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ABSTRACT 

 

The project aims to study the interaction between oppositely charged starches in the 

formation of gel network. Amaranth starch was extracted and chemically modified to 

attach positive and negative charges. Chitosan was attached to provide positive charge 

to the starch. Phosphates and Sulphates were separately attached to starch using 

phosphorylation and sulphation. Positive zeta potential was observed in starch attached 

chitosan and an increase in negative zeta potential was observed in starch samples 

attached with sulphate and phosphate. Interaction between positively and negatively 

charged starch when mixed showed flocculation, as the oppositely charged starch 

particles bind to each other due to electrostatic interactions. Using rheology, viscoelastic 

parameters of the samples were obtained. An increase in the plateau modulus, 

entanglement density, zero shear viscosity, and mean relaxation time upon the mixing 

of the positive and negative samples was observed confirming interaction between 

them. 
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INTRODUCTION 

Texture plays an important role in sensory perception of food and hence can be 

called the backbone for product formulations (Kobayashi, 2015). Texture needs to 

be maintained throughout the shelf life of a food product, especially those which are 

prepared without major ingredients like milk or products that contain low fat 

percentage. Fat is responsible for some unique organoleptic properties of food 

products and plays an important role in providing texture, structure and other 

sensory attributes to any food (Drewnowski, 1992). For milk products, milk fats 

present in the milk are responsible for its sensory attributes like thickness, 

creaminess, smoothness and viscosity (Drewnowski, 1992). All these textural 

properties are affected by the fat content of the food product. For milk products that 

contain low fat percentage like low-fat milk products, it becomes important to 

maintain their organoleptic and rheological properties by using hydrocolloids to 

impart similar properties as their whole fat counterpart. When it comes to food 

products that require refrigeration throughout their shelf life, it becomes challenging 

to maintain their texture. Refrigerated food products undergo multiple freeze - thaw 

cycles throughout their shelf life that can destroy their texture (Degner, 2014). 

Hydrocolloids like starches are used in foods to preserve their texture and improve 

shelf-life. One of the most important uses of starch is to provide texture to different 

food products and provide stability (Kierulf A, 2020). Starches when heated have 

the ability to absorb water and form a gel when cooled. They can increase the 

viscosity of food products to give them the desired texture, mouthfeel and 
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creaminess. In a study, thickening starches were used in yoghurt production to 

successfully maintain its organoleptic properties.  

Starch is made up of amylose and amylopectin units. The properties of starch allow 

it to absorb water and form a gel when heated. This gelatinization is due to the 

amylose in starch leaching out and amylopectin forming the gel structure. However, 

when starch is used as a thickener amylose plays the main role as the chains are 

water soluble and increase viscosity (Yongfeng Ai, 2018). 

 

Starch modification has been carried out to further improve the functionality of 

native starch, and effectively use them in various types of food products (L. Kaur, 

2016). Physical and chemical modifications of starch can be carried out to improve 

its functional properties. Physical modifications are the ones that bring about 

changes in starch due to physical treatments and no chemical modification occurs 

during these treatments resulting only in a slight decrease in molecular weight 

(James N. BeMiller, 2018). Chemical modification of starch has been carried out to 

modify starch to lower the glycemic index in foods by decreasing the amount of 

carbohydrates. Other examples for uses of chemically modified starches are as fat 

replacers, chelator, flavor carrier, etc (Yu-Fang Chen, 2018). Modified starches have 

extensive applications in improving textures in food. Hydrophobically modified 

starches were used as food additives by microencapsulation of oil-based flavors, 

nutrients, etc (Jason Z. Li, 2014). Modified starches were used for substituting gum 

arabic in beverage emulsions (Chamamai, 2006). Potato starch has been modified 

extensively, (Chen W. &., 2015) studied the effects of charge carrying amino acids 
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on texture and rheology of potato starch. The results showed a decrease in gel 

strength due to acidic amino acids, but an increase in gel strength due to basic amino 

acids. The study mentions that an increase in gel strength occurs due to the addition 

of amino acids, causing ionic repulsions in starch molecules, and increasing the 

swelling and water binding capacity of starch molecules. Amaranth starch in this 

study was chemically modified to attach anionic and cationic compounds to study 

their interactions to form a gel. It has been demonstrated in previous studies that 

chemical modification of starch using cross- linking agents improves the freeze-

thaw ability, granule stability, pasting stability, gelatinization and viscosity of starch 

(Chen Q. &., 2015). Previous studies have shown that modified starches are more 

economical, versatile and highly functional (Jason Z. Li, 2014). The purpose behind 

this study was to determine if starch extracted from Amaranth can be chemically 

modified to obtain either a stable positive or a negative charge and to further study 

their interactions when mixed. Until now there have been studies that carried out 

chemical modification of starch by addition of cationic or anionic compounds. 

Previously, starch and mineral composites induced by the interaction of cationic and 

anionic starch to form polyelectrolyte complexes was studied by Fan et. al for the 

use of starch in the paper industry1.  The purpose of our study was to understand 

whether the interaction between positively and negatively charged starch samples 

when mixed can form a gel network.
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MATERIALS AND METHODS 

 

2.1 Materials 

Amaranth starch was isolated from commercially available organic whole grain 

Amaranth flour purchased from local market in Ithaca (New York, USA). For 

isolation of Amaranth starch, Sodium Hydroxide pellets (ACS reagent, ³ 98%) were 

purchased from Chem-Impex Int’l Inc (Wood Dale, IL, USA).  For the addition of 

negative charges Sodium Tripolyphosphate Technical was purchased from GFS 

chemicals (Columbus, OH, USA). For Chitosan coated starch, High molecular 

weight Chitosan was purchased from Sigma-Aldrich Chemical Co (St. Louis, MO, 

USA). For UV- Vis of phosphorylated starch Vanadate-molybdate reagent was 

purchased from Sigma-Aldrich (EMD Millipore Corporation, Burlington, MA, 

USA) and for Sulphated starch, Gelatin from porcine skin (gel strength 90- 110 g 

Bloom, Type A) was purchased from Sigma- Aldrich (St. Louis, MO, USA). All the 

other chemicals used were lab grade and were purchased from Sigma-Aldrich. 

 

 

2.2 Extraction of Amaranth starch from Amaranth flour 

Amaranth starch was isolated by an alkaline isolation method. 200 g Amaranth flour 

was dispersed into 1 L of 0.15% NaOH solution and another 200 g of the flour was 

dispersed into another 1 L of 0.15% NaOH solution. These solutions were mixed 

using overhead stirrers at 500 rpm for exactly 1 hour at ambient temperature. The 

slurry was filtered through a 270-mesh sieve of 53um pore size using a laboratory 
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test sieve shaker (Derrick Mfg. Co., Buffalo, NY, USA) for 10 mins. The filtrate 

was collected into the beaker. The remaining residue that did not pass through the 

sieve was re-dispersed in 400 mL of 0.15% NaOH solution and then stirred for 10 

mins. This slurry was filtered through 270-mesh sieve in sieve shaker for 10 mins 

and collected in the beaker. The remaining residue was again washed with 200 mL 

of 0.15% NaOH solution and collected into the beaker.  

These filtrates were poured into 240 mL centrifuge bottles and the bottles were 

balanced. The filtrates were centrifuged at 4500 rpm for 20 mins. The supernatant 

was discarded and the top yellow- brownish layer of protein was removed using a 

spatula. The remaining white starch layer was resuspended in deionized water in a 

500 mL beaker. This process was carried out for the remaining filtrates and the total 

volume of the final filtrate was kept at 300 mL or less. The pH was adjusted to 6.0 

± 0.1 using a 1N HCl solution, and centrifuged at 3000g for 20 min. The yellowish 

layer was then removed, and the extract was refrigerated for 4 hours. The extracted 

starch was then freeze dried for 24 hours and then ground using a conical burr 

grinder. 

 

2.3 Addition of charges 

 

2.3.1 Addition of negative charges: Sodium tripolyphosphate 

4 g of Sodium tripolyphosphate (STPP) and 0.08 g of MgCl2 were mixed in 20 mL 

of deionized water. 5 g of extracted Amaranth starch was thoroughly dispersed in 

20 mL deionized water and added to the STPP - MgCL2 solution and mixed at 50˚C 
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for 3 hours. The mixture was sonicated for 5 mins and the pH was adjusted to 9.0 ± 

0.1 using a pH meter. This mixture was dried in the oven at 40˚C for 24 hours. The 

dried samples were then re-dispersed in deionized water and centrifuged in 50 mL 

centrifuge tubes for 5 mins at 5000g at ambient temperature. The supernatant was 

discarded, filtrate was resuspended in deionized water by making the volume to 50 

mL in the same tube and mixed using a rotator (Benchmark Rotobot) for 10 mins. 

This was repeated three times, the final pH was measured, and the filtrate was 

refrigerated for 4 hours and then freeze dried for 24 hours. 

 

2.3.2 Addition of negative charges: Sulphation  

Chlorosulfonic acid (1.00 g, 9 mmol) was added dropwise at 0˚C to magnetically 

stirred mixture of 2.5 g starch in 20 ml hexane. After addition was complete, the 

mixture was stirred for 3 hours until HCl was removed from reaction vessel. Then, 

the mixture was centrifuged at 5000g for 5 mins, and the supernatant was decanted. 

The residue was washed with hexane (30 mL) and centrifuged again. The residue 

was neutralized by a solution of Na2CO3 (0.1 M) and washed with water. Finally, 

the samples were freeze dried for 24 hours.  

 

 

2.3.3 Addition of positive charges: Spray drying chitosan coated starch 

600 mL of acetic acid was added to 1 g of low molecular weight chitosan and stirred 

using overhead stirrer for 24 hours. 20 g of Amaranth starch was added to 100 mL 

of acetic acid and sonicated for 5 mins. This starch solution was then added to the 



 

  
7 

chitosan solution prepared earlier and spray dried (inlet temperature: 180˚C, outlet 

temperature: 80˚C, flow rate: 4-5 mL/minute) 

 

2.4 Zeta Potential 

Zeta potential (mV) was measured using a Malvern Zetasizer (Nano Series), to 

detect the charge added on the modified starch samples. The phosphorylated, 

sulphated, and chitosan coated starch samples (0.1 g) were dissolved in 0.9 mL 

buffer solution of pH 3.5, 5.0 and 6.5 (10% w/v) and serially diluted to 0.1% using 

deionized water. Samples were prepared in triplicates and were thoroughly mixed 

before every dilution. The final samples were mixed for 20 mins before measuring 

the Zeta potential.  

 

2.5 Degree of substitution/ characterization  

 

2.5.1 UV-Vis (Phosphorylation) 

Vanadomolybdophosphoric acid method was used to determine the degree of 

substitution of phosphorylated starch (Nathania, 2017). 0.12 g of Na2CO3 was 

diluted in 2 mL of boiling water, 0.2 g of phosphate starch was added to the above 

solution and was dried at 100˚C which was ashed in a muffle furnace at 550˚C for 9 

hours. The sample was later cooled to 25˚C, hydrolyzed by aqueous solution of HCl 

(4.8 mL, 4% v/v). The solution was filtered, diluted with water making the volume 

to 100 mL. 7.5 mL of the filtrate was added to 2.5 mL Vanadate-molybdate reagent 

and the absorbance was measured using UV-vis spectrophotometer at 435 nm. 
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2.5.2 UV-Vis (Sulphation) 

The degree of substitution for Sulphated starch was measured by Barium Sulfate - 

Gelatin nephelometry method with a few modifications (Dapeng Cui, 2009). 0.03 g 

of Sulphated starch was hydrolysed in 10 mL of HCl (1 mol/L) at 1000C for 8 hours, 

to make sure the attached sulphate groups are separated from the starch backbone. 

Barium Chloride - Gelatin reagent was prepared and used as a precipitating solution 

for UV-Vis to find out the Degree of Substitution of Sulphate added starch samples. 

10 g Barium Chloride (BaCl2), 10 g Sodium Chloride (NaCl) and 0.25 g Gelatin 

were dissolved by continuous stirring in 300 mL Deionized water. 5 mL of 

concentrated HCl was added to the solution and diluted to 1 L with Deionized water. 

This stock solution is stable for one month. Anhydrous Sodium Sulphate (Na2SO4) 

was used to prepare 10 mM standard stock solution. 1.421 g of anhydrous Na2SO4 

was dissolved in deionized water which was then diluted to 1 L. This stock solution 

is stable for six months. 2.5 mL of deionized water was added to 0.5 mL Sulphate 

starch sample in a quartz cuvette to which Barium Chloride - Gelatin reagent was 

added, and the absorbance measured at 420 nm after 5 mins. Standard stock 

solutions at different concentrations were concurrently prepared and their 

absorbance was measured at 420 nm.  

 

2.6 Measurement of Degree of substitution (DS) by elemental analysis 

To confirm the DS values of Sulphate and Phosphate attached starch were 

consistent, elemental analysis of both the samples was carried out. The DS of 

chitosan coated starch was determined by the elemental analysis for amount of 
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Nitrogen attached to the starch (AOAC 99223, combustion method, Dr. G. Latimer 

official methods of analysis of AOAC Intl’ 2016) 

DS of Phosphorylated starch was calculated as follows:  

DSP =
!"#×%&

'!(()!(#×%&
     (…1) 

 

DS of Sulphate starch was calculated as follows: 

DSS =
!"#×%*

'#(()+".("×%*
    (…2) 

 

DS of Chitosan coated starch was calculated as follows:  

DSC =
!"#×-%

!.(()!/!.".×-%
    (…3) 

In the above equations, 162 refers to the molecular weight of starch monomer, %S, 

%P and %N are the percent Sulphur, Phosphorus and Nitrogen content respectively. 

3200, 3100 and 1400 refers to the molecular weight of S, P and N times 100 and 

96.06, 102 and 151.64 are the molar masses of Sulphate, Phosphate and Nitrogen 

groups respectively. 

 

 

2.7 Interaction of charged particle by optical microscopy 

Aggregation of charged particles was observed using optical microscopy after 

mixing them in different ratios of 1:1, 1:2, 2:1 at pH 3.5. The samples were again 

prepared in triplicates and were observed under the microscope at 20X 
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magnification. 1% NaCl was added in chitosan coated starch, sulphated starch and 

phosphorylated starch and mixed in the ratios mentioned above. 

Interaction between positive and negative charges using Chitosan coated starch and 

Phosphorylated starch was observed at ratios of 1:1, 1:2 and 2:1 respectively.  

Interaction between positive and negative charges using Chitosan coated starch and 

Sulphated starch were observed at ratios of 1:1, 1:2 and 2:1 respectively. 

Interaction between positive and negative charges after the addition of 1% NaCl in 

Chitosan coated starch and Phosphorylated starch was observed at ratios of 1:1, 1:2 

and 2:1 respectively. Interaction between positive and negative charges after the 

addition of 1% NaCl in Chitosan coated starch and Sulphated starch was observed 

at ratios of 1:1, 1:2 and 2:1 respectively. 

 

 

2.8 Rheology 

Sulphated starch and chitosan-coated starch dispersions (25% w/w) were prepared 

separately in pH 3.5 buffer. They were then mixed at 1:1, 1:5, 1:10, and 1:20 ratios 

(sulfated starch: chitosan-coated starch) by volume. In addition, the same mixtures 

were prepared with 1% salt by weight, for comparison. Using a Physica MCR501 

rheometer with a 25 mm parallel plate and 0.5 mm gap, oscillatory strain sweep tests 

were conducted at a 1 rad/s frequency and 0.5-100% strain, and frequency sweep 

tests at 1% strain and 100-0.1 rad/s frequency. The complex modulus G*, storage 

modulus G’, loss modulus G”, and complex viscosity CV were then plotted against 

strain and frequency using a log-log scale. The relaxation spectra of the samples 
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were obtained from the plots of the G' and G" data versus the angular frequency at 

25℃. By using the relaxation spectrum (𝜆1), the zero shear viscosity (𝜂(), plateau 

modulus (G5( ), mean relaxation time(�̅�), and entanglement density (𝜈8)	of the 

samples were calculated from the following equations, respectively: 

 

 𝜂( = ∑𝜆1𝐺1         (...4)  

																																																																				G5( = ∑𝐺1            (...5) 

 �̅� = ∑=>
?@>

∑=>@>
             (...6) 

𝜈8 =
𝜌B

𝑀8
D 	, 𝑀8 =

𝜌𝑅𝑇
𝐺-(
G     (...7) 

where the entanglement density (𝜈8) is defined as the number of entanglement 

connections per unit volume, and R is the ideal gas constant, T is the temperature, ρa is 

the amorphous density and ρ is the melt/normal density. The density ρ and ρa of starch 

are 1.5 and 1.498, respectively. 
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RESULTS AND DISCUSSION 

3.1 Zeta potential 

The zeta potential of the modified starches was as follows: 
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Fig 1: Zeta potential of Chitosan coated starch at pH 3.5, 
5.0, 6.5

Chitosan coated starch Chitosan coated starch with 1% NaCl
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Fig 2:  Zeta potential of Sulphated starch at pH 3.5, 5.0, 
6.5

Sulphated Starch with 1% NaCl Sulphated Starch
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In Figure 1, an increase in the positive charge of Chitosan-coated starch is seen as 

the pH decreases. This is because as the pH decreases, the amount of H+ ions in 

solution increase which cause the side chains to protonate. This causes the negative 

charges on the starch sample to become neutral, or neutral charges to become 

positively charged. Amaranth starch sample has high protein content and the major 

proteins found in Amaranth are Globulins and Glutelins which have an isoelectric 

point of pH 5-10 and 4.8 - 8.7 respectively (Frederik Janssen, 2016). Proteins below 

the isoelectric point gain a net positive charge. It can be observed that there exists a 

significant positive charge after the addition of Chitosan, even at pH above the 

isoelectric point of proteins. This is an indication of attachment of Chitosan to starch 

granules. 
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Fig 3:  Zeta potential of Phosphorylated starch at pH 3.5, 5.0, 
6.5

Phosphorylated Starch with 1% NaCl Phosphorylated Starch
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Addition of 1% NaCl affected the zeta potential by decreasing the charge on the 

starch- this is due to the screening effect caused by the addition of salts. Figure 2 

shows a trend in increased negative charge on Sulphated starch as the pH increases 

and a slight decrease in the negative charge as 1% NaCl is added. Similarly, Figure 

3 plot shows zeta potential trend for Phosphorylated starch samples at pH 3.5, 5.0 

and 6.5, with and without 1% NaCl. It can be observed that as the pH increases there 

is an increase in the negative charge. The most negative charge for phosphorylated 

starch is seen at pH 6.5 since H+ ions are released as the pH rises, giving the starch 

a negative charge. 

 

3.2 Degree of substitution (DS) 
 
DS calculated using equations 1, 2 and 3 for Phosphorylated, Sulphated and 

Chitosan coated starch was as follows:  

Table 1: DS from UV-Vis and elemental analysis of modified starch samples 

 

From Table 1, DS of Sulphated starch was found to be the highest from both UV-

vis and elemental analysis, which also explains the high negative charge on 

Sulphated starch sample. In comparison, Phosphorylated starch DS was lower which

Modified 
Starch samples 

UV-VIS Elemental Analysis 
% DS % DS 

Phosphorylated 
starch 

0.048 ± 
0.001 

0.00254 ± 
0.00005 

0.0538 ± 
0.00 0.0028 ± 0.00 

Sulphated 
starch  

0.38 ± 
0.01 

0.0194 ± 
0.0008 

0.078 ± 
0.006 

0.0040 ± 
0.0003 

Chitosan coated 
starch - - 0.33 ± 0.00 0.0396 ± 0.00 
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corresponds to the results from the Zeta potential of the modified starch samples. 

Chitosan coated starch DS was 0.33, which shows that chitosan was attached to 

starch, which also confirms the positive zeta potential recorded on the starch sample. 

3.3 Interaction between charged particles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig 6: Phosphorylated Starch at pH 
3.5 (20x)  

Fig 5: Sulphated Starch at pH 3.5  
(20x) 

Fig 4: Chitosan Starch at pH 3.5  
(20x) 

Fig 7: Chitosan +Phosphorylated 
Starch interaction at 1:1 ratio at pH 

3.5 (20x) 
 

Fig 8: Chitosan +Phosphorylated 
Starch interaction at 1:2 ratio at pH 

3.5 (20x) 
  

Fig 9: Chitosan +Phosphorylated 
Starch interaction at 2:1 ratio at pH 

3.5 (20x) 

Fig 10: Chitosan + Sulphated Starch 
interaction at 1:1 ratio at pH 3.5 (20x) 

 

Fig 11: Chitosan +Sulphated Starch 
interaction at 1:2 ratio at pH 3.5 (20x 

magnification) 
 

Fig 12: Chitosan +Sulphated Starch 
interaction at 2:1 ratio at pH 3.5 

(20x) 
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Fig 13: Chitosan Starch + 1% NaCl at 
pH 3.5  
(20x) 

Fig 14: Sulphated Starch + 1% NaCl 
at pH 3.5  

(20x) 

Fig 15: Phosphorylated Starch + 1% 
NaCl at pH 3.5  

(20x) 

Fig 16: Chitosan Starch + Sulphated 
Starch interaction + 1% NaCl at 1:1 

ratio at pH 3.5 (20x) 

Fig 17: Chitosan Starch + Sulphated 
Starch interaction + 1% NaCl at 1:2 

ratio pH 3.5 (20x) 

Fig 18: Chitosan Starch + Sulphated 
Starch interaction + 1% NaCl, at 2:1 

ratio at pH 3.5 (20x) 

Fig 19: Chitosan Starch + 
Phosphorylated Starch interaction + 
1% NaCl at 1:1 ratio at pH 3.5 (20x) 

Fig 20: Chitosan Starch + 
Phosphorylated Starch interaction + 
1% NaCl at 1:2 ratio at pH 3.5 (20x) 

Fig 21: Chitosan Starch + 
Phosphorylated Starch interaction + 
1% NaCl at 2:1 ratio at pH 3.5(20x) 
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Figures 4,5 and 6 show the optical microscopy images of Chitosan, Sulphated and 

Phosphorylated starch and show no formation of flocculates or any aggregation. 

However, when mixed in different ratios there is a tendency to flocculate which is 

observed in figures 7 - 12. Chitosan starch and Sulphated starch interactions in all 

ratios show a higher number of flocculates (Figures 10, 11, 12), including in 1% 

NaCl samples (Figures 16, 17, 18). This might be due to the higher degree of 

substitution (3.2) that was seen in Sulphated starch and its higher negative zeta 

potential as compared to Phosphorylated starch.  Electrostatic interactions between 

the oppositely charged starch samples cause the oppositely charged particles to 

flocculate and form a gel network. When 1% NaCl was added to this interaction in 

different ratios, there is a decrease in the amount of flocculation (Figures 16 - 21), 

which is confirmed by the zeta potential plots for 1% NaCl starch. This is due to the 

screening effect of charges, salt screens the charges and causes repulsion between 

the like charges, resulting in dispersion of particles and less aggregation, which can 

be observed in figures 16 to 21. Figures 13, 14, 15 shows optical microscopy images 

of Chitosan coated, Sulphated and Phosphorylated starch respectively with the 

addition of 1% NaCl. We can see an increased dispersion when compared to the 

samples without 1% NaCl (Figures 3, 4, 5). This shows that 1% NaCl screens the 

charges on the charged starches which is also the reason there is a decrease in the 

zeta potential of these starch samples. 1:1 ratio of both Chitosan coated + 

Phosphorylated starch (Figure 7) and Chitosan coated + Sulphated starch (Figure 

10) shows the highest flocculation which corresponds to the formation of gel 

network that can trap water in their structure. 
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3.4 Rheology 

   Figure 22: Storage modulus Vs Frequency plot 

 

Table 2. Viscoelastic parameters of modified starch samples (Chitosan coated, Sulphated starch) 

Samples 
𝜼𝟎 𝐆𝐍𝟎  𝝀M 𝝂𝒆 

(Pa.s) (Pa) (s) (gr.mol/cc) 

Positive (Chitosan 

coated) 
630 402 5.49 0.16 

Negative (Sulphated) 21.4 17.4 2 0.007 

1:1 9160 7390 5.78 2.98 

1:5 3820 3640 5.63 1.47 

1:10 942 580 5.46 0.23 

1:20 697 270 5.38 0.19 

1:1 with salt 1510 50.4 4.89 2.03 
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Table 2 demonstrates the data attained from the relaxation spectra. The 

entanglement density (𝜈8) is defined as the number of entanglement connections per 

unit volume. R is the ideal gas constant, T is the temperature, ρa is the amorphous 

density and ρ is the melt/normal density. The density ρ and ρa of starch are 1.5 and 

1.498 (Davachi, 2018), An increase in the plateau modulus, entanglement density, 

zero shear viscosity, and mean relaxation time upon the mixing of the positive and 

negative samples is a clear sign of interaction them. The increase in mean relaxation 

time, which is the relative magnitude of the elastic to viscous response, means that 

mixing positive and negative samples results in lower viscous response and higher 

relaxation time and makes the samples more gel-like. The increase in zero shear 

viscosity emphasizes the increase in the cohesion of the gel-like structures. 1:1 

sample shows the highest values as compared to the other samples. However, 

samples with non - equivalent ratio also show increase in their plateau modulus, 

entanglement density, zero shear viscosity, and mean relaxation time as compared 

to the positive and negative samples. Clearly 1:1 ratio shows the best results (Figure 

22). Although in the other ratios we do see an increase due to the electrostatic 

interactions, but as the equilibrium changes, it lowers the effectiveness of using two 

charges as the leftover charges cause repulsion therefore making the structure 

weaker (Figure 22). The rheological data also explains the findings in optical 

microscopy, as we observe flocculation in different ratios, but the flocculation 

observed in 1:1 ratio is the highest. Rheological measurements for Phosphorylated 

starch are ongoing. 
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CONCLUSION 

Modification of Amaranth starch was successfully carried out by attachment of 

negative and positive charges. We attached negative charges by sulphation and 

phosphorylation. Positive charges were attached by Spray drying with chitosan. 

After verifying these attachments by zeta potential and degree of substitution 

estimation, we found that when oppositely charged starches are mixed, they 

flocculate in the solution. When these oppositely charged starches are mixed at 

different ratios, their electrostatic interactions lead to different rheological behavior. 

We found that at an optimal 1:1 ratio, we achieved the highest storage modulus, 

complex viscosity and entanglement density, indicating that these electrostatic 

interactions create a network leading to formation of different textures. We believe 

that these modified starches can be used in food as improved texturizers. 
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