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ABSTRACT 

In this study, the relationship between starch and protein in composite gel 

was investigated to produce food with novel texture. A self-supporting 

composite gel was made using whey protein isolate and normal or waxy corn 

starch. The self-supporting gel was produced by heat-induced gelation with 

25% total solid. Water holding capacity (WHC) decreased with an increase 

in protein content, and the composite gel containing waxy corn starch 

showed fewer WHC than that containing normal corn starch. Colorimetric 

properties were expressed in Hunter L-value. L-value increased as the 

protein content increased, and the composite gel containing waxy corn starch 

showed a lower L-value than that containing normal corn starch. Gel 

microstructure observed by scanning electron microscopy and confocal laser 

scanning microscopy clearly demonstrated that gel network varied with 

starch/protein ratio and the type of starch. Fused network composed of 

continuous network of starch and protein filler component, fused network 

composed of continuous network of protein and starch filler component, and 

respective bi-continuous network of starch and protein were observed. 

Rheological properties of self-supporting gel were determined using both 

large and small deformation tests. The results obtained from the both tests 

were completely different to each other because of the differences in target 
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structure. The gel containing 20% whey protein isolate and 5% waxy corn 

starch showed the highest value in hardness and elastic modulus measured 

by small deformation test. This investigation can provide a novel way to 

control the texture of food containing starch and protein. 

 

 

Keywords: self-supporting composite gel, starch/protein gel, rheological 

properties, microstructure, water holding capacity 

Student Number: 2014-20703 
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INTRODUCTION 

 

Starch and protein are essential nutrients for human being and most foods 

contain both of them. Therefore, understanding the gelation mechanisms, 

interactions, and synergistic effects between starch and protein is very 

important to provide maximum benefit to a food product (Considine et al., 

2011). Furthermore, knowledge of interaction between starch and protein 

makes it possible to create new texture and to enable ingredient substitutions 

(Aguilera & Rojas, 1996; Yang et al., 2004).  

Whey protein, a byproduct of cheese, has an outstanding nutritional 

quality and has been used in the food industry to alter texture and water-

binding properties (Hudson et al., 2000). Major components of whey protein 

are β-lactoglobulin (50%), α-lactalbumin (20%), and bovine serum albumin 

(5%) (Havea et al., 2001). Whey protein is generally classified based on 

protein content. Whey protein concentrate has 60-85% protein content, and 

whey protein isolate (WPI) contains over 90% protein content. Whey protein 

can form a gel under certain conditions of its concentration, heating 

temperature, and salt concentration and type. Mixture of whey protein and 

starch has received more attention than that of casein-based milk ingredients 

and starch because of gelation ability of WPI (Considine et al., 2011). Thus, 

WPI shows more interesting possibilities when heated in the presence of 
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starch dispersions, because the continuous phase of the mixed gels can be 

made of a protein network or a starch network, or, alternatively, made of 

interpenetrating whey protein and starch networks (Noisuwan et al., 2009).  

Starch also can make a gel through gelatinization and cooling steps. Starch 

loses its crystallinity when heated above 60-70°C. During the cooling step, 

gelatinized starch mixture is converted into viscoelastic gel (Aguilera & 

Rojas, 1996). The starch gel network is developed by forming an ordered 

junction zones based on amylose double helices (Clark & Ross-Murphy, 

1987). Moreover, amylose content is positively correlated to hardness and 

gumminess of starch gels (Sandhu & Singh, 2007). Starch is classified on the 

basis of amylose content. Waxy starch contains almost 0% amylose. Normal 

starch contains 15-30% amylose depending on the botanical source. High-

amylose starch usually has more than 50% amylose content (Yangcheng et 

al., 2013).  

Among the composite gels studied, only a few studies were about the 

interaction between protein and starch (Considine et al., 2011). Fewer 

investigations dealt with starch/protein composite systems than other 

composite systems like a protein/polysaccharide gel. Starch and protein have 

been usually investigated separately without mixing them together. Whey 

protein solution can be converted into gel by two ways, cold-set gelation and 

heat-induced gelation. Cold-set gelation cannot cause starch gelation despite 
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pre-heating step. To investigate the characteristic of the mixed system 

containing starch gel and protein gel, heat-induced gelation was adopted. 

Whey protein is soluble in water, but starch is not. Thus, starch is 

precipitated during heating step. Preventing starch precipitation is important 

to get a homogeneous gel. To do that, many researchers gave shear force 

during heating step. However, most studies applying shear force used a vane 

(paddle type) rheometer or some other equipment that can breakdown protein 

network (Chung et al., 2013; Joshi et al., 2014; Noisuwan et al., 2009; Vu 

Dang et al., 2009). It seems that those studies could not assess the true effect 

of a preserved continuous protein network on gel rheology. On the other 

hand, some researchers did not give a shear force to preserve a protein gel 

network, but starch precipitation occurred despite incubation step (Yang et 

al., 2013; Yang et al., 2014). For this reason, completely filled tubes were 

sealed and rolled during heating step to make composite gels keep protein 

network intact and prevent precipitation of starch. If tubes were not filled 

perfectly, protein network would be broken because of rolling process. 

Furthermore, starch was not considered sufficiently although both starch and 

protein can form a gel. As previously described, amylose content is a very 

important factor for gelation of starch. Therefore, waxy or normal starch is 

mixed with protein to assess the effect of amylose on the formation of 

composite gel matrix. In preliminary test, high-amylose starch was not 
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appropriate for making composite gels using heating process. High-amylose 

starch was not fully gelatinized in heating process, and thus the gel was too 

weak and not good enough for comparison with other starches.  

  Mitchell (1976) presented the rationale for the determination of 

rheological properties of gels. Firstly, since the gelling behavior of natural 

polymers varies, it is essential to have a reliable test for evaluating the 

parameter generally known as ‘gel strength’. Secondly, rheological 

measurements can be used to complement the information on the internal 

structure of a gel obtained through other techniques. Thirdly, instrumental 

measurements may be used in place of sensory test to evaluate the texture of 

gels. Rheological measurements are divided largely into two types, large 

deformation test and small deformation test. Complete rheological evaluation 

of gels would include both small-strain and failure (fracture) properties 

(Olsson et al., 2000; Ziegler & Foegeding, 1990) 

The objectives of this study were to investigate the rheological properties 

of self-supporting composite gels containing starch and protein when protein 

network was preserved and the effects of amylose on the self-supporting 

composite gel. Moreover, relation between rheological properties and 

microstructural properties was studied. This study would contribute to a 

better understanding of starch/protein composite gel in producing processed 

food having appropriate textural properties based on the preference of 
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consumers. 
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MATERIALS AND METHODS 

 

1. Materials 

Waxy corn starch and normal corn starch were provided by Ingredion 

(Westchester, IL, USA). Commercial WPI, HilmarTM 9410 containing over 

90% protein (on dry basis) and less than 0.2% lactose and 1.3% fat, was 

purchased from Hilmar Ingredients (Hilmar, CA, USA).  

 

2. Methods 

2.1. Preparation of starch/protein composite gel 

Starch and protein were dispersed in distilled water. The total solid content 

of starch/protein composite suspension was 25% (w/v). Hereafter, 

starch/protein composite will be referred to as composite. Ratio of starch and 

protein was from 0.0 (only starch) to 1.0 (only protein), and two types of 

starch used were normal corn starch (n) and waxy corn starch (w). Therefore, 

‘0.6n’ means that 60% of total solid is protein and the other 40% of total 

solid is normal corn starch. Each suspension was moved into and completely 

filled polyethylene tubes, and sealed by polyethylene wrap. It is important to 

minimize the presence of the air in tube, which can cause breakdown of gel 
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network during rolling process. Sealed tubes were incubated at 50 °C for 1 h, 

and then, heated at 85°C for 30 min with mild rolling for at least 10 min. 

During this process, protein denatured and formed a network within 10 min 

to minimize starch precipitation was minimized. Heated tubes were stored at 

4°C for over 20 h. Cooled samples were kept at room temperature for at least 

1 h before use, and only self-supporting gels were used in the following tests.  

2.2. 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 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) was added and 

followed by holding 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 
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Chemical Co., St. Louis, MO, USA). 

2.3. Texture analysis 

  Gel was cut into 1.5×1.5×1.5 cm3 regular hexagonal shape. A TA-XT2i 

(Stable Microsystems, Surrey, England) was used to investigate gel texture 

with 5 kg load cell for calibration, and aluminum cylinder probe of 50 mm 

diameter was used for texture profile analysis (TPA) and single compression 

test (SCT). In case of puncture test (PT), a needle probe of 2 mm diameter 

was used to minimize gel breakdown. Textural analysis more closely 

resembles the process of mastication than small deformation dynamic 

oscillation test, providing supporting evidence of gel properties (Yang et al., 

2013). 

2.3.1. Texture profile analysis (TPA) 

Deformation value was 30% of initial height of sample. Preliminary result 

showed that every sample was unbroken within 30% deformation. Pre-test, 

test and post-test speed were 1 mm/s, 2 mm/s, and 2 mm/s, respectively and 

the samples were compressed twice. Accordingly, hardness, cohesiveness, 

and gumminess were obtained. In this study, among various definitions of 

the terms, those described by Bourne (1978) were used. 

Hardness, cohesiveness, and gumminess are defined as the peak force 

during the first compression cycle, the ratio of the positive force area during 
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the second compression portion to that during the first compression, 

excluding the areas under the decompression portion in each cycle, and the 

product of hardness × cohesiveness, respectively. 

2.3.2. Single compression test (SCT) 

SCT was operated at 80% deformation of initial height of sample. All 

samples were broken during compression. Time and force were recorded to 

know rupture force, rupture deformation, and rupture work which mean of 

the force causing rupture, the time at rupture occurs, and the area under the 

curve until rupture deformation occurs, respectively (Pons & Fiszman, 1996). 

Pre-test and test speed were 1 mm/s, and post-test speed was 3 mm/s. 

2.3.3. Puncture test (PT) 

PT was operated with 50% deformation. Every test speed was 1 mm/s. In 

this test, size of a probe was smaller than that of sample so that the probe 

penetrated gel without breakdown of whole gel. Thus, puncture test, a 

combination of compression and shear, could give data complementary to 

gel network (Pons & Fiszman, 1996). 

2.4. Analysis of rheological properties  

To know the viscoelasticity of composite gel, three kinds of rheological 

measurement, stress sweep, frequency sweep, and creep and recovery test 

were carried out using an oscillatory rheometer (Rheostress1, Thermohaake, 
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Karlsruhe, Germany). Composite gel was cut into 20 mm diameter × 4 mm 

thickness cylinder shape. Every test was conducted using a 20 mm parallel-

plate system at 25 °C, and sand papers were attached to both plates to 

minimize slippage.  

2.4.1. Stress sweep test 

Stress sweep was performed using a stress controlled system at frequency 

of 1 Hz, and the stress applied to the gel increased from 100 to 5000 Pa. 

Probe of 20 mm diameter served reasonable data at over 100 Pa, and a 

preliminary test showed that yield stress was obtained at over 100 Pa in case 

of 25% (w/v) self-supporting composite gel. Yield stress (τ0) was determined 

as stress value showing 95% of maximum G´ value (Marafon et al., 2011), 

and the strain corresponding to τ0 was limited strain (γ0) which indicated the 

point of starting breakdown of gel network. In addition, linear viscoelastic 

region (LVR) of each sample was determined using this test. 

2.4.2. Frequency sweep test 

Frequency sweep was conducted over a frequency range from 0.1 to 10 Hz, 

and every applied stress was within a LVR. G´ and frequency were fitted 

with Eq. (1) (Tunick, 2011) to know frequency dependence. In general, 

weaker gel was more frequency dependent than harder gel.   

log  =  log +                      (1) 
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Each value of   and   was constant, and   indicated the degree of 

frequency dependence. Furthermore, tan δ could be used to express the 

relative strength of gel. Tan δ greater than 0.1 showed a paste-like quality 

indicating a weak gel and lower than 0.1 indicated a firm and true gel (Shim 

& Mulvaney, 2001). 

2.4.3. Creep and recovery test 

Creep-recovery test was performed using a constant shear stress which 

was in LVR for 1 min. Then, the stress was removed, and the change in strain 

was recorded for 5 min, a recovery time five times as long as the creep phase 

reached a plateau. The compliance, strain divided by applied stress, as a 

function of time was fitted by Bugers model following Eq. (2) 

 ( ) =   +    1 − e 
 

  +	
 

  
                 (2) 

Jo (Pa-1) and Jm (Pa-1) indicate the instantaneous and viscoelastic creep 

compliance values, respectively. t (s), λ (s), and η0 indicate the phase time, 

retardation time, and zero-shear viscosity, respectively. (Fu et al., 2016) 

2.5. Water holding capacity 

Water holding capacity (WHC) was measured by a centrifugal method as 

described by Kocher and Foegeding (1993) with slight modification. 

Composite gel was cut into 1 × 1 × 1 cm3 cubes and placed in a PD-10 
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column (GE Healthcare, Freiburg, Germany) which was then put in a 50 ml 

polyethylene tube with a PD-10 column adaptor. The PD-10 column was 

used without packing but with column frit (pore size : 20 ~ 85 μm) to support 

the composite gel. The polyethylene tube was centrifuged at 3000×g and 

20°C for 20 min. WHC was determined by the following formula. 

WHC (%) = 
     	 	  	        	     	        

     	 	  	      
× 100 

2.6. Colorimetric properties 

Colorimetric properties of composite gel were measured with a 

colorimeter (CR-400 chroma meter, Konica Minolta Sensing Inc., Osaka, 

Japan) and were expressed using Hunter system. Range of L was from 0 to 

100. A perfect reflection of diffuser which would be white gives 100, and 0 

means black. 

2.7. Evaluation of thermal properties  

Thermal properties of the samples were analyzed using a differential 

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

USA). Before weighing, starch and WPI were mixed to make solid mixture 

depending on sample condition. Then 10 mg of solid mixture was weighed in 

a stainless steel pan (03190029, Perkin-Elmer, Waltham, MA, USA) and 40 

μL of distilled water were added. The sample pan was sealed and kept at 
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room temperature overnight for moisture equilibrium. An empty pan was 

used as a reference. Samples were heated from 30°C to 120°C at a rate of 

10°C/min. The onset temperature, the peak temperature, the conclusion 

temperature, and the melting enthalpy (△H) were obtained. 

2.8. Field emission scanning electron microscopy (FESEM) 

The microstructure of composite gel was investigated using a field 

emission scanning electron microscope (SUPRA 55VP, Carl Zeiss Inc., 

Oberkochen, Germany) at 2.0 kV. The sample was dehydrated by freeze 

drying, mounted on a SEM stub with carbon double-stick tape, and then 

coated with platinum using a sputter coater. 

2.9. Confocal laser scanning microscopy (CLSM) 

   The distribution of starch and protein in gel was investigated using a 

(SP8 X STED, Leica, Mannheim, Germany). The dyeing of samples 

followed the method of Kim et al. (2008) with slight modification. Protein 

was dyed red using Rhodamin B (0.05% w/v). Starch was dyed green using 

Fluorescein (sodium salt, 0.05% w/v). The sample were dyed for 30 sec and 

rinsed three times. 

2.10. Statistical analysis 

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

and expressed as mean ± standard deviation of replicate measurement. 
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Significant differences (p<0.05) among mean values were compared using 

the Duncan’s multiple range test. These statistical analyses were conducted 

using IBM SPSS statistics version 21.0 (IBM, Armonk, NY, USA). 
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RESULTS AND DISCUSSION 

 

1. AAC and thermal properties of suspension 

The AACs of normal corn starch (NC) and waxy corn starch (WC) were 

26% and almost 0%, respectively, similar to the values reported by 

Yangcheng et al. (2013).  

Thermal properties of the suspension of starch/WPI mixture were 

determined. Onset temperature (OT), peak temperature (PT), and △H are 

presented in Table 1. Pure WPI solution had higher OT and PT than pure 

starch suspension did. The suspension of the mixture of starch and WPI had 

a value between those for WPI solution and starch suspension. The OT and 

PT were influenced by the ratio of starch and protein, coinciding with the 

results obtained by Yang et al. (2013). Predicted PT of 0.4n was 73.57°C, 

which was calculated by 0.4 × PT of 0.0n + 0.6 × PT of WPI, and was almost 

the same as the measured value. Moreover, the absence of other thermal 

events except starch gelatinization and protein denaturation means that other 

chemical interactions did not occur between starch and protein (Yang et al., 

2013). The reason for temperature shift was that protein incorporation caused 

a delay in starch gelatinization because protein interacted with water, and 

thus available water for granular swelling was reduced (Colombo et al., 2014; 
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Li et al., 2007; Yang et al., 2004). 
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Table 1. Thermal properties of suspension of starch and whey protein isolate 

Sample Onset temperature (°C) Peak temperature (°C) △H (J/g) 

0.0n 66.57 ± 0.12c 71.57 ± 0.04d 22.55 ± 2.10c 

0.4n 67.07 ± 0.52c 73.38 ± 0.30c 18.75 ± 1.54c 

0.7n 68.62 ± 1.00b 75.94 ± 0.35b 15.00 ± 0.76b 

0.0w 66.74 ± 0.25d 72.95 ± 0.10c 25.19 ± 1.26d 

0.4w 68.22 ± 0.04c 74.97 ± 0.10b 20.96 ± 0.61c 

0.7w 70.62 ± 0.17b 76.37 ± 0.15a 16.34 ± 0.94b 

WPI 71.59 ± 0.14a 76.57 ± 0.31a 13.09 ± 0.12a 
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2. WHC and lightness of composite gel 

Overall WHC decreased with increasing φ as shown in Figure 1. WHC is 

related with network of gel. Whey protein gel networks vary with 

environmental conditions. Salt concentration, pH, and heating temperature 

influence the gelation of protein (Verheul & Roefs, 1998). Under the 

conditions of this study, WPI formed a particulate gel network and starch gel 

network was fine-stranded (Figure 4). According to Barbut (1995), a fine-

strand gel network can hold more water than particulate gel network. In heat-

induced whey protein gel, furthermore, main linkages of network are 

hydrophobic interaction and disulfide bond (Roefs & Kruif, 1994). Therefore, 

an increase in φ caused a decrease in hydrophilic interaction with water, and 

it could be one of the reasons for poorer WHC. At the same φ, the composite 

gel containing WC and WPI (WW) showed a higher WHC than the one 

containing NC and WPI (NW). Separation of water from the matrix is related 

with the development of junction zones as a consequence of the interaction 

between leached amylose and amylopectin chains (Zheng & Sosulski, 1998). 

WC has almost 0% amylose, and thus it is hard to make a junction zone and 

a further starch network. Therefore, water is not separated from the matrix 

and interacted with amylopectin chains by hydrophilic interaction mainly 

through hydrogen bonds. Moreover, non-gelling amylopectin of WC makes 
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liquid phase more viscous. Thereby, in study, the present WW held more 

water than NW during centrifugation.  

Colorimetric properties were measured using Hunter L-value indicating 

lightness. Lightness is related to particle size and density. Higher L-value 

indicates that the light is more reflected from the surfaces of particles, due to 

back scattering (Chung et al., 2013). Larger aggregates and denser structure 

scatter more light. In general, a particulate gel shows a higher L-value than a 

strand gel. In this study, starch formed a transparent gel, while WPI formed 

an opaque gel, and L-value increased with increasing φ. The reason why NW 

showed a higher L-value than WW was that NC could be recrystallized 

during the cooling step while WW could not. The L-value was dropped only 

once at 0.4n because 0.4n showed the biggest pore size (Figure 4).  

When considering WHC and L-value, starch network in NW existed in 

more solid-like shape than WW because of the recrystallization of NC during 

the cooling step. Furthermore, the materials derived from WC in WW might 

exist as viscoelastic liquid. Similar results were reported by Noisuwan et al. 

(2009) who investigated composite gels containing rice starch and milk 

protein. In their study, waxy rice starch also existed as viscoelastic liquid. 
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Figure 1. Water holding capacity of composite gel. WHC = water holding capacity; NC = normal corn starch; WC 

= waxy corn starch; WPI = whey protein isolate. Means with different letters are significantly different (p<0.05).
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Figure 2. Hunter L-values of composite gels. NC = normal corn starch; WC = waxy corn starch; WPI = whey 

protein isolate. Means with different letters are significantly different (p<0.05).



22 

3. Microstructure of composite gel network 

3. 1. Confocal laser scanning microscopical analysis 

Location of starch and protein in composite gel was observed by CLSM. 

Protein and starch were located separately among all samples. Micro-phase 

separation of starch and protein has also been reported (Aguilera & Baffico, 

1997; Noisuwan et al., 2008; Olsson et al., 2000; Ravindra et al., 2004; Yang 

et al., 2013). Moreover, composite gels were classified according to φ. When 

considering the results described in chapter 4 and 5, gels at φ ≤ 0.4 were 

starch dominant and gels at φ ≥ 0.6 were protein dominant. 

Thickness of protein network increased with φ because protein 

concentration increased. Protein existed as filler at lower φ, especially at 0.2 

because low concentration of protein could not form a continuous protein 

network (Figure 3(a)). On the other hand, a continuous protein network was 

observed in protein dominant gels. However, it was hard to distinguish a 

continuous network from the dispersed phase at 0.6n and 0.6w. Starch 

concentration was also which high enough to make its own continuous 

network at φ = 0.6, and was thus considered to be bi-continuous. On the 

other hand, 0.8n and 0.8w showed a continuous a protein network containing 

starch as filler. Moreover, red dot representing protein aggregate was 

observed in more magnified images in Figure 3(b). Therefore, a continuous 
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protein network mainly was consisted of protein aggregates. Further, protein 

aggregation was observed more obviously in WPI than in other gels (Figure 

3(a)). Starch affects the gelation of protein even if there were no special 

chemical interaction between starch and protein. Swelled starch increased the 

viscosity of the suspension of starch and protein mixture. 
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(b) 

0.8w 0.8n 
 

Figure 3. Confocal laser scanning micrographs of composite gels. Protein was stained 

red and starch was stained green. (a) micrographs of 0.0n, 0.2n, 0.4n, 0.6n, 0.8n, WPI, 

0.6w, and 0.8w; (b) micrographs in greater magnification of 0.8w and 0.8n.
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3. 2. Scanning electron microscopical analysis 

Starch granules were not observed in all samples (Figure 4 and Figure 5) 

in contrast to the report by Shim and Mulvaney (2001) who investigated corn 

starch and WPI composite network. In their study, total solid concentrations 

of mixture were 15% and 30%, and the ratio of WPI and corn starch was 1:1. 

Diverse heating temperature and pH were employed to make gel. In SEM 

image of gel, starch granules remained swollen or remnant of starch granules 

existed except at pH 9 and 95°C. The granules could be preserved because 

the starch/protein suspension was treated without shear force during heating 

step. Giving shear force by rolling increases breakdown of starch granules. 

(Thomas & Atwell, 1999). 

Besides, the microstructure of gels had various morphologies. The 

morphologies of gels having identical dominant network varied depending 

on starch type and φ. Even at the same φ, gels showed different 

morphologies depending on starch type, especially at φ = 0.6. The wall of gel 

network of 0.6w was the thinnest and its pore size was the smallest. In this 

study, pores did not include a gap between protein aggregates. Furthermore, 

0.6w showed a more regularly shaped network than other gels. In contrast, 

0.6n had a different network pattern in comparison with 0.6w. It looked like 

a pure starch gel or a starch dominant gel (Figure 4(a)). However, the surface 

of 0.6n was different from that of other starch dominant gels (Figure 5(a)). 
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The starch dominant gels showed a smooth surface, but 0.6n had a rough 

surface. Moreover, NW displayed protein aggregates at φ ≥ 0.8 (Figure 4(a)), 

but WW showed protein aggregates at φ ≥ 0.9 (Figure 4(b)). In the gels at φ 

= 0.8, 0.8w showed a fused network having rough surface like 0.6n and 0.7n, 

while 0.8n showed a continuous protein network and discontinuous starch 

network. Smooth starch network and protein network composed of protein 

aggregates were attached to each other. Although 0.8w, 0.6n, and 0.7n 

showed similar rough surfaces, the surface of 0.8w was slightly different 

from those of 0.6n and 0.7n. The surfaces of 0.6n and 0.7n were rougher than 

that of 0.8w. 

To explain the various morphologies, the way of network formation was 

investigated. Starch dominant gels were formed in a different way compared 

with protein dominant gels. First, in starch dominant gels, protein aggregates 

could not make a continuous network because protein content was not high 

enough to make their own network. Thus, only a continuous starch network 

was made during the cooling step. However, in the protein dominant gels, a 

continuous protein network was made during the heating step. In the early 

stage of heating, starch granules were swollen and proteins denatured, but a 

protein network was not formed yet. Thus, swollen starch granules were 

dispersed in suspension. Dispersed swollen granule had a certain volume 

depending on swelling ability. Some starch granules could be disintegrated, 
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but they still could hold water and had a certain volume. Then, denatured 

proteins interacted with each other via hydrophobic interaction and disulfide 

bond with an increase of denatured proteins. Eventually, a continuous protein 

network enveloping the starch granules was made, and then starch granules 

were more disintegrated during the following heating step. The space where 

the starch granules were disintegrated turned into the pores because a protein 

network was already formed before the disintegration of starch granules. 

After heating, amylose and amylopectin chains were rearranged and made a 

more ordered network during the cooling step. This step was related with the 

existence of the pores caused by the disintegration of starch granules. It 

could be proven by Figure 4. Every gel containing starch had the pores of 

which size varied with φ, while pure WPI gel did not. The pore size 

increased with increasing φ in the starch dominant gels because starch 

content high enough to make a starch network decreased, and protein acted 

as inactive filler. Furthermore, 0.2n and 0.4n had the loosest network among 

all gels because the continuous protein network restricted the swelling of 

starch granules in protein dominant gels as stated above, even though the 

starch content in protein dominant gel was lower than that in starch dominant 

gels. On the other hand, the pore size in protein dominant gels increased with 

increasing φ in protein dominant gels as the swelling of starch granules 

decreased, which had similar tendency of making the pore size to the starch 
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dominant gels with different mechanism. During the heating step, the extent 

of swelling of starch granules was affected by the amount of available water 

for swelling. Therefore, an increase in φ, i.e. a decrease in starch content, 

implied that each starch granule could use more water for swelling. More 

swollen starch granules had a bigger volume, which caused larger pores. 

The thickness of wall was also different depending on starch type. The 

wall of NW was thicker than that of WW at φ = 0.6 and 0.7 because NW 

could make a starch network while WW could not during the cooling step 

after forming a protein network. 

Protein dominant gels exhibited a rougher surface with increasing φ. It 

was also related with how the gel was formed because a starch network was 

formed by occupying and being filled into the vacant space of the protein 

network. Thus, according to SEM result, the protein network surface seemed 

to be covered by starch network. Starch concentration of gel at φ = 0.6 and 

0.7 was 10% and 7.5%, respectively. Therefore, 0.6n and 0.7n could make a 

continuous starch network so that protein aggregates were not observed. 

However, because the starch content was not high enough to make a thick 

starch network in those gels, protein aggregates maintained a slightly 

reflecting rough surface. Finally, protein aggregates were observed at 0.8n, 

0.9n, and 0.9w because it is hard to make a continuous starch network in 

those gels. In this case, starch concentration was only 2.5% at φ = 0.9. 
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The results of CLSM and SEM clearly indicated that diverse types of gel 

network were formed depending on starch type and φ. In starch/protein 

composite gels, in general, 5 types of gel can be observed which are a 

continuous particulate protein gel network containing starch molecules as 

filler, a continuous starch network with protein filling the space, a bi-

continuous network of starch and protein, a weakly flocculated protein 

network with dispersed starch gels, and entangled starch molecules with 

dispersed protein gels (Goh et al., 2008). According to Figure 4 and Figure 5, 

the gels at φ ≤ 0.7 looked like having a homogeneous network. However, the 

types of network in those gels were different. A fused network, a continuous 

starch network including WPI as filler, was observed at 0.2n and 0.4n. In this 

study, a fused network indicated a network that looked like being composed 

of only one component but contained other components inside as dispersed 

phase. In contrast, the composite gels at φ = 0.6 and 0.7 were categorized as 

bi-continuous network. 

In WW, a smooth surface could be an artifact made during the dehydration 

step. WC paste filled the space of an outer protein network as viscoelastic 

liquid and made a smooth network during dehydration (Figure 5(b)). 
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(b) 
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Figure 4. Scanning electron micrographs (1000× magnification) of the composite gels. 

(a) normal corn starch + whey protein isolate; (b) waxy corn starch.+ whey 

protein isolate 

 



33 

(a) 

  
0.0n 0.7n 

  
0.2n 0.8n 

  
0.4n 0.9n 

  
0.6n WPI 

 
 



34 

(b) 
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Figure 5. Scanning electron micrographs (10000× magnification) of the composite gels. 

(a) normal corn starch + whey protein isolate; (b) waxy corn starch.+ whey protein 

isolate 
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4. Texture analysis using large deformation test 

4.1. Texture profile analysis (TPA) of gels 

Large deformation test gives a more relevant data about texture than small 

deformation test does. TPA is one of the tests used widely for evaluating the 

texture of food indirectly. Pons and Fiszman (1996) described how to 

measure texture of gelled system using TPA. A penetrable way was used in 

the past, but uniaxial compression is more common nowadays. The degree of 

deformation is also very important. The compression greater than 

deformation of 70-80% of initial height of gel usually causes breakdown of 

gel. Therefore, it is hard to detect a sample in the second cycle which 

resulted from a deformation of the sample not recovered. For that reason, 

deformation of 20-50% has been adopted recently. Thus, 30% deformation 

was selected in this study. Hardness, cohesiveness, and gumminess were 

obtained and are shown in Figure 6(a), (b), and (c), respectively. Hardness of 

NW was lowest at φ = 0.2. In case of 0.2n, starch network was weakened by 

WPI which acted as inactive filler because WPI competed with starch for 

water in the composite system (Yang et al., 2004; Yang & Park, 1998). 

However, hardness increased with an increase in φ, but 0.4n had still lower 

hardness than 0.0n did for the same reasons as 0.2n. Moreover, it could be 

the one of the reasons that microstructure of 0.2n and 0.4n was composed of 
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the loosest network because a denser network has better resistance against 

the stress causing deformation. Similar results were reported by Ribotta et al. 

(2007) who investigated the mixture gels of soy protein and wheat starch. In 

their study, soy protein (10%, 30%, and 50% w/w of starch) was added to a 

10% wheat starch suspension. To avoid heterogeneity of gel, manual 

agitation was used. Pure starch gel was harder than every other gel which 

contained soy protein, even though total solid concentration of pure starch 

gel was the lowest. Protein acted as inactive filler coinciding with the present 

study. However, hardness did not decrease with increasing φ among all 

samples because a protein dominant network was formed in this study. On 

the other hand, a decrease in hardness with increasing φ was reported by 

Joshi et al. (2014) who made composite gels of lentil starch and lentil protein 

with continuous stirring. Thus, the way for applying shear force was 

important for manipulating texture of protein gels. Moreover, in protein 

dominant gels, hardness was not significantly (p > 0.05) different among NW 

(φ ≥ 0.6) samples, and thus the protein dominant network determined gel 

properties. Whey protein can make a gel at over certain concentration. A 

preliminary experiment showed that WPI could make a gel at over 13% (w/v) 

in accordance with the report by Çakır and Foegeding (2011). Gels at φ > 0.5 

provided enough WPI to make a protein continuous network. However, 

addition of NC to WPI at φ ≥ 0.6 resulted in hardness higher than WPI gel. 
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In case of WW, it (φ ≤ 0.5) did not make a self-supporting gel. In puncture 

test, over 0.5 N of resistance force was not observed at WW (φ ≤ 0.5) while 

the probe almost passed through the sample. WW (φ ≤ 0.5) was too weak 

and viscous, and subsequently WW at φ ≥ 0.6 was regarded as self-

supporting gel. Nevertheless, 0.6w showed much lower hardness than other 

gels did (φ ≥ 0.6) including both NW and WW. However, hardness of WW 

(φ ≥ 0.7) was increased dramatically. At φ ≤ 0.6, NW was much harder than 

WW, but WW was much harder than NW at φ ≥ 0.7. Hardness of WW 

depended on φ considerably in contrast to NW at φ ≥ 0.6. All of gels at φ ≥ 

0.6 had a protein dominant network, but hardness pattern was different 

according to the kind of starch used. If starch is the dominant component in 

gel, NC is harder than WC because the hardness of the starch gel depends on 

the extent of junction zone formation (Bemiller & Whistler, 1996). The 

opposite result that WW was harder than NW in a protein dominant gel will 

be discussed later because more understating of micro- and macro-structure 

of gel is required to clarify the unexpected result.  

Cohesiveness indicates the work required to overcome the internal bond of 

gel network directly. (Friedman et al., 1963). However, to explain 

cohesiveness, it is more appropriate to consider how much structure is not 

damaged by stress and can be recovered. Internal structure, which is 

damaged by compression force, cannot be recovered and thus cannot resist a 
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subsequent stress resulting in lower cohesiveness. Cohesiveness of starch 

dominant gel was higher than that of protein dominant gel because a 

particulate protein network was recovered less than starch network. In a 

starch dominant gel, cohesiveness was decreased with increasing φ. 

Moreover, in a protein dominant gel, addition of starch caused lower 

cohesiveness than WPI gel. Thus, it suggests that a minor component could 

weaken the recoverability of structure. In a protein dominant gel, NW 

showed higher cohesiveness than WW did, indicating again that WC existed 

as a liquid-like gel. A liquid-like gel is recovered slowly and slightly even 

though it can give higher hardness. Furthermore, all cohesiveness values 

were higher than 0.79 because all composite gels were not broken under the 

condition of this study, and thus all compressed composite gels could be 

recovered during decompression.  

Gumminess, which indicates the energy required to disintegrate a 

semisolid food product to a state ready for swallowing, is shown in Figure 

5(c). Gumminess showed similar values to hardness because it was 

correlated with cohesiveness.
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Figure 6. Hardness (a), cohesiveness (b), and gumminess (c) determined by TPA test. 

NC = normal corn starch; WC = waxy corn starch; WPI = whey protein isolate.
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4.2. Single compression test (SCT) for analyzing rupture properties  

Composite gels were not broken during TPA test. Therefore, a rupture test 

was conducted to investigate the properties of composite gels when they 

were broken. Deformation was 80% of initial height, and all samples were 

broken during the first compression. The rupture force displayed in Figure 

7(a) was slightly different from the hardness shown in Figure 6(a). The 

smallest hardness value was observed in 0.6w among protein dominant gels, 

while WW showed a rupture force higher than NW did at all φ. Moreover, all 

protein dominant gels except 0.6w showed higher hardness than WPI gel did. 

On the other hand, WPI gel had a higher rupture force compared to NW, 

0.6w, and 0.9w because starch acted as an inactive filler of protein network. 

Similar results were also reported by Yang et al. (2013) who investigated the 

composite gels of whey protein and wheat starch. The rupture force 

increased with increasing wheat starch content. However, total solid 

concentration in composite gels was not the same among all samples. Whey 

protein concentration was fixed at 15%, but the concentration of wheat starch 

varied with samples. Solid concentration is critical for gel hardness 

(Matsudomi et al., 1992). Gels containing 15% WPI and 2.5% wheat starch 

or 15% WPI and 5% wheat starch showed a lower rupture force than 15% 

pure WPI gel did. Adding a relatively small amount of wheat starch reduced 

gel hardness even if total solid concentration increased because starch acted 
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as an inactive filler as in this study. Furthermore, the rupture force was 

related with the flexibility of the gel. Rupture force pattern was similar to 

rupture deformation shown in Figure 7(b). The flexibility was higher in a 

protein dominant gel than in a starch dominant gel, and WW showed higher 

flexibility than NW did because WW existed in more liquid-like state than 

NW. WPI gel had higher flexibility than other protein dominant gels except 

0.6w and 0.7w where starch molecules played a role as an inactive filler. 

Starch molecules caused pores, and the composite gel having bigger pores 

showed lower flexibility (Figure 4 and Figure 7(b)). Rupture work displayed 

in Figure 7(c) showed a pattern resembling to that of rupture force. A similar 

result was also observed in TPA. Hardness and gumminess showed similar 

profiles. Thus, in self-supporting gel system, the work during compression 

was correlated with the peak force during the compression. Actually, the 

hardness in the puncture test exhibited in Figure 8(a) and the work during the 

puncture test (data not shown) also showed similar patterns. 
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Figure 7. Rupture force (a), rupture deformation (b), and rupture work (c) determined by 

single compression test. NC = normal corn starch; WC = waxy corn starch; WPI = whey 

protein isolate
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4.3. Gel properties under localized deformation 

Hardness (hardness-P) and adhesiveness measured by puncture test are 

shown in Figure 8(a) and (b), respectively. Adhesiveness means the work 

during decompression. Hardness-P was different from the hardness 

determined by TPA and the rupture force. Protein aggregates were observed 

in 0.8n and 0.9n, and a rough surface was observed in 0.6n and 0.7n (Figure 

5(a)). Thus, each group having a similar network displayed similar hardness-

P. Furthermore, protein dominant gels showed higher hardness-P than the 

starch dominant gels did because protein network consisted of protein 

aggregates while starch network was entangled. Under localized stress, 

starch network underwent broader breakage of network than protein network 

did. Moreover, hardness-P increased with φ because a protein dominant gel 

with higher φ had denser and thicker protein network. Lower hardness-P of 

0.2n and 0.4n was caused by larger pore size and inactive filler effect. Lastly, 

NW had higher hardness-P than WW did because NC existed in more solid-

like than WW did. 

Viscosity and pressure coming from instantaneous recovery affected the 

adhesiveness. NW at 0.6 ≤ φ ≤ 0.9 showed a higher value than WPI gel did 

because starch network compensated the protein network which was broken 

easily by the external stress, and the starch network which was not broken by 

the stress recovered instantly during decompression. On the other hand, WW 
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except 0.9w showed lower adhesiveness than WPI gel did, and WW had 

lower adhesiveness compared with NW because WC could not make its own 

solid network, and viscoelastic liquid could not be instantly recovered during 

decompression. 
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Figure 8. Hardness-P (a) and adhesiveness (b) measured by puncture test. NC = normal corn starch; WC = waxy 

corn starch; WPI = whey protein isolate
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4.4. Increase in hardness of WW in protein dominant gel 

There are only a few studies about protein dominant gel containing starch 

(Colombo et al., 2014; Li et al., 2007; Shim & Mulvaney, 2001; Siegwein et 

al., 2011; Yang et al., 2013). Especially, reports, dealing with starch/protein 

composite gels using both waxy starch and normal starch for comparison are 

scarcely found. However, a few studies have reported an increase in hardness 

of composite gels having a protein dominant network and other material as 

filler similar to this study, even though waxy starch was not used (Aguilera 

& Rojas, 1996; Çakır & Foegeding, 2011; Olsson et al., 2000). Çakır and 

Foegeding (2011) studied a composite gel of κ-carrageenan and WPI. Adding 

0.2% κ-carrageenan to 13% WPI maintained the protein dominant network 

while adding over 0.5% κ-carrageenan caused the inversion of dominant 

network from protein to κ-carrageenan. The storage modulus and fracture 

stress were reinforced when dominant network was consisted of protein. 

Similar result was also observed by Aguilera and Rojas (1996) who made 

composite gels using WPI and cassava, or corn starch. Total solid 

concentration was 10%. The highest elastic modulus was observed in 

WPI/cassava starch composite gel (φ = 0.7 and 0.8), while all the elastic 

modulus values of WPI/corn starch composite gel were lower than that of 

pure WPI gel. Effect of adding pure amylopectin to β-lactoglobulin was 

investigated by Olsson et al. (2000). Adding non-gelling amylopectin to β-
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lactoglobulin caused an increase in fracture stress of mixed gel. They 

suggested that amylopectin materials were composed of more dissipative 

materials, which gave better flexibility. 

Above reports explained that the increase in hardness using protein 

concentration of above 10% was due to absorption of water by starch, starch 

granule swelling properties, etc. However, that factor did not determine the 

hardness of composite gels because WC and NC exhibited almost the same 

volume of swollen granules as supported by the same pore size observed in 

this study (Figure 4). However, those three articles and this study had a 

similar feature. An increase in hardness was observed in the protein 

dominant network containing other materials which existed in liquid-like gel 

rather than in solid-like gel. This viscoelastic liquid form may have a 

synergistic effect on a protein dominant gel. Therefore, a physical approach 

is required for better understanding of an unexpected increase in hardness of 

the composite gel. If so, deformation of gel network in a broad range, 

including compression of the whole gel in TPA test, or penetration of narrow 

part of the gel in puncture test, may also be important. Under the 

compression in a broad range as in TPA and SCT, NW released more water 

than WW did as shown in the WHC (Figure 1). Thus, empty space in the gel 

was bigger for NW than WW. Therefore, pressure which occurred between 

materials composing network was bigger in the gel with WW than with NW, 
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because those materials in WW were more difficult to move. However, 

because localized deformation in the puncture test did not cause enough 

pressure between materials, the hardness-P of WW was lower than that of 

NW and was strongly related with network type, solid-like or liquid-like. 

Furthermore, higher viscosity of viscoelastic liquid also affected the 

properties of the composite gel because rheological properties of gelatinized 

starch depend on the adhesion between the dispersed phase and the 

continuous network (Eliasson & Gudmundsson, 2006). Olsson et al. (2000) 

also suggested that materials such as non-gelling macromolecules situated in 

the pores can influence textural properties. However, the materials in the 

pores are not the only factor determining textural properties, and so network 

type, φ, pore size, starch type, etc. have to be considered for complete 

understanding of textural properties.
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5. Microstructure characteristic of the composite gel 

determined by small deformation test  

5.1. Stress sweep test 

Yield stress (YS) and limited strain (LS) of the composite gels are shown 

in Figurer 9(a) and (b), respectively. The pattern of YS was similar to that of 

the hardness determined by TPA. In a protein dominant gel, LS was not 

significantly different at φ ≥ 0.7 (p > 0.05). Even if LS of 0.6w was higher 

than that of other protein dominant gels, it was significantly (p < 0.05) lower 

than that of starch dominant gel. LS showed a different pattern from the 

rupture deformation illustrated in Figure 7(b) due to the difference in target 

materials between the large deformation test and the small deformation test. 

Regarding LS, the small deformation test targets a smaller structure than the 

large deformation test does. Especially, connection of protein aggregates can 

be a target of small deformation in a protein dominant gel. However, the 

large deformation test targets a bigger structure composed of many protein 

aggregates and starchy materials. This difference could be explained by a 

comparison of macro-scale and micro-scale. Olsson et al. (2000) also 

reported about the difference between the large deformation test and the 

small deformation test. The large deformation test is more sensitive to the 

pore size, while the small deformation test is more related to the properties of 

the strands. Thus, rheological properties do not always correspond to the 
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properties which are predicted based on aggregation state in microstructure 

(Olsson et al., 2000). Even though the protein dominant gels showed similar 

values of LS, YS was different. Thus, the force needed to break the same 

microstructure was diverse depending on the conditions of a sample. 

Especially, starch type affected the microstructure of protein aggregates 

because YS was significantly (p < 0.05) changed depending on starch type at 

the same LS and φ. 
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Figure 9. Yield stress (a) and limited strain (b) values measured by 

stress sweep test. NC = normal corn starch; WC = waxy corn 

starch; WPI = whey protein isolate. 
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5.2. Frequency sweep test 

The value of n shown in Figure 10(a) indicates the frequency dependence. 

Higher n means higher frequency dependence and a weaker gel. The value of 

n increased with φ, and WW had higher n values than NW did because WW 

existed as viscoelastic liquid. Actually, hardness of gel was higher in the 

protein dominant gel, but according to n value, the protein dominant gel was 

weaker than the starch dominant gel. A similar result was observed by 

Colombo et al. (2014). Adding peanut protein concentrate caused an increase 

in consistency of gel, but the gels showed a weaker structure in frequency 

sweep test. It was related to the target structure as described above. However, 

every gel was strong even though the protein dominant gel showed a higher 

n value than the starch dominant gel did, because n value lower than 0.12 

indicates a strong cross-linked gel in case of protein gel (Tunick, 2011). A 

chemical bond between particles in a network can be made and broken 

during the frequency sweep test (Tunick, 2011). Thus, value of n lower than 

0.12 indicates the low possibility of rupture in junction zones within the 

frequency range used (Yang et al., 2004)  

Frequency dependence of loss tangent was higher in the starch dominant 

gel, while elastic modulus of starch dominant gel had lower frequency 

dependence. It indicated that the starch dominant gel was an entangled 

polymer system. Moreover, constant loss tangent of the protein dominant 
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gels indicated that the protein networks were cross-linked (Shim & 

Mulvaney, 2001). In general, loss tangent values higher than 0.1 indicate a 

weak gel, but the protein dominant gels were hard gel even though those gels 

had loss tangent values higher than 0.1, which was consistent with the result 

obtained by Shim and Mulvaney (2001).  

In the protein dominant gels, similar values were obtained in each of LS, n 

value, and loss tangent were similar (Figure 9(b), Figure 10). Thus, this 

result assumed that microstructures were similar in protein network. 

However, the values derived from the large deformation test were different 

depending on starch type and φ. Therefore, starch as filler material in protein 

network was important for controlling textural properties of the protein 

dominant gels. Consequently, both large and small deformation tests have to 

be conducted because the small deformation test could not explain all of gel 

properties perfectly. 
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Figure 10. Results of frequency sweep test. (a) n value calculated by Eq. 

(1), (b) changes in loss tangent depending on frequency. NC = 

normal corn starch; WC = waxy corn starch; WPI = whey protein 

isolate.
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5.3. Creep and recovery test 

The changes in viscoelastic properties of composite gels were investigated 

using the creep and recovery test. Instantaneous creep compliance (J0), 

viscoelastic creep compliance (Jm), retardation time (λ), zero-shear viscosity 

(  ), and recovery percentage (RE) are shown in Table 2. J0 decreased with 

φ in the starch dominant gel, while the protein dominant gels of NW showed 

similar values. J0 decreased dramatically in WW, and especially, 0.8w 

displayed the smallest value which was almost half the value of 0.8n. 

Furthermore, 0.8w showed the smallest Jm, and λ was not significantly 

different among the gels having the same dominant component. However, 

phase separation occurred between the starch dominant gels and the protein 

dominant gels. Thus, retardation time was determined by the dominant 

network. The protein dominant gels of NW showed similar    values, and 

0.6w showed the smallest value. However,    of 0.8w was almost four 

times of    of 0.6w. In general, adding waxy starch caused higher creep 

compliance and lower    like 0.6w in a hard gel. However, adding an 

appropriate amount of waxy starch caused a dramatic change in viscoelastic 

properties. In RE, the values predicted from creep phase results fitted by 

Bugers model, which express the viscoelastic properties by the four elements, 

were slightly different from the values measured by using a rheometer. 
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However, to obtain more accurate results, adding more elements to the model 

system requiring much time is necessary, and it may make the model system 

complicate. Therefore, Bugers model is rational enough to explain 

viscoelastic properties of self-supporting gels.  
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Table 2. Creep and recover test of starch/whey protein composite gel 

Sample J0 (10-6 Pa) Jm (10-6 Pa) λ (s)    (Pa) RE (%) 

0.0n 45.80±1.70b 4.08±0.42g 5.09±0.22b 36.97±2.67a 92.57±2.31abc 

0.2n 55.82±5.02a 8.67±0.25c 4.93±0.26b 15.26±0.64cd 94.43±2.14ab 

0.4n 32.43±3.47c 8.00±0.52d 5.39±0.13b 13.08±0.38ef 95.05±0.59a 

0.6n 14.58±0.27def 6.71±0.26e 6.29±0.33a 13.90±0.53de 89.09±1.20abcd 

0.7n 12.76±0.26ef 6.18±0.33e 6.65±0.40a 11.75±0.78fg 90.85±2.30abc 

0.8n 15.49±1.21de 8.74±0.53c 6.55±0.47a 9.41±0.79h 90.55±3.24abc 

0.9n 16.92±0.26d 11.14±0.45b 6.43±0.47a 9.14±0.64h 84.36±2.25d 

0.6w 29.46±0.40c 16.60±0.28a 6.57±0.36a 5.49±0.04i 84.02±2.21d 

0.7w 9.28±0.42gh 5.35±0.53f 6.67±0.28a 15.83±1.53c 88.50±7.23bcd 

0.8w 7.50±0.42h 4.03±0.30g 6.65±0.28a 21.50±0.50b 88.26±3.77cd 

0.9w 11.29±0.29fg 6.56±0.25e 6.41±0.28a 12.87±0.32ef 91.52±1.10abc 

WPI 15.13±0.96de 8.92±0.24c 6.22±0.34a 10.71±1.10gh 87.22±4.01cd 

J0, instantaneous creep compliance; Jm, viscoelastic creep compliance; λ, retardation time;   , zero-shear viscosity; Re, recovery 

percentage.
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CONCLUSION 

 

Composite gels of starch and protein were produced to make self-

supporting gels, and their properties were investigated.  

In general, gelatinized waxy starch is well known to develop a liquid-like 

gel while normal starch forms a solid-like gel. However, in this study, the 

composite gel containing waxy corn starch with protein dominant network 

(φ>0.6) showed higher hardness, elasticity, and flexibility values compared 

to that containing normal corn starch. Rheological, textural, and 

microstructural properties were changed considerably depending on the ratio 

of starch/protein and the type of starch. Especially, the gel containing 5% 

waxy corn starch and 20% whey protein isolate had the greatest elastic 

modulus and hardness. It was suggested that the liquid-like gel filling the 

vacant space of the continuous protein network compensates the protein 

network physically under the appropriate conditions. 

Waxy corn starch and whey protein isolate can be utilized to make a hard, 

flexible, and well penetrated gel. This result could contribute to developing 

novel ways to control the texture of gel-type foods such as pudding, tofu, and 

fish cake containing starch and protein. Therefore, further investigation on 

the interaction between liquid-like gel and protein continuous network is 

essential for the applications in the food industry.  
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국문초록 

 

말과 단 질   혼합 에   사  계  

해하는 것  새 운 스처  가진 식  만드는 에 매우 

하다. 청단 질과 수수 말 또는 찰 수수 말  

사 하여 립  가능한 혼합  하 다. 립  가능한 

 체 고형  25%에  가열  통해 형 었다. 혼합  

수  보  포함  단 질  양  가할수  낮  값  

보 다. , 수수 말에 비해 찰 수수 말  들어간 혼합 

  큰 수  보  나타내었다. 색도는 Hunter L 값  통해 

나타내었는 , L 값  혼합  단 질 함량  가함에 라 

아 다. 수  보 과는  찰 수수 말  포함  혼합 

에  수수 말  포함  혼합 보다  낮  L 값  

가지는 것  확 하 다. 혼합  미   주사 현미경과 

공   현미경  찰한 결과, 혼합  루는 

트워크가 말과 단 질  비 , 말  에 라 상 하 다. 

찰  트워크 는 말  연  트워크에 단 질   

물질  들어가 는 합  형태, 단 질  연  트워크에 
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말   물질  들어가 는 합  형태, 혹  단 질과 

말  각각  연  트워크  가지는 형태가 었다. 에 큰 

변형  주는  (large deformation) 과  변형  주는  

(small deformation)  가지   물 학  특  측 하 다. 

,  측  결과가  다  경향  나타내었는 , 는 각 

에  측  가 는 가 다 기 문 었다.  

변형  주는 에 해 측   강도  탄 계수는 

청단 질 20%  찰 수수 말 5%  포함한 혼합 에  가  

큰 값  보 다. 결과   연 는 말과 단 질 혼합  

다양한 트워크  해함  식  물  하는 새 운 

 폭  활  안  공할 것 다. 

 

 

 

주 어: 말/단 질 혼합 , 물 학  특 , 스처 특 , 수  

보 , 미   

학 : 2014-20703 
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