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Abstract  Background/Objective: Repeated freezing and thawing results in the structural, compositional, and 
functional modifications in food materials. The present study was designed to optimize the effect of Freeze-thaw 
treatment (FTT) on free radical scavenging and linoleic acid reduction potentials of Nelumbo nucifera rhizome 
starch (NNRS). Methodology: A 4-factorial response-surface central composite design (CCD) based on three levels 
of each of the four input factors including freezing temperature (FT: -40, -20, and 0°C), freezing time (Ft: 24, 48, and 
72 h), thawing time (Tt: 2, 4, and 6 h), and number of freeze-thaw cycles (FTC: 2, 4, and 6) was constructed. The 
NNRS was treated at different combinations of input variables as selected by CCD. The Freeze-thaw-treated  
N. nucifera rhizome starch (FTT-NNRS) was analyzed for antioxidant potential. Principle Findings: A statistically 
significant main effect (p=0.0017-0.0029) of FTT was observed on free radical scavenging and linoleic acid 
reducing potential (LARP) of NNRS. The 2, 2-diphenylpicrylhydrazyl (DPPH) radical scavenging potential was 
found to be a linear positive function of FT and Ft while hydroxyl radical scavenging potential showed a linear linear 
negative response towards FT and linear positive response towards FTC. The LARP also showed a linear positive 
response towards FT and Tt and quadratic positive response towards FT. Conclusion: FTT significantly affected the 
free radical scavenging potential and LARP of NNRS that may be attributed to the time-dependent variation in the 
structure of starch and exposure of some antioxidant residues after repeated freezing and thawing treatments. 
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1. Introduction 

Starch, a biopolymer, is synthesized and stored in plants 
and utilized by humans and other animals as a source of 
nutrition [1]. Structurally, it consists of 20-25% linear 
amylose and 75% branched amylopectin chains [2]. The 
amylose to amylopectin ratio determines the physical  
and functional characteristics of starch. The starch  
with high amylose to amylopectin ratio and more number 
of hydroxyl groups possesses good antioxidant potential 
that advocates its biomedical significance [3]. Several 
physical and chemical modification techniques including 

thermal treatment, ultra-sonication, microwave irradiation, 
esterification, etherification, oxidation, hydroxylation, and 
cross-linking have been reported to enhance the structural 
and functional properties of starch for its nutritional, 
medicinal, and industrial applications [4-9]. These 
modifications have been reported to improve the 
functional quality of starch by changing its crystalline 
structure and chemical nature [6,10]. The modified 
starches with improved functional quality have got  
more importance in the industrial, biomedical, and 
pharmaceutical fields particularly as a carrier in targeted 
drug delivery [11,12,13].  

Freeze-thaw treatment (FTT) is one of the physical  
non-thermal modification methods to change the physical 
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and functional properties of starch [10,14]. The freezing of 
vegetables and other food materials at low temperature for 
their long time usage is a normal practice now a day. The 
freezing and thawing of food materials again and again 
may alter their nutritional and functional quality. FTT at 
various temperatures alters the physiochemical properties 
of starch molecules that may help improving the food 
quality and shelf-life for long term storage [15,16]. 
Studies on the FTT of various starches have reported 
significant modifications in the crystalline structure of 
starch that were correlated with a change in its swelling, 
absorption, gelatinization and retro-gradation abilities 
[8,17]. 

Nelumbo nucifera rhizome is a good source of starch 
and utilized in various food and pharmaceutical 
formulations [8,18,19]. It possesses antioxidant properties 
and is used in traditional medicines for the treatment of 
obesity, diabetes, and immune deficiencies [20]. The 
native and microwave-treated N. nucifera rhizome starch 
(NNRS) has been studied for its physiochemical, 
functional and antioxidant properties [3]. The researchers 
are also showing their interest in modification of NNRS to 
increase its nutritional and industrial significance. 
Recently, the modification of NNRS by acetylation,  
cross-linking, and oxidation have been reported that 
significantly changed its physiochemical characteristics 
such as swelling, solubility, and stability [6,12]. However, 
a limited data was found on the Freeze-thaw treatment on 
antioxidant potential of NNRS. The present study, was 
therefore, designed to optimize the effect of free-thaw 
treatment on the antioxidant potential of NNRS using 
response surface methodology (RSM). RSM is a statistical 
tool used to study the relationships between the input and 
response variables in multivariate optimization processes 
[21]. 

2. Materials and Methods 

2.1. Sampling and Starch Extraction 
The fresh N. nucifera rhizomes were purchased from 

local market, removed the mud and washed with distilled 
water, cleaned and cut into fine slices after removing the 
nodes. The slices were blended in distilled water (solid: 
water 1: 20 w/v) for 20 min using a kitchen blender and 
passed the blend through a muslin cloth. The filtrate was 
diluted with distilled water (1:10 v/v) and allowed to stand 
until starch granules settled down. The supernatant was 
discarded and the suspension was filtered through a 
Whatman filter paper No. 41. The residue was dried in air 
and total starch yield was calculated using the formula 
reported earlier [22]. The dried starch was stored in  
air-tight glass jar for further processing. 

2.2. Experimental Design for Freeze-thaw 
Optimization 

The optimization of the effect of FTT on FRSP of 
NNRS was done by constructing a 4-factorial  
response-surface central composite design (CCD) using 
RSM. The constructed CCD consisted of three levels  
of each of the four input factors including freezing 

temperature (FT: -40, -20, and 0°C), freezing time (Ft: 24, 
48, and 72 h), thawing time (Tt: 2, 4, and 6 h), and number 
of freeze-thaw cycles (FTC: 2, 4, and 6). The CCD 
consisted of overall 30 experimental runs including 16 
factorial, 8 axial, and 6 center points. The selected 
combinations of actual levels of the selected input 
variables are shown in Table 1. The NNRS was subjected 
to FTT at different combinations of input variables as 
suggested by CCD. The native and Freeze-thaw-treated  
N. nucifera rhizome starch (FTT-NNRS) were then 
subjected to antioxidant analysis in terms of 2, 2-diphenyl 
picryl hydrayl radical scavenging potential (DPPH-RSP), 
hydroxyl radical scavenging potential (HRSP), and 
linoleic acid reducing potential (LARP). Butylated 
hydroxyl toluene (BHT) was used as standard antioxidant 
for comparison. The experimental data were statistically 
analyzed by response-surface quadratic models. The 
second-order quadratic polynomial regression equations 
were developed to study the relationship between  
the selected input variables and antioxidant potential of 
FTT-NNRS. The levels of the input variables to achieve 
the optimal response were calculated by numerical 
optimization at maximum desirability. In a subsequent 
experiment the antioxidant potential of NNRS treated at 
the optimum values of the selected input variables was 
also determined to test the reproducibility of the selected 
response-surface model. 

2.3. Antioxidant Analysis 
The aqueous solution of the native and FTT-NNRS (10 

mg/100 ml) was prepared by dissolving NNRS in distilled 
water followed by addition of few drops of dilute HCl. 
The solution was filtered through Whatman filter paper 
No. 1 to remove any undissolved particles and subjected 
to antioxidant analysis.  

The antioxidant potential of the native and FTT-NNRS 
was determined in terms of DPPH-RSC, HRSP, and 
LARP using the previously described methods 
[23,24,25,26]. The DPPH-RSP and HRSP were calculated 
using the following equations 1 and 2 respectively. 

 ( ) ( )% / 100c s cDPPH RSP Abs Abs Abs − = − ×   (1) 

 ( ) ( )% 1 / 100c s cHRSP Abs Abs Abs = − − ×   (2) 

 ( ) ( )% / 100c s cLARP Abs Abs Abs = − ×   (3) 

where, cAbs  is the absorbance of the control (reaction 
mixture without sample) and cAbs  is the absorbance of 
the sample. 

2.4. Statistical Analysis 
The experimental data obtained from antioxidant 

analysis was statistically analyzed by one-way analysis of 
variance (ANOVA). The relationship among the selected 
input variables and the antioxidant potential of NNRS  
was determined by employing the response-surface 
polynomial quadratic model. The following generalized 
response-surface quadratic polynomial regression equation 
was developed to calculate the predicted values of 
response variables. 
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Table 1. Experimental values of free radical scavenging and linoleic acid reducing potential of native and freeze-thaw treated N. nucifera 
rhizome starch at selected levels of input variables by CCD 

Std. Run 
X1 X2 X3 X4 

DPPH-RSP (%) HRSP (%) LARP (%) 
FT (°C) Ft (h) Tt (h) FTc (n) 

Native NNRS 14.01±1.2 12.7±2.6 19.34±0.45 

Freeze-thaw-treated NNRS 

1 6 -40 24 2 2 45.60 23.10 35.35 
2 12 0 24 2 2 25.01 12.24 15.93 
3 24 -40 72 2 2 44.40 20.97 25.45 
4 29 0 72 2 2 42.20 17.93 25.45 
5 22 -40 24 6 2 45.20 12.16 40.72 
6 28 0 24 6 2 40.90 14.59 33.33 
7 11 -40 72 6 2 45.90 20.52 31.31 
8 8 0 72 6 2 35.20 15.19 30.93 
9 21 -40 24 2 6 40.80 21.58 29.14 
10 1 0 24 2 6 30.20 18.54 20.2 
11 5 -40 72 2 6 47.80 21.58 39.49 
12 14 0 72 2 6 43.20 19.17 25.76 
13 27 -40 24 6 6 45.70 21.58 40.22 
14 13 0 24 6 6 40.50 19.80 25.74 
15 15 -40 72 6 6 48.80 22.54 42.85 
16 19 0 72 6 6 40.81 20.41 20.54 
17 7 -40 48 4 4 40.54 16.97 25.96 
18 16 0 48 4 4 28.70 12.16 31.92 
19 23 -20 24 4 4 35.21 13.68 24.34 
20 30 -20 72 4 4 40.50 18.54 28.74 
21 9 -20 48 2 4 38.40 17.93 15.91 
22 10 -20 48 6 4 28.60 14.59 13.13 
23 2 -20 48 4 2 32.40 15.47 18.2 
24 4 -20 48 4 6 44.20 17.02 28.55 
25* 17 -20 48 4 4 33.85 10.60 18.45 
26 26 -20 48 4 4 33.85 10.60 18.45 
27 20 -20 48 4 4 33.85 10.60 18.45 
28 18 -20 48 4 4 33.85 10.60 18.45 
29 25 -20 48 4 4 33.85 10.60 18.45 
30 3 -20 48 4 4 33.85 10.60 18.45 

Mean±standard deviation   38.46±3.82 16.40±2.46 25.99±8.25 
**BHT   58±2.90 67.1±40 82.92±4.15 

*Center points (Std. 25-30) 
**BHT: Butylated hydroxyl toluene, CCD: Central composite design, DPPH-RSC: 2, 2-diphenyl picrylhydrazyl radical scavenging potential, HRSC: 
Hydroxyl radical scavenging potential, LARP: Linoleic acid reduction potential, NNRS: Nelumbo nucifera rhizome starch, FT: Freezing temperature, Ft: 
Freezing time, Tt: Thawing time, FTc: Freeze-thaw cycles. 

 
 4 4 42

0 1 1 1i i ii i ik iki i i ki x x xY β β β β= = < == + +∑ ∑ ∑ ∑  (4) 

where, iY  is the predicted value of the response, 0 ,β  ,iβ  
,iiβ  and ikβ  are the coefficient estimates for main, linear, 

quadratic, and interaction effects of input factors. 
The significance of the estimated coefficient of 

regression for each of the studied response was 
determined by calculating the lack of fit (F-ratio) and a 
probability (p) at 95% confidence level. The coefficient of 
determination (R2) and coefficient of variation (CV) were 
also calculated to check the adequacy and reliability of  
the response surface models [27]. The construction of 
CCD, optimization and the statistical analysis of the 
experimental data were performed using the statistical 
software Design Expert 11 (Stat-Ease, Inc.). 

3. Results 
The total yield of the starch extracted from N. nucifera 

rhizomes powder was found to be 15±3%. The 
experimental values of DPPH-RSP, HRSP, and LARP of 
the native and FTT-NNRS and BHT are presented in 
Table 1. The DPPH-RSP, HRSP, and LARP of the native 
NNRS were found to be 14.01±1.20, 12.70±2.60, and 
19.34±0.45% respectively. The DPPH-RSP, HRSP and 
LARP of the FTT-NNRS ranged from 25.01 to 48.80, 
10.60 to 23.10, and 13.13 to 42.85% with mean±standard 
deviation of 38.46±3.82, 16.40±2.46, and 25.99±8.25% 
respectively. The DPPH-RSP, HRSP, and LARP of BHT 
were found to be 58±2.90, 67.1±40, and 82.92±4.15% 
respectively. Statistical analysis of the experimental data 
showed a significant variation (p<0.05) in the antioxidant 
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potential of the native and FTT-NNRS. Free-thaw 
treatment resulted in an increase in DPPH-RSP, HRSP, 
and LARP of the NNRS. However, the antioxidant 
potential of the native and FTT-NNRS remained 
comparatively lower than that of BHT. 

3.1. Response Surface Analysis and 
Optimization of Variables 

The response-surface analysis of the experimental data 
yielded the following polynomial regression equations to 
explain the relationship between the antioxidant 
parameters and freeze-thaw variables.  

 

( )
1 2 3 4

1 2 1 3 1 4 2 3
2

2 4 3 4 1
2 2 2
2 3 4

%
34.04 4.34 2.21 0.78 1.41
0.95 0.61 0.59 2.35

0.776 0.238 0.395

3.63 0.73 4.07

DPPH RSP
X X X X

X X X X X X X X

X X X X X

X X X

−

= − + + +

+ + + −

+ + +

+ − +

 (5) 

 

( ) 1 2 3

4 1 2 1 3 1 4

2 3 2 4 3 4
2 2 2 2
1 2 3 4

% 12.36 1.72 1.09 0.65
1.67 0.021 0.78 0.45
0.396 0.645 0.95

0.45 2.00 2.15 2.13

HRSP X X X
X X X X X X X
X X X X X X

X X X X

= − + −

+ + + +

+ − +

+ + + +

 (6) 

 

( ) 1 2 3

4 1 2 1 3 1 4

2 3 2 4 3 4
2 2 2 2
1 2 3 4

% 19.56 4.48 0.31 2.56
0.88 0.86 0.15 2.02
1.87 1.60 1.21

8.28 5.88 6.14 2.71

LARP X X X
X X X X X X X
X X X X X X

X X X X

= − + +

+ + − −

− + −

+ + − +

 (7) 

These equations included the coefficient estimates for 
the intercept, linear and quadratic effects, and interaction 
terms. The main, linear, interaction and quadratic effects 
of FT, Ft, Tt, and FTC on DPPH-RSP, HRSP, and LARP of 
NNRS as determined by analysis of variance (ANOVA) 
are presented in Table 2. The statistical results showed a 
significant positive main effect of the selected freeze-thaw 
variables on each of the studied parameters with relatively 
higher F-values (DPPH-RSP: 4.59, HRSP: 5.11, and 
LARP: 4.39) and lower p-values (DPPH-RSP: 0.0029, 
HRSP: 0.0017, and 0.0037). FT showed a significant linear 
negative effect on DPPH-RSP, HRSP, and LARP  
(F=8.83, 23.13, and 13.99 and p=0.0095, 0.0002, and 
0.002 respectively) and quadratic positive effect on LARP 
(F=6.87 and p=0.0193). Ft and Tt showed the significant 
linear positive effects on DPPH-RSP (F=5.99 and 
p=0.0272) and LARP (F=4.57 and p=0.0495) 
respectively while FTC showed significant linear positive 
effect on HRSP (F=8.32 and p=0.0114). Ft and Tt also 
showed significant interaction effect on DPPH-RSP. 

The graphical expressions of the linear, interaction and 
quadratic quadratic effects of the selected freeze-thaw 
variables on DPPH-RSP, HRSP, and LARP are presented 
in Figure 1a-f, Figure 2a-f, and Figure 3a-f respectively. 
The 3D surface plots clearly indicate the positive and 
negative variation in the antioxidant potential of FTT-
NNRS under the influence of the selected freeze-thaw 
variables. The calculated values of regression coefficients 
(R2=0.8038-0. 0.8267) indicated that more than 80% of 
the variability in the studied antioxidant parameters could 
be explained by the suggested response-surface model. 
The observed values of CV (9.94-19.56%) and adequate 
precession (7.03-8.108%) showed a better precision and 
reliability of the experiments performed. 

Table 2. Analysis of variance in the studied response variables under the influence of the selected input variables 

Source 
DPPH-RSP (%) HRSP (%) LARP (%) 

CE F-value p-value CE F-value p-value CE F-value p-value 

Model 34.04 4.59 0.0029 12.36 5.11 0.0017 19.56 4.39 0.0037 

A-Freezing Temperature (°C) -4.34 23.13 0.0002 -1.72 8.83 0.0095 -4.48 13.99 0.0020 

B-Freezing time (h) 2.21 5.99 0.0272 1.09 3.53 0.0798 0.3083 0.0662 0.8004 

C-Thawing time (h) 0.7783 0.7456 0.4015 -0.6478 1.25 0.2808 2.56 4.57 0.0495 

D-Freeze-thaw cycles (n) 1.40 2.41 0.1411 1.67 8.32 0.0114 0.88 0.5379 0.4746 

AB 0.9506 0.9887 0.3358 0.0213 0.001 0.9729 0.86 0.4611 0.5074 

AC 0.6131 0.4113 0.5310 0.7838 1.63 0.2212 -0.15 0.0148 0.9049 

AD 0.5881 0.3784 0.5477 0.4650 0.5734 0.4606 -2.02 2.52 0.1334 

BC -2.35 6.04 0.0267 0.3963 0.4164 0.5285 -1.87 2.16 0.1620 

BD 0.7756 0.6582 0.4299 -0.6450 1.10 0.3102 1.60 1.58 0.2286 

CD 0.2381 0.0620 0.8067 0.9525 2.41 0.1417 -1.21 0.9053 0.3564 

A² 0.3947 0.0276 0.8703 0.4531 0.088 0.7706 8.28 6.87 0.0193 

B² 3.63 2.33 0.1474 2.00 1.71 0.2101 5.88 3.47 0.0824 

C² -0.7253 0.0932 0.7644 2.15 1.98 0.1796 -6.14 3.78 0.0709 

D² 4.07 2.94 0.1069 2.13 1.95 0.1825 2.71 0.7386 0.4036 

R² 0.8109   0.8267   0.8038   

CV (%) 9.94   14.98   19.56   

AP (%) 7.89   7.03   8.108   

AP: Adequate precision, CE: Coefficient estimate, CV: coefficient of variation, DPPH-RSP: 2, 2-diphenylpicrylhydrazyl radical scavenging potential, 
HRSP: hydroxyl radical scavenging potential, LARP: Linoleic acid reduction potential, R²: regression coefficient. 
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Figure 1. a-f) 3-dimensional response-surface plots of DPPH-RSP of Nelumbo nucifera rhizome starch at selected combinations of free-thaw variable 
variables, g-l) Optimum levels of input variables to achieve optimal response of DPPH-RSP of NNRS (*DPPH-RSC: 2, 2-diphenyl picrylhydrazyl 
radical scavenging potential, Ft: Freezing time, Tt: Thawing time, FTc: Freeze-thaw cycles) 

 

Figure 2. a-f) 3-dimensional response-surface plots of HRSP of Nelumbo nucifera rhizome starch at selected combinations of free-thaw variable 
variables, g-l) Optimum levels of input variables to achieve optimal response of HRSP of NNRS (*HRSC: Hydroxyl radical scavenging potential, Ft: 
Freezing time, Tt: Thawing time, FTc: Freeze-thaw cycles) 
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Figure 3. a-f) 3-dimensional response-surface plots of LARP of Nelumbo nucifera rhizome starch at selected combinations of free-thaw variable 
variables, g-l) Optimum levels of input variables to achieve optimal response of LARP of NNRS (*LARP: Linoleic acid reduction potential, Ft: Freezing 
time, Tt: Thawing time, FTc: Freeze-thaw cycles) 

 

Figure 4. Correlation between the actual and predicted values of the studied responses of Nelumbo nucifera rhizome starch obtained from the response-
surface model (a) 2, 2-diphenyl picrylhydrazyl radical scavenging potential, b) hydroxyl radical scavenging potential, c) Linoleic acid reduction 
potential) 

The applicability of the suggested response-surface 
model was tested by calculating the predicted values of 
the studied responses using the polynomial regression 
equations generated by the quadratic model. The linear 
regression plots of the predicted response values against 
the experimental values showed a relatively good 

correlation between the experimental and predicted values 
of the studied responses (Figure 4a-c). The relatively 
higher values of correlation coefficients (R2=8038-8267) 
indicated the applicability of suggested model to study  
the relationships between freeze-thaw conditions and 
antioxidant potential of NNRS. 
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The results of numerical optimization of the freeze-thaw 
variables to achieve the optimal DPPH-RSP, HRSP, and 
LARP with maximum desirability are presented in  
Figure 1g-l, Figure 2g-l, and Figure 3g-l respectively.  
The calculated optimum levels of freeze-thaw variables  
to achieve a maximal response of the studied parameters 
were: DPPH-RSP (Prediction 50.54%, FT: -40°C, Ft: 72 h, 
Tt: 2 h, and FTC: 6), HRSP (Prediction 22.5176 %, FT: -40°C, 
Ft: 72 h, Tt: 2 h, and FTC: 6), and LARP (Prediction 
49.21%, FT: -39.97°C, Ft: 24.11 h, Tt: 5.59 h, and FTC: 3). 

4. Discussion 

Freezing and thawing is common throughout the world 
in household preservations particularly for ready to eat 
food materials. This practice has been reported to 
significantly influence the physical and functional 
properties of food materials [10,14]. Starch, being an 
important component of most of the food materials, is also 
influenced by FTT that result in modification of  
starch structure and properties [8,17]. In continuity of  
the previous findings, the present study reports the effect 
of freeze-thaw treatment on antioxidant potential of 
NNRS.  

The results clearly showed a significant positive main 
effect of FTT on the studied parameters of antioxidant 
potential of NNRS. The linear negative effect of FT on the 
studied parameters suggests that the antioxidant potential 
of NNRS is increased by freezing at very low temperature. 
The Ft and Tt showed linear positive effect on DPPH-RSP 
and LARP and positive interaction effect on DPPH-RSP 
that suggests that freezing at low temperature for 72-96 h 
followed by thawing for 2-5 h is helpful in increasing the 
antioxidant potential of NNRS.  

The significance and adequacy of the suggested 
response-surface model was tested in terms of lack of fit 
(F-value), probability (p-value), correlation coefficient 
(R2), coefficient of variation (CV), and adequate precision 
(AP). Relatively higher F-values and lower p-values 
indicate significance of variation in response. A value of 
𝑅𝑅2 closer to unity suggests the fitness of the data point on 
regression line in a response-surface model. Relatively 
lower values of CV and higher values of AP suggest  
the reliability and precision of the model [21,28]. The 
calculated values of lack of fit (4.59-5.11), probability 
(0.0017-0.0037), R2 (0.8038-0.8267), CV (9.94-19.56), 
and AP (7.03-8.108) suggested that the suggested 
response-surface model is applicable to explain the 
relationship between FTT and antioxidant potential  
of NNRS with good signs of fitness, reliability and 
precision.  

The plots of experimental values of the studied 
responses against the predicted ones also showed good 
correlation suggesting the applicability of the suggested 
response-surface model to explain the effect of FTT 
variables on the antioxidant potential of NNRS. The 
results of numerical optimization of of FTT variables 
showed that optimum response of antioxidant potential 
can be achieved by freezing at low temperature (-40°C) 
for 72 h and thawing at room temperature for 2-5 h 
repeated for 3-6 times.  

5. Conclusion 

In conclusion, FTT showed a significant effect on the 
antioxidant potential of NNRS. The FTT at relatively, 
higher levels of FT, Tt, and FTC than the optimized ones 
may result in decrease in antioxidant potential of NNRS 
possibly due to time-dependent thermal degradation of the 
starch. The linear negative effect of FT suggests that 
freezing at -40°C up to 72 h with 3-6 FTC may help 
increasing the antioxidant potential of the starch. The 
observed variation in antioxidant potential of NNRS under 
the influence of FTT may be attributed to the time-
dependent variation in the structure of starch and exposure 
of some antioxidant residues after repeated freezing and 
thawing treatments.  
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