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INTRODUCTION 

 

Consumption of alternative crops such as Andean pseudo cereals is gaining 
popularity among people who adopt a healthy lifestyle. The opportunity to 

supplement refined wheat flour which has a low level of nutrients with higher 
nutritional value flour has attracted high interest for manufacturers involved in 

new bakery products development based on nutrient-dense ingredients. Amaranth 

flour is recognized as a functional ingredient due to its high-quality nutritional 

and technological properties, especially in baking processes, and due its multiple 

uses for processing and industrialization (Sanz-Penella et al., 2013). Besides the 

excellent nutritional value, amaranth grain present a potential agronomic 
importance across the world, being environmentally resistant crop which easily 

adapted to different conditions (Valcárcel-Yamani and Lannes, 2012; Rosell et 

al., 2009). There are more than 60 species of amaranth ,but three  species of 
genus Amaranthus originating in South America are the most important, A. 

hypochondriacus L. (México), A. cruentus L. (Guatemala) and A. caudatus L. 

(Peru and other Andean countries) being cultivated for grain production 
(Cárdenas-Hernández et al., 2016; Kaur et al., 2010).  Because amaranth does 

not include gluten, makes it to be a nutritious food ingredient which contain  high 

level of protein and carbohydrate that require the needs of the people with celiac 
disease, the individuals allergic to wheat, and the vegetarian persons. Health-

promoting attributes of amaranth seeds reside in hypocholesterolemic activity, 

improves the immune system, antitumor effect, decreases blood glucose levels, 
action acts on liver functions, hypertension, antienemiceffect, antioxidantactivity, 

celiac disease and antiallergic action (Caselato-Sousa and Amaya-Farfán, 

2012). 

In  addition to being source of carbohydrate and a high quality protein with a well 

balanced amino acid composition, the amaranth seed provides dietary fiber, lipids 

rich in unsaturated fatty acids, adequate levels of minerals (zinc, copper, and 
manganese), vitamins (thiamine, niacin, riboflavin, and folate) and significant 

amounts of other bioactive components such as squalene, tocopherols, phenolic 

compounds (Chauhan et al., 2015; Inglett et al., 2015; Venskutonis and 

Kraujalis, 2013) that have known effects on human health (Kalinova and 

Dadakova, 2009). The researchers have found varying values of grain amaranth 

protein composition, from 13.10 to 21.00%, depending on variety and 

environmental conditions (Akin–Idowu et al., 2017; Venskutonis and 

Kraujalis, 2013). Amaranth protein presents a high content of essential amino 

acids, especially lysine and methionine (Caselato-Sousa and Amaya-Farfán, 

2012) and thus, it is superior to that of common cereals. The cysteine includes 

sulphur which improved gluten network by inter in sulphur bond.Hence, the 
addition of amaranth flour to wheat flour improves dough characteristics in wheat 

flour (Palombini et al., 2013). Comparatively with cereal starch, the amaranth 

starch is found in lower amounts and is located in the perisperm, not in the 

endosperm (Inglett et al., 2015; Valcárcel-Yamani and Lannes, 2012). 

Amaranth starch presents much lower amylose content than other cereal starches, 

whereas amylopectin content is high (Venskutonis and Kraujalis, 2013; 
Schoenlechner et al., 2008). Rapidly digestible starch was reported to be about 

30% d.w. which leads to a lower predicted glycaemic index (87.2) compared to 

wheat starch (Kaur et al., 2010). The total fiber content of amaranth seeds varies 
between 11.14 and 20.6%, wich depend on the species and conditions of growing 

(Venskutonis and Kraujalis, 2013; Valcárcel-Yamani and Lannes, 2012); the 

soluble fiber being in high quantity (4.2%) (Caselato-Sousa and Amaya-

Farfán, 2012). Other researchers found that the grain amaranth contains 3 times 

the amount of fibre in wheat (Dhellot et al., 2006). The lipid content of amaranth 

is higher than cereal grains, ranging from 5.7 to 16.7% (Kraujalis and 

Venskutonis, 2013; Alvarez-Jubete et al., 2009). Theatty acids founds in high 

concentration in amaranth oils were palmitic (19%), oleic (26%) and linoleic 

(47%) (Caselato-Sousa and Amaya-Farfán, 2012). The amaranth  fats are 
found to be generally stable against oxidation, due to the presence of high amount 

of vitamin E. Valcárcel-Yamani and Lannes (2012) reported that amaranth 

contains bioactive compunds: riboflavin (0.19-0.23%) and ascorbic acid (4.5%). 

Some Amaranthus species contains other minor components such as phytosterols, 

waxes and terpene alcohols, which primarily depend on plant species and cultivar 

method. In respect to the minerals, calcium, magnesium, iron and zinc can be 
found in high amounts in comparison with wheat, the content being influenced by 

environmental conditions (Valcárcel-Yamani and Lannes, 2012; Alvarez-

Jubete et al., 2009). Other bioactive compounds (total phenolic acids) were 
found in amaranth seeds (Repo-Carrasco-Valencia et al., 2010), being a source 

of antioxidant valuable phenolic compounds (de la Rosa et al., 2009).  

Knowledge of various amaranth flour (AF) particle sizes influence added in different amounts in refined wheat flour (WF) seems 

necessary to properly design systems with expected rheological properties. The study aimed to assess the effects of factors, particle size 

and level of AF added in WF on Falling number index (FN) and dough rheological properties described by Mixolab in a systematic 

investigation based on design of experiment. The level of AF added in WF significantly influenced the FN values in the linear and 

quadratic terms (p  0.05), revealing a decrease with the level increase. Particle size played a significant role in increasing water 

absorption in linear and quadratic terms (p  0.05), whereas only the linear term has a significant effect (p  0.005) on dough 

development time and stability. Particle size increase and the interaction between particle size and AF significantly increased torques C2 

and C3. AF level increase in WF significantly decreased the torques C4 and C5. The optimization results highlighted that the most 

suitable combination would be the composite flour with 9.74% AF of 280 μm particle size incorporated in WF. The proposed approach 

and the information resulted can be relevant for industrial applications, helping to develop products with amaranth with optimum 

rheological properties, in order to scale-up the production. 
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 Some research has shown an improved nutritional quality of bakery products 
when wheat flour is supplemented with amaranth, depending on the percentage 

added. There were studies revealing that amaranth substitution of 10–20% 

improve some rheological properties of the dough without damaging quality. 
Amaranth flour was investigated as a replacement ingredient of wheat flour in 

various baked products such as bread, cakes, biscuits, pasta (Sanz-Penella et al., 

2013; Capriles et al., 2008; Vitali et al., 2008; Sudha and Leelavathi, 2012). 
Most of the studies reported that amaranth has negative effect on loaf volume: 

this is due mainly to an excess amount addition which reduces gluten content of 

composite flour, and also leads to disruption of the starch-gluten matrix, thereby 
negatively influencing dough rheological properties. The negative effects can be 

diminished by using an adequate proportion of amaranth in wheat flour.  
Particle reduction represents an important operation in food processing which is 

widely applied in the grain milling industry to separate the endosperm from the 

undesirable components of the whole grain (Ahmed et al., 2019). Several studies 
revealed that separation of the flour in different fractions vary in physical and 

chemical properties and thus provided possibility of production of specialty 

flours for different use products (Sakhare et al., 2013). The remarkable effects of 
particle size on rheological properties of various flour dough with different 

particle size was reported in some previously investigations (Ahmed et al., 2019; 

Iuga et al., 2019; Mironeasa et al., 2019; Ahmed et al., 2016; Ahmed et al., 

2015; Moreira et al., 2014), highlighting that particle size and composition of 

the particle fractions influenced significantly the rheological properties in various 

ways. Some quality attributes of bread, such as volume and hardness are strongly 
influenced by the particle size of flours added; a higher particle sizes leads to 

lower hardness and higher volume (Martínez et al., 2014). Large particle size 

can have a negative impact on the bread quality due to the lower hydration and its 
integration in the gluten viscoelastic structure (Mironeasa et al., 2018; Sanz-

Penella et al., 2013). On the other hand, the lower particle sizes showed a higher 

water holding capacity due to the surface area rising. The important role of water 
content in the final product quality as a plasticizer that significantly affect 

rheological behavior has been reported (Amjid et al., 2013; Bhattacharya et al., 

2006). The incorporation of large particle size rich in fiber and high levels of 
amaranth flour can have a detrimental effect on dough rheological and 

viscoelastic properties, and on bread functional properties, as well as on its 

organoleptic ones. Previous research have been trying to determine an optimal 
amount of amaranth flour which could be used for substitution of wheat flour, but 

no work has been done to examine effects of particle size of amaranth flour. To 

our knowledge, no studies have been made yet to investigate into the main effect 
of particle size and amaranth seed flour level and interaction effect between 

particle size and level of amaranth flour added in wheat flour, on -amylase 

activity using Falling number tests and on dough characteristics using Mixolab. 
The rheological equipment of a newer generation Mixolab, launched in 2004, has 

gained more and more popularity in assessing dough behaviour during mixing 

and also during the heating-cooling stage, simulating the behaviour of the dough 
inthe bread making process in only one single test. Mixolab can be used to 

feature the rheological behaviour of dough subjected to a dual mixing and 

temperature constraints (Moreira et al., 2012), allowing an extremely complex 
assessment of the changes. The Mixolab has been applied to evaluate the impact 

of particle size on quality attributes of reconstituted whole wheat flour (Wang et 

al., 2016; Liu et al., 2016) as well as the influence of milling whole wheat grains 
of different particle size on the thermo-mechanical properties (Bressiani et al., 

2019).  

Response surface methodology (RSM) RSM is a useful statistical tools which can 

be employed in order to diminish the number of samples necessary to evaluate 

the factors that affect the process and their interaction implying mathematical 

models and needing small time resources (Mironeasa and Mironeasa, 2019). 
Multiple-response process optimization technique has been successfully applied, 

in conjunction with desirability function for optimization of different composite 

flour formulation (Mironeasa et al., 2019a; Iuga and Mironeasa, 2019; Marcin 

et al., 2016).   

Therefore, the aim of this study was to assess the effects of different amaranth 

flour particle size additions at different levels in refined wheat flour on dough 
rheological properties and to determine the optimal formulation of amaranth 

particle size-level added which will give the adequate dough rheological 
properties. 

 

MATERIAL AND METHODS 

 

Basic materials  

 

Commercial refined wheat flour (WF) of 650 type used in this study was  

acquiered from the local market from Romania (MOPAN,Suceava) and consisted 

of 14.00% moisture (ICC 110/1), 12.60% protein (ICC 105/2), 1.40% fat (ICC 
136), 0.65% ash (ICC 104/1), 30.00% wet gluten (ICC 106/1), 6.00 mm gluten 

deformation index (SR 90:2007), and 312 s falling number index (ICC 107/1), 

being a good flour for bread making according to the Romanian standard SR 
877:1996. The amaranth grains, acquired from S.C. SOLARIS PLANT S.R.L. 

(Ilfov, Romania), presented the following analytical characteristics: moisture 

content 14% (SR EN ISO 665:2003), fat content 8.00% (SR EN ISO 659:2009), 

protein content 17.00% (SR EN ISO 20483:2007), and ash content 3.00% (SR 
ISO 2171:2009). The amaranth seeds were grounded in a laboratory grinder 

(Grain Mill, KitchenAid, Model 5KGM, Italy) and sieved through a Retsch 

Vibratory Sieve Shaker AS 200 basic (Haan, Germany) to obtain amaranth flour 

(AF) at three different particle size: large, L  300 μm, medium, 180 μm  M  

300 μm and small fractions, S  180 μm. 

 

Experimental design and statistics 

 

The effects of two factors, particle size (PS) at 3 levels (L, M, S) and addition 
level of AF in wheat flour at five levels (0, 5, 10, 15 and 20%) on the falling 

number (FN) index, water absorption of amaranth-wheat flour dough and 

rheological properties using the Mixolab device as responses were investigated 
using response surface methodology (RSM) by means of general factorial design. 

The experimental design with real and coded factors values which led to 15 

experimental formulations (Table 1) was built to allow the estimation of the main 
and interaction effects of the factors.   

 
Table 1 Real and coded values of formulations factors 

Run 
Coded values  Real values 

X1 X2  Particle size (μm) AF (%) 

1 -1.000 -1.000  180 0 

2 -1.000 0.500  180 15 
3 1.000 0.500  380 15 

4 1.000 0.000  380 10 

5 -1.000 -0.500  180 5 
6 -0.333 -0.500  280 5 

7 -0.333 0.000  280 10 

8 1.000 1.000  380 0 
9 -1.000 0.000  180 10 

10 -1.000 1.000  180 20 

11 -0.333 1.000  280 20 
12 -0.333 0.500  280 15 

13 1.000 1.000  380 20 

14 -0.333 -1.000  280 0 
15 1.000 -0.500  380 5 

 

To describe the effects of two factors, particle size and amount of AF added in 
refined wheat flour on the fifteen responses, a polynomial quadratic regression 

equation (Eq.1) was applied where Y is the response variable, bo,b1,b2, b11, b22 and b12 

represent the regression coefficients for intercept, linear, quadratic and interaction effects 
respectively of X1 and X2 independent variables or factors (particle size of amaranth flour 

and level added in wheat flour) (Iuga and Mironeasa, 2019). 

 

2112

2

222

2

1112211 XXbXbXbXbXbbY o 
     (1) 
 

The multiple linear regression analysis was applied to fit the data obtained for 

each response to linear, two factor interactions, quadratic and cubic models and 
the most adequately predictive model was selected by means of sequential F-test, 

coefficients of determination (R2), adjusted coefficients of determination (Adj.-

R2), and significant probabilities. In order to determine the validity of the model 
for each response, the experimental and predictive values were compared by 

paired t test (p  0.05). Analysis of variance (ANOVA) was performed to 

evaluate the statistical significance of the coefficients in each predictive model. 
The polynomial response surfaces were generated showing the combined effect 

of the factors, particle size and addition level. Stat Ease Design-Expert 7.1 

software (trial version) was employed to carry out the experimental design, the 
model analysis, generation of the response surface plots, test of model adequacy 

and the optimum level of formulation factors finding (Mironeasa et al., 2019a). 

The multiple responses analysis was applied to the predictive models fitted in 
order to find the optimal value of the factors, amaranth flour particle size and 

addition level. In the optimization process, each predicted response is 

transformed into an individual desirability function, dn which comprise the 
desired and researcher’s priorities when building the optimization procedure for 

each of the factors. The individual desirability functions are then combined into a 

single composite response, named overall desirability function, D (Eq. 2) 
computed as the geometric mean of the individual desirability dn which varies 

from 0 to 1 (Wu et al., 2011). 

 
D = (d1d2 … dn)

(1/n)    (2) 

 

where d1,d2,….dn represent the individual desirability function and n is the 
number of responses. 

 

For the numerical optimization, dough stability (ST) and starch gelatinization, as 
the differences between C3 and C2 (C3-2) were set as maximum, while protein 

weakening, as the differences between C1 and C2 (C1-2) and starch 
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recrystallization during paste cooling, as the differences between C5 and C4 (C5-
4) were set as minimum. The level of all remaining responses which considered 

in this study was kept within range. 

 

Falling Number Evaluation 

 

The Falling number (FN) method, based on viscosity, was applied in order to 

achieve a proximate estimation evaluation of the -amylase activity in the 

composite flour formulated. The FN values were determined according to ICC 

standard method 107/1. 
 

Evaluation of rheological characteristics by Mixolab 

 

Mixing and starch pasting characteristics of samples formulation according to the 

experimental design (Table 1) were studied using the Mixolab equipment 
(Chopin, Tripette et Renaud, Paris, France) with standard option “Copin+” 

protocol. The composite flour rheological characteristics were determined 

according to ICC standard method no. 173 (ICC, 2010). The protocol used for 
determining the rheological behaviour of amaranth-wheat flour was: dough 

mixing at constant mixing rate of 80 rpm and temperature of 30C during 8 min, 

heating rate 4C/min up to 90C, cooling rate of 4C/min up to 50C, and total 
time to run the analysis of 45 min. All the samples were made at the optimum 

hydration level of the composite flour formulated that lets to achieve the 

optimum consistency of dough corresponding to the C1 torque value of 1.1 N·m. 
Several preliminary mixing tests were made in order to determine the optimum 

hydration level to reach the maximum consistency of dough (C1 = 1.1 N·m) and 

then complete test has been applied to determine the dough properties as function 
of mixing and temperature. The following mixing parameters from the registered 

Mixolab curves were determined: water absorption, WA (%) or percentage of 

water needed to achieve the maximum consistency torque C1 of 1.1 N·m, dough 

development time, DDT (min) - the time to reach the maximum torque at 30C 

and stability, ST (min) as time in min until the loss of consistency does not 

exceeds 11% of the C1 torque. When dough temperature increases, due to the 
protein reduction the minimum consistency, C2 (N·m) torque was recorded. 

Then, when dough temperature increases to certain values, the starch 

gelatinization was given through the values of maximum consistency, C3 torque 
(N·m), the stability of starch gel by minimum consistency, C4 torque (N·m) and 

starch retrogradation when cooling dough through maximum consistency, C5 

torque (N·m). In addition, the difference between the C1 and C2 torques (N·m) 
which is a measure of the protein weakening, the difference between the C2 and 

C3 torques (N·m) which measures the starch gelatinization, the difference 
between the C3 and C4 torques (N·m) which is related to starch breakdown and 

the difference between the C5 and C4 torques (N·m) related to retrogradation of 

starch during paste cooling were recorded. 

 

RESULTS AND DISCUSSION 

 

The results obtained are presented in Table 2 and shows the effects of 

formulation factors, particle size and addition level on FN value of amaranth-

wheat composite flour and Mixolab rheological parameters presented as their 

corresponding regression coefficients in the quadratic model. The accuracy test 

of the model (Table 2) showed that the quadratic model predict  properly the 

studied parameters as a function of the formulation factor. 

The falling number (FN) index values of amaranth-wheat composite flours 

formulated ranged from 289 to 321 s. As shown in Table 2, the   level of 
amaranth flour (AF) added, has a significant negative effect on the FN, while the 

particle size has a non-significant effect (p  0.05). FN was significantly 

correlated (p  0.05) with the interaction effect of AF addition level in WF and 
particle size and, also with quadratic effect of AF addition level. By ANOVA, the 

correlation coefficient value (R2) of this model was determined to be 0.70, while 

the adjusted determination coefficient value (Adj.-R2) was 0.55, showing that the 

regression model defined well the real -amylase activity of the composite flour 

through FN index. The negative coefficient of the AF addition level indicated 

that the FN index of amaranth-wheat composite flour decreased with increasing 
levels. The effects of particle sizes and AF addition level is shown in Figure 1a, 

indicating a decrease of FN index with AF addition increase. This trend suggests 

an increase of the -amylase activity in the composite flour when the AF addition 

level in WF increases, knowing that the FN index is inversely correlated with -

amylase activity in flour (Struyf et al., 2016).The increase of -amylase activity 

of the mixture is related to the metalloenzyme character of α-amylase whose 
activity depends on the presence of calcium ions in its structure (Suandarram et 

al., 2014). It is known that amaranth seed contain a high level of calcium (Sanz-

Penella et al., 2013; Alvarez-Jubete et al., 2009) and therefore an increased 
level of amaranth flour in the amaranth-wheat composite flour will result in an 

increase of -amylase activity mixture, improving final product quality. 

 

 

 

 

Table 2 Regression coefficients in the predictive models represented as a function of variations in the formulation factors for FN value and wheat flour dough Mixolab 
characteristics 

Factorsb 

Parameters 

FN 

(s) 

WA 

(%) 

DT 

(min) 

ST 

(min) 

C2 

(Nm) 

C1-2 

(Nm) 

C3 

(Nm) 

C3-2 

(Nm) 

C4 

(Nm) 

C3-4 

(Nm) 

C5 

(Nm) 

C5-4 

(Nm) 

Constant 316.25 58.450 2.890 9.950 0.520 0.600 1.760 1.250 1.580 0.180 2.380 0.800 
A  ns -0.780*** ns 0.840*** 0.045*** -0.050*** 0.099*** 0.054*** ns 0.073*** ns ns 

B -4.730** 0.170* 1.670*** -0.830** -0.036*** 0.029*** -0.180*** -0.150*** -0.330*** 0.015*** -0.620*** -0.260*** 
A x B -5.850** -0.770*** ns 0.780** 0.042*** -0.044*** 0.081*** 0.040** ns 0.077*** ns ns 

A2 ns -0.420** ns ns -0.035*** ns ns ns ns ns ns ns 

B2 -7.900** 0.580** ns ns ns 0.032** ns ns ns ns ns ns 
             

R2 0.70 0.93 0.72 0.83 0.91 0.93 0.95 0.95 0.95 0.96 0.93 0.88 

Adj.-R2 0.55 0.89 0.57 0.73 0.87 0.89 0.93 0.92 0.92 0.94 0.89 0.82 
p-value 0.0205 < 0.0001 < 0.0202 0.0028 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0005 

*** p <  0.005, ** p  <  0.05, * p  <  0.5, A –Particle size (m),  B – level of amaranth flour added in refined wheat flour (%),  R2,Adj.-R2 – measures of model fit, FN – Falling number, WA – 

water absorption, DT –  development time, ST –  stability,  C2 – minimum consistency during protein weakening stage,  

C1-2 – difference between torques C1 and C2, C3 – maximum consistency during starch gelatinization stage, C3-2 – difference between torques C3 and C2, 

C4 – minimum consistency corresponding to hot starch stability gel, C3-4 – difference between torques C3 and C4, C5 – maximum consistency during starch retrogradation stage, C5-4 – 

difference between torques C5 and C4. 

 
The addition of amaranth flour may improve the quality of the final baked 

products prepared especially from flour with a low -amylase activity as it is 

known that -amylase provides fermentable sugars leading to increased bread 

volume, improves crumb structure, intensifies crust colour (Mironeasa and 

Codină, 2017; Struyf et al., 2016). 
 

Effects of the amaranth flour particle size and the levels added in refined 

wheat flour on the Mixolab rheological parameters 

 

Amaranth flour addition of different particle sizes at various levels in refined 

wheat flour has deeply changed the rheological behaviour of dough measured 
with Mixolab, device which provides information on the protein quality and 

strength, amylolytic activity and starch gelling (Codină and Mironeasa, 2013). 
Parameters registered in five different stages of the Mixolab curve describe 

dough rheological properties during mixing, measures the speed of weakening of 

protein due to mechanical work and heat, starch gelatinization, the stability of 
hot-formed starch paste and starch retrogradation during the cooling stage. 

 

Effects of formulation samples on dough rheological properties during 

mixing stage 

 

During initial Mixolab kneading stage, the formation of a three-dimensional 

viscoelastic structure with gas-retaining properties is related to the distribution of 
the material, the disruption of the initially spherical protein particles and the 

hydration of the flour compounds that occur together with the stretching and 
alignment of the proteins (Rosell et al., 2007; Angioloni and Collar, 2009).  

When refined wheat flour was replaced by AF, dough consistency and stability 

that are mainly related to the aggregates formation as a result of hydrogen 
bonding or proteins linking through disulfide or dityrosine bonds, undergo 

modifies. AF addition in WF changes dough consistency at a given amount of 

added water depending on AF particle size and level. It is well-known that water 
absorption capacity influences the baking process, being also a significant 

economic indicator that affects the volume yield of the finite product. Water 

absorption (WA) of formulated samples varies from 56.70 to 60.50%. The effect 
of particle size and AF addition level on WA of amaranth-wheat composite flour 

dough as their corresponding regression coefficients in the quadratic model 
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indicates is shown in Table 2. The model showed that the linear and quadratic 
terms of particle size has a significant negative influence on the WA suggesting 

that with particle size decrease WA increases due to the greater surface area of 

the particles which absorbed more water These results are in agreement with the 
observation reported in the literature by Ahmed et al. (2019), Drakos et al. 

(2017) for quinoa, rye and barley flours. The linear term of the AF addition level 

in WF has a non-significant effect (p  0.05), but the quadratic term showed a 

significant effect (p  0.05) on WA. Also, WA was significantly correlated with 

the interaction effect of particle size and AF addition level and, also with 

quadratic effect of particle size (Table 2). The test for the precision of the model 
indicates that the quadratic model can be suitable to predict WA as a function of 

the formulation factors. The R2 and Adj.-R2 values showed that the regression 

model fitted to the experimental data of WA parameters showed higher R2 value 
(0.93). The effect of particle size and AF level added in WF on the WA of 

amaranth-wheat composite flour dough is shown in Figure 1b. The response 

surface plot indicates that with the interaction effect between particle size and AF 
level increase, the WA decreased, result which can be expected. This decrease 

may be explained by the gluten dilution which requires less hydration and 
therefore a lower amount of water needed (Mohammed et al., 2014). On the 

other hand, an increase of WA with particle size decrease was found and can be 

related to the specific surface area of amaranth starch which is larger than wheat 
starches and small particle absorb more water compared to large and medium 

particle fractions. Similar result was reported by Iuga et al. (2019), Mironeasa et 

al. (2019), Ahmed et al. (2016) whereby small particle size of non-gluten flour 
increases the values of WA. 

Amaranth flour (AF) addition influenced the gluten network and changed dough 

development time (DT). The particle size did not significantly (p  0.05) 

influence DT, while AF level added in WF has a significant effect (p  0.05) on 

DT of amaranth-wheat composite flour which ranged from 1.33 to 5.75 min. As 

shown in Table 2, the quadratic model was found to represent adequately the 
results for DT, as a function of the formulation factors, the R2 and Adj.-R2 values 

confirming the adequacy of the model. Figure 1c represents a response surface 

plot showing the effect of particle size and AF level added in WF on DT, 
revealing that DT increased abruptly (about 2 - 3 times) as the AF level increased 

above 10% comparatively to the control, depending on particle size. DT increases 

considerably in the composite flour with large particle size, showing that a long 
time is needed between the addition of water and the time when the dough 

reached the optimal elastic and viscous characteristics. The increase in DT can be 

explained by the addition of non-gluten flour which affects gluten quality. The 
DT value is a measure of dough strength and the higher it is the stronger is the 

dough. 

Dough stability (ST) was affected (p = 0.02) by the particle size and AF addition 
level in WF. Regression model for ST (Table 2) showed a significant effect in 

linear term of particle size, AF addition level, and of the interaction terms 

between particle size and AF addition level, while the quadratic terms of factors 

formulation were non-significant (p  0.05). Particle size affects positively ST, 

while AF addition level negatively influences it. The significant negative effect 

on dough stability given by the AF addition level may be probably due to gluten 
dilution because wheat flour was replaced with non-gluten flour and can reflect 

an increased degree of softening. On the other hand, an increase of dough 

stability with particle size increase, indicates an increase in the gluten network 
which denotes the fact that the composite dough with large particle size is able to 

sustain for a longer time the mechanical treatment during the bread making 

process. This increase can be related to some components from the particle size 

fractions because it was shown that amaranth albumins are able to interact with 

gluten proteins through disulfide bonds (Oszvald et al., 2009), increasing dough 

ST. The results of ANOVA show that the equations can be suitable to predict 
dough ST as a function of the particle size and AF level incorporated in WF. The 

R2 and Adj.-R2 values were adequate to confirm the significance of the model. A 

response surface plot for the stability (Figure 1d) showed that dough ST 
significantly decreased with an increase of AF level.  

(a) 

  
(b)  

  
(c)  

  
(d) 
 

Figure 1 Response surface plot showing the combined effects of amaranth flour 

particle size and levels added in refined wheat flour on: Falling number index (a) 
and Mixolab parameters during dough development stage: (b) water absorption 

(WA), (c) development time (DT) and (d) stability (ST) 

 
This behaviour was probably related to the addition of non-gluten flour which 

diminishes dough viscoelastic properties (Mohamed et al., 2014). The 

weakening of the gluten network can be probably attributed to an intense 
incompatibility between the protein spectrum of amaranth and the wheat gluten 

protein. A similar observation on the incompatibility between the protein 

spectrum of pulses and the semolina gluten protein was reported by Mohamed et 

al. (2014). 

 

Effects of formulation samples on protein weakening stage 

 

Due to the mechanical shear and temperature constraint, protein weakening 

occurs and C2 torque decreased to the minimum value. The value of C2 torque 

was significantly influenced (p< 0.0001) by the particle size and level of AF 

addition in WF (Table 2). Through ANOVA, the quadratic model was found to 

fit adequately the experimental data for C2, having a high coefficient of 
determination (R2 = 0.91). The particle size and AF addition level and the 

interaction term between these factors have significant effect on C2. The results 

showed an increase of C2 as the particle size and the interaction between particle 
size and AF addition increased (Table 2). A negative effect on C2 torque was 

given by the linear regression coefficient, suggesting that the increased level of 

AF added in WF induced a C2 torque decrease (Figure 2a).The decrease of C2 
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with the AF level increase can be related to lower water availability in the dough 
system due the fact that the water absorption capacity of dough decrease when 

particle size and AF addition level increase. C2 torque reduction with particle 

size decrease, especially in the case of small particle size, may be linked either to 
a release of water molecules in dough or to the presence of secondary activities. 

 

  
(a)  

  
(b)  

Figure 2 Response surface plot showing the combined effects of amaranth flour 
particle size and level added in refined wheat flour on Mixolab parameters during 

protein weakening stage: (a) C2 torque (C2) and (b) difference between torques 

C1 and C2 (C1-2) 

 

The difference between the points C1 and C2 torque (C1-2) which depicts the 

protein network strength under increasing heating is significantly influenced by 
the particle size, AF addition level and the interaction between them, as revealed 

by the ANOVA (Table 2). Value of C1-2, shows a high coefficient of 

determination (R2 = 0.93) and was obtained for the quadratic model, statistically 
significant at p < 0.0001, revealing that this model is fitting well for this data. 

Major negative effects on C1-2 were given by particle size and by the interaction 
between particle size and AF addition level. The results showed an increase of 

C1-2 as the AF value increased, indicating a decrease of protein weakening speed 

under the effect of temperature increase. With particle size increase, C1-2 
decreases. This fact can be due to the changes in protein network structure; 

proteins become less compact, favouring the enzymatic attacking points and 

leading to a rise in the speed of protein weakening due to the heat. This result can 
be also related to the area specific surface of amaranth starch that is larger than 

for wheat starches and it makes them more sensitive to hydrolysis by α-amylase 

than wheat starch (Tester et al., 2004). The effect of particle size and AF 
addition level in wheat flour on protein network strength under increasing heating 

is shown in Figure 2b, revealing that under combined effect between particle size 

and AF addition level, the protein network becomes weaker due to heat. 

 

Effects of formulation samples on starch gelatinization stage 

 

As heating proceeds, the starch changes occurred being highlighted by starch 

gelatinization, C3 torque and difference between C3 and C2 torques (C3-2). The 

particle size, AF addition level and the interaction between these ones 
significantly (p < 0.05) affect peak torque (C3) which is associated with the 

starch gelatinization process that occur when dough is heated above 60 C. Low 

amylose content in the amaranth starch (Corke et al., 2015) is the main reason 
for a significantly lower C3 torque in amaranth-wheat composite flour compared 

to the control. Similar observations regarding starch gelatinization process were 

reported by Ahmed et al. (2019) for quinoa flour. The linear coefficient of the 
AF addition level indicates a significant negative influence on the torque C3, 

while particle size has a positive effect. Through ANOVA, the quadratic model 

was found to fit adequately the experimental result for C3 torque (Table 2). 
According to Figure 3a, C3 gradually decreased with the amaranth substitution 

increase and higher level of AF (20%) addition in wheat flour lead to a dropped 
value for C3 torque (1.32 N·m) which was obtained for small particle size. This 

can be due to the amylase activity of amaranth flour and the amylose-lipid 

complexes formed during heating of starch slurries. These results are in 
agreement with those found by Lorenz (1981), who reported a gradually 

decreased of maximum viscosity with amaranth level added in wheat flour 

increase from 3 to 15%. The decrease of particle size leads to a decrease of C3 
torque, the small particles fraction considered as starch-enriched particle cause a 

lower C3 torque compared to coarse particles that can be considered as fiber-

enriched particle fractions. Due to the large surface, the small particle sizes 
compete for water with starch granules from wheat flour, resulting in a decrease 

of dough viscosity. Similar observation was made by Ahmed et al. (2019) and 
Singh et al. (2019) for quinoa and corn flour and they reasoned that the larger 

particles have smaller surface area with lower swelling, which contributed to 

higher pasting viscosities. The difference among particle fractions could be 
related to the microstructure of the amaranth-starch that governs the water 

absorption and swelling, being also influenced by the composition of the 

particles. The gelatinization of starch measured by the torque C3 reflects 
breaking of hydrogen bonds in the crystalline regions and assimilation of water 

by hydrogen bonds and water absorption by non-starch polysaccharides and 

protein (Yu et al., 2012). 

 
(a)  

 
(b)  

Figure 3 Response surface plot showing the combined effects of amaranth flour 
particle size and level added in refined wheat flour on Mixolab parameters during 

starch gelatinization stage: (a) C3 torque (C3) and (b) difference between torques 

C3 and C2 (C3-2)  
 

The effects of particle size and AF addition level in wheat flour on the difference 

between C3 and C2 torques (C3-2) expressed as their corresponding regression 
coefficients in the quadratic regression model are shown in Table 2. The linear 

term of particle size indicates a significant positive influence on C3-2, while the 

linear term of the AF addition level has a significant negative effect. C3-2 was 
significantly correlated (p < 0.05) with the interaction effect of particle size and 

AF addition level in wheat flour. The quadratic regression model represent 

adequately the experimental data of C3-2, the R2 value (0.95), confirming the 
adequacy of the model. The effect of particle size and AF addition level in wheat 

flour can be seen in Figure 3b, indicating an increase of C3-2 with particle size 

increase. This can be probably due to the combined effect of the -amylase 
activity increase in composite flour and to the compounds that exist in particle 

fractions composition of amaranth flour. The hydrolysis process of starch, 

intensified by a high -amylase activity, will lead to a decrease in viscosity (de 

Souza and Magalhães, 2010) and increase the free water amount from the 

dough; however the hydrocolloid molecules from the amaranth flour will 

reducethe availability of water for granule swelling (Mironeasa and Codină, 

2017; Pahwa, 2016). 
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Effects of formulation samples on the stability of hot-formed starch gel 

 

The effects of formulation factors, particle size and AF added amount in wheat 

flour on the C4 torque corresponding to hot starch stability gel (cooking stability) 
showed a significant (p < 0.05) decrease with the AF addition level increase, 

while particle size had a non-significant effect (p  0.05) (Table 2). Data obtained 

for the quadratic regression model indicates adequately results of C4, indicating a 
high R2 value of 0.95. As can be seen in Figure 4a, as level the of AF increased 

and particle size decreased, while C4 torque and the stability of the gel formed 

decreased. Paste heating at high temperature results in viscosity drop attributed to 
the paste resistance to disintegrate at high temperature. The lowest C4 torque 

value (1.09 N·m) was obtained for small particle size at higher level of AF (20%) 

used in wheat flour, whereas the highest value (1.783 N·m) was obtained for 
large particle size at lower level of AF (5%). The decrease of C4 can be due to 

the particle fraction composition and probably to the compounds present in small 
particle size content, like soluble fiber which can bind water by the hydrogen 

bonds, causing a decrease of available water for the starch granules. Pectic 

polysaccharides and xyloglucans in varying amounts, depending on the fiber 
fraction, were found mainly in the amaranth fiber (Wefers et al., 2015). The low 

amylose content of small particle size can lead to a more fluid gel formation 

without such a defined three-dimensional structure (Tang and Copeland, 2007), 
contributing to a decrease in the C4 value.  

  
(a)  

  
(b)  

Figure 4 Response surface plot showing the combined effects of amaranth flour 

particle size and level added in refined wheat flour on Mixolab parameters during 
cooking stage: (a) C4 torque (C4) and (b) difference between torques C3 and C4 

(C3-4) 

 
The quadratic regression model was fitted for the difference between points C3 

and C4 torques peak values (C3-4), indicating that the model explains 96% of the 

observed results fluctuation. C3-4 was significantly associated with the 
formulation factors, particle size and AF addition level in WF and with the 

interaction between them (Table 2). The effect of formulation factors on C3-4 is 

showed in Figure 4b, indicating the ability of the particle size and AF level and of 
their interaction to increase the C3-4. Since the amaranth flour did not bring 

amylase in dough system, as it can be seen from the FN index values variation, 

these parameter values increase as compared to the sample where no amaranth 
flour is added. All the C3-4 presented high values in the samples with amaranth 

flour addition, depending on the particle size. On the other hand, C3-4 increase 

can suggest reduced gel stability when hot and this may be related to the starch 
damage process. 

 

 
 

 

Effects of formulation samples on starch retrogradation 

 

The starch retrogradation during the cooling period of the Mixolab is represented 

by the C5 torque and the difference between C5 and C4 peaks (C5-4), 
determinated by starch proportions of amylose and amylopectin (BeMiller, 

2019), since amylose recrystallizes faster than amylopectin. Quadratic model was 

fitted for C5 torque and ANOVA results shows that it is well adjusted to the 
experimental data obtained, being highly significant (R2 = 0.93). The significant 

effect (p < 0.05) of AF level added in wheat flour was observed on C5 torque, 

indicating low retrogradation and recrystalization, whereas the particle size has a 

non-significant effect (p  0.05). The low starch retrogradation in amaranth-

wheat composite flour may be due to the different nature of the starch, and to the 

small granules of amaranth which present a low tendency toward retrogradation. 
In addition, the higher levels of phenolics can contribute to retrogradation 

lowering (Wu et al., 2009). The structure reorganization of starch may be 
beneficial for prolonging the hardening of bakery products during storage (Cai et 

al., 2014). Response surface plot for C5 torque showed that an increased level of 

AF added in WF decreased C5 torque (Figure 5a).  

  
(a)  

  
(b)  
Figure 5 Response surface plot showing the combined effects of amaranth flour 

particle size and level added in refined wheat flour on Mixolab parameters during 

starch retrogradation: (a) C5 torque (C5) and (b) difference between torques C5 
and C4 (C5-4) 

 

The quadratic regression model obtained for the difference between C5 and C4 
torques (C5-4) showed a good correlation coefficient (R2 = 0.95). It can be seen 

from Table 2 that C5-4 was significantly (p < 0.05) influenced by the ASF level 

added in wheat flour, particle size showing a non-significant effect (p  0.05) on 
C5-4. The effect of PS and ASF level addition in wheat flour on C5-4 is shown in 

Figure 5b. The response surface plot revealing reveals that the lowest value for 

C5-4 (0.471 N·m) is obtained at maximum ASF level (20%) of small particle size 
added in wheat flour. It seems that amaranth flour addition limits starch 

retrogradation preserving bread freshness. This observation is in agreement with 

the finding reported by Collar and Angioloni (2014) which shows that amaranth 
flour has a positive impact on bread keeping behaviour during aging, revealing 

long term storage.     

 

Optimization  

 

The optimization highlighted that the most suitable composite flour would be 
with 9.74% amaranth flour of 280 μm particle size, with predicted responses 

shown in Table 3. There are no significant differences between the results of the 

water absorption, dough stability and protein weakening (C2 and C1-2) of 
optimized and control sample. Therefore, optimal dough formulation can retain 
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gas, especially during the early stage of bread similar to the control sample. An 
increase of dough development time can suggest an increase of gluten network 

strength which revealed that the optimal dough can sustain for a longer the 

mechanical treatment during the bread making process compared to the control. 
The slight decrease of specific parameters in heating stage indicate that the 

optimal formulation can be suitable for bread-making, whereas the parameters in 

the cooling stage explain that products of amaranth flour dough do not present 
problems of staling and can be maintained for longer time. 

 

Table 3 Wheat flour dough control sample and optimized amaranth-wheat flour 
sample 

Parameters 
Values 

Optimized sample Control sample 

FN (s) 316.37 313.13 
CH (g/100g) 58.45 58.43 

DT (min) 2.85 1.43 

ST (min) 9.97 9.78 

C2 (Nm) 0.52 0.51 

C1-2 (Nm) 0.60 0.60 

C3 (Nm) 1.77 1.92 

C3-2 (Nm) 1.25 1.41 

C4 (Nm) 1.59 1.89 

C3-4 (Nm) 0.18 0.03 

C5 (Nm) 2.40 3.02 

C5-4 (Nm) 0.81 1.13 

 

The improvement of refined wheat flour with amaranth lead to C3, C4 and C5 
torques decrease due to the effect of wheat starch dilution and also, as a result of 

proteins interactions. The origin of the proteins has been suggested to be 
responsible for modifying pasting and gelling properties of cereal starches 

(Marco and Rosell, 2008), due to the thermal induced gelation process of the 

proteins after the aggregation of the polymer chains that cause huge 
modifications in the rheological behaviour of the proteins. However, the starch 

retrogradation indicates that bread freshness can be maintained for longer time 

compared to the control bread. 

 

CONCLUSIONS 

 

A multi-response optimization study helped us to find the optimal particle size 

and amaranth level added in refined wheat flour in order to achieved  a dough 

with the best rheological characteristics. The effect of particle size and amaranth 
level added on the response variables could be accurately predicted by the 

quadratic type models. By applying numerical technique and desirability 

function, the optimum particle size and level of amaranth flour addition was 
obtained. The best formulation giving the desirable rheological characteristics 

comprises of 9.74% amaranth flour of 280 μm particle size. 
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