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 ABSTRACT 

Plasma is considered the 4th state of matter, it consists a large number of reactive 

species and photons. These species and energy can be used synergistically for various 

applications, including to alter the properties of agricultural products and foods and to 

decontaminate various foods from microorganisms. However, there are still many unknown 

aspects related to the application of cold plasma to food products. 

This PhD thesis has focused on two main applications of cold plasma in the food 

sector, namely the functionalization of food components as starch and flour, and the 

decontamination of fresh products to extend their shelf-life, as green and sustainable 

alternative to overcome the problems related to traditional methods currently in use. 

Several experimental procedures were evaluated individually by the following 

studies: the application of PAW for 1) the modification of techno-functional properties of 

potato, normal maize and waxy maize starches, 2) the enhancement of the annealing effect 

on potato starch, 3) the modification of sorption isotherms, thermodynamics and hydration 

properties of potato starch, and the application of gaseous plasma for 4) the modification of 

techno-functional properties of teff flour, and 5) the extension of shelf-life of fresh 

strawberries. 

Based on the obtained results, it can be concluded that ACP, both in gaseous and liquid 

form (PAW), is a promising alternative to chemical modification of starches and flours, 

affecting the structural and functional properties and allowing to significantly reduce the 

time required for annealing, thus improving efficiency and sustainability. The treatment of 

fresh strawberries resulted in a significant increase in shelf-life, with minimal impact on 

product quality.  
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The overall results of this thesis highlight the suitability of cold plasma to be used in the 

food sector as green and sustainable alternative to the methods currently in use and pave the 

way for sustainable innovation in the food industry.
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 CHAPTER 1. Introduction 

1.1.  Background 

Scientists are increasingly focused on exploring sustainable technologies to improve 

the properties of food products. These eco-friendly alternatives are crucial for economic 

viability, environmental sustainability, and consumer health. Atmospheric cold plasma 

(ACP) is a non-thermal medium created by a strong electric field that accelerates free 

electrons, which in turn dissociate, excite, or ionize gaseous molecules (Dasan et al., 2017, 

Edelblute et al., 2015). As a result, it contains a vast array of reactive particles, including 

electrons, positive and negative ions, free radicals, gas atoms, and molecules in both ground 

and excited states, as well as quanta of electromagnetic energy, photons, and visible light. 

(Fridman et al., 2008). This partially ionized gas can be applied either directly in its gaseous 

form or as plasma-activated water (PAW) during treatment (Thirumdas et al., 2018).  

ACP is employed in areas of medicine (Laroussi, 2020), and also in agriculture and 

food (Gao et al., 2022, Desai et al., 2024) for enhancement of seed germination (Lee et al., 

2021, Guragain et al., 2021), microbial inactivation (Özdemir et al., 2023, Han et al., 2023),  

detoxifications of aflatoxin (Zhao et al., 2024) and more recently, starch modification 

(Gupta et al., 2024b), and flour modifications (Zou et al., 2024).  

The modification of native starch has been extensively studied using physical, 

chemical, biological and genetic modification treatments (Fonseca et al., 2021, Maniglia et 

al., 2021a, Jung et al., 2022, Ashogbon and Akintayo, 2014, Masina et al., 2017). Physical 

modification techniques such as high-pressure autoclave, ozone, osmotic pressure, 

annealing, heat moisture treatment, spray drying, dry heat treatment, pulsed electric fields, 

ultrasonication, high hydrostatic pressure and cold plasma; chemical modification 

approaches such as oxidation, esterification, etherification, cationization, acetylation and 

enzymatic. Physical modifications have proven to be successful in modifying starches and 
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flours (Zia-ud-Din et al., 2017, Gómez and Martínez, 2016, Torbica et al., 2021), also, 

chemical modification methods have been successfully altered starches properties in the 

industry level (Kaur et al., 2024), however generate large volumes of environmentally 

harmful effluents, food safety, high costs involved and there is a risk of residual in the final 

product, which limits their applications in the food industry (Maniglia et al., 2021a, Chaiwat 

et al., 2016). Biological/enzymes are safer and healthier than chemical method for both the 

environment and food consumers and usually give increased yields and fewer by-products. 

However, they can be relatively expensive compared to physical methods (Park et al., 2018). 

Hence, physical processes are preferred over the other modification methods in altering the 

structure and functionality of starches and whole flours.  

Various researches have been carried out using ACP  directly in gaseous form to 

modify proteins, carbohydrates, and whole flours functionality by spreading them in a thin 

layer (Bahrami et al., 2016, Leandro et al., 2024a, Basak and Annapure, 2022b). However, 

for the powders treatment, with this modality the effect is usually not homogeneous powders 

(Braşoveanu et al., 2024, Zhang et al., 2022a, Kooshki, 2021). 

Fresh fruits and vegetables are essential sources of nutrients and health-enhancing 

compounds. However, they are often linked to foodborne illness outbreaks (Pan et al., 2019, 

Singh and Thakur, 2024). Additionally, they are highly perishable, prone to rapid spoilage, 

and have a short shelf-life, leading to significant losses (De Corato, 2020). Therefore, 

extending shelf-life by reducing the rate of deterioration and decontamination is a very 

important challenge from technological and economical perspectives. Different methods are 

suggested to increase the shelf-life of fresh produces as treatment with hot water (Niazi et 

al., 2021), edible coatings (Khodaei et al., 2021), ozone (Alexandre et al., 2012, Botondi et 

al., 2016), modified atmosphere packaging (Cheng et al., 2023, Sandhya, 2010), irradiation 

(de Lima Nechet et al., 2015, Kong et al., 2014), pulsed light (Moreira et al., 2015), 
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ultrasound (Gani et al., 2016)  and chemical/ disinfectants treatment (Pérez-Lavalle et al., 

2024, Deng et al., 2020). However, these techniques can increase production costs and also 

have a negative impact on the color, taste, aroma and texture of the fruit. Therefore, 

alternative physical treatment methods such as ACP technology should be investigated. 

ACP technology can significantly inhibit microorganisms and extend the shelf-life of 

various fresh-cut products with no or minimal impact on physicochemical and organoleptic 

quality characteristics (Bagheri and Abbaszadeh, 2020, Özdemir et al., 2023). 

1.2. Rationale and Significance  

With regard to the functionalization of food components, one of the limitations of gas-

phase plasma is that it is a superficial treatment and that its reactive species have a short 

lifetime due to frequent collisions with molecules and other substances. In addition, the 

efficiency of the process is influenced by the ambient humidity and the surface properties 

of the food, along with challenges in batch-type operations, which pose obstacles to 

commercialization (Qian et al., 2024, Liu et al., 2021). 

These issues can be addressed by the application of PAW or by designing ACP 

systems that include continuous mixing of the powders. 

PAW is created by treating water with ACP-generating devices that produce highly 

reactive species, which interact with water molecules and initiate chemical reactions. High-

energy particles from the ACP become trapped in the liquid, leading to reactions at the gas-

liquid interface that facilitate the dissolution of reactive species. As a result, reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) are generated. These reactive species 

include long-lived compounds such as nitrate, nitrite, hydrogen peroxide, and ozone, as well 

as volatile species like hydroxyl radicals, nitric oxide, superoxide, and peroxynitrite, 

characterized by their high acidity, oxidation-reduction potential (ORP), and electrical 

conductivity (EC)(Qian et al., 2024, Dharini et al., 2023). 
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Various studies show how plasma parameters such as voltage and treatment time 

together with different starch and flour types influence the structural and functional 

properties of these materials. In our research, we applied PAW obtained by a corona 

discharge system to modify the structure and functionality of cereal and tubers starches. In 

addition, we have combined PAW with annealing (ANN) at different incubation times to 

investigate for the first time the structural, functional and thermodynamic properties of 

potato starch. This approach aims to shorten the typically long treatment time required for 

ANN, where the starch is exposed to excess water for a prolonged period of time. 

Moreover, to treat teff flour, we used cold plasma in gaseous form supported by a 

prototype for continuous mixing system to overcome the challenges associated with its 

superficial nature. The use of gaseous cold plasma allows to treat powders in dry form; 

therefore, it offers advantages over the use of PAW, which requires further drying.  

The second application of ACP that was addressed in this thesis is the shelf-life 

extension of fresh fruit, which is more in general one of the main investigated applications 

of this technology for the food sector. Despite the numerous literature reports on the 

efficiency of ACP for food decontamination, the effect on product quality and nutritional 

value is often not very well known. 

Fresh-cut products such as strawberries have been treated with ACP (Misra et al., 

2014d, Li et al., 2019b, Misra et al., 2014e, Yudhistira et al., 2023, Ahmadnia et al., 2021, 

Ziuzina et al., 2020, Giannoglou et al., 2021, Bagheri and Abbaszadeh, 2020) with reactive 

species of the whole regime; UV radiation, reactive oxygen species (ROS) such as ozone 

(O₃), hydrogen peroxide (H₂O₂), singlet oxygen (¹O₂), peroxyl radicals and hydroxyl 

radicals (-OH) and reactive nitrogen species (RNS), together with a strong electric field. 

While each of these reactive species can independently affect decontamination and product 

quality, the increased efficacy of plasma treatment is attributed to the synergistic effects of 
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these components, which make ACP unique in its effectiveness. However, the specific 

effects of dielectric barrier discharge in generating ozone (O₃) under an "ozone regime" or 

nitrogen oxides (NOₓ) under a "NOₓ regime" have only been studied to a limited extent. 

Therefore, this study aimed to investigate the effect of DBD under a NOₓ regime over a 

constant 30-minute treatment period. Preliminary experiments showed that neither the 

ozone nor the NOₓ regime led to significant changes in strawberry quality and/or microbial 

load at a treatment duration of less than 30 min. 

 

1.3. General objective 

This thesis aims to explore and enhance the understanding of the effect of cold plasma on 

various food matrices and components throughout processing and during storage and shelf-

life. 

 

1.4. Specific objectives  

The general objective can be declined in the following specific objectives: 

1. Evaluate the effect of plasma activated water (PAW) on rheological, thermal, hydration 

and pasting properties of normal maize, waxy maize and potato starches; 

2. Evaluate the effect of incubation time of plasma activated water (PAW) combined with 

annealing on the modification of functional properties of potato starch; 

3. Investigate the effect of plasma activated water (PAW) and annealing for the modification 

of potato starch on its sorption isotherm, thermodynamic and gelatinization kinetics; 

4. Evaluate the effect of cold atmospheric plasma on rheological, thermal, hydration and 

pasting properties of mechanically fluidized teff flour; 

5. Study the impact of dielectric barrier discharge (DBD) atmospheric cold plasma on 

microbial inhibition, quality, and primary and secondary metabolite profiles of fresh 

strawberries during storage. 
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1.5. The framework of the dissertation 

This dissertation comprises of seven chapters, and these are explained as follow: 

Chapter 1 provides the background of the study, a brief overview of the problem, the 

objective of the study and the potential contributions of the findings of atmospheric cold 

plasma to the food industry. Overall and specific objectives are also included in this chapter. 

Chapter 2 reviews current knowledge on plasma science and chemistry, plasma types and 

main generation devices and parameters. The application of plasma in the food industry are 

listed with particular reference to the ones addressed in this thesis.  

Chapter 3 describes the study of the influence of plasma activated water (PAW) on 

rheological, thermal, hydration and pasting properties of normal maize, waxy maize and 

potato starches. 

Chapter 4 examines the effects of incubation time of plasma-activated water (PAW) 

combined with annealing on the modification of the functional properties of potato starch. 

Chapter 5 presents a study on the modification of potato starch using plasma-activated 

water (PAW) and annealing, aiming to understand how these treatments affect sorption 

isotherms, thermodynamics, and gelatinization kinetics, particularly in relation to the 

hygroscopic properties of treated and untreated potato starch. 

Chapter 6 describes a study on the effects of atmospheric pressure cold plasma treatment 

time on the techno-functional properties of teff flour. 

Chapter 7 explores how dielectric barrier discharge (DBD) atmospheric cold plasma 

treatment affects strawberries shelf-life, focusing on microbial inhibition, preservation of 

quality, and changes in primary and secondary metabolite profiles during storage.  

Chapter 8 provides the general conclusion and recommendations derived from the present 

research findings. 
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CHAPTER 2. Review of literature on application of cold plasma to foods  

 

2.1. Overview of plasma science and chemistry 

Based on the principle that state transitions occur through the continuous application 

of energy to a system, several states of matter are identified. Traditionally, matter on Earth 

is commonly found in three phases: gas, liquid, and solid. Recently, plasma has been 

recognized as the fourth state of matter (Tendero et al., 2006, Banu et al., 2012, Suhem et 

al., 2013, Surowsky et al., 2013, Pal et al., 2016, Fridman et al., 2008), according to Figure 

2.1 the phase change from solid to liquid and then to gas occurs with increased energy input. 

When energy input reaches a certain threshold in the gaseous state, it leads to the ionization 

of molecules, resulting in the formation of plasma (Luo et al., 1998).   

 

                                             

      Solid                                   Liquid                           Gas                               Plasma 

 

 

Figure 2.1 Plasma-the 4th state of matter 
 

 

The plasma is a mixture of partially or wholly ionized state (Ryu et al., 2013, Bárdos 

and Baránková, 2010), that encompass plenty of charged particles (e.g. OH, H2O
+, electrons, 

etc.), reactive species (e.g. reactive oxygen species-ROS, OH., O3, 
1O2; reactive nitrogen 

species-RNS, NO*, ONOO*, etc.), excited molecules (e.g. excited O2, N2, etc.), and UV 

Adding Energy 
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photons (vacuum UV, UVC and UVB) (Stoica et al., 2013, Deng et al., 2007, Fridman et 

al., 2007). The reactive species generated by electron collision which play a key role in 

different applications (Joshi et al., 2011, Devi et al., 2017, Patil et al., 2014, Fernández et 

al., 2012, Sarangapani et al., 2017a, Dobrynin et al., 2009). 

Plasma is created when energy is applied in gas (Banu et al., 2012, Devi et al., 2017) 

and the properties of plasma generally depend on the power (alternating current, direct 

current, pulsed, frequency) and kind of gas (Bárdos and Baránková, 2010). The chemistry 

which takes place in plasma is usually quite complex and involves a large number of 

reactions which are primary plasma processes (collisions of electrons) and secondary 

plasma processes (collisions of heavy particles). According to Braithwaite (2000), during 

the primary plasma processes, various phenomena occur, including ionization, dissociative 

ionization, electron attachment, dissociative electron attachment, excitation, and 

dissociation. In the secondary plasma processes, species are generated through ionization, 

dissociation, electron attachment, and excitation due to electron collisions with discharge 

gases. These species then serve as reagents in the subsequent stages of plasma chemistry 

and reactions (Misra et al., 2016b, John, 2005). 

As the kinetic energy of the electrons increases, the number of collisions in the gas 

that forms plasma products also rises. These collisions (both elastic and inelastic) occur 

between ions, molecules, atoms, and radicals, leading to significantly enhanced reaction 

rates (Li et al., 2013b). The ionized medium comprises several excited atomic, molecular, 

ionic, and radical species, coexisting with plentiful reactive species, including electrons, 

positive and negative ions, free radicals, atoms, molecules in the ground or excited state, 

and quanta of electromagnetic radiation (Fridman et al., 2008).  



9 
 

2.2. Types of plasma 

Plasma can be categorized into equilibrium (thermal) and nonequilibrium (low-

temperature) plasma based on factors such as the energy supply, the amount of energy 

transferred to the plasma, electron density, electron temperature, and the overall energy 

levels of the electrons and heavy particles within the plasma (Nehra et al., 2008, Fridman et 

al., 2008).  

 

2.2.1 Thermal plasma 

Thermal plasma  is associated with sufficiently  high temperature applied to the gas 

(around 20,000°C) and pressures to allow ionization (Fridman et al., 2008). In thermal 

plasma, all reactive species, electrons, and ions exist in thermodynamic temperature 

equilibrium and become almost equal to the electron temperature (Fridman et al., 2008, Devi 

et al., 2017, Jiang et al., 2014). Generally employed, thermal-plasma producing devices are 

those generated by plasma torches and microwave devices (Bonizzoni and Vassallo, 2002). 

This type of plasma produces a high flux of heat and are mainly used in areas such as in 

casting processes in the metallurgical industry, in chemical synthesis processes, and 

processing of materials (Samal, 2017). Also, the high temperature of thermal plasmas can 

apply in waste including municipal solids, toxic, medical, biohazard, industrial and nuclear 

waste into elemental form. However, for numerous technological applications, the high-

temperature of thermal plasmas is neither required nor preferred, and in some cases, it even 

becomes prohibitive. In such application areas, cold plasmas become more suited (Nehra et 

al., 2008). 
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Figure 2.2. Classification of plasma (Weltmann and Von Woedtke, 2011) 

 

Where: Te, electron temperature; Tg, gas temperature; and DBD; dielectric barrier 

discharges  

2.2.2. Non-thermal plasma 

According to the (Fridman et al., 2008, Devi et al., 2017), named as, non-thermal 

plasma, cold plasma, atmospheric or low pressure cold plasma, non-equilibrium plasmas 

and the gas (heavy particles) remains at ambient temperature because the energy transfer 

from electrons (low weight) is less effective than cooling of ions and uncharged molecules. 

According to Fridman et al. (2008) cold plasma is obtained using less power or specific 

electric field which is characterized by an energetic electron temperature much higher than 

that of the bulk-gas molecules. Low temperature plasma can be further divided into non-

equilibrium plasma (<60°C) and quasi-equilibrium plasma (100–150°C). In this type of 

plasma, the energetic electrons can collide with gas molecules (N2, O2, H2O, He, Ar) 



11 
 

generating secondary electrons, photons, ions and radicals (Vandenbroucke et al., 2011). 

Due to their light mass, electrons are selectively accelerated by the electromagnetic field 

and gain high temperatures while the heavier ions remain relatively cold through energy 

exchange by collisions with the gas (Vandenbroucke et al., 2011, Tendero et al., 2006). 

During gas discharge, the energy from electric field is accumulated by electrons through 

collision, and only a fraction of energy will be then transferred to other particles, resulting 

in Te » Tn, non-thermal state of plasma (Fridman and Kennedy, 2004) .  

According to Vlachopoulou et al. (2008) instead of heating the entire gas stream, 

electrical energy is focused on the electron component, allowing the temperature of the 

heavy particles to remain close to ambient temperature. Non-thermal plasma can be 

generated in both low and atmospheric pressure environments. Cold plasma produced at 

atmospheric pressure is particularly valuable for applications in the food and agricultural 

industries because it does not require extreme processing conditions, eliminating the need 

for high temperatures associated with thermal plasma  (Misra et al., 2011, Nehra et al., 

2008).  Because extremely high temperatures are not suitable for treating thermally sensitive 

materials like starches, flour, fresh cut produces and others which is why cold plasma is a 

more appropriate method for starch, flour modification, fresh cut produces  and other food 

applications (Liao et al., 2020, Bagheri and Abbaszadeh, 2020, Basak and Annapure, 

2022b). 

2.3. Plasma generation  

Any energy source can be used for gas ionization such as microwave, radiofrequency, 

electrical current (alternating or direct current), electromagnetic field, thermal, optical, 

radioactive and X-rays (Bárdos and Baránková, 2010, Pankaj et al., 2014, Ragni et al., 

2010). In turn, heat, electricity, laser light, and radiation, among others, are used as energy 

sources (Devi et al., 2017). However, the common suitable ionization implements are 
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electromagnetic fields or electric current (Stoica et al., 2014) because electrical discharges 

at low temperature make plasma practical, inexpensive, and suitable for heat-sensitive 

products (Thirumdas et al., 2015, Surowsky et al., 2013). The amount of the electric field 

and the phase of the electron motion have main effect (Bárdos and Baránková, 2010).  

Plasma can be generated using various gases such as air, noble gases (helium, argon, 

or neon), a mixture of different gases, nitrogen, and oxygen. Noble gases are used for 

producing plasmas, but this can increase the treatment cost. Thus, for plasma inducing, the 

use of ambient air should be ideal (Misra et al., 2014b). Ionized plasma species produced in 

these gas(es) create distinctive conditions (Pankaj et al., 2014). 

Plasmas can be generated at low, atmospheric and high pressures (Bárdos and 

Baránková, 2010, Afshari and Hosseini, 2013). Low-pressure glow discharge plasmas are 

of great interest in microelectronic industries, but their vacuum equipment limits their 

application (Bárdos and Baránková, 2010). According to Roy Choudhury (2017) the main 

advantage of a low-pressure plasma is that it is easier to control the extent and composition 

of the critical gas atmosphere from which the plasma is generated, as it is operated in a 

closed vessel under vacuum. In addition, there is an even distribution of plasma inside the 

closed vessel (Ebnesajjad and Ebnesajjad, 2014). However, low-pressure plasma systems 

are not suitable for continuous online processing and can only be conducted in batches , and 

the vacuum equipment required for the plasma setup is expensive (Roy Choudhury, 2017). 

Therefore, we focused on cold plasma generated at atmospheric pressure. 

2.4. Generation of cold plasma at atmospheric pressure  

Devices that have been used for plasma types that operate at atmospheric pressure are 

the corona discharge, dielectric barrier discharge and atmospheric pressure plasma jets 

(Misra et al., 2016b, Ragni et al., 2010, Hoffmann et al., 2013, Surowsky et al., 2014, 

Surowsky et al., 2015). It could be powered using alternative or direct current, and these 
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systems are widely operated at a higher voltage (in kV). The most used atmospheric pressure 

cold plasma systems are discussed below. 

2.4.1 Atmospheric pressure plasma jet  

According to Niemira (2012), atmospheric pressure plasma jets (APPJ) are cold 

plasma systems operated at atmospheric pressure. It produces a stable, homogenous, and 

uniform discharge (Niemira and Sites, 2008). APPJ does not require air-tight vacuum 

chambers and is easy to build compared to low-pressure plasma systems and has been 

developed and tested on food (Wang et al., 2023), configure double electrode (one ground 

electrode and the other connected to the power supply) and end-field jet, based on the type 

of configurations (eg. two rings and coaxial) as shown in Figure 2.3. Because of the simple 

design and easy maintenance, for practical usage, most discharges are operated at 

atmospheric pressure (Scholtz et al., 2015b). However, this type of plasma configuration is 

limited when aiming at a large area, but the arrangement of several jets must be applied in 

this case (Bermudez-Aguirre, 2020). 

 

                                                         

Figure 2.3. Schematic diagram of an atmospheric pressure plasma jet system (APPJ)  

(Ramachandran et al., 2024). 

 

2.4.2. Dielectric barrier discharge  

 Dielectric barrier discharge (DBD) is generated discharge burning between two 

electrodes separated by a solid dielectric material (glass, plastic, quartz, or ceramic)(Scholtz 
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et al., 2015b). It can be generated using a typical planar DBD configuration, a cylindrical 

DBD configuration, or a surface discharge configuration (Anuntagool et al., 2023). The 

electrodes are usually placed inside the closed container to prevent the escape of plasma 

particles, and samples are placed between the electrodes for direct treatment. Besides the 

coated dielectric materials, the air used in these systems acts as the barrier to the current, 

preventing the spark formations. The expediencies of DBD includes relative simplicity, 

employment of different gases, reduced gas flow rate, flexibility owing to varying electrode 

geometries, and uniform discharge ignition over several meters. It has been extensively 

researched for its potential applications in many areas because of its ability to form highly 

reactive plasma near room temperature (Anuntagool et al., 2023), as well as a homogenous 

plasma distribution(Ali et al., 2021b). However, the approach requires high ignition voltages 

(Chizoba Ekezie et al., 2017), therefore adequate precautionary measures are required.  

 

Figure 2.4. Schematic diagram of a dielectric barrier discharge configuration (DBD) (Pan 

et al., 2019). 

 

2.4.3. Corona discharge plasma systems  

Corona discharge is luminous glow localized in space near sharp or points or edges in 

a which produced by applying continuous high voltage to the system or pulsed voltage for 

electric field attenuation (Du et al., 2019, Gao et al., 2022, Scally et al., 2023). When the 
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non-uniform electric field exceeds the breakdown threshold in the limited spatial region, it 

forms a corona discharge. 

According to Harikrishna et al. (2023), the corona system may be created in a simple 

device and does not need a complicated apparatus, saving money on setup and maintenance 

costs. In addition, for increasing the applied area of the corona discharges aiming food 

application, a multipoint-plate electrode configuration has been gaining prominence due to 

its capacity to produce a more energetic and dense plasma than DBD, creating a diffusive 

discharge with much more extensive coverage of sample surface than a pin tip (Laroque et 

al., 2021). However, it is not suitable for heterogeneous and small sample (Santos et al., 

2020), it only affects a small region and does so unevenly when apply directly (Scholtz et 

al., 2010). 

                       
 

Figure 2.5. Schematic diagram of a corona discharge configuration (Kusano and Kusano, 

2024). 
 

2.5. Plasma-activated water (PAW)  

Plasma-activated water (PAW), is currently viewed as a new type of electrochemical 

modification and sterilizing agent, produced by directly treating sterile water or liquid with 

plasma for a specific period of time (Hu et al., 2021b). PAW is highly concentrated with 

chemically reactive oxygen and nitrogen species (RONS), high acidic, electrical 

conductivity (EC) and oxidation reduction potential (ORP)(Han et al., 2023). PAW is 

generated by treating water with plasma devices such as the APPJ (Yan et al., 2020, Okyere 

et al., 2022a, Yan et al., 2022b, Chou et al., 2023, Flores-Silva et al., 2023, Yan et al., 2024),  
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DBD (Judée et al., 2018, Subramanian et al., 2020), microwave plasma and radiofrequency 

discharge  (Hoeben et al., 2019, Kang et al., 2019), glow discharge plasma (Aaliya et al., 

2022) and corona discharges (Laurita et al., 2021a) in contact with liquids, over water, with 

water spray as well as in bubbles, and plasma directly in water (Hu et al., 2021b).  

The composition and concentration of the reactive species in PAW depend on the type 

of gas, applied voltage, treatment time, and whether the plasma source is discharged directly 

into water or above water's surface (Shanker et al., 2023). RONS formed at the gas phase 

and gas-water interface includes singlet oxygen, atomic oxygen, ozone (O3), excited and 

atomic nitrogen, hydroxyl radicals (·OH), superoxide anion radicals (·O2ˉ), superoxide 

(1O2), hydrogen peroxide (H2O2), nitrates and nitrites ions (NO2ˉ and NO3ˉ), peroxynitrite 

(ONOOH and OONOOH), nitric and nitrous acid, as well as peroxynitrous acid (Hu et al., 

2021b, Thirumdas et al., 2018). These atomic, radical, ionic, and molecular species can be 

classified by their half-life, with some being long-lived, persisting from days to months, 

while others are short-lived, lasting only milliseconds to a few seconds. 

The formation of these reactive species decreases the pH in the water while increasing 

the ORP and EC (Zhao et al., 2020). Due to the formation of these species and acidic 

environment makes PAW is used for microbial inactivation (Zhao et al., 2020), pesticide 

degradation (Ali et al., 2021a), meat curing (Inguglia et al., 2020), modify functional 

properties (Sifuentes-Nieves et al., 2024), seed germination and seedling growth (Rathore 

et al., 2022), maintain or increase quality attributes of food (Han et al., 2023), and currently 

in starch modifications (Sifuentes-Nieves et al., 2024), flour (Zou et al., 2024) and 

myofibrillar protein (Li et al., 2024). 
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Figure 2.6. PAW and its common reactive species  

 

2.6. Applications of cold plasma  

Due to their design simplicity and low operating cost, atmospheric pressure plasma 

plays an important role in many technological applications, such as: food industry 

(Surowsky et al., 2013, Pankaj et al., 2014, Ziuzina et al., 2014), medical and clinical 

applications (Hoffmann et al., 2013, Pal et al., 2016), materials processing (Law et al., 2012, 

Sato et al., 2014), material analysis (Sato et al., 2014), surface modification (Law et al., 

2012, Pankaj et al., 2014), light source (Law et al., 2012), microplasma chip (Sato et al., 

2014), spectrochemical analysis (element detection with very low detection limits) 

(Milosavljević et al., 2011), contaminants (pesticides, dyes, pharmaceuticals, and nitrogen-

containing sorts) (Magureanu et al., 2015, Tijani et al., 2014). 

Specifically, cold plasma (gaseous) is explored in the modification of food 

components related to carbohydrates (Gupta et al., 2024b, Sarangapani et al., 2017c, Zhu, 

2017, Momeni et al., 2018), proteins (Venkataratnam et al., 2019, Tolouie et al., 2018, Misra 

et al., 2016a) modifications related to lipids (Ulbin-Figlewicz and Jarmoluk, 2016) and 

whole different flours (Sarangapani et al., 2016a, Chaple et al., 2020). 
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Figure 2.7. Application of cold plasma 

 

2.6.1. Effect of cold plasma on functionalization of starches and flours 

Starch production globally surpasses 50 million tons annually, predominantly sourced 

from maize, rice, and potatoes and it is a primary source of dietary carbohydrates. Starchy 

foods contribute significantly to human calorie intake, representing approximately 80% of 

the global average (Rashwan et al., 2024). Starch is a versatile biomaterial of special interest 

due to its abundance, cheapness, non-toxic properties, and  biodegradability for various 

foods, which is attributed to its multifunctional properties, such as texture, flavour 

incapsulating agent, stability, appearance, nutritional value, swelling, gelatinization, 

thickening, baking, brewing, confectionery industries and gelling (Jia et al., 2023, Mason, 

2009) and non-food industries (pharmaceuticals, textiles, plastic, cosmetic, alcohol-based 

fuels, adhesives, dyes, and furniture)(Apriyanto et al., 2022, Rashwan et al., 2024).  

However, native starch often exhibits limited resilience to harsh processing conditions, 

including high temperatures, freeze-thaw cycles, strong acids and alkalis, and shear forces. 

Additionally, it is largely unreactive, insoluble, and prone to rapid retrogradation (Bühler et 

al., 2022, Liu et al., 2017). As a result, the use of native starch is limited, making it 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biodegradability
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unsuitable for many industrial applications. To overcome these limitations, various 

modification techniques are employed to improve its solubility, texture, and heat resistance 

or to suppress undesirable traits and introduce specific properties to meet industrial demands 

(Laovachirasuwan et al., 2010, Rashwan et al., 2024). Over the past decade, the market for 

modified starch has experienced steady growth. Market data indicates that the global 

modified starch industry was valued at USD 13.7 billion in 2022 and is projected to reach 

USD 15.9 billion by 2027 (He et al., 2023). Modified starches provide customized textural 

properties that enhance the sensory appeal, nutritional value, and consistency of food 

products. They also improve stability and shelf-life by minimizing retrogradation and 

prolonging product durability. Additionally, the increased resistant starch content offers 

health benefits, while their versatility supports applications across food, pharmaceuticals, 

and biodegradable materials (Gong et al., 2025, Rashwan et al., 2024). 

Teff [Eragrostis tef (Zucc.) Trotter] has gained increasing importance in the gluten-free 

food market due to its unique properties such as valuable nutrients, including protein, fiber, 

polyphenols, and essential minerals such as iron (Fe)(Zhu, 2018). It has excellent 

adaptability to harsh environmental conditions and plays an important role in food security 

(Assefa et al., 2015, Tadele and Hibistu, 2021) and is gaining attention worldwide 

(Gebremariam et al., 2014). Even though it offers high nutritional value compared to most 

cereals, making it a promising gluten-free alternative, and the balanced amino acids and 

minerals meet daily requirements without fortification, however, it is still underutilized and 

under-processed in households (Sidhu et al., 2024, Barretto et al., 2021). Therefore, 

appropriate technologies should be applied to improve its techno-functional and transfer it 

from the domestic to the industrial level. 
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Atmospheric cold plasma treatment has showed significant effects on starch, proteins, and 

flours, resulting in to improved functional and structural properties (Gupta et al., 2024a, 

Wang et al., 2024a, Basak and Annapure, 2022b).  Srangsomjit et al. (2022), treated rice 

starch with DBD plasma at an input voltage of 40 V and found significant changes in its 

physicochemical properties. The treatment duration of 2, 6 and 10 min affected the 

properties of the starch and resulted in an increase in amylose content from 13% to 14.80%. 

In addition, the relative crystallinity of the rice starch decreased significantly from 29.22% 

to 24.43%. In addition, the resistant starch content improved significantly and increased 

from 43.53% to 49.80%. Treatment of talipot palm starch with low pressure argon plasma 

at an input power of 7.5 W and 15 W for a duration of 30 and 60 minutes resulted in a 

significant change in properties. The pasting profile showed a significant decrease, 

indicating reduced viscosity and altered gelatinization behavior. Additionally, the treatment 

resulted in a reduction in relative crystallinity, while thermal properties such as 

gelatinization temperature and enthalpy were also lowered (Navaf et al., 2023). According 

to Sudheesh et al. (2023), kithul starch treated with glow discharge air plasma at input power 

of 10 W and 20 W for 10 min exhibited notable changes in its functional properties. The 

treatment led to a reduction in amylose content and a decrease in oil absorption capacity. 

However, a significant improvement in enzymolysis was observed, indicating enhanced 

starch digestibility.  

Cold plasma significantly alters the properties of whole flours, including wheat flour 

(Chaple et al., 2020). When wheat flour subjected to a DBD plasma reactor at 80 kV for 

treatment durations ranging from 5 to 30 minutes, wheat flour exhibited improved hydration 

properties. Rapid visco-analyser (RVA) results revealed increases in both pasting viscosity 

and final viscosity, indicating enhanced functionality for food applications. Additionally, 

reductions in endothermic enthalpies and crystallinity were observed, attributed to starch 
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depolymerization and plasma-induced structural change. ACP has also modified various 

proteins; according to (Yu et al., 2020), flaxseed protein exposed to jet plasma at a high 

working voltage of 5 kV and a frequency of 40 kHz for different periods of time (0, 5, 10, 

15, 30, 60, 90, 120 and 240 seconds) underwent significant conformational changes. 

Prolonged plasma treatment led to an increase in surface hydrophobicity and disulfide bond 

content, indicating structural changes in the protein. Also, soy protein isolate treated with a 

DBD system at voltages of 9, 10 and 11 kV and a frequency of 3.0 kHz for a treatment time 

of 1 to 10 minutes using atmospheric air as a working gas showed remarkable structural 

changes, induced cross-linking of free amino acids with proteins and protein-to-protein 

aggregation, resulting in significant changes in protein structure (Meinlschmidt et al., 2016). 

The effect of PAW on the modification of starch is only just being investigated and is 

relatively new. Therefore, to our knowledge, there is little information on the effect of PAW 

on the properties of starch. Aaliya et al. (2022) investigated the effect of PAW generated 

with glow discharge plasma (input power: 40 W, time: 15 min) on talipot starch and 

compared with high moisture (HMT) and ANN treatment. The structural changes observed 

include fissures, pits and erosion, accompanied by increased crystallinity. Functionally, the 

starch exhibited a high pasting temperature but showed reduced elastic and viscous 

behavior. Additional changes included enhanced swelling power and reduced gelatinization 

temperatures and enthalpy. The resistant starch (RS) content was also notably high. In a 

study by Chou et al. (2023), potato starch was exposed to APPJ (input power: 50–70 W, 

time: 10 and 15 min). Structural modifications such as etching, lower crystallinity, and 

enhanced thermal stability were reported. The treatment also resulted in high solubility and 

swelling power, decreased gelatinization temperatures, and enthalpy. Water absorption and 

viscosity were found to be reduced as well. Flores-Silva et al. (2023) studied the effects of 

PAW generated by APPJ (input power: 60 V, time: 60 min) together with HMT on rice and 
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potato starches. Both starches experienced granular damage due to etching and changes in 

crystallinity. Rice starch displayed a decrease in swelling power and viscosity, whereas 

potato starch exhibited increased swelling power. 

Okyere et al. (2022a) explored the impact of PAW generated with APPJ on different 

types of starches, including waxy potato, waxy maize, and high amylose potato. The plasma 

treatment enhanced the thermal stability, oxidation, and crosslinking of the starches. 

Functionally, all starches showed low swelling power, high gelatinization temperatures, and 

increased gelatinization enthalpies. Shi et al. (2022a), examined wheat flour treated with 

APPJ. The structural changes included improved viscoelasticity and increased gelatinization 

temperatures. Functionally, the flour exhibited higher gelatinization temperatures and 

resistant starch content in steamed bread. Yan et al. (2020) observed that PAW treatment 

produced by APPJ caused structural changes in waxy and normal maize starches, including 

the appearance of cracks and pits. The treatment increased crystallinity and disrupted 

granules. Functionally, waxy maize showed increased solubility, while normal maize 

exhibited decreased swelling power and higher gelatinization temperatures, along with a 

rise in resistant starch content. The authors suggested that hydrolysis of the amorphous 

regions in these starches could have led to the increase observed 

Yan et al. (2022b), reported on wheat flour treated with PAW produced by APPJ. The 

flour underwent depolymerization, decreased crystallinity, and reduced helical order, with 

dents and cracks visible. Functionally, solubility increased, while viscosity decreased, and 

the gels formed were stronger. (Yan et al., 2022b), studied the effect of PAW on potato and 

pea starch. The potato starch showed a reduction in both long- and short-range crystallinity, 

while the pea starch retained high crystallinity and helical order. Both starches displayed 

high gelatinization temperatures, while pea starch exhibited a higher gelatinization enthalpy 

(∆H). The increase in ∆H suggests that PAW modification might have induced the formation 
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of heterogenous crystallites and, more energy was required to gelatinize the starches. 

Viscosity decreased in both starches, but stronger gels were observed. Shi et al. (2022b) 

studied wheat flour treated with PAW. The flour demonstrated high gelatinization 

temperatures, heterogeneous crystallite formation, and an increase in resistant starch 

content. Yan et al. (2024), examined the effects of PAW on Chinese yam flour, resulted in 

increased relative crystallinity, short-range order degree, and gelatinization enthalpy. The 

resistant starch content also rose significantly, from 6.04% to 21.21%, with prolonged 

treatment leading to more pronounced effects. 

PAW show considerable potential in changing the structure and functionality of 

various starches and flours, alone or in combination with other technologies. Modifications 

such as cracking, pitting, increased crystallinity, altered thermal stability and viscosity have 

been consistently observed and provide a versatile tool for food processing and functional 

ingredient development. These treatments can also improve desirable properties such as 

resistant starch content, making plasma-treated starches highly functional for industrial 

applications. PAW therefore has potential for the modification of starch. However, more 

research is needed to fully adopt the starch modification method. 

2.6.2. Application of cold plasma for microbial decontamination and quality of fruits 

and vegetables  

Predominant, consumers are more worried about the nutritional quality, sensory 

properties and safety of the food they eat and elimination of microbiological contamination 

of food products (Ramos et al., 2013, Punia Bangar et al., 2022). Foods is a critical issue for 

consumers and consumers’ demand is increasing for safe foods, because contaminated food 

causes a considerable social and economic burden, potential for serious health risk, product 

waste, and loss of market shares for the industry (Pal, 2013, Mai‐Prochnow et al., 2021, Mir 

et al., 2020). Therefore, the industry, particularly food industry, is searching alternative non-
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thermal physical technologies such as cold plasma for microbial inactivation and shelf-life 

extension. (Sampedro et al., 2005, Ucar et al., 2021). 

The use of cold plasma as a decontamination method was first patented in 1968, with 

oxygen-based plasma being utilized in 1989 (Thirumdas et al., 2015). Since the 1990s, 

extensive research has been conducted on microbial inactivation and shelf-life extension of 

food through this technology (Pathare et al., 2023, Allai et al., 2023, Subrahmanyam et al., 

2024), and this work continues today. However, there is still a significant gap in 

understanding the precise effects of cold plasma on food and microbes. Additionally, the 

operational conditions of plasma and their influence on shelf-life remain under-explored 

topics in research.  

Cold plasma treatment has been shown to effectively inactivate a wide range of 

microorganisms, including both prokaryotic and eukaryotic forms, toxins,  spores, including 

viruses (Shabbir et al., 2024, Filipić et al., 2020, Ryu et al., 2013, Pal et al., 2016, Zhu et al., 

2022, Wang et al., 2022b). The susceptibility of various microorganisms to plasma varies 

(Xiong et al., 2010), and this variability in inactivation rates is likely due to the distinct 

effects of plasma components and ions on each type of microorganism (Baik et al., 2013). 

The inactivation microorganism mechanisms depend on kind of food, microbial growth 

mode, design of plasma, amount of voltage, gas pressure, composition and flow rate, amount 

of water vapour in the working gas, and the distance of plasma discharge glow to the 

microorganism (Afshari and Hosseini, 2013, Pal et al., 2016). For instance, at low plasma 

doses, microbial cells could undergo apoptosis (Hashizume et al., 2014). However, when 

the rate is increased, drastic intracellular nanostructure changes and in cell permeability 

increases (Kang et al., 2014, Dasan et al., 2016). The highest effect was witnessed in a moist 

organism compared to lowest in a dry organism (Dobrynin et al., 2009). In specific, plasma 

particles interact with water molecule, leading to the creation of hydroxyl radicals (OH) ions 
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which are main reactive and destructive to the cells. OH can react with neighboring organics 

causing to chain oxidation and thus the demolition of DNA, as well as cellular tissues and 

other cell parts (Dobrynin et al., 2009). Also efficiency depends on different regimes of 

plasma (O3 and NOx) at different exposure treatment times (Laika et al., 2024) 

Studies have reported that reactive species consist of reactive nitrogen species (RNS, 

nitric oxide, peroxynitrite), reactive oxygen species (ROS, ozone, singlet oxygen) and 

hydrogen peroxide or OH radicals and UV) generated by plasma sources largely contribute 

to the inactivation (Scholtz et al., 2015a, Baier et al., 2015, Han et al., 2020). These reactive 

species have higher sterilization and chemical potentials than conventional chemical agents, 

thus giving plasma its potential antimicrobial efficiency (Korachi et al., 2009, Singh and 

Thakur, 2024). Most of the cold plasma apply at low temperatures; therefore, no substantial 

thermal effects are expected on microbial population (Laroussi and Leipold, 2004). Thus, 

heat is not a vital factor in plasma inactivation efficiency, as well as to the food quality 

(Misra et al., 2016b, Farooq et al., 2023). 

Non-thermal plasma has successfully been applied to diverse food types in order to 

provide antimicrobial effectiveness (Grzegorzewski et al., 2010, Singh and Thakur, 2024, 

Harikrishna et al., 2023, Rao et al., 2023). It is increasingly under research for 

decontamination of fresh products (Jahid et al., 2014, Ziuzina et al., 2014, Pignata et al., 

2017), especially fruits and vegetables (Mir et al., 2020, Sharma et al., 2018): fresh tomatoes 

(Pankaj et al., 2014), cherry tomatoes (Misra et al., 2014c, Hou et al., 2021, Fan et al., 2022), 

lettuce (Banu et al., 2012, Jahid et al., 2014), carrots (Misra et al., 2014c), almonds (Niemira, 

2012), cucumbers (Sun et al., 2018), apples (Kilonzo-Nthenge et al., 2018), blueberries 

(Lacombe et al., 2015, Hu et al., 2021a), cabbage slices (Kim and Min, 2022), cantaloupe 

(Song and Fan, 2020), chicory (Pasquali et al., 2016), grapes (Khalaj et al., 2024) , kale (Tan 

and Karwe, 2021b), lettuce (Critzer et al., 2007, Min et al., 2017), mandarin (Won et al., 



26 
 

2017), mango (fresh-cut) (Yi et al., 2022), mushrooms (button), (Zhao et al., 2021), rocket 

leaves(Laurita et al., 2021b) and spinach (Ziuzina et al., 2020). 

DBD plasma is utilized to reduce microorganisms on strawberries, as demonstrated 

by Yudhistira et al. (2023). A 20-minute treatment effectively reduced total aerobic 

mesophilic bacteria and yeasts/molds by 1.46 and 2.75 log CFU/g, respectively, without 

negatively affecting the fruit quality. Similarly, Sreelakshmi et al. (2024) conducted an 

experiment on apples treated with DBD cold plasma. This treatment not only reduced 

microbial counts and enzyme activity, but also improved the apples color and increased their 

total phenolic content. As a result, the shelf-life of the apples was extended from 13 days 

under ambient conditions to 41 days when stored in cold conditions after treatment. 

According to a report by Yi et al. (2022), fresh-cut mangoes treated with a DBD source at 

75 kV for 3 min showed a 1.04 Log10 CFU/mL reduction in total microbial count after 2 

days and a 0.61 Log10 CFU/mL reduction after 4 days of storage at 15°C. The treatment 

also resulted in high retention of firmness, carotenoid content, sugar levels, titratable acidity 

(TA), and the soluble solids content/TA ratio. Additionally, there was inhibition of reactive 

oxygen species (ROS) generation and membrane lipid peroxidation. In a study by Won et 

al. (2017), mandarins were treated with microwave plasma at 2.45 GHz and 900 W, with a 

flow rate of 1 L/min and a pressure of 0.7 kPa, using N2, He, and a N2 + O2 (4:1) mixture 

for 10 min. This treatment effectively inhibited Penicillium italicum, and led to an 84% 

reduction in disease incidence. In terms of quality attributes, the treatment led to an increase 

in total phenolic content and antioxidant activity in mandarin peel. However, no significant 

effects were observed on respiration rate, weight loss, soluble solids, titratable acidity, 

ascorbic acid concentration, and surface color during storage.  

The mechanisms behind microbial inactivation by plasma involve the disruption of 

cell membrane lipids, leading to membrane distortion as plasma energetic species bombard 
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the surface of microorganisms (El-Aziz et al., 2014). When plasma is applied, 

microorganisms are subjected to intense bombardment by reactive species, which likely 

exacerbates surface erosion, making it difficult for the living cells to repair themselves 

adequately (Thirumdas et al., 2015). The accumulation of charges creates an electrostatic 

force on the outer surface of the cell membrane, potentially causing cell permeabilization 

and rupture of the cell wall (Laroussi et al., 2003). Reactive species such as nitric oxide 

(NO), nitrogen dioxide (NO₂), oxygen (O), ozone (O₃), hydroxyl radicals (OH), and others 

can severely damage microbial cells  (Pal et al., 2016). Additionally, the oxidation of nucleic 

acids and amino acids may contribute to microbial death or inactivation (Critzer et al., 

2007). In particular, atomic oxygen and reactive oxygen species (ROS) have been identified 

as key factors in microbial inactivation, as ROS are known to damage cell walls, 

membranes, and DNA (Buonocore et al., 2010). The plasma-activated atoms and ions also 

cause molecular "sandblasting", leading to the breakdown of organic contaminants, surface 

erosion, and localized lesions in the cell membrane (Suhem et al., 2013, Kim et al., 2014, 

Pankaj et al., 2014). 
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Chapter 3. Research outcomes: Effects of Plasma Activated Water (PAW) 

on Rheological, Thermal, Hydration and Pasting Properties of Normal 

Maize, Waxy Maize and Potato starches 

 

Abstract  

Plasma-activated water (PAW), characterized by acidic pH and content of highly reactive 

species (nitrite, nitrate, hydrogen peroxide, ozone), was applied as a strategy to modify the 

structure and functionality of potato, normal maize, and waxy maize starches. PAW was 

generated with a corona discharge at 15kV, 5 kHz for 1 min. Starches were mixed with 

PAW just after generation for 20 min and then dried. Native and PAW-treated starches were 

evaluated for rheological, pasting, gelatinization, and hydration properties, and subjected to 

Fourier-transform infrared (FTIR) spectroscopy. Results showed significant (p< 0.05) 

changes in almost all the considered parameters, dependent on the starch characteristics. 

While an increase in most pasting and rheological parameters and gel hardness was observed 

for normal maize and potato starches, the opposite result was found for waxy maize. FTIR 

results indicated significant changes in functional groups related to the ability to bind water 

for all starches. The results obtained in this study highlighted PAW as a promising novel 

and green alternative method to modify the properties of starch; however further research 

needs to be tailored to the specific properties of the raw material. 

 

Keywords: Cold Plasma; starch functionality; hydration properties; viscosity; FTIR. 
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3.1. Introduction  

Starch is utilized as a gelling, thickening, stabilizing, texturing agent, colloidal 

stabilizer, bulking agent, water retention agent, freeze-thaw stabilizer, sweetener, 

emulsifying agent, for fermented products and as flavor encapsulation agent in the baking, 

brewing, and confectionery industries (Abbas et al., 2010, Singh et al., 2007). However, in 

its native form, it is often characterized by high unreactivity, poor hydration properties, low 

shear resistance, gel shrinkage, insolubility, prone to retrogradation, and instability (Grgić 

et al., 2019, Okyere et al., 2022b, Kaur and Singh, 2019).  

To solve the abovementioned inherent defects, various physical (Zhu, 2015, Hong and 

Liu, 2018, Polesi and Sarmento, 2011, Kim et al., 2012), enzymatic (Prompiputtanapon et 

al., 2020), and chemical (Ren et al., 2016, Fan and Picchioni, 2020, Prompiputtanapon et 

al., 2020) methods have been used to modify the functional, thermal, molecular, 

morphological, and technological properties of native starches. However, there are many 

disadvantages during the modification, such as issues of environmental pollution, food 

safety concerns, chemical residues, waste disposal, long treatment time, and costs (Chaiwat 

et al., 2016). To overcome these limitations and achieve innovation in the utilization of 

starch, other green and innovative starch modification methods should be investigated. 

Plasma-activated water (PAW) is generated by exposing water to a plasma discharge 

that contains reactive species such as hydrogen peroxide (H2O2), nitrite (NO2
-), and nitrate 

(NO3
-), creating an acidic environment, which causes changes in the redox potential and 

conductivity (Laurita et al., 2015) with the advantages of uniform treatment, green and 

environmental eco-friendly characteristics (Yan et al., 2022b). PAW has been widely 

investigated for its use in food and agriculture, aimed at microbial inactivation (Xiang et al., 

2020, Joshi et al., 2018, Soni et al., 2021, Laurita et al., 2021b, Zhang et al., 2022b), seed 

germination (Ji et al., 2015, Bafoil et al., 2018), and food preservation (Xiang et al., 2019, 
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Liu et al., 2020). While gaseous plasma has been studied by different authors as a strategy 

for starch modification (Okyere et al., 2019a), PAW has been only rarely applied for food 

components functionalization. Its effect on starch modification and the rheological, pasting, 

hydration, and thermal behaviours of treated starches have not been elucidated. Therefore, 

the objective of this research was to investigate the effect of PAW treatment on the 

rheological, thermal, hydration properties and functional groups of three selected starches, 

namely potato, normal maize and waxy maize starches. 

3.2. Materials and methods 

 

 3.2.1. Materials 

Three starches potato (P), normal maize (NM), and waxy maize (WM) were obtained 

from Padovana Macinazione, Padova, Italy. 

 3.2.2. Preparation of PAW 

In this study, PAW was produced using distilled water as described in detail by 

(Laurita et al., 2021a). The high-voltage electrode consisted of a stainless-steel pin-electrode 

connected to a microsecond pulsed generator (Alma Pulse, Alma Plasma s.r.l., Italy) at a 

fixed frequency of 5 kHz. Distilled water (500 mL) was grounded and placed in an 

Erlenmeyer flask on a stirrer (set at the speed of 700 rpm). The distance between the tip of 

the plasma source and the water was set at 5 mm, and the plasma discharge was generated 

for 1 min. A high voltage probe (Tektronix P6015A) and a current probe (Pearson 6585) 

connected to a digital oscilloscope (Tektronix DPO4034, 350 MHz, 2.5 GSa s-1) were used 

to measure voltage (V) and the current (i) during plasma treatment. The average discharge 

power (P) was calculated by applying the following formula:  

𝑃 = 1 𝑇⁄ ∫ 𝑖(𝑡) 𝑉(𝑡)
𝑇

0
𝑑𝑡,      (3.1) 

where T is the applied voltage period. 
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The Amplex® Red Hydrogen Peroxide Assay Kit (Thermo Fisher Scientific, Waltham, MA, 

USA) and the Nitrate/Nitrite colorimetric assay (ROCHE, Baesel, Switzerland) were used 

for the measurement of H2O2 and NO2
- concentrations in PAW respectively using a 

microplate reader (Rayto, P.R. China). Moreover, the pH was evaluated by the means of 

inoLab® pH 7110 and Oakton Instrument: Con 6+ Meter. All measurements were 

performed at least 3 times immediately after treatment.  

 3.2.3. Treatment of starches  

The starches were mixed with PAW straight after its generation, in a 1:2 (w/v) ratio, 

and stirred continuously for 20 min. This treatment time was chosen based on preliminary 

experiments conducted to determine the highest PAW efficiency in terms of optimal 

modification of our experimental conditions (data not reported). A sample mixed with 

distilled water was considered native starch. Native and PAW-treated starches were oven 

dried at 40 °C overnight, grounded, sieved, and stored for further analysis.  

3.2.4. Pasting properties 

The pasting properties of starches were measured using a modular compact rheometer 

(MCR102, Austria) based on the method described by Zhu and Cui (2020). The starches 

were prepared by adding 25 ml to 3 g of sample in the starch cell measuring cup (CC26ST 

aluminum) equipped with an electrically heated cylinder system with a fluid cooling system, 

and mixed by stirrer (ST24).  Then the mixture was fast mixed for 10 s at 960 rpm, 50 s, 

held at 160 rpm and 50°C, and then heated from 50 °C to 95°C for 7.5 min at a 6 °C/min 

rate, held for 5 min at 95°C and finally, the sample was cooled to 50 °C for 7.5 min and held 

at 50 °C for 2 min. The rotation speed was held at 960 rpm for 10s and the rest of the process 

was continued at 160 rpm. Parameters such as pasting temperature (PT), peak viscosity 

(PV), breakthrough viscosity (BV), holding strength viscosity (HSV), setback viscosity 

(SBV), and final viscosity (FV) were recorded.  
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3.2.5. Rheological characterization 

3.2.5.1. Static shear test 

 The static shear tests were carried out using a modular compact rheometer (MCR102, 

Anton Paar, Austria) on a starch dispersion (12%) using a plate-plate geometry (50 mm 

diameter), with a gap of 1 mm. The temperature was controlled by a Peltier system (H-

PTD200) to prevent water evaporation. The shear rate was varied from 1 to 100 s-1 at 25 °C 

and finally, the power law dependence of the apparent viscosity on the shear rate was 

investigated using the following equation 

τ = 𝐾 γ̇𝑛                                                   (3.2) 
 

Where τ is the shear stress (Pa), ̇ is the shear rate (s-1), K, the consistency index (Pa.sn), and 

n, the index flow behavior (dimensionless). 

 

3.2.5.2. Frequency sweep 

The frequency sweep was undertaken at a strain within the linear viscoelastic region 

for frequency values ranging from 1 to 100 rad/s at 25 °C. The dependence of G’ and G” 

on frequency (ω) was modelled according to the power law depicted in equation 3 and 4: 

 

G’ = A’B’                                                          (3.3) 

G” = A’’B”                                                         (3.4) 

where G' is the elastic modulus (Pa); G’’ is the loss modulus (Pa); ω is the frequency (rad s-

1), A’ and A’’ are constants (Pa•sB); B’ and B” represent exponential factors. A preliminary 

strain sweep test was carried out to determine the linear viscoelastic region. 

 3.2.6. Starch gelatinization 

To study the gelatinization behaviours of starch before and after PAW treatment a 

Differential Scanning Calorimeter (DSC) (mod. Q20, TA Instruments, Germany) was used 
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according to the method described by Yan et al. (2019) with slight modifications. In detail, 

starch samples were weighed in an aluminum pan (Tzero Pan) and distilled water was added 

with the help of a micro syringe to obtain a starch: water suspension of 1:3. The pan was 

hermetically sealed with Tzero Hermetic Lid and allowed to equilibrate for 24h. The sample 

pans were heated from 25 to 110 °C at the rate of 10 °C/min, then, onset temperature (To), 

peak temperature (Tp), conclusion temperature (Tc), and enthalpy of gelatinization (△Hgel) 

were determined using TA instrument Universal Analysis 200 software. 

 3.2.7. Gel hydration properties  

The swelling power (SP) and water solubility index (WSI) were analyzed according 

to Yan et al. (2020) method. Briefly, 0.5 g (Wi) of the starch sample was mixed in 25mL 

distilled water and subjected to 90 °C for 30 min in the water bath. After cooling, the sample 

was centrifuged for 20 min at 3000 rpm. The supernatant was oven-dried overnight at 110 

°C. Gel residues (Wr) and dried supernatants (Ws) were weighed to calculate the SP and 

WSI parameters as follows: 

SP (g g⁄ ) =  Wr (Wi − Ws)⁄                                                                       (3.5) 

WSI (g g⁄ ) =  Ws Wi⁄                                                                                 (3.6) 

 3.2.8. Gel strength 

Starch gel strength was determined using a Texture Analyzer (TA-HDi, Stable Micro 

Systems, Surrey, UK) according to Martins et al. (2018) with slight modifications. The 

starches at a 12% (m/v) suspension were gelatinized in a boiling bath for 30 min. Then, the 

gelatinized starches were placed in a 30 × 30 mm cylindrical mould and cooled at 4 °C for 

24 h. Cooled gels were removed from the cylindrical mould and kept at room temperature 

(25 °C) for 1 h; then the gels were analyzed using a cylindrical probe (P/50), 20% of 
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compression, pre-test velocity of 2 m∙s−1, velocity of test 2 m∙s−1 and post-test speed of 

3 m∙s−1. Maximum gel strength (N) was measured using 4 replicates from each sample. 

3.2.9. Fourier-transform infrared spectroscopy (FT-IR) 

FT-IR spectra were acquired using a Tensor 27 TM FTIR spectrometer system 

(Bruker Optics, Ettlingen, Germany), equipped with an interferometer Rocksolid and a 

DigiTect detector system, and attenuated total reflectance accessory (ATR, PIKE 

Technologies, Madison, WI, USA). A small amount of sample was placed on the ATR 

surface, and by using a pressure clamp a thin layer was obtained. The spectrum of each 

sample was achieved through the average of 64 scans with a speed of 10 kHz in a range 

from 4000 to 600 cm−1, with 4 cm −1 of spectral resolution. For each sample, 5 replicates 

were performed using the air as background, measured in the same instrumental conditions 

(25 °C). 

3.2.10. Statistical analysis  

Significant differences between the means of the parameters of native and treated 

samples (within the same starch) were evaluated through the Student-t test, (p-level > 0.05). 

The homogeneity of variance was evaluated by the Levene test (IBM-SPSS 20, USA). 

Concerning the FT-IR spectra, the regions between 2410 and 2260 cm−1, were deleted as it 

contains no useful chemical information, but only instrumental noise information. 

Subsequently, absorbance spectra were smoothed (Savitzky-Golay method; polynomial 

order: 2; smoothing points: 15) to reduce noise, and subsequently pre-processed by 

multiplicative scatter correction (MSC), and then mean cantered (MC). PCA analysis was 

used as an explorative technique to group samples as a function of starch type or treatment. 

The spectral elaboration was carried out by using PLS Toolbox for Matlab2018a ®. 
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3.3. Results and discussions 

 

 3.3.1. Characterization of plasma-activated water 

The average discharge power was 167.12 ± 12.42 W, and a typical current and voltage 

waveform is reported in Figure 3.1 and Table 3.1; the concentrations of the main long-lived 

species are reported, highlighting the production of hydrogen peroxide, nitrites, and a 

reduction of pH. 

 

Figure 3.1. Voltage and current as a function of time 

Table 3.1. Concentrations of NO2-, H2O2 and pH in PAW and native samples 

Sample NO2
- [mg/l] H2O2 [mg/l] pH 

 
DW 0 0 6.12 ± 0.05  

PAW 13.98 ± 3.47 1.18 ± 0.06 3.48 ± 0.08 

 

3.3.2. Pasting properties 

The pasting curves of potato (P), normal (NM), and waxy maize (WM) are presented 

in Figure 3.2, and their pasting parameters of peak temperature (PT, °C), peak viscosity (PV, 
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Pa•s), breakdown viscosity (BV, Pa•s), holding strength viscosity (HSV, Pa•s), setback 

viscosity (SBV. Pa•s) and final viscosity (FV, Pa•s)) are reported in Table 3.2. 

 

   
Figure 3.2. Pasting curves of P (potato), NM (normal maize), and WM (waxy maize). 

Green, blue, and red lines refer to the untreated sample, PAW treated sample, and 

temperature, respectively. 

For the P sample, statistical analysis revealed that PAW-treated samples are 

characterized by significantly higher values for all parameters compared to the native one, 

except for the SBV parameter. Similarly, except for PT, other values were increased for the 

NM sample, although differences were found significant only for BV. On the other hand, 

PAW treatment significantly (P< 0.05) reduced the value of PV, HSV, SBV, and FV in WM 

compared to the native one.  

 

NM 

WM 

P 
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Table 3.2. Pasting parameters of native and PAW treated potato (P), normal maize (NM), 

and waxy maize (WM)  

Values are means ± SD of three replicates. Means with different letters in the same column 

and for the same sample indicate significant differences (P<0.05). PT: peak temperature, 

PV: peak viscosity, BV: breakdown viscosity, HSV: holding strength viscosity, SBV: 

setback viscosity, FV: final viscosity. 

 

 

 

 

 

 

 

 

 

 

 

 

Starches PT(°C) PV(Pa.s) HSV(Pa.s) BV(Pa.s) SBV(Pa.s) FV(Pa.s) 

P 

Native 64.19±0.68b 12.34±0.19b 2.73±0.01b 9.61±0.20b 1.73±0.14 4.46±0.14b 

PAW 65.05±0.60a 15.78±0.9a 3.26±0.10a 12.52±0.03a 1.9±0.07 5.16±0.03a 

NM 

Native 75.54±0.95a 3.67±0.19 1.78±0.04 1.88±0.15b 1.78±0.13 3.57±0.17 

PAW 71.72±0.22b 3.85±0.17 1.83±0.02 2.02±0.15a 1.92±0.14 3.75±0.16 

WM 

Native 70.72±0.20 4.25±0.12a 1.37±0.03a 2.87±0.10 0.55±0.02a 1.93±0.04a 

PAW 70.63±0.25 3.22±0.18b 0.46±0.07b 2.75±0.13 0.24±0.03b 0.71±0.10b 
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3.3.3. Rheological properties 

3.3.3.1. Static shear test 

The flow properties of native and PAW-treated P, NM, and WM starch pastes are 

shown in Figure 3.3 and Table 3.3. 

 

 

 

Figure 3.3. Effect of PAW on the steady shear behavior of starches. P (potato), NM  

(normal maize), and WM (waxy maize). 

 

In general, even if the consistency coefficient (k) and the flow index (n) were different for 

the three analyzed starches, the flow behaviors of all three samples were typical of pseudo-

----- Native_P 

----- PAW_P 

  

----- Native_P 

----- PAW_P 

  

----- Native_NM 

----- PAW_NM 

----- Native_NM 

----- PAW_NM 

----- Native_WM 

----- PAW_WM 

----- Native_WM 

----- PAW_WM 
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plastic fluids (shear thinning region) because n<1. As depicted in Table 3.3, the correlation 

coefficients (R2) was 0.95–0.99 for all samples, indicating a satisfying fit. PAW treatment 

resulted in a substantial and significant (P<0.05) increase in the viscosity value (K) and a 

decrease of the flow behavior index (n) between native and PAW-treated samples for P and 

NM samples. On the contrary, the viscosity of WM starch was significantly decreased by 

the PAW.  

 

Table 3.3. Values of consistency coefficients (K) and flow behavior indices (n) of native 

and PAW-treated potato (P), normal maize (NM), and waxy maize (WM) 

Sample K (Pa.sn) n R2 

P 

Native 47.91±0.12b 0.50±0.03a 0.99 

PAW 88.74±1.14a 0.44±0.02b 0.99 

NM 

Native 11.7±0.64b 0.46±0.01a 0.99 

PAW 58.56±2.42a 0.24±0.01b 0.95 

WM 

Native 6.85±0.59a 0.38±0.01 0.99 

PAW 4.63±0.18b 0.39±0.01 0.99 

Values are means ± SD of three replications. Means with different letters in the same column 

and for the same sample differ significantly (P<0.05).  

 

3.3.3.2. Frequency sweep 

The results of the frequency sweep test performed on the samples are shown in 

Figure 3.4. All untreated starches showed a dominant elastic or solid-like behavior since 

all had G′ higher than G′′ and G′′/G′ <1. When P and NM were subjected to PAW, G′ and 

Gʺ were increased compared to the native ones, probably due to increased cross-linking 

and augmentation between the starch chains by reduction of hydroxyl from the glucose 

side. A similar result was observed by (Zhang et al., 2022c). On the contrary, WM treated 
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with PAW showed reduced G′, while Gʺ increased compared to the native one, 

consequently, the G′′/G′ ratio turned towards values higher than one when the frequency 

(ω, rad/s) increased, and liquid-like response paste was observed. 

   

 

 

 

 

 

 

 

 

Figure 3.4. Curves of storage modulus (G,’ Pa) and loss modulus (G,’’ Pa), obtained in the 

oscillatory regime as a function of the frequency (ω, rad/s). 

 

Power law parameters calculated from the results of the frequency sweep test 

(equations 3.3 and 3.4) of starch samples are indicated in Table 3.4. For dynamic 

viscoelastic characteristics, the B value is related to the hardness and nature of the gel 

(Khondkar et al., 2007, Yoneya et al., 2003, Chaiwat et al., 2016). According to Khondkar 
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et al. (2007), the higher the (B) value, the weaker and depolymerized gel, but the lower the 

B the stronger the gel. As a result, PAW-treated P and NM samples had higher viscosity 

(lower B) values and higher (A) values compared to the native one, which might be due to 

the cross-linked starch (reinforcement of starch molecules) (Kumar and Khatkar, 2017). 

However, the gel of waxy maize was not as strong as the gel of potato and normal maize. 

 

Table 3.4. Effect of PAW treatment on the viscoelastic properties of native and PAW-

treated potato (P), normal maize (NM) and waxy maize (WM) 

Values are means ± SD. Means with different letters in the same column for the same sample 

differ significantly (P<0.05). G': elastic modulus, G’’: loss modulus; ω: frequency, A’ and 

A’’ are constants, and B’ and B” represent exponential factors. 

  

3.3.4. Starch Gelatinization  

The gelatinization profiles of starches were analyzed before and after PAW treatment 

and the results are represented as onset (To), peak (Tp) end (Te) temperatures, and enthalpy 

of gelatinization (ΔH), depicted in Table 3.5. According to Van Hung and Morita (2005) 

and Gunaratne and Hoover (2002), variations in gelatinization temperatures can occur due 

to the molecular structure of amylopectin, lipid content, size, presence of phosphorus, 

    Storage Modulus (G' = A'ωB')   Loss Modulus (G'' = A''ωB'') 

Sample   A’ (Pa.sB’) B’  R2 

 

A'’ (Pa.sB’’) B''  R2 

P 

Native 281.62±2.29b 0.10±0.01 0.99 

 

40.57±0.91b 0.18±0.01 0.97 

PAW 344.65±8.85a 0.09±0.01 0.99 

 

50.82±0.40a 0.14±0.10 0.96 

NM 

Native 84.03±0.70b 0.049±0.01 0.94 

 

4.06±1.09 0.39±0.02 0.98 

PAW 112.64±3.63a 0.047±0.01 0.95 

 

5.41±1.20 0.38±0.03 0.98 

WM 

Native 16.70±1.12a 0.19±0.01b 0.98 

 

4.22±0.85a 0.37±0.01b 0.99 

PAW 2.21±0.01b 0.36±0.01a 0.96   1.87±0.38b 0.45±0.03a 0.97 
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amylose and amylopectin amount, origin and environmental conditions. ΔH indicates the 

crystallinity in terms of quantity and quality, and it is associated with the loss of molecular 

order within the granule (Zhu and Cui, 2020), while gelatinization temperature measures 

the crystal quality.  

In both P and NM samples, PAW treatment led to an increase in some values related 

to the gelatinization temperatures and the enthalpy. In P starch, an increase was observed 

for To, Te, and ΔH from 61.14 ± 0.04 to 77.44±0.42, and 13.18±0.05 to 63.82±0.14, 

67.59±0.18, 79.32±0.29 and 14.92±0.19, respectively. Specifically, the Te and ΔH of 

normal maize starch were increased from 85.36±0.83°C and 11.46±0.36J/g to 86.6±0.45 °C 

and 12.58±0.29J/g respectively. On the other side, gelatinization parameters including To, 

Tp, Te, and the △H of PAW-treated WM were decreased significantly (P<0.05) compared 

to the native one.  

 

Table 3.5. Effect of PAW on gelatinization temperatures and change of enthalpy of native 

and PAW treated potato (P), normal maize (NM) and waxy maize (WM) 

Samples To (°C) Tp (°C) Te (°C) ΔH (J/g) 

P 

Native 61.14±0.04b 67.45±0.20 77.44±0.42b 13.18±0.05b 

PAW 63.82±0.14a 67.59±0.18 79.32±0.29a 14.92±0.19a 

NM 

Native 68.66±0.14 73.56±0.20 85.36±0.83b 11.46±0.36b 

PAW 68.15±0.07 73.97±0.11 86.6±0.45a 12.58±0.29a 

WM 

Native 67.61±0.17a 73.05±0.08a 83.91±0.16a 14.43±0.35a 

PAW 65.86±0.02b 70.87±0.12b 80.77±0.91b 9.36±0.24b 

Values are means ± SD of three replicates. Means with different letters in the same column 

and for the same sample differ significantly (P<0.05). To (onset temperature), Tp (peak 

temperature), Te (end temperature), and ΔH (the enthalpy of gelatinization). 
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 3.3.5. Gel hydration properties and hardness  

The effect of PAW treatment on the gel hydration properties namely Swelling Power 

(SP) and Water Solubility Index (WSI) at 90°C and on the gel hardness is reported in Table 

3.6. PAW treatment is found to significantly (p<0.05) change the SP value of starches, from 

11.98±1.80, 15.07±0.91 and 12.98±0.23 for native WM, NM, and P, to 22.49±6.86, 

16.52±0.23 and 18.07±0.61 in PAW treated samples, respectively.  

The water solubility index (WSI) of starches treated with PAW was higher than the 

native ones, but in a significant way only for NM and WM. Concerning gel hardness, 

similarly to other parameters, a different behavior was observed in relation to the types of 

starch. Increased hardness was detected for P and NM starches after PAW treatment, while 

PAW applied on WM starch caused a decrease. 

 

Table 3.6. Influences of PAW treatment on gel hydration and gel strength of native and 

PAW treated potato (P), normal maize (NM) and waxy maize (WM) 

Starches SP (g/g) WSI (g/g) Hardness (N) 

P Native 12.98±0.23b 6.23±0.53 4.26±0.51b 

PAW 18.07±0.61a 6.45±0.37 6.90±0.44a 

NM 

 

Native 15.07±0.91b 10.85±1.29b 4.67±0.10b 

PAW 16.52±0.23a 12.78±1.74a 5.25±0.23a 

WM Native 11.98±1.80b 22.52±3.86b 0.57±0.05a 

 PAW 22.49±6.86a 44.88±2.85a 0.44±0.02b 

Values are means ± SD. Means with different letters in the same column and for the same 

sample differ significantly (P<0.05). SP (Swelling power) and WSI (Water Solubility 

Index). 
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3.3.6. FTIR 

Pre-processed spectra by smoothing and MSC of all replicas are shown in Figure 3.5. 

For all three types of starch, the main spectral features are identified at similar 

wavenumbers. Particularly, the range of 3000-3500 cm -1 is related to O–H of hydroxyl 

groups in adsorbed water (stretching vibration), the characteristic two peaks at about 

2930 cm−1 were attributed to C–H deformation vibration of glucose element, the peak at 

1640 cm-1 has been considered to relate to the bending vibration of the O-H in water and 

associated to the non-crystalline region of starch (amorphous region). Furthermore, the 

peaks at about 1150, 1070, and 994 cm−1 corresponded to asymmetric stretching (C–O–C), 

stretching (C–O), and bending (C–O–H) vibration, respectively (Srangsomjit et al., 2022, 

Sifuentes-Nieves et al., 2021, Zhang et al., 2022c).  

 

 

Figure 3.5. FTIR spectra of P (potato), NM (normal maize ), and WM (waxy maize) 

starch samples subjected to PAW. P (potato), NM (normal maize), and WM (waxy maize). 
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PCA was used as an explorative technique to group samples as a function of the starch type 

and plasma treatment. The obtained score plots are shown in Figure 3.6. The potato starch 

samples (P) were separately grouped from the other two along the PC1 (83.32%). 

Furthermore, a clear separation between native and treated samples (five replicas for each 

sample) was mainly observed along PC2 (10.53%) regardless of starch type. Evaluating the 

X-loading plot (Figure 3.7), it was possible to assert that the discrimination along PC2 is 

mainly due to the region from 3000 to 3500 cm-1 and the peak around 994 cm-1.  

 

Figure 3.6. Score plots obtained by the PCA developed considering all the FT-IR spectra 

 

Figure 3.7. X-loadings of the first two components obtained by the PCA developed 

considering all the FT-IR spectra 

 



46 
 

3.4 Discussions 

As observed in Table 3.2, P starch showed characteristics substantially different 

compared to the two maize ones, specifically, a lower PT, and higher PV, HSV, and BV 

while similar SBV, concerning pasting behaviour, high consistency coefficient (K) 

measured by rheometric measurements compared to the maize ones, as already observed by 

(Mishra and Rai, 2006), G’’/G’ <1 paralleled by lower, onset, peak, and end temperature of 

gelatinization. These results are consistent with literature reports (Zhu and Cui, 2020).  

Indeed, potato starches start developing viscosity at a lower temperature compared to cereal 

ones due to the presence of negatively charged phosphate groups and higher granule size 

(Waterschoot et al., 2015, Zaidul et al., 2007), while the lower rheological and pasting 

properties observed in NM compared to P starch during frequency sweep and pasting might 

be partly attributed to the restricted granular swelling (lipids amylose complexes reinforce 

the interactions of starch molecules), leaching out of amylose and smaller granular size (Zhu 

and Cui, 2020).  

On the other hand, as confirmed in the present study Table 3.2, starches from WM 

have been observed to show lower breakdown (BV), lower setback (SBV), and pasting 

temperature (PT) compared to their regular counterparts (Schirmer et al., 2013). Also, the 

same authors state that waxy starches have low thermal stability and the swollen starch 

granules are susceptible to thermal and mechanical breakdown, corresponding to large 

breakdown viscosities. Moreover, the very low amylose content in WM (<1%) corresponds 

to limited amylose leaching and less re-association of starch molecules after cooling. On 

account of their lower ability to form a gel network, the hardness of the gel is also very low, 

as shown in Table 3.6 and already reported by (Waterschoot et al., 2015). 

Besides the differences observed among the three native starches which confirm 

previous literature reports, the finding of the present study shows that PAW treatment 
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affected differently the investigated characteristics. In particular, for most of the 

investigated parameters, PAW affected similarly P and NM starches, and contrarily, the 

WM sample. PAW imparted higher pasting viscosity to the P and NM starches, higher G’ 

and G’’, enhancing the consistency coefficient (k) and reducing flow behavior indices (n), 

increasing gelatinization parameters, and reducing △H. These differences might be 

explained by the reduction of hydroxyl of groups in the starch structure due to the reactive 

species in PAW, such as O3, an entanglement of the starch structure which improved the 

ability of starch to combine with water (Li et al., 2013a, Banura et al., 2018, Wang and 

Wang, 2003). 

The increase observed in gelatinization parameters for P and NM suggests that 

important changes occurred in the amylose helical configuration restricting the 

gelatinization due to the stability of its crystals (Alimi and Workneh, 2018), and an increased 

intermolecular bond between the starch chains (Zhang et al., 2022c). The increase in 

gelatinization parameters and enthalpy was also observed by (Alimi & Workneh, 2018), and 

was attributed to an improved intermolecular interaction between amylose and amylopectin, 

reducing the mobility of starch chains in the amorphous lamellae that was followed by a 

higher thermal energy requirement.  

On the other hand, the behaviour of physical properties of WM upon PAW treatment 

was the opposite for many parameters: a decrease in pasting viscosity (Table 3.2 ), 

consistency coefficients (k), G’ (Table 3.3 and Table 3.4), gelatinization temperature and 

△H (Table 3.5) and gel hardness (Table 3.6) were observed, while Gʺ increased compared 

to the native sample, consequently, the values of G′′/G′ >1 when the frequency (ω, rad/s) 

increased. The main difference between WM and other starches is the content of amylose, 

which is almost absent in WM. Therefore, considering that PAW composition and exposure 

time was the same, the observed differences are attributable to this aspect. These results 



48 
 

might be linked to the dissociation (rupture of glycosidic bonds) of double helices of 

amylopectin and reduced granule crystallinity of PAW-treated starch (Zhou et al., 2018, 

Banura et al., 2018, Lv et al., 2018). A similar decrease was observed in waxy maize and 

also in other cereals upon plasma treatment (Yan et al., 2020, Thirumdas et al., 2016). The 

depolymerization effect could be due to the cleaving of the glycosidic bonds starch by PAW 

oxidative species, such as hydrogen peroxide and ozone, and triggered by the acidic 

environment, which further changed the short-range order of the starch molecule (Zhou et 

al., 2018, Misra et al., 2016a, Deeyai et al., 2013).  

Water intake during treatment is measured by gel hydration and depends on the loss 

of amylopectin crystalline structure and amylose leaching out from starch granules (Chaple 

et al., 2020). Initial values related to the hydration properties of the starches were different 

due to the lipids complexed with amylose in NM (may inhibit granular swelling), structural 

integrity, phosphorus groups present in P, and a negligible amount of amylose in WM (Zhu 

and Cui, 2020, Castanha et al., 2017). However, the swelling power and solubility of all 

starches treated with PAW increased compared to the untreated samples, as indicated in 

Table 3.6.  

SP is related to hydration, interactions between starch molecules, intermolecular 

bonds, and crystalline structure (Singh et al., 2010, Zhang et al., 2020). The increase of this 

parameter might be due to hydrolysis phenomena due to the acidity present in the PAW, 

damage to the starch granule surface, and leaching out of starch fragments caused by PAW 

reactive particles, that, in turn, increased starch hydrophilicity and solubility (Sun et al., 

2022, Aaliya et al., 2022, Yan et al., 2019). Considering the extent of the variation, it is 

noticeable that values were remarkably increased (doubled) in WM after treatment 

compared to the untreated sample, while for P and NM, the increase was more limited, and 
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therefore, WM seemed to be more affected. This result should be confirmed by evaluating 

the etching effect (through SEM). 

The absorption bands obtained by FTIR measurements of the treated and untreated 

starches were mostly overlapping. However, a clear reduction in peak height of the O–H 

stretching region (3250 cm-1) was observed compared to the native in all PAW-treated 

starches as indicated in Figure 3.5, suggesting that the active species of plasma changed the 

starch ability to bind water. Similar results were achieved also by (Ge et al., 2022, Okyere 

et al., 2022a). Also, the absorbance at 1640 cm-1 (tightly bound water in the starch,) was 

weakened by the PAW reactive species, especially for the potato starch, suggesting that 

treatment could promote the removal of some water molecules from the starch. Similar 

results were reported by (Sun et al., 2022, Hernandez-Perez et al., 2021) for a different kind 

of starch treated by cold plasma. 

 

3.5. Conclusions 

This research investigated the effect of PAW treatment on the rheological, thermal, 

pasting, and swelling behaviour of three starches characterized by different botanical origins 

and different compositional and structural properties. Observed modifications can be 

attributed to the synergistic effect of NO3, NO2, O3, acidic environment, and other reactive 

species of PAW, showing that cereal and tuber/roots starches can be successfully modified 

by PAW, resulting in a promising strategy for starch modification as “green” alternative for 

existing methods in the food industry. Results obtained in this study, however, show that 

the degree of modification is strongly dependent on the starch type (botanical, amylose, and 

amylopectin content). Therefore, process optimization based on the specific substrate 

appears necessary for obtaining tailored functionality. Further research is needed to better 

understand the variations related to the starches-water interactions, and the effect on starch 
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crystallinity and microstructure, also in terms of assessment of treated starch functionality 

in a real formulated food product, and its interaction with other food constituents. 
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Chapter 4. Research outcomes: Effects of Incubation Time of Plasma 

Activated Water (PAW) Combined Annealing for the Modification of 

Functional Properties of Potato Starch 

 

Abstract 

The present study investigates the application of annealing and plasma-activated water 

(PAW) for starch modification, as alternative methods compared to the chemical one. 

Native potato starch was subjected to PAW, annealing with distilled water (DW-ANN), and 

the combination of the two (PAW-ANN) at different incubation times (1, 4, 8, and 12h). The 

changes in rheological, pasting, and thermal properties were evaluated. The results showed 

that all treatments promoted significant modifications of the investigated parameters. In 

particular, while the pasting properties of the potato starch remained unchanged after the 

PAW treatment, G’ (elastic) and G’’ (viscous) of the PAW-treated starch were significantly 

(p<0.05) higher than those of the native. DW-ANN significantly increased all rheological 

parameters and reduced peak viscosity, breakdown, and setback and significantly (p<0.05) 

incremented pasting temperature, holding strength, and final viscosities of the potato starch 

may be due to cross-linking reaction. The combination of treatment (PAW-ANN) showed a 

synergistic effect leading to strong gel formation up to 4 hours, while further treatment 

reduced the possibility of depolymerization. In conclusion, the combined treatment is a 

promising new green method to modify the properties of starch and improve its stability 

within a short treatment time. 

 

Keywords: Cold plasma, functionalization, rheology, pasting properties, thermal properties 
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4.1. Introduction  

Starch is a biopolymer that is composed of amylose (linear with few branches, 

containing α-(1–4) linkages), amylopectin (branched, containing α-(1–4) and α-(1–6) 

linkages) chains (Fonseca et al., 2021), and other minor components (Castanha et al., 2017). 

Starch is mainly a source of energy with multipurpose food ingredient employed as a 

confectionary, stabilizer, emulsifier, thickener, binding , and gelling agent in various food 

matrices (de Oliveira et al., 2018). However, native starches are often characterized by 

drawbacks such as poor solubility of granules, tendency to syneresis, gel instability to heat, 

acidic environment and shear forces, weak structure and low shear resistance (Singh et al., 

2011). Consequently, to meet all industrial requirements, starch modification became 

important (Castanha et al., 2019) to increase its application by providing products with 

higher thermal stability, mechanical (shear tolerance) and stable rheological and pasting 

properties (Falade and Ayetigbo, 2015).  

Conventional methods used for starch modification present many disadvantages, such 

as issues of environmental pollution, food safety concerns, chemical residues, waste, longer 

treatment time, and costs (Chaiwat et al., 2016). Physical modification techniques, such as 

hydrothermal annealing and cold plasma technology (gas and plasma-activated water) are 

effective in changing the structure and functionality of starch; they do not produce 

hazardous chemical wastes, are cost-effective and environmentally sustainable (Zhu, 2017, 

Chung et al., 2009).  

Annealing (ANN) consists of incubating starch for a certain period at a high moisture 

content (>40%) at a temperature slightly lower than gelatinization (Zheng et al., 2023). As 

a physical and green modification technique, ANN has received great attention in starch 

modification as only water and heat are used and the physicochemical properties of native 

starch can be changed to process and use in industrial food applications (Fonseca et al., 
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2021). According to literature results, ANN is able to reduce swelling power, solubility, 

amylose leaching, and to pasting parameters (breakdown, peak, final, and setback 

viscosities) (Shi et al., 2021). However, on the other side, it promotes increased crystallinity, 

pasting and gelatinization temperature (Hu et al., 2020); finally, it requires a long time of 

incubation. 

Plasma-activated water (PAW), generated by exposure of water to cold plasma, 

consists of an acidic environment with high redox potential, electrical conductivity and the 

presence of reactive oxygen and nitrogen species (Thirumdas et al., 2018, Laurita et al., 

2021b). PAW has been applied for several applications such as disinfecting piping systems 

(Tan and Karwe, 2021a), removing microorganisms (Liu et al., 2020, Han et al., 2022), 

enhancing seed growth (Fan et al., 2020), and modifying physicochemical and textural 

properties of various food matrices (Patra et al., 2022, Muhammad et al., 2019, Lotfy and 

Khalil, 2022). 

 PAW can be exploited also to modify the structural and functional properties of food 

components; however, studies on the influence of PAW on starches are limited. Yan et al. 

(2020) exploited PAW-heat moisture treatment (treatment at 120 °C for 12 h in hot air) to 

modify normal and waxy maize starches. The authors observed an increase in resistant 

starch and solubility, improved short-range order, and a decrease in swelling power after 

treatment. Aaliya et al. (2022) investigated the effect of annealing (starch treated with water 

at a 1:2 ratio and for 24 h at 50 °C in a hot air oven) and heat moisture treatment (12 h at 

100 °C in a hot air oven) with PAW on talipot starch. The authors reported increased 

crystallinity, enhanced thermal stability, and resistant starch content after treatment. Okyere 

et al. (2022a) recently studied the effect of PAW (annealed by mixing starch (1.5g) with 

PAW (100 mL) and incubated at 60 °C for 12 h) on waxy maize, waxy potato, and high 

amylose maize and potato starch. The authors reported increased gelatinization parameters 
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(except enthalpy), water absorption capacity, and solubility while reducing swelling power. 

In addition, cross-linking was observed in waxy maize and high amylose potato. Yan et al. 

(2022a) conducted a study of potato and pea starch with PAW and annealing with distilled 

water at 50°C for 12 hours, which showed no change in granular morphology, but a change 

in the long- and short-range order structure, rheological and thermal properties of the two 

starches.  

However, in all the cited papers, a fixed incubation time (12 or 24 h) was investigated, 

while, considering that the stability, life cycle (life periods), and storability of PAW reactive 

species depend on time, it might be interesting to evaluate the effects of PAW (with and 

without annealing) incubation time on starch modification. Therefore, the present research 

aims to evaluate the effect of PAW in combination with annealing at different incubation 

times (1, 4, 8, and 12 hours) on the modification of potato starch, investigating rheological, 

thermal, and pasting properties. 

4.2. Materials methods  

4.2.1. Materials 

The potato starch used for the experiment was obtained from Ar. Pa S.r.l. (Ozzano 

dell’Emilia, Italy). 

4.2.2. Plasma activated water generation 

The plasma-activated water (PAW) was obtained using a prototype developed by 

AlmaPlasma Srl, Bologna University, Italy, and generated by exposing distilled water to a 

corona discharge for 1 min using a voltage of 15kV and a fixed frequency of 5 kHz as 

described by (Laurita et al., 2021a). Distilled water (500 mL) was grounded and placed in 

an Erlenmeyer flask on a stirrer (set at the speed of 700 rpm). The distance between the tip 

of the plasma source and the water was set at 5 mm, and the plasma discharge was generated 

for 1 min. The average discharge power (P), Hydrogen Peroxide (H2O2), pH, and 
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NO2
− concentrations of PAW generated was measured and reported in the our previous 

published paper (Gebremical et al., 2023). 

 

4.2.3. Treatment of potato starch 

Potato starch was treated by immersion in the generated plasma activated water 

(PAW), by annealing in distilled water (DW-ANN), and by a combination of both (PAW-

ANN) annealing with generated plasma activated water (PAW-ANN). In detail, for the 

PAW treatment, the starch was mixed with plasma-activated water (starch: water ratio 1:2) 

at room temperature. Annealing was performed by mixing starch with distilled water (ratio 

starch: water 1:2) at 55°C using a shaking water bath mod. ST30 (Nuve, Turkey). The 

combination (PAW-ANN) was obtained by mixing PAW with starch at the same ratio and 

incubating at 55°C; the annealing temperature of 55°C was chosen according to the literature 

(Castanha et al., 2017) and after preliminary DSC characterization of the gelatinization 

temperature on control samples. The untreated sample was considered as control (native). 

All samples were incubated for different times (1, 4, 8, and 12 hours); after each time 

the paste was centrifuged at 2000 g (10 min), and the supernatant was carefully discarded. 

The paste was then washed with distilled water and centrifuged three times at 2000 g (10 

min). After this, the remaining paste was dried at 40°C (hot air drying), milled, sieved (100 

mesh), packed and stored for further analysis.  

 

4.2.3. Rheological analysis 

4.2.4.1. Steady shear properties 

A starch suspension (12%, w/w, dry basis) was prepared in the test tube and stirred 

for 2 min using a vortex mixer before heating at 90 °C for 30 min with occasional vortexing. 

The paste was then transferred onto the rheometer mod. MCR102 (Anton Paar, Austria) is 
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equipped with a parallel plate (PP/50). It was equilibrated for 5 min at 25 °C before shearing 

from 0.1 to 100 s-1. The power-law shear stress as a function of the shear rate was 

investigated using the following equation: 

                    τ = 𝐾 γ̇𝑛                                                                             (4.1)                                                                

Where τ is the shear stress (Pa), ̇ is the shear rate (s-1), K is the consistency index (Pa sn), 

and n is the index flow behaviour (dimensionless).  

 

4.2.4.2. Temperature sweep measurement  

Dynamic oscillatory properties of potato were measured according to the method of 

Zhu and Cui (2020).  Briefly, a starch suspension of 20% (w/w, dry basis) was mixed with 

a vortex mixer at room temperature for 5 min before loading onto the bottom plate (PP/25) 

of the rheometer. The suspension was heated from 40 to 90 °C and cooled from 90 to 25 °C 

with a ramp rate of 2 °C/min. The sample edge was covered with a thin layer of sunflower 

oil to minimize water loss during the experiments. The shear strain was 1% and the 

frequency was 1 Hz. Dynamic rheological parameters, including storage modulus (G′), loss 

modulus (G″) and loss factor (tan δ = G″/G′), were recorded as a function of temperature 

 

4.2.4.3. Frequency sweep measurement 

After the temperature sweep test, the resulting gel was held for 5 min at 25 °C to 

achieve a state of equilibrium before subjecting to frequency sweep at 25 °C from 0.1 to 

100 Hz. The strain was kept at 1% (within the linear viscoelastic region). The G′ and G″ 

were plotted as a function of frequency. 

 

 

 



57 
 

 4.2.5. Pasting properties 

The potato starch pasting properties were measured according to the method of 

(Castanha et al., 2017) using a rheometer mod. MCR102 (Anton Paar, Austria), equipped 

with a starch cell (CC26ST aluminum) with continuous mixing (stirrer, ST24). Briefly, 

starch suspension (3 g starch in 25mL) was rapidly mixed for 10 s, heated from 50 to 95 °C, 

held for 5 min at 95°C before cooling from 95 to 50 °C, and finally held at 50 °C for 2 min. 

The rotation speed was held at 960 rpm for 10 s and the rest of the process was continued at 

160 rpm. The obtained parameters were pasting temperature (PT), peak viscosity (PV), 

holding strength viscosity (HSV), and final viscosity (FV). Finally, breakdown (BDV = 

PV− HSV) and setback (SB = FV − HSV) viscosities were calculated. 

 4.2.6. Differential scanning calorimetry (DSC) 

Starch gelatinization was measured using a DSC mod. Q20 (TA Instruments, USA). 

Starch (3 mg, dry basis) was mixed with water (7 μL) in aluminum crucibles (Tzero pans). 

An empty crucible was used as a reference. The sealed crucibles were heated from 25 to 120 

°C at 10 °C/min. Onset (To), peak (Tp), conclusion (Tc) temperatures, and enthalpy change 

(ΔH) were obtained. 

 4.2.7. Data analysis 

All obtained data (measurements were done in triplicate) were statistically analyzed 

by one-way ANOVA with SPSS software (Version 20.0, IBM, Armonk, New York, USA), 

and the Duncan Post Hoc Multiple Comparison tests were used to compare the statistically 

significant differences between means at p < 0.05. 
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4.3. Results and discussions  

 

 4.3.1. Steady shear rheological study 

The efficiency of unit operations in the food industry is highly affected by the 

viscoelastic nature of food, and also the texture, stability and quality of starchy foods affect 

by viscosity  (Kaavya et al., 2022). Increasing/decreasing viscosity/viscoelasticity is very 

important to form a paste that measures the thickening/thinning power of the starch for 

different applications (Thirumdas et al., 2017b). Starch undergoes significant changes in its 

rheological properties due to exposure to high temperature, shear and acid during processing 

(Kaavya et al., 2023). Understanding these changes requires measuring rheology at 

functions of temperatures, shear rate and frequencies. Constant shear measurements were 

carried out and the results are shown in Figure 4.1.  

The relationship between the shear stress and the shear rate was evaluated using the 

power-law model to describe the rheological flow behavior. The detailed parameters of the 

regression power-law equations for different treatments are shown in Table 4.1. The 

correlation coefficients (R2) ranged from 0.989 to 0.999, showing a strong power-law 

dependence of viscosity on shear rate. In addition, all values of the flow index (n) were 

much lower than 1, indicating that the potato starch treated at different incubation times 

behaved strongly like a non-Newtonian fluid and exhibited shear-thinning behavior (n <1). 

The consistency coefficient (k) value was found to increase for all treatments with 

increased incubation time at the same shear rate, while the flow index (n) value decreased 

in starch annealed with PAW and DW, indicating that the potato starch becomes more 

resistant to flow as the treatment time increases.  
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Figure 4.1. Shear stress versus shear rate profile for potato starch samples subjected to 

plasma activated water (PAW), annealing with distilled water (DW-ANN), and their 

combination 

As shown in Table 4.1, using PAW, the maximum k value was reached after 4h, which 

may have been promoted by the reassociation of starch chains, following the reduction of 

hydroxyl groups in the starch structure due to PAW reactive species, that enhanced the 

starch interaction (Banura et al., 2018, Chou et al., 2023), causing increase resistance to 

flow; similar results were also observed in our previous published work (Gebremical et al., 

2023). However, afterward, values started to decrease (although they always remained 

higher compared to the native one), possibly as a consequence of depolymerisation. Samples 

subjected to DW-ANN showed values that were doubled compared to the native one after 

only 1 h, with a further increase during the following incubation. It is known that annealing 

causes a more complete rearrangement of the potato starch molecules, resulting in tighter 

and more organized molecular structures with more rigid and cohesive starch that is resistant 

to flow. The combination of treatments (PAW-ANN) resulted in a remarkable increase in k 

value, which was around three times higher than the native one and significantly (p<0.05) 

higher than starch subjected to both single treatments. After only 1 h of the PAW-ANN 

---Native 
--1h-PAW 

---4h-PAW 

-.-.-8h-PAW 
-
+

-12h-PAW 
---1h-PAW-ANN 

---4h-PAW-ANN 

-.-.-8h-PAW-ANN 
-
+

-12h-PAW-ANN 
---1h-DW-ANN 

----4h-DW-ANN 

-.-.-8h-DW-ANN 
-
+

-12h-DW-ANN 
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treatment, k values were higher compared to the maximum value reached for the longest 

ANN treatment (12 h). 

Table 4.1. Power law parameters of potato starches subjected to plasma activated water 

(PAW), annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for 

different incubation times 

Sample Incubation time (h) K n R2 

Native - 23.25±0.31j 0.47±0.007a 0.991 

PAW 

 

 

 

1 30.64±0.22g 0.47±0.005ab 0.989 

4 37.95±0.26i 0.47±0.003a 0.991 

8 35.25±0.29h 0.47±0.005ab 0.990 

12 34.83±0.26h 0.47±0.004ab 0.999 

DW-ANN 

1 46.28±0.39c 0.45±0.001abc 0.999 

4 50.74±0.60e 0.43±0.01bcd 0.999 

8 55.05±1.32e 0.44±0.001abcd 0.999 

12 55.25±0.60e 0.41±0.003d 0.999 

PAW-ANN 

 

  

1 60.88±0.75c 0.44±0.004bcd 0.990 

4 66.07±0.53b 0.42±0.003d 1.000 

8 70.96±0.54a 0.42±0.003cd 0.990 

12 63.85±0.01b 0.41±0.001d 0.999 

Superscripts with different letters in the same column depict significant differences (p< 

0.05). 

The steady-state flow behaviour results indicate that in the PAW-ANN treatment, the 

presence of reactive species and the acidity of the PAW enhanced the cross-linking reaction 

occurring during annealing. However, the degree of cross-linking was partially reduced after 

prolonged treatment time (12h PAW-ANN). This reduction could be explained by a 

destabilization, breakdown, or damage to the starch granule due to the hydrolysis of amylose 

caused by the acidic pH of PAW and/or by a reduction of the efficiency of PAW reactive 
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species which decreased the rigidity of the granules and the viscosity (Aaliya et al., 2022). 

From our previous publication (Gebremical et al., 2023), significant decreased (from 6.12 

± 0.05 to 3.48 ± 0.08) in the pH of distilled water during the plasma activated water 

generation; this pronounced pH reduction revealed that plasma discharge had the ability to 

induce acidification in water. 

 

4.3.2. Dynamic shear rheological study 

4.3.2.1. Temperature dependency frequency sweep 

The dynamic viscoelastic properties of potato starch during the heating and cooling 

cycle are shown in Table 4.2 and Figure 4.2. The elastic nature of the starch gel, indicated 

by the storage modulus (G′) as a function of temperature, increased progressively up to a 

maximum G’ (G’mxa, kPa) and decreased loss factor (TanδG’max) at maximum TG’max (°C) 

(Table 4.2). The initial increase in G’ and decrease in TanδG’max at a given temperature 

(TG’max, °C) is due to the development of a three-dimensional network, cross-linking, and 

swelling of the granules (Taslikh et al., 2022). The subsequent decrease observed with 

further heating (up to 90°C) indicates that the gel structure weakens with increasing 

temperature; this might be due to the break-down of starch granules and intermolecular 

interactions, the melting of crystalline regions and deformation in the swollen granules, and 

the reduction in the degree of chain entanglement (Chen et al., 2019). As shown in Table 

4.2, during cooling (90 to 25°C), the G’ continuously increases for all samples.  

Compared to the native starch, PAW-treated ones showed no differences in the TG’max, 

but an increase in the G’max that reached the highest value after 8 h and then decreased after 

12h. The annealing treatment promoted an increase of the two parameters during heating, 

significant only after 8 h for TG’max and after 12h for G’max. The combination of the 

treatments promoted in the PAW-ANN samples a faster increase in both parameters. In 
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particular, the highest value was reached after 4 h (8.18±0.24 kPa) and then decreased 

during the following incubation period. Also, for this parameter, one hour of PAW-ANN 

treatment led to higher values compared to 12 h of DW-ANN treatment, indicating a 

stronger gel formation in a remarkably shorter time. 

 

               

 

Figure 4.2. Storage modulus (G′) as a function of temperature during dynamic oscillatory 

temperature sweep for potato starch subjected to plasma activated water (PAW), annealing 

with distilled water (DW-ANN), and their combination (PAW-ANN) for different 

incubation times  

During cooling, G’max showed a similar behaviour and was increased in PAW, DW-

ANN, and even more markedly by the combination of the two (PAW-ANN samples), while 

TanδG’max decreased remarkably in DW-ANN and PAW-ANN samples. Also, in this case, 

G’max reached a maximum after 8 h of PAW-ANN, and then decreased in the 12 h treatment, 

still showing values similar to the ones obtained by the only DW-ANN treatment for the 

same incubation period. 
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Table 4.2. Rheological parameters during temperature sweep for potato starch subjected to 

plasma activated water (PAW), annealing with distilled water (DW-ANN), and their 

combination (PAW-ANN) for different incubation times  

 Heating (40 to 90°C) 
 

Cooling (90 to 25°C) 

Sample Incubation 

time(h)     
TG’max (°C) G’max (kPa) TanδG’max  G’max TanδG’max 

Native - 65.86±0.34e 4.03±0.02f 0.22±0.01a  2.47±0.01g 0.10±0.01ab 

 1 66.35±0.35e 3.40±0.15g 0.19±0.01ab  3.00±0.09f 0.09±0.01b 

PAW 4 65.10±0.01e 7.18±0.04c 0.23±0.01a  4.91±0.6d 0.11±0.01a 

 8 65.10±0.02e 7.59±0.04bc 0.22±0.02a  4.97±0.08d 0.11±0.01a 

 12 66.11±0.72e 4.84±0.21e 0.19±0.01ab  3.00±0.02f 0.10±0.01ab 

 1 71.55±0.62c 4.83±0.09e 0.17±0.02ab  4.58±0.06e 0.07±0.01cd 

DW-ANN 4 72.87±0.35bc 4.54±0.32ef 0.16±0.01ab  5.01±0.02d 0.06±0.01de 

 8 75.65±0.04a 4.87±0.06e 0.17±0.01ab  7.51±0.19b 0.05±0.01f 

 12 75.37±0.35a 6.37±0.08d 0.14±0.01b  7.62±0.02b 0.04±0.01f 

 1 69.62±0.71d 7.09±0.07c 0.17±0.02ab  6.34±0.06c 0.07±0.01c 

PAW- ANN   4 74.12±0.35ab 8.18±0.24a 0.15±0.01ab  9.46±0.01a 0.05±0.01ef 

 8 74.12±0.03ab 7.85±0.01ab 0.14±0.01b  9.41±0.08a 0.05±0.01f 

 12 75.37±0.35a 4.84±0.21e 0.14±0.02b  7.62±0.05b 0.04±0.01f 

Superscripts with different letters in the same column show significant differences (p< 0.05) 

Where; TG’max (°C), temperatures at which G' reaches its maximum during temperature 

sweep; G'max, maximum G' during temperature sweep; tanδG'max at G'max.  

Generally, all treatments showed an increase in molecular interactions in comparison 

to the native starch, with a synergistic effect in the PAW-ANN samples, that consequently 

resulted in a higher G’ (Xu et al., 2022). Figure 4.3 shows that G′ (elastic nature) and G″ 

(viscous nature) increased over the angular frequency range (0.1 to 100 rad/s), and the values 

of G′ were higher than those G″ which indicates the prevalence of the elastic over the viscous 

behaviour. This was also confirmed by the loss tangent (Tanδ at 100 Hz) values (Table 4.3) 
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which were always <1. G′ values increased compared to the native starch (3.41kPa) with 

PAW treatment reaching a maximum value after 4 h (7.35 kPa), and then decreasing after 

and with DW-ANN treatment proportionally to incubation time up to 9.8 kPa after 12 h. 

 

Table 4.3. Frequency sweep test at 100 Hz for potato starch subjected to plasma activated 

water (PAW), annealing with distilled water (DW-ANN), and their combination (PAW-

ANN) for different incubation times 

 

 

Sample 

 Frequency sweep (0.1→100 Hz) 
 

 

Incubation time (h) 

 

G'(kPa) Tanδ 

Native - 3.41±0.3f 0.15±0.20a 

 1 3.40±0.08f 0.14±0.01a 

PAW 4 7.37±0.04cde 0.12±0.01ab 

 8 7.23±0.04cde 0.13±0.02a 

 12 4.71±0.37ef 0.14±0.02a 

DW-ANN 1 6.71±0.05de 0.08±0.01bcd 

 4 7.93±0.81cd 0.07±0.01cd 

 8 9.44±0.05bcd 0.06±0.01cd 

 12 9.8±2.27ab 0.06±0.01cd 

 1 8.64±0.18bcd 0.06±0.01bc 

PAW-ANN 4 13.74±1.52a 0.05±0.01cd 

 8 11.26±1.59ab 0.07±0.01cd 

 12 9.91±1.30bc 0.06±0.01cd 

    

Superscripts with different letters in the same column indicate significant differences 

(p<0.05); where G': storage modulus, and Tanδ: loss factor. 

When comparing the viscoelastic behaviour based on the treatments, the increase in 

the G′ suggests a starch characterized by more organized chains, higher paste stability, 

strength, and resistance to heat and shear (Aaliya et al., 2022). This effect was more 

pronounced with the combination of the treatments (PAW-ANN), resulting in a G’ of 13.74 

kPa after only 4 hours. However, as it occurred for PAW, prolonging the incubation time 
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up to 12 h, the values decreased significantly. This might be due to the granule corrosion 

and molecular degradation of starch exposure to PAW. In addition, the increase in the elastic 

moduli with an increase in frequency depends on the microstructural and conformational 

changes taking place in the potato starch granules, as a result of the cross-linking of the 

molecules and an augmentation in the gel strength during PAW-ANN treatment (da Rosa 

Zavareze and Dias, 2011, Aaliya et al., 2022).  

 

Figure 4.3.The rheological curves of potato starch subjected to plasma activated water 

(PAW), annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for 

different incubation times during the frequency sweep. G’: storage modulus, G’’: Loss 

modulus 

 4.3.3. Pasting properties 

The pasting properties of native potato, treated with PAW, annealed with distilled 

water (DW-ANN) and with PAW (PAW-ANN), and incubated for different times are given 

in Table 4.4, and the related figure is in Figure 4.4. Results show no differences in all the 

considered parameters for the PAW samples compared to the native starch. In a previous 

work (Gebremical et al., 2023), we observed an increase of most of the pasting parameters 
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in potato starch after PAW treatment. This discrepancy might be due to the use of starches 

deriving from different manufacturers however, to clarify this, a deeper characterization of 

the raw material would be necessary. On the other side, significant differences (p<0.05) 

were observed for DW-ANN and PAW-ANN. In particular, peak viscosity (PV), breakdown 

viscosity (BDV), and setback viscosity (SBV) were reduced while pasting temperature (PT), 

holding strength (HSV), and final viscosity (FV) of the potato starch were increased.  

The increased in PT suggest an the increase rising in resistance to swelling, 

agglomeration of starch granules, increased crystallinity, development of intermolecular 

cross-links, and a reduction in the space between molecules (Wang et al., 2021, Aaliya et 

al., 2022, Xia et al., 2018), which hinders the viscosity development during annealing, as 

shown in Figure 4.4. The interaction between starch chains in the amorphous and crystalline 

regions makes the starch more stable, so it probably needs a higher temperature for the 

rupture of the structure (Van Hung et al., 2017).  

 
 

Figure 4.4. Pasting curves of potato starches subjected to plasma activated water (PAW), 

annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for different 

incubation times. 

Peak viscosity (PV) is a measure of the fragility and the maximum degree of swelling 

of starch granules before disintegration when subjected to heating (Xia et al., 2018). The 
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observed decrease might indicate that the binding forces within the granules were 

strengthened, limiting starch swelling and structural disintegration. Studies have shown that 

annealing with PAW improves interactions between starch molecules and strengthens the 

structure of crystallites, making it more difficult for amylose to dissolve from the granules 

and resulting in a decrease in PV, similar results were observed in this study (Aaliya et al., 

2022, Flores-Silva et al., 2023). 

 

Table 4.4. Pasting properties of potato starch subjected to plasma activated water (PAW), 

annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for different 

incubation times 

 

 Sample 

Incubation 

Time(h) PT(°C) PV(Pa.s) BDV(Pa.s) HSV(Pa.s) SBV(Pa.s) FV(Pa.s) 

Native - 64.50±0.03e 13.75±0.13a 10.89±0.07a 2.85±0.06d 1.63±0.07ab 4.49±0.01e 

 1 64.49±0.01e 13.15±0.17ab 10.33±0.17a 2.82±0.03d 1.56±0.17bc 4.38±0.14e 

PAW 4 64.63±0.75e 13.57±0.11ab 10.75±0.13a 2.82±0.01d 1.61±0.05ab 4.43±0.04e 

 8 64.99±0.69e 12.83±0.07ab 10.05±0.10a 2.78±0.02d 1.60±0.08abc 4.38±0.06e 

 12 64.71±0.77e 13.20±0.17ab 10.45±0.16a 2.75±0.02d 1.58±0.01bc 4.33±0.03e 

 1 68.05±0.74d 12.56±1.00ab 8.74±0.87b 3.83±0.13c 1.43±0.21c 5.26±0.08d 

DW-ANN 4 70.11±0.76bcd 9.16±0.09cd 4.08±0.09c 5.08±0.01a 1.55±0.04bc 6.63±0.05c 

 8 71.19±0.74abc 9.77±0.07c 4.14±0.11c 5.64±0.03b 1.59±0.29abc 7.22±0.25b 

 
12 72.21±0.72ab 8.43±0.41de 2.41±0.28d 6.02±0.12a 1.92±0.01a 7.93±0.13a 

 1 68.78±0.3cd 12.16±0.16b 8.11±0.31d 4.23±0.13d 1.54±0.12c 5.70±0.12d 

PAW-ANN 4 72.30±0.42ab 7.83±0.05e 2.07±0.05d 5.66±0.14a 1.44±0.03bc 7.21±0.03b 

 8 72.15±0.27a 7.76±0.06e 2.20±0.06d 5.77±0.29a 1.97±0.24abc 7.75±0.05a 

 12 71.65±0.76ab 7.89±0.30e 2.31±0.28d 5.57±0.02 1.62±0.17ab 7.57±0.18ab 

Superscripts with different letters in the same column indicate significant differences 

(p<0.05); where PT: pasting temperature, PV: peak viscosity, BDV: breakdown viscosity, 

HSV: holding strength viscosity, SBV: setback viscosity and FV: final viscosity. 

Samples with high breakdown viscosity (BDV) values (native and PAW) imply 

granule fragility at higher temperatures and shear rates. On the other hand, lower BDV 

values (DW-ANN and PAW-ANN) indicate higher thermal stability, higher resistance 
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against shear exerted from high temperature and a lower deterioration tendency (Xia et al., 

2018, Okyere et al., 2019a). In this study, lower BDV was promoted by annealing and to a 

higher extent by the combination with PAW. PAW-ANN after 4h treatment time, showed 

values lower than those reached by DW-ANN after 12 h, this indicates that annealing with 

PAW treatment could improve the stability against mechanical shear and thermal stability 

within a short time. 

The SBV and FV values can be used to understand the level of retrogradation in a 

starch paste and to measure the effects of different processing conditions on starch 

retrogradation (Kumar et al., 2020). Low SBV values indicate the stability of starch against 

deterioration, staling, and the resistance to form an extensive network structure during the 

cooling stage (Xia et al., 2018), while an increase in FV refers to the stability of starch paste 

and a slower tendency to retrograde due to structural dissociations in amylose-amylopectin 

networks. Therefore, also for these parameters, while ANN favoured a better thermal 

resistance and weaker retrogradation tendency compared with those of the native starches, 

the combination with PAW allowed to reach the same values in a shorter time (4h compared 

to 12h). 

4.3.4. Thermal properties 

The gelatinization temperatures (To, Tp, and Tc), and gelatinization enthalpy (ΔH) 

values are presented in Table 4.5 and Figure 4.5. The magnitude of the gelatinization 

parameters is affected by the double helix order, amylose-amylopectin ratio, and by the 

molecular arrangement of the crystalline region (Wang et al., 2022a). To, Tp 

and Tc represents the melting temperature of weak, general, and strong crystals of starch, 

respectively (Hu et al., 2020).  
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Table 4.5. Thermal properties of potato starches subjected to plasma activated water 

(PAW), annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for 

different incubation times 

All data represent with mean ± standard deviation. Values followed by different superscripts 

in the same column indicate a significant difference (p < 0.05). To: onset temperature, TP: 

peak temperature, Tc: conclusion temperature, and ΔH: enthalpy. 

To, Tp, and Tc of native starch were on average 60.72±0.24, 65.31±0.27, and 

74.04±1.23 °C respectively, and ΔH was 10.45±0.42 J/g. In PAW samples, although values 

of Tc after 8 and 12 h were slightly lower compared to the native ones, differences were not 

significant (p>0.05). Instead, for the DW-ANN and PAW-ANN samples, all the 

gelatinization temperatures were increased significantly (p<0.05), in line with the increase 

in the pasting temperature (PT) (Table 4.4) for the PAW-treated starch with increasing 

treatment time. This might have resulted from the increasing mobility of the non-crystalline 

(amorphous) regions and interactions between the amylose–amylose and amylose–

amylopectin (Yan et al., 2020), which led to a reassociation of the starch molecules and an 

ordered arrangement of the crystalline structure (Hu et al., 2020). However, no differences 

Sample 

Incubation 

Time (h) 
TO (°C) Tp (°C) Tc (°C) △H(J/g) 

Native - 60.72±0.24f 65.31±0.27f 74.04±1.23de 10.45±0.42bcd 
 1 60.96±0.26f 65.37±0.07f 74.49±0.99d 11.87±0.07abc 

P AW 4 60.96±0.43f 65.01±0.16fg 74.78±0.95d 11.29±0.46ab 

 8 60.79±0.05f 65.11±0.08fg 73.67±0.60de 11.69±0.35abc 
 12 60.62±0.68f 64.27±0.24fg 72.23±0.13e 11.68±0.21abc 
 1 65.21±0.31e 68.18±0.32e 78.32±1.49abc 11.92±0.54abc 

DW-ANN 4 67.2±0.15d 70.21±0.25d 78.49±1.03abc 9.45±0.78d 
 8 68.07±0.04c 71.07±0.05cd 78.21±0.25abc 10.95±0.72abcd 
 12 69.62±0.29a 73.5±0.91a 80.19±1.66a 10.68±0.65bcd 

 1 64.96±0.11e 67.88±0.07e 77.15±1.48c 12.54±0.29a 

PAW-ANN 4 67.15±0.15d 70.23±0.03d 77.61±0.76bc 12.20±1.54ab 

 8 68.29±0.03bc 71.26±0.04bc 78.15±1.07bc 10.57±0.72abc 

 12 68.94±0.12ab 72.05±0.10b 79.20±0.69ab 10.31±0.67cd 
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were observed between DW-ANN and PAW-ANN at each incubation time, suggesting that 

the effect was mainly due to the annealing treatment. 

 

Figure 4.5. Thermal profiles of potato starches subjected to plasma activated water (PAW), 

annealing with distilled water (DW-ANN), and their combination (PAW-ANN) for different 

incubation times.  

Regarding, the values of ΔH as indicated in Table 4.5, PAW and DW-ANN however, 

generally, non-significant difference was observed not modify the values, while a significant 

slightly higher value increase was observed in the PAW-ANN sample, but only after at 1 

and 4 h of incubation. This may be due to the presence of more heterogeneous crystals, 

resulting in the formation of amylose and amylopectin reaction chains by degradation of 

PAW reactive species (Alimi and Workneh, 2018, Aaliya et al., 2022). However, further 

treatment resulted in a decrease of enthalpy to 10.31 J/g (12 h), which could be due to the 

rupture of amylopectin, weakening its double helices and resulting in a transformation from 

the crystalline to the amorphous state (de Oliveira et al., 2018).  
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4.4. Conclusions 

In conclusion, the applied treatments, especially PAW-ANN and DW-ANN, caused a 

significant change in the rheological, thermal and pasting properties of potato starch at 

different incubation times (1, 4, 8 and 12 h). The combination of PAW with annealing 

showed a synergistic effect in thermal stability and shear resistance, resulting in lower 

breakdown viscosity, higher elasticity and gelatinization enthalpy up to 4 h, possibly due to 

crosslinking. This effect may be due to the acidic environment and the reactive species of 

PAW, which enhance the annealing effect. The techno-functional properties of the potato 

also changed significantly after DW-ANN treatment. PAW-ANN modified potato starch 

can be used as a sustainable raw material in food applications, such as a base for baked 

goods, thickening agent, candies, ice cream and in processed foods because of its withstand 

high thermal and mechanical processing conditions in the food industry. Therefore, the 

PAW-ANN combination represents a promising technology for the modification of starch, 

which is an environmentally friendly alternative to chemical modifications. However, it 

should be noted that further research is needed to improve the understanding of the 

mechanism of the modification induced by the combination of treatments and the 

modification of microstructure, amylose/amylopectin ratio after treatment, and as well as 

for the optimization of PAW parameters. 
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Chapter 5. Research outcomes: Plasma-Activated Water (PAW) and 

Annealing for the modification of potato starch:  Effects on Sorption 

Isotherms, Thermodynamic and Gelatinization Kinetics of Potato Starch  

 

Abstract  

Chemical modifications of starch can be laborious and often require significant amounts of 

chemicals and solvents. Therefore, it has become use of modifications like plasma-activated water 

(PAW), which is considered an environmentally friendly technology. The aim of this study was to 

evaluate the effect of PAW, alone or combined with annealing (ANN) on the techno-functional 

properties, sorption isotherms and thermodynamic characteristics of potato starch. PAW was 

generated by subjecting distilled water to a corona discharge with a voltage of 15 kV and a fixed 

frequency of 5 kHz for 1 min. ANN was obtained by incubating starch with distilled water (DW-

ANN) or PAW (PAW-ANN) for 4 h at 55°C. The moisture sorption and the thermodynamic properties 

of the potato starch were determined using a dynamic vapor sorption analysis method at 

temperatures of 25, 35 and 45 °C. The sorption kinetic was then modelled using the GAB model. 

Results showed that the equilibrium moisture content of PAW-ANN and DW-ANN samples was 

significantly lower than that of native and PAW. Variations in binding sites and agglomeration led 

to changes in specific surface area (SA), mono layer (Mo) and sorption enthalpy (qst), changes in 

entropy (△S), and Gibbs free energy (△G). Moreover, for these samples, a significant reduction 

(p<0.05) in swelling power, solubility, light transmittance (T %) and syneresis (%) was observed 

when potato starch was treated with PAW-ANN and DW-AANN. The combined PAW-ANN proved 

to be a promising technique for modifying starch and altering the kinetics of water sorption-

desorption, hydration and rheological properties at different temperatures without the use of 

enzymes, acids or crosslinking agents, demonstrating its potential to improve starch stability. 

 

Keywords: physical modification; sorption kinetic; rheology; techno-functional properties 
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5.1. Introduction 

Starch is one of the most abundant food components that provides energy to the human 

body and is widely used in the food industry as a low-cost ingredient, thickener, gelling 

agent, colloidal stabilizer, and bulking agent (Wu et al., 2022, Suri and Singh, 2023). 

However, in the development of food products with desired properties, native starch has 

several disadvantages, due to some inherent limitations such as low stability and high 

tendency to retrograde (Wu et al., 2022). Hence, much research work has been conducted 

to modify starches to tailor their properties and improve the applicability of starch for the 

food industry (Obadi and Xu, 2021, Wang et al., 2021, Raghunathan et al., 2021, Maniglia 

et al., 2021b). 

Among the modification strategies, physical methods such as atmospheric cold 

plasma, plasma-activated water (PAW), and annealing with distilled water (ANN) have 

gained wide acceptance and have a high potential for starch modification and improved 

applicability of starch considering their safety, environmental friendliness and cost-

effectiveness, without generating chemical waste (Taslikh et al., 2022, Yan et al., 2020, 

Aaliya et al., 2022, Okyere et al., 2022a, Chauhan et al., 2023, Flores-Silva et al., 2023, 

Chou et al., 2023, Gebremical et al., 2023, Fonseca et al., 2021). Research on the above 

modification methods mainly focused on thermal/gelatinization (Okyere et al., 2019a, Kaur 

and Annapure, 2023, Hu et al., 2020, Chou et al., 2023), pasting (Aaliya et al., 2022, Song 

et al., 2014), rheological properties (Aaliya et al., 2022, Kalaivendan et al., 2022, Siwatch 

et al., 2022, Gebremical et al., 2024, Gebremical et al., 2023), swelling index and solubility 

(Kaur and Annapure, 2023, Subramanian et al., 2020, Shi et al., 2021, Chou et al., 2023), 

FTIR (Carvalho et al., 2021, Subramanian et al., 2020, Ji et al., 2019), digestibility 

(Carvalho et al., 2021, Subramanian et al., 2020, Shi et al., 2021), freeze-thawing 

(Kalaivendan et al., 2022, Simsek et al., 2012), paste clarity (Kaur and Annapure, 2023, 
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Golshahi et al., 2023, Chou et al., 2023), changes in granule morphology (Sudheesh et al., 

2019, Subramanian et al., 2020, Shi et al., 2021, Zhang et al., 2015), water absorption and 

binding capacity (Zhou et al., 2018, Okyere et al., 2022a) of the different starches. 

The results indicate significant changes in the hydrophilic (depolymerization), 

hydrophobic (crosslinking), and granule surface including etching and crystallinity of the 

different starches depending on the treatment conditions, and suggest that the behavior of 

the starch in terms of sorption isotherm and thermodynamic properties of the starch will 

change. 

The sorption isotherms describe the relationship between the relative equilibrium 

moisture content and the equilibrium moisture content of the material at constant 

temperature (Kaymak-Ertekin and Gedik, 2004). It helps to understand the microstructure 

of food, physical phenomena on the food surfaces and sorption kinetic parameters (McMinn 

and Magee, 2003), and also to postulate the thermodynamic properties of water, to know 

the affinity of water molecules for the surface of a solid (Dotto et al., 2013), the binding 

energy of water molecules at a given degree of hydration associated with water binding and 

repulsion forces with starch (Pérez-Alonso et al., 2006) and the degree of order or disorder 

in the water solid  (Apostolopoulos and Gilbert, 1990). Foods have a complex structure, and 

the main water-binding polymers in foods (e.g. starch) have water-binding sites with varying 

degrees of activity (Martín‐Santos et al., 2012).  

The behavior of foods such as starch is largely determined by the interactions between 

water and their other components (Witczak et al., 2016), as well as by the interactions 

between the hydrophilic active functional groups of starch and the polar water molecules, 

which makes it possible to predict the degree of change in the product during treatment. 

However, the influence of PAW in combination with annealing or alone on the sorption 

isotherm and thermodynamic properties of starch has not yet been reported. 
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PAW is a “green” physical method generated by treating water with discharging 

atmospheric plasma, consisting of an acidic environment with high redox potential, 

electrical conductivity and the presence of enormous reactive oxygen and nitrogen species 

(Laurita et al., 2021b). while ANN is an environmentally friendly approach to starch 

modification that involves the incubation of starch at a temperature above the glass 

transition, but below the onset of gelatinization with excess water (>40%, w/w) for a 

specified incubation time (Fonseca et al., 2021). The development and application of 

environmentally friendly and efficient modification techniques (in combination or 

separately) is an important research area in the starch processing industry. In a previous 

study (Gebremical et al., 2024) , we showed that PAW and ANN had a synergistic effect 

during incubation and promoted significant changes in the rheological, thermal and pasting 

properties of starch. Therefore, the present study aims to gain a further insight into the 

effects of the treatments on the techno-functional properties, sorption isotherms and 

thermodynamic characteristics of potato starch. 

5.2. Materials and methods 

 

5.2.1. Raw material 

The native potato starch with 18 % moisture and 23 % amylose used for the 

experiment was supplied by Ar. Pa S.r.l. (Ozzano dell’Emilia, Italy). 

5.2.2. Plasma activated water (PAW) generation 

PAW was generated using a prototype developed by AlmaPlasma S.r.l. (Bologna, 

Italy), by exposing distilled water to a corona discharge with a voltage of 15 kV and a fixed 

frequency of 5 kHz for 1 minute, as described by (Laurita et al., 2021b). Distilled water (500 

mL) was grounded and placed in an Erlenmeyer flask on a stirrer (set to a speed of 700 rpm). 

The distance between the tip of the plasma source and the water was set to 5 mm, and the 
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plasma discharge was generated for 1 min. The average discharge power (P), Hydrogen 

Peroxide (H2O2), pH, and NO2
− concentrations of PAW generated was measured and 

reported in our previous published paper (Gebremical et al., 2023)  . 

5. 2.3. Treatment of potato starch 

Potato starch was treated by mixing starch with PAW in a ratio of 1:2, and incubated 

for 4 hours (PAW sample). Annealing was performed using distilled water (DW-ANN 

sample) with the same ratio 1:2 incubated for 4 h at 55°C using a shaking water bath (mod. 

ST30, Turkey). The combined treatment was carried out using PAW with annealing (PAW-

ANN sample). The incubation time (4 h) was selected according to our recently published 

work (Gebremical et al., 2024) . The paste was then centrifuged at 2000 g (10 min), and the 

supernatant was carefully discarded. The paste was washed with distilled water and 

centrifuged three times at 2000 g (10 min). The remaining paste was then dried at 40°C in 

a drying oven, ground, packaged and stored at 4°C for further analysis. 

 

5.2.4. Analysis of sorption isotherm  

A Q5000 SA dynamic vapor sorption analyzer (TA Instruments, USA) equipped with 

an autosampler and a microbalance capable of weighing with a sensitivity of <0.1 µg was 

used. The desired relative humidity (RH) in the equilibration chamber is achieved by 

automatically mixing dry and humid air gas streams, allowing the humidified gas to flow 

continuously. All humidity isotherms were performed at an operating temperature of 25, 35 

and 45°C and a stepwise increase in RH was programmed. A sample (~4 mg) of native, 

PAW, DW-ANN and PAW-ANN potato starch was loaded and a RH of 0% was maintained 

until the relative change in sample mass remained below 0.01% for 5 min, then the 

measurement started. A stepwise adsorption from 0 to 95% RH was used. At each RH step, 

equilibration was stopped when the RH change in sample mass remained below 0.01% for 
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5 min and the next RH step was automatically applied. Measurements were performed in 

duplicate. 

The data points were collected and plotted as isothermal equilibrium moisture content 

(EMC) versus water activity (aw) using the software TGA Q5000SA V3.17 Build 265 (TA 

Instruments, USA). The relationship between the EMC and the aw value of starch samples 

was predicted by the Guggenheim-Anderson-de Boer (GAB) model using equation 5.1: 

𝐸𝑀𝐶 =  
𝑀𝑜𝐶𝑔a𝑤

(1−𝑘𝑎𝑤)(1−𝑘𝑎𝑤 +𝐶𝑘𝑎𝑎)
                                                                                        (5.1) 

Where: Mo is the moisture content in a layer (g water/g solids), Cg is the energy constants, 

K is the constant that corrects the properties of the multilayer molecules with respect to the 

liquid phase, EMC is the equilibrium moisture content (g water/100 g solids or %db) and aw 

is the water activity. The fitting GAB equation was evaluated with the mean value of the 

relative percentage deviation (%P) using the following equation: 

 %𝑃 =  
100

𝑁
∑

|𝑀𝑒𝑖−𝑀𝑐𝑖|

𝑀𝑒𝑖

𝑁
𝑖=1                                                                                               (5. 2)        

Where: Mei, Mci, and N are experimental and predicted moisture content values, respectively, 

and N is the number of experimental data. A model is considered acceptable if the % P value 

is below 10% (Kaymak-Ertekin and Gedik, 2004). 

 

5.2.5. Thermodynamic parameter analysis from the sorption isotherm 

5.2.5.1. Net isosteric heat of sorption 

The net isosteric heat of sorption or differential enthalpy of sorption (qst) is defined as 

the difference between the total heat of sorption (Qst) and the heat of vaporization of the 

pure liquid (△Hvap) and indicates the strength of the interaction between the water molecules 

and the absorbing  material (Moussaoui et al., 2020) and is given by (equation 5.3) 

qst = Qst − △ Hvap                                                                                            (5. 3) 
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Where; Qst is the amount of energy required to remove water from the material, ∆Hvap is the 

amount of energy required for normal water vaporization 

The net isosteric heat of adsorption for a given EMC was calculated using the Clausius-

Clapeyron equation (equation 5.4)                

[
𝜕𝑙𝑛 (𝑎𝑤)

𝜕
1

𝑇

 ] = −
𝑞𝑠𝑡

𝑅
                                                                                                         (5. 4) 

qst was calculated from the slope resulting from plotting In(aw) against 1/T for a given EMC. 

The slope is equal to qst/R; therefore, qst = -R×slope. The procedure was repeated for several 

EMCs to determine the relationship between the qst value and MC at three temperatures (25, 

35, and 45 °C). Where R is the universal gas constant (8.314 J/mol/K), aw, is the water 

activity and T is the absolute temperature (K). 

 

5.2.5.2. Sorption differential entropy  

The sorption entropy change (△S) helps to know the crystallization, swelling, 

dissolution processes and the number of available sorption sites at a certain energy level 

(Moussaoui et al., 2020) and was calculated using equation 5.5 

−𝑙𝑛(a𝑤)  =
𝑄𝑠𝑡

(𝑅𝑇)⁄ − (∆𝑆
𝑅⁄ )                                                                                   (5.5) 

The EMC data from the GAB model were used to determine the △S at each MC. The △S 

for a given moisture level was calculated using the intercept (△S/R) (△S =R×intercept) of 

the plot of In (aw) versus 1/T. The procedure was repeated for several EMCs to measure the 

relationship between the △S value and MC at three temperatures (25, 35, and 45 °C). 

 

5.2.5.3 Determination of Gibbs free energy  

The aw data generated by the GAB model for the sorption isotherms were used to 

determine the change in free energy (△G) due to the change in EMC in potato starch, which 
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indicates the adsorbent's affinity for water. The △G changes were then calculated at 

different EMCs for each temperature (25, 35, and 45 °C) using equation 5.6. 

∆𝐺 =  −𝑅𝑇𝑙𝑛(a𝑤)                                                                                                     (5.6) 

 

5.2.6. Determination of specific surface area of sorption 

The specific surface area of sorption was computed using equation 5.7: 

𝑆𝐴 = (𝑀𝑜 × 𝑁𝐴 × 𝐴𝑚) ⁄ 𝑀𝑤𝑎𝑡                                                                                  (5.7) 

Where: SA is the sorption area of the solid (m2/g solid), Mo is the moisture content in a 

monolayer (g/100g), NA is the Avogadro number (6.02×10^23 molecules/mole), Am is the 

area of a water molecule (1.06×10^-19 m2/mole) and Mwat is the molecular weight of the 

water (18 g/mole). 

5.2.7. Pasting clarity, hydration, and syneresis analysis 

According to the method of Castanha et al. (2017), the clarity of the paste was 

evaluated based on the transmittance (%T) of the sample. Samples were prepared by mixing 

0.2 g of starch in 20 mL of deionized water in screw-caped test tubes. The test tubes were 

then placed in a thermal bath with boiling water for 30 min and stirred 5 times every 5 min. 

They were then cooled to room temperature and measured in glass cuvettes at 650 nm 

wavelengths in a UV spectrophotometer mod. UV-1601 (Shimadzu, Japan). 

The swelling power (SP) and water solubility index (WSI) were measured according 

to the method of Martins et al. (2018) with minor modifications. In brief, 0.5 g (Wi) of the 

starch samples were mixed in 25 mL of distilled water and heated to 90 °C in a water bath 

for 30 min. After cooling, the samples were centrifuged at 3000 rpm for 20 min. The 

supernatant was dried overnight at 105 °C in an oven. The gel residues (Wr) and the dried 

supernatant (Ws) were weighed to calculate the parameters SP and WSI as follows: 

SP (g g⁄ ) =  Wr (Wi − Ws)⁄                                                                                 (5.8) 
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WSI (g g⁄ ) =  Ws Wi⁄                                                                                           (5.9) 

Syneresis was measured according to the method of Kaur and Annapure (2023). In 

brief, starch suspensions of 3% (w/v) were prepared, kept in a boiling water bath and stirred 

for about 10 seconds at 2 min intervals for 30 min. The gels were brought to room 

temperature after being frozen at -20 ℃ for 48 hours and thawed in a water bath at 30 ℃ 

for 2 hours. They were then centrifuged for 20 min (3000 rpm) and the amount of water 

released was measured to give the syneresis (%) using the formula: 

Syneresis (%) =
Amount of supernatant

Weight of sample taken
× concentration of starch suspension × 100           (5.10) 

 

5.2.8. Structuring velocity and kinetic modelling of rheological data 

 The rheological data at non-isothermal kinetics based on a combination of Arrhenius 

equation and time–temperature relationship were measured according to the method of 

(Ahmed and Auras, 2011, Ahmed et al., 2008). A dispersion of 12% potato starch in distilled 

water was prepared and then heated at 90 °C. The potato starch gel was subjected to a 

dynamic temperature scanning test in which the initial temperature was set at 40 °C. A 

system with parallel plates (PP/50 mm) was used, with a distance of 1 mm between the 

plates. The strain and frequency were set to 0.5% and 1 Hz respectively. A temperature 

sweep was performed in which the temperature was varied between 40 and 90 °C at a rate 

of 2 °C/min. Gʹ (elastic) and G” (viscous) were recorded with the increase in temperature. 

Among the different kinetic models, the non-isothermal method (combination of reaction 

rate, time–temperature profile and Arrhenius relationship) is considered the best method 

because most gelatinization experiments with starch were performed in situ at a constant 

heating rate (slower heating rate) and the variation of G′ (elastic modulus) measures the 

structure development rate (dG′/dt) (Ahmed, 2012, Basak and Annapure, 2022a). 
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𝑙𝑛 (
1

𝐺′𝑛

𝑑𝐺′

𝑑𝑡
)  = 𝑙𝑛𝑘𝑜 − (

𝐸𝑎

𝑅
)

1

𝑇
                                                                                        (5.11) 

A plot was drawn between 𝑙𝑛 (
1

𝐺′𝑛

𝑑𝐺′

𝑑𝑡
) versus 1/T to obtain the parameters Ea from the slope. 

Where G′ is the elastic modulus (kPa); k0 is the pre-exponential factor (kPa.min-1), Ea is the 

activation energy (kJ mol-1), R is the universal gas constant (8.314 J mol-1 K-1), T is the 

temperature (K), t is the time associated with the temperature sweep (min). Multiple linear 

regression was used with the starch kinetics data set to determine the order of reaction (n) 

after changing the above equation (equation 5.11) to the following linear forms equation 

5.12: 

𝑙𝑛 (
𝑑𝐺′

𝑑𝑡
)  = 𝑙𝑛𝑘𝑜  + 𝑛𝑙𝑛𝐺′ − (

𝐸𝑎

𝑅
)

1

𝑇
                                                                            (5.12) 

 

5.2.9. Statistical analysis  

The statistical package SPSS (IBM, SPSS v20, USA) was used for the analysis of statistical 

significance and the regression analysis. Analysis of variance (ANOVA) and Duncan's test 

(p < 0.05) were used to compare the mean values. All measurements of sorption isotherms 

were performed in duplicate, others in triplicate, and observations were expressed as mean 

± standard deviation. 

5.3. Results and discussion  

 

5.3.1. Moisture sorption isotherms of potato starch 

The experimental results for the equilibrium moisture content (EMC) of Native, PAW, 

DW-ANN, and PAW-ANN potato starch as a function of water activity (aw) at three 

different temperatures (25, 35 and 45 °C) are shown in Figure 5.1.  As expected, the EMC 

increased with increasing water activity (aw) at a constant temperature. 
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Figure 5.1. Experimental values of equilibrium moisture content (g of water/g of sample 

dry matter) (EMC) as a function of aw for potato starch at different temperatures. 

The adsorption isotherms of potato starch showed the typical sigmoidal shape of type 

II. This is consistent with the results obtained for potatoes (McMinn and Magee, 2003, 

Kaymak-Ertekin and Gedik, 2004, Witczak et al., 2016) and it is common for many other 

starchy and powdered products (Hawa et al., 2020, Abebe and Ronda, 2015). The sorption 

behavior of both Native and PAW-treated starch at lower water activity showed 

considerable amount of absorbed moisture, which was due to high hydrophilicity and 

presence of polar groups (more active sites). In contrast, DW-ANN and PAW-ANN samples 

started to absorb water at higher aw, which could be due to the fact that PAW with annealing 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0

1500

3000

4500

6000

7500

9000

G
ib

b
s 

fr
ee

 e
n

er
g
y
(J

/m
o
l)

EMC (g of Water/g of Sample)

 Native 

 PAW

 DW-ANN 

 PAW-ANN

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0

1500

3000

4500

6000

7500

9000

G
ib

b
s 

fr
ee

 e
n

er
g

y
(J

/m
o

l)

EMC (g of Water/g of Sample)

 Native 

 PAW

 DW-ANN 

 PAW-ANN

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0

1500

3000

4500

6000

7500

9000

G
ib

b
s 

fr
ee

 e
n

er
g

y
(J

/m
o

l)

EMC (g of Water/g of Sample)

 Native 

 PAW

 DW-ANN 

 PAW-ANN

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0

1500

3000

4500

6000

7500

9000

G
ib

b
s 

fr
ee

 e
n

er
g

y
(J

/m
o

l)

EMC (g of Water/g of Sample)

 Native 

 PAW

 DW-ANN 

 PAW-ANN



83 
 

treatment increases hydrophobicity and crystalline regions, that typically contrast moisture 

penetration and have less favorable sorption sites (Mutungi et al., 2011). The effect of 

temperature on EMC was not pronounced at water activities of less than 0.1aw, but an 

increase in temperature leads to visible changes in equilibrium moisture content. 

The higher values of the EMC  for native and PAW (Table 5.1) is due to the high 

content of amorphous starch and the greater availability of hydroxyl groups in the starch 

chain, which leads to a greater number of sorption sites (Fonyuy et al., 2023). However, 

annealing process (DW-ANN and PAW-ANN samples) can increase the degree of 

crystallinity, structural density, cross-linking, hydrophobicity and integrity of the starch 

structure (Vamadevan and Bertoft, 2015, Cova et al., 2010, Alamri et al., 2018, Gebremical 

et al., 2023), resulting in lower moisture uptake and a lower probability of being penetrated 

by water. In addition, the sorption property is related to the hydration properties (swelling 

capacity and solubility) of starch.  

 

5.3.2. Evaluation of GAB model fitting and parameters 

The results of the non-linear regression analysis to fit the GAB equation (equation 

5.1) to the experimental data are shown in Table 5.1 at the three temperatures (25, 35 and 

45°C). The GAB equation fitted the moisture sorption isotherms for native and modified 

starch quite well, as shown by the R2 and root mean square (% P) values in Table 5.1. The 

GAB sorption model showed a higher R2 and a lower % P. All R2 > 0.997 and % P values 

were <10, which was recommended for models that best fit the sorption data for all samples 

at three temperatures (25, 35, and 45 °C); the results confirmed that the GAB model 

provided satisfactory prediction of adsorption behaviour for a wide range of water activity 

for all experimental data. 
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Table 5.1. Estimated values of GAB model coefficients (M0, Cg, K), surface area (SA) and 

statistical data of coefficient of determination (R2) and root mean square (% P) 

Samples 
T  

(°C) 

M0 

(g water/g dm) 
Cg  K  R2 

 % P  
 SA  

(m2/g) 

Native 

25 0.1 9.54 0.81 0.9998 0.24 356.01±16.38g 

35 0.095 8.87 0.8 0.9999 0.93 336.68±6.46f 

45 0.084 8.54 0.8 0.999 0.39 298.77±8.41d 

PAW 

25 0.095 8.89 0.79 0.999 0.88 338.19±4.14f 

35 0.085 8.38 0.76 0.998 0.26 302.34±8.18d 

45 0.079 7.69 0.76 0.998 1.08 281.82±12.34bcd 

DW-ANN 

25 0.09 7.32 0.77 0.997 1.4 320.98±0.96e 

35 0.084 7.48 0.78 0.998 0.13 297.17±3.94bc 

45 0.076 6.88 0.79 0.999 1.35 271.17±0.12b 

PAW-ANN 

25 0.082 7.45 0.75 0.997 1.25 290.23±5.29dc 

35 0.079 6.62 0.73 0.997 0.11 279.83±3.69d 

45 0.072 6.36 0.73 0.998 1.11 255.57±5.46a 

Different letters indicate significant differences (p<0.05). 

Calculated coefficients of GAB model (Mo, Cg, and K) and SA obtained using the Mo values 

from the GAB equation 5.1 are shown in Table 5.1. The moisture content of Mo (g water/g 

solids) is the amount of water required to cover specific sites used to determine the stability, 

structural properties and availability of active sorption sites (Yogendrarajah et al., 2015, 

Azhar et al., 2021). The estimated value of Mo for native potato starch decreased with 

increasing temperature from 0.1 g water/g dm at 25°C, 0.095 g water/g dm at 35°C and 

0.084 g water/g dm at 45°C, falling within the range given for starchy products, which is 

between 0.0045 and 0.127 g water/g dm at different temperatures (Cova et al., 2010).  

The GAB constant Cg stands for the strength of the binding of water molecules to the 

primary binding sites (net enthalpies of monolayer sorption) on the product surface (Sormoli 

and Langrish, 2015, Mutungi et al., 2011) or the difference between the monolayer (first 

sorption layer) and the chemical potential of the various multilayers (Almeida et al., 2018), 

while K, is a correction factor for multilayer molecules, which is related to the interactions 
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or the heat of sorption between the molecules of the multilayer layers (Almeida et al., 2018, 

Viganó et al., 2014). Changes in SA affect how quickly and thoroughly water molecules 

hydrate on the surface (Tavares et al., 2023, Rosa et al., 2010). 

For all samples, the temperature increase contributed to a decrease in the number of 

sorption sites actively binding water (Zuo et al., 2015, Borges-Machado et al., 2024). It is 

possible to hypothesize that at higher temperatures, water molecules attain the necessary 

energy to detach from their sorption sites, leading to an increase in the distances between 

molecules and a subsequent reduction in attractive forces between sorption sites and water 

molecules. This, in turn, results in lower Mo, Cg, and SA values (Yogendrarajah et al., 2015, 

Tavares and Noreña, 2021). 

The GAB parameters and SA values were at all temperature higher in native potato 

sample in comparison to PAW, DW-ANN and PAW-ANN samples. This suggests that 

native starch possess an hydrophilic surface characterized by a substantial number of active 

polar sites (Tavares et al., 2023), resulting in high water binding to the surface and the 

formation of strong bonds between water molecules and the hydrophilic sites in the 

monolayer of potato starch (Tavares et al., 2019, Almeida et al., 2018, Silva et al., 2021, 

Tavares and Noreña, 2021). Conversely, the reduction of Mo, Cg, and SA observed after the 

different applied treatment, may indicate a weakening of water-starch interactions. The 

observed reduction was stronger for the PAW-ANN sample, this could be attributed to 

cross-linking or an augmentation in the starch's hydrophobicity, potentially influenced by 

the combined effects of the annealing treatment and PAW (characterized by acidic nature 

and the presence of nitrogen and oxygen reactive species) (Chen et al., 2009, Aaliya et al., 

2022). This phenomenon might also be associated with low porosity, as suggested by 

Moussaoui et al. (2020), leading to a reduction in sorption area (SA), with a more 

pronounced decrease observed for PAW-ANN and DW-ANN (Prasantha and Amunogoda, 



86 
 

2013). The obtained value of K was less than 1 for all samples, indicating that the water 

molecules on the surface of the monolayer were more tightly bound than those in the 

multilayer (Arthur et al., 2018). The value of K is slightly higher in native starch, indicating 

that it can absorb more water at high values of water activity (Cova et al., 2010). 

 

5.3.3. Thermodynamic properties of potato starch 

5.3.3.1. Net isosteric heat of sorption 

The magnitude of the isosteric heat of sorption (qst) at a given moisture content is 

related to the internal energy of a product and it is an indicator of the intermolecular 

attractive forces between the sorption sites and the water vapor and thus of the physical state 

and the stability of the food material under a given condition (McMinn and Magee, 2003, 

Yogendrarajah et al., 2015). The variation of qst of native and modified potato starches as a 

function of moisture content is shown in Figure 5.2A. 

           

 

Figure 5.2. Variations of net isosteric heat of sorption (qst) (A) and sorption entropy (△S) 

(B) of native, PAW, PAW-ANN, and DW-ANN starch samples. 

 

The qst value was determined by plotting ln aw against 1/T using the data derived from 

the sorption isotherms. It is high at low moisture content and decreases exponentially with 

increasing moisture content. Similar results have been reported by (Thys et al., 2010, 
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Moussaoui et al., 2020, Fonyuy et al., 2023, Sormoli and Langrish, 2015). The high values 

of qst at low moisture content indicate high interactive energies between the available–OH 

(polar sites) and the moisture of the starch approaching a monolayer of water molecules 

(Bonner and Kenney, 2013). At low water content, the qst of native and PAW samples was 

higher than that of DW-ANN and PAW-ANN ones, due to the presence of active binding 

sites (with the largest qst) on the surface of the starch, which are covered with water 

molecules forming a monolayer. When these active sites are covered with a monolayer of 

water, they become less available with lower binding activation energies (at low latent heat) 

resulting in a lower qst (Kaymak-Ertekin and Gedik, 2004). 

The change in the sorption properties of the starches after annealing and the combined 

PAW-ANN treatment are probably due to physicochemical and structural changes that 

resulted in a weak water binding at low product moisture, which can be mainly explained 

by a lower activity of hydroxyl groups (–OH), resulting in low interaction energy between 

the starch and water molecules (Fonyuy et al., 2023, Bahar et al., 2017, Moussaoui et al., 

2020, Sawhney et al., 2014, Esteban et al., 2009).  

 

5.3.3.2. Entropy heat of sorption 

The value of differential entropy (△S) for the sorption of native and modified potato 

starch at a given moisture content was calculated by linear regression using equation 5.5, 

and it is plotted as a function of moisture content in Figure 5.2B. Similarly to qst, sorption 

entropy also follows the same trend, which is strongly dependent on moisture content 

(Figure 5.2 B)(Thys et al., 2010). When moisture decreases, many active polar sites are 

available on the surface, and the difficulty in breaking hydrogen bonds justifies this high 

energy requirement. Similar patterns have been reported by Fonyuy et al. (2023). 
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In general, at the lowest water content, a higher △S was obtained with native starch 

followed by the PAW one and then the DW-ANN and PAW-ANN samples. The △S 

measures the extent of disorder, a spatial arrangement between the water and food matrix, 

or the randomness of water on the surface (Moussaoui et al., 2020, Silva et al., 2021). 

Therefore, results indicate that the water molecules in the native and PAW samples are less 

ordered than in DW-ANN and PAW-ANN ones, due to the degree of modification and 

cross-linking of the starch promoted by the treatments. This result indeed suggests that the 

molecular motion or disordered state of water molecules at low ΔS is due to the fact that –

OH is less available in the DW-ANN and PAW-ANN samples than in native and PAW ones. 

In general, as the moisture content increased, the active sites on the surface could be 

occupied by the water molecules and therefore had a lower sorption capacity, leading to a 

decrease in entropy. 

 

5.3.3.3. Gibbs free sorption energy 

Gibbs free energy (ΔG) is an affinity of water for sorbents (Villa-Vélez et al., 2012, 

Zhang et al., 2022d). Figure 5.3 shows the variation of ΔG for native, PAW, DW-ANN, and 

PAW-ANN at 25, 35 and 45°C as a function of moisture content. The rate of change of △G 

of the adsorbent at higher moisture content was very slow, as △G is related to the energy 

required to provide sorption sites; therefore, it becomes smaller with increasing temperature 

and higher moisture content. 

At low moisture content, higher ΔG values were calculated for the native starch, as 

these have a high freedom from water adsorption due to their hydrophilic properties in a 

food (Taitano et al., 2012). In contrast, the ΔG value of PAW-ANN treated starch was lower. 

This indicates the existence of few water-binding sites in the plasma-treated starch in 

combination with annealing, as ΔG is related to the energy required to provide sorption sites 
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for swelling, hydrophilic/hydrophobic properties and removal of water from the starch 

(Silva et al., 2021). In addition, the decrease in ΔG with an increase in moisture and 

temperature indicates that at high humidity and temperature, there are few active sites to 

bind with water during adsorption. Furthermore, this can be attributed to the weakening of 

the affinity between the water and the absorbing material (Zhang et al., 2022d) . Similar 

results have been previously reported (Fonyuy et al., 2023, Yogendrarajah et al., 2015). 

 

 

 

 

Figure 5.3. Gibbs free energy (J/mol) change during adsorption of native and modified 

potato starch at different temperatures (25°C, 35°C, and 45°C).  
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5.3.4. Paste clarity, hydration, and syneresis analysis 

The solubility (%), the swelling power (g/g), the syneresis (%) and the paste clarity 

(% transmittance) measured in the native, PAW, DW-ANN and PAW-ANN starch samples 

are shown in Figure 5.4 For all considered parameters, no differences (p>0.05) were 

observed between the control and the PAW treated sample, while lower values were 

obtained for DW-ANN and even lower for the PAW-ANN sample.  

 

Figure 5.4. Solubility (A), swelling power (B), syneresis (C) and paste clarity (D) of native 

and modified potato starch. Different letters indicate significant differences (p<0.05). 

 

The reduction of solubility might be due to the rearrangement of the rigid crystalline 

structure in starch that hinders its solubility by restricting amylose leaching out (Aaliya et 

al., 2022). Previous studies (Fonseca et al., 2021) have shown that annealing (DW-ANN) 

leads to a decrease in solubility, as the bonds are strengthened and the interactions between 

amylose and amylopectin molecules increase, forming a more stable structure.  
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The reduction in swelling power for the DW-ANN and PAW-ANN treatment could 

be due to the reduced moisture uptake and retention capacity of amylopectin (Aaliya et al., 

2022) due to cross-linking (the hydrogen bonds between starch chains), which reduces the 

hydration tendency (Van Hung et al., 2016). This change can be associated with the 

reduction of the monolayer and surface area obtained from the sorption isotherms (Table 

5.1). 

Syneresis (%) shows the amount of water oozed from the starch gel and measures the 

degree of retrogradation (Kaur and Annapure, 2023, Kalaivendan et al., 2022). As for the 

other indices, the decrease observed can be related to cross-linking of starch as it has the 

tendency to degrade of the starch granules, which leads to greater gelling and makes it more 

difficult for light to penetrate (Kaur and Annapure, 2023, Chou et al., 2023).  

Paste clarity may (indirectly) indicate possible cross-linking of the starch (Chaiwat et 

al., 2016) or depolymerization(Chou et al., 2023) . Cross-linked starch has a more integrated 

structure, which makes it more difficult for light to pass through and thus reduces the clarity 

of the paste (Chou et al., 2023). The DW-ANN and PAW-ANN starch samples exhibited 

significantly lower paste clarity (%T) compared to native and PAW-treated starch samples, 

likely due to the high cross-linked and crystalline structure, and less content of polar groups. 

The cross-linking reaction that probably occurred during the DW-ANN and PAW-ANN 

treatment prevents starch chains from dissociating and enhances interactions between starch 

functional groups, resulting in clusters of helical amylopectin side chains. Similar results 

have been reported by (Chou et al., 2023). 

5.3.5. Structuring velocity and kinetic modeling of rheological data 

Figure 5.5 A shows the structuring rate (dG’/dt) determined by the first derivative of 

G’ (modulus of elasticity) with respect to time. dG'/dt increased rapidly and reached G’max 

(kPa) at the given temperature (TG’max, °C) and then decreased continuously in the 
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considered temperature range. The peak value of G’max for native, PAW, DW-ANN and 

PAW-ANN was 4.03±0.02, 4.54±0.32, 7.18±0.04 and 8.18±0.24, respectively (Table 5.2). 

A notable rise in G’max, observed when potato starch undergoes simple annealing (DW-

ANN) and annealing combined with plasma treatment (PAW-ANN) during the heating 

process, results from the creation of a three-dimensional gel network. This network is 

formed by leached amylose and further strengthened by robust interactions among the 

expanded starch particles. The heightened G'max is linked to the gels formed in DW-ANN 

and PAW-ANN starches, signifying the presence of cross-linked network structures and 

enhanced elasticity (Aaliya et al., 2022). As shown in Table 5.2, potato starch treated with 

DW-ANN and PAW-ANN was able to delay the gelatinization process by delaying the 

gelatinization temperature (TG’max). 

 

Table 5.2. Multiple linear regression parameters for non-isothermal theological kinetic of 

potato starch  

Sample 

Reaction 

order (n) 

Ea (kJ/mol) R2 SE TG’max (°C) G’max (kPa) 

Native 1.007 88.71a 0.9981 0.3384 65.86±0.34b 4.03±0.02c 

PAW 1.003 88.49a 0.9986 0.3385 65.10±0.01b 4.54±0.32c 

DW-ANN 0.927 74.12b 0.999 0.1846 72.87±0.35a 7.18±0.04b 

PAW-ANN 0.951 68.70c 0.9973 0.309 74.12±0.35a 8.18±0.24a 

Different letters indicate significant differences (p<0.05). 

Where; Ea, activation energy (kJ/mol); SE, standard error; TG’max (°C), temperatures at 

which G' reaches its maximum during temperature sweep; G'max, maximum G' during 

temperature sweep. 

 

The kinetic modeling (gelatinization) of potato starch was quantified rheologically 

under oscillatory deformation in the temperature range for kinetic analysis from 40°C to the 

maximum temperature (TG’max, °C) required to reach the maximum modulus of elasticity 



93 
 

(G’max), as shown in Figure 5.5B and Table 5.2. As a result, the reaction order of native, 

PAW, DW-ANN and PAW-ANN obtained according to the equation (equation 5.12) using 

multiple regressions was found to be 1.007, 1.003, 0.927 and 0.951, respectively, with a 

high R2 and lower standard errors (SE) (Table 5.2). Since the determined value for the 

reaction order (n) was almost equal to one (n ≈ 1), the first-order reaction kinetics for native 

and modified starch gelatinization were considered. There is ample evidence for the 

applicability of first-order reaction kinetics for starch gelatinization (Ahmed and Auras, 

2011, Zhang et al., 2013, Ahmed et al., 2008). 

 

 

 

Figure 5.5. Rate (dG’/dt) (A) and variation of storage modulus (kPa, G’) (B) in the 

temperature range of (40-90°C). 

 

The activation energy (Ea) is very important in revealing the mechanism of the 

reaction (Malecki et al., 1998), and the Ea of potato starch gelatinization was calculated 

from the slope of the Arrhenius plot according to equation 5.11. An average value for the 

Ea of 88.71, 88.49, 74.12 and 68.70 kJ/mol was obtained for Native, PAW, DW-ANN and 

PAW-ANN, respectively. The higher Ea values for gelatinization in the Native and PAW 
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samples can be attributed to the competition in water availability and higher availability of 

the hydroxyl group (Ahmed, 2012, Alvarez et al., 2017).  

A higher Ea value indicates how sensitive a process is to temperature  (Turhan and 

Gunasekaran, 2002). As shown in Table 5.2, both DW-ANN and PAW-ANN starch 

granules are more resistant to destruction by further heating, indicated by a higher TG’max 

(delays gelatinization due to low temperature sensitivity), whereas native and PAW starch 

granules are sensitive to temperature (lower TG’max) and reduce elasticity after heating 

(Alvarez et al., 2016). The lower Ea, higher dG’/dt and TG’max mean that gelation is more 

favorable and less energy is required to reach the critical gel rigidity (Ahmed et al., 2008). 

5.4. Conclusions 

The sorption and gelatinization behaviour, thermodynamic and techno-functional 

properties of native and modified potato starch were analysed. Results confirmed the 

synergistic effects of the PAW and ANN treatments in modifying the behaviour of potato 

starch in terms of water interaction and the resulting functional properties. In particular, the 

obtained data suggested an increase of starch hydrophobicity and a reduction of water 

binding sites leading generally to a lower affinity with the water. This effect, combined with 

the cross-linking effect that decreased molecular motion and entropy, resulted in a lower 

hydration property, syneresis and clarity of the starch. Finally, starch granules resulted less 

sensitive to temperature, promoting a delay in the gelatinization and a higher gelation effect 

and gel elasticity linked to cross-linking These results provided an insight into the 

mechanism of modification of starches induced by PAW and annealing. Future work should 

be carried out to clarify porosity (pore size), morphology, and crystallinity of the granules 

affected by the proposed treatments. 
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Chapter 6. Research outcomes: Effects of Cold Atmospheric Plasma on 

Techno-functional Properties of teff flour  

 

Abstract 

Teff [Eragostis tef (Zucc.) Trotter] has attracted much attention due to its gluten free and 

balanced nutritional benefits, but little work has been done to improve its techno-functional 

properties. The aim of this work was to evaluate the influence of a range of plasma treatment 

times on a variety of physico-chemical attributes of teff flour: physicochemical, thermal, 

rheological, gel-hydration and pasting properties. To ensure maximum exposure of the teff 

to the plasma products, the powder was suspended and dispersed in a closed treatment 

chamber in a fan-generated current flow. Untreated (control) and cold plasma treated 

samples (for 5, 10, 20 and 30 minutes) were analyzed for their amylose content, starch 

damage, FTIR and technological properties (steady shear viscosity, hydration properties, 

thermal analysis and pasting properties). The longer time led to a stronger 

depolymerization of the starch damage and a weakening of the gel structure, so that the 

swelling capacity, solubility and water absorption capacity increased. The cold plasma 

technique had no effect on the gelatinization temperature (To, Tm and Tc), but a significant 

(P<0.05) influence on the enthalpy. The extended treatment time also affected the adhesive 

properties and flow properties. This study suggests that cold plasma technology can be 

useful in the tailored modification of teff flour to produce gluten free products with different 

technological properties. 

 

Keywords: Teff, techno-functionality, non-thermal technologies; rheological properties; 

thermal properties; hydration properties 
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6.1. Introduction 

Originating from Ethiopia, teff grain [Eragostis tef (Zucc.) Trotter] is always 

consumed  whole due to its extremely small size, which results in a higher content of 

minerals (higher than barley, wheat and sorghum, particularly in terms of lysine 

concentration), ash (1.99–3.16 %), crude fat (2.0–3.0 %), crude fiber (2.6–3.8 %), amylose 

(20–26 %), a potential source of bioactive compounds such as polyphenols, and also 

provides protein (8.7–11.1 %) with an excellent balance between essential amino acids 

(Bultosa, 2007, Gebru et al., 2020, Viell et al., 2020, Barretto et al., 2021).  

Due to its high fiber content and gluten-free properties, teff is increasingly accepted 

as a medicinal ingredient. Its slow-release carbohydrates make it suitable for people with 

type 2 diabetes and for the production of gluten-free foods (Bultosa, 2007, Hopman et al., 

2008, Dueñas et al., 2021), and it has a remarkable adaptability to difficult climatic 

conditions in which many other cereals have difficulty growing (Miller, 2014, Barretto et 

al., 2021). Therefore, it has the potential to be cultivated in different regions of the world 

(Barretto et al., 2021, Gebru et al., 2020).  

There are efforts and interests to make it a suitable substitute for wheat and other 

grains in their food applications as well as for foods for people with celiac disease 

(Gebremariam et al., 2014) due to its effectiveness in preventing anemia, diabetes and 

improving hemoglobin levels, the higher proportion of the population diagnosed with celiac 

disease, and people who have decided to reduce their gluten consumption for perceived 

health improvement reasons (Villanueva et al., 2021).  

Because of its multiple benefits, it has recently gained importance in the healthy 

food market and is used in the production of various foods such as lactic acid beverage 

(Gebremariam et al., 2015), fat replacer (Teklehaimanot et al., 2013), cakes, cookies, 

biscuit, sourdough, non-sourdough, extruded products (Robin et al., 2015, Mancebo et al., 
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2015, Wolter et al., 2013), malt for gluten-free lactic fermented drinks and bread (Alemneh 

et al., 2022, Satheesh and Fanta, 2018), pasta and Injera (Giuberti et al., 2016, Baye et al., 

2014). Compared to many other grains, teff has a naturally higher nutritional value and does 

not need to be fortified (Gebremariam et al., 2014). 

Despite the numerous benefits of teff, knowledge of its techno-functional properties 

and processing practices still lags behind that of other cereal crops. In addition, the natural 

properties of gluten free raw products limit the application possibilities for industrial use. 

Work is currently being conducted on the nutritional composition and properties of teff flour 

and the development teff-based foods. In contrast, little has been reported in studies on the 

modification and techno-functional properties of teff, and the quality and properties of the 

flour are hardly known.  

Flours, including starches and proteins usually have poor processing properties and 

are unstable under various temperatures, so they are frequently modified chemically, 

physically and/or biologically to improve their properties (Zhong et al., 2022, Barros et al., 

2023, Duque et al., 2020, Kaur et al., 2024, Konieczny et al., 2020, Olatunde et al., 2023b). 

Among these different approaches, physical modification, particularly, cold atmospheric 

plasma (CAP) better perceived in food applications for being considered (Yang et al., 2024). 

To our knowledge, few research works have investigated modification strategies of teff such 

as the effect of heat-moisture treatment, ultrasonication, and gamma-irradiation (Sidhu et 

al., 2024). Ultrasound treatments of tef [Eragrostis tef (Zucc.) Trotter] flour resulted in the 

rupture of starch α-(1,4) bonds and fragment amylose with modification of gelatinization 

properties (Vela et al., 2023a). Modification of the microstructure of tef [Eragrostis tef 

(Zucc.) Trotter] flour was observed after ultrasonication at different temperatures, impacting 

on its techno-functional and rheological properties (Vela et al., 2023b). Therefore, the 
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investigation of suitable and new technologies could be explored to improve the 

functionality of teff flour. 

Cold atmospheric plasma (CAP), a partially ionized gas consisting of electrons, ions, 

and neutral molecules in excited states, has emerged as a promising non-thermal food 

processing technique with various applications (Rao et al., 2023, Okyere et al., 2022c, Ucar 

et al., 2021). The application of CAP to modify techno functional properties has been 

investigated for many products such as pearl millet flour (Rao et al., 2023), finger millet 

(Mishra et al., 2024), wheat (Chaple et al., 2020), quinoa (Zare et al., 2022), little millet 

(Panicum miliare) flour (Jaddu et al., 2022), Chinese rice flour (Liu et al., 2021), jackfruit 

seed flour (Joy et al., 2022), Chinese yam flour (Yang et al., 2024), on various starch 

properties (Okyere et al., 2022c, Okyere et al., 2019b, Thirumdas et al., 2017a, Leandro et 

al., 2024b, Liang et al., 2024), protein (Basak and Annapure, 2022b, Olatunde et al., 2023a, 

Mollakhalili-Meybodi et al., 2021). In the aforementioned studies, CAP was applied to a 

thin layer without mixing. However cold plasma is a superficial treatment with limited 

penetration depth. Therefore, uneven treatment on the product to be treated is to be expected; 

moreover, low processing yield could make it difficult to scale up and industrialize the layer 

treatment of food powders (Braşoveanu et al., 2024, Zhang et al., 2022a, Kooshki, 2021). 

To solve this critical problem, we developed a CAP prototype with a continuous mixing 

system and tested it on teff flour. 

The aim of this study was to investigate the effect of cold plasma treatment, which 

was carried out using an innovative laboratory system, on the techno-functional properties 

of teff flour. 
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6.2. Materials and methods 

 

6.2.1. CAP treatment of flour 

Brown teff was purchased from Molino Filippini S.r.l., Italy. The CAP source 

comprises of a Double Barrier Discharge (DBD) source powered by a pseudo-sinusoidal 

high voltage generator with an amplitude of up to 15-kV peak-to-peak. The generator 

mounts a fly back HV transformer the primary winding of which is crossed by a low voltage 

current generated by means of a circuit based on two power switching transistors. The DBD 

unit includes two brass electrodes, separated with dielectric material (glass). The teff flour 

samples were placed in treatment chamber (3270 cm3) and sealed with the plasma source. 

A fan installed inside the chamber for continuous mixing and connected to power supply 

(EA-PS2042-20) at 8.10 V and 1.3 A. A schematic illustration of experimental set-up is 

presented in Figure 6.1. Treatments were carried out at east triplicate for 5, 10, 20 and 30-

min. Untreated sample was used as control sample.  

 
 

Figure 6.1 Schematic illustration of experimental set-up, of DBD plasma up to 

15 kV/33 kHz 
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6.2.2. Plasma diagnostics 

The voltage across the DBD plasma was measured using a Digital Oscilloscope (Rigol 

DS105 Z) and a high voltage probe. A current transformer 1.0V/A was used to measure the 

HV discharge current. Discharge power (active power) and discharge energy were 

calculated using (equation 1 and 2). The optical emission spectroscopy of the plasma was 

measured using Avantes, model: AvaSpec-2048-USB2-UA, equipped with an optical fiber 

for UV detection, model: FC – UV400–2, which has a detection range of 180 – 1100 nm, 

and resolution (average) of 0.57 nm. The optical emission data is taken by averaging 150 (× 

3 replications) readings within an integration time of 25 ms. 

The discharge power per cycle (DP), that is an active power, can be calculated by the 

following equation, by averaging 38 cycles: 

𝐷𝑃 = ∫ 𝑉(𝑡)
𝑇

0
× 𝐼(𝑡)𝑑𝑡                                                                   (6.1) 

The discharge energy per cycle can be calculated by the following formula: 

𝐷𝐸 = 𝐷𝑃 × 𝑇                                                                                  (6.2) 

where V(t) and I(t), at time t, are the instantaneous voltage and current, respectively, T is 

the duration of a cycle; dt = 2 ns. 

6.2.2. Measurements of teff quality before and ACP treatment 

6.2.3.1. Starch damage amylose content 

Damaged starch and amylose content were quantified using K-SDAM and K-AMYL 

assay kits respectively according the method reported by (Vela et al., 2023b). Samples were 

evaluated in at least duplicate. 
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6.2.3.2. Gel hydration properties  

The swelling power (SP), water solubility index (WSI) and Water absorption capacity 

(WAC) were analyzed according to method (Vela et al., 2023b). Briefly, 2 g (Wi) of the teff 

flour sample was mixed in 20 mL distilled water and subjected to 95 °C for 15 min in the 

water bath. After cooling, the sample was centrifuged for 3000 g for 10 min. The supernatant 

was oven-dried overnight at 110 °C (dried supernatants, Ws). WAC was determined by 

adding 2 g of the sample with 20 mL of distilled water in centrifuge tubes, which were 

vortexed for 30 s followed by 10 min of resting at room temperature. The tubes were then 

centrifuged for 30 min at 3000 g, the supernatant removed, and the sediment weighted (Wr). 

Finally, SP, WSI, and WAI, were calculated using the following equations: 

SP (g g⁄ ) =  Wr (Wi − Ws)⁄                                                                         (6.3) 

WSI (g g⁄ ) =  Ws Wi⁄                                                                                   (6.4) 

WAI (g g⁄ ) =  Wr Wi⁄                                                                                  (6.5) 

6.2.3.3. Steady shear properties 

Rheological experiments for rotational rheometry were conducted by a MCR102 

(Anton Paar, Graz, Austria) using a parallel plate geometry (PP/50) with 1 mm gap for all 

the experiments. The temperature during experiments was controlled (25± 0.01 °C) by 

Peltier system. The shear rate varied linearly from 0.1 to 100 s−1. The power law model 

equation was used to fit the shear stress–shear rate curve: 

      𝜏 = 𝐾 ∗ 𝛾𝑛                                                                                                               (6.6) 

where, τ, K, γ, and n denote the shear stress (Pa), consistency coefficient (Pa·sn), shear rate 

(1/s), and flow behavior index, respectively.   
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6.2.3.4. Pasting properties 

The teff flour pasting properties were measured according to the method of (Anberbir 

et al., 2024) with little modification using a rheometer mod. MCR102 (Anton Paar, Graz, 

Austria), equipped with a starch cell (CC26ST aluminum) with continuous mixing (stirrer, 

ST24). Briefly, starch suspension (3 g starch in 25 mL) was rapidly mixed for 10 s, heated 

from 50 to 95 °C, held for 5 min at 95 °C before cooling from 95 to 50 °C, and finally held 

at 50 °C for 2 min. The rotation speed was held at 960 rpm for 10 s and the rest of the 

process was continued at 160 rpm. The obtained parameters were pasting temperature (PT), 

peak viscosity (PV), holding strength viscosity (HSV), and final viscosity (FV). Finally, 

breakdown (BDV = PV− HSV) and setback (SB = FV–HSV) viscosities were calculated. 

6.2.3.5. Differential scanning calorimetry (DSC) 

Starch gelatinization was measured using a DSC mod. Q20 (TA Instruments, USA). 

Three samples (∼6 mg), dry basis) was mixed with water (70 % w/w) in aluminum crucibles 

(Tzero pans). An empty crucible was used as a reference. The sealed crucibles were heated 

from 25 to 120 °C at 5 °C/min. Onset (To), peak (Tp), conclusion (Tc) temperatures, and 

enthalpy change (ΔH) were obtained. 

6.2.3.6. Fourier-transform infrared spectroscopy (FT-IR) 

FT-IR spectra were acquired using a Tensor 27 TM FTIR spectrometer system 

(Bruker Optics, Ettlingen, Germany), equipped with an interferometer Rocksolid and a 

DigiTect detector system, and attenuated total reflectance accessory (ATR, PIKE 

Technologies, Madison, WI, USA). A small amount of sample was placed on the ATR 

surface, and by using a pressure clamp a thin layer was obtained. The spectrum of each 

sample was achieved through the average of 64 scans with a speed of 10 kHz in a range 

from 4000 to 600 cm−1, with 4 cm −1 of spectral resolution. For each sample, 5 replicates 
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were performed using the air as background, measured in the same instrumental conditions 

(25 °C). 

6.2.4. Data analysis 

All obtained data were statistically analyzed by one-way ANOVA with SPSS software 

(Version 20.0, IBM, Armonk, USA), and the Duncan Post Hoc Multiple Comparison tests 

were used to compare the statistically significant differences between means at p < 0.05). 

Concerning the FT-IR spectra, the regions between 2410 and 2260 cm−1, were deleted as it 

contains no useful chemical information, but only instrumental noise. Subsequently, 

absorbance spectra were smoothed (Savitzky-Golay method; polynomial order: 2; 

smoothing points: 15) to reduce noise, and subsequently pre-processed by multiplicative 

scatter correction (MSC), and then mean cantered (MC). PCA analysis was used as an 

explorative technique to group samples as a function of starch type or treatment. The 

spectral elaboration was carried out by using PLS Toolbox for Matlab2018a ®. 

6.3. Results and discussions 

 

6.3.1. Optical Emission Spectra analysis 

Optical emission spectrum (OES) analysis can be considered as a primary diagnostic 

method to identify the major types of reactive species produced in ACP. As shown in  

Figure 6.2A, the emission spectrum systems in air plasma at atmospheric pressure 

were dominated by nitrogen emission lines (Ďurčányová et al., 2023), including a strong 

second positive system, N2 (315-480), a weak first negative system, N2
+ (390-440 nm). In 

the 200–280 nm range, the emission bands of the NOx system were observed, a consistent 

result was observed by (Chalise et al., 2024). In addition, the OH spectral band was observed 

at 309 nm, which results from the dissociation of water molecules (Choi et al., 2022). 
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Figure 6.2. Optical Emission Spectra of the discharge (A) and current–voltage waveforms 

of SDBD plasma (B)  

The discharge voltage (V) and current (I) in the plasma are shown in  

Figure 6.2B. Main frequency of the discharge is around 33 kHz (T of about 3 s). The 

V–I waveform shows voltage and current peak values of about 15 kV (peak-to-peak) and 

±100 mA, respectively. In the experiment, aaccording to equations 6.1 and 6.2 each 

discharge cycle utilized around 270 J of energy and operated at a power level of about 9 

W.  

6.3.2. Amylose content and starch damage 

Table 6.1Table 6.1 shows the results in terms of starch damage, amylose content and 

gel hydration properties. The amylose content of teff flour varied from 19.98% (30 min) to 

22.25% (control) after treatment and was significantly lower in the 20- and 30-min 

treatments compared to the untreated sample. After plasma treatment, a decrease in the 

amylose content of teff was observed with increasing treatment time. A decrease in the 

amylose content of teff with increase in treatment time was found after plasma treatment by 

(Sun et al., 2022). which could be due to the depolymerization of amylose chains by free 

radicals and electrons with higher energy during plasma treatment  (Thirumdas et al., 2017b, 

Sonkar et al., 2023), and also due to the interaction between plasma reactive species and 
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glycosidic bonds in the amylose chains, leading to oxidation of the molecule (Carvalho et 

al., 2021). 

Damaged starch content was 1.45% in the untreated samples and was observed to 

increase significantly after the 20 and 30-min treatment reaching values up to 3.40%. The 

degree of starch damage has a direct effect on the water absorption of the starch granules. 

Thus, an increase in damaged granules may result in a higher water absorption capacity of 

the starch granules (Okyere et al., 2019b). Plasma treatment has been shown to cause 

structural damage the starch granules through the production of high- energy species that 

bombard the starch granules.   

 

Table 6.1. Starch damage, amylose content and gel hydration properties 

Treatment Starch (%) WSI g/g) SP(g/g) WAI(g/g) Amylose (%) 

Control 1.45±0.07b 3.87±0.11c 7.41±0.12b 2.15±0.12b 22.25±0.07a 

5 min 1.45±0.41b 4.09±.13c 7.48±0.12b 2.41±0.19ba 22.16±0.4a 

10 min 1.54±0.02b 5.24±0.33b 7.87±0.01ab 2.32±0.17ba 21.89±0.05a 

20 min 3.20±0.01a 5.59±0.17b 8.08±0.33a 2.35±0.12ba 20.19±0.11b 

30 min 3.40±0.30a 7.45±0.01a 8.37±0.24a 2.63±0.05a 19.98±0.07b 

WAI - Water absorption capacity, WSI – Solubility index, SP – Swelling capacity, 

Values with different superscripts within a column are significantly different (p < 0.05). 

6.3.3. Gel hydration properties 

The results for the water absorption index (WAI), water solubility index (WSI) and 

swelling power (SP) of teff flour are shown in Table 6.1. Several authors have reported that 

cold plasma treatments etch the surface of various types of starches, flours and proteins 

(bombardment of the surface with ions leads to erosion), resulting in a change in hydration 

properties (Liu et al., 2021, Thirumdas et al., 2017b). WAI, as shown in Table 6.1, is a 

measure of the flour's ability to bind/absorb water and swell. A statistically significant 

difference (P<0.05) in WAI was observed after 30 min treatment (WAI = 2.63 g/g) with 
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respect to the control (WAI = 2.15 g/g). The depolymerization of amylose and amylopectin 

by the reactive plasma species leads to fragmentation and damage of the starch, which is 

able to absorb water on its surface and thus contribute to a higher WAI (Sonkar et al., 2023). 

The water solubility index (WSI) is an important indicator for the degradation of 

molecular components (Guan et al., 2022). In general, the WSI increased with increasing 

duration of plasma treatment (Table 6.1), This could be due to surface disruption, 

disintegration and oxidation of the starch/protein granules, resulting in the formation of 

smaller fragments by the reactive species of the plasma  (Jaddu et al., 2022, Sonkar et al., 

2023). A decrease in amylose content (Table 6.1) could favour an increase in WSI values, 

as the surface of teff flour is corroded by the ROS and RNS plasma species, leading to an 

increase in the surface area and hydrophilicity of the carbohydrate and protein granules. The 

WSI of teff flour ranged from 3.87% (control) to 7.45% (30min) and several significant 

differences (P<0.05) in WSI were observed between treatments. 

As indicated in Table 6.1, SP, on the other hand which determines the capacity hold 

water by hydrogen bonds (Zare et al., 2022), increased significantly after the treatments, 

especially at longer durations. For teff flour, no significant differences were found between 

treatments carried out at treatment times of 10 and less. ACP induces an increase in swelling 

capacity by breaking intermolecular bonds of starches and crystalline molecular structure, 

resulting in surface changes and less compact granular arrangements. In this direction these 

increased results are associated with the change in surface and structural arrangements. In 

summary, the teff flour treated with short treatment times showed no significant (P>0.05) 

change in hydration, while the hydration properties increased significantly (P<0.05) with 

longer treatment times. The higher values could be related to the extent of damaged starch, 

changes in the protein structures (Figure 6.5), the breaking (depolymerization) of the 

hydrogen bonds between the amorphous and crystalline regions (Náthia-Neves et al., 2023). 
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6.3.4. Steady shear rheological properties 

Figure 6.3 shows the steady shear of untreated and plasma treated teff samples. All 

samples showed pseudoplasticity and shear thinning behaviour. The shear stress of teff flour 

gels decreased with increasing shear rate after treatment during longer treatment time 

(Figure 3A), and also viscosity decreased (Figure 3B). This might be due to breakage of 

hydrogen and hydrophobic bonds (Jaddu et al., 2022). The flow curve of teff gel was fitted 

using the power law model (R2 ≥ 0.95). All samples exhibited as non-Newtonian 

pseudoplastic behavior with n < 1 (Table 6.3). The K values of untreated teff flour was 50.42 

Pa·sn. The K values of plasma treated teff at 5 min (37.84 Pa·sn), 10 min (37.88 Pa·sn), 20 

min (33.46 Pa·sn) and 30 min (24.45 Pa·sn) were significantly (p<0.05) reduced with respect 

to the untreated teff, indicating that the viscosity of teff decreased after the ACP treatment. 

This effect may be due to the structural damage of the teff flour, including shortening, 

formation of weaker gel and depolymerization of starch chains promoted by the active 

species formed through ACP treatment (Zare et al., 2022). 

 

 

 

                                                                                                  

 

 

 

 

 Figure 6.3. (A) Shear stress and shear rate and (B) shear viscosity and shear rate  
 

6.3.5. Pasting properties 

 Figure 6.4 shows the pasting behaviour of teff flour gels for control and plasma 

treated samples and Table 6.2, reports the paste viscosity (PV), breakdown viscosity (BV), 

A 
A 
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5 min 

10 min 

20 min 

30 min 
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setback viscosity (SV) and final viscosity (FV) of teff flour gels for control and plasma 

treated samples. Plasma-treated teff flour significantly reduced the paste viscosity (PV), 

breakdown viscosity (BV), setback viscosity (SV) and final viscosity (FV) of teff flour gels, 

as shown in Table 3 and the treatment duration had a major effect. ACP treatments with 

longer treatment duration could lead to the breaking of long chains and reduce the 

interaction between the starch granules and other components, resulting in a decrease in PV. 

A similar behavior was reported by (Ma et al., 2024). The different effect of cold plasma on 

the PV of teff flour could be to changes in the starch and proteins fractions (Vela et al., 

2021). As can be seen from FTIR spectra (Figure 6.5), the intensity of proteins structure 

was affected. The higher proteins-water interaction may restrict the water available for 

starch and thus, contribute to limiting viscosity development. The BV, which indicates the 

stability of the gel under shear, acid and elevated temperatures, was found to be significantly 

and substantially (p<0.05) reduced with longer treatment time, up to 32% (20 min) and 44% 

(30 min), with respect to control, suggesting that a more stable gel was formed.  

 

Figure 6.4. Pasting behaviour of teff flour 

According to Abebe et al. (2015), SV indicates ability to undergo retrogradation during 

cooling, while FV is used to indicate the degree of retrogradation of soluble amylose after 

cooling and are associated with the formation of new gel networks hydrogen bonds of 
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amylose. The remarkably low SV value was observed in teff with increasing treatment 

duration, indicating less susceptibility to retrogradation of amylose (Vela et al., 2021). The 

cause of the reduction in SV value reflects the preferential damage to the amorphous regions 

of the starch by reactive species of cold plasma and a teff flour with this behavior will be 

beneficial in the formulation of various foods. FV may be attributed to the weakening of the 

starch granule structure and degradation of the starch chain induced by CAP 

depolymerization. Furthermore, decreased starch viscosity is associated with the damage of 

starch or protein granules (Liang et al., 2024). 

 

Table 6.2. Pasting properties of teff flour 
Treatment 

 time 

 (min) 

PT (°C)  PV (mPa.s) TV (mPa.s) BV (mPa.s)  SB (mPa.s) FV (mPa.s) 

  

Control 64.9±0.14c 998.6±4.81a 744.75±0.21a 253.6±4.38a 1340.4±14.0a 1594±18.38a 

5  65.6±0.14bc 968.1±47.94a 778.3±25.03a 198.05±11.53b 725.2±18.10b 1503.5±43.13a 

10  66.3±0.28ab 934.65±29.77a 781.8±18.39a 152.8±11.46b 725.7±3.54b 1507.5±21.92a 

20  66.7±0.57ab 807.3±14.99b 732.8±11.03a 173.62±5.26c 635.2±4.52c 1368±15.57b 

30 67.15±0.92a 615.2±89.38c 453.55±36.98b 143.15±26.23c 437.55±36.27d 891.1±73.26c 

PT, pasting temperature, PV, peak viscosity; TV trough viscosity; BV breakdown; SB, 

setback; FV, final viscosity; Values with different superscripts within a column are 

significantly different (p < 0.05). 

6.3.6. Thermal properties  

The thermal properties of teff flour such as onset temperature (To), peak temperature 

(Tp), conclusion temperature (Tc) and enthalpy (ΔH) of the control and plasma-treated 

samples are summarized in Table 6.3. In general, after ACP treatment, To (melting 

temperatures of weak crystal structure) and Tc (strongest crystal structures) of starch of teff 

flour showed a decreasing trend, but differences were significant significantly (p<0.05) only 
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for Tc after the 30 min treatment. The decrease in To and Tp may be attributed to the partial 

depolymerization and disruption of the double helix structure of starch due to ROS and 

RNS, with the changes mainly occurring during prolonged plasma treatment, as shown by 

(Liang et al., 2024). 

Table 6.3.Thermal and Power law parameters of teff flour 
  Thermal properties Rheology properties 

Treatment 

time (min) To (°C) Tp (°C) Tc (°C) ΔH(J/g) K(pa.sn) n R2 

Control 64.63±0.97a 71.54±0.38a 84.77±1.32a 6.37±0.15a 50.42±1.38a 0.23±0.01c 0.95 

5 min 63.92±1.24a 71.17±0.59a 81.78±1.95a 5.33±0.11b 37.84±3.03b 0.31±0.03b 0.96 

10 min 63.47±1.45a 70.90±1.39a 83.49±4.35a 5.07±0.51b 37.88±1.50b 0.31±0.02b 0.99 

20 min 62.14±0.60a 69.79±0.33a 83.35±2.41a 4.46±0.11b 33.46±1.12b 0.38±0.04a 0.99 

30 min 62.04±2.37a 69.46±1.81a 80.51±0.92b 3.68±0.41c 24.425±2.88c 0.38±0.01a 0.99 

To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; ΔH, 

gelatinization enthalpy, K, consistency coefficient; n, flow behavior index, R2, correlation 

coefficient 

 

The ΔH value of the starches decreased significantly from 6.37 to 3.68 J/g after ACP 

30 min treatment, with respect to the control, indicating that the energy required to gelatinize 

the starch decreased. The ΔH of the control (6.37 J/g) decreased to 5.33, 5.07, 4.86 and 3.68 

J/g when teff flour was treated for 5 min, 10 min, 20 min and 30 min, respectively.  

According to previous findings, the decrease in ΔH  can be promoted by the destruction of 

the double helix and crystal structure (Sarkar et al., 2023). The direct contact of teff flour 

with ROS and RNS of plasma can degrade the starch, lipid-starch complex and partial loss 

of protein structure/chains and accelerate the depolymerization process and the change  in 

the ratio amylose to amylopectin  (Liang et al., 2024, Sarangapani et al., 2016b). In addition, 
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the reduction in amylose content (Table 6.1) and the changes in the FTIR spectra (Figure 

6.5) may affected the degree of crystallinity. 

 

6.3.7. Fourier-transform infrared spectroscopy (FT-IR) 

Pre-processed spectra by smoothing and SNV of all replicates FTIR spectra of teff 

flour show several characteristic peaks in Figure 6.5. The broad peak at 3600-300 cm-

1 corresponds to the OH group of starch and is related to the hydration of teff flour. The 

change in the intensity of the spectrum may be explained by the loss of water during the 

treatment (Alvarez-Ramirez et al., 2018). After treatment, the increase in intensity at 1742 

cm-1 indicates the formation of lipid-starch complexes. The protein groups amide I (1700-

1600 cm-1) and amide II (1600-1500 cm-1) decreased with increasing treatment time, which 

could be due to the denaturation of the proteins by the reactive species of the plasma. This 

result could contribute to the increase in WSI (Table 6.1).  

 

Table 6.4. Protein secondary structure analysis  

Amide II cm-1 

Treatment time (min) 

0 5 10 20 30 

α-helix 1654.9 0.71±0.02a 0.74±0.05ab 0.79±0.05b 0.76±0ab 0.62±0.03c 

β-sheet 1627.9 0.57±0.02a 0.57±0.04a 0.61±0.04a 0.56±0a 0.44±0.02b 

Random coil 1637.5 0.73±0.02a 0.75±0.05a 0.79±0.05a 0.75±0a 0.61±0.03b 

β-turns 1681.9 0.04±0.01a 0.07±0.03a 0.1±0.02b 0.07±0a 0.01±0.02b 

Different letters in the same row within each studied time indicate statistically significant differences between 

means at p < 0.05. 

 

The secondary structure of proteins was analysed considering the individual peaks 

related to:  β-turns (1700-1660 cm-1), α-helix (1658-1650 cm-1), random coil (1650-1640 



112 
 

cm-1) and β-sheet (1640-1600 cm-1) as suggested by (Vela et al., 2023a). The second 

derivative allowed to determine the peaks, subsequently the absorbance values were 

extrapolated and analysed (ANOVA, post-hoc: Turkey HSD test, p<0.05) to identify 

significant differences on the base of the treatment time (Table 6.4). Significant changes in 

secondary structure were detected especially after 30 minutes, for all secondary structure 

type. 

The 1200-950 cm-1 band is a starch region (Atrous et al., 2017), which indicates the 

ordered structure of starch, especially, hydrated helices of carbohydrates, the crystalline and 

amorphous regions (Alvarez-Ramirez et al., 2018, Vela et al., 2023a). 

 

 Figure 6.5. FTIR spectra of teff flour 

 

PCA was used as an exploratory technique to group the samples depending on the 

plasma treatment time. The obtained score plots are shown in Figure 6.6. The teff flour 

treated at 20 and 30 min was grouped separately from the other treatment times along PC1 

(54.36%). When analyzing the X-loading plot (Figure 6.7), it was found that the 
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discrimination along PC2 was mainly due to the peak range of 1800-1500 cm-1 and the peak 

around 1200-950 cm-1. 

 

 

 

Figure 6.6 Score plots obtained by the PCA developed considering all the FT-IR spectra 
 

 

Figure 6.7. X-loadings of the first two components obtained by the PCA developed 

considering all the FT-IR spectra 
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6.4. Conclusions 

Cold plasma treatments showed a noticeable effect on the modification of teff flours’ 

hydration, pasting, FTIR, rheological, physico-chemical properties. Bombardments of 

reactive species of cold plasma led to fragmentation or disruption of starch and protein 

structure that resulted in a marked increase hydration property (WAI, WSI and SP) which 

could be an advantage on stickier during mixing of dough and water-soluble components 

and a baking a injera with softer and rollable from teff flour. Starch damage increased after 

treatments, particularly in samples treated at longer duration (20 and 30 min), reaching 

values higher than their corresponding control, and a teff flour with this property will use to 

make a high-quality flat bread (associated with high levels of damaged starch and water 

absorption). Amylose content showed a uniform slightly decrease after treatments 

regardless of the applied treatment time resulting from degradation and etching of starch 

structure. The plasma treated flour, specifically, at 20 and 30 min, improved their interaction 

with water, caused a reduction of their flow properties, peak, breakdown, setback and final 

viscosity, as well as gelatinization enthalpy of starch paste. Teff flour with these properties 

tends to produce stickier dough during mixing, alter the dough's rheology and product 

texture. In addition, with increased WSI, starch damage and water absorption results in 

making softer, and more rollable product as well as flatbreads with superior quality. 
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Chapter 7. Research outcomes: Impact of surface dielectric barrier 

discharge (SDBD) cold plasma on shelf-life and metabolite profiles of 

strawberries 
Abstract  

Strawberries are abundant in bioactive compounds and serve as a significant source of 

ascorbic acid. However, their shelf life is notoriously short due to their high sensitivity to 

environmental conditions and susceptibility to microbial contamination. Various strategies 

have been explored to address these issues, one of which is atmospheric cold plasma. In this 

study, dielectric barrier discharge plasma was applied at an output voltage of 6 kV and a 

frequency of 23 kHz, utilizing a NOx regime and treated for 30 min. The quality and 

microbial inactivation during shelf life were evaluated while the strawberries were stored 

at 4°C. The application of the NOx treatment resulted in a significant reduction in the counts 

of moulds, yeasts, mesophilic bacteria, and lactococci. LC-MS/MS analysis revealed 

preservation of the total phenolic profile, along with a significant increase in total phenolic 

acids (from 614.2 to 784.4 mg/kg) and total flavonols (from 145.2 to 196.4 mg/kg) 

immediately after treatment. Additionally, DBD treatment led to a significant increase in 

the levels of quercetin-3-O-rutinoside, quercetin-3-O-glucoside, and quercetin-3-O-

galactoside, as well as kaempferol-3-O-glucoside. Although ascorbic acid levels decreased 

immediately after treatment, greater stability was noted during storage. Throughout the 

storage period, total phenolic content remained relatively unchanged, while DPPH activity 

significantly increased over time in the treated samples. During storage, the plasma-treated 

strawberries exhibited slightly higher dry matter and Brix° values, while color parameters 

showed no significant differences between treated and untreated samples. Overall, these 

results demonstrate that DBD plasma can enhance fruit safety, maintain quality, and extend 

the shelf life of fresh strawberries without adversely affecting their physical properties. 

Key words: Plasma treatment; DBD; strawberries; quality, microbial and shelf life 
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7.1. Introduction  

Strawberry (Fragaria  ananassa) is one of the most widely spread medicinal dietary 

planted fruit crops all over the world with global annual output exceeding nine million tons 

in 2017 (Yamamoto et al., 2021), also with good source of vitamin C and are rich in a wide 

array of bioactive compounds such as polyphenols, flavonoids, anthocyanins and tannins 

(Newerli-Guz et al., 2023, Bhat and Stamminger, 2015), excellent organoleptic properties 

(Correia et al., 2011). Strawberries have short postharvest shelf-life, as their fruits are 

susceptible to mechanical injury, physiological deterioration and microbial spoilage during 

storage (Li et al., 2019a). Therefore, their preservation is a challenging task. Consequently, 

improving the shelf-life of the strawberry fruits by all means including their post-harvest 

treatments is absolutely mandatory. The food processing industry faces challenges in the 

preservation of fruits while maintaining their quality and safety and extending their shelf-

life (Zargarchi et al., 2024). Traditional methods like chlorine-based compounds washing 

are commonly used, but have drawbacks such as high energy consumption, chemical use, 

wastewater production, leading to environmental and human health concerns (Bhat and 

Stamminger, 2015, Feliziani et al., 2016), therefore, their use is strictly regulated (Salazar-

Orbea et al., 2023). For example, fruit decontamination by chlorine-based washing, as well 

as washing fresh and fresh-cut products is currently prohibited in many countries (Misra et 

al., 2014e). The evaluation of alternative non-thermal technologies is essential for extending 

the shelf-life of food products in general and for strawberry specifically without affecting 

their nutritional value.  

 In this context, being a novel dry and non-thermal chemical-free technology, 

atmospheric pressure cold plasma (ACP) offers distinct advantages for food 

decontamination and processing. The term ‘‘plasma’’ is the fourth state of matter and refers 

to the electrically neutral gas composed of molecules, atoms, ions and free electrons evolved 



117 
 

using gas at atmospheric pressure, e.g. ambient air with no need to pumps or vacuum 

chambers (Sakudo et al., 2020). Several approaches can be employed for plasma generation: 

corona discharge, glow discharge, dielectric barrier discharge (DBD), high frequency 

discharge, and microwave discharge (Niemira, 2014, Sakudo et al., 2020). 

Previous studies reported the positive effects of DBD on decontamination of both fresh 

(Misra et al., 2014b, Misra et al., 2014a, Ahmadnia et al., 2021) or fresh-cut strawberries 

(Li et al., 2019b) and strawberry juice (Mehta and Yadav, 2020). While such studies showed 

the good potential of ACP treatments for the reduction of microbial loads, only total viable 

counts and yeasts/moulds have been addressed. To date, studies investigating the efficacy 

of ACP on other microbial populations relevant for the spoilage of strawberry fruit are still 

scarce (Yang et al., 2023). Moreover, previous studies have focused on the immediate effect 

of the treatments, with less research focusing on the fate of the surviving microbiota over 

refrigerated storage which overall is responsible for the fruit shelf-life. In addition, the 

effects of DBD on the nutritional quality of whole fresh strawberry fruits are only minimally 

addressed so far.  

 This fruit is rich in natural antioxidants and other bioactive compounds and is 

recognized therefore for its pronounced anticancer, antioxidation, and anti-inflammatory 

properties (Mustafa et al., 2021). The nutritional value of strawberry fruits is mainly 

attributed to the high contents of multiple natural products, mostly represented by phenolics. 

The importance of dietary phenolics is to a large extent attributed to their high antioxidant 

activity (Huang et al., 2022, Mustafa et al., 2021). The most frequently identified classes of 

phenolics in strawberries are represented by anthocyanins (which are responsible for the 

bright red colour), phenolic acids and hydrolysable tannins. High contents of flavan-3-ols, 

epicatechin, and procyanidin derivatives were reported for this plant (Mustafa et al., 2022). 

Further phenolics present in strawberry in lower concentrations include flavonols, which 
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dominate by glycosides of quercetin and kaempferol. On the other hand, the presence of 

procyanidins in fruits results in an astringent and unfavourable taste (Fernández-Lara et al., 

2015). 

The organoleptic properties of strawberries depend mainly on the presence of a broad 

range of primary metabolites, amino acids, sugars and organic acids. Thereby, sugars define 

the sweetness of fruits, while organic acids influence their acidity. Importantly, these 

metabolites not only affect the quality of strawberries but also play an important role in the 

development and maturation of its fruits (Huang et al., 2022).  

Numerous studies have delved into the impact of ACP treatments on parameters such 

as shelf-life, food safety, and microbiological changes (Zargarchi et al., 2024). It has been 

shown to influence the presence of bioactive compounds, including phenolic compounds 

(Bao et al., 2020, Rodríguez et al., 2017, Cao et al., 2021), ascorbic acid, and antioxidant 

activity (Zargarchi et al., 2024)  in various fruit and vegetable matrices. However, there has 

been limited research on the phenolic profiles, microbial inactivation, and various 

physicochemical qualities during the shelf-life of strawberries treated with ACP. Therefore, 

the objective of this study is a comprehensive investigation, offering valuable insights to 

enhance our understanding of the effects and mechanisms underlying cold plasma, on the 

microbial decontamination and effects on quality of strawberries during storage. 

 To achieve this, HPLC-MS/MS was utilized to simultaneously quantify 38 bioactive 

phenolic compounds in strawberries during refrigerated storage. Additionally, the study 

addressed the effects of DBD treatment on the total contents of polyphenols and flavonoids, 

as well as the associated antioxidant activity.  
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7.2. Materials and methods 

7.2.1. Samples  

Fresh strawberries (Fragaria × ananassa) were purchased at the local market in Cesena, 

Italy and stored in a refrigerated at 2 ± 1 ◦C for maximum 24 h before treatment. The selected 

strawberries had a consistent physiological and mature state without any damage. Twelve 

trays were selected randomly to be treated with DBD (named “Plasma-treated”) while the 

remaining 12 trays (named “Control”) with no treatment were used as the control group. 

After the treatments, the trays were stored at 4 C for six days and then experiment was 

conducted on day 0, 1, 3 and 6 days. Fruit after harvest without treatment was used as control 

at 0 day. At each time point, six trays (3 trays in Control group and 3 trays in plasma group) 

were selected for further determinations. This to obtain eight different group: four control 

(C0, C1, C3 and C6) and four for plasma treated (T0, T1, T3 and T6) groups; respectively. 

Then, all samples were frozen at −80 °C and freeze-dried before extraction and analysis. 

7.2.2. SDBD-CAP treatment  

Cold Atmospheric Plasma was generated by surface dielectric barrier discharge 

(SDBD) placed at the top of a closed chamber, defining a confined atmosphere. A high 

voltage generator produced a sinusoidal waveform with a peak voltage of 6 kV, frequency 

of 23 kHz, the power density of 425.35 ± 25.79 W and surface power density of 2.6 W/cm2. 

The distance measured from the surface of SDBD, and the top surface of the fruit sample 

was 10 cm for strawberries. Treatments were carried out at room temperature (26 ± 1 ◦C) 

for 30 min. Each treatment was carried out in 2 independent replicates.After treatment, 

samples were packed in plastic macroforated trays and subjected to storage at 2 °C for 1, 3 

and 6 days. 
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7.2.3. Microbiological analysis  

A 10 g-portion of untreated (control) or plasma treated strawberry sample, collected 

immediately after the treatment and at 1, 3, 7 days during storage, was serially diluted in 

sterile saline solution (0.9% NaCl) and homogenized in a Stomacher (120 sec). Dilutions 

were then plated on different media to determine cell counts of different microbial 

populations. Total mesophilic and psychrotrophic bacteria were enumerated on Plate Count 

Agar (PCA; Oxoid, Milan, Italy), Enterobacteriaceae on Violet Red Bile Glucose Agar 

(VRBGA; Oxoid, Milan, Italy), yeasts and moulds on Yeast Peptone Dextrose (YPD; 

Oxoid, Milan, Italy) supplemented with chloramphenicol (200 mg/L), lactococci and 

lactobacilli on M17 and De Man-Rogosa-Sharpe Agar (MRS; Oxoid, Milan Italy) 

supplemented with cycloheximide (200 mg/L), respectively. Plates were incubated 48 h at 

30 °C for PCA and YPD, at 37°C in anaerobic conditions for MRS and M17, and 24 h at 

37°C for VRBGA. Three independent replicates were conducted for plasma treatment, and 

results of microbial counts at each time point were expressed as Log CFU/g.  

 

7.2.4. Determination of quality parameters (colour, hardness, TSS, and dry mater)  

To measure the color of strawberries, a Spectro photo colorimeter (Color Flex, 40/0, 

Hunter Lab, Reston, VA, USA) was used. The instrument was calibrated before use and set 

with D65 illuminant and the 10-standard observer. The parameters L* (lightness), a* 

(greenness), and b* (yellowness) were obtained. 10 strawberries for sample were analysed, 

and for each, measurements were obtained form 2 opposite sides (20 measurements).  

Texture measurements were conducted by means of a texture analyzer (TA-HDi, 

Stable Micro Systems, UK) equipped with a 5kg load cell. To determine the texture of 

strawberries, each fruit was cut in half and a penetration test was applied, using a 2 mm 

cylinder probe to puncture them in the center. The probe moved with cross-head speed of 1 
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mm/s and trigger force 1 g until a maximum deformation of 90%. The pre- and post-test 

speed was set at 10 mm/s. The acquired curves (force (N) vs. time (s) were analyzed and 

hardness (the maximum peak force) value (N) was extracted. 

Total soluble solids (TSS) were determined using the digital refractometer (Model: 

DPR 95) and dry matter content was determined by drying the sample in the oven at 70 °C 

until constant weight was achieved. 

 

7.2.5. Ascorbic acid content 

The content of ascorbic acid was determined by an HPLC-DAD method previously 

described by (Abouelenein et al., 2023). In which 20 mg freeze-dried samples were 

immersed in a 1ml extraction solution of water containing 1% meta-phosphoric acid 

aqueous solution. The extraction was done for 1 h in darkness using a magnetic stirrer. Then, 

the samples were centrifuged at 15,000 g for 10 min. The clear supernatant was filtered 

using a 0.45 mm membrane filter before analysis. 

 

7.2.6. Determination of DPPH radical scavenging activity 

The free-radical scavenging capacity in strawberries samples was measured 

spectrophotometrically at wavelength 517 nm,  using the stable radical 2,2-diphenyl-

1picrylhydrazyl (DPPH•) according to the method used by Mustafa et al. (2021). Trolox (6- 

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as a reference standard. 

Results were expressed in mg trolox equivalent / g of dry matter. 

 

7.2.7. Determination of total phenolic content  

The total phenolic content of the strawberries samples was measured 

spectrophotometrically using Agilent Cary 8454 UV–Vis spectrophotometer  at 765 nm, 
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through Folin-Ciocalteu method as used by Abouelenein et al. (2023). Gallic acid was used 

as the polyphenolic reference standard and the results were expressed in mg gallic acid 

equivalent / g of dry matter. 

 

7.2.8. Analysis of phenolic compounds by LC-MS/MS 

7.2.8.1. Phenolic compounds extraction 

30 mg of lyophilized samples were extracted with 1.5 mL of methanol /formic acid (0.1% 

v/v). The samples were homogenized in a vortex for 1 min and then sonicated (FALC 

ultrasonic bath, Treviglio, Italy) at a frequency of 40 KHz for 30 min at 25 ◦C. Subsequently, 

samples were centrifuged at 15,000 g for 10 min with a Thermo Scientific IEC CL10 

Centrifuge from Thermo Electron Industries SAS (Chateau-Gontier, France), The resultant 

supernatant was filtered through a 0.2 μm syringeless filter before injection into HPLC-

MS/MS triple quadrupole. Extractions were performed and analysed in triplicates.  

7.2.8.2. Phenolic compounds identification, and quantification by LC-MS/MS 

Phenolic identification and quantification were completed as previously reported by 

Mustafa et al. (2021). Identification was carried out on an Agilent 1290 Infinity series and 

a Triple Quadrupole 6420 from Agilent Technology (Santa Clara, CA) equipped with an 

electrospray ionization (ESI) source operating in negative and positive ionization modes. 

The chromatographic separation was achieved using Synergi Polar–RP C18 analytical 

column (250 mm × 4.6 mm, 4 μm) from Phenomenex (Chesire, UK). The elution method 

used was a binary gradient, A [water/formic acid, 0.1% v/v] and B [Methanol/formic acid, 

0.1% v/v], settled in the following gradients: 0–1 min, isocratic condition, 20% B; 1–25 

min, 20–85% B; 25–26 min, isocratic condition, 85% B; 26–32 min, 85–20% B. The flow 

rate was 0.8 mL min-1, the injection volume was 2 μL, and the column temperature was 

settled at 30 ◦C. The temperature of the drying gas in the ionization source was 350 ◦C. The 
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gas flow was 12 Lmin-1, the nebulizer pressure was 55 psi, and the capillary voltage was set 

at 4 kV. Detection was performed in the dynamic-multiple reaction monitoring (dynamic- 

MRM) mode, and the dynamic-MRM peak areas were integrated for quantification. The 

most abundant product ion was used for quantitation, and the others for qualification. The 

specific time window for each compound (Δ retention time) was set at 2 min. 

7.2.9. Statistical analysis 

One-way analysis of variance (ANOVA) followed by the Tukey post hoc test were used to 

analyze statistical significance (p < 0.05). The data were expressed as means ± SD. 

Measurements were made in triplicates. 

 

7.3. Results and discussion 

7.3.1. Microbiological analysis 

To evaluate the efficacy of the plasma treatment in improving microbial stability and 

shelf-life of strawberries, microbiological analyses were performed by addressing not only 

total bacterial counts and yeast/moulds, but also considering different microbial populations 

which are typically associated with fresh berries and therefore could contribute to their 

deterioration. Not only microbial contamination and infections, but also their subsequent 

microbial growth play in fact a crucial role by significantly impacting the strawberry post-

harvest shelf-life which is generally limited to few days when stored under ordinary 

atmosphere. 

Viable counts of total mesophilic and psychrotrophic populations, Enterobacteriaceae, 

yeasts and moulds, lactococci and lactobacilli were detected immediately after the ACP 

treatment and over 7 days of refrigerated storage as reported in Figure 7.1. The highest 

contamination values of the untreated fruits were detected for the mesophiles, psychrophiles 

and yeasts (4.8-5.1 Log CFU/g), while loads ranging between 3.5 and 4.3 Log CFU/g were 
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found for the moulds, enterobacteria and lactococci. In contrast, contamination levels of 

lactobacilli were the lowest one being close to 3 Log CFU/g. Under the ACP processing 

conditions, no significant (p> 0.05) difference was observed in lactobacilli counts between 

the treated and the control samples, suggesting that lactobacilli were the most resistant 

population (Figure 7.1). On the contrary, significant (p < 0.05) changes were detected after 

the plasma treatment for all the other microbial groups, indicating varying susceptibilities 

to the plasma treatment. Overall, the treatment successfully affected the target spoilage 

microbiota, achieving reductions of 2 to 3 Log immediately post-treatment. These findings 

suggest that cold plasma effectively impacted microbial cells, potentially through 

mechanisms such as cell wall and membrane permeabilization, significant intracellular 

protein damage, or direct chemical damage to nucleic acids by plasma-generated reactive 

species (Das et al., 2022). (Pal et al., 2016, Liao et al., 2017), specifically reactive nitrogen 

species (RNS)-induced oxidative damage and nucleic acid and protein leakage (Wang et al., 

2024b). The immediate inactivation values achieved in this study are in accordance with 

available literature on strawberry fruit although different plasma generation methods and 

processing conditions were adopted.Giannoglou et al. (2021) observed that the number of 

total microbiota was 0.90 log CFU/g lower in strawberry following a 10-min SDBD CAP 

treatment. Such a significant reduction resulted in the retention of the microbial load at 

lower levels during 15-days of storage both at 1 and 6°C, compared to the control samples. 

Similarly, Yang et al. (2023) found that a 10 min indirect plasma-processed air pretreatment 

effectively reduced the surface bacterial and fungal contamination by 2 Log units. 

Moreover, the surviving populations were consistently decreased in the treated strawberries 

compared to the control fruits throughout 15 days of storage at 10°C. Inhibition of microbial 

growth has also been observed in other fresh and fresh-cut products treated with cold 
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plasma, such as melons (Tappi et al., 2016), strawberries (Li et al., 2019b), and pitayas (Li 

et al., 2019c). 

 

Figure 7.1. Effect of cold plasma treatment on microbial population counts in fresh-cut 

strawberries fruit during 7 days of storage at 4 °C 

Figure 7.2a, illustrates the effects of the SDBD treatment on total mesophilic bacteria 

in strawberries over refrigerated storage. While bacterial levels were significantly reduced 

(p < 0.05) compared to the untreated control immediately following the treatment, growth 

of the surviving microbiota was observed over time. In particular, from the third day 

onwards bacterial levels gradually increased reaching final values up to 5 Log CFU/g. 

However, a slower growth rate and a lower final cell count were found for the treated 

strawberries compared to the control which overcome 6 Log units after 3-4 days. Similar 

dynamics were observed also for the psychrotrophic population (Figure 7.2b). These results 

demonstrated a substantial increase in the shelf-life of strawberries after a 30-min plasma 

treatment, due to the delayed growth of the spoilage mesophilic and phychrotrophic bacteria 

which never exceeded 5 and 4.5 Log CFU/g, respectively. Similar results have been reported 

in studies involving fresh-cut melon (Tappi et al., 2016). 

 

a a

a
a a

a
a

b b

a

b
b

b
b

0

1

2

3

4

5

6

7

C
el

l 
lo

ad
 (

L
o
g
 c

fu
/g

)

Control Plasma-treated



126 
 

 

Figure 7.2. Effect of cold plasma treatment on total mesophilic (a) psychrotrophic bacteria 

(b), total yeasts (c) and mould (d) and total lactobacilli counts (e) counts in strawberries fruit 

during 7 days of storage at 4 °C 
 

As shown in Figure 7.2c and 7.2d, the shelf-life study of strawberries treated with 

SDBD cold plasma demonstrated an immediate significant (p<0.05) reduction in both total 

yeast and mould counts, effectively suppressing their growth up to the third day of storage. 
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While counts of both fungal populations gradually increased thereafter, they remained 

significantly lower (2 and 1 Log CFU/g, respectively) in the cold plasma-treated group 

compared to the control group throughout storage (p < 0.05).  

The immediate treatment with SDBD, reduced the lactobacilli load by 1.6 Log and 

limited growth to 3.1 Log on the first day, showing no significant difference from the 

control. However, as storage time increased, the DBD-treated lactobacilli load decreased by 

1.4 Log, as indicated in Figure 7.2e, suggesting that surviving cells had been strongly injured 

by the treatment and could not recover the damages. Likewise, lactococci did not show any 

growth ability in the treated fruit as well as Enterobacteriaceae which were randomly 

detected over storage, while cell viability in between 3 and 4 Log cycles was recorded for 

enterobacteria in the control fruits (data not shown). 

Overall, despite the immediate cell reductions, growth of the surviving microbiota 

was observed over storage for some of the selected microbial groups indicating different 

sensibilities between fungi and bacteria, and between bacterial groups, to the plasma 

treatment. On the other hand, the observed higher susceptibility of fungi to SDBD plasma 

treatments than mesophilic bacteria is in agreement with the findings reported by several 

authors for strawberries (Ahmadnia et al., 2021, Misra et al., 2014e). Mesophilic and 

psychrotrophic aerobes resulted to be the primary contributors to spoilage showing the 

highest growth potential and exceeding 6 Log CFU/g within 4-5 days. Despite large 

microbial populations present on the strawberry surface, plasma treatment resulted in slower 

and limited growths for the target spoilage microbiota, and increased the shelf-life by 2-3 

days.  

7.3.2. Physico-chemical parameters 

Table7.1, shows the effects of DBD plasma treatment on the hardness, total soluble 

solids (TSS), dry matter, and color of strawberries. When fresh-cut produce is exposed to 
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cold plasma treatment, its quality changes depending on the specific parameters of the cold 

plasma process. Various studies in the literature report differing outcomes based on these 

conditions (Singh and Thakur, 2024). Regarding to our study, the plasma-treated samples 

exhibited a slight increase in dry matter, while color parameters (L*, a*, and b*) did not 

differ significantly (p > 0.05) between treated and untreated samples, aligning with findings 

by (Hernández-Martínez et al., 2023, Sarangapani et al., 2017b). Additionally, after a 30-

minute treatment, the hardness of the strawberries was not significantly different from the 

untreated group (p > 0.05). TSS, a key indicator of strawberry nutritional quality 

representing soluble sugar content (Guyer et al., 1993), was also measured. In Table7.1 , 

shows that TSS levels remained consistent between the control and treated groups from the 

start to the end of storage, indicating stable TSS content over time (p > 0.05), consistent 

with results from (Wu et al., 2021). Thus, DBD plasma treatment did not significantly 

impact strawberry quality. 

Table 7.1. Changes physico-chemical parameters of untreated (Control) and DBD- cold 

plasma processed strawberries, during storage till 6 days at 4 ◦C (mean values ± standard 

deviation) 

Quality index Samples 
Storage time (days)  

T0 T1 T3 T6 

Dry matter 

(g/100 g) 

Control 8.95± 0.92c 12.22± 0.72a 12.03± 1.36a 10.48± 1.9b 

Plasma-treated 9.88± 0.65c 12.11± 0.79a 13.76± 0.76a 12.55± 1.81a 

Soluble Solid 

Content (g/100g) 

Control 8.2± 0.7a 9.10± 0.2a 8.80± 0.20a 10.2± 0.1a 

Plasma-treated 9.3± 0.1a 9.90± 0.2a 10.0± 0.4a 9.6± 0.1a 

Hardness (N) 
Control 0.34± 0.13a 0.27± 0.10a 0.24± 0.06a 0.32± 0.17a 

Plasma-treated 0.26± 0.07a 0.32± 0.13a 0.18± 0.07a 0.26± 0.09a 

L* 
Control 34.28± 2.63a 31.50± 2.51a 31.77± 3.09a 32.99± 2.43a 

Plasma-treated 33.82± 2.56a 33.81± 3.13a 30.44± 7.67a 32,84± 2.08a 

a* 
Control 32.66± 2.69a 32.72± 3.22a 31.99± 3.44a 34.19± 1.21a 

Plasma-treated 32.58± 3.54a 35.58± 3.58a 31.55± 6.42a 32.71± 2.11a 

b* 
Control 20.22± 3.25a 19.96± 4.51a 18.63± 4.08a 20.87± 2.83a 

Plasma-treated 19.98± 3.80a 22.30± 5.38a 18.64± 5.22a 19.62± 3.83a 

Different letters in the same row indicate significant differences (p < 0.05) according to 

one-way ANOVA followed by Tukey’s comparison test 
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7.3.3. The effect of DBD on ascorbic acid of strawberries  

Table 7.2, DBD treatment led to a notable 27.2% reduction in ascorbic acid content in 

strawberries immediately following the treatment (time zero) compared to untreated 

samples. Literature suggests that both applied voltage and treatment duration significantly 

affect ascorbic acid levels in strawberries (Misra et al., 2015). The 30-minute DBD 

treatment used in our study likely contributed to the ascorbic acid reduction observed. This 

reduction may result from interactions between plasma reactive species and ascorbic acid. 

Giannoglou et al. (2021) reported a slight, though not statistically significant (p > 0.05), 

decrease in ascorbic acid in whole strawberries after plasma treatment, while Li et al. 

(2019b) observed similar outcomes with fresh-cut strawberries. 

Interestingly, although the ascorbic acid content was reduced immediately after 

treatment, its stability during storage was notably improved. As shown in the Figure 7.3 and 

Table 7.2, plasma-treated strawberries consistently maintained higher ascorbic acid levels 

than untreated samples throughout storage. This enhanced retention may be attributed to 

increased cell membrane permeability induced by plasma reactive species, which can 

facilitate ascorbic acid extractability (a mechanism) suggested by Giannoglou et al. (2021), 

these findings also align with Zhou et al. (2023), who observed elevated ascorbic acid levels 

in cold plasma-treated blueberries during storage. 

Storage conditions play a critical role in preserving L-ascorbic acid stability, as 

surface damage in fruits can lead to substantial ascorbic acid loss. Fruits with lower pH, 

such as citrus, tend to experience minimal ascorbic acid degradation, while softer fruits, like 

strawberries, are more susceptible to external factors (Pavlovska et al., 2015).  
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Table 7.2. Changes in the Ascorbic acid, TPC and DPPH of untreated (Control) and DBD- 

treated strawberries, during 6-day storage at 4°C  

Quality index Samples 
 Storage time (days)  

 T0 T1 T3 T6 

TPC (mg gallic 

acid eq./g dry 

matter) 

Control  22.98± 3.5bc 29.29±4.0a 26.27±1.3ab 25.49±5.1ab 

Plasma-

treated 
 22.64±3.9bc 21.07±1.8c 24.83±2.3bc 24.93±2.9bc 

DPPH (mg trolox 

eq./g dry matter) 

Control  24.55±2.14b 30.43±4.1a 28.31±3.5b 24.10±2.8b 

Plasma-

treated 
 25.37± 6.46b 24.18± 2.3b 29.07±4.1a 29.67±5.3a 

Ascorbic acid 

(mg/g dry matter) 

Control  3.82±0.1b 4.16±0.4 bc 4.36±0.2bc 4.06±0.5bc 

Plasma-

treated 
 2.78±0.7c 4.23±0.3bc 5.02±0.7a 4.87±0.6a 

Different letters in the same row indicate significant differences (p < 0.05) according to 

one-way ANOVA followed by Tukey’s comparison test. 

 

7.3.4. The effect of SDBD on TPC and DPPH in strawberries  

As shown in Table 7.2, DBD treatment did not significantly affect the total phenolic 

content (TPC) or free-radical scavenging activity (DPPH) in strawberries compared to the 

control (p > 0.05), suggesting that the phenolic profile remained stable under these treatment 

conditions. This finding aligns with the LC-MS/MS results shown in Table 7.3. Although a 

slight increase in DPPH reducing activity was noted immediately after treatment, the change 

was not statistically significant (p > 0.05). 

Throughout storage, TPC remained relatively unchanged, while DPPH activity 

showed a significant increase over time in the treated samples. This boost in antioxidant 

activity could be associated with the rise in ascorbic acid and specific phenolic compounds 

observed (Table 7.2). In contrast, conventional thermal treatments like blanching, 

pasteurization, and sterilization often cause polyphenol oxidation and degradation in 

strawberries. For instance,  Garzoli et al. (2020) reported a 46% reduction in total phenolic 

content and a 64% decline in antioxidant activity due to pasteurization. Enzymatic and 
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mechanical treatments also impact polyphenol levels, underscoring the need for alternative 

methods that better preserve polyphenols and antioxidant capacity in strawberries (Sruthi et 

al., 2021). 

 

7.3.5. Phenolic profile in strawberries based on LC-MS/MS  

A variety of phenolic compounds were identified in the strawberry samples, totaling 

25 distinct compounds, including 7 phenolic acids, 7 flavonols, 4 anthocyanins, 3 flavan-3-

ols, 2 dihydrochalcones, and 1 flavanone, alongside trans-cinnamic acid. Table 7.3, presents 

these phenolic compounds for both control and plasma-treated strawberry samples across 

different storage time points. Notably, anthocyanins were the most abundant phenolic 

group, followed by flavan-3-ols. These phenolic profiles closely matched those reported in 

the literature (Mustafa et al., 2021).   

As illustrated in Table 7.3 and Figure 7.3, LC-MS/MS analysis showed that the 

phenolic profile remained stable immediately after plasma treatment, with no significant 

changes in total phenolic content at time zero (T0, p > 0.05). However, total phenolic acids 

significantly increased from 614.2 to 784.4 mg/kg, along with flavonols from 145.2 to 196.4 

mg/kg. Specifically, p-hydroxybenzoic acid increased by 155%, and caffeic acid by 49%. 

Similar increases in phenolic acids, such as chlorogenic acid and caffeic acid, have been 

observed in plasma-treated samples in previous studies  (Abouelenein et al., 2023, Mehta 

and Yadav, 2020). These increases may be due to the enhanced biosynthesis of p-coumaric 

acid, catalyzed by enzymes like phenylalanine ammonia-lyase (PAL) and cinnamate 4-

hydroxylase (C4H) following plasma exposure (Kumar et al., 2023).  

Flavonol content also rose significantly, particularly for glucosides such as quercetin-

3-O-rutinoside, quercetin-3-O-glucoside, quercetin-3-O-galactoside, and kaempferol-3-

glucoside. This trend is consistent with findings in blueberries (Zhou et al., 2023) and 



132 
 

chokeberry juice (Kovačević et al., 2016). The O-3 sugar group enhances flavonol stability 

by preventing plasma reactive species oxidation through inhibition of tautomerization 

between o-quinone and p-quinonoid forms (Kumar et al., 2023). Consistent with previous 

findings, cold plasma treatment also increased the concentration of quercetin (Kumar et al., 

2023). Contrary to previous studies suggesting that plasma treatment degrades kaempferol, 

our study showed a significant increase in kaempferol levels in strawberries post-treatment, 

rising from 3.1 to 4.7 mg/kg. Generally, phenolic accumulation is a stress response to plasma 

reactive species generated during plasma treatment (Li et al., 2019b).  

Anthocyanins, responsible for strawberries' red color, remained unaffected 

immediately after processing, with no significant differences between treated and control 

samples. Given their sensitivity, anthocyanins are typically reduced by traditional 

processing methods (Civello et al., 1997, Stübler et al., 2020). 

The impact of SDBD treatment on strawberry quality was assessed during a 6 days 

storage period at 4°C, with untreated strawberries serving as controls. Changes in the 

phenolic profile during storage are shown in Figure 7.3 and Table 7.3. Total phenolic 

content peaked on day 1 and then gradually declined by day 6, with no significant difference 

compared to the control at time zero (p > 0.05). DBD-treated strawberries effectively 

maintained their phenolic content throughout storage. 

For individual phenolic compounds, treated strawberries largely retained their levels, 

although specific compounds showed significant decreases when compared to controls at 

each storage point. After one day, reductions were noted in anthocyanins (pelargonidin-3-

glucoside, cyanidin-3-glucoside), flavonols (kaempferol-3-glucoside, quercetin), flavan-3-

ols (catechin, epicatechin), and chlorogenic acid. Kaempferol content also showed a 

significant decline by day 3 in treated samples, though these changes were not significant 

compared to controls at day 0. By day 6, quercetin glycosides (quercetin-3-O-rutinoside, 
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quercetin-3-O-glucoside, and quercetin-3-O-galactoside) increased significantly in both 

treated and control samples. Similar storage-related trends in quercetin and kaempferol 

derivatives have been reported in strawberries (Gil et al., 1997). Interestingly, a significant 

increase in hesperidin was noted on day 6 in processed samples only, likely due to 

polyphenol oxidase (PPO) inactivation resulting from nonthermal plasma treatment (Misra 

et al., 2015). 
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Table 7.3. Effect of cold plasma treatment on phenolic compounds content of strawberries at different storage times (0, 1, 3, 6 days) at 4 °C.  
C0 P0  C1 P1  C3 P3  C6 P6 

Gallic acid 11.902.72b 16.604.70ab  16.782.11ab 12.071.09b  15.982.54ab 15.041.63ab  17.872.48a 13.535.65ab 

Neochlorogenic acid n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Chlorogenic acid 2.750.92b 3.760.89ab  4.901.13a 3.150.74b  3.581.10ab 3.320.68b  2.970.80b 3.680.94ab 

Hydroxy benzoic acid 10.292.10b 26.262.74a  12.203.58b 12.704.88b  14.753.00b 14.354.37b  15.103.51b 12.312.42b 

Caffeic acid 3.840.74bcd 5.741.54a  3.090.38d 3.311.07cd  4.461.30abcd 4.811.01abcd  5.210.39ab 5.031.13abc 

Vanillic acid n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Syringic acid n.d n.d  n.d n.d  n.d n.d  n.d n.d 

P-Coumaric acid 113.8431.96ab 128.3623.98a  93.9513.39ab 83.2918.77b  103.7811.09ab 127.2020.84a  122.5523.96a 112.1711.29ab 

Ferulic acid 1.330.11a 1.440.24a  1.210.17a 1.340.11a  1.200.21a 1.290.14a  1.230.22a 1.360.25a 

3,5-Dicaffeoylquinic acid n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Ellagic acid 470.26175.46a 602.29158.41a  669.2415.24a 475.0840.64a  664.1897.44a 536.30112.53a  643.25162.26a 509.48183.43a 

Total phenolic acids  614.20185.40b 784.44167.08a  801.3725.74a 590.9529.50b  807.9398.76a 702.3090.46ab  808.19176.51a 657.58180.27ab 

            

Delphidin 3,5 diglucoside 47.8713.15a 55.0313.16a  64.069.36a 38.143.58a  52.8812.47a 42.409.21a  49.8012.44a 51.0719.01a 

Delphidin3-galactoside n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Cyanidin-3-glucoside 106.2822.21bc 90.4729.40c  163.9221.54a 97.2114.38c  149.0620.70ab 120.4259.89abc  116.3424.09abc 132.3323.19abc 

Petunidin-3-glucoside n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Pelargonidin-3-rutinoside 591.2190.64ab 502.07159.43b  682.8945.74a 519.6922.82ab  631.00107.73ab 595.44132.38ab  674.3796.39a 641.0239.69ab 

Pelargonidin-3-glucoside 4862.941050.91ab 4694.331391.04b  6599.081736.32a 4633.84678.93b  5743.00612.39ab 5446.271133.82ab  6020.59946.62ab 5569.89802.44ab 

Malvidin-3-galactoside n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Total anthocyanins 5608.301146.88ab 5341.901580.82b  7509.951782.76a 5288.89713.01b  6575.94689.68ab 6204.531325.12ab  6861.11954.73ab 6394.32880.45ab 

            

Phloridzin 65.8212.52a 67.0617.91a  80.7618.13a 59.8112.39a  73.7215.84a 78.7921.07a  67.2913.42a 77.5110.16a 

Phloretin 0.120.02ab 0.100.03ab  0.140.03a 0.100.02ab  0.110.01ab 0.110.03ab  0.090.01b 0.080.01b 

Total Dihydro chalcones 65.9312.54a 67.1617.93a  80.8918.17a 59.9112.38a  73.8315.84a 78.9021.09a  67.3813.42a 77.5910.16a 

Catechin 1030.12244.08b 987.53247.95b  1634.49351.49a 950.05167.78b  1323.98180.57ab 1336.76194.92ab  1095.54289.68b 1355.80167.19ab 

Epicatechin 8.972.15ab 7.871.637ab  11.303.38a 7.001.55b  10.772.24ab 10.422.75ab  9.691.32ab 11.141.60a 

Procyanidin A2 n.d n.d  n.d n.d  n.d n.d  n.d n.d 
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procyanidin B2 136.3314.28bc 125.4426.37bc  239.9055.19a 97.6726.96c  167.5022.51b 141.1622.62bc  149.2635.14bc 144.9115.34bc 

Total Flavan-3-ols 1175.42259.11b 1120.84274.8b  1885.69404.08a 1054.72196.12b  1502.24195.72ab 1488.34217.67ab  1254.49320.10b 1511.85180.45ab 

            

Quercetin-3-o-rutinoside  2.390.82c 3.290.51ab  2.510.59bc 2.450.24bc  2.550.30bc 2.791.24bc  3.590.73ab 4.040.44a 

Quercetin-3-o-glucoside 7.071.50cd 9.781.37ab  9.230.88abcd 6.561.01d  9.560.97abcd 8.372.20bcd  10.651.01b 11.743.84a 

Quercetin-3-o-rhamnoside n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Myricetin n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Kaempferol-3-glucoside 126.2336.9b 169.7654.53a  217.9765.47a 121.2745.49b  231.3468.22a 152.3336.27ab  188.4436.01a 172.9650.50a 

Quercetin   0.650.15bc 0.740.01abc  1.000.24a 0.620.02c  0.940.13ab 0.740.14abc  0.880.25abc 0.960.28ab 

Isorhamnetin 0.130.04ab 0.100.02ab  0.140.04a 0.090.01ab  0.140.04ab 0.090.01ab  0.120.03ab 0.090.02b 

Quercetin 3-o-galactoside 5.671.17c 7.981.54ab  7.100.57bc 5.421.25c  8.581.26a 7.131.66bc  8.850.96a 9.972.81a 

Kaempferol 3.050.61b 4.701.24a  3.591.07b 3.510.30b  5.541.71a 3.530.54b  4.160.72ab 3.430.96b 

Total Flavonols  145.1940.16b 196.3653.11a  241.5466.99a 139.9346.80b  258.6569.78a 174.9837.28a  216.6938.56a 203.2057.86a 

            

Naringin n.d n.d  n.d n.d  n.d n.d  n.d n.d 

Hesperidin 2.100.31bc 2.280.06abc  2.370.62abc 2.180.54bc  2.080.30c 2.100.28bc  2.940.68ab 3.110.72a 

Total Flavanone  2.100.31bc 2.280.06abc  2.370.62abc 2.180.54bc  2.080.30c 2.100.28bc  2.940.68ab 3.110.72a 

            

Trans-cinnamic acid 104.9047.63a 110.0763.49a  56.7822.26a 64.9932.24a  82.610.89a 66.678.63a  93.2113.49a 94.523.84a 

            

Total phenolics 7716.01620.0b 7623.11949.3b  10578.62225.6a 7201.6850.7b  9303.3492.2ab 8717.81612.1ab  9304.01439.4ab 8942.21220.9ab 

Different letters in the same row indicate significant differences (p < 0.05) according to one-way ANOVA followed by Tukey’s comparison test
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Figure 7.3. Effects of cold plasma on the different phenolic classes in strawberries during 

cold storage. Total phenolic acids (A), Total anthocyanins (B), Total flavan-3-ols (C), Total 

dihydrochalcones (D), Total flavanones (E) and Total flavonols (F). Data were expressed as 

the means ± SD of three replications. Storage time in days was put on X-axis as T0, T1, T3 

&T6, concentrations expressed as mgkg-1 DW 
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7.4. Conclusions 

The study demonstrated that DBD cold plasma treatment effectively extended the shelf-life 

of fresh-cut strawberries by 2–3 days through reducing microbial loads, especially spoilage 

mesophilic bacteria, and suppressing yeast growth in the initial days of storage. Notably, 

while some microbial regrowth occurred, plasma treatment delayed spoilage progression, 

suggesting its effectiveness as a microbial control measure. Furthermore, the plasma 

treatment did not adversely affect the strawberries' physico-chemical qualities, including 

TSS, hardness, and color, maintaining their nutritional integrity. The treatment caused a 

slight reduction in ascorbic acid immediately, yet preserved its stability over the storage 

period. In terms of antioxidant properties, DBD plasma treatment enhanced the DPPH 

activity and maintained total phenolic content (TPC) with minimal variation. Enhanced 

levels of flavonols and phenolic acids after treatment indicate a potential boost in the 

strawberries' nutritional value. From a metabolomics perspective, DBD cold plasma showed 

minimal impact on primary metabolites, such as sugars and acids, crucial for maintaining 

the fruit's flavor and taste. No significant differences were noted between treated and 

untreated samples immediately post-treatment, affirming the treatment’s suitability for 

preserving strawberry quality. This study shows that SDBD plasma can improve fruit safety 

and extend the shelf-life of fresh strawberries without affecting the physical properties of 

the product. 
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Chapter 8. General conclusions and Recommendations 

In the present research work, different cold plasma systems with different conditions 

have been applied to different food products and components in order to modify structure 

and functionality and to extend the shelf-life. In summary, this research has shown that: 

• PAW treatment effectively modifies the rheological, thermal, pasting, and swelling 

behavior of normal maize, waxy maize and potato starches through the synergistic 

action of reactive species and acidic conditions. The degree of modification was found 

to be highly dependent on the type of starch, especially the plant source, amylose and 

amylopectin content.  

• The combination of PAW with annealing (ANN) significantly improved the techno-

functional properties of potato starch by increasing the thermal stability, shear 

resistance, and elasticity while reducing breakdown viscosity. These effects, likely due 

to cross-linking, were more pronounced at shorter treatment times, demonstrating the 

efficiency of PAW-ANN synergy compared to conventional methods. DW-ANN 

treatment also induced favorable changes, but PAW-ANN proved more effective in 

achieving stability under high thermal and mechanical conditions, making it suitable 

for use in baked goods, thickeners, and processed foods. 

• Analysis of the sorption and gelatinization behavior of modified potato starch with 

PAW and in combination with ANN highlighted decreased water affinity and increased 

hydrophobicity, with cross-linking effects limiting molecular mobility and improving 

gel formation. This delay in gelatinization and enhanced gel elasticity further supports 

the application of PAW-ANN-modified starch in food products requiring structural 

stabilization.  

• Cold plasma (gaseous form) treatments produced significant changes in teff flour 

properties, enhancing hydration, swelling, and solubility while modifying starch and 



139 
 

protein structures. Longer treatments increased starch damage and water absorption, 

improving dough stickiness and contributing to the production of high-quality, softer, 

and more rollable flatbreads. The reduction in viscosity and alteration of flow properties 

further enhanced the dough's rheology and product texture.  

• Fresh-cut strawberries treated with DBD plasma for 30 minutes under NOx conditions 

showed a significant reduction in spoilage-causing microorganisms, extending shelf-

life by 2–3 days at 4°C. While lactobacilli remained stable, other microbes were 

reduced by 2–3 Logs, likely due to membrane disruption and oxidative damage from 

reactive nitrogen species. Plasma treatment caused minor quality changes (hardness, 

color, TSS, and dry matter) and an initial 27.2% reduction in ascorbic acid, but its 

stability improved during storage. Phenolic content and antioxidant activity were 

preserved, with DPPH activity increasing and specific phenolic compounds enhanced 

due to stress responses. Overall, DBD plasma is an effective non-thermal preservation 

method for extending strawberry shelf-life while maintaining quality and antioxidants. 

 

ACP, both in gaseous and liquid form (PAW), is a promising and environmentally 

friendly technology for modifying the functionality of food components and extending the 

shelf-life of fresh produce. However, further research is essential to diversify the 

applications and optimize its potential. Key areas for future investigation include: 

✓ Fully elucidate the mechanisms underlying the modifications, including changes in 

microstructure, the ratio of amylose to amylopectin and identification of optimal 

treatment parameters. 

✓ Conduct comparative studies to evaluate the effects of different cold plasma settings 

on different plant starch sources. 
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✓  Investigate consumer acceptance of foods obtained with cold plasma modified 

starch or flour to facilitate market acceptance and commercialization. 

✓ Investigate interactions between starch and water, changes in crystallinity, 

functional behavior in food formulations, and interactions of modified starch with 

other food components. 

✓ Conduct detailed toxicity studies on food ingredients treated with gaseous cold 

plasma and PAW to ensure safety. 

These efforts will improve the effective application and optimization of cold plasma 

technology in food systems and pave the way for sustainable innovation in the food industry 
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