and gelatinization temperature range (Tr; Tc -

T0), and a decrease in gelatinization enthalpies (ΔH) in comparsion to the 

corresponding native NCS sample.

A dramatic change in gelatinization enthalpy was observed according to 

various treatment conditions. There was a shift in the endotherms to higher 

temperature regions of the some samples such as H4 to H9. The T0, Tp,, and 

Tc generally rise as the heat and moisture intensity increase. These increases

have been well known for potato, cassava, true yam (Gunaratne & Hoover, 

2002), corn (H.J. Chung, R. Hoover, & Q. Liu, 2009; R. Hoover & H. 

Manuel, 1996), etc. 

Cooke and Gidley (1992) showed by X-ray diffractometry and NMR

spectroscopy that gelatinization enthalpy values mainly reflect the loss of

double helices rather than crystallites. The large decline in ΔH in samples H5 



39

to H9 with treated moisture content above 25% indicated the disruption of 

double helices in the crystalline region by these treatments. The double 

helices in the crystalline region of H9 was completely disrupted due to the 

non-detection of ΔH. Furthermore, the higher Tp and lower enthalpy of 

sample H5 to H8 compared with native sample suggested that most of the 

semi-crystalline structure was destroyed and little concentrated crystalline 

region remained within the starch structure after HMT. 

The gelatinization parameters for sample (H2) with maximum RS 

contents at moisture level of 15% showed similar values with native sample. 

It suggested that double helices were not disrupted under these treatment 

conditions (R. Hoover & H. Manuel, 1996). The gelatinization temperature 

range of H2 was the lowest of the all samples. Tr is represent the uniformity 

of gelatinization. The large gelatinization temperature ranges are presumably 

due to crystallites of contrasting stability within the crystalline domains of 

the starch molecules. (Singh et al., 2004)

The process of gelatinization, which involves the melting of the 

crystalline regions and double helices, is determined by the hydration and 

swelling of the amorphous regions of starch granules (Adebowale & Lawal, 

2002). When the amorphous region swells, it conveys a stress on the 

crystalline regions and polymer chains are stripped from the surface of starch 
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crystallites. 

After HMT, the amylose-amylose and amylose-lipid interactions reduce 

the mobility of the amorphous region. To sum up, HMT starch required a 

higher temperature in order for swelling and disruption of the crystalline 

regions to occur, leading to increased T0, Tp, and Tc (Adebowale, Henle, 

Schwarzenbolz, & Doert, 2009).
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Table 6. Thermal properties of native and HMT starches

Sample
T

O
3)

(°C)

T
P

(°C)

T
C

(°C)

T
r

(°C)

△H

(J/g)

NCS1)
67.2

f
71.9

f
75.4

e
8.3

e
15.6

a

NCS B2)
N.D.

H1 (15% 80°C) 65.3i 70.2i 73.5h 8.1e 10.2d

H2 (15% 100°C) 66.9g 71.3g 74.4g 7.5f 12.6b

H3 (15% 120°C) 65.8h 70.9h 74.8f 9.0d 11.1c

H4 (25% 80°C) 70.4d 74.9e 80.0d 9.6c 11.3c

H5 (25% 100°C) 73.1c 79.7c 84.6b 11.5b 1.1f

H6 (25% 120°C) 68.5
e

75.3
d

84.7
b

16.2
a

2.6
e

H7 (35% 80°C) 75.5b 80.5b 83.7c 8.2e 1.4f

H8 (35% 100°C) 78.1a 84.1a 87.1a 9.0d 0.6g

H9 (35% 120°C) N.D.

1) NCS = Normal corn starch.

2) NCS B = Normal corn starch with ball milling.

3) To, Tp ,Tc, Tr, and ΔH indicate the onset, peak and conclusion 
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temperatures, the temperature range of gelatinization, gelatinization enthalpy, 

respectively.

4) The values with different superscripts in the same column are 

significantly different (p<0.05).

3. X-ray diffraction pattern and relative crystallinity of HMT 

normal corn starches

The X-ray diffraction patterns and relative crystallinities of the samples 

are shown in Fig. 1 and Table 7, respectively. Native normal corn starch 

exhibited typical A-type crystalline packing arrangement with intense peaks 

at about 15.02°, 17.02°, 18.08°, and 23.34°, as generally observed for cereal 

starches such as wheat, rice and barley(Cheetham & Tao, 1998). The 

decrease of intensities and crystallinities indicated that the crystalline region 

of starch was disrupted by heat-moisture treatment. Some researchers have 

reported decreased intensities of X-ray diffraction for hydrothermally treated 

tuber starches (Gunaratne & Hoover, 2002; Vermeylen et al., 2006). It has 

been suggested that the double helical movement during heat-moisture 

treatment could disrupt starch crystallinities and change crystalline 

orientation (Gunaratne & Hoover, 2002; Lorenz & Kulp, 1982). 

In this study, normal corn starch did not change the X-ray diffraction 

pattern of A-type. Only peak intensity and width were slightly changed by 
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treatment condition. In addition, the starch crystalline peaks are noted to be 

affected by moisture content of the sample with ancillary effects on the 

relative crystallinity (Jayakody, Hoover, Liu, & Weber, 2005). On the other 

hand, moisture content and temperature were the effective elements of starch 

microstructural characteristics in this research. Although A- and B-types are 

identical with double helices, A-type has a more closely packed structure 

(Huang, 2009). Generally, crystalline patterns reflect molecular and 

structural organization of a sample (Jayakody et al., 2005). 

Large decreases in the swelling factor, gelatinization enthalpy, and 

relative crystallinity also indicate that the granular structure was disrupted to 

a great extent. These factors would bring out the increase in the RDS fraction 

and the decrease in RS in samples such as H5 to H9. Comparing relative 

crystallinity of native starch with H2, no great difference was observed. It 

suggested that crystalline region of H2 was not disrupted by HMT.

The intensity and relative crystallinity of the peaks of HMT samples at 

17.02° and 18.08° were lower than those of native sample (Figure 1, Table 7). 

The X-ray diffraction pattern of sample H4 to H9 showed a broadening of 

most peaks (15.02°, 17.02°, and 21-23°) and a large decrease in relative 

crystallinity. 

The decreases of intensities and crystallinities implied that the crystalline 
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region of starch was disrupted by hydrothermal treatment. On the other hand, 

relative crystallinities of sample H1 to H3 were higher than those of sample 

H4 to H9. It indicated that peak intensities and relative crystallinities in the 

heat-moisture treated starch were influenced by the level of moisture content.

Gunaratne and Hoover (2002) reported that double helical movement 

during heat-moisture treatment could disrupt starch crystallites and change 

crystallite orientation. This could explain the observed changes in 

crystallinity and intensity following heat-moisture treatment. 

In summary, the result from the heat-moisture treated samples displayed a 

significant negative correlation between relative crystallinity and treatment 

temperature and moisture level. 
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Figure 1. X-ray diffraction patterns of native and heat-moisture treated 

normal corn starches.
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Table 7. Relative crystallinity of HMT starch samples

Sample Relative crystallinity (%)

NCS1) 38.8 ± 0.5a

NCS B2) 11.6 ± 0.8h

H1 (15% 80°C) 34.5 ± 1.1c

H2 (15% 100°C) 36.7 ± 0.9b

H3 (15% 120°C) 34.6 ± 0.5c

H4 (25% 80°C) 30.2 ± 0.6d

H5 (25% 100°C) 19.9 ± 1.4e

H6 (25% 120°C) 19.0 ± 0.9e

H7 (35% 80°C) 16.0 ± 1.0f

H8 (35% 100°C) 13.7 ± 0.3g

H9 (35% 120°C) 7.9 ± 0.8i

1) NCS = Normal corn starch

2) NCS B = Normal corn starch with ball milling

3) The values with different superscripts in the same column are 

significantly different (p<0.05).
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4. Physicochemical and morphological properties of HMT 

normal corn starches

AM develops blue color when it forms a single helical complex with 

iodine, and AP-iodine complex is purple. The increases in apparent amylose

content (AAC) and blue value indicate the increase in amylose-like (linear 

chain) component (Conde Petit, Nuessli, Ha‐ ndschin, & Escher, 1998; 

McGrance, Cornell, & Rix, 1998).

AAC of HMT starch samples are given in Table 8. There are no 

significant differences among the all samples, but there is a slight difference 

between native normal corn starch and H2 sample. AAC of H2 increased 

compared with native starch. AAC could be gradually increased by HMT as 

the moisture content increased, presumably due to that HMT was more 

effective at breaking α-1,6 glucosidic bonds rather than the α-1,4 linkages. 

Degradation of AP during HMT may explain the increase in AM content. 

Additionally, the increase in AM content may be attributed to AP-AM 

interactions in the starch granules post-HMT modification (Wang et al., 

2016). 

The morphological characteristics of HMT starch granules were

investigated using FE-SEM. The surface of native corn starch granules was
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in round or polygonal granular shapes with no evidence of cracks (Figure 3). 

However, many cracks, irregular surface and integration of starch granules 

were observed in some HMT samples (Figure 3, H5 to H9 samples). The 

transition of granule shape of some HMT samples such as H5 to H9 was due 

to partial gelatinization. Above the 25% of moisture content could lead to 

gelatinization of starch. The cross section of the native starch granules 

showed small cavity in the center of granule (Fig. 4, A). In previous study, 

Sujka and Jamroz (2013) found the inner structure of native and sonicated 

corn starch. Native corn starch has the small size of cavity about 2.5 μm.

In the HMT sample H2, the size of cavity (4.1 μm) was larger than that of 

native starch (2.5 μm) (Sujka & Jamroz, 2013). During the HMT, expansion 

of cavity occurred due to the destruction of hydrogen bonds by thermal 

energy. The water molecules in these unit cells can evaporate and cause the 

amylopectin double helix chains to rearrange into a denser packing structure, 

resulting in the shrinkage of protrusions (W. Jiranuntakul et al., 2013). 

There is no previous report on the expansion of such cavities at 15% 

moisture content and heating conditions at 100 ºC, which were a heat 

treatment condition for H2 sample. It was confirmed that the heat-moisture 

treatment conditions of H2 were sufficient to alter the crystal structure of 

corn starch and the whole structural change of starch granule.
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Figure 3. Scanning electron micrographs (1,000× magnification) of the HMT normal corn starches.
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Figure 4. Scanning electron micrograph (20,000× magnification) of the HMT normal corn starch.
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Table 8. Apparent amylose contents of HMT starches

Sample Amylose (%)

NCS1) 23.4 ± 0.1a

NCS B2) 24.0 ± 1.3a

H1 (15% 80°C) 23.7±2.5a

H2 (15% 100°C) 25.4±1.6a

H3 (15% 120°C) 23.1±1.2a

H4 (25% 80°C) 24.5±1.3a

H5 (25% 100°C) 24.4±1.5a

H6 (25% 120°C) 24.6±1.8a

H7 (35% 80°C) 23.3±0.1a

H8 (35% 100°C) 23.9±1.6a

H9 (35% 120°C) 24.6±1.7a

1) NCS = Normal corn starch

2) NCS B = Normal corn starch with ball milling

3) Data are expressed as average value and standard deviation.

4) The values with different superscripts in the same column are significantly 

different (p < 0.05) by Tukey’s multiple range test.
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5. Preparation of HMT-AAT normal corn starch of different 

levels of AAT treatment

Alcoholic-alkaline treatment was carried out on the H2 sample, which had 

the highest RS content among the nine HMT treated samples. AAT is known 

as a relatively simple method for producing starch having a viscosity and 

solubility in cold water (Bello-Perez et al., 2000; Chen & Jane, 1994a; Jivan 

et al., 2014; Kaur, Fazilah, & Karim, 2011; M. Majzoobi, Kaveh, Blanchard, 

& Farahnaky, 2015). AAT with three different compound concentrations 

were introduced to investigate the changes in the properties of the prepared 

samples according to the concentration of the compound.

In AAT, it is known that ethanol reduces the swelling of starch by 

decreasing water concentration around starch molecules and complexes with 

amylose single helix, and NaOH causes the hydroxyl groups of starch 

molecules to be negatively charged through a low pH to cause repulsion 

between starch molecules. (Chen & Jane, 1994b) When starch molecules are

placed in a strong alkaline solution, protons of the -OH group are associated 

and left negative charges on starch molecules. The repulsion between 

negative charges results in swelling of starch granules. The swelling of the 

granules exerts a tension on neighboring crystallites of starch molecules and 

tends to distort them, resulting in structural changes in of crystalline domains 
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of starch molecules (Chen & Jane, 1994b). However, studies on AAT 

treatment so far have mainly been conducted at a temperature of 35 °C or 

above the gelatinization temperature accompanied by cooking process. No 

study has been performed which employs the concentration of compound at 

three different levels at room temperature. The non-heated AAT is an energy-

efficient method to prepare the GCWS starch by simply adding the 

compound to the starch suspension, neutralizing and washing. In order to 

understand the effect of the compound at room temperature, it is necessary to 

use with AAT at room temperature as in the present study, because heat may 

cause structural changes in starch at elevated temperatures.
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6. In vitro digestibility of HMT-AAT normal corn starches

The proportion of RDS, SDS, and RS in HMT-AAT normal corn starch 

are shown in Table 9. Among the samples obtained by AAT of the H2 sample 

with a high RS content, the SDS content of the H2A2 sample was 48.8%, 

which was significantly higher than that of the other AAT samples. The 

digestibility of SUN-PREGEL, a commercial pre-gelatinized corn starch, 

was also measured. Pre-gelatinized starch (PG) is used as a thickening agent 

for pie fillings and other instant food (M. G. Sajilata & Singhal, 2005). The 

RDS, SDS, and RS contents of SUN-PREGEL were measured to be 85.5%, 

2.6% and 11.9%, respectively.

Some limitations of PG including grainy texture, insufficient consistency 

and weak gels have reduced its applications in some foods. These 

deficiencies are mainly due to the disintegration of the granules and 

retrogradation of the wet starch film during drying (M. Majzoobi et al., 

2015). Also shown in the previous studies, the high RDS content of PG 

rapidly increases the blood sugar level, which is unfavorable to health. On 

the other hand, the high SDS content suggested that H2A2 can be used as a 

health functional material to lower the glycemic index (GI). SDS has the 

advantage of a slow increase of postprandial blood glucose level, and 

sustained blood glucose levels over time compared to RDS with its fast and 
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high peak and fast decline (Lehmann & Robin, 2007). Thus, SDS has 

moderate impact on the GI. It has been indicated that low GI diets are 

associated with decreased risk of diabetes and cardiovascular diseases

(Zhang & Hamaker, 2009).
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Table 9. The contents of RDS, SDS, and RS of HMT-AAT samples

Sample RDS (%) SDS (%) RS (%)

H2 29.1 ± 1.1e 13.7 ± 1.7bc 57.2 ± 0.6b

H2A1 73.0 ± 1.1bc 11.5 ± 2.2cd 15.5 ± 1.2d

H2A2 43.2 ± 1.9d 48.8 ± 1.90a 8.0 ± 0.5f

H2A3 75.9 ± 1.0b 8.9 ± 1.1d 15.2 ± 1.1d

SUN-PREGEL 85.5 ± 0.7a 2.6 ± 0.6e 11.9 ± 0.2e

1) The values with different superscripts in the same column are 

significantly different (p<0.05).
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7. X-ray diffraction pattern and relative crystallinity of HMT-

AAT normal corn starches

The X-ray diffraction patterns and relative crystallinities of HMT-AAT 

samples are shown in Figure 5 and Table 10, respectively. AAT normal corn 

starch samples such as H2A1 to H2A3 exhibited typical V-type crystalline 

packing arrangements possessing intense peaks at about 8°, 13°, and 20°, V-

amylose or starch-lipid complex (Chen & Jane, 1994b; J. Jane et al., 1986; W. 

H. Li et al., 2014). 

Amylopectin as well as amylose form a V-complex with the alcohol when 

the native starch double-helical structure is dissociated by AAT (Chen & 

Jane, 1994b). Also in this study, all HMT-AAT normal corn starches 

displayed the pattern of V type starch (Figure 5). Removal of the alcohol 

leaves the starch in a metastable state and soluble in cold water. The V-

pattern has been observed in cooked starches. V amylose structures are 

known to be water soluble in contrast to retrograded amylose which is 

thought to be composed of double helices (J. Jane et al., 1986). Therefore, 

the presence of a V single-helix structure in the modified granules would 

explain their cold water solubility.
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Table 10. Relative crystallinity of HMT-AAT starches

Sample Relative crystallinity (%)

H2 36.7 ± 0.9
b

H2A1 31.1 ± 0.3
c

H2A2 29.3 ± 1.0
cd

H2A3 27.8 ±0.6
d

1) The values with different superscripts in the same column are 

significantly different (p<0.05).
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Figure 5. X-ray diffraction patterns of HMT-AAT normal corn starches.
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8. Physicochemical properties of HMT-AAT normal corn 

starches

8.1. Apparent amylose content of HMT-AAT starches

AAC of HMT-AAT starch samples are given in Table 10. All HMT-AAT 

samples had a slightly lower AM content than HMT normal corn starch. The 

amylose has been reported to leach out during the preparation of GCWS corn 

starch by aqueous alcohol treatment and alcoholic-alkaline treatment (Jane et 

al., 1986). A drop in amylose content, when compared with heat-moisture 

treated starch, was attributed to the fragile nature of the corn starch granules 

(Singh & Singh, 2003).
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Table 11. Apparent amylose contents of HMT-AAT starches

Sample Amylose (%)

H2 25.4 ± 1.6
a

H2A2 24.4 ± 0.4
ab

H2A2 23.0 ± 0.1
bc

H2A2 21.8 ± 0.6
c

1) The values with different superscripts in the same column are significantly 

different (p < 0.05) by Tukey’s multiple range test.
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8.2. Cold water solubility of HMT-AAT starches

Figure 5 shows that the cold water solubility of the pre-gelatinized starch 

(SUN-PREGEL) and HMT-AAT starches was significantly different (p < 

0.05). Normal corn starch and HMT normal corn starch did not show cold 

water solubility. However, all HMT-AAT samples showed a cold water 

solubility of more than 16%, and the cold water solubility increased in the 

order of H2A1, H2A2, and H2A3 while decrease of the amount of compound 

used in AAT. The solubility and water absorption of starch are highly 

dependent on the molecular weight and conformation of amylose and

amylopectin, their ratio, degree of branching and branch length of these 

molecules (Singh & Kaur, 2004). Significantly (p < 0.05) higher cold water 

absorption was found for GCWS starch compared with PG starch (Figure 5). 

As a result of alcoholic-alkaline treatment, the size of the granules increases 

and the internal crystalline structure is converted from double to single 

helices (Chen & Jane, 1994a, 1994b). These changes result in more open 

structures which can absorb a high amount of water. In GCWS, both granules 

and starch molecules can absorb a substantial amount of water. Nevertheless, 

in PG starch, there is no starch granule and water can only be absorbed by 

the starch molecules, resulting in lower water absorption compared with

GCWS starch. Similar results were reported for PG and GCWS buckwheat 
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starches (Li et al., 2014).

Figure 6. Cold water solubility of HMT-AAT normal corn starches.
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8.3. Cold-water viscosity of HMT-AAT starches

The cold-water viscosity of PG and GCWS starches are given in Figure 6. 

The results showed a rapid increase in the cold-water viscosity of PG after a 

few seconds of mixing which increased slightly and reached a maximum of

565 cP after 15 min. This may indicate that the majority of water molecules 

were absorbed by the starch molecules during the first few seconds of mixing 

resulting in formation of a network structure that increased the viscosity. For 

the HMT-AAT starches, only after a few seconds of mixing, a sharp increase 

in the viscosity of the sample were observed. Water penetrated rapidly into 

the granules of GCWS starch and was absorbed by the starch molecules in 

the amorphous regions leading to a sudden increase in the viscosity. The 

cold-water viscosity of H2A1, H2A1, and H2A3 were 1267, 1542, and 800 

cP, respectively. H2A2 showed the highest cold-water viscosity.  However,

a further increase in viscosity to final viscosity that occurred more slowly is 

likely to be related to the penetration of water into the starch molecules with 

a helical structure. This result is in agreement with Chen and Jane (1994b).

Higher viscosity of HMT-AAT starches compared with PG is attributed to its 

higher water absorption and the presence of granules which can assist in 

further water uptake.  
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Figure 7. Cold-water viscosity of HMT-AAT normal corn starches and 

a commercial pre-gelatinized starch (SUN-PREGEL).
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The cold-water viscosities at different concentrations measured for the 

most viscous H2A2 sample and pre-gelatinized starch. These results were

displayed in Figure 8.

Both H2A2 and PG showed almost no viscosity at 2% concentration. (14, 

0 cP). At 4% concentration, only H2A2 sample showed a viscosity of 255 cP 

and PG still did not show any viscosity. The cold viscosity at 6% 

concentration of H2A2 sample was 1.39 times higher than that viscosity at 8% 

of the PG sample. In the cold viscosity of the same 8% concentration starch 

suspension, the H2A2 sample was observed to be 2.73 times higher than PG. 

Furthermore, the difference in cold viscosity between 10% PG sample and 8% 

H2A2 sample was only 23 cP. 

It was confirmed that the cold-water viscosity of dual-modified starch 

(H2A2) showed a higher value than that of commercially available PG. The 

lower concentration of H2A2 starch suspension was superior to the PG 

suspension, which means that the H2A2 starch is a more economical 

ingredient than PG because it has a higher cold viscosity relative appropriate 

for industrial application. 
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Figure 8. Cold viscosity as a function of concentration of HMT-AAT

normal corn starches and a commercial pre-gelatinized starch 

(SUN-PREGEL).
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8.4. Paste viscosity of HMT-AAT starches

The paste viscosity of PG and HMT-AAT starches are given in Table 11. 

The HMT-AAT samples showed paste viscosities lower than their cold 

viscosities while the paste viscosity of PG was higher than it cold-water 

viscosity.

During the setback (SB) phase, cooling causes the re-association of starch 

molecules (especially linear chains such as amylose) leading to the formation 

of gel structure and an increase in final viscosity due to retrogradation (Gray, 

Abdel-Aal, Seetharaman, & Kakuda, 2010). Thus, a lower setback value of 

H2A2 is an indicative of low retrogradation than PG. Symonas and Brennen 

(2004) reported that pasting properties of flours depend on starch 

characteristics, such as swelling potential, degree of gelatinization, and the 

subsequent re-association of amylose and amylopectin after granule 

disruption. 
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Table 12. Paste viscosity of HMT-AAT1) normal corn starches and a 

commercial pre-gelatinized normal corn starch

Sample

Peak 

viscosity

(cP)

Break down 

(cP)

Final 

viscosity

(cP)

Setback 

(cP)

Peak time

(min)

NCS 1138.4a 189.0f 1156.7a 207.7b 5.4b

H2 1016.3b 207.7e 1030.0b 221.3a 5.7a

H2A1 539.3d 234.3d 510.7d 205.7b 3.1d

H2A2 400.7f 278.2c 214.6f 92.0d 1.9f

H2A3 494.7e 303.1b 329.0e 137.3c 2.1e

SUN-

PREGEL 809.1c 337.2a 612.7c 140.7c 3.8c

1) HMT = Heat-moisture treatment, AAT = Alcoholic-alkaline treatment.

2) The values with different superscripts in the same column are significantly 

different (p < 0.05) by Tukey’s multiple range test.
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9. Morphological characteristics of HMT-AAT normal corn 

starches

The morphological characteristics of HMT-AAT starches and PG were 

investigated using FE-SEM. PG displayed as irregular plate powder with 

smooth surface (Figure 9 and 10). The degradation of the granules showed

total gelatinization after the drying process. These observations were in 

accordance with the micrographs obtained for PG maize, wheat and 

buckwheat starches (Anastasiades, Thanou, Loulis, Stapatoris, &

Karapantsios, 2002; Li et al., 2014; Majzoobi et al., 2010). The smooth 

surface of the untreated PG may indicate the uniform and even packing of 

the starch molecules during drying after gelatinization.

For the GCWS samples, granules were swollen and deformed, particularly 

at the center point (hilum), and the surface became uneven (Figure 9, 10, and 

11). Similar observations were reported previously for GCWS maize, sago, 

potato and buckwheat starches (Chen & Jane, 1994a; Kaur et al., 2011; Li et 

al., 2014; Majzoobi et al., 2015). It has been indicated that these changes are 

due to the internal fragmentation of the granules. Swelling of starch granules 

by sodium hydroxide exerting tension on adjacent crystals resulting in their 

deformation. 
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The size of the particles in the micrographs was decreasing in order of 

H2A3, H2A2 and H2A1. In H2A1 sample, the particles existed individually, 

and in H2A2 and H2A3, the particles formed agglomerates (Figure 9 and 10). 

Figure 11 showed a large amount of pores on the surface of the agglomerate 

in the H2A2 sample. The mass of H2A3 sample was larger than that of 

H2A2 but showed a rather smooth surface similar to that of PG.

The high cold-water viscosity of H2A2 sample could be due to the porous 

structure of the surface of the aggregate thus formed. In addition to the 

porosity of the agglomerates, the presence of a cavity originating from H2

and the microporous structure present in the starch molecular chain through 

the AAT provided a large surface area for H2A2 particles, which allowed

immediate water absorption.

HMT treatment resulted in the formation of a cavity in the normal corn 

starch. And the overall structure of the HMT starch granules changed during 

AAT, forming a single granule with a larger surface area. Furthermore, the 

particles agglomerated during the reaction, resulting in voids between the 

particle, which provided porosity for the aggregates. The schematic diagram 

for this dual modification is presented in Figure 12.
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Figure 9. Scanning electron micrographs (500× magnification) of HMT-

AAT normal corn starches and a commercial pre-gelatinized starch.
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Figure 10. Scanning electron micrographs (1,500× magnification) of

HMT-AAT normal corn starches and a commercial pre-gelatinized starch.
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Figure 11. Scanning electron micrographs (15,000× magnification) of HMT-AAT normal corn starches.
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Figure 12. Schematic diagram of HMT-AAT starches.
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CONCLUSION

Normal corn starch modified by heat-moisture treatment (HMT) and 

alcoholic-alkaline treatment (ATT) in this study had a high ability to be 

soluble in cold water, increased cold water viscosity and a high content of 

SDS. Heat-moisture treatment conditions (moisture content of 15%, 

temperature of 100 °C) increased the RS content considerably. HMT, causes

a partial gelatinization of starch granules, thereby lowered the gelatinization 

enthalpy, and relative crystallinity sharply and increased in vitro digestibility 

of normal corn starch.

The current study illustrated that different concentrations used in AAT on 

HMT starch altered the microstructural arrangement in crystalline region of 

starch granule, formed the agglomerate of granules, and accordingly 

determined the cold water solubility and cold water viscosity.

Furthermore, the newly proposed HMT-AAT normal corn starch showed 

better cold water viscosity and slow digestion property than commercial 

normal corn starch products. This starch can be used as a health functional 

ingredient and thickening agent in various food products by replacing pre-

gelatinized normal corn starch.
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국문 초록

수분 열 처리는 다양한 전분에 적용되어 소화속도에 바탕을 둔

세 가지 획분인 속소화성 전분 (rapidly digestible starch, RDS), 지소화

성 전분 (slowly digestible starch, SDS), 난소화성 전분 (resistant starch, 

RS) 의 양을 변화시킬 수 있다고 제안되어 왔다. 수분 열 처리 이

후 낮아진 전분의 팽윤성과 점도는 해당 전분의 식품 산업에서의

활용을 제한시켰다. 또한 옥수수 전분 중 난소화성 전분의 함량을

최대화 시키는 수분 열처리 조건에 대한 연구는 부족했다. 

알코올 알칼리 처리는 천연 전분의 냉수에서의 점도 및 용해도

증가시키는 방법으로 상온, 35도, 호화 온도 이상의 가열과 같이 다

양한 조건에서 수행되어 왔다. 반면 상온에서 알코올 알칼리 처리

를 수행함으로써 열에 의한 전분의 구조 변화를 배제하고, 사용되

는 화합물인 에탄올과 수산화 나트륨의 농도를 변화시켰을 때의

전분의 이화학적 특성 변화에 대한 연구는 없었다.

본 연구에서는 2요인 3수준의 완전 요인 배치법을 도입하여 메

옥수수 전분에 수분 함량 및 가열 온도를 달리한 총 아홉 가지의

서로 다른 수분 열 처리를 수행하여 난소화성 전분의 양을 최대화

시키는 수분 열 처리 조건을 확립하였으며, 이후 화합물의 사용 수
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준을 달리한 세 가지 알코올 알칼리 처리를 통해 기존의 수분 열

처리 전분이 가지는 낮은 냉수 점도 및 용해도를 향상시켰다. 

수분 열 처리 조건에 따른 X-선 회절 양상의 변화와 열 특성을

비교하였다. 수분 함량이 25% 이상으로 증가할수록 전분의 저소화

성 획분이 급격히 증가하였으며, 전분의 상대적 결정화도 및 호화

엔탈피 값은 감소하였다. 수분 함량 15% 및 100 °C의 가열 조건에

서 수분 열 처리한 H2 시료에서 난소화성 전분의 비율이 57.2%로

가장 많았다.

알코올 알칼리 처리 시 에탄올과 수산화 나트륨을 전분 대비 각

각 17.2%, 3.2% 처리한 H2A2 시료에서 냉수 점도가 8% 전분 현탁

액에서 1542 cP로 가장 높게 관찰되었다. 시판되고 있는 메 옥수수

호화전분 제품인 SUN-PREGEL 시료는 8% 전분 현탁액의 냉수 점

도 565 cP를 보여 H2A2 시료의 0.37배에 그쳤다. 또한 해당 이중

변성 처리 전분의 저소화성, 지소화성, 그리고 난소화성 획분이 각

각 43.2%, 48.8%, 1.90% 였으며, 이에 대비하여 호화전분의 각 소화

획분은 85.5%, 2.6%, 11.9% 로 H2A2 전분이 기존 호화전분보다 지

소화성이 유의적으로 뛰어난 것으로 나타났다.

주사 전자 현미경 분석을 통해 수분 열 처리가 전분 내부의 공

동 크기를 확장시키는 것을 관찰하였으며, 수분 열처리 된 전분에

알코올 알칼리 처리 시 입자 모양이 불규칙해지고 표면적이 증가
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하는 현상을 보임을 확인하였다. 나아가 특정 알코올 알칼리 처리

농도에서 전분 입자들이 다공성을 가지는 응집체를 형성하는 것을

관찰하였다. H2A2 전분의 높은 냉수 점도 및 복합체의 높은 지소화

성 획분은 위와 같은 전분 입자들의 다공성 응집체 형성으로 설명

할 수 있으며, 시판되고 있는 메 옥수수 호화전분과 그 물리적 특

성을 비교해 보았을 때, 같은 농도의 전분 현탁액의 냉수 점도는

H2A2 시료가 월등히 우수하였다.

이 실험을 통해 제조된 수분 열 처리 및 알코올 알칼리 이중 처

리 전분이 이전에 없던 높은 냉수 점도와 높은 지소화성 특성을

함께 갖추고 있음을 확인하였다. 이와 같은 변형 전분은 기존의 호

화전분을 대체하여 식품에 첨가될 때, 소량의 첨가만으로도 시판되

고 있는 메 옥수수 호화전분과 동일한 증점 효과를 보이며, 호화전

분의 많은 속소화성 획분을 감소시켜 낮은 혈당 지수를 보이는 건

강기능성 식품 소재로 사용될 수 있을 것이다.

주요어: 수분 열 처리, 알코올 알칼리 처리, 난소화성 전분,    

지소화성 전분, 냉수 용해도, 냉수 점도
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