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Abstract 

The present work aimed to study the effect of dielectric barrier discharge (DBD) atmospheric 

cold plasma (CP) on the structure-function relationship of sodium caseinate. The caseinate 

powder was subjected to CP for 0, 2.5, 5 and 10 min, and its physicochemical, structural, 

thermal, emulsifying and film-forming properties were investigated. The FTIR spectra revealed a 

higher ß-structures and a diminished-random coil conformation after CP treatment. The DSC 

profiles confirmed higher glass transition in CP-processed caseinates. The CP-treated caseinates 

exhibited higher interfacial activity and developed emulsions with smaller particle size and 

higher physical stability. The SEM images and mechanical analysis of produced caseinate film 

showed that CP treatment up to 5 min promoted the formation of a more uniform microstructure 

and reinforced the tensile strength. These findings propose that CP treatment may be efficiently 

employed to mildly modify caseinate structure and improve its techno-functional properties. 

Keywords: Cold plasma; Structure; Functional properties; Sodium caseinate powder 

Industrial relevance 
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Cold plasma (CP) is an emerging eco-friendly efficient technology, which has gained increasing 

attention in the food and pharmaceutical industries. It is a potent and outstanding technique for 

non-thermal microbial decontamination, enzyme deactivation, surface modification, 

functionalization, and etching of coating materials. The CP may provide opportunities in a 

targeted modification of the structure and interfacial performance of biopolymers. This work 

demonstrates the potential of CP for mild modification of the structure, emulsifying and film-

forming properties of sodium caseinate powder while maintaining its appearance features. 

Sodium caseinate treated by plasma can develop an emulsion with significantly higher physical 

stability and edible film with augmented mechanical strength, opening a wide range of promising 

applications in food and pharmaceutical industries such as the development of tailor-made 

protein-based films, coatings, emulsions, and emulsion films. 

1. Introduction 

Proteins, as essential biopolymers, impart a wide range of functionalities in the food industry 

(Tolouie, Mohammadifar, Ghomi, & Hashemi, 2018). Sodium caseinate is a mixture of casein 

monomers and small aggregates formed after elimination of colloidal calcium phosphate from 

the casein micelles (Pankaj, et al., 2014). Techno-functional properties of caseinates make them 

as primarily used proteins to improve emulsifying properties of food matrices and development 

of edible films (Broyard & Gaucheron, 2015). The technological function of proteins is governed 

by their structure and environmental factors (Jiang, Cheng, & Sun, 2020); thus it is indispensable 

to understand the possible correlation between the structure and functions of proteins in order to 

develop an innovative protein-based product (Broyard & Gaucheron, 2015). 

Caseinate films tend to be relatively brittle with low tensile strength (Carr & Golding, 2016). 

Biopolymer-based emulsions suffer from different types of instability. These drawbacks 

highlight the importance of developing biopolymers with superior techno-functionalities (Jiang 

et al., 2020). Different types of physical, chemical, and biochemical modifications are employed 

to alter and improve the structure and techno-functionality of caseinates, or as an approach to 

apprehend the structure-function relations of caseinates (Broyard & Gaucheron, 2015). 

Cold plasma (CP) technique is an emerging eco-friendly and efficient non-thermal 

technology, which has drawn many attentions in the food sector for decontamination of sensitive 
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food products and inactivation of enzymes and food allergens (Ekezie, Sun, & Cheng, 2017; 

Pankaj, et al., 2014; Tolouie et al., 2018). This technique has been suggested as a promising 

alternative over conventional methods to boost the techno-functionality of proteins while 

preserving their nutritional value (Sharma & Singh, 2020). It generally contains free radicals, 

electrons, positive and negative ions, excited or ground state of atoms and molecules, and UV 

photons (Dong, Gao, Xu, & Chen, 2017; Jiang et al., 2020; Thirumdas, Kadam, & Annapure, 

2017; Tolouie et al., 2018). Reactive species of plasma may mildly modify the structure of 

proteins via etching, cross-linking, and oxidation reactions (Tolouie et al., 2018). Therefore, CP 

could be considered as a combination of physical, chemical, and photochemical modification 

technique (Thirumdas et al., 2017; Tolouie et al., 2018).  

Plasma process has demonstrated to be a promising method to manipulate the interfacial 

performance of proteins and improve their emulsifying and foaming functionalities (Jiang et al., 

2020). The effect of CP on the emulsifying activity of some proteins such as peanut protein (Ji et 

al., 2018), actomyosin (Chizoba Ekezie, Cheng, & Sun, 2018) and myofibrillar proteins 

(Sharifian, Soltanizadeh, & Abbaszadeh, 2019) have been studied recently. In addition, CP can 

be effectively applied in surface modification of packaging materials for various purposes, e.g. 

surface functionalisation, etching, cleaning, as well as improving antimicrobial, mechanical and 

barrier properties (Chizoba Ekezie et al., 2018). There are some reports focused on the utilisation 

of CP treatment for surface modification of protein-based films developed by sodium caseinate 

(Pankaj, et al., 2014), zein (Pankaj, Bueno‐Ferrer, Misra, Bourke, & Cullen, 2014), gelatine 

(Pankaj et al., 2015), defatted soy meal (Oh, Roh, & Min, 2016), gluten and whey proteins 

(Moosavi et al., 2020). 

Current applications of plasma technology on food proteins modification are mainly focused 

on the treatment of protein dispersions and surface of films, while relatively few studies exist on 

protein powders, e.g. on zein (Dong, Gao, Xu, et al., 2017; Dong, Gao, Zhao, Li, & Chen, 2017) 

and pea protein (Bußler, Steins, Ehlbeck, & Schlüter, 2015). Besides, there is only a few 

literature available on applying cold plasma to modify the structure and techno-functionalities of 

dairy proteins (Sharma & Singh, 2020). Therefore, the present study was intended to evaluate the 

effect of dielectric barrier discharge (DBD) CP treatment time on structural, thermal, emulsifying 

and film-forming properties of sodium caseinate powder. In this context, we tried to elucidate the 
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caseinate structure-function relationship and possible involved mechanisms in amending its 

techno-functional characteristics.  

2. Materials and methods 

2.1. Materials 

Sodium Caseinate powder was supplied by Merck Co. (Darmstadt, Germany). The caseinate 

protein content determined by the Dumas method was 94.30% (nitrogen conversion factor N = 

6.38). Sunflower oil was provided from a local market. Glycerol 87% (PlusOne Glycerol) was 

from GE Healthcare (Chicago, IL). Imidazole buffer (pH 7.0) was used for the preparation of all 

dispersions. 

2.2. Plasma treatment  

 A dielectric barrier discharge (DBD) system consisting of two parallel circular aluminium 

plate electrodes with a diameter of 15 cm, over epoxyglass dielectric layers (1.6 mm thickness) 

was used as a source to generate plasma. Approximately 2 g sodium caseinate powder was 

weighted onto the bottom dielectric barrier and evenly spread over the dielectric barrier as a thin 

layer with a thickness of about 1 mm, followed by exposing to plasma at a voltage level of 7 kV 

and a frequency of 10 kHz for 0, 2.5, 5, and 10 min. The distance between the electrodes was 

about 8 mm. Although a part of powder was in continues movements between the plates during 

the plasma, which could facilitate the uniformity of the treatment, the powder was manually 

stirred every 75-80 sec to meet the homogeneity of the process. The discharge temperature inside 

the reactor was monitored during the process using an infrared thermometer. As the temperature 

did not exceed 45 °C, we could exclude the thermal effects of plasma on caseinate. The 

experiments were conducted at atmospheric air condition (28 °C and relative humidity 34%). 

2.3. pH measurement 

To evaluate the effect of plasma on pH of caseinate, plasma-treated powders were dissolved 

in distilled water at a concentration of 2% (w/w). The pH value of the suspensions was then 

measured using a pH meter (Metrohm 780 pH Meter, Metrohm AG, Herisau, Switzerland) and 

was reported as the average of three independent measurements (Bußler et al., 2015).  

2.4. Colour parameters 

The colour properties of the caseinate powder were evaluated before and after plasma 

treatment according to the method described by Croissant, Kang, Campbell, Bastian, and Drake 

(2009) with slight changes. Approximately 5 gram of the powder was uniformly placed inside a 
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glass Petri dish (46.84 mm × 9.38 mm), and its L* (lightness), a* (redness) and b* (yellowness) 

values were measured using a Minolta Chroma Meter CR-200 (Osaka, Japan). The Chroma 

meter was calibrated on a factory-supplied white calibration plate before using for the colour 

measurement. The colour parameters were measured on at least six random points of three 

independent samples. The total colour difference (ΔE) was then calculated using the Eq. (1): 

 

ΔE = √               Eq. (1) 

where ΔL*, Δa* and Δb* are the variations in L*, a* and b* parameters of control and treated 

samples, respectively.  

2.5. Structural characterisation  

2.5.1. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectrum of the caseinate powder was obtained before and after treatment by an FTIR 

spectrometer (Perkin-Elmer Spectrum 100, USA), based on a Universal Attenuated Total 

Reflectance sensor 125 (UATR-FTIR) in the transmission mode over a range of 4000–500 cm
-1

 

(Dong, Gao, Xu, et al., 2017). 

2.5.2. Differential scanning calorimetry (DSC) 

Thermal properties of the native and modified caseinate powders were evaluated according to 

Dong, Gao, Zhao, et al. (2017) with slight modification. A differential scanning calorimeter 

(DSC 250, TA Instruments, Newcastle, Delaware, USA) equipped with Trios software and 

Refrigerated Cooling System 90 was used for measurements of thermal alternation behaviours. 

The instrument was calibrated with indium (Tpeak = 155.87 °C, DH = 28.234 J/g) and sapphire 

for specific heat capacity. The cell was purged with 50 ml/min of dry nitrogen. About 5 mg of 

each powder was placed into Tzero aluminium pans and hermetically sealed. An empty 

aluminium pan was used as a reference. The scanning temperature was ranged between 0 and 

150 °C with a ramp rate of 2 °C/min with a modulated conventional procedure (amplitude ±1.5 

°C, period 60 s). Glass transition temperature (Tg) and denaturation temperature (Td) of the 

samples were then obtained from the plotted thermographs using Trios software and reported as 

the average of two independent measurements. 

2.6. Stock solution preparation 

Aqueous dispersions of protein (2% (w/w)) were prepared by adding the required amount of 

native and treated caseinate powder to imidazole buffer (pH 7.0) and stirred for 4 h with a 
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magnetic stirrer at room temperature. The solutions were then stored at 5 °C overnight to reach 

full hydration. The prepared solutions were used for further experiments. 

2.7. Dynamic interfacial tension 

Interfacial tension of native and modified proteins at the oil-water interface was determined 

by the pendant drop method (de Figueiredo Furtado, Michelon, de Oliveira, & da Cunha, 2016) 

using a drop tensiometer OCA 25 (DataPhysics Instruments, Filderstadt, Baden-Württemberg, 

Germany). A hanging drop with the volume of 60 µl was formed at the tip of a needle (diameter 

of 1.62 mm) immersed inside a cuvette (1 × 1 × 1 cm
3
) filled with sunflower oil. The average 

interfacial tension of distilled water was recorded as 26 mN/m during calibration. The changes in 

the interfacial tension of protein dispersions were monitored for 20 min. Measurements were 

carried out as triplicates. 

2.8. Emulsifying properties 

2.8.1. Emulsion preparation 

Emulsions were prepared by dropwise addition of sunflower oil (20% (w/w)) into the 

prepared native and modified protein solutions (2% (w/w)) while mixing on the stirrer (30 min), 

followed by homogenisation for 5 min at speed setting 8000 rpm using an Ultra-turrax-DI 25 

basic homogeniser (IKA-WERKE GmbH & Co. KG, Staufen, Germany). The obtained coarse 

emulsions were then sonicated for 10 min in a pulsed mode (10 s ON and 10 s OFF), using an 

ultrasonic homogeniser (Branson Sonifier SFX 550, 550 W, 20 kHz). During the ultrasound 

application, samples were kept in an ice bath, and the temperature was maintained at 10 ± 2 °C. 

2.8.2. Droplet size and zeta potential 

The droplet size and zeta potential of prepared emulsions were analysed immediately after 

preparation following the procedure by (Yesiltas et al., 2018). A Mastersizer 2000 (Malvern 

Instruments, Ltd., Worcestershire, UK) was used to measure the droplet size. The results were 

reported as surface-weighted (D[3,2]) and volume-weighted (D[4,3]) mean diameters. The zeta 

potential of diluted emulsions (conc. 0.002% (w/w)) was determined using a Zetasizer Nano-ZS 

(Malvern Instruments, Worcestershire, UK). All measurements were performed in triplicates at 

20 °C. 

2.8.3. Physical stability of emulsions 
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The physical stability of emulsions was monitored by Turbiscan
®
 Lab Expert (Formulaction, 

Toulouse, France) in accordance with Ji et al. (2018). The emulsion was poured into a glass tube, 

followed by placing in the Turbiscan tower. The analyser was equipped with a source of NIR 

light (λ = 880 nm) and two synchronous optical sensors which scanned every 40 µm of sample 

length and measured the transmission (T%) and backscattering (B%) using the dynamic light 

scattering method (Formulaction, 2020). The analysis was performed in duplicate as a function 

of time over six days at 20 °C. Results were reported as variations of backscattering (ΔB%) and 

Turbiscan Stability Index (TSI), which was automatically calculated by the Turbiscan software 

according to Eq. (2): 

    ( )  
 

   
 ∑ ∑ |    (     )     (        )|

    

       

    

    

 
 

Eq. (2) 

 

where      is the point on time (t) that the TSI is measured,      and      (the lower and high 

selected limits),    = 
         

  
 is the high position in the scan.     is the signal of BS if T < 

0.2%, otherwise is T (Formulaction, 2020).  

2.9. Film-forming properties 

2.9.1. Film preparation procedure 

Native and plasma modified caseinate films were fabricated by the casting method, following 

the procedure reported by Volpe, Cavella, Masi, and Torrieri (2017) with some changes. A 

volume of 25 ml of each film-forming solution (2% (w/w)) containing glycerol (0.5% w/w) was 

poured into a plastic Petri-dish (90 mm diameter) and dried for 24 h at 40 °C. Dried films were 

then peeled off and conditioned for 72 h at ambient temperature and relative humidity of 50% in 

a desiccator filled with a saturated magnesium nitrate solution. 

2.9.2. Physical parameters of Films  

The prepared films were characterised for their thickness and water solubility (Moosavi et 

al., 2020), density and moisture content (Honarvar et al., 2017). All physical measurements were 

conducted three times. 

  

2.9.3. Mechanical properties 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



8 
 

Mechanical parameters of films were evaluated using a texture analyser (TA.XT.plus, Stable 

Micro Systems, UK) according to the method described by Oh et al. (2016) with slight 

alternations. Rectangular-shaped (10 × 90 mm
2
) strips of pre-conditioned films were clamped 

between grips. A tensile test was applied at the initial grip distance of 50 mm and a cross-head 

speed of 50 mm/min, and tensile strength (TS) and elongation at break (EB) of films were 

recorded. The mechanical parameters were reported as the average of at least six measurements.  

2.9.4. Scanning electron microscopy (SEM) 

The surface morphology of treated and control caseinate films was determined following Oh 

et al. (2016) with some modifications. The cross-section microstructure of the fabricated films 

was visualised by use of a Quanta FEG 3D scanning electron microscope (SEM) at an 

accelerating voltage of 10 kV. Cryo-fractured pieces of films were attached on SEM specimen 

by a double-sided carbon adhesive tape followed by sputtering with a layer of gold (Leica Coater 

ACE 200). 

2.10. Statistical analysis 

The obtained data were statistically analysed using one-way analysis of variance (ANOVA) 

by SPSS software (SPSS 23.0, SPSS Inc., Chicago, IL). The differences between means were 

evaluated by Duncan’s Multiple Range test (P ˂ 0.05). 

3. Results and discussion 

3.1. pH and colour  

Table 1 presents the pH values and colour parameters of CP-treated and control caseinates. 

The pH of untreated caseinate dispersion was 7.00. A regular reducing trend (P ˂ 0.05) in pH 

values was observed as the CP treatment time increased. pH values varied in range 6.87 to 6.31. 

Recent studies reported a gradual decline in pH of the whey protein isolate (Segat, Misra, Cullen, 

& Innocente, 2015), actomyosin (Chizoba Ekezie et al., 2018), myofibrillar proteins (Sharifian et 

al., 2019), pea protein and pea flour (Bußler et al., 2015) when subjected to plasma treatment of 

progressive time. Reactive nitrogen species (RNS) generated by air cold plasma (ACP) may 

produce some compounds with acidic characters such as nitric acid (HNO3) and nitrous acid 

(HNO2), which induce acidifying effects (Bußler et al., 2015; Chizoba Ekezie et al., 2018; 

Sharifian et al., 2019). Besides, the formation of ozone (O3) in ACP can directly or indirectly 
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cause the peptide bonds scission and oxidation of the polypeptides and eventually result in 

acidification (Chizoba Ekezie et al., 2018). 

The influence of plasma process on colour properties was not detectable by eye visualisation. 

The colour analysis using Minolta showed no noticeable difference in L* and a* parameters 

between control and plasma-treated powders (P ˃ 0.05). The b* value of untreated powder was 

+7.51. Exposing to plasma for 2.5 min revealed an insignificant difference in b* parameter (P ˃ 

0.05). However, it slightly increased to +8.41 and +8.88 with extending the exposure time to 5 

and 10 min, respectively, reflecting a more yellowish powder. The ΔE values showed a rising 

trend in the colour changes with extending the treatment duration, and the most difference in 

colour (1.88) arisen after exposure to plasma for 10 min. Similarly, Segat et al. (2015) observed 

an increase in yellowness of whey protein isolate solution with increasing the plasma treatment 

time. They attributed it to the reactions between aromatic rings of amino acid residues in the 

protein and plasma reactive oxygen species (ROS) and reactive nitrogen species (RNS) as well 

as the produced ozone. 

3.2. Structural properties 

3.2.1. FTIR analysis 

Fig. 1a shows the original FTIR spectra of sodium caseinate powders of non-treated and 

treated with plasma for different time points of 2.5, 5, and 10 minutes from 4000 to 650 cm
–1

. As 

shown in Fig.1, the spectra consisted primarily of the amide I region, 1700 to 1600 cm
-1 

(mainly 

C=O stretching vibrations), and the amide II region, 1600 to 1500 cm
-1 

(N-H bending and C-N 

stretching modes), which are typical of caseinates. The spectra also included monoanionic 

symmetric stretching and dianionic symmetric stretching peaks around 1080 and 976 cm
-1

, 

respectively (Curley, Kumosinski, Unruh, & Farrell, 1998; Szyk-Warszyńska, Raszka, & 

Warszyński, 2019). There was no significant difference between the four samples in the amide I 

or amide II areas. However, it displayed a slight shift in the amide III peak (N–H in-plane and C–

N stretching vibration) from 1238 cm
-1

 in the native sample to 1234, 1234, and 1230 cm
-1

 in the 

samples of 2.5, 5, and 10 min treatment, respectively. In addition, the intensity of the peak at 976 

cm
-1

 was diminished by increasing the treatment time to 10 minutes. It could be considered as a 

sign of slight oxidation and degeneration in 10 min treated sample, which might be supported by 

the results of pH analysis (Table 1). The reduction in the intensity of the dianionic symmetric 

stretching at 976 cm
-1

 has been studied earlier by Fernández et al. (2003). They related it to the 
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destabilisation of the α-casein in acidic solutions where acidification leads to more solubilisation 

at lower pH and destabilises the micelle-like aggregates by decreasing the net electric charge to 

the isoelectric point near pH 4.6 (Zhang & Metzger, 2011).  

As there was no prominent difference between samples in the amide I region, we calculated 

the second derivative of the four samples and plotted the corresponding spectra for comparison. 

According to the second derivative spectra shown in Fig. 1b, it can be observed that increasing 

the time of plasma treatment led to a reduction in the intensity of the peaks corresponding to the 

random coil in the area of 1637-1645 cm
-1

. The extended plasma treatment time removed the 

random coil peaks until there were no more peaks after 10 min treatment. In parallel, from 2.5 to 

5 minutes plasma treatment, more peaks in the regions of 1623 cm
-1

 and 1689 cm
-1

 was observed 

that both might be attributed to rearrangement of the bands with increased ß-sheet structure 

(Fernández et al., 2003; Szyk-Warszyńska et al., 2019). This trend, however, was not continued 

from 5 to 10 minutes treatment. Our findings are consistent with previous studies. Ji et al. (2018) 

noted that plasma processing for 2-3 min increased the ß-sheet structures in peanut protein; 

however, it decreased afterwards for treatment up to 4 min. In another study, Moosavi et al. 

(2020) observed an enhancement in the ß-sheet structure of whey and wheat gluten proteins films 

treated with air and Ar plasma. Wu et al. (2020) indicated a decrease in α-helix and random coil 

content of casein films treated by DBD plasma with increasing the treatment voltage and time, 

while ß-sheet and ß-turn structures increased. Dong, Gao, Xu, et al. (2017) and Dong, Gao, Zhao, 

et al. (2017) also found that with increasing the plasma voltage and treatment time ß-sheet and α-

helix increased in zein protein, while random coil and ß-turn decreased. They proposed that 

reactive oxygen species and reactive nitrogen species of plasma alternated the secondary 

structure of the protein. We further conclude that the optimum time point for treating sodium 

caseinate with plasma (in our processing condition) is 5 minutes, as the treatment prolongation 

may lead to denaturation and destruction of the protein structure.  

3.2.2. Thermal properties 

Fig. 2 shows the modulated DSC thermal profiles of untreated and plasma-treated caseinates. 

From the total heat flow curve (Fig. 2a), three peaks were distinguished, peaks I, II, and III. The 

peak I, which appeared at lower temperatures than Tg, could be assigned to ß-relaxation 

phenomenon in the protein. Biopolymers may experience several relaxation peaks during 
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heating. The ß-relaxation can be related to local motions of some functional groups and side 

chains in the protein molecule (Wang & Pikal, 2012). The control sample revealed the ß-

relaxation peak at about 55.57 °C (Fig. 2a). With applying the plasma treatment for 2.5 and 5 

min, the ß-relaxation moved to 62.84 °C and 75.56 °C, respectively. In contrast, 10 min plasma 

treatment shifted the corresponding peak to a lower temperature (44.90 °C). 

The peak II (Fig. 2a) is attributed to Tg coupled with α-relaxation (global mobility). Due to 

the overlapping of glass transition and enthalpic α-relaxation, it was challenging to identify the 

glass transition from the total heat flow curve. Modulated DSC has the advantage of 

deconvoluting the resultant heat flow signals and separates reversing and non-reversing heat 

phenomena. The glass transition is a reversing phenomenon, while its associated relaxation is a 

non-reversing phenomenon. Thus, to omit the interference of enthalpic recovery, the reversing 

heat flow thermograms (Fig. 2b) were applied to detect the Tg of samples. The thermal 

parameters of treated and untreated caseinates are summarised in Table 2. Untreated caseinate 

revealed a Tg of 109.46 °C (Table 2), which is in agreement with what reported by Kalichevsky, 

Blanshard, and Tokargzuk, (1993). It is evident from the DSC thermograms (Fig. 2b) that plasma 

treatment time influenced the Tg of caseinate noticeably (P ˂ 0.05). By applying 2.5 and 5 min 

plasma, Tg increased to 116.48 and 120.65°C, respectively. There was, however, a decrease in Tg 

(118.47 °C) with increasing the time of plasma treatment to 10 min, showing some sort of 

structural degeneration. These observations are in line with our FTIR results; where higher ß-

sheet structures in 2.5 and 5 min treated samples indicated the formation of a more regular 

structure and consequently led to increasing the Tg by limiting the protein chain mobility. 

However, increasing plasma treatment time to 10 min initiated a chemical etching and protein 

chain cleavage, and accordingly facilitated the branch motion and declined the glass transition 

(Pankaj et al., 2014). Our findings are compatible with Dong, Gao, Xu, et al. (2017) and Dong, 

Gao, Zhao, et al. (2017). They evaluated the effect of air plasma voltage and treatment time on 

thermal properties of zein powder. Their outcome showed that Tg increased by increasing the 

voltage up to 75 V. However, a further increase in voltage led to decrease of the Tg. Concerning 

the effect of plasma exposure time, they found a slight decline in Tg of zein with extending 

processing duration. 
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The peak III (Fig. 2a) represented the denaturation temperature (Td). The values of Td and 

denaturation enthalpy are shown in Table 2. The control sample exhibited Td around 136.05 °C. 

Applying 2.5 min plasma had no significant impact (P ˃ 0.05) on Td (135.56 °C). While it 

considerably (P ˂ 0.05) shifted to a higher temperature (139.60 °C) by 5 min plasma that could 

be correlated with its higher content of ß-structures. No Td, however, was detected in 10 min 

processed powder. From Fig. 2a and Table 2, it can be seen that the increasing treatment duration 

declined the intensity of denaturation peak and its enthalpy until it disappeared after 10 min 

treatment, which was in accordance with our FTIR observations for the random coil structure. 

The same trend was observed by Miao et al. (2020), who reported that increasing the plasma 

voltage up to 20 kV decreased the Td of Alaska pollock myofibrillar protein from 128.55 to 

126.25 °C. Further increase in voltage level to 50 kV increased the Td to 135.75 °C due to the 

cross-linking while applying 60 kV declined it to 124.80 °C. They suggested that plasma 

treatment could improve the thermal stability of the protein via cross-linking. Wu et al. (2020) 

also found a reduction in thermal stability of casein films with increasing the plasma treatment 

time (0-45 s, 50 V) and voltage (0-40 V, 60 s). However, a further increase in voltage (50-70 V) 

and treatment duration (60-120 s) increased the thermal stability of films, owing to cross-linking. 

Accordingly, it could be concluded that 5 min treatment enhanced the thermal stability of 

caseinate via the development of ß-structures. 

3.3. Dynamic interfacial profile 

The semi-log plot of dynamic interfacial tension (oil-water interface) of untreated and 

plasma-treated caseinate aqueous solutions are demonstrated in Fig. 3. The initial interfacial 

tension (IFT) of control and 2.5, 5 and 10 min treated caseinate dispersions was 15.25, 15.04, 

14.70, and 15.38 mN/m, respectively. The IFT of all samples decreased over time. It reached to 

11.97 mN/m for the control sample after about 20 min measurement. Whereas 2.5, 5, and 10 min 

treated samples yielded this value after about 14.5, 14 and 16 min, and eventually their IFT 

attained to 11.33, 11.28, and 11.51 mN/m after 20 min, respectively.  

As shown in Fig. 3, the interfacial tension plot was comprised of two-time regimes. Within 

the Regime I (induction time), the IFT of samples was relatively constant. It could be explained 

by the fact that, in the early stages of adsorptions, protein molecules diffuse to the interface and 

start to conformational changes. Still, they do not substantially lower the IFT (Beverung, Radke, 

& Blanch, 1999). Table 3 shows the induction times of the caseinate dispersions. Accordingly, 
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untreated caseinate manifested an induction time of 38 s. Plasma treatment shortened the 

induction time of caseinate by 10.53-15.80%. The alterations in the induction period in proteins 

may arise from the difference in the adsorption rate, affinity, conformational stability and 

denaturation kinetics of proteins at the interface (Beverung et al., 1999). Thus, the shorter 

induction regime in plasma-treated samples could reflect a higher hydrophobicity and affinity of 

the protein for the oil droplet surface.  

The dynamic tension profile moved to Regime II (Fig. 3) after about 32-38 s, where a steep 

decrease in IFT was observed. This sharp decrease in IFT could be attributed to the continuous 

conformational rearrangements of the adsorbed protein molecules at the interface, which might 

expose more hidden groups to the oil phase as well as facilitate the migration of new proteins 

from the bulk subphase to the interface (Beverung et al., 1999). The calculated Regime II slopes 

(Table 3) posed the larger negative kII values in plasma-treated caseinates than untreated. The 

faster tension decline could imply more surface hydrophobicity of the protein and/or the smaller 

size of protein molecules; which aid them to load more efficiently at the interface (Beverung et 

al., 1999). The lower rate of tension decrement in 5 min treated sample than 2.5 and 10 min 

could be ascribed to its higher ß-structure content, as the more stable structure may hinder 

tension decline in Regime II (Beverung et al., 1999). These results proposed higher surface 

activity of plasma-treated caseinates than untreated protein. Active species of plasma can modify 

the hydrophobicity and interfacial functionality of proteins by reacting with electron-rich groups 

in amino acids. These interactions can weaken the intermolecular forces in proteins, dissociation 

of some aggregates, and consequently exposing more buried hydrophobic groups. All these 

plasma-induced changes lead to enhance the relative affinity of protein molecules for the oil 

droplet surface (Jiang et al., 2020).  

3.4. Emulsifying properties 

3.4.1. Emulsions droplet size and zeta potential  

The droplet size and ζ-potential of the prepared emulsions are presented in Table 4. 

Untreated caseinate produced an emulsion with the surface average droplet size (D[3,2]) of 0.39 

µm and volume average droplet size (D[4,3]) of 0.96 µm. The emulsions stabilised with plasma-

treated caseinate comprised droplets with D[3,2] of 0.31-0.36 µm and D[4,3] of 0.75-0.81 µm. It 

was clear that plasma treatment led to significantly smaller droplet size (P ˂ 0.05) compared to 
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control emulsion. However, no regular pattern of the particle size was obtained as the change of 

plasma exposure time. Our findings aligned with Segat et al. (2015), who found smaller particle 

size in plasma-treated whey protein isolate solution up to 15 min. Dong, Gao, Xu, et al. (2017) 

and Dong, Gao, Zhao, et al. (2017) also reported that the diameter of zein particles migrated to 

the smaller range after plasma operation, depending on the duration time and voltage of 

discharge, which could be connected to the depolymerisation and disaggregation effect of 

plasma.  

The surface charge of the emulsions (Table 4) laid between -53.46 and -56.23 mV (P ˃ 0.05). 

The emulsions with ζ-potential values higher than ± 30 mV are classified as colloidal systems 

with favourable stability (Cano-Sarmiento et al., 2018). The negative ζ-potential of emulsions 

was attributable to the charge of caseinate molecules at pH 7 (pH ˃ pI ). This finding was 

consistent with outcomes reported previously for sodium caseinate emulsions (Loi, Eyres, & 

Birch, 2019; Patel, Longmore, Mohanan, & Ghosh, 2019).  

3.4.2. Emulsions stability 

The physical stability of plasma-treated emulsions was assessed over six days and compared 

using the TSI parameter. This parameter is the total contribution of all involved destabilisation 

mechanisms. The higher TSI indicates the lower stability of the emulsion (Formulaction, 2020). 

Fig. 4 depicts the TSI values of prepared emulsions. It is obvious from the graph that the TSI 

parameter in emulsion stabilised by untreated caseinate was markedly higher than emulsions 

prepared by plasma-treated caseinates over the assessment time. In the first 24 h period (day 1), 

the control emulsion reached to a TSI of 2.30, while the average TSI of plasma-treated emulsions 

was around 1.35. After about 45 h monitoring, the TSI of control emulsion attained to 3, 

reflecting the initiation of a visible significant destabilisation (Formulaction, 2020). The 

emulsions produced by 2.5, 5, and 10 min processed caseinate, however, showed the TSI 3 after 

about 84, 92, and 75 h, respectively, which implied their higher physical stability than control 

emulsion. It was the case in the whole assessment duration, proposing the effectiveness of 

plasma process in boosting the physical stability of caseinate emulsions, that could be correlated 

with the interfacial tension (Fig. 3) and particle size (Table 4) of samples. Hence, the higher 

surface activity of plasma-treated caseinates was conducive for the formation of emulsions with 

smaller particle size and subsequently higher physical stability. Indeed, unleashing the internal 
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hydrophobic groups after plasma treatment provides more active sites on the surface of the 

protein molecules that can strongly immobilise the molecules on the oil droplet surface and form 

an emulsion with a more robust network. At the same time, the dissociative effect of plasma on 

protein aggregates increases the water affinity of some hydrophilic residues and eases the 

emulsion formation (Chizoba Ekezie et al., 2018; Jiang et al., 2020).  

The TSI of the emulsions prepared from plasma-operated caseinate (2.5, 5, and 10 min) was 

not significantly different from each other during the first three days of assessment. However, a 

faster increasing trend in TSI of emulsions prepared by 2.5 and 10 min operated caseinate was 

observed after three days. It seems 5 min plasma process was the optimum treatment time in our 

processing condition. Since the emulsion prepared by 5 min treated caseinate displayed the 

lowest TSI value within the whole monitoring duration, indicating the highest physical stability 

among the emulsions. 

The backscattering variations (ΔB) of prepared emulsions are presented in Fig. 5. From the 

changes in ΔB over time, more insight into destabilisation mechanisms of the prepared 

emulsions was achieved. In all emulsions the BS signal decreased at the bottom of the tube 

during the whole time (negative peak of ΔB%), indicating clarification phenomenon. In parallel, 

a positive peak of ΔB% was detected in the top of the sample, which followed by decreasing in 

the BS signal afterwards. These BS profiles reflected creaming phenomenon as the main 

involved destabilisation mechanism in all emulsions, which finally led to some extent of phase 

separation. The control emulsion revealed wider clarification and creaming zones with higher 

intensity (Fig. 5) compared to plasma-processed emulsions. In contrast, in emulsion stabilised by 

5 min treated caseinate, a smaller and less intense clarification and creaming zones (Fig. 5) were 

identified, denoting a slower and lower level of destabilisation process. The time when the BS 

signal in top of the emulsions started to reduce was almost equal to when TSI increased to values 

higher than 3 (Fig. 4). It could be suggested that during the first stage with TSI ˂ 3 the creaming 

process was dominant, while the phase separation which occurred in emulsions afterwards led to 

growth in TSI values to more than 3.  

Number of researchers have reported improvement of proteins emulsifying properties by use 

of plasma. Ji et al. (2018) stated that the loosen structure in plasma-treated peanut protein (0-4 

min,) enhanced its emulsifying capability through increasing the protein adsorption at the 
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interface. Although all plasma-treated emulsions had lower TSI than the native protein, the 

minimum TSI was gained by the emulsion prepared from 2 min plasma-processed protein. 

Another study (Chizoba Ekezie et al., 2018) showed that the emulsion activity index and stability 

index of actomyosin augmented by the plasma technique due to the protein unfolding and 

consequently increment of the surface hydrophobicity as well as protein flexibility. Segat et al. 

(2015) also indicated that the emulsion capacity of whey protein isolates improved during 

plasma treatment within 10 min as a result of protein unfolding and partial surface denaturation. 

However, treatment prolongation to 15-60 min reduced the emulsion capacity due to the protein 

aggregation. Similarly, Sharifian et al. (2019) reported that the emulsifying capacity and stability 

of myofibrillar proteins improved during the first 10 min of the plasma process, followed by a 

decline for up to 20 min. They proposed that mild oxidation of protein, that induced by active 

free radicals of plasma, partially denaturated the protein structure and liberated the hidden 

hydrophobic groups to the surface of the protein molecule. However, severe oxidation reduced 

the emulsifying capacity. In contrast to our findings, Pérez-Andrés, Álvarez, Cullen, and Tiwari 

(2019) observed that emulsifying capacity and stability of haemoglobin, pork gelatin, and 

extracted lung protein were negatively influenced by plasma treatment. They correlated it to the 

aggregation and lowered amphipathic character of the treated proteins. Different results for 

emulsifying properties could be related to the variability in proteins structure and plasma 

processing characteristics. 

3.5. Film-forming properties 

3.5.1. Physical properties of films 

Physical properties of plasma-treated films are summarised in Table 5. The thickness of films 

ranged from 131.33 to 133.66 µm (P ˃ 0.05), which was in good agreement with what (130 ± 11 

µm) reported by (Pankaj et al., 2014) who treated the caseinate films by DBD plasma. The 

untreated film presented a density of 1.15 g/cm
3
. However, a higher density (P ˂ 0.05), 

comprised of 1.32 to 1.44 g/cm
3
, was found in plasma-treated films, indicating a more compact 

structure. The moisture content of the films varied between 11.71 to 14.66%. Plasma-treated 

films exhibited higher moisture content (P ˂ 0.05) than untreated caseinate film, which might be 

markedly influenced by their surrounded atmosphere relative humidity (Eghbal et al., 2016). 

Control caseinate film showed the highest solubility in water (30.66%). A slight decrease (P ˃ 

0.05) by 1.24-2.70% was observed in water solubility of plasma-treated samples. It could be 
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related to the marginal transition from random coil to ordered ß-structures after plasma 

processing. According to Tan et al. (2019), proteins water solubility is governed by their 

secondary structures, mainly α-helix and ß-sheet components. The more ordered and tighter 

structure, the less water solubility.  

3.5.2. Mechanical properties of films 

Mechanical parameters of plasma-treated caseinate films are reported in Table 5. The 

untreated film exhibited tensile strength (TS) of 5.04 MPa and elongation at break (EB) of 

92.23%. These values were in the range reported by Chevalier, Assezat, Prochazka, and Oulahal 

(2018) (TS: 6 MPa, EB: 96%) and Belyamani, Prochazka, Assezat, and Debeaufort (2014) (TS: 

4.9 MPa) for sodium caseinate film. Plasma treatment was shown to possess remarkable (P ˂ 

0.05) impacts on the mechanical parameters of films. The TS increased by 18.45 and 42.26% 

after plasma treatment for 2.5 (TS: 5.97 MPa) and 5 min (TS: 7.17 MPa), respectively. It might 

be explained by the higher Tg values and ß-structures in these samples than the untreated one. A 

further increase in treatment time (10 min) lowered the TS value by 6.15% (TS: 4.73 MPa); that 

was in correlated with its lower Tg compared to untreated caseinate. Wu et al. (2020) reported 

that exposure of casein edible films to DBD plasma with different voltage (30-70 V, 80 s) and 

duration (15-120 s, 50 V) increased the TS of films. They associate it to the changes in the films 

crystalline structure and crystalloid migration induced by plasma discharge. Moosavi et al. 

(2020) also evaluated the impact of plasma treatment duration (5, 10, and 15 min) on the 

mechanical strength of films from whey protein and gluten. They found a higher TS in whey 

protein films for all treatment times and gluten film after 10 min plasma, but a destroyed gluten 

film structure after 15 min plasma processing because of over-etching.  

The elongation measurements indicated that the EB of control film dropped from 92.23% 

down to 78.66% after 2.5 min plasma. It was probably to compensate for the increased film TS. 

However, the stretchability remained almost constant after 5 min plasma (EB: 93.68%) and 

increased by 7.76% after 10 min treatment (EB: 99.39%). Oh et al. (2016) observed that the 

average tensile strength and stretchability of edible film made from defatted soybean meal 

increased by 3.12% and 6.90% after air plasma treatment, respectively. They suggested that 

polymer chain scissions and functionalisation reactions, induced by the reactive plasma species, 

might be the involved mechanisms in enhancing the film stretchability.  
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3.5.3. Films microstructure 

Fig. 6 displays the SEM micrographs of untreated and plasma-treated caseinate films. Cross-

section morphology of unprocessed caseinate film revealed a non-uniform partially aggregated 

structure. Plasma treatment of caseinate for 2.5 min developed a less aggregated film than 

control film. Among the samples, 5 min treated film demonstrated a non-aggregated, compact 

and homogenous network, which confirmed its higher density value (Table 5). However, 10 min 

plasma formed a matrice with an increased extent of aggregation. It appeared that the plasma 

process up to 5 min promoted the formation of a more uniform and smoother matrix by 

preventing the protein aggregation. Held, Tyl, and Annor (2019) found that cold plasma 

treatment modified the secondary structure (mainly ß-structures) of soft wheat flour and inhibited 

the aggregation of gluten. Likewise, Ji et al. (2018) observed that the aggregation of peanut 

protein isolate decreased under plasma treatment. Dong, Gao, Xu, et al. (2017) and Dong, Gao, 

Zhao, et al. (2017) explained that plasma treatment led to a significant decline in zein 

aggregation and the formation of a more uniform film by undermining the intermolecular forces 

and loosening peptides stretch. It is well-documented that biopolymers could be affected by 

plasma species through different phenomena such as etching, depolymerisation, and cross-

linking (Thirumdas et al., 2017). Plasma species may etch the surface of biopolymers via two 

types of reactions, (i) physical sputtering reaction caused by inelastic collisions between the 

biopolymer surface and excited particles of the plasma, like electrons, and (ii) chemical reaction 

to produce volatile gaseous and radicals within biopolymer matrix (Kwon, Myung, Lee, & Choi, 

2006; Moosavi et al., 2020). Thus, it might be suggested that the bombardment of ions, electrons, 

and active plasma species at caseinate surface inhibited protein aggregation in 2.5 and 5 min CP-

treated samples and changed the microstructure appreciably. According to Chizoba Ekezie et al. 

(2018), mild oxidation of proteins at shorter plasma processing times can reduce protein 

aggregation; however, longer treatment times can drive an opposite effect due to the higher 

levels of oxidation and denaturation induced by reactive plasma species. It can, therefore, explain 

the more aggregated microstructure of 10 min CP-treated film.  

4. Conclusion 

The present study focused on the effect of DBD cold plasma on structural, thermal and 

techno-functional features of sodium caseinate. The FTIR and DSC analysis showed the mild 
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structural alternations in caseinates subjected to plasma. Our findings on emulsions physical 

stability indicated that plasma treatment may improve the emulsifying properties of caseinate by 

modifying its structure and interfacial performance. Assessment of the film-forming 

characteristics of caseinate exhibited that plasma treatment led to the formation of films with 

superior mechanical properties with higher uniformity within the microstructure. The results of 

this study suggest the optimum time point of 5 min for processing sodium caseinate powder with 

plasma at the voltage level of 7 kV and the frequency of 10 kHz. 

This work highlights the potential of cold plasma technology, as an emerging, chemical-free 

and eco-friendly non-thermal technique for the treatment of dry bulky and powdery compounds 

while maintaining their appearance features. The evidence from this study points towards an 

approach to employ plasma technology in developing tunable protein-based films, coatings, 

emulsions and emulsion films with enhanced techno-functionality for various promising 

applications in food and pharmaceutical industries.  

The chemistry of cold plasma is complicated, and there is still a lack of information on the 

involved mechanisms in the interaction of reactive species of plasma and proteins. Therefore, 

further studies on clarifying the underlying mechanisms in plasma-induced modifications and the 

kinetics of chemical reactions are recommended in order to design a tailor-made process for 

targeted modifications of proteins. 
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Table 1. pH and colour parameters of plasma-treated caseinates. 

**Data are expressed as mean ± standard deviation of three independent repeats; Different letters in the same row 

indicate significant differences (P < 0.05). 

Table 2. Calorimetric parameters of plasma-treated caseinates.  

Treatment Time (min) Tg (°C) * Td (°C) ** ΔH (J/g) 

0 109.46 ± 0.58
d
 136.05 ± 1.06

b
 0.292 

2.5 116.48 ± 0.68
c
 135.56 ± 0.46

b
 0.184 

5 120.65 ± 0.32
a
 139.60 ± 0.72

a
 0.095 

10 118.47 ± 0.25
b
 Not detected Not detected 

* Glass transition temperature 

** Denaturation temperature 

***Data are expressed as mean ± standard deviation of two independent repeats; Different letters in the same 

column indicate significant differences (P < 0.05). 

Table 3. Dynamic interfacial parameters of untreated and plasma-treated caseinates.  

Treatment Time (min) Regime I induction time (s) Regime II slope (kII) (mN/m/log(s)) 

0 38 -2.32 

2.5 32 -2.51 

5 32 -2.39 

Property Treatment Time (min) 

0 2.5 5 10 

pH 7.00 ± 0.00
a**

 6.87 ± 0.01
b
 6.69 ± 0.01

c
 6.30 ± 0.01

d
 

L* 97.71 ± 0.06
a
 97.08 ± 0.34

ab
 96.68 ± 0.36

b
 96.43 ± 0.08

b
 

a* -5.64 ± 0.03
ab

 -5.73 ± 0.10
ab

 -5.59 ± 0.14
a
 -5.80 ± 0.00

b
 

b* +7.51 ± 0.04
c
 +7.43 ± 0.16

c
 +8.41 ± 0.24

b
 +8.88 ± 0.18

a
 

ΔE - 0.65 ± 0.34 1.41 ± 0.17 1.88 ± 0.16 
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10 34 -2.54 

 

Table 4. Particle size and zeta potential of untreated and plasma-treated caseinate emulsions. 

Treatment Time (min) D[3,2] (µm) * D[4,3] (µm) ** ζ-Potential (mV) 

0 0.39 ± 0.00
a***

 0.96 ± 0.00
a
 -55.40 ± 2.50

a
 

2.5 0.31 ± 0.00
c
 0.76 ± 0.00

c
 -53.46 ± 1.00

a
 

5 0.36 ± 0.02
b
 0.81 ± 0.01

b
 -53.60 ± 1.23

a
 

10 0.34 ± 0.02
bc

 0.75 ± 0.01
c
 -56.23 ± 0.15

a
 

*Surface weighted mean diameter 

** volume weighted mean diameter 

***Data are expressed as mean ± standard deviation of three independent repeats; Different letters in the same 

column indicate significant differences (P < 0.05). 

Table 5. Physical and mechanical parameters of plasma-treated caseinate films. 

*Data are expressed as mean ± standard deviation of three independent repeats; ** Data are expressed as mean ± 

standard deviation of six independent repeats; Different letters in the same row indicate significant differences (P < 

0.05). 

Figure Captions 

Fig. 1. FTIR spectra of plasma-treated caseinates, (a) original FTIR spectra and (b) second derivative of 

Amide I region. 

Fig. 2. Thermal profile of plasma-treated caseinates, (a) total heat flow and (b) reversing heat flow. 

Fig. 3. Dynamic interfacial tension response of untreated and plasma-treated caseinates.  

Fig. 4. Effect of plasma treatment duration on the physical stability of caseinate emulsions. 

Property Treatment Time (min) 

0 2.5 5 10 

Thickness (µm) 131.33±3.21
a*

 133.66±3.21
a
 132.66±4.62

a
 131.66±2.88

a
 

Density (g/cm
3
) 1.15±0.03

b*
 1.32±0.06

a
 1.44±0.09

a
 1.37±0.09

a
 

Moisture content (%) 11.71±0.49
c*

 13.58±0.21
b
 14.66±0.54

a
 13.09±0.47

b
 

Water solubility (%) 30.66±0.78
a*

 29.95±0.77
a
 29.83±0.90

a
 30.28±0.26

a
 

Tensile strength (MPa) 5.04±0.13
c**

 5.97±0.02
b
 7.17±0.18

a
 4.73±0.31

c
 

Elongation at break (%) 92.23±2.18
b**

 78.66±2.27
c
 93.68±2.66

b
 99.39±2.97

a
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Fig. 5. Effect of plasma treatment time on backscattering variation (ΔB) profile of caseinate emulsions. 

Fig. 6. SEM micrographs (cross-section) of plasma-treated caseinate films (1000×). 
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Highlights 

 Influence of atmospheric cold plasma (ACP) on sodium caseinate.  

 ACP treatment mildly modify caseinate structure. 

 Relating the change of protein properties and structure. 

 Improvement of film-forming and emulsifying properties using ACP. 

 ACP may enhance film’s techno-functional properties. 
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