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ABSTRACT 

In the present study, an innovative cold plasma treatment was used as a tool to fortify 

the white rice. The amounts of ferrous sulphate and ascorbic acid were optimized for improving 

the bioavailability of iron. White rice samples were treated with plasma at a constant voltage 

of 20 kV for varying time (10 min and 15 min). The exposure time of plasma was selected 

based on the surface characteristics, hydrophilicity and thermal properties. Significant 

improvement was observed in the characteristics of hydrophilicity, surface energy, cooking 

time and hardness of plasma-treated rice. Plasma treated rice was fortified with the optimum 

concentrations of iron and ascorbic acid solution. Optimum concentrations of iron and ascorbic 

acid per 100g of rice (862.93 mg and 1398.27 mg) were found by conducting experiments 

using Central Composite Design of Response Surface Methodology. Further, rice was blended 

with untreated rice in the ratio of 1:100 and 1:200 and was packed in LDPE and PP pouches 

and was stored at ambient temperature for further storage analysis. The in vitro bioavailability 

of iron was significantly higher in the plasma-treated fortified rice at both 1.35 and 7.5 pH than 

in the control sample, and plasma treatment significantly reduced the rate of oxidation of iron 

during storage.
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1. Introduction

Anaemia is a condition in which blood lacks enough healthy red blood cells. Iron 

deficiency anaemia (IDA) is the most common type of micronutrient malnutrition, affecting 

more than 20% of the world’s population (McLean et al., 2009). The major factor responsible 

for IDA is the consumption of a diet deficient in iron. According to the global data reports for 

2018, the prevalence of iron deficiency anaemia is found highest in India, with 39.86% 

followed by South Africa, China and Japan. To overcome this problem, Governments and the 

World Health Organisation have initiated programs like food fortification. White rice, which 

is deficient in iron and B complex vitamins is the most common staple food in the regions 

where there is a higher prevalence of anaemia. Rice is also the staple food for over 3.5 billion 

people worldwide who depend on it for more than 20% of their daily calories (FAO, 2001). 

Rice is currently being fortified using techniques like dusting, coating, steaming and 

extrusion. However, these commonly used techniques are observed to have a few drawbacks 

like loss of heat-sensitive nutrients and oxidation of iron in case of steaming (US Patent No. 

3,620,762), washing off the coated nutrients in the absence of appropriate binding agents (US 

Patent No. 4,446,163). Extrusion technique exhibited a disadvantage of the easy separation of 

fortified kernels from natural rice due to density differences (US Patent No. 5,609,896). Cold 

plasma, due to its surface etching and cross-linking properties, was found to alter the amylose 

content and also improve the texture of the cooked rice with reduced cooking time (Thirumdas 

et al., 2016). It causes surface fissures, cross-linking of starch, hydroxyl and acidic functional 

groups on the rice surface, which might help with increased absorption and better binding of 

iron. 

Cold plasma (CP) processing is one of the emerging non-thermal food processing 

technologies with potential applications in surface decontamination and sterilization (Misra et 

al., 2011). Non-thermal or cold plasma is the plasma generated under atmospheric or vacuum 

pressures at temperatures of 30-60oC and requires low energy. It contains a wide variety of 

active particles like ions, radicals, electrons, molecules and metastable excited species which 

have enough energy to break covalent bonds and initiate some reactions and form volatile 

compounds. Plasma processing is found to cause surface etching and also increase the surface 

energy of the samples due to the energetic and reactive species present in the plasma 

(Thirumdas et al., 2015). Most of these active species disappear once the plasma is turned off. 
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However, few of them react to other reactive species. Plasma processing is environmentally 

safe, fulfilling all ecological standards (Misra et al., 2011). 

In recent years, apart from fruits and vegetables, researchers are working out to find the 

applications of cold plasma processing on cereals and pulses where cold plasma treatment was 

found to produce improved textural and nutritional properties with reduced cooking time 

(Thirumdas., 2016). Among these, some studies have been carried out on rice to determine the 

effect of cold plasma processing on the physicochemical, functional and cooking properties of 

rice. Low pressure cold plasma treated parboiled rice showed a significant increase in water 

absorption, and the cooking time was reduced significantly (Sarangapani et al., 2015; 

Thirumdas et al., 2015). An increase in antioxidant properties and total phenolic content was 

observed in low temperature plasma-treated basmati rice flour (Thirumdas et al., 2016). These 

changes in physicochemical and cooking properties are mainly attributed to the surface etching 

phenomenon caused by cold plasma processing (Thirumdas et al., 2015).  But the application 

of cold plasma for the iron fortification of white rice has not been tried so far.  

As the cold plasma creates an acidic environment, therefore it would be suitable for the 

better binding of iron on the rice surface and also reduce the oxidation of iron during storage. 

Thus, for the present study, white rice, which can act as a best carrier, is chosen for fortification 

with iron using cold plasma as a pre-treatment technique. We studied the effect of plasma on 

the physicochemical properties of raw and cooked rice. We are reporting for the first time the 

role of plasma treatment in iron fortification of rice and its effect on the bioavailability of iron 

during storage. An Indian patent is also filed from the outcome of the present investigation.  

2. Materials and methods  

2.1.  Material 

Ferrous sulphate confirming to IP standards, ascorbic acid, alpha-dipyridyl reagent and 

hydroxylamine hydrochloride were of analytical grade and were procured from Merck 

Millipore, India. Rice was purchased from the local market of Tezpur, Assam, India.

2.2. Cold plasma treatment of rice

 For the plasma treatment, Atmospheric Pressure Dielectric Barrier Discharge (DBD) 

plasma reactor (0-50 kV, 50 Hz, Zenoics Systech, India) was used, and the setup used is shown 

in Supplementary Fig S1. The dielectric barrier discharge (DBD) plasma system consists of 
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two square copper electrodes, each having a surface area of 225 cm2 and a thickness of 5 cm. 

The upper electrode is connected to a high voltage power supply. The rice samples were 

subjected to atmospheric cold plasma. Rice samples of 20 g were taken in each petri plate and 

in one slot, 9 petri plates were placed in between the two electrode plates with a gap of 1cm 

between them. Voltage was maintained constant at 20 kV however; time of the plasma 

treatment was varied. The cold plasma parameters were stabilized based on the extent of 

etching on the surface of rice obtained from the SEM images. All plasma treatments were 

carried out at room temperature and at 56% relative humidity with atmospheric air as gas for 

plasma. The cold plasma treated rice samples were sealed in a petri dish and stored in vacuum 

desiccators for further analysis.

2.3. Proximate composition of rice

Moisture content (925.10), crude protein contents (990.03) and pH were estimated as 

per the official methods of AOAC (19th edition). The amylose content of the rice before and 

after the plasma treatment was determined following the procedure of Juliano (1979).

2.4. Characterization of rice

2.4.1. Scanning Electron Microscope

The surface etching was analysed using a Scanning Electron Microscope (SEM, JEOL, 

Japan) at an accelerating potential of 5 KV using X-ray Detector-Link Pentafet 7021 (Oxford 

Instruments Microanalysis Limited, Bucks, England). The rice grains (with and without plasma 

treatment) were completely dried under low pressure and then were sputter-coated with gold-

palladium (60:40) 3 times for the 20s under vacuum using Desk II Sputter/Etch Unit (Denton 

Vacuum, LLC, Moorestown, NJ) before viewing. 

2.4.2. Water uptake, Cooking time, Elongation ratio (ER) and Width expansion ratio 

(WER) of rice 

Water uptake of the sample was determined as per the method given by Lee et al. 

(2016), however cooking time, ER and WER of the sample were estimated according to the 

method of Chen et al. (2012). 

 2.4.3. Colour characteristics
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The colour characteristics of the rice samples before and after plasma treatment were 

determined using Hunter Lab Colorimeter (Ultra scan VIS, Hunter Lab. Inc., USA). The Hunter 

colour values L* (lightness), a* (redness) and b* (yellowness) were determined. The whiteness 

index (WI) and hue (a/b) were determined. WI was calculated using the equation:

𝑊𝐼
= 100 ― {(100 ― 𝐿 ∗ )2 + (𝑎 ∗ )2 + (𝑏 ∗ )2}                                                                          

(1)

Where, L*, a* and b* are the lightness, redness and yellowness values, respectively (Mishra et 

al., 2014).

2.4.4. Hardness

Texture profile analysis (TPA) of the cooked rice (with and without plasma treatment) 

was performed using a texture (TAHD- plus, Stable Micro Systems, UK) with a two-cycle 

compression. A 2 mm radius probe with a test speed of 1 mm/s and a load cell of 5 kg was used 

for the compression. A deformation ratio of 20% was used. Hardness (N) was determined from 

the two-cycle curves (Thirumdas et al., 2016). 

2.4.5. Pasting Properties

Pasting properties of the rice flour suspensions were using Rapid Visco Analyser 

(Newport Scientific Instrument; Sweden). Powdered sample (3 g) was taken in a canister and 

added with 25 mL distilled water. The sample was held at 50oC for 1 min, then heated from 

50oC to 95oC at the rate of 12oC/min, and held at 95oC  for 2.4 min followed by cooling to 50oC 

at the rate of 11.25oC/min and finally holding at 50oC  for 1 min. The pasting properties, namely 

peak viscosity (PV), pasting temperature (PT), final viscosity (FV), breakdown viscosity (BV) 

and setback (SB) viscosity, were determined following the procedure of Dutta and Mahanta 

(2014).

2.4.6. Hydrophilicity and surface energy

The effect of plasma on hydrophilicity of the rice grain was determined by water contact 

angle measurements. The contact angle  was measured by the Contact Angle Measurement (θ)

System (Data Physics OCA 20, Germany) using the sessile drop method (Sarangapani et al., 

2015). Water (2.5 μL) was dispensed on the surface of the rice grain to measure the contact 
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angle between the surface of the grain and the grain-water interface. Each image of the drop is 

then stored via a CCD video camera, using a PC based acquisition and data processing system. 

The surface energies were obtained by incorporating the contact angle values in Young’s 

equation. A simplified equation suggested by Deshmukh and Shetty (2008) was used to 

calculate the surface energy.

𝑆𝐸 = 2.9 𝑥 10 ― 5 (𝜃)3 ― 0.00652(𝜃)2 ― 0.1362(𝜃) + 72.8                                                  (2)

2.4.7. Thermal Properties

The thermal properties of the rice flour were analysed using the Differential Scanning 

Calorimeter (Shimadzu model, TGA50 DSC60). A sample flour of 5 mg was taken in the 

aluminium pan, and 10 μL distilled water was added. The pan was sealed and kept aside for 

one h to reach equilibrium. The measurements were performed over the range of 30oC  to 150oC  

at a heating rate of 10oC /min. Then the gelatinization temperature (Tg) was obtained using the 

software TA-60WS (Dutta and Mahanta, 2014).

2.5. Optimization of fortification parameters

Optimization was performed using RSM and Central Composite Face-centred Design 

(CCFD) (Supplementary Table 1). Samples were prepared with different combinations, 

according to CCFD, of the two fortification parameters, namely the concentration of iron 

(ferrous sulphate) (mg) and concentration of ascorbic acid (mg) plasma-treated rice. The 

models developed were then analysed and optimized based on Fe2+ bioavailability in acidic 

(1.35 pH) and alkaline (7.5 pH) conditions, colour and hardness of fortified rice. Plasma treated 

rice samples were sprayed with the optimum concentration of ferrous and ascorbic acid solution 

at a rate of 30 mL 100 g-1 of rice. They were then tempered for 1h at room temperature in an 

incubator and dried in a tray drier at 40oC to a moisture content of 12%. These samples were 

used for further study.

2.6. In vitro bioavailability of iron

The in-vitro bioavailability of iron from plasma-treated fortified rice was determined 

following the in-vitro method described by Rao and Prabhavati (1978).  According to this 

method, duplicates of an 8% (w/v) homogenate (25 mL) of the food prepared in pepsin- HCl 

(0.5% pepsin in 0.1 N HCl) solution, pH 1.35 (adjusted with distilled H2O) were incubated at 
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37oC for 90 min, after which the contents of one set were centrifuged at 3000 rpm for 45 min, 

and the supernatant was filtered and saved for the iron estimation. The pH of the other set was 

adjusted to 7.5 with 5N NaOH and was incubated and processed as above to obtain the filtrate. 

Fe2+ form of iron in the filtrates was estimated by the alpha, alpha-dipyridyl method of AOAC. 

Duplicate aliquots (5 mL) of the filtrates were taken and the volume in one set was made up to 

15 mL and served as the extract blank. The other aliquot was treated with 1 mL of 10% 

hydroxylamine hydrochloride, 5 mL of acetate buffer (pH 4.2), 2 mL of 0.1% of alpha, alpha-

dipyridyl reagent, and volume was made up to 15 mL with water. The developed colour was 

measured at 522 nm against a reagent blank. As micronutrients enter the human body and pass 

through the stomach, they are exposed to stomach acids with a very low pH around 1.5 and 

after that they pass to the duodenum (pH 6.5 to 7) in small intestine. Therefore to determine 

the absorption of iron (similarly as it takes place in the human body) in both the conditions 

(i.e., acidic and alkaline), the in vitro bioavailability study was conducted both at pH 1.35 and 

pH 7.5.

2.7. Storage study

The control (non-plasma treated fortified) rice and plasma-treated fortified rice were 

packed in two different packaging materials, namely low-density polyethylene (LDPE) 

pouches and polypropylene (PP) pouches. Also, blended (plasma-treated fortified rice mixed 

with raw rice in the ratio of 1:100 and 1:200) rice were packed in polypropylene pouches. The 

packed rice was stored at ambient temperature, and storage study was conducted for 45 days at 

an interval of 15 days. The samples were analysed for bioavailability of iron, hardness and 

colour after cooking.

2.8. Statistical Analysis

Statistical analysis of the results was performed by ANOVA using SPSS (IBM 

statistical analysis version 19). Significance among the samples was compared at p<0.05 by 

post-hoc comparison, SPSS 19 version. Minimum 3 replicates were performed for all the 

analyses.

3. RESULTS AND DISCUSSION

3.1. Effect of cold plasma treatment on surface morphology of rice



8

SEM images at a magnification of 2000X were obtained for rice samples with and 

without plasma treatment to observe any etching behaviour on the surface of the rice due to the 

plasma (Fig. 1 (i)). Plasma treatment has caused a significant effect on the surface of rice grains. 

Rice grains without plasma treatment (Fig. 1(i)a) depicted a compact natural structure, whereas 

rice grains with plasma treatment had significant visible fissures on the surface. The etching 

on the surface increased with an increase in plasma treatment time. Rice treated with plasma 

for 10 min had no significant change on the surface morphology (Fig 1(i) b) compared to that 

of the control, but after 15 min of plasma exposure (Fig. 1(i)c), a significant surface etching 

was observed compared to the control. Similar findings were obtained for brown rice (Chen et 

al., 2012; Chen, 2014), parboiled rice, basmati rice (Thirumdas et al., 2015) and bamboo rice 

(Potluri et al., 2018) when treated with plasma. The obtained results are also in line with the 

findings of Yodpitak et al.,2019, where the plasma treated rice husk depicted a softer and 

smoother surface with  significant fissures on the surface. The surface etching with fissures and 

roughness on the surface of the rice is mainly due to the breakdown of covalent bonds caused 

by the bombardment of reactive species present in the plasma with the surface of the rice grain 

(Thirumdas et al., 2016). Based on the surface etching of rice, 15 min plasma treatment was 

selected for further analysis.

3.2. Effect of cold plasma on proximate composition of rice

Rice samples with and without plasma treatment were tested for moisture content, 

protein and amylose content (Table 1). The moisture content of rice was reduced from 14.13% 

to 13.07% after the application of 15 min of plasma. Reduction in moisture content after the 

plasma treatment was observed in granular starches treated with low pressure gas plasma (Lee 

et al., 2016). This reduction in moisture content after plasma treatment may be attributed to the 

decomposition of the water molecules into oxygen radicals (Zou et al., 2004). 

 Exposure of 15 min of plasma treatment increased the protein content from 5.50 to 

5.87% (Table 1). These present findings are in line with the results reported by Chen et al. 

(2012) and Thirumdas et al. (2015). However, this remains unclear and requires further 

investigations.

..
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The amylose content of plasma-treated rice was reduced significantly from 25.33% to 

19.52% (Table 1). This reduction in amylose content might be due to the leaching of amylose 

fractions due to the depolymerisation (Sarangapani et al., 2015 and Thirumdas et al., 2016). 

3.3. Effect of cold plasma on characterization of rice

3.3.1. Effect of cold plasma on cooking quality of rice

Cooking time, water uptake ratio, elongation ratio (ER) and width expansion ratio 

(WER) were the parameters analysed (Table 1). After the plasma treatment, a significant 

reduction in the cooking time was observed for the same degree of hardness. The reduction in 

cooking time can be attributed due to the easy penetration of water into the plasma-treated 

samples through the fissures caused on the rice surface which were not found in untreated 

samples (Chen et al., 2012). Similar findings were found in the research conducted by 

Sarangapani et al. (2015) on parboiled rice treated with low pressure plasma. The water uptake 

ratio of control rice was 2.33 g/g however, plasma-treated rice had 3.22 g/g of rice.  An increase 

in the water uptake ratio may be credited to the change in the surface morphology of the rice 

due to fissures caused during plasma treatment which resulted in increased water absorption 

(Lee et al., 2016; Zargarchi and Saremnezhad (2019)).

 ER is the increase in the length of the kernel upon swelling of starch granules due to 

an increase in the water uptake (Juliano, 1979). ER increased from 1.24 to 1.26 after the plasma 

treatment while the WER for plasma-treated samples reduced from 1.25 to 1.22. The changes 

in both ER and WER due to plasma treatment were found insignificant.

3.3.2. Effect of cold plasma on colour characteristics of rice

The colour values of rice with and without plasma treatment were measured in terms 

of Hunter L*, a*, b* and whiteness index (WI). Though the L* values of plasma-treated 

samples were found to be increased compared to the untreated samples, but the difference was 

not significant (Table 1). WI of plasma-treated samples increased from 66.38 to 67.62. These 

findings are in line with the findings of Pal et al. (2015). 

3.3.3. Effect of plasma on hardness & pH of rice
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Hardness is one of the most important parameters which play a significant role in 

determining the texture of cooked rice and consumer acceptability (Chen et al., 2012). The 

hardness of rice was significantly reduced from 0.73N to 0.30N after 15 min of plasma 

treatment (Table 1). Reduction in hardness after plasma can be correlated to the reduction in 

the amylose content of plasma-treated samples (Sarangapani et al., 2015). Also, the easy 

penetration of water resulted in plasma treatment may be one of the possible reason for the 

decrease in hardness (Lee et al., 2016). 

The pH of rice was reduced from 6.51 (control sample) to 6.18 after the plasma 

treatment which may be due to the formation of acidic functional groups like carboxyl, 

carbonyl and peroxides during the plasma  (Thirumdas et al., 2017). 

3.3.4. Effect of cold plasma on pasting properties of rice

Pasting temperature is the temperature at which there is a sudden rise in the viscosity 

during the continuous heating process (Thirumdas et al., 2016). Pasting temperature and peak 

viscosity of rice reduced significantly after plasma treatment, which can be linked with the 

decrease in amylose content and cooking time due to the plasma treatment (Pal et al., 2002). 

Reduction in the final viscosity of plasma treated rice can be correlated to the chemical 

modification of the rice starch due to the reactive species generated during plasma treatment 

(Potluri et al., 2018). However, the decrease in peak viscosity may be due to the disintegration 

of some of the fragile starch granules (Chen et al., 2012). Setback viscosity is one of the useful 

parameters which help in determining the storage quality and hardness of the rice (Zaidul et 

al., 2007). Though there was a reduction in the setback viscosity after the plasma treatment, 

the change was not significant (Table 1).

3.3.5. Effect of cold plasma on hydrophilicity and surface energy

The measure of the contact angle determines the hydrophilicity of the rice. The contact 

angle images of the samples are shown in Fig. 1 (ii).  Plasma treatment has resulted in a 

substantial difference in both contact angle and surface energies of the treated rice samples. 

The contact angle of control rice and treated rice were 70.7o and 55.0o respectively.  The surface 

energy of these samples has increased from 41.07 to 50.83 (Table 1). The reduction in the 

contact angle of plasma-treated samples can be associated with the increased water absorption 

due to the surface etching and fissures caused by the plasma (Sarangapani et al., 2015). 
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3.3.6. Thermal properties

The DSC plots for both the plasma-treated and untreated samples are shown in Fig. 1 

(iii).  Decrease in glass transition temperature from 104.40o (control) to 89.40o (plasma-treated) 

is mainly corresponding to the peak temperature observed in rice samples after the plasma 

treatment. A decrease in the glass transition temperature may be attributed to the early 

conversion of the crystalline phase to amorphous due to the de-crystallization of starch caused 

by the reactive plasma species (Lii et al. 1996). 

3.4. Optimization of fortification parameters of plasma-treated rice

Samples with different combinations of amounts of ferrous sulphate and ascorbic acid 

solution were prepared using RSM-CCFD. These samples were analyzed for in vitro 

bioavailability of Fe2+ as measured by Fe2+ BA 1.35 (mg/100g of rice) and Fe2+ BA 7.5 (mg 

per 100 g of rice). Using the data obtained, second-order polynomial models were fitted for 

Fe2+ BA 1.35, Fe2+ BA 7.5, a/b and hardness (N), the however the linear model was found 

suitable for Fe2+ BA 7.5. The weighted average of Fe2+ BA 1.35 and Fe2+ BA 7.5 was taken as 

objective while considering a/b and N as constraints with lower and upper bounds.  

The results obtained for each response variable after fortifying the plasma-treated rice 

samples as per the model generated experimental runs are given in Table 2 and the ANOVA 

results for each response are shown in Supplementary Table S1.  

The 3D graph shows that the Fe2+ in vitro bioavailability at pH 1.35 has increased with 

an increase in the concentration of ferrous sulphate and ascorbic acid (Fig. 2a). With increasing 

ascorbic acid concentration, the Fe2+ in vitro bioavailability at pH 7.5 increased significantly. 

However, increasing the iron content did not affect the Fe2+ bioavailability at pH 7.5 (Fig. 2b). 

This might be probably due to the poor solubility of iron in the non-acidic environment 

(Bezwoda et al., 2016); therefore, the solubility of iron reduced when the concentration of iron 

is increased at pH 7.5 and subsequently reduced the in vitro bioavailability. The presence of 

ascorbic acid reduced the rate of oxidation of Fe2+ and improved the bioavailability of iron 

even at pH 7.5.  There was no obvious effect of the iron on the redness of the fortified rice, 

however, ascorbic acid showed a significant effect on the redness of the rice (Table S1; Fig. 

3c). The probable reason for the same may be that the presence of a higher level of ascorbic 

acid improves the solubility of iron, which helps in proper adsorption and binding of iron on 
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the surface. Any systemic effect of iron and ascorbic acid on the hardness of rice could not be 

noticeable in the present investigation (Fig. 2d).

Optimum values for ferrous sulphate and ascorbic acid were found to be 862.93 mg and 

1398.27 mg/100 g of rice respectively. The sample was prepared at the optimal combination 

and actual values for the responses were found out. The predicted model was validated by 

conducting a chi-square test (Supplementary Table S2) at a probability of 0.05. Accordingly, 

predicted values for each response obtained from model equations were compared with the 

actual values obtained. As the chi-square values obtained were less than the tabulated chi-

square value at p = 0.05 for actual and predicted responses thus, the predicted model was found 

significant. 

3.5. Storage Study

3.5.1. Storage stability of plasma-treated fortified non-blended rice and blended rice

For the storage stability study, apart from only fortified rice samples, blended samples 

were also prepared and stored at ambient temperature. Blended samples were prepared by 

mixing fortified rice with unfortified rice in the ratios of 1:100 (w/w) and 1:200 (w/w). The 

Non-blended samples were packed in LDPE and PP pouches, whereas blended samples were 

packed in PP pouches only. Stored rice was analysed at an interval of 15 days for Fe2+ in vitro 

bioavailability at pH 1.35 and 7.5, a/b and hardness in the cooked sample.

Rice treated with plasma retained approximately 120 mg/100g and 80 mg/100g after 

cooking at 1.35 and 7.5 pH, respectively. However, control had 50 mg and 38 mg/100g of Fe2+ 

at 1.35 and 7.5 pH, respectively (Fig. 3a, 3b). Pre-treatment with plasma increased the surface 

energy of rice and modified the starch properties which facilitate the binding and adsorption of 

Fe2+ on the rice surface. In contrast, low surface energy of control sample favoured poor 

adsorption of Fe2+ which subsequently leached out or oxidized during washing and cooking 

and hence reduced the in vitro bioavailability of iron. A similar reduction in oxidation of Fe2+ 

in red bean ferritin is reported by Yang et al., 2018, where the oxidation rate of Fe2+ in plasma 

treated sample was found to be very less as compared to that of samples without plasma 

treatment. The comparatively low concentration of Fe2+ at pH 7.5 might be due to the high rate 

of oxidation and poor solubility of Fe2+ in a basic environment (Bezwoda et al., 1978). Due to 

poor oxygen barrier properties of LDPE, the rate of oxidation of Fe2+ was reasonably high 

which reduced the solubility of iron and consequently the sample stored in LDPE pouches had 
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a lower in vitro bioavailability at both 1.35 and 7.5 pH than the sample stored in PP pouches 

(Fig. 3a and 3b).   

 Fig. 3c presents the in vitro bioavailability of blended fortified rice samples (at two 

different ratios, i.e, 1:100 and 1:200) at pH 1.35. In vitro bioavailability of Fe2+ was 

comparatively lower in the control sample than in the plasma-treated sample. At pH 1.35, in 

vitro bioavailability of Fe2+ in plasma-treated blended rice in the ratio of 1:100 and 1:200 was 

found to be 50 mg/100g and 10 mg/100g of rice respectively, which was relatively more than 

the ratio of 1/100 or 1/200 that was observed in non-blended sample. A similar trend was 

observed when analyzed at pH 7.5 (Fig. 3d). Blending with unfortified rice at 1:100 or 1:200 

ratios have reduced the leaching losses of iron during washing and cooking and therefore 

improved the bioavailability of iron. We estimated the in-vitro bioavailability of the iron 

through analyzing its solubility at different pH, i.e., 1.35 and 7.5 (Bezwoda et al., 1978). The 

solubility of iron is higher in acidic pH than in alkaline pH (Bezwoda et al., 1978). The presence 

of ascorbic acid might have reduced the rate of oxidation of Fe2+ into Fe3+ and therefore 

improved the bioavailability of iron. But when the ratio of unfortified rice was increased from 

1:100 to 1:200, then there might be a possibility that the level of ascorbic acid used to fortify 

the rice was not as effective as in the case of 1:100 to prevent the oxidation. Hence, the 

bioavailability reduced (in 1:200) not because of leaching losses, but due to oxidation of the 

iron also. However, further studies may be required to support the findings of the present 

investigation. The in vitro bioavailability of the iron at both pH in plasma-treated rice was 

retained effectively up to 45 days of storage compared to the control sample.   

Reduction in the hardness of plasma-treated rice is observed in non-blended fortified 

samples (Fig. 4a); the hardness of non-blended plasma-treated rice was comparatively low 

(Thirmudas et al., 2016) as it was evident from the significant reduction in the cooking time 

also. When we blended in 1:100 or 1:200 ratios, the overall hardness may be dominated by the 

attributes of untreated rice and therefore, we have not observed a similar trend in blended and 

non-blended rice. Control samples stored in LDPE pouches had comparatively more hardness 

after 15 days of storage than samples stored in PP pouches. The redness of the fortified rice 

without plasma treatment was reasonably higher than the plasma-treated fortified sample (Fig. 

4b), which supports our findings that the plasma treatment may be helpful to reduce the rate of 

oxidation of Fe2+ into Fe3+. Packaging material showed no significant impact on the colour of 
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the stored rice (Fig. 4b). A similar kind of trend was observed in the blended sample also (Fig 

d). 

Conclusions

Plasma treatment resulted in a significant change in the surface of the rice by creating 

a surface etching. The etching on the surface was observed in the SEM images and it was found 

that the extent of etching increased with an increase in the plasma treatment time. Plasma also 

increased the hydrophilicity and surface energy of the rice, which helped in reducing the 

cooking time by almost 10 min compared to that of the rice without plasma treatment. For rice, 

the cooking time was reduced further with an increase in the plasma treatment time to 15min. 

This reduction in cooking time can be used for the preparation of instant rice. Rice fortified 

after the plasma treatment showed a significant increase in the bioavailability of Fe2+ in cooked 

rice compared to the rice without plasma treatment. Plasma may have resulted in an acidic 

environment on the rice surface may be due to the formation of acidic functional groups, which 

helped in causing better binding of iron and more stable Fe2+ form. The in vitro bioavailability 

of iron was significantly higher in the case of plasma-treated rice at both 1.35 and 7.5 pH than 

the control. Still, further study will be required to detail with changes in the functional group 

due to the plasma treatment on the surface of the rice and also the interaction of iron with these 

functional groups. 
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LIST OF ABBREVIATIONS

Symbols Meaning

UC Control rice

UP Plasma treated rice

ANOVA Analysis of Variance

CCFD Central Composite Face-centred Design

IDA Iron Deficiency Anaemia 

LDPE Low density polyethylene

PP Polypropylene 

RSM Response Surface Methodology

SEM Scanning Electron Microscope

CFL Control non-blended packed in LDPE pouch

CFP Control non-blended packed in PP pouch

CFP100 Control blended in 1:100 ratio packed in PP pouch

CFP200 Control blended  1:200 ratio packed in PP pouch

PFL Plasma treated non-blended packed in LDPE pouch

PFP Plasma treated non-blended packed in PP pouch

PFP100 Plasma treated blended in 1:100 ratio packed in PP pouch

PFP200 Plasma treated blended  1:200 ratio packed in PP pouch
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(a)                                      (b)                                              (c)

Fig. (i)

 
(a)                                   (b)

Fig. (ii) 

(iii)
Fig 1. (i) SEM images at 2000X (a) control rice (b) plasma treated rice (10 min) (c) plasma 

treated rice (15 min) (ii) Contact angle images of (a) control rice and (b) plasma treated rice 

(15min) (iii) Thermal properties of native and plasma treated rice 
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Fig 2. Response surface graphs for plasma treated fortified rice (a) Fe2+ BA 1.35 (b) Fe2+ BA 
7.5 (c) colour (d) hardness

(a)
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(b)

(c)

(d)
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Fig 3. Effect of storage at ambient temperature on the bioavailability of (a) Iron concentration 
at pH 1.35 in non-blended rice (b) Iron concentration at pH 7.5 in non-blended rice (c) Iron 
concentration at pH 1.35 in blended rice (d) Iron concentration at pH 7.5 in blended rice

(a)

                     

(b)
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(c)

            

(d)

Fig 4. Effect of storage at ambient temperature on (a) Hardness of non-blended iron fortified 
rice (■ = CFL, ●= CFP, ▲= PFP, ▼= PFL) (b) colour of non-blended iron fortified rice (■ = 
CFL, ●= CFP, ▲= PFP, += PFL) (c) Hardness of blended iron fortified rice (●= CFP 1:100, 
▼= PFP 1:100, ■ = CFP1:200, ▲= PFP1:200) (d) colour of blended iron fortified rice (●= 
CFP 1:100, ▲= PFP 1:100, ■ = CFP1:200, += PFP1:200) 
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Table 1. Effect of cold plasma on proximate, cooking quality characteristics and 
physicochemical properties of rice

All the data are expressed as mean ± standard deviations. Means with different superscript letters in a row 
differ significantly (p < 0.05; n=3).

UC UP (15 min)

Moisture content (%) 14.13±0.29a 13.07±0.07b

Protein (%) 5.50±0.06b 5.87±0.10a

Amylose (%) 25.33±0.32a 19.52±0.08b

Cooking time (min) 22.53±0.60a 12.90±0.60b

Water uptake (g/g) 2.33±0.10b 3.22±0.10a

Elongation ratio 1.24±0.01b 1.26±0.02b

Width expansion ratio 1.25±0.01a 1.22±0.02a

L* 66.81±2.04a 68.09±1.40a

WI 66.38±0.04a 67.62±0.19a

Hardness (N) 0.73±0.03a 0.30±0.18b

pH 6.51±0.03a 6.18±0.02b

Pasting temperature (oC) 65.00±0.58a 55.00±1.15b

Peak viscosity (cP) 947.00±0.58a 872.00±4.93b

Hold viscosity (cP) 930.00±2.52a 845.00±5.86b

Breakdown viscosity (cP) 15.00±0.58b 21.00±1.00a

Final viscosity (cP) 1709.00±5.51a 1614.00±1.15b

Setback viscosity 1 (cP) 776.00±3.79a 763.00±3.06a

Setback viscosity 2 (cP) 754.00±4.73a 740.00±4.51a

Contact angle (degree) 70.73±0.10a 55.03±0.10b

Surface energy (mJ/m2) 41.07±0.02b 50.83±0.01a
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Table 2. CCFD results for plasma treated fortified rice

Coded values

Independent 

variables 

(Actual values)

Responses

Sl. 

No.

Factor A Factor B
Iron 

(mg)

Ascorbic 

acid 

(mg)

Fe2+ BA 

1.35 

(mg/100 

g)

Fe2+ BA 

7.5 

(mg/100 

g)

Colour 

(a/b)

Hardness 

(N)

1 -1 -1 500 0 46.00 12.92 -0.03 0.12

2 +1 -1 900 0 98.28 8.37 0.04 0.13

3 -1 +1 500 1500 85.91 90.35 0.28 0.09

4 +1 +1 900 1500 130.21 97.24 0.23 0.06

5 -1 0 500 750 84.23 81.61 0.09 0.11

6 +1 0 900 750 122.00 48.85 0.05 0.11

7 0 -1 700 0 72.61 3.37 -0.03 0.11

8 0 +1 700 1500 110.63 90.89 0.25 0.07

9 0 0 700 750 105.50 63.50 0.09 0.09

10 0 0 700 750 109.40 62.83 0.08 0.10

11 0 0 700 750 101.40 70.50 0.11 0.09

12 0 0 700 750 108.50 60.83 0.07 0.09

13 0 0 700 750 109.00 48.83 0.08 0.10

Results were shown as per standard order. However, experiments were conducted in random order.
Centre points are replicated 5 times to get the pure error and thereby to assess the lack of fit.
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Graphical Abstract
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Highlights for review

 Present study reported the effect of cold plasma on the surface energy, morphology, 
cooking quality and thermal properties of polished rice.

 We are reporting first time the effect of cold plasma on iron fortification of polished rice.
 The amount of ferrous sulphate and ascorbic acid was optimized for improving the bio-

availability of iron.
 The bioavailability of iron during storage of fortified rice was also investigated.
 The present study will be helpful to treat anemia at community level.   
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