
 

 

 

 

 

Mycotoxin degradation in food and feed grains by atmospheric cold 

plasma technology 
 

by 

 

Ehsan Feizollahi 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

in 

 Food Science and Technology 

 

 

 

 

 

Department of Agricultural, Food and Nutritional Science 

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© Ehsan Feizollahi, 2023 

 

 

 



 ii 

Abstract 

Contamination of grains with mycotoxins causes quality loss and hence considerable financial loss 

to the grain industry. Also, mycotoxins negatively affect human and animals’ health. Several 

mycotoxins are resistant to high temperatures and the elimination of them from grains is a 

challenging task. Atmospheric cold plasma (ACP) is an emerging non-thermal technology, that 

has attracted attention due to its mycotoxin degradation potential. The overall objective of this 

research was to assess the efficacy of different ACP systems including dielectric barrier discharge 

(DBD), plasma jet, and bubble spark discharge (BSD) to degrade selected mycotoxins, i.e., 

deoxynivalenol (DON) and zearalenone (ZEA) in their pure form and on grains. Specifically, the 

influence of important process and product factors on the mycotoxin degradation efficacy of ACP 

as well as the degradation mechanism of DON during ACP treatment were studied. Furthermore, 

the efficacy of ACP treatment on Fusarium graminearum inactivation was determined in order to 

assess the potential use of this technology in the barley malting industry.  

In the first study, the degradation of DON mycotoxin by DBD-ACP and sequential treatment with 

heat and light emitting diode (LED) was tested. The ACP treatment was more effective when DON 

was in solution form compared to dry state. There were major changes in DON functional groups 

after ACP treatment. The LED treatment using light pulses with 395 nm wavelength reduced DON 

content, however this treatment was not as effective as ACP treatment. There was no synergistic 

DON degradation effect when ACP was used in sequential combination with thermal or LED 

treatment. In the second study, DON was spiked on barley (Hordeum vulgare) grains and the 

efficacy of ACP on the degradation of DON and selected barley quality parameters was 

investigated. The results from optical emission spectroscopy (OES) proved the presence of reactive 

oxygen and nitrogen species (RONS) and N2 spectra were dominant. Ozone was the most prevalent 
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reactive species present followed by nitrous oxides and hydrogen peroxide. The ACP was able to 

significantly reduce DON content in a short period of time. Elevating the relative humidity (RH) 

of the surrounding air, post-treatment storage of barley grains, and increasing the moisture content 

of barley did not impact the DON degradation efficacy of ACP. Steeping of barley grains prior to 

ACP treatment significantly increased the DON degradation rate by ACP treatment. No significant 

differences were observed for the tested quality parameters of barley i.e., protein, beta-glucan, and 

moisture content, in comparison with control samples.  

The third study focused on the impact of selected product and process factors on ZEA degradation 

using two technologies i.e., jet ACP and DBD-ACP. In comparison to DON, ZEA was more 

sensitive to ACP treatment. Type of product (barley grains, canola grains, and canola meal) 

affected the ACP efficacy and the presence of oxygen in the carrier gas to produce ACP 

significantly increased the ZEA degradation by ACP treatment. Type of gas mixtures (100% N2, 

90% N2+ 10% O2, 80% N2+ 20% O2, air) did not influence ZEA degradation by 3 min DBD-ACP 

treatment. Direct jet-ACP with higher UV intensity had better ZEA degradation efficacy compared 

to indirect jet-ACP with zero UV intensity. Jet-ACP treatment with 85% Ar+15%O2 resulted in 

the highest degradation of ZEA compared to 75% Ar+25% N2 and 100% Ar. The results suggested 

the contribution of factors other than the assessed RONS, such as high energy electrons and free 

radicals in ZEA degradation. 

Degradation mechanisms of DON by plasma activated water (PAW) treatment of naturally 

contaminated barley (NIB) grains during steeping was investigated in the fourth study. High-

performance liquid chromatography ultraviolet mass spectrometry results indicated twelve major 

degradation products of DON after ACP treatment and their chemical formulae were determined. 

Oxidation was probably the main degradation mechanism of DON by ACP treatment. PAW 
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treatment significantly reduced DON content and using PAW in indirect mode increased β-

amylase activity and germinated acrospire’s percentage compared to control. In the last study, the 

potential of using PAW bubbles produced from selected ACP generation methods on F. 

graminearum inactivation during barley steeping was investigated. BSD-ACP produced more 

potent PAW with high concentrations of RONS compared to continuous jet-ACP. The results from 

plating and qPCR technique showed that the PAW bubble treatment did not have a significant 

impact on natural pathogens and F. graminearum inactivation on NIB grains. 

This research demonstrated the efficacy of ACP treatment on ZEA and DON degradation. The 

fundamental information gained from this research has set the stage for further research and 

development and implementation of the ACP systems in commercial applications, specifically in 

the barley malting industry for mycotoxin degradation and germination improvement.  
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 Chapter 1: General introduction and objectives 

1.1 Introduction 

The occurrence of foodborne pathogens in food products is one of the biggest concerns for the 

food industry. Pathogenic fungi (mold) are one of the major microorganisms related to foodborne 

outbreaks (Hygreeva et al., 2014; Olaimat & Holley, 2012; Raybaudi‐Massilia et al., 2009). 

Mycotoxins are carcinogenic secondary metabolites produced by certain fungal species (N. Misra 

et al., 2019). The Canadian Food Inspection Agency reported that more than 25% of the grains 

produced worldwide are contaminated with mycotoxins (Canadian Food Inspection Agency, 

2022). Mycotoxins pose serious threats to human and animal health such as nephrotoxicity, 

neurotoxicity, cancer, lung disease and in some cases, death (Akocak, 2016; Sartori et al., 2017; 

Wang et al., 2015). In temperate climates like in Canada, mycotoxins of major concern are 

deoxynivalenol (DON), nivalenol, T-2 toxin and HT-2 toxin, zearalenone (ZEA), the fumonisins, 

ochratoxins, and ergot alkaloids (Canadian Food Inspection Agency, 2022). DON and ZEA are 

the two major mycotoxins, prevalently found in barley, wheat, and canola grains, grown in western 

Canada.  

Conventional and advanced decontamination techniques such as chemical preservation, mild heat 

treatments, microwave processing, ionizing irradiation, and high hydrostatic-pressure technology 

have limitations, including hazardous chemical residues, thermal damages to flavor and nutrition, 

low efficacy (Baier et al., 2014; Olaimat & Holley, 2012; Warning & Datta, 2013; Ziuzina & 

Misra, 2016), detrimental effects to human health and environment, and low feasibility (Akocak, 

2016). Mycotoxins are resistant to high temperatures. Food processing operations like roasting, 

extrusion, baking, and frying can possibly only partially degrade them (Bullerman & Bianchini, 

2007). Hence, more effective and practical methods are required by the food industry. With the 
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increased demand for a product with high quality, fresh appearance, and extended shelf life, 

potential for alternative “green” technologies such as Atmospheric Cold Plasma (ACP) has been 

investigated in recent years. 

ACP is a novel non-thermal technology, which has the potential to reduce foodborne 

microorganisms and degrade mycotoxins without affecting the food quality (Baier et al., 2014).  

Plasma consists of neutral gases, ions, free electrons, atoms, and photons. The reactive chemical 

species, in particular reactive oxygen species (ROS) and reactive nitrogen species (RNS), have a 

major role in mycotoxin degradation (Akocak, 2016). DON, a major mycotoxin on barley and 

prevalent in Canada, could be degraded by ACP treatment; however, there is a lack of information 

on the factors influencing the degradation of DON by ACP and also the structural changes in DON 

after the treatment. Knowing the structural changes in DON could be beneficial in optimizing the 

ACP treatment for DON degradation. 

Barley (Hordeum vulgare) is often associated with contamination by DON, which is mainly 

produced by Fusarium graminearum (Vidal et al., 2013). Currently there is no effective method 

for DON reduction in barley at the industry scale. The ACP technology could be used for reducing 

the concentration of DON and F. graminearum in barley. As one of the important aspects for 

consumers is the quality of the product, the effects of ACP on quality features of the treated grain 

has considerable importance. 

The malting industry uses barley as the main grain for malt and beer production (Rani & Bhardwaj, 

2021). The presence of DON in barley could be detrimental as it may withstand the beer production 

process and hence affects the final product quality and health of consumers. Water is being heavily 

used during the steeping and germination process of barley for malt production. Plasma activated 

water (PAW), which is produced by ACP discharge in water, could be a suitable option for steeping 
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and germination of barley in malting process. PAW contains reactive species such as free radicals 

and RONS such as ozone, hydrogen peroxide, and nitrogen oxides (Machala et al., 2018), which 

could react with DON and lead to its degradation. In addition, the reactive species and low pH 

(Rathore et al., 2021) of PAW may affect the quality parameters of the barley grains, specifically 

the germination capacity, which is one of the most important factors for malt production. Also, the 

presence of nitrate in water can increase plant growth (Chen et al., 2004); as PAW contains nitrates 

hence it can affect the grain germination and plant growth. 

Different gas media can be used for ACP generation. The type of the gas has a substantial effect 

on the composition and the concentration of the reactive species that are generated in ACP 

(Klockow & Keener, 2009; Xu, Garner, Tao, & Keener, 2017). As reactive species are the major 

constituents of ACP, which induce the unique features, the change in the composition of reactive 

species could affect the decontamination efficacy of the ACP treatment. There is a lack of 

information on the effect of different gas mediums on the reactive species concentrations and the 

degradation of mycotoxins, which need to be investigated. Furthermore, as ACP treatment is 

complex and several parameters are involved in its efficacy, knowing the degradation mechanisms 

of DON by ACP treatment would enable the grain industry to optimize it for DON degradation. 

1.2 Hypotheses 

ACP can reduce the concentration of mycotoxins i.e., DON and ZEA possibly by changing their 

chemical structure. In grains including barley, the ACP technology has the potential to reduce 

DON concentration without having a negative effect on the quality parameters. The presence of 

water can increase the concentration of RONS during ACP treatment, which in turn will improve 

its mycotoxin degradation efficacy. Process and product parameters such as type of ACP system, 

treatment time, type of substrate/matrix, type of mycotoxin, post-treatment storage, relative 
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humidity of the air, and type of gas medium used to generate ACP have substantial effect on 

mycotoxin degradation efficacy of ACP. PAW can substitute the water used in steeping process 

of barley malting, which can then degrade DON and inactivate F. graminearum. The use of PAW 

can possibly improve the germination of the barley, which is beneficial during barley malting. 

ACP consists of various reactive species which can lead to the production of several DON 

degradation products due to the interaction of these species with DON structure. 

1.3 Objectives 

The overall objective of this research was to assess impact of ACP treatment on mycotoxin 

degradation and fungal inactivation and study the influence of important product and process 

parameters on the mycotoxin inactivation efficacy of ACP. 

The specific objectives of this research were: 

1. To investigate the effects of ACP, sequential treatments, and selected process/product 

parameters on the degradation of pure DON, and the structural changes of the treated DON. 

2. To investigate the effects of ACP treatment and selected process/product parameters on the 

degradation of DON and the quality attributes of barley. 

3. To understand the effect of different gas media used to generate ACP reactive species on ZEA 

degradation. 

4. To assess the potential of using PAW during malting of naturally infected barley grains on 

DON degradation and germination properties and determine the major degradation products 

of DON. 

5. To investigate the potential of using PAW bubbles on F. graminearum inactivation in 

naturally infected barley by using different types of ACP systems. 
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6. To develop a continuous PAW bubble treatment for DON degradation and germination 

improvement of barley during steeping.  

This research focuses on the degradation of the two of the important mycotoxins in Canada, namely 

DON and ZEA and inactivation of F. graminearum fungi that produce these mycotoxins. Pure 

forms of DON and ZEA, grains spiked by these mycotoxins, and naturally contaminated barley 

grains were used to assess the potential of ACP treatment. In this research, different types of ACP 

treatment systems, including dielectric barrier discharge (DBD) (Chapters 3, 4, 5, 6), plasma jet 

(Chapters 5, 6, 7), and bubble spark discharge (BSD) (Chapter 7) were used to generate plasma in 

gaseous or liquid state (plasma activated water). In addition, a continuous plasma activated water 

generation and treatment unit was built for barley steeping experiments (Chapter 7).  
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 Chapter 2: Factors influencing the food decontamination efficacy of 

Atmospheric Cold Plasma (ACP) in food processing applications 

2.1 Introduction 

The occurrence of foodborne pathogens in food products is one of the biggest concerns for the 

food industry. Harmful bacteria, fungi, and viruses are the major pathogenic microorganisms 

related to foodborne outbreaks (Raybaudi‐Massilia et al., 2009). Conventional methods, such as 

heat treatments, use of ethylene or propylene oxides, fumigation, irradiation, application of 

disinfectants (e.g., chlorination, hydrogen peroxide), and advanced decontamination methods, 

such as high-pressure processing, high-intensity pulsed electric field, pulsed light, and ozone 

technology have the potential to reduce pathogenic microorganisms in food products (Baier et al., 

2014; Olaimat & Holley, 2012; Warning & Datta, 2013; Ziuzina & Misra, 2016); apart from the 

benefits that the new technologies present, they have certain limitations. High capital cost, 

hazardous chemical residues, thermal damages to flavor and nutrition, and low antimicrobial 

efficacy are the most prominent issues associated with current decontamination methods. With the 

increased demand for products with high quality, fresh appearance, and extended shelf life, 

potential of alternative technologies such as atmospheric cold plasma (ACP) are currently being 

explored.  

To describe the plasma state, it is to be recalled that upon increasing the (internal) energy of a 

solid, it turns into a liquid, then subsequently into gas, and ultimately into an ionized state. This 

ionized state of a gas is described as “plasma”. Any source of energy capable of ionizing a gas can 

be used for producing plasma (Mandal et al., 2018; N. N. Misra et al., 2016). Ionization of a process 

gas leads to the concomitant formation of various reactive chemical species, such as ions and 

radicals, and UV light in plasma. Plasma can be classified into thermal or nonthermal. Nonthermal 
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plasma, also referred to as cold plasma with a temperature of < 60 °C, is characterized by a 

nonequilibrium temperature between the electrons and ions (Mandal et al., 2018). Plasma can be 

created at atmospheric pressure with the temperature of charged and neutral heavy particles being 

relatively low, close to room temperature, in comparison to very high electron temperatures in 

plasma.   

ACP is a novel, non-thermal technology to treat food products to reduce foodborne 

microorganisms without affecting their quality. The reactive chemical species in ACP can 

inactivate microorganisms on food surfaces owing to their antimicrobial properties (Baier et al., 

2014). The two main effective species in the air plasma process are reactive oxygen species (ROS) 

and reactive nitrogen species (RNS). Excited molecules of N2 and nitric oxide radical (•NO) are 

the main RNS species (Tappi et al., 2014). Ozone (O3), singlet oxygen (O or O-), superoxide (O2
-

), peroxide (O2
-2 or H2O2), and hydroxyl radicals (•OH)  are the reactive oxygen species that can 

effectively inactivate microorganisms. The antimicrobial property of these oxidative species can 

be attributed to the lipid peroxidation in cell membranes and oxidation of proteins and DNA in 

microbial cells (Muranyi et al., 2008).  

Dielectric-barrier discharge (DBD) is one of the most commonly employed non-thermal 

atmospheric gas discharge sources. DBD-ACP exhibits surface decontamination effectiveness and 

has a huge potential to treat a variety of food products. A DBD-ACP source contains a dielectric 

(insulator) material in the discharge path between the electrodes. While DBDs have been 

extensively employed for the study of food decontamination, the factors influencing their 

decontamination efficacy remain to be carefully analyzed. 
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2.2 Atmospheric cold plasma sources 

2.2.1 Corona discharges 

Corona discharge occurs when a strong electric field is applied across two surfaces with drastically 

different radii of curvature, such as a sharp point or a thin wire electrode. The electrode with the 

smaller radius of curvature is referred to as the emitter electrode, while the other is known as the 

collector electrode. Coronas can be operated under positive or negative polarity, depending on the 

potential of the emitter relative to the collector electrode. In the positive corona, the high voltage 

electrode is the anode, whereas in the negative corona, the high voltage electrode is the cathode 

(Bogaerts et al., 2002; Lu et al., 2016). This type of plasma could be operated at atmospheric 

pressure with low gas temperatures and with relatively low power electrical discharges (Chang et 

al., 1991). Applications of corona plasma span across the areas of electrostatic precipitation, 

electrophotography, use as ionization sources for mass spectrometry at atmospheric pressure, 

ozone synthesis, destruction of toxic compounds, gas and liquid cleaning, etc. (Bogaerts et al., 

2002; Chang et al., 1991). Coronas have remained the method of choice for ozone generation to 

treat vegetables and fruits (Guzel-Seydim et al., 2004). 

2.2.2 Glow discharge 

Glow discharge plasma is a non-thermal equilibrium discharge which generally operates at low 

pressure. In this type of plasma, the light emission pattern of the glow is divided into several layers 

between cathode and anode electrodes (Bogaerts et al., 2002; Conrads & Schmidt, 2000). Different 

gap distances and gas pressure affect the pattern of glow. At elevated pressures, the glow is 

unstable and could be changed to a spark; hence, design considerations are important at 

atmospheric or high pressures (Bogaerts et al., 2002). Moreover, at elevated pressures, the 

temperature of the used gas could rise to a few thousand Kelvins, while at low-pressure glows, the 
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temperature is close to room temperature. This type of plasma is used in glow discharge lasers, as 

a molecular optical emission detector for gas chromatography, sterilization of microorganisms on 

surfaces in the healthcare industry, production of ozone, plasma polymerization, and material 

treatment (Bogaerts et al., 2002). The different types of glow discharge are low-pressure glow 

discharge, atmospheric pressure glow discharge, micro-discharges, hollow cathode discharge, and 

glow discharge with liquid electrodes (Lu et al., 2016). 

2.2.3 Plasma jet 

In the case of atmospheric pressure plasma jets, the projection of the discharge plasma species is 

in an open environment and is operated in a non-sealed electrode arrangement (Winter et al., 2015). 

The plasma jets can be used for direct treatment of various objects without the limitation of the 

treatment size. They have been used for the inactivation of bacteria, wound healing, and cancer 

treatment (Kong et al., 2009; Morfill et al., 2009). Plasma jets can operate with a kHz AC power 

supply, microwave, RF, and pulsed DC supply. By using noble gases such as helium, the plasma 

jet can be generated more easily. Nevertheless, due to lower reactive species in noble gases, they 

are mixed with a small percentage of reactive gases, such as O2 or air. They can be used for the 

treatment of bulk material or treatment in small sizes (Lu et al., 2016).  

In high voltage pulsed discharge plasma, pulse rising time and pulse duration (width) are the 

most important factors. Implementing advanced pulsed power generators has facilitated the 

production of a high repetition rate of nanosecond pulsed discharges. The parameters of a typical 

pulsed voltage discharge are 100–500 ns pulse duration, 10–100 pulse rising time, and repetition 

rates up to tens of kHz. In addition, high voltage amplitudes could be applied to achieve a highly 

non-equilibrium state in a nanosecond pulsed discharge. DBD-ACP, corona discharge, and glow 

discharge plasma could be driven by nanosecond pulsed voltages and exhibit distinctive discharge 
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characteristics (Lu et al., 2016). They could be operated at much higher peak voltages and peak 

currents for the same average power and better efficiencies (Bogaerts et al., 2002). In pulsed 

DBDs, the discharge uniformity is higher and the operating temperature is lower than the AC 

power supply DBDs (Miao et al., 2018; Q. Wang et al., 2018). 

2.2.4 Dielectric barrier discharge (DBD) ACP 

One of the widespread methods for the generation of ACP is the use of DBD. Here, the plasma 

discharge is produced between two parallel electrodes, where both or at  least one electrode is 

wrapped by a dielectric (Becker et al., 2004; Klockow & Keener, 2009). DBD presents numerous 

advantages in terms of flexibility of geometrical configurations and miniaturization, operating 

parameters, simple design, cost, safety, and characteristics of the power supply (Li et al., 2016; 

Tang et al., 2015; Tappi et al., 2014).  

Typical planar (plate-to-plate), and annular DBD configurations are presented in Figure 2.1. 

This reactor is simple and could be easily scaled up for high production volume (Di et al., 2018). 

In DBD-ACP, the discharge is blocked by a dielectric barrier layer, such as alumina, glass, silica 

glass, ceramic materials, and thin enamel or polymer layers (Kogelschatz, 2003; Ragni et al., 

2010), which covers one or both electrodes, or it can be suspended between two electrodes (Figure 

2.1); hence, a spark or arc discharge can be avoided. The efficacy of this system strongly depends 

on the process parameters employed (gas pressure, gas type, gas flow, frequency and power of 

plasma excitation, time), device set-up (reactor geometry), type of the substrate, packaging 

material, and the exposure of the substrate (Misra et al., 2011; N. N. Misra et al., 2019; Suwal et 

al., 2019). At very high frequencies, the ability of the dielectric to limit current may be 

compromised and it may lose its dielectric properties. The operating conditions for DBD 

treatments typically fall in the range of the following: gas pressures of ~104–106 Pa; frequency 
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band 50 Hz–10 MHz; AC or pulsed DC current; voltage amplitude ~1-100 kVrms; electrode gap 

~0.1 millimeter to several centimeters; and different dielectric material layers like glass, quartz, 

ceramics, and polymer layers. The DBD device is simple, stable, reliable, and economical 

(Kogelschatz, 2003; Rybkin & Shutov, 2017). In most high-power applications, liquid cooling of 

at least one of the electrodes is applied (Kogelschatz, 2003). It is important to distinguish between 

volumetric DBD and surface DBD. In surface DBD, the electrodes are asymmetrically placed and 

separated by the dielectric, with no additional volumetric air gap. Consequently, the discharge 

occurs at the surface of the barrier. More details about surface DBD are provided by N. N. Misra 

et al. (2019). 

 

Figure 2.1: Basic configurations of DBD-ACP systems; A: planar DBD, B: annular DBD. 

Adapted from (Tang et al., 2015) 

 

Besides the planar DBDs, there are also annular (co-axial) ones in which discharge gaps 

between cylindrical electrodes and dielectrics are annular (Figure 2.1). Similar to planar DBDs, 

coaxial DBDs are simple, suitable for the treatment of large quantities, and could easily be scaled-

up (Di et al., 2018). The shape of the coaxial DBDs allows for larger gas volume to be treated, 

resulting in the higher production of reactive species (Q. Wang et al., 2018). For chemical 

engineering applications, co-axial DBD reactors are preferred for decomposition of gaseous 
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pollutants (Gadkari & Gu, 2017; Miao et al., 2018), while planar DBDs are preferred for material 

processing (Kostov et al., 2009). The gas in DBDs’ gap can either flow through the gap (ozone 

generation, surface treatment, pollution control), be fully encapsulated (excimer lamps, excimer-

based fluorescent lamps and light panels, plasma display panels), or be recirculated (CO2 lasers) 

(Kogelschatz, 2003). The discharge produced in annular DBDs has been reported to be less 

homogenous and stable than planar DBDs (Subedi, 2010). Planar and annular DBD are the most 

common DBD configurations. Advances with respect to other DBD configurations and 

understanding of the discharge characteristics were also reviewed (Brandenburg, 2017). 

Dielectric barrier discharge (DBD) offers desirable efficiencies at short-term treatments of less 

than 1 min (Baier et al., 2014). Using ambient air in DBDs instead of noble gases (e.g., argon or 

helium) enables the application of ACP in large scales and reduces the operating costs (Baier et 

al., 2014). DBD-ACP sources have been used for surface treatments including textile and polymer 

treatment, ozone synthesis, destruction of pollutants (e.g., volatile organic compounds, nerve 

gases, odors, NH3, H2S, NOx, SO2, etc.), plasma display panels, high-power CO2 lasers, excimer 

UV/VUV lamps, hydrogen production from natural gas, and yeast and bacterial inactivation 

(Kogelschatz, 2003; Morgan, 2009). The electrical energy coupled into this system is transferred 

to electrons, and the surrounding gas remains close to ambient temperature (Mandal et al., 2018). 

Besides, the non-equilibrium plasma DBDs can be operated at elevated pressures. These features 

make them unique for many industrial applications. More details about the principle and 

applications of DBD-ACP can be found elsewhere (Becker et al., 2004; Brandenburg, 2017; 

Fridman, 2008; Samoilovich et al., 1997). 
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2.3 Application of Plasma Activated Solution in Food Preservation 

A plasma-treated or -activated solution (PAS) produced by the treatment of aqueous solutions such 

as water, phosphate buffered saline, NaCl, and N-Acetylcysteine (NAC) by ACP can generate 

hydrogen peroxide (H2O2), nitrite (NO2
-), and nitrate (NO3

-) in the liquid phase (Ercan et al., 2016; 

Ma et al., 2015; Oehmigen et al., 2011). PAS contains reactive species such as ROS and RNS and 

it can be used to inactivate microorganisms and degrade mycotoxins. Furthermore, the short 

inactivation times, lack of toxic chemicals, and low thermal loads make this an effective biological 

disinfectant (Shintani et al., 2010). The possibility of producing PAS by DBD-ACP has been 

demonstrated in recent research (Brisset & Pawlat, 2016; Zhang et al., 2017). PAS can be used in 

the treatment of cancer (Chauvin et al., 2018), the inactivation of bacteria (Shen et al., 2016), or 

the increasing of plant growth (Judée et al., 2018) and seed germination (Than et al., 2022). 

Characterization of tap and deionized water activated by the low-temperature plasma demonstrated 

that the treated tap water exhibited a larger conductivity, acidity, and concentration of reactive 

nitrogen and oxygen species in comparison with the deionized water (Bafoil et al., 2018). 

The bactericidal activity of plasma-activated water (PAW) results from the synergistic effects 

of a high positive oxidation-reduction potential (ORP) and low pH (pH ≃2-3) (Kaushik et al., 

2018; Oehmigen et al., 2010). H2O2, OH, O, O3 and RNS contribute to the high ORP (Lukes et al., 

2012; Traylor et al., 2011; Van Gils et al., 2013). RNS also plays a dominant role in the 

acidification of PAW (Kaushik et al., 2018). Studies reported the antimicrobial efficacy of PASs 

by DBD against Candida albicans, Escherichia coli, Staphylococcus aureus, Staphylococcus 

epidermitis, and Enterococcus faecalis (Ercan et al., 2013; Laurita et al., 2015). The ROS and RNS 

produced in PAW were dependent on many factors, such as the discharge type, the plasma working 
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gas, the treatment time, the storage time, and the chemical composition of the surrounding 

environment (Kaushik et al., 2018).  

2.4 Factors influencing the efficacy of DBD ACP treatment 

Figure 2.2 presents a summary of the important process, product, and microbiological factors 

influencing the efficacy of DBD-ACP treatment in open and in-package environments. The 

following sections provide a detailed description of these important factors. 

B 

A 

Figure 2.2: A pictorial summary of the factors influencing the efficacy of DBD ACP treatment 

(A: Open atmospheric treatment, B: In-package treatment) 
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2.4.1 Process factors 

o Voltage, frequency, and current 

Plasma process factors such as voltage, frequency, current, and electric field strength can influence 

microbial inactivation during ACP treatment. Higher microbial inactivation rates with an increase 

in power, voltage, and frequency during ACP have been reported (Albertos et al., 2017; Liao et 

al., 2018; Sarangapani et al., 2016; J. Wang et al., 2018).  

  One of the main chemical species produced in ACP systems is ozone (O3), a strong oxidizing 

agent which is used as a disinfectant in drinking water plants. At high voltages, dissociation of 

oxygen molecules occurs and ozone is produced; hence, the concentration of ozone is directly 

linked with applied voltage and frequency (Morgan, 2009). Large amounts of ozone production at 

high voltages may be related to the improved antimicrobial efficiency. In order to generate ozone, 

a diatomic oxygen molecule must first be split by ultraviolet radiation, corona discharge, or DBD 

methods. Then the resulting oxygen free radical reacts with another diatomic oxygen to form the 

triatomic ozone molecule. Morgan (2009) reported that no ozone was detected at applied voltages 

below 2 kV due to the voltage not reaching the threshold value for the breakdown of the O–O 

bond, which requires high energy. The generated ozone concentrations were 1600, 2200, and 2800 

ppm for the applied voltages of 60, 70, and 80 kV, respectively, after 8 min of ACP treatment 

(Sarangapani et al., 2016). However, J. Wang et al. (2018) reported that an increase in voltage 

from 55 to 80 kV increased ozone concentration from 200 to 950 ppm, but the effectiveness of in-

package ACP treatment against the growth of natural microflora on raw chicken fillets that were 

packed in the air and stored at refrigerated temperature did not change. They assumed that the ACP 

treatment had injured the microbes instead of killing them and, during the enumeration on ideal 

media, the injured microbes were recovered and masked the treatment differences. Technological 
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challenges, for instance high power consumption, need for better insulation, higher cost, and 

negative impacts on quality, must be prioritized in practice when increasing the voltage and 

frequency. Current also may have a significant impact on the antimicrobial efficacy of DBD-ACP 

treatment. In a study on the inactivation of yeast by DBD-ACP with different current amplitudes 

(0.4, 0.8 and 1 mA), the lowest D-value was achieved with a 1 mA current. With a 0.4 mA current, 

complete inactivation of S. cerevisiae and M. frigida could not be achieved within an exposure 

time of 30 min (Morgan, 2009; Morgan et al., 2009). In DBD-ACP, using oxygen as the working 

gas, the concentration of the ozone was increased with an increase in the current (Garamoon et al., 

2002).  

o Type of gas 

The type of gas used is critical, especially in the case of in-package ACP treatment and DBD 

plasma jet systems, as the plasma chemistry is dependent on the properties of the gas medium. 

Any gas can technically be used to create ACP, and the inactivation rate of microorganisms will 

be different based on the type of gas used (Xu et al., 2017). The presence of oxygen is suggested 

to be critically important during ACP treatments for achieving required inactivation, in comparison 

with nitrogen alone, to significantly reduce microorganisms (Kim et al., 2014). In gas mixtures 

containing oxygen, ozone, and other effective antimicrobial reactive species such as singlet 

oxygen, superoxide anions and hydroxyl radicals can be produced during the ACP treatment. 

Ozone has a long life, is very oxidative in nature, and can react with water to produce peroxide. 

Hence, the presence of oxygen results in the generation of reactive oxygen species (e.g., ozone, 

peroxides) (H. Shi et al., 2017), which is one of the main reasons for the microbial inactivation. 

ACP reactive species can cause cellular protein degradation, fragmentation and release of DNA, 

and loss of permeability and cell leakage due to oxidative damage of the cell membrane. 
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Intracellular oxidative stress leads to cell apoptosis and deformation of mycelial tips (in fungi) 

(Liao, Liu, et al., 2017; N.N. Misra et al., 2019). In one study, ACP treatment in the presence of 

modified atmosphere using 65% O2 + 16% N2 + 19% CO2 resulted in reductions of 3.1 and 3.4 log 

for total mesophiles and yeasts/molds counts, respectively, in packaged strawberries, while using 

90% N2 + 10% O2 resulted in 3.7 and 3.3 log reductions, respectively (Misra et al., 2014). Morgan 

et al. (2009) used ACP generated by argon and oxygen for yeast inactivation and the results 

suggested that the inactivation rate after ACP treatment using oxygen was more effective than 

when using argon. They reported that the D-values of S. cerevisiae and M. frigida were 3.2 and 

3.4 min when oxygen was used as the gas during ACP treatment, while the D-values were 7.3 and 

4.7 min, respectively, when argon was used. The proposed two inactivation mechanisms in oxygen 

DBD discharge were (1) oxidation of DNA and proteins by ozone, (2) etching and erosion by 

oxygen radicals (O2
+, O+) and atomic oxygen (O) (Morgan et al., 2009). Using pure argon for in-

package ACP treatment has shown less antimicrobial effect in comparison to 93% Ar + 7% CO2 

(Chiper et al., 2011). This shows the importance of O2 as an antimicrobial agent in the system.  

The concentration of the gas used in plasma is also important in achieving required inactivation 

of target microorganisms. Morgan et al. (2009) reported that the D-values of S. cerevisiae and M. 

frigida were decreased with increasing oxygen concentration. This may be due to a higher 

generation of ions and reactive species such as ozone, O, O+ when elevated oxygen concentrations 

were used.  

o Relative Humidity (RH) 

Environmental relative humidity (RH) is an important factor influencing plasma physics and 

chemistry. An increase in RH has been reported to increase the microbial inactivation during ACP 

treatment. This may be attributed to the increase in the concentration of OH radicals at high RH 
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due to the presence of water molecules, which is one of the most effective reactive oxygen species, 

leading to high oxidation (Berardinelli et al., 2012). However, water vapor reduces the number of 

micro-discharges due to the reduction in the surface resistance of the dielectric material by the 

adsorption of water molecules (Falkenstein, 1997; Falkenstein & Coogan, 1997). In the presence 

of high humidity in the discharge, electron energy can be lost in electron-molecule collisions, and 

so, this quenching effect can weaken the plasma (Bruggeman et al., 2009; Butscher, Van Loon, et 

al., 2016).  

 Muranyi et al. (2008) reported an optimum RH in the range of 70% for the inactivation of A. 

niger conidiospores. Interestingly,  the inactivation efficacy decreased at a higher RH than 70%. 

In contrast to A. niger, the inactivation of B. subtilis endospores decreased with increasing 

humidity of the dry air with 0% RH. In their study, the negative effect of humidity was most 

apparent for a treatment time of 1 s at 80% relative humidity (Muranyi et al., 2008). It was assumed 

that the reduced discharge homogeneity at high humidity, poorer transmissibility of UV radiation, 

and protective water film around the microbial cells could be the reasons for a lower inactivation 

rate of B. subtilis (Butscher, Van Loon, et al., 2016; Muranyi et al., 2008; Ragni et al., 2010). The 

inactivation of oxidation-sensitive microorganisms such as A. niger is increased upon increasing 

the RH, while in the case of micro-organisms such as B. subtilis, where the UV radiation may be 

the main inactivation pathway, the inactivation rate was decreased by increasing RH (Muranyi et 

al., 2008).  

o Temperature and flow rate 

ACP treatments are generally carried out at relatively low temperatures (close to room temperature 

to 70 C) and are regarded as “cold” due to the low temperatures of heavy particles in plasma. 

Hence, inactivation by thermal effect is often negligible (Geyter & Morent, 2012). Yadav et al. 
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(2019) reported a slight increase in the surface temperature of ham from 21.0 C  to 26.1 C  and 

25.1 C  during and after ACP treatments, respectively. An increase in the airflow rate causes the 

gas temperature to decrease and reach room temperature (~23 C ) (Laroussi & Leipold, 2004). 

Furthermore, the relative concentration of atomic oxygen in the DBD decreases as the flow rate is 

increased. A correlation between flow-rate and antimicrobial inactivation is complicated to 

demonstrate as the concentration of O3 and OH do not have a trend with flow rate (Laroussi & 

Leipold, 2004).  

o Material, thickness, and spacing of electrodes and barrier 

The type of DBD electrode material can influence the decontamination efficacy of ACP treatment. 

For instance, Ragni et al. (2016) investigated the decontamination efficacy of ACP treatments 

using four DBD electrode materials (i.e., stainless steel, brass, silver, and glass/brass) to inactivate  

Listeria monocytogenes and E. coli after 20, 40, and 60 min using air as the working gas. 

Significant differences were observed in the reduction of L.monocytogenes after 40 and 60 min of 

treatment, where higher reductions were achieved by the silver and brass electrodes (up to about 

8 log CFU/ml) in comparison to stainless steel and glass/brass electrodes after 60 min of treatment. 

The molecules from silver and brass could have played a role in the higher antibacterial properties 

when long treatment times were used, while the difference in the decontamination may not have 

been related to pH, electric features of the discharge, amount of ozone produced, or nitrate and 

nitrite concentrations. It is worth noting that the authors did not observe any significant difference 

in decontamination efficacy when different electrodes were used for inactivating E. coli (Ragni et 

al., 2016). No study has assessed the impact of electrodes’ and dielectrodes’ material on DBD-

ACP efficacy for fungi inactivation. 
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The dielectric material used in the DBD electrode also could influence the decontamination 

efficacy. Ozkan et al. (2016) used four dielectric materials (i.e., quartz, pyrex, mullite, alumina) 

for ACP generation. Alumina (ceramic) was chosen as the best among them as the number and 

lifetime of micro-discharges and the plasma charge were the highest, while quartz was observed 

as the second best dielectric material. Aging of the dielectric material due to UV degradation 

(Andrady et al., 1998) or plasma etching (Egitto et al., 1990) also could be the other factors 

affecting the decontamination efficacy of DBD treatment. Moreover, for a dielectric barrier with 

a larger thickness, the capacitance of the dielectric decreases while the electrical charge is constant; 

hence, the voltage increases over the dielectric barrier and a greater number of micro-discharges 

is generated (Ozkan et al., 2016), which might enhance the antimicrobial efficiency.  

In general, a larger gap between the powered electrode and the substrate and a larger gap 

between electrodes can result in lower treatment efficacy (Hu & Guo, 2012; Liao, Xiang, et al., 

2017; Miao & Yun, 2011) due to non-uniform production of plasma and by the recombination of 

active species before reaching the sample in larger gaps (Liao, Xiang, et al., 2017). However, in a 

simulation study by Iqbal and Turner (2015), the effect of gap spacing between 1 to 9 mm in DBD-

ACP discharge was assessed, and the electrons’ and ions’ densities were the highest when a 3-mm 

gap between the electrodes was used. In general, it remains unclear whether gap and voltage should 

be considered in isolation for DBDs or considered as a single parameter, “electric field,” for 

comparison. While the latter is physically more accurate, much of the literature pertinent to ACP 

applications in food science employ gap and voltage as two independent factors. 

o Treatment time and storage time 

Increasing treatment time can improve the inactivation efficacy of DBD-ACP treatment. 

Microorganisms at high concentrations exist in multiple layers; hence, longer ACP treatment times 
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are required to inactivate those residing in the inner layers. Extended ACP treatments generate 

higher concentrations of reactive species, a reduction in pH, and an increase in the mortality of 

pathogens, which explains the greater inactivation rates (Albertos et al., 2017; Berardinelli et al., 

2016; Ghomi et al., 2009; Liao et al., 2018; Misra et al., 2012; Muranyi et al., 2008; Ragni et al., 

2016; J. Wang et al., 2016; Xu et al., 2017; Zhang et al., 2017). Nevertheless, long treatment times 

could cause quality deterioration in the treated products (Berardinelli et al., 2012; Liao et al., 2018; 

Xu et al., 2017). However, J. Wang et al. (2018) reported that increasing treatment time from 3 to 

9 min at 80 kV did not alter the antibacterial effect of in-package ACP treatment against the growth 

of natural microflora on raw chicken fillets that were packed in the air and stored under 

refrigeration. Treating the sample for more than 3 min did not increase the ozone concentration 

significantly. Ozone is a very reactive agent, and once its concentration reaches a certain level, it 

reacts with other reactive agents generated in the package due to ACP treatment to form other 

compounds. Treatment of more than 3 min resulted in changes in meat appearance by means of 

significant reductions in a* and b* values (J. Wang et al., 2018).   

o Headspace and volume ratio of product inside package and product rolling 

One of the advantages of DBD-ACP is its capability to be used for in-package treatment. Min et 

al. (2018) investigated the effect of the volume ratio of the headspace (the space between the 

surface of food and the underside of the lid) of grape tomatoes on the inactivation of Salmonella. 

A higher rate of inactivation was achieved when the headspace to tomato volume ratio was 

increased by either changing the container size or the number of tomatoes in the container. 

Moreover, incorporating rolling of the tomatoes to the treatment increased the inactivation rate 

impressively from  0.9 ± 0.1 log CFU/tomato to 3.3 ± 0.5 log CFU/tomato. This is possibly due to 

a better distribution of the reactive species throughout the package and an increase in the exposure 
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of individual tomatoes to the reactive species, hence facilitating the diffusion of ozone and 

consequent microbial inactivation (Min et al., 2018). In another study investigating the inactivation 

of E. coli on romaine lettuce packed in 1, 3, 5, or 7 layers, the microbial reduction was 0.5-0.8 log 

CFU/g lettuce for the 1-, 3-, and 5-layer configurations. On the other hand, a greater reduction of 

0.9-1.1 log CFU/g was achieved on the top layer in the 7-layer configuration. The reductions in 

the middle and bottom layers of the 7-layer lettuce did not significantly differ from each other or 

from the reductions in the other configurations. The number of reactive species in the 7-layer 

configuration was the highest due to the narrowest headspace; hence, enhanced microbial 

inactivation by increasing the contact efficiency was attained at the top layer. More uniform 

microbial reductions in these cases could be obtained by shaking. Overall, ACP treatment will be 

more uniform if the package has sufficient headspace. Alternatively, ample physical movement of 

the packaged food should be ensured when the headspace is limited to facilitate the diffusion of 

the reactive species throughout the package (Min et al., 2017). No study was found regarding the 

effect of headspace on fungi inactivation via ACP treatment. 

o Direct and remote exposure  

One of the determining factors in ACP efficiency is whether the substrate is in direct contact with 

the plasma or located remotely from it. Uniform three-dimensional ACP exposure to all the sides 

of large-sized food products is difficult, owing to the small gap between the electrodes unless high 

voltages are used. Remote plasma exposure could be potentially used in this case. In remote 

exposure, the amount of transmitted heat to the sample is reduced, and the charged particles 

recombine before reaching the sample; hence, they do not play a significant role in microbial 

inactivation. Moreover, many of the short-lived neutral reactive species also do not reach the 

sample; therefore, direct plasma exposure is generally more effective for microbial inactivation  
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(Misra et al., 2011). In treating plasma-activated water, the pH decreased and conductivity 

increased more rapidly with direct treatment than indirect treatment, demonstrating a clear 

difference in the concentration and antimicrobial activities of reactive species (Suwal et al., 2019). 

The higher inactivation efficiency in direct DBD-ACP has been reported in other studies as well 

(Los et al., 2018; Xu et al., 2017; Zhang et al., 2017). After ACP treatment, alteration from a 

hydrophilic surface in untreated samples to a hydrophobic surface in treated samples due to 

damage of spore coat proteins was reported (Los et al., 2017).  

2.4.2 Product factors 

• Product type and composition 

Several outbreaks and recalls have been frequently related to meat and meat products due to the 

presence of foodborne pathogens. Fruits and vegetables are commonly consumed as fresh and need 

decontamination prior to packaging and distribution. Washing of fruits, vegetables, fresh produce, 

and meat using chlorine and other chemical disinfectants has long been used for disinfection. 

However, limited decontamination efficiency and the formation of potentially carcinogenic 

chlorinated compounds in water are their main drawbacks (Oliveira et al., 2012). Other available 

decontamination methods include hydrogen peroxide, washing with organic acids (e.g., lactic acid, 

peracetic acid, etc.), and application of ozone. Low direct antimicrobial efficiency, pH 

dependence, and influence on quality factors have been reported as the disadvantages of these 

techniques (Ramos et al., 2013). Hence, alternative non-thermal methods such as ACP treatment 

may attract some interest from the food industry. In-package and open environment ACP has been 

used for decontaminating different food products including meat, fruits, vegetables, etc. The 

antimicrobial efficacy of ACP can be primarily dependent on the type, nature, and composition of 
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the tested food products. The nature of food constituents (e.g., fat, protein, carbohydrate content) 

is the other important factor influencing decontamination by ACP.  

   DBD-ACP treatment has been used for decontamination of plant-based products, such as 

fruit and fruit juices, with a significant decrease in natural microflora, pathogens, and polyphenol 

oxidase residual activity and browning without a noticeable change in quality parameters such as 

total soluble solids, reducing sugar, and total phenolics (Berardinelli et al., 2012; Pasquali et al., 

2016; Tappi et al., 2014; Xiang et al., 2018). By using atmospheric DBD-ACP, mesophilic 

bacteria, yeasts, and molds were reported to decrease by 2.5 log CFU/fruit after 90 min of treatment 

without any significant adverse effect on quality traits immediately after the treatment. However, 

after 5 days of storage at 20 °C, the samples treated for 90 min had significant changes in the color 

and antioxidant capacity of the peel (Berardinelli et al., 2012). In radicchio leaves, 

decontamination without post-treatment antioxidant capacity change could be achieved using 

DBD-ACP. A significant change in terms of visual quality was observed after 1-day of storage in 

comparison to the control (Pasquali et al., 2016). The reduction in microbial content is often 

attributed to highly reactive chemical species and release of intracellular nucleic acids and proteins 

in response to alterations in cell membrane permeability (Mahnot et al., 2019; Xiang et al., 2018). 

 Jo et al. (2014) reported inactivation of Gibberella fujikuroi, a seed-borne pathogen, on rice seed 

surface by 50 %, 90 %, > 92 %, and > 99 %, after 9, 76, 120, and 180 s of ACP treatment, 

respectively. Aspergillus flavus, with an initial viable count of 1.2 × 105 CFU/sample on packaged 

pistachio, was completely removed after 18 min of ACP exposure (Sohbatzadeh et al., 2016).  

• Surface characteristics 

The substrate surface topology can influence the antimicrobial efficacy of the DBD-ACP 

treatment. For instance, considerable differences in E. coli inactivation efficacies were observed 
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on seeds with possibly different surface characteristics (Butscher, Van Loon, et al., 2016). The 

reduction of artificially inoculated E. coli on onion seeds was 1.4 log after 10 min of ACP 

treatment, while the identical treatment conditions resulted in a 3.4-log reduction on cress seeds. 

One of the main reasons for the observed difference is the different number of fissures, pits, and 

grooves on the surface of the seeds, which may protect the microorganisms from the plasma-

generated species (Butscher, Van Loon, et al., 2016). On rough surfaces, bacteria may attach as 

multilayers, possibly making it difficult for plasma species to diffuse and inactivate. The 

antibacterial effect of ACP against bacterial endospores on polymeric model substrates was 

considerably more effective than on wheat grains (Butscher, Zimmermann, et al., 2016). This was 

attributed to the complex surface and the ventral furrow of wheat grains (Butscher, Zimmermann, 

et al., 2016; Los et al., 2018). In another study, better inactivation of bacteria inoculated on tomato 

surface was reported in comparison to strawberries (Ziuzina et al., 2014). This was due to the 

smooth surface of the tomato and lower concentration of ozone inside packages containing 

strawberries after ACP treatment. The presence of pores on strawberries exhibited more surface 

contact area; hence, the dissolution rate of ozone generated inside the packages containing 

strawberry increased, and subsequently, the antimicrobial efficacy reduced (Ziuzina et al., 2014).  

• Water content  

Microorganisms become more susceptible to inactivation at high water content with greater ROS 

(e.g., hydroxyl radicals) generation during ACP treatment in a liquid water phase (Butscher, Van 

Loon, et al., 2016; Oehmigen et al., 2010; Van Gils et al., 2013). In addition, high water content 

of substrates increases the relative humidity of the gas phase (Butscher, Van Loon, et al., 2016). 

High water content facilitates the uptake of ozone by the product surface since ozone is water-

soluble. Hence, the contact between the substrate and ozone can be increased at elevated water 
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content. In the presence of water, ozonation could be catalyzed by free radicals (i.e., hydroxyl ions) 

(Alexandre et al., 2017). However, Amini and Ghoranneviss (2016) reported that the inactivation 

rate of A. flavous on dried walnuts was higher than that on fresh walnuts after ACP treatment. 

Food-intrinsic factors such as osmotic stress and suboptimal pH induce stress hardening, creating 

cells resistant towards the subsequent ACP treatment that influence the inactivation efficacy (Smet 

et al., 2016). Hence, an optimum water content for each product should be considered in ACP 

treatment. For instance, the reported optimum water content for inactivation of native microbiota 

on alfalfa seeds was 17 % (Butscher, Van Loon, et al., 2016). This is due to reactivation of bacteria 

from the dormant state in the presence of water, a result which makes the bacteria susceptible to 

ACP. Furthermore, higher amount of ROS could be triggered, which contribute to the inactivation 

of microorganisms (Reuter et al., 2015; Van Gils et al., 2013). However, high humidity in the 

discharge may reduce the electron energy and density, quench the excited molecules, and weaken 

the ACP (Nikiforov et al., 2011). 

2.4.3 Microbiological factors 

▪ Pathogen type 

Bacterial type, strain, and mode of existence are the main microbiological factors relating to 

inactivation efficacy by DBD-ACP (Los et al., 2017). Yeasts and molds are more sensitive to 

treatments than mesophilic bacteria (Berardinelli et al., 2012). Applying DBD-ACP on tomatoes 

reduced both the mesophilic aerobic bacteria and the yeast and molds by 1.3 and 1.5 log 

CFU/tomato, respectively (Min et al., 2018). Berardinelli et al. (2012) also reported 1 log 

CFU/fruit reduction of yeast and molds by DBD-ACP in 10 min; however, no significant change 

was detected for the bacterial count within 30 min of treatment. In longer treatment times (60-90 

min), the same decontamination level was observed for mesophile bacteria and for yeast and 
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molds. In another report, psychrotrophs, total bacteria, and yeast and molds were reduced by 2.1, 

2.3 and 2.6 log CFU/cm2 within 10 min of ACP treatment (Ulbin-Figlewicz et al., 2015). Morgan 

(2009) reported D-values of 7 and 4.7 min for S. cerevisiae and M. frigida, respectively, by argon 

DBD discharge that demonstrated the faster inactivation of M. frigida than S. cerevisiae. In that 

study, M. frigida was completely inactivated in 15 min, while S. cerevisiae was completely 

inactivated in 20 min. In a study on Pseudomonas fluorescens and Macrococcus caseolyticus, after 

1.5 min of treatment, DBD-ACP treatment had more antimicrobial effects on gram-negative 

bacteria P. fluorescens than gram-positive bacteria M. caseolyticus (J. Wang et al., 2016). In 

another study, cascaded dielectric barrier discharge (CDBD) was used to inactivate strains like 

Salmonella serotype Mons, Staphylococcus aureus, and E. coli and spores of Bacillus subtilis, 

Aspergillus niger, and Clostridium botulinum. Aspergillus niger was the most resistant strain with 

an inactivation level of about 3, 4, and 5 log after 1, 3, and 5 s. The highest reduction was observed 

for the vegetative cells with at least 6.6 log CFU/foil within 1 s, except for E. coli. For E. coli, 

reduction of 5.6 log CFU/foil was seen in the first second, and it was reported that the inactivation 

of the pathogens takes place in the initial seconds of the treatment (Muranyi et al., 2007).  

 Generally, microbial spores exhibit high resistance against antimicrobial treatments. 

Clostridium botulinum endospores were reduced by 6.1 log CFU/foil within 1 s in comparison to 

6.9 log CFU/foil reduction in Staphylococcus aureus count, and so, theoretically, the 12-D concept 

could be carried out after 2 s of CDBD plasma treatment (Muranyi et al., 2007). Important factors 

in spore resistance against numerous sterilizing agents, in particular in B. subtilis, are the relative 

impermeability of the inner membrane against chemicals, high quantity of dipicolinic acid, the 

protection of the DNA by small acid soluble proteins, and the low core water content (Setlow, 

2006). In addition, bacterial spores contain detoxifying enzymes in their coat that play an important 
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role in detoxifying chemicals (Henriques & Moran, 2007; Setlow, 2006). The reactive species in 

ACP cause damage to membranes and enzymes and, as a result, affect the germination process of 

the spore (Patil et al., 2014). Patil et al. (2014) reported the importance of the water and O3 presence 

for higher spore inactivation. High values of RH accelerate the spore swelling and generate more 

reactive species during ACP treatment that damage the spore structure. 

 By carefully reviewing the studies on anitimicrobial efficacy of ACP treatment, it was observed 

that the sensitivity sequence of different microorganisms against ACP is yeast-mold-virus > 

bacteria > spores. 

▪ Initial count 

Surface microbial loading of the products is one of the microbiological factors that could influence 

the efficacy of DBD-ACP treatment. The negative correlation of the initial count of 

microorganisms with inactivation rate by ACP treatment was reported in several studies (Ahlfeld 

et al., 2015; Deng et al., 2005; Kamgang-Youbi et al., 2008; Perni et al., 2008; Yu et al., 2006). 

The study conducted by Fernandez et al. (2012) by a nitrogen plasma jet clearly proved that 

increasing the concentration of S. typhimurium from 5 to 8 log CFU/filter reduced the inactivation 

efficacy of ACP (Fernandez et al., 2012). It was assumed that microbial inactivation depends on 

cell density, in particular in high initial microbial counts, due to the protective effect of overlaying 

cells and agglomerates against ACP (Ghomi et al., 2009; Muranyi et al., 2007). In this 

circumstance, the inactivated top layers of microorganisms could form a physical barrier to shield 

the underlying microorganisms from ACP penetration (Deng et al., 2005).  
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▪ Growth phase 

The E. coli cells at the logarithmic phase are more sensitive to ACP than those at stationary and 

declining phases (Deng et al., 2007). Similar results were documented for yeast cells exposed to 

high voltage electric pulses (Gášková et al., 1996; Jacob et al., 1981). In applying electric fields, 

it was assumed that in the logarithmic stage of yeasts, the amount of the cells in the state of budding 

was higher than that in the other phases. The budding area of the yeast was more sensitive to 

electric discharges, and so, they could be inactivated relatively easily (Jacob et al., 1981). 

2.5 Antimicrobial mechanisms of DBD-ACP 

Two main hypotheses for cell death caused by gas discharge are as follows: Firstly, the total 

electric force caused by the accumulation of surface charge could exceed the total tensile force on 

the membrane and cause electrostatic disruption. Secondly, energetic ions, radicals, and reactive 

species generated by gas discharge cause oxidation, which provokes damage to the cell membrane 

or cellular components. Scanning electron microscopy of Saccharomyces and Candida yeast 

before and after treatment showed rupture in the cell surface after treatment, which resulted in the 

inactivation of the yeast (Morgan, 2009). ROS from ACP alter the functions of biological 

membranes and cellular biomolecules via interaction with lipids, proteins, and DNA mostly by the 

oxidation process. The intense electric field of ACP ruptures the cell membrane and causes 

bacterial cell leakage and loss of cell functionality (Misra & Jo, 2017). In contrast to most opinions 

that there was no UV inactivation at atmospheric pressure and that chemically reactive species are 

entirely responsible for the observed inactivation, it was shown that spore inactivation could be 

achieved either under the sole action of the reactive species or under dominant UV radiation 

(Boudam et al., 2006). In Table 2.1, a summary of the inactivation mechanisms of microorganisms 

associated with ACP treatment is presented. 
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Table 2.1: Impact of ACP on bacterial cell structure 

Bacterial cell structure Impact by ACP 

Proteins and enzymes Protein denaturation Amino acid oxidation Loss of enzyme activity 

Lipids and fatty acids Membrane lipid peroxidation 

Nucleic acids Damage to DNA and RNA Reduction in cell replication 

Cell membrane Etching and perforation in membrane 
Cell membrane damage by diffusion of 

reactive species 

Cell wall 
Breaking of chemical 

bonds 

Erosion due to reaction 

with radicals 

Surface roughness 

increase 

Cytoplasm 
Deformation of the 

cytoplasm 
Cell shrinkage Cytoplasm leakage 

*Adapted from (Misra and Jo, 2017) 

2.6 Challenges 

Production of hot streamers (regions of highly ionized matter) in the air is a feature of DBD-ACP. 

DBDs may be useful for treating hard solid foods such as nuts, but considering that these localized 

streamers may leave visible marks on the skins of fruits such as for mangoes and melons, the 

application of DBD-ACP would be limited due to its influence on appearance and color (Perni et 

al., 2008). Another factor that should be considered is the high oxidative action of ACP treatment 

that can affect the bioactive compounds and other food components such as lipids and proteins in 

food products (Tappi et al., 2014). Plasma exposure can induce the oxidation of sugars into organic 

acids, peroxidation of lipids, and the modification of amino acid residues in proteins (Cullen et al., 

2018). For instance, Baier et al. (2014) used ACP to treat plant leaves and observed that the argon 

plasma jet was a gentle and suitable ACP source for the application on leafy greens. In contrast, a 

surface DBD and a remote exposure reactor, fed with plasma-treated air, had significant impacts 

on the leaf tissue. In ACP treatment, the presence of oxidizing agents could cause oxidation of 

lipids, thus limiting its potential for high-fat foods also.  
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 During and after ACP treatment of in-packaged products, the generated ozone concentration 

could be reduced due to its interaction with the surface of the polymer bag. Furthermore, energetic 

Ar+ ions in ACP can dissociate the carbon atoms from the polymer when argon gas is used. Ozone 

can interact with the dissociated carbon and produce carbon dioxide. Hence, the process should be 

switched off after the maximum ozone concentration is attained and before a significant amount 

of dissociated fragments form from the polymer surface of the package generated (Leipold et al., 

2011). ACP decontamination of food products shares similarities with plasma medicine but also 

exhibits differences. The treated food products are sometimes more susceptible to plasma than 

human tissue, and the volume of the products is larger in the food industry (Brandenburg et al., 

2019).  

 Different DBD systems have been designed in the past for a variety of applications in medical, 

electronics, and engineering fields. With the inherent complexity of ACP and the additional 

complexity of food products with different constituents, size, shape and surface characteristics, 

custom designed DBD systems should be developed for food product decontamination 

applications. Microbial survival during ACP treatment is greatly influenced by surface properties 

of the substrates used. On rough surfaces, microbial inactivation by ACP may be expected to be 

lower due to the shielding effect, although reactive species could diffuse on the surfaces. The ACP 

chemistry is greatly dependent on the electrode material, dielectric barrier and the substrate 

surfaces used. Hence, a great deal of work is required to understand the plasma chemistry when 

different food products are used in order to optimize ACP treatments for specific products. The 

effect of individual ACP components, mainly, ROS, RNS, UV, and electric field, on specific 

microorganisms is not clearly understood. Hence, additional research on microbial inactivation 

mechanisms by individual ACP components will help to identify the key components responsible 



 32 

for microbial inactivation. Other than the aforementioned, several process related factors will 

influence the decontamination efficacy of ACP treatments, adding another layer of complexity. 

Application of ACP in the food industry is quite a new field, and it requires considerable research 

for a better understanding of reaction mechanisms, antimicrobial pathways, the impact of ACP on 

food quality and safety, and its probable side effects on consumer health. For defining standard 

ACP exposure conditions for treating the food products, focused research should be conducted on 

specific applications and the various factors described in this chapter. Hence, at the moment it is 

difficult to define standard exposure conditions for treating the food products.  

2.7 Scale-up of atmospheric pressure DBD plasma technology 

At present, the scaling-up of atmospheric pressure DBD plasma systems is limited by 

technological and economical challenges. Only a few attempts have been made to scale-up the 

DBD plasma technologies. A continuous atmospheric pressure, high voltage DBD plasma system 

was developed by researchers from the European Union and found to be successful in extending 

the shelf-life of cherry tomatoes and strawberries (Ziuzina et al., 2016; Ziuzina et al., 2020). Other 

attempts to scale-up include the surface DBD plasma technology developed by Anacail in the UK 

(Anacail, 2018) and a pilot-scale DBD developed and validated in Italy (Ragni et al., 2010). 

 Process and product parameters including treatment time, plasma density, power and current 

supply, gap between the sample and high voltage electrode, food properties, and cost of the system 

and the process should be considered for scaling-up an ACP based process without compromising 

the plasma uniformity. To keep the uniformity of the plasma in larger scales, much larger voltages 

(~130 kV) and customized dielectric materials are required (Cullen et al., 2018). For large volume 

treatments, a sustainable high voltage power source with sufficient lifetime is required. Process 
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validation is a critical step to assure the safety of food products. In conventional treatments such 

as heat treatment, process validation is performed through temperature profiling of the heated 

product. However, in ACP treatment, numerous factors (i.e. process, product and microbiological 

parameters as described in previous sections) that should be controlled, which is challenging. Yet 

another concern is controlling the amount and type of reactive species and tuning the plasma 

chemistry to ensure highest efficiency. The reactive species produced by ACP have a limited 

lifetime, and no active residue should be left when the food products are on the shelf for sale; 

however, more studies need to be conducted towards this aspect. The diversity of mechanisms and 

species involved in ACP treatment is an important challenge to scale-up this technology and define 

a plasma treatment dose, specific to each product. Some of the reactive species such as ozone, 

produced during ACP treatment, are stable over a period of time, and their exposure to workers 

and release from factories to the environment should be controlled. Regulatory approval may be 

required and toxicity studies in ACP treated foods need to be completed before the scale-up of 

ACP technology for various applications in food sector.   

2.8 Deoxynivalenol (DON) 

Cereal crops are infected by spoilage fungi in the field or during storage, and under optimum 

conditions, some of the fungal species can produce secondary metabolites named mycotoxins. 

Mycotoxins are toxic in low concentrations to humans and animals. Consumption of mycotoxin 

contaminated food can cause illnesses such as hepatic, gastrointestinal, and carcinogenic diseases 

(Fung & Clark, 2004). Trichothecenes are a group of sesquiterpene mycotoxins and DON is one 

of the most prevalent trichothecenes found on various cereal crops (Mishra et al., 2014). 

Trichothecenes have a 12,13-epoxytrichothec-9-ene ring as their basic structure. Type B 

trichothecenes share a keto substitution at C-8 such as DON (Bretz et al., 2006). DON is a common 
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contaminant of cereal grains with 57, 40, 68, 59, 49, and 27 % contamination rate in wheat, maize, 

oat, barley, rye, and rice, respectively (Joint FAO WHO Expert Committee on Food Additives, 

2002). A recent review regarding the occurrence of DON in food commodities verified that in most 

of the assessed samples, DON concentration exceeded the permissible levels (Mishra et al., 2020).  

DON produced by Fusarium spp. is a type B trichothecene. DON is the most predominant and 

economically important trichothecene, but its toxicity is less than other trichothecenes, i.e., 

nivalenol and T-2 toxin (Mayer et al., 2017). Studies on animal specimens showed that DON can 

bind to the ribosome and inhibit protein synthesis. It can cause anorexia and emesis, or exert an 

immunosuppressive or immunostimulatory effect. It is cytotoxic to fibroblasts and lymphocytes 

related to protein synthesis inhibition at the ribosomal level with an effective concentration of 0.1–

2 μg/ml of DON. Following the ingestion of DON, animals have lower feed consumption and 

lower weight gain. In higher dietary concentrations of DON, vomiting also has been reported in 

animals. However, the severity of the effects can differ based on the animal species, age and sex 

of the animal, concentration of DON, and the source of contamination. A detailed description of 

the toxic effects of DON can be found in the studies by  Rotter (1996), Mayer et al. (2017), Sobrova 

et al. (2010) and Pestka and Smolinski (2005). 

2.9 Potential of atmospheric cold plasma for DON degradation 

ACP is a novel non-thermal technology that has the potential for decontamination of 

microorganisms and mycotoxin. This system produces reactive species, ions, radicals, and UV 

light which are influenced by the process factors such as voltage, type of gas, relative humidity, 

treatment time, etc. (Chapter 2, section 2.4.1). Previous studies reported the effect of ACP on the 

degradation of DON, however, no study assessed the degradation products of DON during ACP 
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treatment. In Chapter 4, we performed ACP treatment (34 kV, 2 mm gap) for 6 min, which reduced 

the DON levels on spiked barley by 48.9%. The chemical reaction of reactive species produced 

during ACP with mycotoxin, decomposition of the mycotoxin after collision with electrons and 

ions, and UV light are considered as the factors that contribute to the cleavage of DON or other 

mycotoxins by ACP treatment (ten Bosch et al., 2017). This could explain the higher degradation 

rate of DON via ACP compared with ozone treatment, as numerous factors contribute to the 

degradation of the toxin in ACP. Among the reactive species produced during ACP treatment, 

reactive oxygen, and reactive nitrogen species (RONS) comprise the major part (N. Misra et al., 

2019). Ozone, which is one of the ROS in ACP, probably plays a major role in the degradation of 

DON via ACP (Chapter 4).  

The presence of water could contribute to the formation of RONS in ACP and improve the 

degradation rate of DON (Chapters 3 and 4). DON in solution (acetonitrile/water (20/80, v/v)) 

reached undetectable levels within 5 min of ACP treatment; however, in the dry state the 

degradation rate was 25.1%. In a solution, more ROS would be generated and the uptake of ozone 

which is soluble in water would increase, improving the degradation rate of DON (Chapter 3). 

Fourier-transform infrared spectroscopy results indicated the formation of carbonyl group or epoxy 

group in the degraded product after treating DON with ACP (Chapter 3). The effect of dielectric 

barrier discharge plasma (ten Bosch et al., 2017), gliding arc plasma (Kříž et al., 2015), low-

pressure microwave plasma (Kříž et al., 2015), and microwave-induced argon plasma (Park et al., 

2007) on DON degradation have been assessed previously. UV radiation and etching by plasma 

were mentioned as the probable reasons for the degradation of DON by plasma (Park et al., 2007). 

It was postulated that the presence of aromatic rings in the structure of a toxin may contribute to 

its lower plasma-induced degradation compared with another toxin with a different structure (ten 
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Bosch et al., 2017). Acytotoxicity assay showed the complete decrease of DON cytotoxicity after 

5 s treatment by microwave-induced argon plasma system (Park et al., 2007). 

Plasma activated water (PAW) is another method of degrading DON and other mycotoxins. There 

are multiple studies on the application of PAW on bacterial inactivation. These studies have 

mentioned one reason for the inactivation of bacteria which could be relevant in the degradation 

of mycotoxin as well. The synergistic action of a high positive oxidation-reduction potential (ORP) 

and low pH (pH~ 2–3) (Oehmigen et al., 2010; Tian et al., 2015b) are the main reasons for the 

inactivation of bacteria. H2O2, 
•OH, •O, O3, and reactive nitrogen species (RNS) in PAW can 

increase the OPR. RNS also contributes to low pH (Rathore et al., 2021). A previous study reported 

that soaking the contaminated barley in PAW for 5, and 20 min, reduced the DON concentration 

by 22.5, and 25.8%, respectively (Chen et al., 2018). The degradation rate of DON was correlated 

to OPR and pH. In PAW, short-lived reactive species such as hydroxyl radical (•OH), superoxide 

(O2
-), and singlet oxygen (O or O-) may not play any role in the degradation of DON; the major 

contribution for inactivation will be accomplished by long live reactive species such as O3, H2O2, 

NO3
- (Chen et al., 2018). It is important to state that during ACP treatments, the temperature of the 

sample does not rise to more than 60 °C, and hence no thermal degradation of the mycotoxin is 

expected (ten Bosch et al., 2017). 

The concentration and type of the reactive species during ACP could vary according to the process 

factors such as relative humidity of the air, voltage and current of the system, treatment time, type 

of the carrier gas, type of electrodes and dielectric materials, the gap between the electrodes, direct 

or remote exposure of toxin to the ACP, and the water content of the sample (Chapter 2, section 
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2.4). This makes the identification of degradation products and degradation pathways of 

mycotoxins via ACP challenging.  

2.10 Concluding remarks 

The antimicrobial properties of ACP, primarily due to the radicals and reactive species, along with 

its lowest impact on food quality attributes, are the incentives for this technology to be applied in 

food processing. ACP can potentially be employed in the food production and processing lines for 

different products, including meat, fruit and vegetables, nuts, eggs, cereals, and packaged products, 

and scaled-up for surface decontamination of food products. However, ACP treatment may not be 

able to completely replace conventional sterilization processes used in the food industry due to the 

limitations of the technology (e.g., poor penetration of reactive species inside foods). Since food 

products vary in size, shape, and nature, ACP systems should be designed depending on the 

specific application and product type for future scale-up of this technology for food 

decontamination purposes. The antimicrobial properties of ACP depend on process factors 

including voltage, frequency, relative humidity, temperature, flow rate and gas, type of electrode, 

interelectrode spacing, treatment time, headspace, and exposure pattern type; product factors 

including water content, type of product, surface characteristics; and microbial factors including 

growth phase, initial count, and type of the pathogen. Optimization of process conditions (e.g., in-

package ACP treatment) and custom-designed plasma systems for best outcomes require improved 

characterization and thorough knowledge about the important process, product, and 

microbiological factors.   

There are limited studies focusing on evaluating the mycotoxin degradation efficacy when ACP is 

integrated with other decontamination approaches. This was addressed in Chapters 3, and 5 where 



 38 

the degradation efficacy of ACP system was evaluated against two of the important mycotoxins 

prevalently found on grains in Canada. Moreover, further research is required to understand the 

influence of various product and process parameters and their interactions on the mycotoxin 

degradation efficacies of ACP which has been addressed in Chapters 3, 4, and 5. Chapter 6 

addressed the research gap of understanding the degradation mechanism of DON, and also the 

possibility of using PAW in malting of barley for DON degradation. In Chapter 7, the antimicrobial 

efficacy of PAW bubbles was investigated against F. graminearum during malting of naturally 

infected barley. 
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 Chapter 3: Degradation of deoxynivalenol by atmospheric-pressure cold 

plasma and sequential treatments with heat and UV light 

3.1 Introduction 

Mycotoxins are toxic secondary metabolites produced by fungi that can be present in animal feed 

and human food products. Each year, around 25 % of agricultural commodities are contaminated 

by mycotoxins (Chen et al., 2018), causing financial harm to the agricultural industry, product 

quality losses, and harmful effects on human and livestock health. Deoxynivalenol (DON, 

vomitoxin) (Figure 3.1), produced by Fusarium graminearum and Fusarium culmorum, is one of 

the prevalent mycotoxins that contaminate cereals and cereal-based products (Alizadeh et al., 

2016). Consumption of DON-contaminated feed by animals can lead to vomiting, diarrhea, feed 

refusal, anorexia, hemorrhage, and weight loss (Brenn-Struckhofova et al., 2007; Chen et al., 

2018). The Canadian Food Inspection Agency (CFIA) has established maximum DON limits for 

different types of food products. Currently, the maximum permitted levels are: 2 ppm for 

uncleaned soft wheat for human consumption, 5 ppm in diets for cattle & poultry, and 1 ppm in 

diets for swine, young calves, & lactating dairy animals (Canadian Food Inspection Agency, 2022). 

Prevention strategies for mycotoxin contamination include preharvest methods (crop rotation, 

sowing date, and tillage), and crop processing methods (dehulling, sorting, milling), which are 

limited by low efficacy, and nutrient loss. Alternative strategies include fungicide applications and 

chemical and biological procedures applied before harvesting, but these strategies are limited by 

crop quality losses, strict national food safety regulations, detrimental effects on human health and 

the environment, and high cost (Akocak, 2016). Mycotoxins are resistant to the high temperatures 

encountered in food processing such as roasting, extrusion, baking, and even frying which can 
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only partially degrade them (Bullerman & Bianchini, 2007). Therefore, effective and practical 

methods for mycotoxin degradation need to be developed.  

Atmospheric-pressure cold plasma (ACP) is a novel nonthermal technology with the potential to 

inactivate microorganisms such as fungi and degrade mycotoxins without affecting the quality of 

the treated products (Baier et al., 2014). ACP consists of neutral gases, ions, free electrons, atoms, 

and photons. The reactive chemical species, in particular, reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) in ACP play a major role in mycotoxin degradation (Chapter 4). 

The reduction of mycotoxins by ACP treatment depends on processing factors (input power, 

treatment type, gas type, exposure mode, flow rate), environmental factors (food matrix and 

relative humidity), and mycotoxin properties (Chapter 4). ACP treatment has been reportedly used 

to degrade a number of mycotoxins (N. Misra et al., 2019). For instance, ten Bosch et al. (2017) 

evaluated the efficacy of ACP treatment to degrade pure DON, zearalenone, enniatins, fumonisin 

B1, and T2 toxin and reported almost complete degradation of these mycotoxins after 60 s ACP 

treatment. In Chapter 4, we reported the reduction in DON concentration by 48.9 % on barley 

grains with 10.8 % moisture content by 6 min ACP treatment. There is no information about the 

effect of ACP treatment on the structural changes in DON and the mechanisms by which it is 

degraded. Information on DON degradation mechanisms and the identification of the degradation 
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Figure 3.1: Chemical structure of DON 
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byproducts by ACP will help us to optimize treatment conditions and analyze the toxicity of 

degradation byproducts. 

Heat and pulsed light treatments have been shown to inactivate mycotoxins in human food and 

animal feed products (Bretz et al., 2006; Moreau et al., 2013). However, no previous study has 

reported a synergistic effect of adding ACP to heat and light treatments. High temperatures (> 100 

°C) are required to degrade mycotoxins (Bretz et al., 2006; Humpf & Voss, 2004), but high 

temperatures would have adverse effects on food quality. Mild heat (<100 °C) treatment along 

with ACP may provide a synergistic mycotoxin degradation effect, though no previous study has 

reported this possibility. The recent development of LEDs emitting high intensity monochromatic 

light pulses have opened new opportunities to use this technology in food processing including 

mycotoxin and microbial decontamination (Moreau et al., 2013; Subedi & Roopesh, 2020). A 

sequential treatment mode based on ACP, LED, and heat may have a synergistic effect on 

mycotoxin degradation; however, there is currently no record of this approach. The main objective 

of this study was to evaluate the ability of ACP alone and in combination with LED or mild heat 

treatment in sequential mode to reduce the concentration of DON in solution and dry forms. The 

structural changes in DON after ACP treatment were also investigated by selected analytical 

techniques.   

3.2 Materials and methods 

3.2.1 Mycotoxin standards 

HPLC grade acetonitrile (ACN) and methanol (Fisher Chemical, Geel, Belgium), and standard 

solutions of DON (100 µg/ml ACN, Sigma Aldrich, Mississauga, Canada) were used. To have 100 

µl of DON solution with the concentration of 20 µg/ml ACN/water (20/80, v/v), we diluted 20 µl 

of the initial DON solution (100 µg/ml ACN) with 80 µl of water. ACN/water (20/80, v/v) was 
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used for the next dilutions of DON from 20 µg/ml ACN/water (20/80, v/v), to the desired 

experimental concentrations. 

3.2.2 Sample preparation 

A round cover-glass with a thickness of 150 µm and a diameter 18 mm was placed on microscopy 

slides and 100 µl deoxynivalenol (DON) solution (20 µg/ml ACN/water (20/80, v/v)) was applied 

centrally on the cover-glass. Air drying of the DON solution was performed at room temperature 

(~23 C). After 75 min of air drying, the solution was completely evaporated on the coverglass, 

which was visually noticeable. After air-drying, 2 µg DON with 0 % water, and 0 % ACN content 

was treated by ACP, LED, or heat as described below. Then the cover-glass containing the DON 

was immersed in 1 ml methanol, shaken for 1 min with a vortex, and evaporated to dryness with a 

nitrogen stream. ACN/water (20/80 v/v), 1 ml, was then added and further analysis of the DON 

was performed by HPLC. To assess the degradation of DON as a solution (20 μg/ml ACN/water 

(20/80, v/v)), the 75 min drying step was skipped.  

3.2.3 Atmospheric-pressure cold plasma treatment of DON 

A dielectric barrier discharge (DBD) atmospheric-pressure cold plasma (ACP) system (PG 100-

D, Advanced Plasma Solutions, Malvern, PA) was used to treat DON samples (Yadav et al., 2019) 

with the concentration of 20 µg/ml ACN/water (20/80, v/v) with 100 µl placed on a cover-glass 

which was on a microscopy slide, and the slide was positioned on a glass insulated cover (1 mm 

thickness) on top of a ground electrode of an ACP system. The gap between the high voltage 

electrode and the DON sample was 2 mm (Figure 3.2) during the experiments. The upper electrode 

was connected to the high voltage generator, which had a frequency of 3500 Hz and a 70 % duty 

cycle. The electrode produced a high pulsating voltage output of 0-30 kV with a 0-1 A current 

output and a 10 µs pulse width (Yadav et al., 2019). The DON samples with 0 % water, 0 % ACN 
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(dry sample, 2 µg) were subjected to ACP using air as the medium, with treatment times of 0.5, 1, 

5, 15, 30, and 60 min while DON samples in solution were subjected to ACP treatments for 1, 2, 

3, 4, and 5 min. Here, untreated samples were considered as control. 

 

 

 

 

 

 

 

3.2.4 HPLC analysis 

DON samples were stored at 4 °C for <24 h after treatments and before HPLC analysis. The 

concentration of DON was determined by high-performance liquid chromatography (HPLC) on a 

reversed-phase Agilent Zorbax SB-C18 250 mm × 3 mm, 5 um column with isocratic elution. The 

injection volume was 25 µl at a flow rate of 0.5 ml/min, using a mixture of water and ACN (85:15 

v/v) as the mobile phase. DON concentrations were determined at a wavelength of 218 nm using 

a photo diode array (PDA) detector. The limit of quantification of DON by HPLC was 0.02 µg/ml.  

3.2.5 TLC analysis 

Thin-layer chromatography (TLC) has been used in other studies to analyze DON (Kim & 

Vujanovic, 2017; Rocha et al., 2017). TLC analysis was performed on aluminum plates coated 

with silica gel at room temperature. One mililiter of DON in solution mode (0.8 mg DON/ml 
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Figure 3.2: Schematic diagram of dielectric barrier discharge atmospheric cold plasma system 

used in this study 
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ACN/water (20/80, v/v)) was air-dried for 3.5 h and treated by ACP for 60 min. Then, control and 

ACP-treated DON were solubilized in 1 ml ACN and individually applied to a TLC plate. The 

TLC plates were developed in ACN: hexane (50:50), air-dried, then the spots were observed under 

UV light. For visual comparison, the plates were smeared in vanillin stain and heated with a heat 

gun. The relative mobility or retention factor (Rf) was calculated by the following equation.  

Rf = distance from start to the center of substance spot/distance from start to solvent front      (1) 

3.2.6 ATR-FTIR analysis 

To assess the effect of ACP on the degradation of DON solution, 0.6 ml DON (0.8 mg DON/ml water, 

ACN (80:20 v/v)) was subjected to ACP (the gap between the electrodes was 5 mm) for 5 min 

before attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy analysis. To 

assess the effect of ACP on the degradation of DON in a dry condition, 0.6 ml DON (0.8 mg DON/ml 

ACN/water (20/80, v/v)) was air-dried for 3.5 h to remove ACN and water from the stock solution, 

then treated with ACP for 60 min (the gap between the electrodes was 2 mm) before FTIR analysis. 

The control sample was air-dried DON solution without ACP treatment. The 5 and 60 min ACP 

treatment times were chosen as we observed the maximum degradation in DON concentration after 

these treatment times. A Bruker Alpha FTIR spectrophotometer (Bruker Optics, Esslingen, Germany) 

equipped with a single bounce diamond ATR (attenuated total reflectance) crystal was used to collect 

the spectrum at a resolution of 2 cm−1 over a range of 410-4000 cm−1 (Peiris et al., 2012). All sample 

spectra were recorded with 64 scans and averaged using OPUS software (Bruker version 6.5). A 

background spectrum of the clean ATR crystal was collected before applying and collecting the sample 

spectrum. FTIR spectra were analyzed using Nicolet Omnic software (version 8).  
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3.2.7 Effects of initial DON concentration and ACN/water content on DON degradation 

by ACP 

The DON stock solution (100 μg/ml acetonitrile) was diluted with ACN/water (20/80, v/v) to 

prepare samples with 4, 20, and 100 µg/ml ACN/water (20/80, v/v) concentrations. After air-

drying at room temperature to remove water and ACN, samples were used to evaluate the effect 

of the initial concentration on the DON degradation efficacy of ACP. DON samples were treated 

with ACP for 15 min, then DON was quantified by HPLC analysis. The control samples were 4, 

20, 100 µg/ml ACN/water (20/80, v/v) DON samples without ACP treatment. 

Selected ACN/water contents of 0, 5, 20 and 100 % (wet basis) were used to estimate the effect of 

ACN/water content on DON degradation. For this analysis, 100 µl of the DON with the 

concentration of 20 µg/ml ACN/water (20/80, v/v) was air dried to reach the desired ACN/water 

content. The sample (20 µg/ml ACN/water (20/80, v/v)) was air dried to reduce the ACN/water 

content from 100 % to 20, 5, and 0 %, respectively. ACN/Water content of the samples were 

measured based on the weight reduction of the sample (20 µg/ml ACN/water (20/80, v/v)) during 

air drying. The sample was then treated with ACP and analyzed by HPLC. 

3.2.8 Optical emission Spectroscopy of ACP discharge 

Optical emission spectra (OES) were collected to identify the major reactive species in the excited 

state produced by the ACP discharge, using a spectrophotometer (Black Comet, C-25, S/N 

17060712, StellarNet Inc., Tampa, FL) with a resolution of 0.5 nm in the wavelength region of 

180 to 850 nm (Yadav et al., 2020). One end of the optical fiber (F600-UVVIS-SR, StellarNet, 

Inc., Tampa, FL) was connected to the spectrophotometer and the other end with the collimating 

lens and kept 30.4 mm away from the center of the plasma discharge to capture the emission 

intensity of plasma discharge. The obtained spectra were analyzed by SpectraWiz software 
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(StellarNet). The set integration time was 100 ms and the set values of the number of scans to 

average were 10 to capture uniform spectra. Three spectra were obtained and averaged for peak 

identification. 

3.2.9 Pulsed light treatment using LEDs in combination with ACP 

DON samples (20 µg/ml ACN/water (20/80, v/v)) air-dried, to obtain 0 % water and 0 % ACN, 

were treated by ACP, followed by pulsed light treatments using LEDs to assess the efficacy of 

DON degradation by LEDs. For this purpose, the effect of sequential treatment consisting of 30 

min ACP + 30 min LED was evaluated. For pulsed light treatment, an LED head (JL3-395G2-6, 

Clearstone Technologies Inc., Minneapolis, MN) emitting light pulses with a wavelength of 395 

nm (100 Hz at a 60 % power level) was connected to the power controller (CF3000, Clearstone 

Technologies Inc., Minneapolis, MN) during the experiments (Du et al., 2020; Prasad et al., 2019). 

During pulsed light treatments, the DON sample temperature reached a 50 C maximum. The gap 

between the sample and the LED head was 2 cm. A fan (20 V, 0.284 A) was used during the pulsed 

light experiments to keep sample temperature at this maximum 50 C. The power level of LED 

system was 60 %, and the frequency was 100 Hz. The height and positioning of the samples were 

uniform during all experiments. Control sample was air-dried DON sample without ACP 

treatment. 

3.2.10 Heat treatments in combination with ACP 

To investigate the synergistic effectiveness of sequential ACP and heat treatments on the 

degradation of air-dried DON samples (20 µg/ml ACN/water (20/80, v/v)), ACP-treated DON 

samples were heated to 80 C on a digital hot plate (Fisher Scientific, Ottawa, ON, Canada ) and 

held for 25 min. During heat treatments, sample temperature was monitored using an infrared 
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thermometer (Optris, Berlin, Germany). The time required for the samples to reach 80 C was 4.5 

min. The control sample was an untreated DON sample. 

3.2.11 Statistical analysis 

All parameters were evaluated in three replicates, and the results were expressed as mean value ± 

standard deviations. Significant differences among the control and treated samples were 

determined by a one-way analysis of variance (ANOVA) followed by a Duncan’s multiple range 

test at p ≤ 05 (IBM SPSS v.21, Armonk, NY). 

3.3 Results and Discussion 

3.3.1  DON degradation and efficacy of ACP treatment 

DON samples in solution (20 µg DON/ml (ACN/water (20/80, v/v)) reached undetectable levels 

within 5 min of treatment (Figure 3.3). However, the ability of ACP to degrade DON when 

completely dry, decreased significantly. For instance, five minutes of ACP treatment decreased 

the same amount of dried DON by only 25.1 %. Greater degradations were observed after longer 

ACP treatment; i.e., a 60 min ACP treatment of a dry sample reduced the DON concentration by 

75.9 %. As ozone is water-soluble, the presence of water facilitates the sample uptake of the ozone 

produced during ACP treatment (Alexandre et al., 2017). Also, a higher amount of ROS could be 

generated during ACP treatment, when water is present in the system, which may have enhanced 

DON degradation. Ozone can oxidize organic compounds either directly or by radical 

intermediates such as ·OH (Van Gils et al., 2013). The ·OH radical is one of the main reactive 

species generated by photo-dissociation of water molecules due to the UV light originating from 

the ACP discharge. Production of ·OH can lead to the formation of H2O2, an oxidizing agent (Van 

Gils et al., 2013). It was proposed that the reaction between ozone and DON begins with the attack 
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of ozone at the 9, 10 double bond of DON and the net addition of two oxygen atoms (Figure 3.1) 

(Freitas-Silva & Venâncio, 2010). The oxidation state of the allylic carbon 8 position is an 

important factor in determining the reaction rate between ozone and DON, as determined by the 

number of moles of ozone required to affect oxidation (Freitas-Silva & Venâncio, 2010). Future 

research is required to understand the DON degradation mechanism, degradation byproducts, and 

their cytotoxicity after ACP treatment. Numerous factors are involved in the efficacy of the ACP 

system, i.e., process factors (voltage, frequency, current, type of gas, relative humidity, material, 

thickness, and spacing of electrodes and barrier, treatment time, etc.), and product factors (water 

content, surface characteristics, etc.) (See Chapter 2, Section 2.4). Any change in the 

aforementioned factors may impact the degradation mechanisms and hence the degradation 

byproducts, which makes it difficult to analyze the byproducts and their cytotoxicity.  
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Figure 3.3: Effect of ACP treatment times at 30 kV and 2 mm gap on DON degradation (%) 

determined by HPLC. A) with 0 % water, 0 % ACN B) in ACN/water (20/80, v/v). Data are 

shown as least square means ± standard deviations. Values with different letters are 

significantly different (p<0.05, n =3) 

 

3.3.2 TLC analysis 

TLC analysis was used to assess the number of byproducts generated after ACP treatment of dry 

DON samples. TLC analysis did not detect byproducts after ACP treatment of dry DON. Detection 

of a single spot in the treated sample in TLC plate might be due to the low ACP degradation of 

DON at high amounts (800 µg) and a dry condition. In addition, DON byproducts after ACP 

treatment could be masked by the undegraded DON if they share a similar polarity. A single spot 

aligned at an Rf of 0.66 was detected for the control and the treated samples. In retention factor 
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determination, the basic principle of solute retention is its distribution between the sorbent and the 

mobile phase (Zapala & Waksmundzka-Hajnos, 2004). The Rf value for the control and treated 

sample was 0.66. Kim and Vujanovic (2017) reported an Rf value of 0.63 for DON in a TLC mobile 

phase of 93 % dichloromethane and 7 % methanol. 

3.3.3 ATR FTIR analysis 

Infrared spectroscopy has widespread use in the structural characterization of chemical compounds 

because of its capability to identify different functional groups. It has good sensitivity, detection 

is rapid, and no previous expertise is required to use ATR FTIR (Astoreca et al., 2017). The 

position of absorption bands in the FTIR spectra of DON samples (Figure 3.4) obtained from ACP 

treated and control samples were analyzed for the 4000-500 cm-1 spectral region. The broad band 

from 3600-3100 cm-1 resulted from stretching vibrations of -OH groups attached to DON carbons 

at positions 3C, 7C, and 15C. Absorption bands in the region 3030-2800 cm-1 correspond to the 

stretching vibrations of -CH, -CH2, and -CH3 groups, including those attached to the C9-C10 

double bond (Fu et al., 2014; Peiris et al., 2012) of DON. The peak intensity in the range of 1710-

1600 cm-1 is due to alkene (C=C) and carbonyl group vibrations that are overlapped. The bands at 

1450-1400 cm-1 can be assigned to CH3-C=CH and bending vibrations of -CH3, -CH2 (Pretsch et 

al., 2000). Bending vibrations at 1350-1330 cm-1 can be attributed to methine protons of DON 

(Coates, 2000). The absorption bands at 1270-1200 cm-1 could represent C-O and C-O-C epoxy 

ring vibrations (Pretsch et al., 2000). Other bands that appear in the fingerprint region of the spectra 

represent: C-O stretch vibrations (1200-1100 cm-1), C-OH (1100-1210 cm-1), CH-O-CH vibrations 

(1170-1115 cm-1), cyclohexane ring and C-O stretch vibrations (1055-1000 cm-1), CH2-OH (1075-

1000 cm-1), CH-OH (1100-1000 cm-1), epoxy ring C-O antisymmetric stretch (947 cm-1), C=CH 

(890 cm-1), alkane stretching and bending vibrations (1150-800 cm-1), C-H single bond bending 
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vibrations (< 800 cm-1) (Coates, 2000; Peiris et al., 2012; Pretsch et al., 2000). Peiris et al. (2012), 

studied the mid-infrared absorbance spectra of DON, and our FTIR spectra of the control sample 

were in complete agreement with the graph they obtained for DON. The FTIR spectrum of ACP 

treated DON in 0 % water did not show a significant difference from that of the control sample 

(Figure 3.4). On the other hand, the spectrum of DON treated with ACP in can/water (20/80, v/v) 

showed notable differences from the control sample, specifically at wavenumbers 1280, 1450-

1400, 1730 cm-1. The appearance of a new peak at 1730 cm-1 in the spectrum of the ACP treated 

DON in the presence of water can be attributed to the C=O group of either an aldehyde or a ketone 

formed during the treatment. An additional peak at 1280 cm-1 representing treated DON in the 

presence of 80 % water could be due to the formation of an epoxy ring or ether linkages (C-O-C) 

in the treated sample. Moreover, the disappearance of an absorption band at 1450-1400 cm-1 

assigned to CH3-C=C, -CH3, and -CH2 was observed in the treated sample. The absence of these -

CH vibration bands could indicate the formation of additional carbonyl groups in the form of 

aldehyde or ketone functional groups or an epoxy ring. Reduction in DON concentration after ACP 

treatment, in the presence of 80 % water represents degradation of DON. FTIR analysis of DON 

does not provide sufficient information about the degradation byproducts after ACP treatment. 

Degradation product structures after ACP treatment of aflatoxin B1 was proposed using 

HPLC−MS−MS analysis (Hu Shi et al., 2017). Due to the presence of possible multiple 

degradation products after ACP treatment, it is difficult to know the exact structure of each of the 

degradation byproducts. However, the results from FTIR could be helpful in drawing the structures 
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of the degradation products, with the help of other analytical techniques such as Nuclear Magnetic 

Resonance (NMR). 

3.3.4 Effect of initial concentration on DON degradation by ACP  

Experiments were conducted in this study to find out any possible effect of initial concentration of 

DON on the efficacy of ACP. The highest degradation rate of DON was achieved at the lowest 

initial DON concentration (Figure 3.5). However, no trend was observed between the initial 

concentration of DON and the degradation rate of DON by ACP. Vidal et al. (2015) studied the 

effect of baking at 200 °C on the degradation of DON. They observed that a DON concentration 

of 1.04 µg/ml had a higher degradation rate than a DON concentration of 0.55 µg/ml. This 

observation could be due to the different degradation mechanisms of heat and ACP treatments. We 

Figure 3.4: ATR-Fourier transform infrared spectrum of DON in solution (0.8 mg DON/ml 

ACN/water (20/80, v/v)) and dry mode (0 % water, 0 % ACN) after ACP treatment  
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did not observe an increasing DON degradation trend with a DON concentration increase. The 

possible reason for higher DON degradation in a lower initial DON concentration could be due to 

no overlaying of toxin, and higher ratios of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) to the mycotoxin concentration. Another reason could be the ability of HPLC 

columns to differentiate between byproducts of different concentrations, as masking of the 

degraded and undegraded products in HPLC column can result in different detection limits. 

However, the above statements should be verified by careful investigations in the future.   

 

Figure 3.5: Effect of initial concentration of DON on degradation efficiency of 15 min ACP. 

Data are shown as least square means ± standard deviations. Values with different letters are 

significantly different (p<0.05, n =3) 

3.3.5 Effect of initial ACN/water content on DON degradation with ACP 

To evaluate the influence of initial ACN/water content on DON degradation by ACP treatment, 

four initial ACN/water contents in DON samples were used (Table 3.1). The initial ACN/water 

content had a crucial effect on the DON degradation efficacy of ACP (Table 3.1) so that even 5 % 

of ACN/water significantly increased the degradation rate of DON. At the completely dry 

condition (0 % water content, 0 % ACN), only 14 % degradation of DON was observed. It is 

possible that a high water content in the sample would increase the relative humidity of the gas 

phase (Butscher, Van Loon, et al., 2016), and consequently would increase the generation of ·OH 
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radicals during ACP treatment, which eventually could lead to the oxidation of DON (Butscher, 

Van Loon, et al., 2016; Oehmigen et al., 2010; Van Gils et al., 2013). Furthermore, greater ROS 

generation could happen in a liquid water phase during ACP treatment (Butscher, Van Loon, et 

al., 2016; Oehmigen et al., 2010; Van Gils et al., 2013). Additionaly, the presence of water could 

enable a higher uptake of ozone by DON (Alexandre et al., 2017). 

Table 3.1: Effect of the initial ACN/water content on the reduction of DON concentration 

by ACP 

Treatment method 
Average concentration 

(μg/ml) 

Average 

reduction (%) 

Control sample 0 % ACN/water 20.2±0.1 a 0 d 

Control sample 100 % ACN/water 20.1±0.2 a 0 d 

sample with 0 % ACN/water, 2 min ACP 17.3±1.0 b 14.1±5.1 c 

sample with 5 % ACN/water, 2 min ACP 0 d 100 a 

sample with 20 % ACN/water, 2 min ACP 0 d 100 a 

sample with 80 % ACN/water, 2 min ACP 3.0±1.8 c 84.8±9.1 b 

Values with different letters in the same column are significantly different (p<0.05, n =3). 

When the ACN/water content was 100 % (wet basis), we observed a lower reduction in the rate of 

DON degradation by ACP in comparison to 5 % and 20 % ACN/water contents. A high ACN/water 

content could have produced more vapor in the environment, which would reduce the number of 

micro-discharges in the ACP, as the adsorption of water would lower the surface resistance of the 

dielectric material by the adsorption of water molecules (Falkenstein, 1997; Falkenstein & 

Coogan, 1997). Moreover, the presence of high humidity in the plasma discharge might result in  

loss of electron energy in electron-molecule collisions, quenching the ACP effect (Bruggeman et 

al., 2009; Butscher, Van Loon, et al., 2016). Studies on the inactivation of microorganisms with 

ACP reported the decrease in the inactivation rate at higher relative humidities than the optimum. 

It was proposed that the reduced discharge homogeneity at high humidity, the poorer 

transmissibility of UV radiation, and a protective water film around the microbial cells could be 
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the reasons for lower ACP efficacy at high relative humidity (Maeda et al., 2003; Muranyi et al., 

2008). The result of this experiment could be helpful for industries to reduce the concentration of 

DON in cereal grains such as barley. Water can be sprayed on the surface of the grains for 

increasing the degradation rate of DON by ACP, or ACP treatment can be applied where water is 

used in the processing of grains such as during malting process.   

3.3.6 Optical emission spectroscopy of ACP discharge 

Optical emission spectroscopy was used to investigate the major reactive species generated by 

ACP discharge in the wavelength range of 180 to 850 nm. As shown in Figure 3.6, the major peaks 

were observed in the UV range (200 to 400 nm) and a few minor peaks in the visible range. The 

emission intensities of ACP discharge were dominated by excited nitrogen second positive system 

at 316, 336.5, 357, 380, and 405 nm, and nitrogen first negative system at 391.5 nm (Zhou et al., 

2018). The nitrogen second positive system and first negative system are mainly produced due to 

the electron impact excitation of the molecular ground state of nitrogen. The emission peaks in the 

range of 280 to 310 nm (Figure 3.6) were identified as OH radicals, which could be produced via 

electron impact dissociation of water vapor present in the atmospheric air (Chaplot et al., 2019; 

Zhou et al., 2018). The results of OES indicated that the ACP discharge used in this study is a 

significant source of RNS and ROS. 
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Figure 3.6: Optical emission spectra of atmospheric air DBD plasma generated at 34 kV 

 

3.3.7 DON degradation with LED pulsed light treatment in combination with ACP 

Treatments using 395 nm wavelength light pulses emitted from LEDs for 30 and 60 min in 

combination with ACP were performed to understand the synergistic DON degradation efficacy. 

In a previous study that treated aflatoxin with UV light, greater UV absorbance was observed at 

362 nm than at lower wavelengths of 222 and 265 nm (Samarajeewa et al., 1990). LED treatment 

with 395 nm light pulses was not as effective as ACP treatments in degrading DON (Table 3.2). 

A 30 min treatment using 395 nm LED light pulses resulted in a 10.7 % reduction in DON 

concentration, and a 30 min ACP treatment resulted in a 59.1 % reduction in DON concentration. 

When 30 min of 395 nm light pulses was combined with a 30 min ACP treatment, the DON 

degradation was 68.8 %, which was more of an additive effect than a synergistic DON degradation 

effect of ACP and 395 nm LED treatment. In other words, a sequential technology consisting of 

ACP and pulsed light emitted from LEDs could not be effective to reduce the treatment intensities 

of ACP. The results suggest that the LED treatment is not as effective as ACP in reducing DON 

concentrations. This may also mean that the UV emission during the plasma discharge may not be 
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the principal factor for the degradation of DON, but other components present in ACP such as 

ROS and RNS could play the main role in DON degradation by ACP. This correlates with previous 

studies that mention the low impact of UV light on ACP inactivation of microorganisms (Estifaee 

et al., 2019; Klämpfl et al., 2012; Yardimci & Setlow, 2010). Shanakhat et al. (2019) treated DON 

with 254 nm UV-C light for 2 h and no significant change was observed in the DON concentration. 

When aflatoxin1 (AFB1) was degraded using UV irradiation, the primary degradation compounds 

contained residual toxicity, which needs to be degraded to non-toxin compounds (Samarajeewa et 

al., 1990). The toxicity of the degraded products after LED and ACP treatments of DON should 

be assessed.  

Table 3.2: Effect of sequential treatments with atmospheric cold plasma (ACP) and light 

emitting diode (LED) on DON concentration and reduction 

Treatment method Average concentration (μg/ml) Average reduction (%) 

Control 16.5±0.9 a 0 d 

30 min ACP 6.7±2.0 c 59.1±12.1b 

30 min LED 14.7±1.3 a 10.7±8.1 d 

30 min ACP+30 min LED 5.2±0.9cd 68.8±5.6 ab 

60 min ACP 2.4±0.4 d 84.5±2.7 a 

60 min LED 10.5±3.1 b 37.0±18.8 c 
Values with different letters in the same column are significantly different (p<0.05, n =3). 

3.3.8 DON degradation with heat treatment in combination with ACP 

Heat treatment is a common method of killing bacteria in the food industry and it could have an 

effect on DON reduction. This study used moderate heating (80 C) to increase the DON 

degradation efficacy of ACP. Heating DON at 80 °C for 25 min did not result in any reduction in 

DON concentration (Table 3.3). Vidal et al. (2015) observed no significant reduction in DON 

concentration after 35 min heat treatment at 140 °C. Using heat treatment as a hurdle technology 

with ACP did not increase DON degradation significantly in comparison with using ACP alone. 

In the next step, we used sequential ACP+ heat+ ACP treatments and we did not observe a higher 
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reduction in DON concentration in comparison with 30 min ACP treatment alone. Previous studies 

reported significant reduction in DON concentration at high temperatures (>≈140 °C) (Bretz et al., 

2006; Shanakhat et al., 2019; Vidal et al., 2015), and there was a positive correlation reported 

between temperature and time of heat treatment on the degradation rate of DON (De Angelis et 

al., 2013; Vidal et al., 2015). However, the impact of temperature was reported to be higher than 

the impact of heat treatment time on the degradation of  mycotoxins (Shanakhat et al., 2019). The 

high stability of DON to heat treatment may be related to the presence of a double bond between 

carbons in its structure (Vidal et al., 2015), as more energy is needed to break double bonds than 

to break single bonds. We observed an increase in DON concentration after heat treatment, 

possibly due to precursors of DON after heat treatment (Young et al., 1984), masking of mycotoxin 

by its reaction with other molecules before heating (Scudamore, 2008), or the failure of the 

analytical detection to document the masked form of mycotoxin (Nakagawa et al., 2011) before 

heating. In our study, the higher efficiency of DON dissolution by methanol from the cover-glass 

could be the reason for the higher concentration of DON after heat treatment in comparison with 

the control sample. 

Table 3.3: Effect of sequential treatments with ACP and heat on DON concentration and 

reduction 

Treatment method Average concentration (μg/ml) Average reduction (%) 

Control 22.7±0.5a 0 b 

30 min ACP 8.5±0.8 b 63.0±3. 9 a 

30 min ACP+25 min heat (80 °C) 8.0±0.4 b 64.6±1.7 a 

25 min heat (80 °C) 23.4±0.2 a -2.7±0.75 b 

15 min ACP +25 min heat (80°C) + 15 min ACP 7.8±1.5 b 65.9±6.5 a 

Values with different letters in the same column are significantly different (p<0.05, n =3). 

3.4 Conclusions 

This study confirmed the ability of ACP to reduce DON concentrations significantly, however, the 

DON degradation efficacy of ACP was dependent on various process conditions. The presence of 
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water was important in determining the degradation efficacy of ACP. FTIR analysis showed three 

distinct bonds in the spectrum between untreated and ACP treated DON in the presence of water, 

which may be associated to the formation of a C=O group and epoxy ring in the treated sample 

that might have associated with CH3-C=C in the control sample. TLC analysis did not differentiate 

the byproducts of DON degradation after ACP treatment at the treated concentration. The initial 

concentration of DON was important in determining the degradation efficacy of ACP. The results 

of the optical emission spectroscopy suggest that the atmospheric air DBD plasma produces a 

significant amount of ROS and RNS, which could be the reason for DON degradation. Heat 

treatment alone at 80 °C was not effective in degrading DON and heat at 80 °C in combination 

with ACP treatment did not exhibit synergistic DON degradation. DON was degraded by 395 nm 

LED light pulses, but no synergistic effect in the reduction of DON concentration was observed 

when LED light pulses were used along with ACP treatment. The results of this study will help to 

identify important process conditions to effectively degrade deoxynivalenol (DON) in human and 

animal food products by ACP technology in the future. 
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 Chapter 4: Effects of atmospheric-pressure cold plasma treatment on 

deoxynivalenol degradation, quality parameters, and germination of barley 

grains 

4.1 Introduction 

Mycotoxins are poisonous compounds produced as secondary metabolites by some species of 

fungi, including Fusarium, Aspergillus, Penicillium, and Alternaria (N. Misra et al., 2019; 

Mousavi Khaneghah et al., 2019). Trichothecenes are a large group of mycotoxins sharing 9, 10 

double bond and the 12, 13 epoxide group in their structures (Alizadeh et al., 2016). 

Deoxynivalenol (DON), mainly produced by Fusarium graminearum and Fusarium culmorum, is 

one of the major trichothecenes that contaminate cereals such as barley (Bianchini et al., 2015). 

DON can cause vomiting, anorexia, growth retardation, immune suppression, inflammation and 

the necrosis of various tissues, and diarrhea in animals (Bretz et al., 2006; Pestka, 2010). Barley is 

one of the major grains that is consumed as animal feed, used to produce cereal-based products 

and is widely used in brewery industries. DON in grains, especially in barley, reduces grain quality 

and financially impacts agricultural organizations. The economic loss associated with DON was 

estimated at $655 million/year in the United States from 1993 to 1996 (Schmale III & Munkvold, 

2020). 

Many strategies have been suggested for suppressing fungal growth and reducing mycotoxin 

formation including pre-harvest methods (crop rotation, sowing date, tillage, use of fungicide), 

physical methods (i.e., dehulling, sorting, sieving, floatation, washing, steeping, milling, 

ultraviolet, gamma treatments, and thermal treatments), chemical methods (citric acid, acetic acid, 

lactic acid, NH3, Ca(OH)2, Na2CO3, oxidizing agents, and reducing agents), enzymatic methods 
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(amylases, glucanases, proteases), biological methods (fermentation, genetic engineering in plant 

genes for detoxification), and microbial decontamination method (prevention of ingestion by 

microorganism of gastrointestinal tract) (N. Misra et al., 2019). Despite the progress achieved by 

using these methods, they have several disadvantages, including low efficacy, requirement of 

expensive chemicals and sophisticated equipment. Furthermore, some of these methods may leave 

chemical residues that might cause a detrimental effect on the treated product, which may present 

health hazards to consumers. As a result, some of these methods are usually considered as 

impractical, costly, not completely effective, and time-consuming, especially for the large-scale 

treatment of food or feed products (N. Misra et al., 2019). Hence, there is a need to find an effective 

method to control DON contamination in food and feed products. 

Atmospheric cold plasma (ACP) technology is a novel technology with the potential to reduce 

fungi and mycotoxins’ concentration (N. Misra, O. Schlüter, & P. J. Cullen, 2016). The term 

plasma refers to an ionized state of a gas produced by increasing the internal energy of the gas. 

The ionization process leads to the formation of reactive species, radicals and UV light (Mandal 

et al., 2018; N. Misra, O. Schlüter, & P. J. Cullen, 2016). Reactive oxygen species (ROS) such as 

ozone (O3), singlet oxygen (1O2), superoxide (O2
−), peroxide (O2

−2 or H2O2), hydroxyl radicals 

(OH), and reactive nitrogen species (RNS) such as excited molecules of N2 and nitric oxide radical 

(NO) are the main effective species in ACP (Tappi et al., 2014). The degradation of mycotoxins 

by ACP could be related to their interaction with the reactive species, UV photons, and electrons. 

Mycotoxin degradation efficacy of ACP is greater than that of ozone or UV treatments, due to the 

possible contribution of reactive species, electron, and UV photon in the ACP treatment (N. Misra 

et al., 2019). The low temperature of ACP is an important aspect in preserving quality while 

improving the safety of the product. ACP may also improve the germination rate of grains and 
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length of seedlings (Park et al., 2018b). Previous research reported the effectiveness of ACP to 

reduce mycotoxins, including DON, aflatoxin and T-2 toxin (Kříž et al., 2015; N. Misra et al., 

2019; ten Bosch et al., 2017). However, limited information is available on the efficacy of ACP to 

reduce DON on barley grains. Additionally, knowledge on the effect of ACP treatment on grain 

quality parameters and the germination capacity of barley is important for ACP treatment 

optimization. 

This study aimed to evaluate the effectiveness of ACP treatment on the degradation level of DON. 

It also assessed the effect of ACP on barley germination and the important quality parameters of 

barley grains, including changes in protein and β-glucan content and water loss. 

4.2 Material and Methods 

4.2.1 Barley grains 

Raw barley grains were provided by Canada Malting Co., Alberta, Canada. Barley grains were 

vacuum sealed in plastic bags and transported to the laboratory at the University of Alberta and 

stored at 4 °C until use. The initial wet basis moisture content (MC), water activity (aw), density, 

and grain dimensions of barley grains were determined (Table 4.1). 

Table 4.1: Physical specifications of barley grains 

Crop 

Year 

MC (g water/100 g 

Sample) 
aw 

Grain 

Density 

(g/cm3) 

Grain Dimensions 

Length (mm) 
Width 

(mm) 

2015 10.8 ± 1.7 0.450 ± 0.003 1.19 ± 0.09 9.32 ± 0.97 3.88 ± 0.02 

Moisture content is a measurement of the total amount of water contained in the sample. Water 

activity provides information about the energy status of water in foods and indicates the available 

water for the growth of microorganisms and reactions in foods. Water activity is calculated as the 

ratio of the vapor pressure of water in a food sample to the vapor pressure of pure water. The MC 

of the barley grains was determined by the American Association for Clinical Chemistry (AACC) 
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Method (44-19.01, AACC International). The water activity (aw) was determined using the aw 

meter (Aqualab, Pullman, WA, USA). Grain density was determined by dividing the grain mass 

by the volume. The volume was measured by the liquid displacement method. Two grams of barley 

grain was added to a 15 ml Falcon tube (Fisher Scientific, Ottawa, ON, Canada) containing water. 

The rise in the level of the water in the tube was used to determine the volume (Chigbo, 2016). 

4.2.2 Mycotoxin standards 

HPLC grade acetonitrile (ACN) and methanol (Fisher Chemical, Geel, Belgium), and standard 

solutions of deoxynivalenol (1 mg/ml acetonitrile Sigma Aldrich, Mississauga, Canada) were used. 

ACN was used to dilute deoxynivalenol and produce 50 μg/ml DON solution. 

4.2.3 Sample preparation 

Barley grains (11–12 grains, 0.495–0.505 g) were individually spiked using 200 μl of DON (50 

μg/ml) in a plastic cup with a diameter of 3.89 cm and height of 1.14 cm. The samples were then 

dried at room temperature (~23 °C) for 10 min, to ensure that the ACN solution was evaporated 

completely. 

4.2.4 ACP treatment 

A dielectric barrier discharge (DBD) atmospheric cold plasma (ACP) system (PG 100-3D, 

Advanced Plasma Solutions, Malvern, USA) was used to treat the barley grains in an acrylic 

chamber (Figure 4.1). The airtight chamber (8 × 8 × 10 cm inner dimensions) had inlets and outlets 

for the transmission of humid air. Quartz glass on the side of the chamber was used to perform 

emission spectroscopy measurements. The upper electrode of the DBD unit was connected to an 

alternating high voltage (0–34 kV) plasma generator with 1 A current and approximately 300 W 

power. The high voltage electrode was made of solid copper (2.5 cm diameter) covered by a 

dielectric (1 cm thick) and with 1 mm thickness of quartz disk at the bottom. The mycotoxin spiked 
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barley grains (11–12 grains) inside the plastic cups were placed on the top of the ground electrode. 

The ground electrode was covered with a glass slide of 1 mm thickness. The gap between the 

electrodes was 5 mm and the gap between the surface of the barley grains and the high voltage 

electrode was ~2 mm. The selected ACP treatment times were 0, 2, 4, 6, 8, and 10 min. The 

standard output frequency of DBD system was 3500 Hz, duty cycle was 70%, and the output pulse 

width was 10 µs. 

 

Figure 4.1: A: Schematic diagram of the experimental setup used for dielectric barrier 

discharge (DBD) atmospheric cold plasma (ACP) treatment. B: Close-up diagram 

presenting the treatment of barley grains inside the ACP chamber 

 

4.2.5 Extraction and quantification of DON 

DON extraction was based on the method described by (Lim et al., 2012) with modification. 

Treated barley grains (0.5 g) were transferred to 8 ml glass culture tubes and then 2 ml ACN-water 

in a proportion of 84:16 was added. The mixture was vortexed at 3000 rpm for 10 min. After 

thorough mixing of the samples with extraction solvent, 1 ml of the supernatant of the extract was 

passed through a 0.2-μm PTFE syringe filter, and transferred into glass culture tubes and dried 

under a constant flow of N2 gas. The residue was redissolved in 1 ml water, with acetonitrile (85:15 

v/v) used as the mobile phase, vortexed for 1 min, and injected (25 µl) into the HPLC for analysis. 
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The concentration of mycotoxin was determined by HPLC (Shimadzu Scientific Instruments, Inc. 

Maryland, USA). The chromatography was performed on a reverse phased Agilent Zorbax SB-

C18 250 mm × 3 mm, 5 μm column in isocratic elution. The injection volume was 25 µl at the 

flow rate of 0.5 ml/min, using water and ACN (85:15 v/v) as the mobile phase. DON was 

determined at a wavelength of 218 nm, using a photodiode array (PDA) detector. The limit of 

HPLC detection of DON was 0. 1 μg/ml. The recovery of the whole procedure was 76.6% and the 

precision was within +/− 5%. 

4.2.6 Cold plasma diagnostics 

The optical emission spectrum of ACP discharge in the treatment chamber was acquired using a 

spectrophotometer (Black comet C-25, StellarNet Inc., Tampa, USA), coupled to an optical fiber 

with a resolution of 0.5 nm, signal to noise ratio of 1000:1, in the wavelength range of 180 to 850 

nm. The light emitted by excited plasma species between the electrodes was captured using optical 

fiber (F600-UVVIS-SR, StallerNet, Inc., Tampa, USA). One end of optical fiber was connected to 

the spectrophotometer and the other end with the collimating lens kept 25 mm away from the side 

quartz window incorporated to the center of the sidewall of the plasma chamber. The set integration 

time was 550 ms and the set values of the number of scans to average was 3 to obtain uniform 

spectra using SpectraWiz software (StellarNet Inc., Tampa, USA). The ACP system was operated 

for 1 min, then the spectra were acquired. 

4.2.7 Measurements of ozone, nitrous gas, and hydrogen peroxide concentration 

Concentrations of ozone (O3), nitrous gas, and hydrogen peroxide (H2O2) inside the treatment 

chamber were measured at 60–80, 360–380, and 600–620 s during ACP treatment using Dräger 

short-term detector tubes (Dräger Safety AG & CO, Lubeck, Germany). The ozone 10/a Dräger 

tube (CH 21001), a nitrous fume 50/a Dräger tube (81 01 921) and a hydrogen peroxide 0.1/a 
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Dräger tube (81 01041) were used to measure the gas concentration with a Dräger accuro gas 

detector pump, following the manufacturer’s instructions. Smaller volumes of gas were collected 

to ensure that ozone, and hydrogen peroxide content fell within the measurement range of Dräger 

detector tubes (i.e., 20 ml for ozone, and 20 ml for nitrous gases and hydrogen peroxide) were 

collected into the tubes. 

4.2.8 Effect of moisture content of barley grains and environmental RH 

The effects of wet basis moisture content (MC) of barley and relative humidity (RH) of air inside 

the chamber on DON degradation efficacy of ACP were determined. Barley grains were kept for 

10 h and 17 h in a controlled humidity chamber (BTL-433, ESPEC North America Inc., 

Hudsonville, MI, USA), with 95% relative humidity (RH) at 25 °C, to increase the MC of barley 

from 9.5 g water/100 g sample to 15 and 16 g water/100 g sample, respectively. Then, DON was 

inoculated on the grains and air-dried for 10 min to allow the evaporation of ACN from inoculum 

and then treated by ACP. To understand the effect of environmental RH, a humidifier was 

connected to the chamber inside it, to increase the RH before ACP treatments. 

4.2.9 Post-treatment storage of barley grains on DON degradation by ACP 

Some of the reactive species in ACP have a long shelf life and are able to react with the sample 

for extended times. We stored the 6 min ACP-treated barley grains for 10 min inside the air-tight 

plasma chamber and also for 24 h inside sealed plastic cups outside the chamber at room 

temperature, to evaluate the effect of storage on further degradation of DON. 

4.2.10 Effect of steeping of barley grains on DON degradation by ACP 

Steeping is one of the crucial steps in producing malt from barley. The amount of moisture content 

of substrates is an important factor determining the efficacy of the ACP process. The effect of 

steeping on DON degradation by ACP was assessed to determine if in this process step we could 
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apply ACP, which is relevant to the brewing industry. For this purpose, the barley grains were 

steeped for 21 h before ACP treatment. The moisture content of the grains was increased from 9.5 

to 43.9 (g water/100 g sample) after steeping. Previous reports noted the importance of the 

presence of water in increasing the antimicrobial efficacy of ACP treatment (Butscher, Van Loon, 

et al., 2016; Oehmigen et al., 2010; Van Gils et al., 2013). Moreover, to assess the effect of water 

on the surface of the steeped grain on DON degradation by ACP, two approaches were used. In 

the first, pure ACN was substituted with ACN/water with a ratio of 20:80 (v/v) to prepare the DON 

inoculum on steeped grain. In the second approach, samples with or without a drying step after 

inoculation were used for the ACP treatment of steeped grains. The drying step of inoculum was 

skipped to see the effect of water on DON degradation. 

4.2.11 Quality parameters of barley grains after ACP 

To assess the effect of ACP on quality parameters of barley, the moisture, protein, and β-glucan 

content were measured after ACP treatment of barley grains for a defined period of time. Moisture, 

protein, and β-glucan content are the important quality indicators of barley in the brewing industry. 

Protein content was determined by combustion nitrogen analysis (AACC 46-30.01). Protein 

content was calculated by multiplying the nitrogen content (% N) by 6.25 as the conversion factor. 

β- glucan content was determined using the megazyme mixed-linkage β-glucan assay procedure 

(AACC 32-23.01). The moisture content of the barley samples was determined by the oven method 

(44-19.01-AACC International). 

4.2.12 Germination of barley grains after ACP 

For assessing the effect of ACP on germination of barley grains, an ACP treatment was applied to 

the seeds for 0, 1, 6, 10 min. Each treatment contained three batches of grains, where ACP 

treatment was applied independently to each batch. Then, the individual grains were transferred to 
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germination pouches (17.8 × 16.5 cm, Mega International, Minneapolis, MN, United States) on 

light shelves containing 100 ml of deionized water. Five growth pouches, each containing two 

grains, were used for each treatment (n = 10) and every one of the batch. Altogether, there were 

30 plants per each ACP treatment. Barley plants were grown at room temperature with 

supplemental lighting (200 μmol m−2s−1 at the top of the growth pouch, SunBlaster T5HO, 54W, 

0900304), maintaining a photoperiod of 16 h/8 h light/dark cycles. After 1 week of germination, 

the shoot length and number of roots were measured manually. The roots were scanned using an 

optical scanner STD 4800 and analyzed for root length, surface area, average diameter, and 

volume, using WinRHIZO software (Regent Instruments Inc., Quebec City, QC, Canada). 

4.2.13 Statistical analysis 

All the experiments were performed in triplicate. Values from all experiments were expressed as 

the mean ± standard deviation (SD). Significant differences (p < 0.05) were determined using one-

way analysis of variance (ANOVA), followed by Duncan’s multiple range test (IBM SPSS v.21, 

Armonk, NY, USA). 

4.3 Results and discussion 

4.3.1 Effect of ACP treatment on deoxynivalenol degradation on barley grains 

A significant (p < 0.05) decline in the DON concentration of barley grains by ACP treatment was 

generally observed (Figure 4.2). 
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Figure 4.2: Effect of ACP treatment on (A) relative deoxynivalenol reduction % and (B) 

deoxynivalenol concentration (μg/ml) on barley. Data are shown as least square means ± 

standard deviations. Values with different letters in each figure are significantly different (p 

< 0.05, n =3) 

A significant decrease in DON concentration within 6 min ACP treatment was observed, but 

thereafter, the reduction rate was not significant (p ≥ 0.05). The degradation rates after 6 and 10 

min ACP treatments were 48.9% and 54.4%, respectively. The generated ozone in the plasma 

probably had a significant effect on DON degradation (Santos Alexandre et al., 2018; L. Wang et 

al., 2016). In general, for a long treatment time, with the production of more reactive species, an 

increase in the DON degradation rate should be observed. However, during extended treatment 

times, the generated ozone can be depleted by other reactive species by the following destruction 

cycles (Equations (1)–(9)) (Chang & Wu, 1997; Laroussi et al., 2005). 

 

𝑂3 + 𝐻𝑂2
∙ → 2O2 + 𝑂𝐻 

∙  (1) 

𝑂𝐻 
∙  + 𝑂3 → 𝐻𝑂2

∙ + 𝑂2 (2) 

𝐻 
∙ + 𝑂3 → 𝑂𝐻 

∙  + 𝑂2
 (3) 

𝐻 
∙ + 𝑂3 → 𝐻𝑂2

∙  + 𝑂 
∙  (4) 

2𝑂3 → 3𝑂2
 (5) 
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𝑂 
∙  + 𝑂3 → 𝑂2  + 𝑂2 (6) 

𝑁 
∙  + 𝑂3 → 𝑁𝑂 + 𝑂2

 (7) 

𝑁𝑂∙  + 𝑂3 → 𝑁𝑂2  + 𝑂2
 (8) 

𝑁𝑂2
∙ + 𝑂3 → 𝑁𝑂3  + 𝑂2 (9) 

where the reactive species 𝐻𝑂2
∙ , 𝑂𝐻 

∙ , 𝐻 
∙ , 𝑂 

∙ , 𝑁, 
∙  𝑁𝑂∙, 𝑁𝑂2

∙  are the hydroperoxyl radical, hydroxyl 

radical, atomic hydrogen radical, atomic oxygen radical, atomic nitrogen radical, nitrogen oxide, 

and nitrogen dioxide radical, respectively. The constant concentration of ozone in the environment 

may be attributed to the simultaneous ozone generation and depletion, due to its reactions with 

other reactive species in longer treatment times. This could be the possible reason for small 

increases in degradation rates of DON after 6 min ACP treatment. The constant concentration of 

ozone under longer treatment times was observed in previous studies (Patil et al., 2014; Zhuang et 

al., 2019). Zhuang et al. (2019) reported no further increase in ozone concentration after 180 s of 

in-package cold plasma treatment, attributed to the quenching of ozone by reactions with N2, water, 

and/or new reactive species formed in plasma during long treatment times. It is worth mentioning 

that the ozone generation and depletion reactions are complicated and dependent on various 

factors, i.e., not only treatment time, but temperature, gas composition, voltage, etc (Chang & Wu, 

1997).  

Chen et al. (2018) reported 22.5 and 34.6% degradation in the DON level of raw and germinating 

barley, respectively, by using plasma-activated water (PAW), treated for 5 min. They did not 

observe a significant (p ≥ 0.05) decline in DON concentration in the treated samples between 5 

and 20 min using PAW. In Chapter 3, pure DON degradation on a cover-glass, formation of C = 

O group and epoxy ring in the ACP treated sample was observed, which could be due to the 

reaction between ROS with DON. We achieved a degradation level of 39.8% in pure DON after 

15 min ACP on the cover-glass, in comparison with the 48.9% degradation of DON, applied on 
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barley after ACP treatment for 6 min. This highlights the importance of the type and nature of the 

substrate on DON degradation. 

Abramson et al. (2005) applied 80 °C heat to DON on barley, and the concentration was reduced 

from 18.4 to 14.7 μg/g DON barley after 1 day of thermal treatment. DON concentration was 

reduced by 58%, 5 days after the treatment. L. Wang et al. (2016) reported the use of ozone 

treatment to wheat samples to reduce DON concentration. Treatment with 75 mg/L ozone for 90 

min reduced DON concentration by 53.5% on wheat kernels. Santos Alexandre et al. (2018) 

reduced DON concentration by 32% after 240 min ozone treatment. It is assumed that a 

combination of different degrading mechanisms such as a chemical reaction with reactive species 

generated in ACP such as O3, O, OH, NOx, decomposition after collision with electrons and ions 

(ten Bosch et al., 2017), and UV light are responsible for cleavage of toxin molecule by ACP 

treatment. This combination could be the reason for obtaining a greater degradation rate by ACP 

in comparison with ozone treatment. In the current study, 54.4% reduction was achieved in 10 min 

of ACP treatment, which can be further increased by modifying the process factors in the ACP 

system (i.e., voltage and frequency, type of gas medium, RH of the air, hurdle treatment, etc.) 

However, further studies are necessary to evaluate the toxicity of the intermediate and final 

products formed during ACP processing of DON. 

In Chapter 3, a thermal treatment at 80 °C for 25 min had no significant effect on DON degradation. 

As the temperature in our cold plasma system was less than 40 °C (Yadav et al., 2019), the increase 

in temperature during plasma treatment did not have any effect on DON degradation. 

4.3.2 Cold plasma diagnostics 

Optical emission spectroscopy (OES) is widely used for plasma diagnostics. OES enables an 

understanding of the degradation mechanisms and helps to optimize the decontamination process. 
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Excited states are produced mostly by collisions with energetic electrons, which can be measured 

by OES. The dominant plasma reactive species were detected by OES in the UV/VIS wavelength 

(180 to 850 nm) region (Figure 4.3). It was evident that the emission was in the near UV region 

(300–400 nm), which can explain the purple color of the ACP photons. In the spectrum, N2 spectra 

were dominant, as the peaks in the wavelength region of 310–450 nm are the vibrational band of 

neutral and ionic emission of nitrogen molecule (Yadav et al., 2019). The peak in 296 nm 

corresponds to •OH as one of the reactive species (Machala et al., 2007). Some of the reactive 

oxygen species such as atomic O could not be identified, probably due to the particle collisions 

with N2 and O2, resulting in the quenching of O (3P) and O (5P) energy (Walsh et al., 2010) and 

production of ozone and nitrogen oxide species. The results demonstrate the fact that the major 

reactive species in ACP were ROS and RNS. 

 

Figure 4.3: Optical emission spectra of DBD-ACP operating in air at 34 kV, 3.5 kHz, 5 mm 

gap 

4.3.3 Ozone, nitrous gas, and hydrogen peroxide concentration in DBD-ACP 

Concentrations of ozone, nitrous gases and hydrogen peroxide as the major reactive species in 

ACP were measured inside the plasma chamber over different time scales (Table 4.2). 
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Table 4.2: Ozone, nitrous oxides and hydrogen peroxide concentration during ACP 

treatment 

ACP Treatment Time(s) O
3 
(ppm) H

2
O

2 
(ppm) NO

x 
(ppm) 

60–80 600 100 400 

360–380 675 150 470 

600–620 675 200 480 

In DBD-ACP, the electromagnetic field splits the O-O bond in the oxygen molecule and the 

resulting oxygen free radical reacts with another oxygen molecule to form ozone (Morgan, 2009). 

Hydrogen peroxide is derived from the reaction of plasma radicals (˙OH, O2
−) with water 

molecules (H2O) and molecular oxygen (O2) (Lee et al., 2015). With an increase in ACP treatment 

time, the concentrations of all the reactive species would be increased. Ozone was the most 

prevalent reactive species with 600 ppm concentration after 1 min ACP. The concentrations of 

nitrous gases and H2O2 were increased in 6 and 10 min ACP treatments, in comparison with 1 min 

ACP. H2O2 had the lowest concentration compared with ozone and nitrous gases. The 

concentration of H2O2 was doubled and reached 200 ppm after 10 min, compared with after 1 min 

ACP treatment. This could be due to the generation of H2O2 by a number of reactions involving 

several reactive species, during plasma treatment. In the presence of water vapor present in the 

environment, H2O2 could be generated by several reactions (Equations (10)–(14)) (Locke & Shih, 

2011; Machala et al., 2018). 

𝑒 + 𝐻2𝑂 →  𝑒 +  𝑂𝐻 
∙  +  𝐻 

∙  (10) 

𝑂 ( 𝐷 
1 ) + 𝐻2𝑂 →  𝑂𝐻 

∙  +  𝑂𝐻 
∙  (11) 

𝑂𝐻 
∙ +   𝑂𝐻 

∙ + →  𝐻2𝑂2 (12) 

𝐻𝑂2
∙ +  𝐻𝑂2

∙ →  𝐻2𝑂2  + 𝑂2 (13) 

𝐻𝑂2
∙ +  𝐻 →  𝐻2𝑂2 (14) 

It is believed that reactions (12) and (13) could be the major reactions involving hydrogen peroxide 

formation (Locke & Shih, 2011). Hydrogen peroxide could be primarily formed by recombination 

of hydroperoxyl radicals (Equation (13)) at high oxygen concentrations and low local OH radical 
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concentration (Locke & Shih, 2011). The generation of hydroperoxyl radicals from ozone 

depletion (Equation (2)) may also have indirectly contributed to H2O2 generation. The 

concentration of ozone was the same after 6 and 10 min treatments. Degradation rates of DON 

after 6 and 10 min ACP were not significantly different (p ≥ 0.05). As discussed in Section 3.1, 

the ozone species possibly played a major role in the degradation of DON and hence, at the same 

concentration of ozone; after 6 and 10 min ACP treatments, the degradation rates of DON were 

similar. In previous studies, ozone was identified as the primary contributor for the degradation of 

mycotoxins (N.N. Misra et al., 2019; Hu Shi et al., 2017; L. Wang et al., 2016). Between 6 and 10 

min ACP treatments, the concentration of ozone stayed the same, possibly due to the interaction 

of ozone with other reactive species present in ACP, to produce new compounds such as NO2 and 

HO
2 (Locke & Shih, 2011). Further studies are required to achieve a better insight regarding the 

role of each of the reactive species in the degradation of each mycotoxin and their possible 

synergistic effects with ACP to degrade mycotoxins. 

4.3.4 Effect of MC of barley grains and environmental RH on DON degradation by ACP 

Environmental relative humidity and the moisture content of the substrate are important factors 

which can influence the decontamination by ACP (Chapter 2, section 2.4). The effects of RH of 

the air and MC of barley grains on the degradation of mycotoxin were evaluated (Table 4.3). 

Increasing the MC of the barley grains from 9.5 to 15.76 g water/100 g sample reduced the 

degradation level from 54.4% to 47.0% by ACP; however, this reduction was not significant (p ≥ 

0.05). Generally, the presence of water in the system increases the production of ROS (Butscher, 

Van Loon, et al., 2016), which can contribute to a greater degradation rate. However, due to the 

drying step after the inoculation of DON, the water content of the grains was similar to each other 

before ACP treatment. However, the reduction in DON degradation rate by increasing the water 
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content was not significant (p ≥ 0.05), the possible changes in the surface of the grains due to the 

presence of higher water content could change the reaction rate of the reactive species with the 

toxin and affect the degradation rate. To know the optimum moisture content to achieve highest 

DON degradation, barley with different water content should be treated with ACP to draw a 

conclusion. 

Table 4.3:  Effect of moisture content (MC) of barley and relative humidity (RH) of the 

surrounding air on deoxynivalenol (DON) degradation by ACP 

Plasma Time (min) MC (g water/100 g sample) DON Reduction (%) 

0 9.5 ± 0.0 0 b 

6 9.5 ± 0.3 54.4 ± 2.2 a 

6 14.9 ± 0.3 49.8 ± 5.9 a 

6 15.7 ± 0.2 47.0 ±5 .9 a 

 RH (%)  

0 12 0 b 

6 12 62.9 ± 3.3 a 

6 60 65.7 ± 3.0 a 

Values with different letters in the same column are significantly different (p < 0.05, n = 3). 

The effect of environmental RH on DON degradation by ACP was assessed. Increasing the RH 

from 12% to 60% increased the degradation rate of DON, but it was not significant (p ≥ 0.05). A 

greater RH could be attributed to an increase in the concentration of OH radicals due to the 

presence of water molecules leading to greater oxidation (Berardinelli et al., 2012). On the other 

hand, high RH could reduce the surface resistance of the dielectric material, so it would reduce the 

number of micro-discharges (Falkenstein & Coogan, 1997). A high RH may weaken the plasma 

due to the loss of the electron energy in electron-molecule collisions. Poorer transmissibility of 

UV radiation, and protective water film around the mycotoxin, could be the other reason for 

reduced ACP efficiency (Butscher, Van Loon, et al., 2016). It is recommended that we assess the 

degradation of DON at different percentages of RH and determine an optimum RH under ACP to 

achieve the highest decontamination rate. 
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4.3.5 Effect of post-treatment storage of barley grains on DON degradation by ACP 

Storage after ACP treatment affected the degradation of DON on barley (Table 4.4). An 8.1% 

reduction in DON was observed when the inoculated barley grains were stored for 24 h without 

ACP treatment. This could be due to the natural degradation of DON by oxidation, in contact with 

the air. DON degradation after 6 min ACP was 45%; when the 6 min ACP-treated DON was stored 

for 24 h at room temperature, the degradation rate was further increased to 53.6%. This increase 

in degradation was likely due to the degradation of DON during storage without much contribution 

from ACP. Degradation of DON increased when we stored the 6 min ACP treated grains for 10 

min inside the air-tight treatment chamber after treatment, but the result was not significantly 

different (p ≥ 0.05) from the reduction in DON after 6 min ACP treatment followed by 24 h storage. 

Some of the reactive species, such as ozone in ACP, have longer half-lives and they could have 

extended interactions with the substrate even when the ACP system was not functioning; however, 

this should be justified by comparing the result with 6 min ACP followed by 10 min storage outside 

the treatment chamber at room temperature. No previous study has reported the effect of post-

treatment storage on mycotoxin stability. The effect of post-treatment storage on the inactivation 

of bacteria was evaluated by Yadav et al. (2019), and Klockow and Keener (2009), and a similar 

observation of higher reductions in the cell count of bacteria in post-treatment storage was 

reported. 

Table 4.4: Effect of post-treatment storage on DON degradation on barley by ACP 

Treatment DON Degradation Rate (%) 

No treatment, no storage 0 d 

0 min ACP, 24 h storage 8.1 ± 2.7 c 

6 min ACP, no storage 45.0 ± 0.9 b 

6 min ACP, 24 h storage 53.6 ± 1.8 a 
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6 min ACP, 10 min storage inside treatment chamber 52.0 ± 1.6 a 

Data are shown as least square means ± standard deviations. Values with different letters are significantly different (p < 0.05, n = 3). 

4.3.6 Effect of steeping the barley grains on DON degradation by ACP 

One of the major applications of barley is in the brewery industry. Steeping is one of the crucial 

steps to produce malt for the brewery. If barley is contaminated with DON, it can be present in the 

final product (Omurtag & Beyoğlu, 2007). On the other hand, the presence of moisture is a 

determining factor for the ACP treatment efficacy. Increasing the moisture content of the substrate 

was anticipated to increase the generation of ROS (e.g., hydroxyl radicals) (Butscher, Van Loon, 

et al., 2016; Oehmigen et al., 2010; Van Gils et al., 2013), which could then increase the DON 

degradation rate. An increase in hydroxyl radicals could further increase the generation of ozone, 

as ozonation is catalyzed by free radicals such as hydroxyl ion (Omurtag & Beyoğlu, 2007). The 

uptake of ozone by the product would then increase at higher moisture contents, since ozone is 

water-soluble (Alexandre et al., 2017). This could increase the contact between ozone and DON 

and consequently improve its degradation rate. However, the degradation of DON by 6 min ACP 

treatment on steeped and dried barley grains was 36.3% (Sample B) (Table 4.5). This DON 

degradation in steeped barley grains was lower compared with that in barley grains without 

steeping (48.9%), as reported in Section 3.1 (Figure 4.2). During the steeping process, water will 

be absorbed and the grains will swell, which can influence the surface properties and topology of 

the grain surfaces. The topology of the substrate surface can influence the efficiency of DON 

degradation by ACP treatment. The fissures and grooves on the rough surfaces of the grains could 

protect DON from plasma generated species (Butscher, Van Loon, et al., 2016). The effect of the 

surface characteristics of the substrate was determined in previous studies for the inactivation of 

bacteria by ACP (Butscher, Zimmermann, et al., 2016; Los et al., 2018; Ziuzina et al., 2014). The 

greater inactivation of bacteria via ACP treatment was observed on smooth surfaces. Moreover, 
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ACP treatment could modify surface topology and change surface properties. Park et al. (2018b) 

observed changes on the surface of plasma-treated barley grains compared with the untreated 

samples. The changes on the surface of the grains after ACP treatment could be due to the chemical 

reactions of the reactive species on surfaces or energy exposure by ACP. 

Table 4.5: Effect of solvent type and treatment conditions (drying time and ACP treatment 

time) on degradation of DON on steeped barley grains by ACP 

Treatment  Solvent (ACN:Water) Treatment Description Reduction (%) 

A 100:0 10 min drying + 0 min ACP  0 e 

B 100:0 10 min drying + 6 min ACP 36.3 ± 5.4 c 

C 100:0 0 min drying + 6 min ACP 66.3 ± 2.3 a 

D 20:80 10 min drying + 0 min ACP  15.7 ± 4.6 d 

E 20:80 10 min drying +6 min ACP 53.6 ± 1.0 b 

F 20:80 0 min drying + 6 min ACP  65.6 ± 7.5 a 

All the samples were steeped barley grains. Values with different letters in the same column are significantly different (p < 0.05, n = 3). 

The drying step following mycotoxin inoculation on barley grains before ACP treatment had a 

significant impact (p < 0.05) on the degradation of DON. Since the drying step was used before 

ACP treatment, the effect of greater moisture on the surface of barley grains due to steeping on 

DON degradation during ACP treatment was negligible. Hence, we believe that the reduction in 

degradation rate in steeped barley compared with the unsteeped grains could be due to the changes 

in the surface properties of the steeped grains. In 10 min drying of the barley grains inoculated 

with DON in pure ACN, the solvent was completely evaporated. However, due to the higher 

boiling point of water compared to ACN, the water in ACN/Water (20:80 v/v) was not evaporated, 

but the ACN could be evaporated completely within 10 min. This means that the 10 min drying 

step would have allowed the ACN to evaporate, but some amount of water was still there. 

Consequently, we observed significantly (p < 0.05) higher degradation rates of DON in treatment 

E compared to B due to the presence of water. Comparison of treatment C (with a greater 
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percentage of ACN) with treatment F (with lesser ACN percentage) suggests the greater impact of 

ACN compared to water on the degradation of DON by ACP. The considerable effect of ACN on 

DON degradation under ACP could be observed by comparing treatments B and C. The 

degradation rate of DON increased from 36.3 to 66.3% by skipping the drying step and hence the 

presence of ACN. A greater degradation rate of DON in treatment F (no drying step) was observed 

in comparison to E (10 min drying), since the amounts of water and ACN were higher in treatment 

F, which contributed to the higher degradation of DON. Overall, the results of this experiment 

suggest the importance of drying step and hence the presence of water on the surface of the barley 

grains to increase the degradation rate by ACP; it seems that water contributes to the formation of 

greater amounts of ROS. 

4.3.7 Effect of ACP treatment on quality parameters of barley grains 

Moisture content, protein, and β-glucan content of barley were evaluated after 6 and 10 min ACP 

treatments (Table 4.6). ACP treatment could result in drying of the substrate (Bajgai et al., 2006); 

however, based on the process parameters, i.e., voltage, frequency, treatment time, the gap between 

the electrodes, etc., the drying effect could be negligible. ACP generates ionized molecules in a 

strong electric field. Water molecules orient themselves in the direction of the electric field and 

the evaporation of water molecules can occur, resulting in a drying effect of the product by ACP 

(Y. Wang et al., 2016). However, in our study, the moisture content of the grains was slightly 

reduced after ACP treatment, but this was not significant (p ≥ 0.05). The protein and β-glucan were 

not affected significantly (p ≥ 0.05) after ACP treatment. This could be due to the fact that although 

ACP treatment influenced the surface of the substrate, but it could not penetrate the inner parts of 

the grains, leaving them unaffected. 
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Table 4.6: Effect of ACP treatment on quality parameters of barley grains 

Treatment  N2 (%) Protein (%) Carbon (%) β-Glucan (%) 

MC (g 

Water/100 g 

Sample) 

Control 1.71 ± 0.02 a 
 

10.68 ± 0.15 a 44.1 ± 0.2 a 3.96 ± 0.14 a 9.7 ± 0.1 a 

6 min ACP 1.62 ± 0.05 a 10.39 ± 0.33 a 44.07 ± 0.21 a 3.98 ± 0.08 a 9.6 ± 0.0 a 

10 min ACP 1.64 ± 0.05 a 10.26 ± 0.29 a 43.93 ± 0.55 a 4.23 ± 0.25 a 9.4 ± 0.2 a 

Values with different letters in the same column are significantly different (p < 0.05, n = 3). 

4.3.8 Effect of ACP treatment on the germination of barley grains 

The effect of ACP on germination parameters of barley was time-dependent (Table 4.7). The grains 

treated for 6 min by ACP had the highest germination percentage (93.3%). ACP treatment for 1 

and 10 min decreased some of the germination parameters such as root length and root surface 

area, shoot length, and the number of roots compared to the untreated control. However, the 6 min 

ACP treatment improved some of the germination parameters, but not significantly (p ≥ 0.05) (i.e, 

the average root diameter, root volume, and the germination percentage) (Figure 4.4). Root growth 

parameters are important in exploiting the soil and uptake of the minerals, especially for less 

mobile nutrients. Root growth affects vigorous shoot growth and crop yield, especially in low 

nutrient soils (Y. Wang et al., 2016). ACP treatment can affect the root growth and, as a result, the 

ability of plants to explore soil and uptake water and nutrients will be changed (Pérez-Pizá et al., 

2020). Previous research reported that ACP treatment impacted the germination rate and 

germination parameters of several grain crops (Kříž et al., 2015; Los et al., 2018; Park et al., 

2018b). A number of theories reported that the changes in the germination rate of the ACP treated 

grains could be related to: (1) change in water absorption of the grains, (2) change in their surface 

characteristics as a result of chemical reaction of the reactive species with the seed surface, (3) or 

the physical energy deposition of plasma exposure on grains, (4) changes in the biological 

reactions of the grains, (5) change in the internal functional metabolites such as gamma-

aminobutyric acid, and 1,1-diphenyl-2-picrylhydrazyl activity (Park et al., 2018b), (6) alterations 
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in protein structure, and (7) stimulation of the natural signal (i.e., stimulation of growth factor, 

opening the calcium channel) (Sera et al., 2010). The attack of oxygen radicals and bombardment 

by low energetic ions may induce seed coat erosion and contribute to a change in germination 

(Sera et al., 2010). Previous studies reported that the germination parameters were influenced 

based on the plasma treatment time and optimum plasma time should be considered for each plant 

species (Filatova et al., 2013; Jiayun et al., 2014; Sera et al., 2010). In this study, we determined 

that the ACP treatment for 6 min was able to reduce almost half of the DON on the barley grains 

and it did not show any significant (p ≥ 0.05) adverse effects on germination parameters of barley. 

However, to fully understand the biological effects of ACP species on germination, the 

characteristics of each type of plasma, and the mechanisms between plasma species and each 

biomolecule should be studied. This could be quite challenging due to the inconstant state of ACP, 

diversity of target species in the plant, and the complexity of biomolecular response. A systematic 

approach for investigating the simple biomolecules and complex tissues to necessary to be able to 

realize the biological responses between plasma species and biomolecules. Overall, these results 

lay the foundation for future research that can optimize ACP treatment based on DON degradation, 

germination rate, and quality analysis.  
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Table 4.7: Comparison of germination parameters of barley grains as a function of ACP 

treatment time 

Treatm

ent  

Average Root 

Length (cm) 

Average 

Root 

Surface 

Area (cm2) 

Average Root 

Diameter (mm) 

Root Volume 

(cm3) 

Shoot 

Length 

(cm) 

Number of 

Roots 

Germina

tion 

Percenta

ge (%) 

Control 44.2 ± 17.8 a 6.37 ± 2.52 a 0.462 ± 0.037 a 0.073 ± 0.029 ab 6.76 ± 1.72 a 5.67 ± 0.64 a 80 

1 min 

ACP 
33.7 ± 19.4 ab 4.88 ± 2.50 

b 
0.495 ± 0.11 a 0.058 ± 0.026 b 6.40 ± 1.92 a 5.16 ± 1.49 a 83.3 

6 min 

ACP 
42.2 ± 15.7 ab 6.35 ± 2.23 a 0.489 ± 0.060 a 0.078 ± 0.029 a 7.36 ± 1.62 a 5.46 ± 0.84 a 93.3 

10 min 

ACP 
32.6 ± 20.0 b 4.84 ± 2.50 b 0.498 ± 0.066 a 0.058 ± 0.027 b 6.26 ± 2.07 a 5.15 ± 1.26 a 90 

The values indicate the average of the germinated grains for each parameter. Values with different letters in the same column are significantly 

different (p < 0.05, n = 3). 
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4.4 Conclusions 

In this study, the potential of ACP treatment for the degradation of DON on barley grains and the 

effects on selected grain quality parameters, germination, and seedling growth parameters were 

evaluated. ACP treatment was able to reduce DON concentration by 48.9% on barley grains in 6 

min. The degradation rate was further increased by the addition of water to the surface by steeping 

Figure 4.4: Effect of ACP treatment on seedling growth of barley after 7 days of 

germination. A: photo images. B: scanned root images using WinRHIZO software  
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without subsequent drying of the grains before ACP treatment. ACP treatment produced ROS and 

RNS, however, ozone exhibited the highest concentration. The storage of barley grains after 6 min 

ACP treatment further increased the degradation rate of DON. Protein, β-glucan and moisture 

content of the barley grains were not significantly affected by ACP treatment. The effect of ACP 

on germination parameters of barley grains was time-dependent, and 6 min ACP treatment showed 

the best results. Overall, ACP treatment showed promising results on degrading DON, without 

significant adverse effects on the quality parameters of barley grains. Future research is needed to 

optimize and coordinate critical process factors required to achieve required DON degradation 

levels, while maintaining barley quality. Cost-efficiency and other practical challenges will also 

need to be addressed once this laboratory technique is validated, scaled-up and adapted for 

commercial applications. 

 

 

 

 

 

 

 

 

 

 

 

 



 85 

 Chapter 5: Degradation of zearalenone by atmospheric cold plasma: effect 

of selected process and product factors 

5.1 Introduction 

Zearalenone (ZEA) is a mycotoxin that is produced as a metabolite by Fusarium species such as 

F. graminearum (Gibberella zeae), F. culmorum, F. crookwellense, F. semitectum and F. equiseti. 

ZEA is a major problem for maize, barley, wheat, and rye. ZEA (C18H22O5) is a 6-(10-hydroxy-6-

oxo-trans-1-undecenyl) -resorcylic acid lactone (Ropejko & Twarużek, 2021) and is structurally 

similar to endogenous estrogen; hence, it has mainly estrogenic effects which may cause 

reproductive disorders in women, by binding to estrogen receptors and influencing its transcription 

(Rai et al., 2019). ZEA can also cause hematological changes, and immunotoxic effects (Chain, 

2011). Previous studies reported human and animal exposure to ZEA  based on the presence of 

ZEA in raw food commodities (Chain et al., 2017; Guerre, 2016; Rai et al., 2019) and long-term 

exposure can cause major health risks (Rai et al., 2019). Permissible levels of ZEA in maize and 

other cereals vary from 50-1000 µg/kg based on the regulations enforced in different countries 

(FAO, 2003). The European Food Safety Authority established a tolerable daily intake of 0.25 

µg/kg body weight for ZEA (Chain, 2011). 

Many techniques have been assessed for the degradation of ZEA including ozone (Krstović et al., 

2020; Santos Alexandre et al., 2018; Yang et al., 2020), electron beam (Yang et al., 2020), 

biological methods (Xu et al., 2020), alkali treatment (Zheng et al., 2020), and gamma irradiation 

(Sebaei et al., 2020). However, these methods have limitations such as low ZEA degradation 

efficacy, negative effects on product quality, high cost, and regulatory limits. ZEA is resistant to 

high temperature (up to 160 °C) treatments (Yumbe-Guevara et al., 2003). Hence, it is possible 

that ZEA would be stable during most food processing applications involving heat. Also, the use 



 86 

of high-temperature treatments to degrade ZEA could negatively impact the quality of the product. 

Atmospheric cold plasma (ACP) is an emerging technology that has the potential to degrade 

mycotoxins without negatively affecting the quality attributes of the treated product (Chen et al., 

2018). ACP consists of reactive species, UV light, and electrons and these components can 

contribute to the degradation of mycotoxins (N. Misra et al., 2019). Based on the voltage, gas 

medium, type of product substrate, relative humidity, and treatment time, a variety of reactive 

species could be generated in ACP, which could influence the efficacy of ACP treatment (Chapter 

4, Chapter 2- section 2.4). Determining the influence of the main factors on the degradation of 

ZEA would be beneficial for optimizing the ACP treatment for an adequate reduction of ZEA in 

foods. The treatment using UV light pulses emitted from light-emitting-diodes (LED) is another 

recent method that could be effective against mycotoxins (Ferreira et al., 2021; Murata et al., 2008; 

Popović et al., 2018). At high UV light intensities, ZEA degradation could be enhanced; however, 

the quality of the product could be jeopardized. Combining ACP with thermal or UV light 

treatment could synergistically degrade mycotoxins, however, limited information is available 

about the potential of ACP-based combination treatments.  

In this study, the degradation of ZEA was evaluated when ACP was generated with selected gas 

mixtures using DBD and jet plasma systems to determine the role of reactive species and UV light. 

To understand the influence of product substrate on the generation of reactive species and ZEA 

degradation, barley grains, canola grains (Brassica napus), and canola meal were selected for ACP 

treatment. Also, the synergistic effect of ACP with thermal and UV light treatments to degrade 

ZEA was evaluated. 
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5.2 Material and Methods 

5.2.1 Mycotoxin standards 

HPLC-grade methanol, acetonitrile (ACN) (Fisher 109 Chemical, Geel, Belgium), and a standard 

solution of ZEA (100 μg/ml ACN, Sigma-Aldrich, Mississauga, Canada) were used. To prepare 

100 μl of ZEA solution with the concentration of 10 μg ZEA/ml ACN/water (10/90, v/v), 10 μl of 

the initial ZEA solution (100 μg ZEA/ml ACN) was diluted with 90 μl of deionized water. An 

ACN/water (10/90, v/v) solution was used to prepare the next dilutions of ZEA from 10 μg ZEA/ml 

ACN/ water (10/90, v/v) to the desired concentrations for standard samples. 

5.2.2 Sample preparation 

One hundred μl ZEA solution (10 μg ZEA/ml ACN/water (10/90, v/v)) was centrally applied on a 

cover-glass with a thickness of 150 μm and a diameter of 18 mm placed on microscopy slides. 

Then the ZEA solution was air-dried inside the biosafety chamber for 50 min before ACP, thermal, 

and LED treatment. After treatment, the cover-glass containing 1 μg ZEA was immersed in 1 ml 

methanol and shaken for 10 min at 200 RPM. The solution was evaporated using N2 stream, then 

1 ml ACN/water (10/90, v/v) was added and vortexed for 1 min before injection to HPLC for 

quantification. To assess the efficacy of ACP on ZEA degradation in solution, the air-drying step 

was skipped. 

5.2.3 Atmospheric cold plasma treatment 

A dielectric barrier discharge (DBD) ACP system (PG 100-3D, Advanced Plasma Solutions, 

Malvern, USA) was used to treat ZEA. The cover-glass containing 1 μg ZEA along with 

microscopy slide in the bottom were placed on top of the ground electrode (covered with 1 mm 

thickness glass). The high pulsating voltage electrode was connected to the generator with a pulse 

repetition frequency of 3500 Hz, a voltage of 0-30 kV, 70 % duty cycle, 10 μs pulse width, and 0-
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1 A current. The gap between the ZEA sample and the high voltage electrode was 2 mm. One μg 

ZEA was treated for 0, 0.5, 1, 5, and 15 min. The ZEA in solution was treated for 0, 10, 20, 30, 

40, and 50 s. For a schematic diagram of the DBD-ACP system, please refer to Chapter 3. The 

effect of DBD-ACP in direct and indirect modes on ZEA degradation was assessed. The ZEA 

sample was placed directly under the high voltage electrode in direct mode.  The ZEA sample was 

placed 2.5 cm away from the center of the high voltage electrode (2.5-cm-diameter solid copper 

disk covered by 1-cm-thick quartz) in indirect mode.  

5.2.4 HPLC analysis 

ZEA samples were stored at 4 °C for <24 h before high-performance liquid chromatography 

(HPLC) analysis on a reversed-phase Agilent Zorbax SB-C18 250mm× 3 mm, 5-μm column with 

isocratic elution. The injection volume was 10 μl at a flow rate of 0.5 ml/min, using a mixture of 

water and ACN (50:50 v/v) as the mobile phase. A photodiode array (PDA) detector at a 

wavelength of 238 nm was used to determine ZEA concentration. The limit of detection and the 

limit of quantification of HPLC for ZEA were 0.01, and 0.04 μg/ml, respectively. The recovery 

rate of ZEA was 80-88 % in different experiments. 

5.2.5 Effect of product substrate on ZEA degradation  

Barley grains, canola grains, and canola meal were used to assess the effect of product substrate 

on the generation of reactive species and ZEA degradation by DBD-ACP treatment. The grains 

were kept in Ziploc bags at 4 °C until use. The physicochemical characteristics of the grains before 

the experiments were determined (Table 5.1).  
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Table 5.1: Physicochemical specifications of substrates 

 

Values are expressed as the mean ± standard deviation (n=3). 

The moisture content of the grains was measured by AACC Method (44-19.01-AACC 

International) using a convection oven. The water activity (aw) meter (4TE, Aqualab, Pullman, 

WA, USA) was used to measure aw. Grain density was measured by dividing the grains' mass by 

their volume. The volume of the grains was determined by the liquid displacement method 

(Chigbo, 2016) in which 2 g of grain were added to a 15 ml Falcon tube (Fisher Scientific, Ottawa, 

ON, Canada) and the rise in water level was used to measure the volume. 

Barley grains, canola grains, and canola meal samples (0.5±0.05 g) were spiked using 200 μl of 

ZEA (10 μg/ml ACN) in which the concentration of ZEA on the grain was 4 μg/g. The samples 

were then air-dried in plastic cups with a diameter of 3.89 cm and a height of 1.14 cm at room 

temperature (~23 °C) for 20 min to evaporate ACN solution before ACP treatment. Barley seeds 

were individually spiked; canola meal samples were spiked by the ZEA solution followed by 

mixing after air-drying; canola seeds were placed inside 9 mm vials and mixed for 1 min by vortex 

at 3000 rpm with 200 μl ZEA solution. Then they were transferred to plastic cups for drying 

followed by ACP treatments. The reactive species concentrations were measured after 3 min of 

ACP treatment according to the procedure explained in the previous section. 

The ZEA extraction of the samples was performed according to the method reported by Krstović 

et al. (2020) with some modifications. For ZEA extraction, 4 ml of ACN and water mixture (84:16, 

Grain Crop Year 
Moisture content (g 

water/100 g Sample) 
aw 

Grain density 

(g/cm3) 

Grain Dimensions 

Length 

(mm) 

Width 

(mm) 

Barley 2015 10.7 ± 0.04 0.45 ± 0.003 1.058 ± 0.002 8.95 ± 1.57 3.71 ± 0.38 

Canola meal 2019 11.1±0.1 0.58±0.000 1.31±0.04 <850 μm <850 μm 

Canola 2019 6.3±0.04 0.53±0.004 1.08±0.07 2.13±0.16 2.11±0.17 
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v/v) was added to the treated and control samples followed by 10 min vortex at 3000 rpm. Two 

milliliter of the supernatant was filtered using a syringe filter and 20 μl acetic acid was added to 

the filtered extract and cleaned up on Mycosep 112 column (Romer Labs. Inc., Union, MO, USA). 

The cleaned-up extract was evaporated under a nitrogen stream and the residue was dissolved in 1 

ml of ACN/water 10:90 (v/v) and injected into HPLC for quantification. Control samples were 

spiked barley, canola, and canola meal without ACP treatments. 

5.2.6 ZEA degradation by thermal and UV treatments in sequence with DBD-ACP 

To assess the synergistic ZEA degradation effect, sequential thermal and DBD-ACP treatments 

were conducted. The thermal treatment of the ZEA samples in dry condition (1 μg ZEA without 

solvent) was performed at 80 °C for 25 min. The cover-glass containing ZEA samples on a 

microscopy slide was heated on a digital hot plate (Fisher Scientific, assembled in China) and the 

sample temperature was monitored using an infrared thermometer (Optris, Berlin, Germany). The 

time for the sample on cover-glass to reach 80 °C was 4.5 min. After the sequential treatments, 

ZEA was extracted and quantified as described in the previous sections.  

The efficacy of treatment using UV light pulses (395 nm wavelength, 100 Hz at a 60 % power 

level) emitted from LEDs (JL3-395G2-6, Clearstone Technologies Inc., Minneapolis, MN), 

connected to a power controller (CF3000, Clearstone Technologies Inc., Minneapolis, MN) in 

sequence with DBD-ACP on ZEA degradation was examined. As explained in Section 2.2, the 

ZEA sample (1 μg without solvent) on cover-glass was prepared and treated with ACP for 30 s, 

followed by 30 min of UV treatment. The temperature of the cover glass reached a maximum of 

45 °C during LED treatment. A fan (20 V, 0.284 A) was used during the UV treatment to prevent 

the further increase of sample temperature. The gap between the sample and the LED head was 2 

cm, and the gap and positioning of the samples under the LED head were uniform in all the 
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treatments. To measure the irradiance and total energy dose on the sample during 395 nm LED 

treatment,  a laser energy meter (7Z01580, Starbright, Ophir Photonics, USA) connected to a 

photodiode irradiance and dose sensor (PD300RM-8 W, Ophir Photonics, A Newport Corporation 

Brand, USA) was used. The irradiance of the UV light emitted from LEDs was measured as 0.62 

 0.01 W/cm2. After the sequential treatments, ZEA was extracted and quantified as described in 

the previous sections. 

5.2.7 Effect of different gas mixtures on ZEA degradation by DBD-ACP 

To assess the effect of different gas mixtures on the efficacy of the ACP system to degrade ZEA, 

four different ratios of O2 and N2 were used. The gas mixtures used were: 100 N2, 90 % N2+ 10 % 

O2, 80 % N2+ 20 % O2, and air. These gas mixtures were delivered from gas cylinders to the DBD 

treatment chamber (inner dimensions: 8 × 8 × 10 cm) using mass flow controllers (Alicat 

Scientific, AZ, USA). The gases were supplied for 5 min at 5 SLPM (standard liter per minute) 

into the sealed ACP treatment chamber (specification of this chamber can be found at Chapter 4) 

with one outlet open to let the air inside the chamber to flow out. After 5 min, the outlet was closed, 

and no gas was flowing inside the chamber. Then, the ZEA samples were treated using ACP for 1 

and 3 min inside the sealed chamber. The gap between the ZEA sample and the high voltage 

electrode was 2 mm.  

Based on the results of the reactive species concentration and ZEA degradation by DBD-ACP with 

selected gas mixtures on selected product substrates, a jet-ACP system was used to improve 

understanding of the other factors influencing the ZEA degradation by ACP. A jet-ACP system 

connected to the power supply (Figure 5.1) was used to further evaluate the effect of reactive 

species and UV light on ZEA degradation. 
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The jet-ACP system was operated at a pulse repetition frequency of 1500 Hz, voltage of 0-22 kV, 

70 % duty cycle, 10 μs pulse width, and 0-0.25 A current using 75 % Ar+ 25 % N2 at 5 SLPM. In 

indirect treatment, a diversion was designed (Figure 5.1) and mounted on the tip of the jet nozzle 

to prevent the UV light in the plasma from reaching the sample and to assess the effect of reactive 

species and high-energy electrons on ZEA degradation. Also, a direct pathway in jet-ACP system 

was built, which enabled the UV, reactive species, and high-energy electrons to reach the sample. 

The distance between the sample and the bottom of the nozzle was 2 mm. The traveling distances 

of reactive species in jet-ACP during direct and indirect treatments were equal. In another 

experiment, a transparent plastic shield was positioned between the sample (1 mm from sample) 

and jet-ACP (2 mm distance from tip of the jet nozzle) to prevent the reactive species and high 

energy electrons from reaching the sample, so that the effect of the UV light in jet-ACP on ZEA 

degradation could be evaluated. For this purpose, the coverglass containing ZEA was sealed inside 

a 50 mm Petri plate and positioned 1 mm under the lid of the Petri plate in which the distance 

between the plate and jet-ACP was 2 mm. 

To evaluate the influence of reactive species and UV light on ZEA degradation, three different gas 

mixtures were used to generate jet-ACP. The process gas mixtures and other parameters used were 

75 % Ar+ 25 % N2 (frequency of 1500 Hz, a voltage of 0-18 kV, 70 % duty cycle, 10 μs pulse 

width, and 0-0.25 A), 85 % Ar+ 15 % O2 (frequency of 1500 Hz, a voltage of 0-22 kV, 70 % duty 

cycle, 10 μs pulse width, and 0-0.25 A), and 100 % Ar (frequency of 3500 Hz, a voltage of 0-1 

kV, 70 % duty cycle, 6 μs pulse width, and 0-0.5 A) at 1 SLPM. The frequency, voltage, pulse 

width, and current could not be applied equally in all the selected gas mixtures due to the different 

excitation energy of the gases which were causing sparks or producing no plasma at the same ACP 

power. The UV intensity at the 240-310 nm range in jet-ACP was measured using an ILT 2400-
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UVGI optical meter (International Light Technologies, Peabody, MA, USA). The detector was 

placed 2 mm away from the tip of the jet-ACP diversion nozzles to measure the irradiance 

intensity. 
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Figure 5.1: Schematic diagrams of the atmospheric cold plasma jet system  
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5.2.8 Cold plasma diagnostics 

The optical emission spectra of DBD-ACP discharge inside the treatment chamber generated using 

different gas mixtures (100 N2, 90 % N2+ 10 % O2, 80 % N2+ 20 % O2, and air) were acquired 

using a spectrophotometer (Black comet C-25, StellarNet Inc., Tampa, FL, USA), connected to an 

optical fiber (F600-UVVIS-SR, StallerNet, Inc., Tampa, FL, USA). The spectra were acquired in 

the wavelength range of 180 to 850 nm with a resolution of 0.5 nm, and a signal to noise ratio of 

1000:1. The set integration time was 500 ms and the set values of the number of scans to average 

were 5 to obtain uniform spectra using SpectraWiz software (StellarNet Inc., Tampa, FL, USA). 

This experiment was conducted to capture the light emitted by excited plasma species between the 

electrodes. One end of the optical fiber was connected to the spectrophotometer and the other end 

to the collimating lens. The collimating lens was kept 15 mm away from the side of the quartz 

window incorporated to the center of the sidewall of the plasma chamber. The distance between 

the quartz window with the center of the electrode was 45 mm. The gas mixtures flowed inside the 

treatment chamber for 5 min at 5 SLPM, with one outlet open to let the air inside the chamber flow 

out. Then all the inlets and outlets were closed, the ACP system was turned on, and the spectra 

were acquired at 10 s, 1 min, and 3 min DBD-ACP treatment.  

5.2.9 Measurements of ozone, nitrous gas, hydrogen peroxide, and humidity 

Concentrations of ozone (O3), nitrous gas (NO+NO2+NOx), hydrogen peroxide (H2O2), and 

relative humidity inside the DBD chamber during ACP treatments were determined when four 

different gas mixtures were used to generate ACP. The relative humidity was measured using 

Onset Hobo Temp/RH logger, MX1101 (Bourne, MA, USA). Dräger short-term detector tubes 

(Dräger Safety AG & CO, Lubeck, Germany) including an ozone 10/a Dräger tube (CH 21001), a 

nitrous fume 50/b Dräger tube (81 01 941), and a hydrogen peroxide 0.1/a Dräger tube (81 01041), 
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were used to measure the gas concentrations following the manufacturer’s instructions. To 

measure the concentrations of H2O2 in all the gas combinations, and the concentrations of ozone, 

smaller volumes of gas was collected to ensure that the concentrations fell within the measurement 

range of Dräger detector tubes, i.e, 20 ml instead of 100 ml by Dräger accuro gas detector pump 

for ozone, and 20 ml instead of 2000 ml for H2O2. 

To measure the approximate reactive species concentration in jet-ACP, the nozzle of the jet plasma 

was connected by a tube to the -airtight DBD-chamber to provide the type of reactive species and 

an approximate concentration of reactive species produced by jet-ACP. Using different gas 

mixtures, jet plasma was run for 3 min while one outlet of the DBD-chamber was left open. After 

3 min, the outlet was closed, the plasma system was turned off and the reactive species 

concentration was measured instantly by the Dräger tubes inside the DBD-chamber. 

5.2.10 Temperature measurement and plasma intensity 

Temperature and plasma intensity were measured to understand any possible effect of different 

gas mixtures on the temperature and intensity of the DBD-ACP discharge and hence the 

degradation of ZEA. An imaging IR thermometer (FLIR TG165, systems Inc., Wilsonville, USA) 

was used to measure the surface temperature of the cover-glass positioned on the microscopy slide 

and treated by ACP for 3 min. The temperature of the cover-glass was measured in 12 s after 3 

min ACP. The pictures of ACP discharge were captured using an iPhone XS camera in burst mode 

at 1 min ACP.   

5.2.11 Statistical analysis 

Statistical analysis of the experiments was performed by SPSS (IBM SPSS v.21, Armonk, NY). 

All the experiments were performed in triplicates and the values are expressed as the mean ± 



 96 

standard deviation (SD). To determine the significant difference (p < 0.05) between the values, 

one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test was used. 

5.3 Results and Discussion 

5.3.1 ZEA degradation by DBD-ACP 

ZEA concentration was reduced by 96.4% within 5 min ACP treatment with air as the medium 

and was undetectable after 15 min of ACP treatment (Figure 5.2). When ZEA was in solution, 

ZEA was undetectable after 30 s of ACP treatment, showing the effect of water on the ZEA 

degradation during ACP treatment.  

Ozone is one of the major reactive species generated in air-ACP discharge and the degradation 

effect of ZEA was reported during ozone treatment (Krstović et al., 2020; Santos Alexandre et al., 

2018; Yang et al., 2020). The degradation rate of mycotoxin by ACP is higher than using ozone, 

and UV light (N. Misra et al., 2019). The contributions of UV light, other reactive species such as 

reactive nitrogen species, and high energy electrons in ACP may help to achieve greater ZEA 

degradation compared to ozone treatment. The reactivity of ozone increases in the presence of 

water due to the high solubility of ozone in water, which increases the contact between the sample 

and ozone and probably contributes to the higher mycotoxin degradation (Ren et al., 2017). Also, 

through the reaction of ozone and water during ACP treatment, OH radicals with strong oxidizing 

properties are formed (H. Shi et al., 2017).  In addition, to further understand the role of reactive 

species in ZEA degradation, indirect DBD-ACP treatment was carried out. Indirect treatment 

resulted in a significant reduction (p < 0.05) in ZEA concentration, indicating the crucial role of 

reactive species in ZEA degradation. However, the reductions were significantly lower (p < 0.05) 

compared with the ZEA reductions after direct treatments. For instance, the reduction of ZEA was 
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70.8 and 94.3 % after 1 and 3 min of direct treatment, respectively, while after indirect treatment, 

the reductions were 35.4 and 52.2 %, respectively. 

The characteristics of the substrate influenced the efficacy of DBD-ACP on ZEA degradation; 

however, the ZEA degradation rate did not correlate with size (dimensions) of the substrate, or the 

concentrations of reactive species produced when different substrates were used. The ZEA 

degradation rate was higher on canola grains and canola meal compared with barley grains after 

1, and 3 min ACP treatment (Table 5.2). It is interesting to note that the concentrations of plasma 

reactive species produced were higher when barley and canola grains were treated compared to 

canola meal, suggesting the substrate effect in degrading ZEA by ACP. The compact structure of 

the canola meal might have produced ACP discharge with certain specific characteristics. 

However, in the case of canola and barley grains, the air space between the grains might have 

resulted in greater production of reactive species including ozone and H2O2. The substrates with 

A 

B 

Figure 5.2: Effect of dielectric barrier discharge- atmospheric cold plasma treatment in A: solution 

B: dry condition on ZEA degradation. The error bars were determined based on the standard 

deviation of the replicates (n=3) 
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different number of fissures and grooves on their surface could protect the mycotoxins from ACP 

and reactive species. Roughness or smoothness of the substrate surfaces could change the contact 

area with the reactive species and consequently change the degradation rate of ZEA (Chapter 2, 

section 2.4). Other product characteristics such as aw, water content, and product dimensions also 

could have contributed to the efficacy of ACP on ZEA degradation. For instance, aw of canola 

meal was higher than those of canola and barley grains, while the moisture content of canola grains 

was lower than those of barley grains and canola meal (Table 5.1). The dimensions of the barley 

grains were larger than those of canola grains and canola meal, which also might have influenced 

the characteristics of the generated ACP discharge.  

Table 5.2: Effect of product substrate on degradation of ZEA and production of reactive 

species by dielectric barrier discharge- atmospheric cold plasma 

 

 

 

 

 

* Values are expressed as the mean ± standard deviation (n=3). Values with different letters in the same column are significantly different (p<0.05, 

n =3). 

Sequential ACP and thermal treatment did not result in synergistic ZEA degradation, but an 

additive effect in ZEA degradation was observed (Table 5.3). The high stability of ZEA to thermal 

treatment was reported in previous studies (Chilaka et al., 2018; Jauković et al., 2014). The 

presence of double bonds in the ZEA structure (Figure 5.3) could be one of the reasons for their 

high stability to thermal treatment as the bond dissociation energy of double bonds is more than 

single bonds (Ouellette & Rawn, 2015). The decontamination mechanism of UV light pulses 

emitted from LEDs is due to the photolysis of the toxin (Stanley et al., 2020). No synergistic and/or 

Product 

substrate 

Treatment 

time (min) 

Degradation 

(%) 

O
3 

(ppm) 

H
2
O

2 

(ppm) 

Nitrous 

fumes (NOx, 

NO, NO2) (ppm) 

Control 0 0 c - - - 

Barley grains 
1 52.7±9.4 b - - - 

3 64.8±9.5 b 175±25 a 7±1 a <50 a 

Canola meal 
1 81.2±0.4 a - - - 

3 83.2±6.7 a 45±5 b 3±1 b <50 a 

Canola grains 
1 80.4±5.2 a - - - 

3 91.6±4.2 a 183.3±14.4 a 7±1 a <50 a 
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additive effect on degrading ZEA was observed when the sequential ACP and UV light pulses 

were used. As in the sequential treatment of ACP and UV light pulses in our experiment, 72.5 % 

of ZEA was already degraded by ACP, UV light pulses emitted from LED in sequential mode 

improved the degradation rate by only 2.1 %. 

 

 

Table 5.3: Effect of sequential dielectric barrier discharge- atmospheric cold plasma + 

thermal, and dielectric barrier discharge- atmospheric cold plasma + LED treatments on 

ZEA degradation 

Treatment method 
Concentration 

(μg/ml) 

Degradation 

(%) 

Control sample 8.1±0.04 0 c 

30 s DBD-ACP 2.3±0.13 71.22±2.18 b 

30 s DBD-ACP + 80 oC thermal treatment for 25 min 1.6±0.22 79.66±3.74 a 

80 oC thermal treatment for 25 min 7.6±0.54 7.02±3.74 c 

15 s DBD-ACP + 80 oC thermal treatment for 25 min+ 15 s DBD-

ACP 
2.7±0.45 67.14±7.54 b 

Control sample 8±0.2 0 c 

30 s DBD-ACP 2.2±0.28 72.52±5.02 a 

30 min LED 4.22±0.07 47.20±0.86 b 

30 s DBD-ACP + 30 min LED 2±0.17 74.58±3.1 a 
* Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different and they are 

compared seperately above and below the solid line in the table  (p<0.05, n =3). 

5.3.2 Effect of gas mixtures on ZEA degradation by DBD-ACP 

ACP treatment of ZEA for 3 min using all the gas mixtures resulted in a 94.6 to 97 % reduction in 

its concentration, and the degradation rate of ZEA was not significantly (p > 0.05) influenced by 

the type of gas mixtures used, except for air plasma treatment for 1 min. ACP in air and 100 % N2 

generated the highest and lowest concentrations of reactive species (Table 5.4), respectively. 

Figure 5.3: Chemical structure of zearalenone 
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Hence the highest and lowest degradation rates of ZEA were expected to be in the air and 100 % 

N2, respectively. However, there was no significant difference (p > 0.05) in the ZEA degradation 

levels when 100 % N2 was used, compared with the other gas mixtures (Table 5.4). Other than the 

measured reactive species, the ZEA was degraded possibly by other contributing factors such as 

high energy electrons and UV light, and more studies are required to confirm this suggestion. The 

temperature of the ACP treated cover-glass with different gas mixtures was between 24.1- 24.5 °C 

(Figure 5.4). This proves the cold nature of the ACP treatment and the non-significant contribution 

of temperature to the degradation of ZEA. In a study by Siciliano et al. (2016), the degradation 

rate of aflatoxin by cold plasma at 100 % N2 was higher than 21 % O2+79 % N2. In another study, 

plasma discharge using modified atmosphere (65 % O2+ 30 % CO2+ 5 % N2) resulted in higher 

efficacy than plasma discharge using air to degrade aflatoxin, attributed to the higher concentration 

of reactive species such as ozone and NOx in the modified gas (H. Shi et al., 2017). Also, using 

nitrogen plasma resulted in  > 90 % degradation of aflatoxin in 15 min (Sakudo et al., 2017). These 

studies show the efficacy of N2 in the degradation of mycotoxins. 

 

 

 

 

 

 

 

 

 

 

A B C D 

Figure 5.4: Surface temperature and intensity of plasma at different gas ratios after 3 min dielectric 

barrier discharge- atmospheric cold plasma treatment (A: 80 % N2+ 20 % O2- B: 90 % N2+ 10 % 

O2- C: 100 % N2- D: Air) 
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Table 5.4: Degradation of ZEA, and reactive species concentration by dielectric barrier 

discharge- atmospheric cold plasma treatment using selected gas mixtures 

Gas 

mixtures 

Treatment 

time (min) 

ZEA 

Concentrati

on 

(μg/ml) 

Degradatio

n 

(%) 

O
3 

(ppm) 

H
2
O

2 

(ppm) 

NO+NO2+N

Ox
 
(ppm) 

Humidity 

(%) 

Control 0 8.3±0.4  0 d <20 d 0 e <50 c 37.2±1.8 a 

100 % N2 
1 0.8±0.2  89.8±3.1 ab <20 d 2±0.5 de <50 c 7.7±0.9 c 

3 0.3±0.1  96.1±1.4 a <20 d 2.7±1.1 de <50 c 12.2±1.7 b 

90 % N2, 10 

% O2 

1 1.1±0.5  86.0±7.2 b 93.33± 5.7 c 10±2 d <50 c 5.2±0.2 cd 

3 0.2±0.06 97.0±0.8 a 126.7±20.8 c 9.3±1.1 d <50 c 8.3±0.4 c 

80 % N2, 20 

% O2 

1 1.4±0.2  83.6±3.1 b 110±10 c 9.3±1.1 d <50 c 3.8±0.4 d 

3 0.3±0.1  95.8±0.9 a 130±10 c 53.3±5.8 b <50 c 6.9±0.4 cd 

Air 
1 2.2±0.6  73.5±8.6 c 300±50 b 40±10 c 116.7±5.8 b 37.2±2.2 a 

3 0.50±0.03 94.6±0.5 a 683.3±76.4 a 66.7±5.8 a 275±25 a 37.0±2.0 a 
* Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, n =3). 

Based on the results, the presence of the H2O2 in 100 % N2 could be due to the presence of humidity 

in the DBD chamber. Electrons produced in ACP excite and dissociate the oxygen and nitrogen 

molecules (reactions (R1), (R4)) (Pekárek, 2003). Higher concentrations of O3 and H2O2 were 

observed when air was used to produce ACP compared to the other gas mixtures used (Table 5.4). 

Ozone is mainly generated in ACP by reactions (R1)- (R3) and decomposed by reactions (R23)- 

(R32) (Li et al., 2018; Pekárek, 2003). In a study by McClurkin-Moore et al. (2017), the higher 

concentration of O2 resulted in a higher concentration of ozone. Similarly, in our study, the 

concentration of ozone increased with increasing the ACP treatment time and the O2 ratio in the 

gas mixture due to the reactions (R1)- (R3). The H2O2 production rate was dependent on the O2 

concentration and humidity of the environment (Table 5.4). There was a high concentration of 

H2O2 in the air with high humidity as in the presence of water vapor, OH radicals can be formed 

that eventually lead to the production of H2O2 by the reactions (R37)- (R39). Air had a higher 

concentration of ozone than 80 % N2+ 20 % O2, probably due to the presence of high humidity in 

the air, which can produce OH radicals by reactions (R31)- (R36) (Whitehead, 2016). This is 

because a high concentration of NOx (0.1 %<) can decompose ozone mainly by reaction (R27), 

however, in the presence of water vapor, OH radicals will be formed which can react with NOx 
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and convert them to HNOx (R9, R18) and so prevent the decomposition of ozone by NOx. The 

same trend was observed by Han et al. (2016) in which ozone had a significantly (p < 0.05) higher 

concentration after ACP treatment for 15 s, 1 min, and 5 min in air compared to 90 % N2+10 % 

O2. NO and NO2 are generated and decomposed by the reactions (R5)- (R13), and (R11)- (R22) 

respectively (Pekárek, 2003; Soler-Arango et al., 2018; Whitehead, 2016). Based on the 

concentration of nitrous gases, it is probable that the humidity of air played a major role in the 

generation of nitrous gases. N2 molecules have stronger bonds than O2 and hence higher electron 

energy is needed to dissociate N2 compared to O2 (Whitehead, 2016). The O atom may be 

dissociated from ozone (has a high concentration in air) by reaction (R23) and recombines with 

dissociated nitrogen molecules to generate NOx. There was a positive correlation between ozone 

and NOx concentration in this study and a study by H. Shi et al. (2017) in which for the high 

concentration of ozone, a high amount of atomic O could be produced leading to the formation of 

NOx.  
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The asterisk denotes an excited state 

Optical emission spectra (OES) is a non-destructive method, that can help to identify the excited 

reactive species generated due to collision with energetic electrons in the plasma (Figure 5.5). The 

emission spectrum of ACP in the air has been assessed by many researchers, previously. The 

emission peaks in all the gas mixtures at 315, 337, 353, 357, and 380 nm are due to the transition 

of N2 species (H. Shi et al., 2017; Soler-Arango et al., 2018). The peak at 296 nm is related to the 

e*+O2 → e+O2 
*

→ e+O+O                      (R1) 

O+O+M → O2+M                                   (R2) 

O+O2+M → O3
*
+M → O3+M                 (R3) 

e*+N2 → e+N2 
* → e+N+N                       (R4) 

N+O+M → NO+M                                       (R5) 

O
*
+N2 → NO+N                                        (R6) 

N*+O2 → NO+O                                      (R7) 

N*+O3 → NO+O2                                       (R8)  

OH+NO → HNO2                                     (R9) 

N*+NO → N2+O                                    (R10) 

O+NO2 → NO+O2                                 (R11) 

NO+O3 → NO2+O2                                (R12) 

O+NO+M → NO2+M                                (R13) 

NO2+O3 → NO3+O2                              (R14) 

NO2+O+M → NO3+M                         (R15) 

NO2+NO3+M → N2O5+M                      (R16) 

NO2+N → N2O                                      (R17) 

OH+NO2 → HNO3                                       (R18) 

O+N2O5 → NO2+NO2+O2              (R21) 

O+NO3 → O2+NO2                          (R22) 

e+O3 → O2+O+e                            (R23) 

O+O3 → 2O2                                           (R24) 

2O3 → 3O2                                                 (R25) 

N +O3 → NO +O2                           (R26) 

NO
∙
 +O3 → NO2 +O2                       (R27) 

NO2+O3 → NO3+O2                        (R28) 

𝑂𝐻 +O3 → HO2+O2                           (R29) 

𝐻+O3 → HO2 +O                              (R30) 

O3+HO2 → 2O2+OH                                    (R31) 

H+O3 → OH+O2                              (R32) 

e+H2O → e+H+OH                       (R33) 

e+H2O
+

→ e+H+OH                      (R34) 

H2O+O
*
→ OH+OH                       (R35) 

H2O+N2
* → H+OH+N2                  (R36) 

OH+OH → H2O2                           (R37) 

HO2+ HO2→ H2O2 +O2                (R38) 
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excited ion, N2
+. Using 100 % N2 as the medium gas of ACP exhibited two distinct peaks at 285 

and 306-310 nm, in which their intensities were decreasing during ACP treatment and were not 

observed in the other gas mixtures. The peak at 285 nm is associated with NO (Cullen et al., 2014; 

Walsh et al., 2010). The presence of NO peak in 100 % N2 could be due to the dissociation of low 

concentration O2 (which has not been completely flushed out of the chamber) to atomic oxygen 

by plasma, which will then react with nitrogen species to generate NO. However, the concentration 

of O2 was not enough to produce ozone or NO2 instead of NO. The emission peaks at 306-310 and 

306-322 were related to the OH radical (Cullen et al., 2014; H. Shi et al., 2017; Soler-Arango et 

al., 2018), which is generated when there is water vapor in the ACP discharge. This suggested the 

presence of water vapor in the treatment chamber which was later shown by measuring the relative 

humidity (Table 5.4). It is worth mentioning that 309 nm has been attributed as the main 

wavelength for OH radicals in different papers; however, 281.1 nm (Soler-Arango et al., 2018), 

295-300 nm (Machala et al., 2007; Sarangapani et al., 2016), 306-312 nm (Yu et al., 2021), 305-

317 nm (Machala et al., 2007), and 305-322 nm (Parigger et al., 2003) were also ascribed to 

different transitional system bands of OH radicals. The reduction in the intensity of NO emission 

peaks over time could be due to the reaction of OH with NO and NO2 in the system and transform 

them into HNO2 and HNO3 (Soler-Arango et al., 2018) or via conversion of NO to NO2  by 

reactions (R12), (R13). The excited states of atomic O at 777 (O(5P)), and 845 nm (O(3P)) (Walsh 

et al., 2010) were not observed due to collisions with N2 and O2 resulting in its quenching (Walsh 

et al., 2010). The ACP spectra at different times and gas ratios were not significantly different in 

the other wavelengths, as all the assessed gas mixtures contained N2 and the spectra at 180-850 

nm are mainly attributed to different states of N2 molecule or N atoms (Yadav et al., 2019). 
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306-310 

Figure 5.5: Optical emission spectra of dielectric barrier discharge- atmospheric cold plasma operating 

in different gas ratios (100 N2, 90 % N2+ 10 % O2, 80 % N2+ 20 % O2, air) and different treatment 

times (10 s, 1 min, 3 min). Wavelength 285 nm is ascribed to NO; and 306-310 nm to OH radicals. The 

graphs on the right are the zoomed in versions of the graphs on the left. 
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5.3.3 Effect of ACP jet treatment on ZEA degradation 

Results of the DBD-ACP experiments suggested the possible contribution of factors other than the 

observed reactive species on ZEA degradation. Hence, open atmosphere direct and indirect ACP 

jet treatments were performed to determine the effect of different gas mixtures, reactive species 

and UV intensity on ZEA degradation. The ZEA degradation after direct treatment was higher 

compared with the indirect treatment (Table 5.5, Table 5.6) although the distances between the 

high voltage electrode and tip of the jet nozzle during direct and indirect jet plasma treatments 

were equal. The concentrations of reactive species and the UV irradiation intensities in ACP after 

direct treatments were higher compared to indirect treatment, possibly contributing to the 

difference in ZEA degradation efficacies. To assess the contribution effect of UV light in ACP on 

ZEA degradation, a UV transparent shield was used, that possibly eliminated the contribution of 

reactive species and electrons in ACP on ZEA degradation. However, the UV light intensity by 

using a shield was lower compared to the direct treatment and so the contribution of UV light on 

ZEA degradation in direct treatment could be more than the 6.2 % that was observed by using the 

shield.  

Table 5.5: Effect of atmospheric cold plasma jet in direct and indirect mode using different 

gas mixtures at 1 SLPM on degradation of ZEA 

Gas 

mixtures 
Treatment 

Treat

ment 

time 

(min) 

ZEA 

degradation      

(open 

atmosphere, %) 

 

ZEA 

degradation 

(inside the 

chamber, %) 

 

O
3 

(ppm) 

H
2
O

2 

(ppm) 

UV 

intensity 

(W/cm2) 

- Control 0 0 f 0 c 0 b 0 b 0 d 

75 % Ar + 

25 % N2 

Direct 

1 9.4±1.4 ed - - - 
5.9×10-6 

±4.8×10-7 a 3 14.5±2 d - 0 b 0.8±0.7 

b 

Indirect 
1 4.7±2.2 ef - - - 

0 d 

3 2.5±1.6 f - - - 

85 % Ar + 

15 % O2 

Direct 

1 34.6±2.4 c - - - 
1.7×10-6 

±5×10-7 c 3 54.3±7.2 a - 
22.3±2.

5 a 

17.3±3.

5 a 

Indirect 
1 30±4.3 c 16.9±7.3 b - - 

0 d 

3 44.3±5.3 b 38.6±5.6 a - - 
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100 % Ar Direct 
1 2.3±1.6 f - - - 5.1×10-6 

±4.7×10-7 b 3 10.5±4 ed - 0 b 0 b 

* Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, n =3). 

Table 5.6: Effect of atmospheric cold plasma jet using 75 % Ar+ 25 % N2 at 5 SLPM in 

direct and indirect modes on degradation of ZEA 

Treatment 
Treatment 

time (min) 

ZEA 

Concentration 

(μg/ml) 

Degradation 

(%) 

UV intensity 

(W/cm2) 

Control 0 8.5±0.3 0 d 0 c 

Direct 
1 6.4±0.7 24.4±8 b 

1.8×10-5 ± 9.1×10-7 a 
3 5.4±0.8 36±9.9 a 

Indirect 
1 7.4±0.3 13.3±3.1 c 

4.8×10-6 ±1.1×10-7 b 
3 6.0±0.3 29.1±4 ab 

Shield 
1 8.2±0.02 3.3±0.2 d 

4.4×10-6 ±8.6×10-8 b 
3 8±0.2 6.2±2.3 cd 

* Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, n =3). 

 

Three different gas mixtures, 75 % Ar + 25 % N2, 85 % Ar + 15 % O2, and 100 % Ar were used 

in jet-ACP to determine the role of different reactive species in ZEA degradation (Table 5.5). The 

highest ZEA degradation rate was observed when 85 % Ar + 15 % O2 was used, presenting the 

importance of O2 to produce the reactive oxygen species and hence possibly contributing to ZEA 

degradation. Using argon as a medium gas could lead to the production of reactive oxygen and 

nitrogen species due to the interaction of ambient air with excited Ar species or high energy 

electrons (Jo et al., 2020). However, in our study, the concentration of oxidizing reactive species 

such as ozone or hydrogen peroxide using 100 % Ar was below the detection limit, hence the 

degradation of ZEA could be attributed to UV light, high energy electrons or any other reactive 

species produced but not measured. Further, the irradiation intensity of UV light at indirect 

treatment was zero and the traveling distances of reactive species in the direct and indirect 

treatment were equal, and hence the ZEA degradation in 75 % Ar + 25 % N2 could be due to the 

presence of hydrogen peroxide (not measured in indirect treatment) or the high energy electrons 

(not measured).  
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5.4 Conclusions 

ACP treatment was able to reduce ZEA concentration considerably in short treatments, showing 

the potential of this technology. The presence of water significantly (p < 0.05) affected the ZEA 

degradation rate during ACP treatment. Sequential treatment consisting of ACP followed by UV 

light pulses or thermal treatment did not show a synergistic effect on the degradation of ZEA. Use 

of different gas mixtures to generate DBD-ACP discharge resulted in different concentrations of 

reactive species; however, this did not influence the ZEA degradation levels after 3 min treatment. 

The type of product substrate affected the production of reactive species by ACP, although, there 

was no correlation between the reactive species concentration and the degradation rates of ZEA 

on different product substrates. The ZEA degradation rate was influenced by the type of gas 

mixture and treatment modes, i.e., direct or indirect, when jet-ACP was used. The results of this 

study suggest that the degradation mechanisms of ZEA under DBD-ACP and jet-ACP could be 

different and factors other than reactive oxygen and nitrogen species in ACP discharge, such as 

high energy electrons, and UV light also possibly contribute to ZEA degradation.  
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 Chapter 6: Reduction of deoxynivalenol during barley steeping in malting 

using plasma activated water and the determination of major degradation 

products 

6.1 Introduction  

Barley is the most widely used cereal grain for malt production (Rani & Bhardwaj, 2021). Barley 

grains can be contaminated with fungal pathogens which can produce certain mycotoxins in the 

field or during storage. One of the most common mycotoxins in malt and beer is deoxynivalenol 

(DON)1, which is mainly produced by Fusarium graminearum (Arrúa et al., 2019; Bertuzzi et al., 

2011). DON has various toxic effects in humans and animals, causing acute temporary diarrhea, 

nausea, vomiting, headache, dizziness, fever, and abdominal pain. A detailed description of its 

toxic effects can be found in a study by Sobrova et al. (2010). In addition, contamination of grains 

by DON can lead to significant reduction in quality (Dohlman, 2003). There are strict guidelines 

regarding the presence of mycotoxins in food. The maximum permitted level of DON in 

unprocessed cereals other than durum wheat, oats and maize is 1250 μg/kg, and in cereals intended 

for direct human consumption, cereal flour, bran as end product for direct human consumption and 

germ the maximum permitted level of DON is 750  μg/kg (Commission, 2006). The common 

 
1 ACN (acetonitrile) 

ACP (atmospheric cold plasma) 

DBD (dielectric barrier discharge) 

DBE (double-bond equivalent) 

DON (deoxynivalenol) 

DW (distilled water) 

HPLC (high-performance liquid chromatography) 

NIB (naturally infected barley) 

ORP (oxidation reduction potential) 

PAW (plasma activated water) 

RNS (reactive nitrogen species) 

ROS (reactive oxygen species) 

RONS (reactive oxygen and nitrogen species) 

SLPM (standard liter per minute) 
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postharvest methods for removing mycotoxins from food and feed are physical, chemical, 

enzymatic and microbial methods (Karlovsky et al., 2016). Malt and grain industries continue to 

seek better technologies to degrade mycotoxins in food and feed, since the current methods are 

time consuming, laborious, expensive, energy intensive, or may negatively impact the quality of 

the treated product (N. Misra et al., 2019). 

Atmospheric cold plasma (ACP) is a promising new method, capable of degrading DON (Chapters 

3, and 4). Plasma is the fourth state of matter, comprised of reactive species including atoms, and 

molecules in the ground or excited states, ions, free radicals, electrons, and ultraviolet radiation. 

Plasma can be produced by different gas discharge sources including corona discharge, glow 

discharge, plasma jet, and dielectric barrier discharge (N. Misra, O. Schlüter, & P. J. Cullen, 2016). 

ACP can be used to activate water to produce plasma activated water (PAW). There is a lack of 

research on assessing the efficacy of PAW on mycotoxin degradation. In a previous study, 20 min 

PAW treatment resulted in 25.8% DON reduction, which might be due to washing the DON off 

from barley and the degradation effect of reactive species (Chen et al., 2018). The long-lived 

reactive species such as ozone, hydrogen peroxide, and nitrates could play a role in DON 

degradation using PAW (Chen et al., 2018). The direct or indirect interaction of reactive species 

with water molecules, including reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) in plasma can change the oxidation-reduction potential and pH of water (Rathore et al., 

2021). The effect of ROS, including ozone (Young et al., 2006) and hydrogen peroxide (Fouler et 

al., 1994; Jalili et al., 2011) on mycotoxin degradation has been reported previously. The ROS and 

RNS, including nitrogen oxides such as nitric oxide and nitrogen dioxide in PAW can interact with 

DON and lead to its degradation (Machala et al., 2018). In addition to the mycotoxin reduction 

and antimicrobial effect of PAW, PAW treatment can also improve the germination rate of grains 
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(Sarinont et al., 2017; Sivachandiran & Khacef, 2017). Previously, PAW was used for microbial 

decontamination (Rathore et al., 2021), pesticide degradation (Chen et al., 2018), and germination 

improvement (Guragain et al., 2021). Malting process consists of steeping, germination, and 

kilning steps, in which PAW may be a suitable substitute for water in the steeping process of the 

grains for possible germination improvement and mycotoxin degradation. Also, to establish safe 

regulatory procedures using cold plasma or PAW treatment for DON reduction in food and feed 

in larger scales, it is important to determine the structure and toxicity of DON degradation 

products.   

Previous literature reported the effect of ACP treatment on the degradation rate of DON 

(Feizollahi, Arshad, et al., 2020; Park et al., 2007; ten Bosch et al., 2017). However, there is a lack 

of knowledge regarding the degradation products of DON after ACP treatment. Also, limited 

information is available on the potential use of PAW for barley grain steeping and its effect on 

DON content as well as the improvement in germination and quality parameters. Hence, the aim 

of this research was to assess the potential of using PAW as a substitute for water during the 

steeping process in order to reduce the DON concentration in naturally infected barley (NIB) and 

to evaluate the effect of PAW on the germination and quality parameters of barley malt. Also, 

from consumer health and safety perspectives, this study focused on determining the major 

degradation products of DON after ACP treatment. 

6.2 Material and methods 

6.2.1 Barley grains and chemicals 

Naturally infected barley grains (a 2-row malting variety named CDC Copeland) containing high 

concentrations of DON compared with the permitted levels on unprocessed cereals (1.25 ppm) 
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(Commission, 2006), with an initial moisture content of 10.270.04% (wet basis) were obtained 

from the Brandon Research and Development Centre, Agriculture and Agri-Food Canada, 

Brandon, Manitoba, Canada. The grains were kept in Ziploc bags and stored at 4C until used. The 

initial wet basis moisture content (MC), water activity (aw), density, and grain dimensions of NIB 

grains were determined (Table 6.1). The MC of the barley grains was determined by AACC 

Method (44-19.01-AACC International). The water activity (aw) was determined using an aw meter 

(4TE, Aqualab, Pullman, WA, USA). The grain density was determined by dividing the grain mass 

by its volume. Liquid displacement method was used to measure the volume (Feizollahi, Iqdiam, 

et al., 2020). Analytical standard of DON (5 mg) was purchased from Milipore Sigma (Oakville, 

Ontario, Canada). HPLC-grade acetonitrile (ACN) was acquired from Fisher Scientific (Ottawa, 

Ontario, Canada).  

Table 6.1: Physical specifications of naturally infected barley grains. 

Crop 

year 

MC (g water/100 g 

sample) 
aw 

Grain density 

(g/cm3) 

Grain dimensions 

Length (mm) 
Width 

(mm) 

2020 10.3±0.04 0.48 ± 0.004 1.21 ± 0.08 9.18 ± 0.87 3.71 ± 0.12 

 

6.2.2 PAW production and characterization 

The ACP jet connected to a power supply (PG 100-D, Advanced Plasma Solutions, Malvern, PA, 

USA) was used to treat 30 ml of distilled water (DW) beneath the water surface for 30 min to 

generate PAW (Figure 6.1). Air was pumped at a flow rate of 0.5 standard liter per minute (SLPM) 

and the ACP jet was used at a frequency of 3500 Hz, 70% duty cycle, output voltage of 0-34 kV, 

current of 0-1 A, and a 10 μs pulse width in all the experiments. The characteristics of PAW such 

as pH, oxidation reduction potential (ORP), ozone, nitrate, and H2O2 concentrations were 

determined. The pH, and ORP were measured using a pH meter (Fisher Scientific, Accumet 
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AE150, Singapore) and ORP meter (Ohaus, ST20R, Parsippany, NJ, USA), respectively. 

CHEMets kits (Midland, VA, USA) were used to measure ozone (K-7404) based on the DPD 

(N,N-diethyl-p-phenylenediamine) method; nitrate (K-6904) based on the cadmium reduction 

method; and H2O2 (K-5510B) based on the ferric thiocyanate method. 

 

6.2.3 Determination of DON after PAW treatments  

Ten grams of NIB grains were steeped in 30 ml PAW or DW (control) in a beaker for the following 

treatments (Figure 6.1). Treatment A: steeping NIB in DW for 5 h followed by 19 h air rest; 

Treatment B: Steeping NIB in PAW for 5 h followed by 19 h air rest; Treatment C: 30 min ACP 

5 h steeping 

NIB in DW 
Treatment A 19 h air rest DW 

Treatment B 5 h steeping 

NIB in PAW 
19 h air rest PAW production 

Treatment C 30 min ACP treatment 

of NIB inside water 

4.5 h steeping NIB 

in the same water 
19 h air rest 

Treatment D 
30 min ACP treatment 

of NIB inside water 
19 h air rest 

Figure 6.1: Schematic diagram and flow chart of PAW generation and treatment of NIB 

grains in ACP. 
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treatment of NIB inside DW followed by 4.5 h steeping, and 19 h air rest; Treatment D: 30 min 

ACP treatment of NIB inside DW without further steeping or air rest. The aforementioned 

treatments were performed in order to simulate the first day of steeping process in the industry to 

assess the potential of DW substitution with PAW for DON reduction. At the end of the steeping 

steps, the grains were drained for 5 min and then kept for 19 h air rest at 150.3C, 764% RH. 

After air rest, the barley grains were dried at room temperature for 2 days. Then the DON content 

was measured using Reveal® Q+ test kits (Neogen, Lansing, MI, USA) based on the single-step 

lateral flow immunochromatographic assay. The limit of detection for the kits was 0.3 ppm and 

their specificity for DON was 100%. The kits were validated by quantifying DON by HPLC on a 

reversed-phase Agilent Zorbax SB-C18 250 mm × 3 mm, 5-μm column with isocratic elution. For 

HPLC analysis, DON was extracted based on the methodology described by (Krstović et al., 2020; 

Li et al., 2015) with modifications. Grains (12.00±0.05 g) were ground in a laboratory mill 

(Hamilton Beach 80393 Grinder, China) with 0.5 mm mesh at 8000 rpm for 20 s. Ten grams were 

used to assess DON content using the Reveal® Q+ test kits and 1.5 g of the ground samples were 

used for HPLC analysis. A 1.5 g sample was blended with 6 ml of ACN and water mixture (84:16, 

v/v) and stirred for 30 min on an incubator shaker (ES-60, Hanchen, Canada) at 300 rpm followed 

centrifuging for 5 min at 6000 rpm. Three ml of the supernatant was cleaned up on MycoSep 113 

Trich column (Romer Labs. Inc., Union, MO, USA). The cleaned-up extract was evaporated to 

dryness under a nitrogen stream and the residue was dissolved in 1 ml of water: ACN (85:15 v/v), 

vortexed for 1 min and injected (25 µl) into the HPLC for analysis. HPLC was run at a wavelength 

of 218 nm using a photodiode array (PDA) detector with an injection volume of 25 μL and flow 

rate of 0.5 ml/min, using a mixture of water/ACN/methanol (85:12:3 v/v) as the mobile phase. The 
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accuracy of the kits was >90 % which was calculated as follows: accuracy = (kits value/ HPLC 

value)100. 

6.2.4 Water uptake of barley treated by PAW 

Barley samples (1.000.02 g) were immersed in PAW or DW (control) at 22°C. Samples were 

taken at 1, 5, 24, 48 h to measure water uptake. Before weighing the samples, the grains were 

drained and the excessive water from the grain surface was removed using a filter paper. The 

increase in sample weight was considered as the water uptake of the grain (Mayolle et al., 2012; 

Pater et al., 2020). 

6.2.5  Effect of PAW on selected quality features of green malt 

Barley malt was produced by 2 days steeping using the treatments A, B, and C (as described in 

section 2.3) at 150.3C and 764% environmental humidity followed by 3 days germination at 

15C, 924% RH. After each steeping cycle, the grains were drained for 5 min before air rest. 

Also, over the 3 day germination process, the grains were washed with DW and drained followed 

by the addition of 3 ml DW to 10 g NIB each day.  

The moisture content of the dry NIB grain and green malt was measured by the American 

Association for Clinical Chemistry (AACC) Method using air oven drying for 2 h at 135C (44–

19.01, AACC International). The α-amylase, β-amylase, and β-glucanase activities in dry NIB 

grain and green malt were determined using K-MALTA 07/20 malt amylase assay kit and S-

ABG100 03/11 malt and bacterial β-glucanase assay kit (Megazyme, Bray, Wicklow, Ireland). 

Protein content of dry NIB grain and NIB grain before 3 day germination was determined by 

combustion using  6.25 as the nitrogen (%) to protein (%) conversion factor  (AACC 46-30.01).  
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Also, forty barley seeds in triplicate (403) were used for each treatment to determine the 

percentage of germinated acrospires and rootlets. The grains with growing acrospires and rootlets 

were considered as the germinated seed. 

6.2.6 Degradation products of DON after ACP treatment 

The degradation products of DON were analyzed after ACP treatment using a dielectric barrier 

discharge (DBD) high voltage electrode connected to the ACP power supply. For the experiment, 

5 mg of standard DON sample was dissolved in 3.1 ml ACN/water (20:80 v/v). For ACP treatment, 

DON sample inside plastic cups (3 cm diameter) was positioned on a glass insulated cover (1 mm 

thickness) on the top of a ground electrode with a 2 mm gap between the sample and the high 

voltage electrode. Three ml of the sample was treated with ACP for 30 min to quantify the DON 

degradation rate and assess the major degradation products using high-performance liquid 

chromatography ultraviolet mass spectroscopy (HPLC-UV-MS). One hundred milliliters of the 

sample was used as the control. Reverse phase HPLC-MS was performed using an Agilent 1200 

SL HPLC System with a Phenomenex Luna 1.6 µm, 100Å, 50 x 2.1mm, C18 polar reverse-phase 

analytical column with guard (Phenomenex, Torrance, CA, USA), set to 50°C followed by mass 

spectrometric detection.  

A 2 µl aliquot was loaded onto the column at a flow rate of 0.50 ml min-1 and an initial buffer 

composition of 100% of 0.1% formic acid in water as mobile phase A and 0% of acetonitrile as 

mobile phase B. Elution of the analytes was achieved by using 100% mobile phase A for 0.5 min 

followed by a linear gradient from 0 % to 30% mobile phase B over a period of 5.5 min, 30% to 

95% mobile phase B over a period of 1 min held at 95% mobile phase B for 2 min to remove all 

analytes from the column and 95% to 0% mobile phase B over a period of 1.0 min. Mass spectra 
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(total ion chromatogram) were acquired in the negative mode ionization using an Agilent 6220 

Accurate-Mass HPLC/MS system (Agilent, Santa Clara, CA, USA) equipped with a dual sprayer 

electrospray ionization (ESI) source with the second sprayer providing a reference mass solution. 

Mass spectrometric conditions were: drying gas at 9 l/min at 325°C, nebulizer 20 psi, mass range 

100-1100 Da, acquisition rate of ~1.03 spectra/sec, fragmentor 125 V, skimmer 65 V, capillary 

3200 V, and instrument state 4 GHz high resolution. Mass correction was performed for every 

individual spectrum using peaks at m/z 112.98558 and 1033.988109 from the reference solution. 

Data acquisition was performed using the Mass Hunter software package (ver. B.04.00.) and the 

analysis of the HPLC-UV-MS data was performed. Definitions: the calculated mass or the 

theoretical mass was the exact mass of an ion whose elemental formula, isotopic composition and 

charge state are known. Accurate mass is the experimentally measured mass of an ion. Mass error 

is the difference between the accurate measured mass and the calculated exact mass (Brenton & 

Godfrey, 2010). DBE is the number of rings plus the number of double bonds to carbon atoms in 

the molecule (Bae et al., 2011). Based on the software, the scoring of the generated formulas was 

calculated based on three factors; 1) mass: how well the measured mass (or m/z) compared with 

the value predicted from the proposed formula, 2) abundance: how well the abundance pattern of 

the measured isotope cluster compared with values predicted from the proposed formula, and 3) 

spacing: how the m/z spacing between the lowest-m/z ion and the A+1 and A+2 ions compared with 

the values predicted from the proposed formula. 

6.2.7 Statistical analysis 

SPSS (IBM SPSS v.27, Armonk, NY) was used for determining the significant differences 

(p<0.05) by one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test. 



 118 

At least triplicate experiments were performed, and the data were expressed as the mean  standard 

deviation.  

6.3 Results and Discussion 

6.3.1 PAW characteristics 

o pH of PAW 

After 30 min and 5 h storage of PAW, the pH was not changed (Table 6.2), which indicated the 

stability of the compounds causing the acidity of PAW during storage. Air was used as the working 

gas in this research to generate PAW. Acidic H3O
+ ions could be formed by the reaction of 

hydrogen peroxide with water molecules (Chen et al., 2008), resulting in pH reduction. Also, 

nitrates and nitrites were produced in PAW, leading to the formation of nitrous and nitric acid and 

significant reduction in pH (Rathore et al., 2021; Tian et al., 2015a). . Brisset et al. (1990) reported 

that singlet oxygen plays a significant role in the acidification process. As singlet oxygen is 

involved in the production of nitrates, nitrites, and hydrogen peroxide, and the presence of either 

oxygen or humidity is required for singlet oxygen generation, it is possible that the reduction in 

pH may not occur if the gases without oxygen and humidity were used for plasma generation. 

Rathore et al. (2021) reported that the highest pH and lowest ORP were produced when nitrogen 

was used as the working gas.  

Table 6.2: Characteristics of plasma activated water 

 pH ORP (mV) 
H2O2 

(ppm) 

Ozone 

(ppm) 

Nitrate 

(ppm) 

DW 8.40.17a 194.451.3b <20 0c 0c 

PAW 0 min storage 3.860.05b 40030.4a <20 0.530.06a 11.952.16a 

PAW 30 min storage 3.880.04b 39228a <20 0.120.08b 8.661.4b 

PAW 5 h storage 3.880.03b 372.78.1a <20 0c 8.651.4b 

Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, n3). 

o Oxidation reduction potential of PAW 
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During the generation of PAW, the ORP of PAW increased from 194.4 to 400 mV after 30 min of 

ACP treatment of DW (Table 6.2), demonstrating the greater oxidizing potential and reactivity of 

PAW compared to DW. In an aqueous solution, ORP is the measure of the tendency of a solution 

to gain or lose electrons. A solution with a greater number of ORP has more tendency to gain 

electrons, i.e., to oxidize the other compounds compared to a solution with lower ORP. The 

reactive oxygen and nitrogen species (RONS) including hydrogen peroxide, ozone, nitrites, and 

nitrates are formed in the plasma phase above the surface of the water and diffused into the water, 

contributing to the overall ORP of PAW (Rathore et al., 2021). There are numerous reactions 

occurring at the same time in PAW, consisting of the formation and decomposition of reactive 

species. In R1-R3, the reactions for the formation of ozone, and nitrate, and decomposition of 

hydrogen peroxide are presented. The detailed reactions for the formation and decomposition of 

the above-mentioned reactive species are presented in Chapter 5. 

o Hydrogen peroxide, ozone, nitrate concentration in PAW 

The concentration of hydrogen peroxide was below the limit of the detection of the kits (LOD: 20 

ppm) in DW and PAW (Table 6.2). Ozone is generated in the plasma phase above the surface of 

water by reaction R1 (Chapter 5) and then diffuses into the water. The concentration of ozone was 

0.53 ppm in the PAW, and then the concentration decreased to 0.12 and 0 ppm after 30 min and 5 

h storage, respectively due to the high reactivity of ozone (Table 6.2). The dissolved ozone reacted 

with nitrite ions and hydrogen peroxide, resulting in the formation of nitrate ions and hydroxyl 

radical (R 2-3) (Rathore et al., 2021). Nitrates could be formed in the plasma and liquid phases. 

The PAW contained 11.95 ppm of nitrates, which decreased in the first 30 min of storage and then 

remained the same during the 5 h storage period.  

O+O2→O3                                                R1 
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H2O2+O3(aq.)→OH•+HO2
•
+O2          R2 

NO2+O3(aq.)→NO3+O2                       R3 

Overall, the higher the concentration of the reactive species that can form nitrous and nitric acids, 

the lower would be the pH. Also, the higher the reactive species concentration, the higher would 

be the ORP. However, during storage, the concentration of reactive species could be reduced due 

to their reaction with each other, but the pH could be constant, as the acidifying agents such as 

nitrates are stable even in long storage periods. 

6.3.2 Effect of PAW on DON reduction 

Steeping is the first step in the malting procedure in which the water is added to the dry grain in 

order to increase the moisture content to 42-47% and initiate germination (Rani & Bhardwaj, 

2021). We used PAW instead of DW to evaluate its potential to reduce DON besides increasing 

the moisture content of NIB. The initial DON content on NIB was 4.65 ppm, which is considered 

a heavily infected grain by fungal pathogen Fusarium spp. After the first wash and air rest during 

the steeping process using DW, the DON concentration was reduced by 33.3% (treatment A, Table 

6.3). DON is soluble in water and could be washed out to the surrounding water during steeping 

process. Hence, removing the steeping water will also remove the dissolved DON from the grain. 

Using PAW, the reduction of DON was similar to that of DW after the first wash and air rest 

(treatment B). Immersing NIB in DW and treating them with ACP to produce PAW for 30 min 

without any further steeping and air rest resulted in a 21.1% reduction of DON (treatment D). 

During the steeping process, water absorption by grains causes an increase in moisture content. 

This process could lead to a changes in the surface properties of the grains and hence affects the 

permeability of reactive species into the layers of the grain. It was likely the reason for a lower 
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DON reduction after treatment D, where there was no steeping compared to treatments A and B 

(Table 6.3). 

Table 6.3: Reduction of deoxynivalenol after steeping of naturally contaminated barley 

 
DON content 

(ppm) 

Minimum 

(ppm) 

Maximum 

(ppm) 

Reduction 

(%) 

Initial Don content on NIB 4.650.65a 3.9 5.5 0c 

Treatment A  3.10.82b 2.1 4.0 33.317.8b 

Treatment B  3.070.71b 2.2 3.9 33.915.3b 

Treatment C 1.930.42c 1.6 2.4 58.48.9a 

Treatment D 3.670.06ab 3.6 3.7 21.11.2b 

Treatment A: Steeping NIB in DW for 5 h followed by 19 h air rest; Treatment B: Steeping NIB in PAW for 5 h followed by 19 h air rest; Treatment 

C: 30 min ACP treatment of NIB inside water followed by 4.5 h steeping, and 19 h air rest; Treatment D: 30 min ACP treatment of NIB inside 

water Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, 

n4). 

The DON reduction in barley grains was the highest with a 58.4% reduction after treatment C, 

where NIB in water was treated with ACP for 30 min followed by steeping and air rest. This could 

be due to the interaction of short-lived reactive species such as hydroxyl radical (OH•), superoxide 

(O2
-), and singlet oxygen (1O2) with the surface of the grains compared with treatments B. These 

changes in surface properties could possibly lead to an increase in the diffusion of long-lived 

reactive species such as hydrogen peroxide, ozone, and nitrate into the inner layers of grains during 

the treatment of NIB with PAW, thus reducing DON more than treatments B and D. In treatment 

B there was no contribution of short-lived reactive species, and the concentration of long-lived 

reactive species such as ozone, nitrate, and hydrogen peroxide were low. Probably, that was the 

reason for having a similar degradation rate for treatment B with treatment A. Previous studies 

reported surface changes in grains by ACP due to the direct energetic effects of plasma exposure 

and/or chemically by interacting with reactive species (Park et al., 2018a; Scholtz et al., 2019). It 

is likely that short-lived reactive species may directly interact with the seed coat and change the 

grain surface properties. Oxidation of the seed coat by RONS was reported previously (Waskow 

et al., 2021), in which the short-lived reactive species could play a major role. Also, the hydroxyl 
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radicals were reported to be responsible for cell wall loosening, enhancing the penetration of long-

lived reactive species into the grain (Müller et al., 2009). The results of treatments A and C, suggest 

that 33% of DON reduction was due to washing of the DON in the steeping water and 25% could 

be due the effect of ACP treatment in a direct treatment mode. 

Another factor influencing the degradation of DON could be the pH of PAW. At acidic pH 

(especially at a pH range of 1-3) DON was reported to be unstable and form an unknown degraded 

product (Mishra et al., 2014). At pH 4, the degradation rate of DON was 11% (Mishra et al., 2014). 

The average pH of PAW in our study was 3.87, which probably played a role in DON degradation. 

The DON content was not completely reduced since it was likely residing in the inner layers of 

the grains, where the RONS could not diffuse to the inner layers. Previously, a 66% reduction in 

DON content was observed after a 15 s pearling process (gradual removal of grain layers by 

abrasive action starting from the outer layers of grain), irrespective of the initial level of 

contamination. This highlights that DON is mainly present in the outer layer of the grain. After 

120 s pearling, which reduced the grain mass by 47.7%, there was 7.9% DON left in the grain 

indicating how deep the DON could reside in the grains (House et al., 2003). Overall, the malting 

industry may benefit from using treatment C, as it results in greater DON degradation rate. 

However, optimizing the PAW properties is needed to achieve greater reduction rates of DON.  

6.3.3 Effect of PAW on water uptake, germination, enzymatic activity, and protein 

content of barley 

o Water uptake 

The barley malting process includes three main steps: steeping, germination, and kilning. The 

water uptake and increase in water content initiates the germination of grains. In this study, there 

were no significant differences between the water uptake and moisture content values of barley 
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grains after the first day of steeping, when using PAW or DW for all the steeping times (Table 

6.4). Published research focusing on water uptake of the barley grains treated by PAW is scarce. 

The majority of the previous literature used the direct exposure of the grain to the ACP discharge, 

followed by assessing the water uptake levels. In a study on the direct treatment of barley seeds by 

DBD-ACP, cracks in the outer layer of grains were observed, which was associated with greater 

water absorption (Mazandarani et al., 2020). Similarly, the water uptake capacity of the barley 

grains increased from 18.3 to 21.5% in the samples submerged in PAW (produced by glow plasma) 

for 5 h (Pater et al., 2020). However, determining the reasons for increased water uptake can be 

challenging because the grain size, variety, temperature of water, and the characteristics of PAW 

are different and all can influence the outcome. ACP affects the surface characteristics of the outer 

layers of grains (Waskow et al., 2021). The change in the surface of the seeds during plasma 

treatment of the dry grains could be due to the energy deposition of plasma, or to the chemical 

reaction of plasma reactive species with the grain surface. The water uptake values for treatment 

A and B with the lowest and highest germination rates, respectively were not significantly 

different. As the germination rate of treatment C was between treatment A and B, hence its water 

uptake values were not measured. The moisture content of the NIB increased after the 2nd day of 

steeping (Table 6.4). The moisture content of barley malt steeped in PAW (Treatment B) was 

significantly (p<0.05) greater than that steeped in DW (Treatment A) after the second day of 

steeping. However, the moisture content of steeped barley grains treated by PAW (Treatment B) 

compared to direct ACP treatment (Treatment C) after the 1st and 2nd days of steeping was not 

significantly different (p0.05). 

Table 6.4: Effect of plasma-activated-water on the selected malting qualities 

 Treatment A Treatment B Treatment C Dry grain 
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Water uptake after 1 h (g water 

absorbed / 100g) 
18.20.6d 18.20.4d - - 

Water uptake after 5 h (g water 

absorbed / 100g) 
36.11.9c 36.92.2c - - 

Water uptake after 24 h (g 

water absorbed / 100g) 
67.42.6b 67.31.7b - - 

Water uptake after 48 h (g 

water absorbed / 100g) 
86.42.8a 89.82.9a - - 

MC 1st day steeping 

(g water/100 g sample) 
34.21.6a 350.2a 33.70.7a - 

MC 2nd day steeping (g 

water/100 g sample) 
411.8b 45.32.5a 43.51.7ab - 

Germinated acrospire (%) 13.54.8b 44.11.7a 11.71.9b - 

Germinated rootlets (%) 81.29.6a 91.25.6a 87.34.1a - 

α-amylase (units/g dry basis) 28.96.4a 37.411.7a 29.73.6a 5.12.7b 

β-amylase (units/g dry basis) 23.93.7b 27.61.2a 28.41.6a 22.64.1b 

β-glucanase (units/g dry basis) 198.235.2a 216.767.2a 207.334.5a 109.129.2b 

Protein content (%) 140.7a 13.60.2a 14.20.5a 13.50.2a 

Two days steeping using treatments A, B, C. Treatment A: Steeping NIB in DW for 5 h followed by 19 h air rest; Treatment B: Steeping NIB in 

PAW for 5 h followed by 19 h air rest; Treatment C: 30 min ACP treatment of NIB inside water followed by 4.5 h steeping, and 19 h air rest. For 

measuring the germination, treatments A, B, and C were followed by 3 day germination. Values are expressed as the mean ± standard deviation. 

Values with different letters in the same row are significantly different (p<0.05, n4). 

 

o Germination 

Germination is one of the important steps in malting, which is marked by embryo development, 

modification of endosperm, and the growth of rootlets and acrospires. The main visual change in 

the appearance of the grain during germination is the growth of rootlets and acrospire. At the end 

of the germination process, maltsters prefer to have a germinated grain in which the acrospire 

length is approximately 75% of the kernel length (Schwarz & Li, 2011). At the end of the 

germination period, the number of germinated seeds based on their acrospire using treatment B 

was greater compared with treatment C and the control sample. However, there was no significant 

difference in the germination of the seeds based on their rootlets among all the treatments. A 

greater germination rate and changes in the surface of the plasma-treated barley grain were 

reported by Park et al. (2018a). Also, for treating seeds with ACP, the working gas and the 
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exposure time to ACP are the two important factors. Peťková et al. (2021) reported a greater 

germination rate of barley seeds under short treatment times; however, the germination decreased 

during longer exposures to ACP. In a direct DBD-ACP treatment of barley seeds, crack formation 

on the grain surface was observed, resulting in more water uptake, water penetration, and a greater 

germination rate in the ACP treated seeds compared to the control samples (Mazandarani et al., 

2020).  

o Enzymatic activity 

During germination, different enzymes are produced among which three of the important ones are 

α-amylase, β-amylase, and β-glucanase (Rani & Bhardwaj, 2021). Lower levels of β-glucanase 

and higher levels of β-glucan (major constituent of barley endosperm cell wall) negatively affect 

the wort viscosity and beer filtration rate in the breweries (Fox et al., 2003). The α-amylase and β-

glucanase activity values of NIB grain after treatments A, B and C were not significantly different, 

while β-amylase activity increased after treatments B and C compared to treatment A. The α-and 

β-amylases are the principal enzymes for hydrolyzing starch into fermentable sugars during beer 

production. As expected, a higher enzymatic activity was observed in green malt compared with 

the non-malted grains in the previous studies (Mayolle et al., 2012; Toffoli et al., 2003). Enzymatic 

activity and the germination rate of the seeds treated by PAW can also be negatively affected due 

to oxidative stress if the characteristics of the PAW are not adjusted appropriately (Kostoláni et 

al., 2021).  

ACP can alter the enzymatic activity as it can affect the primary and secondary metabolites of 

plants and enhance their content (Song et al., 2020). ROS and RNS were reported to promote seed 

dormancy release and subsequent germination in numerous plants (Arc et al., 2013). Also, nitric 

oxide, which is also generated in ACP, is an endogenous regulator of barley seed dormancy and 
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increases germination (Bethke et al., 2004). Abscisic acid and gibberellic acid are the most 

important hormones regulating seed dormancy and germination (Bahin et al., 2011). In barley, 

hydrogen peroxide, generated during ACP treatment, can activate gibberellic acid synthesis which 

results in the germination of the seed (Bahin et al., 2011). All the aforementioned reactive species 

are generated via ACP and are present in PAW. Hence, it is more likely that they contribute to a 

greater germination rate of barley steeped in PAW. Depending on plasma treatment time and the 

working gas, our results concur with other studies which have reported increases in germination 

rates in ACP treated grains. These increases are likely due to the synthesis of more lytic enzymes 

(Peťková et al., 2021; Švubová et al., 2020; Švubová et al., 2021).   

o Protein content 

The protein content of the NIB grains in our study was not significantly affected by PAW 

treatment. The protein content is important during the malting process, as strong protein-starch 

binding can limit the access of hydrolytic enzymes to starch and lead to a poor malt extract 

(Brennan et al., 1996). However, a too low protein content can impair the brewing performance 

through poor yeast amino acid nutrition. Also, protein negatively increases haze formation in beer, 

but it is important for enhancing foam stability (Fox et al., 2003).  

6.3.4 Degradation products of ACP treated DON 

To determine the possible degradation products of DON after ACP treatment, a relatively large 

concentration of DON in ACN/ water (20:80 v/v) solution was treated by ACP (Table 6.5). Based 

on the results of the HPLC-MS-MS chromatogram, 388 compounds were detected in the treated 

solution, which prevented us from determining the elemental composition of each one of these 

compounds. This large number and diversity of compounds could be due to the presence of a 
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several reactive species generated in ACP that reacted with DON and formed many different 

compounds. Due to the large number of these compounds, we only focused on the detection of the 

major degradation products. The total ion chromatogram of the major detected compounds is 

shown in Figure 6.2A. The retention time, possible molecular formula, calculated mass, observed 

mass, and double-bond equivalent (DBE) of the 13 major peaks were determined by Agilent Mass 

Hunter Qualitative Analysis software (ver. B.07.00) (Figure 6.2A and Table 6.5). The mass errors 

were all below 6.15 ppm, suggesting an accurate assessment of the proposed compounds.  
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The key toxicity related functional groups of DON are the unsaturated bond at C9‐10, the 12,13‐

epoxy ring, and hydroxyl group at C3 (Figure 6.2B) (Feizollahi & Roopesh, 2021; He et al., 2010). 

Any change in these functional groups can significantly reduce the toxicity of DON. ACP consists 

of reactive species, UV light, and high energy electrons that can contribute to DON degradation. 

One of the major reactive species generated in ACP is ozone, which is a strong oxidant and can 

react with DON. Li et al. (2019) reported 6 key ozonation products of DON and C15H18O7, 

C15H18O8, C15H18O9 (Figure 6.3C) were among the detected ozonation products of DON. These 

compounds were also detected in our study, indicating the possible contribution of ozone in the 

oxidation and degradation of DON. Sun et al. (2020) used aqueous ozone to degrade DON, and 
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Figure 6.2: Total Ion Chromatogram (TIC) of DON degradation products via PAW in 

negative ESI mode and the associated DON degradation products from table 5; B: 

DON structure and the Key toxicity functional groups of DON. Red ellipses are the 

key toxici 
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C15H20O7 (Figure 6.3C) and C15H16O8 were determined as the two ozone degradation products, in 

which C15H20O7 was the compound also detected in our study. The ozonolysis pathway of DON 

in acetonitrile solution was also explored and the C15H18O7 detected in our study was the product 

of DON ozonolysis. It was proposed that C15H18O7 was further ozonolyzed to C13H14O10, 

C13H14O11, and C13H14O12 (Ren et al., 2020). The Criegee mechanism is believed as the main 

reaction that occurs between ozone and DON, which cleaves the double bond at C9–10 (Figure 6.3A) 

(Ren et al., 2020). For detoxification by biological treatment, DON can be metabolized via 

oxidative biotransformation to 3-keto-DON (C15H18O6) (He et al., 2010). Also, it is possible that 

during ACP treatment, 3-OH groups could be oxidized in a same way as the ketone group, resulting 

in reduced toxicity of DON (Figure 6.3B). In another study, the effect of DBD-ACP treatment on 

DON degradation was assessed and C15H22O7, C15H20O5, C14H16O4, C15H21NO9 were detected as 

the degradation products of DON (Chen et al., 2022). In their study, the structure of key toxicity 

functional groups in the degraded products were affected by ACP and hence the toxicity was 

reported to be reduced. It is possible that ACP had the same effect on the toxicity of the degradation 

products in our study. However, due to differences in the treatment conditions of the studies (i.e., 

solid vs solution form of DON, concentration of DON, voltage, frequency, treatment time, gap 

between electrodes, type and concentration of generated plasma reactive species), an absolute 

comparison of the DON degradation products is not be possible. Overall, based on the chemical 

formula of the DON degradation products and their proposed structure from the literature, the 3 

toxicity functional groups of DON including C9‐10 double bond, the 12,13‐epoxy ring, and 

hydroxyl group at C3 could be changed during ACP treatment and resulted in reduced toxicity of 

DON. 
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Figure 6.3: Proposed Criegee mechanism for degradation of DON. Adapted from (Ren et al., 

2020). B: Proposed oxidation of DON to 3-keto-DON (Wang et al., 2019); C: Proposed structure 

of the DON ozonolysis products from the literature. Adapted from (Li et al., 2019; Ren et al., 2020; 

Sun et al., 2020). 

Table 6.5: Major degradation compounds of deoxynivalenol after ACP treatment 

Compound Retention 

time (min) 

Formula Mass Calculated 

mass 

Error 

(ppm) 

DBE Score 

A 1.35 C15H22O8 330.13 330.1315 2.12 5 96.12 

B 1.77 C15H20O8 328.11 328.1158 3.63 6 93.06 

C 2.03-2.28 C15H20O8 328.11 328.1158 6.15 6 68.87 

D 2.03-2.28 C15H20O7 312.11 312.1209 3.28 6 89.08 

E 2.03-2.28 C15H18O9 342.09 342.0951 4.27 7 75.85 

F 2.33-2.51 C15H20O8 328.11 328.1158 3.69 6 81.72 
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G 2.72 C15H20O8 328.11 328.1158 2.05 6 97.56 

H 2.84-2.94 C15H18O9 342.09 342.0951 2.71 7 75.86 

DON 3.03 C15H20O6 296.12 296.126 2.9 6 95.51 

I 3.26-3.45 C15H21NO10 375.11 375.1165 2.79 6 96.22 

G 3.26-3.45 C15H18O8 326.09 326.1002 3.19 7 94.80 

K 3.68 C15H19NO11 389.09 389.0958 1.9 7 98.16 

L 3.78-3.89 C15H19NO9 357.10 357.106 3.29 7 94.80 

M 3.78-3.89 C15H18O7 310.10 310.1053 2.77 7 76.36 

N 3.99 C15H19NO11 389.09 389.0958 2.43 7 97.17 

O 4.13-4.23 C15H18O6 294.10 294.1103 3.45 7 93.41 

P 4.13-4.23 C15H19NO9 357.10 357.106 3.05 7 92.95 

Q 4.93 C15H17NO10 371.08 371.0852 1.94 8 80.52 

 

Based on the chemical formula of the DON degradation products (Table 6.5), the main degradation 

mechanism of DON by ACP could be via oxidation of the mycotoxin compound. Some of the 

detected compounds in the chromatogram have nitrogen in their chemical structure, indicating the 

importance of the presence of RNS produced in ACP. The extracted ion chromatograms were 

generated for the 13 peaks that were detected by LC-MS (Figure 6.4). The results show that the 

DON degradation products are eluting at different retention times, most likely due to the same 

elemental composition but different structure, i.e., isomers (Figure 6.4). More studies are required 

using analytical techniques such as preparative HPLC followed by nuclear magnetic resonance 

(NMR) to confirm the results of this study and determine the exact structure of the DON 

degradation products. Also, it should be noted that the degradation behavior and degradation 

products could be different on barley and other real matrices compared with the model condition 

used in this study.  
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Figure 6.4: Extracted ion chromatograms of the possible DON degradation products. 

Retention times (RTs) of the compounds are presented in the figure  



 134 

6.4 Conclusions 

This study aimed to assess the potential of using PAW as a substitute for water during barley 

steeping in the malting process and to determine the major degradation products of DON. Use of 

PAW for steeping in treatment C resulted in the highest DON reduction with 58. 4%, which 

suggested the significant role of short-lived reactive species in DON reduction. The increase in 

enzymatic activity, germination improvement, and DON reduction in PAW treated grains 

suggested that the malting industry may benefit using PAW for steeping in order to improve grain 

germination and degradation of DON. Results of the DON degradation products after plasma 

treatment indicated the formation of several DON degradation products, in which methods such as 

NMR should be applied for confirming the structure of the DON degradation products. Based on 

the structure of the similar degradation compounds in other studies, ACP may have substantially 

reduced the toxicity of DON. The structure of the major degradation products of DON suggested 

that oxidation could be the main degradation mechanism of DON by plasma treatment however, 

further research is required to confirm the underlying DON degradation mechanisms. More 

understanding on the role of different plasma reactive species associated with DON degradation 

will allow the optimization of the PAW parameters for steeping to obtain maximum DON 

reduction with probable improvement in barley malt germination. It is possible to implement an 

ACP or PAW process for barley malting by using PAW, which is already generated outside the 

steeping tank for barley steeping. Also, it may be feasible to treat the grains during steeping by 

producing plasma bubbles in steeping water. More research is required to optimize such processes 

to achieve maximum DON reduction with possible improvement in germination of barley grains 

during steeping.   
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 Chapter 7: Effect of plasma activated water bubbles on Fusarium 

graminearum, deoxynivalenol, and germination of naturally infected barley 

during steeping 

7.1 Introduction 

The contamination of agricultural products with fungi and their secondary metabolites 

(mycotoxins) creates major challenges to the food industry. Fusarium graminearum is an 

ascomycete fungus that causes fusarium head blight in wheat and barley (Guo, Wang, et al., 2021). 

F. graminearum produces deoxynivalenol (DON), a type b trichothecene mycotoxin (Feizollahi & 

Roopesh, 2021), and the consumption of foods contaminated with DON can affect animal and 

human health, causing nausea, vomiting, headaches, diarrhea, dizziness, fever and other acute or 

chronic toxicities (Sobrova et al., 2010). Atmospheric cold plasma (ACP) is one of the most 

explored novel antimicrobial interventions with mycotoxin degradation potential (N. Misra et al., 

2019). Plasma is the fourth state of matter and is comprised of UV light and reactive species 

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

states. In cold plasma, the temperature of ions and uncharged molecules is close to room 

temperature, while electrons have much higher temperatures (N. Misra, O. Schlüter, & P. Cullen, 

2016). Cold plasma can be used to treat water to generate plasma activated water (PAW), which 

alters the physicochemical properties of water such as the oxidation reduction potential (ORP), 

pH, reactive species type, and concentration (Rathore et al., 2021). The physicochemical properties 

of PAW are largely affected by the plasma power supply and production system, configuration of 

electrodes, treatment time, type of working gas, process parameters such as voltage and frequency, 

gas flow rate, etc. (Rathore & Nema, 2021).  
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Barley (Hordeum vulgare) is extensively used in the malting and brewing industries. Steeping of 

the barley grains in water is one of the crucial steps for making a barley malt. If F. graminearum 

is present in the grain, it can potentially grow during the steeping process and cause quality issues 

in barley malt. Furthermore, if DON is present in the barley grains, it may end up in the final 

products, if the barley malting unit operations cannot degrade this mycotoxin. The antifungal 

properties of PAW have been previously reported (Guo, Wang, et al., 2021; Wu et al., 2019). In a 

recent study by Guo, Wang, et al. (2021), microbial activity of F. graminearum spores, including 

mycelial growth, conidial germination, and disease development, were significantly inhibited by 

PAW treatment of spiked wheat samples. In addition, PAW improved the germination of the seeds 

(Grainge et al., 2022; Jirešová et al., 2022), which was attributed to its physicochemical properties. 

There are no reports, however, regarding the effect of PAW treatment on F. graminearum in 

naturally infected barley (NIB) and DON. Previous studies have focused on pure culture or 

artificially spiked grains, but no study has yet used naturally infected grain, which represents the 

samples treated at an industrial scale. Trichothecenes are produced by different genera including 

Fusarium, Myrothecium, Spicellum, Stachybotrys, Cephalosporium, Trichoderma, and 

Trichothecium (McCormick et al., 2011). DON as a type B trichothecene is produced by Fusarium 

spp., (Feizollahi & Roopesh, 2021). Biosynthesis of trichothecenes in Fusarium spp. begins with 

the cyclization of farnesyl pyrophosphate, and is catalyzed by terpene cyclase trichodiene synthase 

(Tri5) that is encoded by the (Tri5) gene (McCormick et al., 2011). The Tri6 gene is one of the 

genes regulating the expression of other Tri genes for the biosynthesis of trichothecenes (Faltusová 

et al., 2019). EF1A is involved in the protein translation machinery of eukaryotic cells and has 

been shown to be a powerful tool for distinguishing related Fusarium species (Boutigny et al., 

2019). Actin is the most abundant protein in most of eukaryotic cells (Dominguez & Holmes, 
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2011) and is encoded by the housekeeping actin gene that can be used for F. graminearum 

identification. The aforementioned genes can be used for F. graminearum detection and relative 

quantification based on Quantitative PCR (qPCR). 

In this study, we assessed the potential for the use of PAW in steeping of barley for DON 

degradation, F. graminearum inactivation, and improving germination of NIB grain. We 

investigated the characteristics of PAW bubbles produced using a bubble spark discharge (BSD) 

reactor and a continuous jet (CJ) ACP. We also fabricated a process unit with a Venturi tube and 

plasma jet for continuously producing PAW bubbles for improving the diffusion of plasma reactive 

species into water. The PAW bubbles produced by these units were characterized by measuring 

the pH, ORP, and reactive species concentration. Then, the effects of PAW bubbles on DON 

degradation and germination improvement of NIB were measured. Finally, the antifungal effect of 

PAW bubbles on NIB was assessed by use of fungal culture and qPCR techniques. 

7.2 Material and methods 

7.2.1 Barley grains 

Naturally infected barley grains (2-row malting variety, ‘CDC Copeland’) with high 

concentrations of DON (4.6-5.8 ppm) were procured from Agriculture and Agri-Food Canada, 

Brandon Research and Development Centre, Brandon, Manitoba. The grains were kept in Ziploc 

bags and stored at 4C until used. The initial moisture content of the grains before use was 

8.60.2% (wet basis). 

7.2.2 PAW bubble production 

Plasma activated water (PAW) bubbles were produced by three methods. First, a bubble spark 

discharge (BSD) reactor (Figure 7.1A) was connected to a high voltage micropulse generator 
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Leap100 (PlasmaLeap Technologies), with a voltage pulse of 150 V, a repetitive pulse frequency 

of 1000 Hz, and a duty cycle of 66 s. The BSD reactor consisted of a stainless-steel high voltage 

electrode rod (4 mm outside diameter (OD)) inserted coaxially along the length of a 175-mm-

length quartz tube (10 mm OD, and 1.5 mm wall thickness) with one end sealed. At 5 mm above 

the sealed end, eight holes were positioned radially to allow the formation of bubbles in the water. 

The generated bubbles with certain flow rate created agitation and distribution of plasma species 

in to the water. A PTFE tee fitting was connected to the open end of the quartz tube to supply the 

airflow into the tubes and to support the electrode in its place. Another stainless-steel electrode rod 

was used as the ground electrode during the treatments. Air was pumped at a flow rate of 1 standard 

liter per minute (SLPM) via mass flow controller (MC-Series, Alicat scientific, Tucson, USA) to 

the reactor and 80 ml water was used, producing PAW bubbles for all the experiments using the 

BSD reactor. Here plasma was generated continuously for selected times and carried by the 

underwater bubbles. The agitation and movement of bubbles containing plasma species allowed 

further interaction of these species with water due to large water surface areas. In the 20 (Treatment 

A) and 30 min (Treatment B) direct BSD treatments, ice cubes were placed around the treatment 

beaker to prevent a temperature increase during PAW bubble generation.  

In another set of experiments, a continuous jet (CJ) ACP unit (Figure 7.1B) consisting of a Venturi 

tube mounted on the tip of the jet system’s nozzle, a water pump (Micro Diaphragm Pump, Riuty) 

and a quartz chamber (9  9  9 cm) was used for PAW bubbles production. The pump was 

connected to a digital control DC power supply (kd3005d, Korad technology, Dongguan, China), 

providing 1.8 V with 0.55- 0.66 Hz frequency to the pump. The jet system was connected to a 

power supply (PG 100-D, Advanced Plasma Solutions, Malvern, PA, USA), providing a frequency 

of 3500 Hz, 70% duty cycle, output voltage of 0-34 kV, power of 300 W, and a 10 μs pulse width. 
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Air was pumped at a flow rate of 0.5 SLPM and 180 ml water was used for all the experiments 

using CJ ACP. Plasma was injected into the Venturi tube using the plasma jet, with water passing 

through the Venturi, producing plasma activated water bubbles. The interaction of plasma reactive 

species from plasma jet with water at the Venturi created bubbles with plasma reactive species and 

they were carried to the treatment chamber. Also, pumping of water through the Venturi resulted 

in hydrodynamic cavitation and bubble formation, leading to better interaction of plasma reactive 

species with water. Both the BSD and CJ ACP designs support continuous treatment of grains with 

plasma activated water bubbles and the scaling of the plasma reactor for industrial applications. 

For the next set of experiments, the above jet unit was used for batch treatments. The batch jet (BJ) 

ACP was used to produce PAW bubbles and assess its effect on the pathogens and F. graminearum 

inactivation. The PAW bubbles from the BJ ACP unit could be more effective than CJ ACP due 

to a greater concentration of RONS in a smaller amount of PAW. Water (30 ml) was treated using 

the BJ ACP unit inside a beaker and the treatment parameters were similar to the CJ ACP 

treatment. The characteristics of the PAW bubbles produced using the BJ ACP unit is presented 

in Chapter 6.  

In treatment C (indirect 30 min BSD), PAW bubbles were generated by ACP and then added to 

the NIB grains for steeping. However, in the direct treatments, i.e., treatment A (direct 20 min 

BSD (surrounded by ice), treatment B (direct 30 min BSD (surrounded by ice), treatment D (30 

min direct CJ), and treatment E (1 h direct CJ), NIB grains were in contact with PAW inside the 

container during PAW generation. The various treatments are summarized Table 7.1. 

 

Table 7.1: Nomenclature of different treatments included in this study 

Name Treatment name 
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Treatment A Direct 20 min BSD (surrounded by ice) 

Treatment B Direct 30 min BSD (surrounded by ice) 

Treatment C Indirect 30 min BSD 

Control D Control 30 min CJ  

Treatment D Direct 30 min CJ 

Control E Control 1h CJ 

Treatment E Direct 1 h CJ 

Treatment F Direct 30 min BJ 

 

 

 

7.2.3 PAW bubble characterization 

PAW bubbles were produced by treating 80 ml water using the BSD ACP, 80 ml water using the 

CJ ACP and 30 ml water using the BJ ACP units for different treatment times. The characteristics 

of PAW were measured indirectly after ACP treatments, where the PAW was generated first and 

then used for measuring its physicochemical properties of PAW. The pH and ORP values were 

determined using a pH meter (Fisher Scientific, Accumet AE150, Singapore) and an ORP meter 

(Ohaus, ST20R, Parsippany, NJ, USA), respectively. CHEMetrics kits (Midland, VA, USA) were 

A B 

Figure 7.1: Schematic diagram of plasma activated water (PAW) bubble treatment of naturally infected 

barley (NIB) grains using: A, bubble spark discharge atmospheric cold plasma (ACP); and B, continuous jet 

ACP 
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used to determine hydrogen peroxide (K-5543) based on the ferric thiocyanate method; nitrate (K-

6933) based on cadmium reduction method; nitrite (K-7003) based on azo dye formation method; 

and ozone (K-7423) based on DPD (N,N-diethyl-p-phenylenediamine) oxidation method in PAW 

bubbles. The color change in the kits was measured with a V-2000 photometer (CHEMetrics, 

Midland, VA, USA). Deionized water at room temperature was used for all the treatments. The 

temperatures of PAW bubbles generated by treatment A and B using ice cubes surrounding the 

treatment chamber were 9.8  0.7 C, and 12.3  0.6 C, respectively. The temperature of the PAW 

bubbles generated after treatment B without any ice surrounding the treatment chamber was 51.9 

 1.2 C.  

7.2.4 EPR spectroscopy  

Electron spin resonance or Electron paramagnetic resonance (ESR/EPR) spectroscopy is a 

measurement technique that can detect unpaired electrons. In this study, the commonly used spin 

trap DMPO (5,5-dimethyl-1-pyrroline-N-oxide) (Dojindo Molecular Technologies, Inc., 

Rockville, MD, USA) was used to trap hydroxyl and superoxide radicals to be identified by EPR 

spectroscopy. Five milliliters of deionized water was mixed with 28 μl DMPO (8.97 M, undiluted 

and used without further purification) to make a 50 mM final concentration of DMPO. The solution 

was then treated with BSD ACP at different treatment times, using ice surrounding the treatment 

chamber. For free radical measurement, 50 μl of the sample was drawn into a 50 μl capillary tube 

(BRAND® disposable BLAUBRAND® micropipettes, Sigma Aldrich Canada Co., Item code: 

BR708733) and sealed at the end with Hemato-Seal™ Tube Sealing Compound (Item: 02–678, 

Fisherbrand®, Fisher Scientific Co., Ottawa, ON). The microcapillary tube was then placed in a 5 

mm thin wall quartz EPR tube (Wilmad Labglass, USA) in an EPR resonator (Elexsys E-500 
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Spectrometer, Bruker, Billerica, MA) for analysis. The EPR spectroscope settings: center field = 

3504 G, sweep width = 80 G, modulation amplitude = 1 G, scans = 5, microwave frequency = 9.8 

GHz, microwave power = 20 mW, receiver gain of 60 dB. The acquired EPR spectra were plotted 

with OriginLab 2022 (OriginLab Corporation, Northampton, USA). 

7.2.5 DON quantification after PAW bubble treatments 

First, 80 ml deionized water was added to 10 g of NIB grains in a beaker and treated directly by 

BSD ACP for 20 or 30 min to generate PAW bubbles. Ice cubes were placed around the treatment 

beaker to avoid temperature increase during the direct BSD ACP treatment (treatments A, B). In 

the indirect treatment (treatment C), 80 ml deionized water was treated with BSD ACP for 30 min 

and the generated PAW bubbles was used for steeping the NIB grains. To evaluate DON 

degradation during the malting process, the grains were steeped in PAW bubbles for 5 h, drained 

for 5 min, and air rested (19 h) at 15  0.3C, 78  3% RH after the treatments. The grains were 

dried at room temperature for 2 days and DON content was determined using Reveal® Q+ test 

kits (Neogen, Lansing, MI, USA) based on the single-step lateral flow immunochromatographic 

assay. The limit of detection and the specificity of the kits for DON were 0.3 ppm, and 100 %, 

respectively. The kits were validated previously by HPLC, and their accuracy confirmed to be >90 

%. For measuring DON content after direct CJ ACP treatment, 180 ml water was added to 10 g 

NIB grains inside the treatment chamber (Figure 7.1B), and the grains were treated for 30 min and 

1 h to produce PAW bubbles followed by steeping (5 h overall), draining (5 min), and air rest (19 

h) at 150.3C, 774% RH. The grains then were dried, and DON content was determined using 

Reveal® Q+ test kits as above. 
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7.2.6 Grain germination and enzymatic activity after PAW bubble treatments 

Following a 2-day steeping in PAW bubbles and air-rest, the NIB grains were allowed to germinate 

over a 3-day period inside a glass beaker. After/during BSD ACP, or CJ ACP treatments, the grains 

were steeped for 5 h in PAW bubbles followed by 5 min draining and 19 h air rest. The following 

day, the grains were treated using BSD ACP and CJ treatments again to produce PAW bubbles 

and steeped for 5 h, then 5 min draining, and 19 h air rest at 15  0.3C and 77  4% RH. Finally, 

the grains were washed with DW and drained, followed by the addition of 3 ml DW to 10 g NIB 

each day for 3 days during the germination period. The moisture content of the grains after the 1st 

and 2nd day of steeping was determined as per the American Association for Clinical Chemistry 

(AACC) method by drying in an air oven for 2 h at 135C (44-19.01-AACC International). The α-

amylase, β-amylase, and β-glucanase activities were determined in the green malt before 

germination using K-MALTA 07/20 malt amylase assay kit and S-ABG100 03/11 malt and 

bacterial β-glucanase assay kit (Megazyme, Bray, Wicklow, Ireland). Moreover, 5 g of germinated 

seeds (containing 110-130 seeds) were used to determine the percentage of germinated acrospires 

and rootlets separately. Grains with visible acrospires and rootlets with a length >3 mm were 

considered to be germinated.  

7.3 Analysis of microbial contamination and in vitro germination  

Treated and untreated NIB grains were placed in Petri dishes (100  15 mm for PDA, 100 25 mm 

for WA) filled with potato dextrose agar (PDA) or water agar (WA) (Fisher Scientific, Canada) 

for mycological and germination analyses, respectively. Ten seeds were spread evenly in each 

Petri dish and three dishes were used for each replicate of the treatment. The seeds were not 

surface-sterilized in order to evaluate the effect of ACP treatment on the naturally occurring 

microflora on the seeds. Fungal colony diameter and the proportion of seeds from which F. 
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graminearum could be recovered was evaluated by incubating the seeds on PDA medium for 3 

days at room temperature. Isolates of F. graminearum were identified based on their cultural and 

morphological characteristics (Leslie & Summerell, 2008). Percentage germinated grains, shoot 

height, and number of F. graminearum colonies were recorded on the WA plates after 5 days 

incubation at room temperature. 

7.3.1 DNA extraction  

For DNA extraction, 1-2 g of the treated and untreated NIB grains were ground to a powder in 

liquid nitrogen in a mortar with a pestle. Approximately 100 mg of the ground sample was used to 

extract total DNA using a DNeasy Plant Pro Kit (QIAGEN, Maryland, USA). The quality of the 

extracted DNA was assessed with a NanoDrop1000 spectrophotometer (ThermoFisher Scientific) 

and diluted to a final concentration of 25 µg/ml. 

7.3.2 Quantitative PCR 

The fungal biomass of F. graminearum was estimated by quantitative PCR analysis. Four F. 

graminearum-specific genes were targeted. The full sequence of the genes, including 

Trichothecene biosynthesis transcription regulator (Tri6, GenBank: AB017495.1), Terpene 

cyclase trichodiene synthase (Tri5; GenBank: KJ677974.1) (Kimura et al., 2007),  Elongation 

factor 1-alpha (EF1 A; GenBank: KX084040.1) (Hafez et al., 2020), and Actin (NCBI Reference 

Sequence: XM_011328784.1) (Tang et al., 2020) were retrieved from the NCBI sequence 

database. Gene-specific primers (Table 7.2) were designed using Primer Express 3.0.1 (Applied 

Biosystems, Canada). The primers were diluted to 20 µM in nuclease free water.  

Table 7.2: The primers for F. graminearum genes 

 Forward Primer (5′-3′) 
Tm (C) 

Reverse Primer 
Product 

size (bp) 

Tm 

(C) 

Tri6 GCGGCATTACCGACAACACT 60 CGCACTGTTGGTTTGTGCTT 1247      58 

EF1A AAATTTTGCGGCTTTGTCGTA 58 GGCTTCCTATTGACAGGTGGTT 629 58 
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Actin CGTCGCCCTTGACTTCGA 59 CCAAGGACAGAAGGCTGGAA 1544 59 

Tri5 AGGAGCGCATCGAGAATTTG 59 TTGCCCAGCTGTATACAACCAT 1062 58 

 

Quantitative PCR was performed on a QuantStudio 6 Flex system (Applied Biosystems, Canada).   

Each amplification reaction (10 µl volume) contained diluted DNA (2 µl), Fast SYBR Green 

Master Mix (5 µl; ThermoFisher Scientific) and 1 µl each of the forward and reverse primers in a 

Micro Amp Fast Optical well plate. Each reaction was performed in triplicate. A no template 

control, containing only nuclease-free water with master mix, was also included in the analysis. 

The qPCR was carried out using the following program: 95 °C for 20 s, followed by 40 cycles of 

95°C for 1 s and 60°C 20 s.  A melting curve (95°C for 1 s, 60°C for 20 s and 95°C for 1 s) was 

generated to ensure the specificity of the amplification for each product. Relative quantification of 

F. graminearum genes was carried out using the 2(−ΔΔCt) method (Livak & Schmittgen, 2001) with 

β-Actin as internal reference gene and dry grain sample as a calibrator. 

7.3.3 Statistical analysis 

SPSS (IBM SPSS v.27, Armonk, NY) was used to determine significant differences (p<0.05) by 

analysis of variance (ANOVA), followed by Duncan’s multiple range test. At least triplicate 

experiments were performed for all of the experiments, and the data are expressed as the mean  

standard deviation.  

7.4 Results and Discussion 

7.4.1 Characteristics of PAW bubbles 

The physicochemical properties of PAW bubbles were affected by the formation of RONS (Table 

7.3). The reactions for the formation of hydrogen peroxide (H2O2), nitrate (NO3
−), nitrite (NO2

−), 

and ozone (O3) are reported in Chapter 5. As the ACP treatment time increased, we observed a 

significant (p < 0.05) increase in the ORP and a significant (p < 0.05) decrease in the pH (increase 
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in H+ ion concentration) of the treated water (Table 7.3). The greatest ORP was obtained in PAW 

bubbles produced using 30 min BSD treatment (treatment B), which had a positive correlation 

with the concentration of other reactive species, i.e., H2O2, NO3
−, NO2

−, and O3. In addition, DW 

had the least ORP and the highest pH. Also, treatment D had higher pH and lower ORP compared 

to other treatments which was due to weaker plasma in treatment D, and also higher amount of 

water used in this treatment. The increase in ORP was likely due to an increase in the concentration 

of active ions and oxidizing species such as H2O2, HNO3, HNO2
−, and O3 in PAW bubbles (Rathore 

& Nema, 2021). It should be noted that pH affects the ORP;  in acidic pH, hydrogen ions (H+) 

increase the ORP, while in alkaline pH, hydroxide ions (OH−) decrease the ORP value (Wu et al., 

2019).  

Since PAW was used to steep the grains for 5 h, we also measured the RONS concentration after 

5 h storage of PAW to determine its physicochemical properties. For the PAW bubbles produced 

by 20 min BSD treatment (treatment A), the concentrations of all the RONS decreased 

significantly (p < 0.05) after 5 h storage, except for NO3
−. After 5 h, the concentrations of all the 

RONS in the PAW bubbles produced by treatment B decreased significantly (p < 0.05) (Table 

7.3). In the case of treatment D (PAW bubbles produced by 30 min CJ ACP), the % reduction in 

the concentrations of H2O2 (6.67%) were smaller after 5 h storage compared to those for treatments 

A (37.3%) and B (55.8%) after storage. However, higher % reduction in the concentration of O3 

(62.5%) was observed in PAW bubbles produced by treatment D after 5 h storage compared to 

treatments A (60.6%) and B (58.8%) after 5 h storage. The treatment D (CJ ACP) produced a 

considerably lower concentrations of RONS in the PAW bubbles compared to BSD ACP 

treatment. It is possible to have low reaction rates of RONS with each other, as their concentration 

was too low in the PAW bubbles produced by CJ ACP. However, this assumption may not be 
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accurate as highest ozone reduction during storage happened for PAW bubbles produced by CJ 

ACP. During treatment D, bubble formation happens in the Venturi, and hence RONS could be 

captured inside the bubbles. The reduction in O3 concentration during storage in the PAW bubbles 

could be due to the reaction of O3 with H2O2, and NO2
− (equation 1-2). H2O2 was formed mainly 

from water decomposition and subsequent recombination of •OH radicals (reaction 7) (Julák et al., 

2018). Due to reactions 1 and 3, the concentration of H2O2 was also reduced during storage 

(Rathore & Nema, 2021). Reactions 2 and 3 could also be the reason for the reduction in NO2
− 

during storage. Moreover, NO3
− had the greatest concentration in PAW compared with other 

RONS due to its formation via reactions 2 and 3 in addition to formation via ACP. It is also possible 

that NO2 and NO, which are formed via ACP, react with water and form stable RONS (NO3
−, 

NO2
−) via reactions 4-5. The ozone concentration was very high in the PAW bubbles treated with 

BSD (treatments A, B). The stability of ozone was the greatest at pH 2-6 (Egorova et al., 2015), 

and this could be the reason for having a large concentration of ozone even after 5 h of storage. 

The ORP and pH of the water remained stable after 5 h of storage (treatments A, B, D), suggesting 

the presence of oxidizing and acidic agents in the solution. Nitrous and nitric acid, as well as H2O2, 

cause the PAW acidification, in which nitrous and nitric acid are formed from nitrate and nitrite 

ions in the solution following reactions 4-5 (Park & Lee, 1988; Rathore et al., 2021). Julák et al. 

(2018) reported that HNO2 had a negligible effect on the acidity of the PAW and the overall acidity 

is assigned to HNO3. This is because HNO2 could be decomposed following reaction 6 within a 

few minutes (Julák et al., 2018). With the reaction of H2O2 with water, acidic H3O
+ ions will be 

formed and this can also decrease the pH (Chen et al., 2008). Wu et al. (2019) used oxygen as the 

carrier gas for jet plasma to produce PAW and the pH of the PAW was not significantly different 

from the untreated water. This suggests the importance of the presence of nitrogen atoms in the 
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carrier gas for acidifying the PAW via HNO3 generation. Similar to our study, the pH of PAW did 

not change in the previous studies, even after 1 year of storage at 4°C (Julák et al., 2018).  

The PAW bubbles produced by treatment B were formed at room temperature (~23 oC) and by 

surrounding the treatment container with ice cubes. During treatment, the temperature of PAW 

bubbles increased from room temperature to 51.91.2 C after treatment B. However, the final 

temperature was 12.30.6 C when the ice cubes were placed around the treatment container. The 

results show that at high water temperature, the concentrations of reactive species were 

considerably lower. This could be due to the higher reaction rates at higher temperatures, which 

resulted in faster decomposition of the major reactive species (H2O2, NO3
−, NO2

−, and O3) in PAW 

bubbles. 

The characteristics of PAW bubbles depends upon several factors, including the ACP generation 

method, quantity of water, working gas, operating parameters of the ACP, and treatment time. As 

the plasma generated by CJ was significantly (p < 0.05) weaker than BSD, and due to the larger 

quantity of water used, lower concentrations of RONS in PAW bubbles prepared by CJ ACP were 

observed. 

𝑂3(𝑎𝑞. )+𝐻2𝑂2 → 𝐻𝑂• + 𝐻𝑂2
• + 𝑂2                   (1) 

𝑁𝑂2
−+𝑂3 → 𝑁𝑂3

− + 𝑂2                                        (2) 

𝑁𝑂2
−+𝐻2𝑂2 → 𝑁𝑂3

− + 𝐻2𝑂                                 (3) 

2𝑁𝑂2+𝐻2𝑂 → 𝑁𝑂2
− + 𝑁𝑂3

− + 2𝐻+                    (4) 

𝑁𝑂+𝑁𝑂2 + 𝐻2𝑂 → 2𝑁𝑂2
− + 2𝐻+                      (5) 

𝐻𝑁𝑂2 → 𝑁𝑂 + 𝑁𝑂2 + 𝐻2𝑂                                (6) 

𝐻𝑂• + 𝐻𝑂• → 𝐻2𝑂2                                            (7) 
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Table 7.3: Characteristics of PAW bubbles produced by different treatments used in this 

study. The characteristics of PAW were measured indirectly after ACP treatments, i.e., the 

generated PAW after plasma treatments was used for measuring the physicochemical 

properties of PAW 

 pH ORP (mV) 
H2O2 

(ppm) 
NO−

3 (ppm) NO−
2 (ppm) O3 (ppm) 

DW 8.10.2a 20833.2c - - - - 

Treatment A 2.70.06d 5991a 87.311.9b 277.4719.6b 22.62.2b 79.68.2b 

Treatment A + 5h 

storage 
2.640.06d 594.30.6a 54.73.8c 299.65.7b 160.7c 34.13.4cd 

Treatment B without 

ice 
2.50.04d 606.74.2a 15.60.9d 238.65.6c 6.30.1d 22.72.5d 

Treatment B 2.50.07d 608.73.2a 133.514.9a 465.224.3a 33.72.5a 103.820a 

Treatment B + 5h 

storage 
2.50.04d 6001a 596.2c 267.740.1bc 16.92.1c 42.85.5c 

Treatment D 5.990.15b 236.313.8c 0.30.06e 4.240.3d 0.0570.004e 0.080.02e 

Treatment D+ 5h 

storage 
6.040.14b 210.710c 0.280.06e 4.140.4d 0.0370.006e 0.030.006e 

Treatment E 5.070.2c 33631.4b 0.230.04e 4.220.69d 0.0430.003e 0.060.01e 
Treatment A: Direct 20 min BSD (surrounded by ice); Treatment B: Direct 30 min BSD (surrounded by ice); Treatment D: Direct 30 min CJ; 

Treatment E: Direct 1 h CJ. Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly 

different (p<0.05, n=3). 

7.4.2 EPR spectroscopy 

Hydroxyl radical (•OH ) is one of the most important reactive oxygen species that can be formed 

in PAW through reaction of O3 with H2O2 (reaction 1), and also through the dissociation of water 

molecules during ACP treatment (Rathore et al., 2021). DMPO was used to spin trap the •OH. The 

reaction of DMPO with short-lived •OH forms a long-lived spin adduct, DMPO-OH (2-hydroxy- 

5,5-dimethyl-1-pyrrolidinyloxy) (Figure 7.2), which has a unique ESR spectrum with a peak 

intensity ratio of 1:2:2:1 (Liu et al., 2016). However, the EPR results showed a dominant 7-peak 

spectrum rather than the characteristic 4-peak spectrum of DMPO-OH. This spectrum is ascribed 

to DMPOX (5,5-dimethyl- 2-pyrrolidone-N-oxyl) based on the literature (Chen et al., 2017; Floyd 

& Soong, 1977). Similar results were reported by Liu et al. (2016), Chen et al. (2017) and Gao et 

al. (2022), where DMPO was oxidized to DMPOX after plasma treatment. We observed that the 

species formed initially regardless of the conditions, and we simulated the spectrum (Figure 7.2, 

Simulation of 10 sec) based on the 10 sec PAW treatment, which is similar to previous report on 
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the simulation of this species (Barr and Mason, 1995. JBC. 270:12709-12716). Conditions that 

exceeded the 10 sec PAW treatment continued to produce a dominant DMPOX spectrum, but 

another DMPO oxidation product most likely related to DMPOX was observed with 5 and 10 min 

treatments. As oxidation occurred at 10 min treatment time, the input voltage was reduced from 

150 V to 100 V in which the weakest plasma was generated at this voltage and no plasma was 

generated at voltages below 100 V. The spectrum indicated that the DMPO was oxidized again; 

however, the intensity of the peaks was lower. Furthermore, the results show that increasing the 

treatment time allows the spin adducts to accumulate and intensifies the peaks’ height. As longer 

treatment times oxidized the DMPO, the BSD ACP treatment for one second was applied to the 

water. Interestingly, the DMPO was oxidized to DMPOX again, which indicates the presence of 

oxidizing agents even after a very short ACP treatment. We also added 5% dimethyl sulfoxide 

(DMSO), a potent •OH scavenger, however, DMPO was oxidized and an asymmetric 7-peak 

spectrum was observed (not shown in the Figure 7.2). This demonstrated that the oxidation of 

DMPO was not due to •OH. In a previous study, sodium azide (scavenger of 1O2) was used along 

with DMPO. The presence of 10 mM of sodium azide resulted in a complete reduction of DMPOX 

concentration, which suggested the possibility of oxidation of DMPO via 1O2 (Chen et al., 2017). 

Overall, the spectrum of DMPO-OH was not observed, as the potential of DMPO oxidation was 

greater than its potential for trapping the •OH radicals in PAW.  
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 Figure 7.2: Electron paramagnetic resonance spectra of 5 ml deionized water+50 mM DMPO 

treated with BSD ACP at different times and power, and the chemical structure of DMPO, DMPO-

OH, and DMPOX (adapted from Chen et al. (2017)). The simulated spectrum had hyperfine 

splitting constants of aN = 7.26 G, aH(2) = 4.02 G, and a correlation parameter of r = 0.98. The EPR 

spectrum was simulated using WinSim2002 (NIEHS/NIH). 

 

•OH 

DMPO- OH DMPOX DMPO 

Simulation of 10 sec 

PAW 



 152 

7.4.3 DON reduction after PAW bubble treatments 

As shown in Table 7.4, different PAW bubble treatments did not have a significant (p > 0.05) 

impact on DON reduction compared with the control sample. This was due to a high standard 

deviation in the naturally contaminated samples. However, comparison of the minimum and 

maximum amount of DON within the treated samples shows the impact of the PAW bubble 

treatments on DON degradation. Among the different treatments, direct PAW production for 30 

min using BSD at low temperature (surrounded by ice) (treatment B) resulted in the highest 

reduction of DON compared with the other treatments. Treating NIB grains by treatment B (direct 

treatment) resulted in higher DON degradation, with 57.3% reduction relative to treatment C 

(indirect treatment) with 31.2% reduction. Treatment B also had the highest concentration of long-

lived RONS, i.e., H2O2, NO3
−, NO2

−, and O3. Among these, H2O2, and O3 could play a role in 

DON degradation; however, NO3
−, and NO2

−
 have no significant (p > 0.05) impact on DON 

degradation (Qiu et al., 2022). In the direct treatment, there are short lived free radicals such as 

(•OH), superoxide (O2
−), singlet oxygen, and high energy electrons aside from the RONS, which 

could be the main reason for greater degradation of DON in the direct vs. indirect treatment. Singlet 

oxygen is very unstable and reacts with electron-rich double bonds. DON has an olefinic double 

bond at the C9−10 position, which is one of the most reactive sites for O3 and singlet oxygen (Fang 

et al., 2022). The results from treatments A and B demonstrate the higher efficacy of longer 

treatment time. Higher RONS concentration after treatment B might play a role in the higher DON 

degradation efficacy. In addition, under longer treatment times, a larger amount of short-lived 

reactive species could react with the grain surface and DON molecules, resulting in higher DON 

degradation efficacy. Another factor is the pH of the solution, which may influence the degradation 

of DON. The degradation of DON was reported as 30 and 60% at pH 3 and 2, respectively (Mishra 
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et al., 2014). However, in our experiments, the pH of treatments A and B was similar, but the DON 

degradation rates were different. Hence, factors other than pH play a more important role in DON 

degradation in naturally infected grain. 

During the barley steeping process, DON can possibly be washed away, resulting in the reduction 

of DON even in the control NIB samples (Table 7.4). After steeping the barley in PAW bubbles 

produced directly by CJ reactor for 30 min (treatment D), there was a 7% increase in DON 

reduction compared with the control (Table 7.4). However, 1 h of direct PAW bubble (treatment 

E) steeping treatment did not increase the DON reduction. This could be due to the larger quantity 

of water used and the lower concentrations of RONS (Table 7.3), which seems insufficient for the 

DON degradation.   

In a previous study on using PAW produced by plasma jet at 4.4 kV for DON degradation, there 

was no significant (p >0.05) reduction in DON in the PAW-treated barley samples (Chen et al., 

2018). Lower degradation of mycotoxins in artificially infected grains compared with the pure 

form of the mycotoxin was reported in previous studies (Chen et al., 2022; Siciliano et al., 2016). 

Severely Fusarium-infected grains have deeper infections (Edwards et al., 2011) and DON can be 

present in the inner layers of the grain. This could be the main reason for the lower efficiency of 

PAW bubbles in NIB grains compared with artificially infected grains, as RONS and other active 

species in plasma cannot penetrate to the deeper layers of the grains. 

Table 7.4: Effect of different PAW bubble treatments on DON reduction in NIB 

 
DON content 

(ppm) 

Minimum 

(ppm) 

Maximum 

(ppm) 
Reduction (%) 

Dry grain 5.20.6a 4.6 5.9 0b 

Control (5h steeping) + 19 h air rest 3.31b 2.6 4.4 36.918.4a 

Treatment A +4h 40 min steeping+ 

19h air rest 
3.30.9b 2.4 4.1 37.616.2a 
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Treatment B +4.5h steeping+ 19h 

air rest 
2.20.7b 1.5 3 57.314.3a 

Treatment C +5 h steeping+ 19 h air 

rest 
3.60.5b 3.2 4.1 31.28.8a 

Control D +4.5 h steeping+ 19 h air 

rest 
3.31.1b 2 4.9 37.720.1a 

Treatment D +4.5 h steeping+ 19 h 

air rest 
2.90.5b 2.6 3.5 44.69.9a 

Control E +4.5 h steeping+ 19 h air 

rest 
30.6b 2.5 3.7 43.312.3a 

Treatment E +4 h steeping+ 19 h air 

rest 
3.10.3b 2.9 3.5 40.16.1a 

Treatment A: Direct 20 min BSD (surrounded by ice); Treatment B: Direct 30 min BSD (surrounded by ice); Treatment C: Indirect 30 min BSD; 

Treatment D: Direct 30 min CJ; Treatment E: Direct 1 h CJ. Values are expressed as the mean ± standard deviation. Values with different letters in 

the same column are significantly different (p<0.05, n4). 

7.4.4 Germination of NIB grains after PAW bubble treatments 

To determine the potential of utility of PAW bubble treatment in the steeping process of barley 

malting, the germination of the NIB grains was assessed. The greatest germination of the barley 

rootlets was after 30 min indirect PAW bubble treatment (treatment C) using the BSD reactor 

(Table 7.5). The direct 30 min BSD treatment at low temperature (surrounded by ice) (treatment 

B) had a significantly (p<0.05) negative impact on the germination of the rootlets and acrospires. 

The direct PAW bubble treatment using BSD (treatments A, B) negatively affected the acrospire 

germination; however, rootlet germination could be negatively/positively affected based on the 

treatment time (i.e., long lived, and short lived RONS concentration). Comparing treatment B with 

treatment C demonstrates the importance of the short lived RONS and free radicals on the 

germination efficacy of the ACP system in the direct treatment, as in treatment B there is a constant 

production of the short lived RONS and free radicals, which negatively affected the germination 

of the grain. However, in the 20 min direct PAW bubble treatment using the BSD reactor 

(surrounded by ice) (treatment A), the germination of the rootlets was slightly reduced while 

acrospire germination declined significantly (p < 0.05) compared with treatment C. The results 

show that the long-lived RONS had improved the germination parameters, while short-lived 

RONS, or free radicals decreased the germination of the NIB seeds. 
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Similarly, in a previous study by Chen et al. (2018), the germination of barley grains decreased 

with increasing the PAW treatment time. It should be noted that the state of the seeds used in 

different studies is important to consider when comparing the results of these studies, as the 

efficacy of PAW is different for fresh mature seeds compared with ripened seeds (Grainge et al., 

2022). The 30 min direct PAW bubble treatment using the CJ reactor (treatment D) increased the 

germinated rootlets by 5% however, it was not significant (p>0.05) compared with its respective 

control. This is because the concentration of RONS was insufficient to cause any change in the 

germination of the grain. 

In response to environmental cues, seeds produce H2O2, NO3
−, •OH, and NO to release 

physiological dormancy by activating molecular signaling pathways (Grainge et al., 2022). It was 

demonstrated that PAW could trigger many of these pathways, such as abscisic acid degradation 

and gibberellin synthesis and signaling, which might result in dormancy release of the seed 

(Grainge et al., 2022). In a study by , Than et al. (2022) the optimum germination of lettuce seeds 

was obtained after 15 min PAW treatment, while longer treatment times resulted in lower 

germination rates. In another study, longer treatment times of the barley seeds using microwave 

discharge resulted in lower shoot and root lengths in the seedlings. It was determined that using 

the gas mixtures with high NO content in a microwave discharge treatment inhibited barley 

germination (Szőke et al., 2018). 

Plants produce different ROS such as H2O2, superoxide (O2
•−), •OH, and singlet oxygen (1O•

2) in 

response to environmental stresses. Overproduction of these ROS can cause oxidative damage to 

plant macromolecules and cell structures, which will lead to inhibition of plant growth and 

development or death (Hossain et al., 2015). In contrast, at moderate amounts, ROS like H2O2 may 

be beneficial for plant germination (Barba-Espin et al., 2010). In a study by Jirešová et al. (2022), 
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the effect of PAW on wheat germination was compared with artificial PAW prepared from H2O2 

and nitric acid. There were no significant (p >0.05) differences between the efficacy of both PAW 

treatments on percentage germination, root and shoot length, or fresh/dry weights of the roots and 

shoots. This suggested that the major RONS of PAW involved in the germination are H2O2, NO3
−, 

and NO2
−

.  Moreover, the RONS generated by ACP can impact the expression of germination-

related genes, the activity of growth hormones, antioxidants and enzymes, changes in sugar, 

chlorophyll, amino acids, and water absorption (Attri et al., 2021).  

The activity of the α-amylase, β-amylase, and β-glucanase enzymes was also assessed, as these 

enzymes are involved in the germination of barley grain. The percentage germination of rootlets 

and acrospire in Control D and treatment C samples were not significantly different from treatment 

D, hence their enzymatic activity was not measured. The activity of α-amylase, and β-glucanase 

increased after malting of the NIB grains. There were no significant (p > 0.05) differences in α-

amylase activity between the DW and PAW bubble-treated samples. Treatment A had the highest 

α- and β-amylase activities, which correlated well with its rootlet germination rate. The β-

glucanase increased significantly (p < 0.05) in all of the PAW bubble treated samples, except for 

treatment B, which also had the lowest germination based on the rootlets and acrospire 

germination. The results from the enzymatic activity measurement suggests that in longer ACP 

treatment time, β-glucanase activity is negatively affected, which influenced the germination of 

the grain. As discussed in this section, there are numerous parameters involved in the germination 

of a seed and RONS from plasma can differently impact any of these, thereby changing the 

percentage germination. More study is needed in this regard to comprehend fully the mechanism(s) 

of long-lived and short-lived reactive species on regulating the germination of a plant.    
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Table 7.5: Effect of different PAW bubble treatments on germination of NIB 

 

MC 1st day 

steeping 

(g water/100 

g sample) 

MC 2nd day 

steeping (g 

water/100 g 

sample) 

Germinated 

acrospire 

(%) 

Germinated 

rootlets (%) 

α-amylase 

(units/g dry 

basis) 

β-amylase 

(units/g dry 

basis) 

β-glucanase 

(units/g dry 

basis) 

Dry grain - - - - 12.61.6b 31.62.1ab 22.33.7d 

DW+5h 

steeping+ 19 h 

air rest 
30.90.6a 41.20.8a 47.37a 58.22.7a 41.90.7a 31.81ab 33.32.9bc 

Treatment A+4h 

40 min 

steeping+ 19h 

air rest 

31.71.4a 42.70.9a 15.10.7b 70.17a 45.16.5a 33.41a 39.94.6b 

Treatment B+ 

4h 30 min 

steeping+ 19h 

air rest 

32.91.9a 42.61.5a 3.66.2c 18.516.9b 39.57.4a 30.90.5ab 26.72.8cd 

Treatment C+ 

5h steeping+ 19 

h air rest 
31.51.7a 41.73a 38.14.8a 75.087.3a - - - 

Control D+4h 

30 min 

steeping+ 19h 

air rest  

33.360.7a 42.50.8a 41.110.4a 63.78.1a - - - 

Treatment D+4h 

30 min 

steeping+ 19h 

air rest 

33.460.5a 43.60.7a 44.14.7a 68.511a 39.21.6a 30.21.3b 51.67.3a 

Treatment A: Direct 20 min BSD (ice surrounding); Treatment B: Direct 30 min BSD (ice surrounding); Treatment C: Indirect 30 min BSD; 

Treatment D: Direct 30 min CJ. Values are expressed as the mean ± standard deviation. Values with different letters in the same column are 

significantly different (p<0.05, n=3). 

7.4.5 Effect of PAW bubble treatments on microflora and F. graminearum in NIB grains 

To determine the antimicrobial activity of PAW bubbles, the treated and untreated NIB grains 

were plated on PDA agar, which confirmed the presence of other microflora in addition to F. 

graminearum (Figure 7.3). The average diameter of microbial colonies recovered from NIB 

following the various treatments is summarized in Table 7.6.  While the PAW bubble treatments 

did not have a significant (p >0.05) effect on colony diameter (Figure 7.3), there was a reduction 

in the colony diameter of the steeped vs. dry grain (grain without steeping in water) samples. There 

was no significant (p > 0.05) difference in the proportion of F. graminearum-infected grains, as 

assessed on PDA, between the treated and untreated samples. Similarly, the colonies of F. 

graminearum (confirmed by its morphology under microscope) recovered seemed to be of similar 

size based on visual inspection of the treated and untreated samples. Nonetheless, the sample size 
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used in this work was small, and further testing may be required to confirm the absence of an effect 

of PAW bubble treatment on the microbiota associated with NIB.   

The NIB grains were also incubated on WA plates to assess their germination. As expected, dry 

grain had significantly (p < 0.05) lower shoot length compared with other samples. However, 

percentage germination and shoot length were not significantly (p > 0.05) different between the 

treated and control grains. This was probably due to favorable conditions on the WA plates such 

as the presence of water and nutrients for germination of the grains, which overcame any 

differences in the relative viability of the seeds. In addition, as was observed on the PDA plates, 

the number of F. graminearum-infected grains was not significantly (p > 0.05) different between 

the treated and untreated samples incubated on WA medium (Table 7.6, Figure 7.3). In a previous 

study, the growth of F. graminearum was significantly inhibited following PAW treatment of F. 

graminearum in culture (Guo, Wang, et al., 2021). Moreover, the growth rate of F. graminearum 

was significantly (p < 0.05) reduced after treating the fungus with gliding arc plasma (Kaur et al., 

2022). There are other studies on the reduction of the growth of Aspergillus parasiticus and 

Aspergillus flavus on inoculated groundnuts (Devi et al., 2017), Penicillium italicum on inoculated 

kumquat (Guo, Qin, et al., 2021), Aspergillus parasiticus and Aspergillus flavus on inoculated 

hazelnuts (Sen et al., 2019) after ACP/PAW treatment. These studies assessed the effect of 

ACP/PAW treatment in fungal cultures or grains artificially inoculated with the fungi. In our study, 

naturally infected barley grains were used, in which F. graminearum and other microflora could 

reside in the inner layers of the grain, especially in severely infected grains. This would reduce the 

capacity of RONS from PAW to react with the fungi and could be the main reason for the apparent 

inefficacy of the PAW treatment on reducing infection of NIB grains.  
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In a study by Xu et al. (2016), 5 and 10 min PAW treatments of naturally contaminated button 

mushrooms reduced fungal content by approximately 1 log value. However, a 15 min PAW 

treatment did not affect fungal content significantly. In another study, 10 min air plasma treatment 

resulted in a 4% decrease in Fusarium in naturally contaminated field pea, and a 15 min air plasma 

treatment resulted in a 9% decrease of Fusarium in naturally contaminated blue lupin seeds 

(Filatova et al., 2012). Similar to our study, the efficacy of cold plasma on naturally infected grains 

seems to be considerably lower relative to inoculated seeds. Nonetheless, more studies are required 

to improve understanding of the effect of PAW bubble treatments and RONS on microflora and 

F. graminearum on or in NIB grains. 

The RONS and radicals from PAW can react with the cell walls of fungi and result in the oxidation 

of the cell wall components such as glucose, (N-acetyl)-glucosamine, glycoproteins and glucan, 

and peroxidation of the lipids in the plasma membrane. This will result in the damage and 

perforation of the cell wall and membrane, and subsequent exposure of the intracellular 

components to RONS (Guo, Wang, et al., 2021). Different parameters in PAW, such as type and 

concentration of RONS and pH of PAW, can influence the growth of microflora. In previous 

studies, F. graminearum germination and mycelium growth were higher at pH 4 vs. pH 8 

(Thompson et al., 1993) and the mycelial growth of F. graminearum at different pH was pH 

5>6>7>8 (Panwar et al., 2016). This shows that the pH of PAW produced from BJ in the ACP 

treatment (treatment F) (pH=3.86) may favor the growth of F. graminearum. However, a previous 

study on Colletotrichum gloeosporioides inactivation by PAW determined that long-lived RONS 

(ozone, nitrate, and nitrite) made the greatest contributions to fungal growth inhibition, while 

acidic pH had a minor effect on fungal inactivation (Wu et al., 2019). In addition, NO2 showed 

higher antifungal activity relative to NO3 (Wu et al., 2019). The fungal biomass of F. graminearum 
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is positively correlated with DON content on grains (Demeke et al., 2010). The factors that 

promote fungal growth including environmental factors, growth stage, chemotype of pathogen 

isolate, lodging, tillage, cultivar resistance, and fungicide application (Wegulo, 2012) can affect 

DON accumulation on grains. Hence controlling and optimizing the aforementioned factors could 

be beneficial for F. graminearum reduction as PAW treatment did not exhibit antifungal 

properties. 

Table 7.6: Effect of PAW bubble treatment on F. graminearum and grain germination1 

 

Average colony 

diameter on 

PDA (cm)2 

Number of F. 

graminearum 

colonies on PDA 

Number of F. 

graminearum 

colonies on WA 

Plant shoot 

length on WA 

(cm) 

Germination % 

on WA 

Dry grain 2.120.06a 1.20.8a 1.21a 3.660.06b 85.61.9a 

Control 5 h 

steeping+ 19 h air 

rest 
1.990.07b 2.11.4a 0.70.5a 4.510.69a 86.73.3a 

Treatment A +4h 

40 min steeping+ 

19 h air rest 
1.990.08b 1.41.4a 1.41.1a 4.290.36ab 87.85.1a 

Treatment C +5h 

steeping+19 h air 

rest 
1.890.04b 2.32.1a 1.41.2a 4.380.47ab 84.45.1a 

Treatment F +4.5 

h steeping+ 19 h 

air rest 
1.990.05b 1.30.9a 1.11.1a 4.890.34a 81.11.9a 

1: All the values in the table are the average number per Petri dish with 10 NIB seeds. 2: average colony diameter of all microflora, except F. 

graminearum, recovered from NIB seeds. Treatment A: Direct 20 min BSD (surrounded by ice); Treatment C: Indirect 30 min BSD; Treatment F: 

Direct 30 min BJ. PDA: potato dextrose agar; WA: water agar. Germination expressed as percentage of seeds that had shoot length more than 3 

mm. Values are expressed as the mean ± standard deviation. Values with different letters in the same column are significantly different (p<0.05, 

n=3). 
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PDA WA 

Treatment C+ 5h 

steeping+ 19 h air 

rest 

Treatment A+ 4h 

40 min steeping+ 

19 h air rest 

Control 5 h 

steeping  

Dry grain 

Treatment F +4.5 h 

steeping+ 19 h air 

rest 

PDA plate WA plate 

Figure 7.3: Effect of PAW bubble treatments on natural microflora, F. graminearum 

and germination of naturally infected barley grains. Treatment A: Direct 20 min BSD 

(ice surrounding); Treatment C: Indirect 30 min BSD; Treatment F: Direct 30 min 

BJ. Seeds were plated on potato dextrose agar medium (PDA) and water agar (WA)   
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7.5 Effect of bubble ACP treatment on fungal biomass of F. graminearum 

Tri5, Tri6, EF1-A and β-Actin genes were used for F. graminearum detection and relative 

quantification based on qPCR (Hafez et al., 2020; Kimura et al., 2007; Livak & Schmittgen, 2001; 

Tang et al., 2020), in order to confirm the results obtained with the plating technique, which 

indicated that the PAW bubble treatment did not have any effect on F. graminearum infection or 

growth. DON biosynthesis is governed by fifteen genes that are present over three chromosomes 

(Khaneghah et al., 2018) and an acidic pH of environment encourages DON biosynthesis. Also, 

DON biosynthesis is induced in response to plants defense mechanism to fungi infection (Kamle 

et al., 2022). 

RONS from ACP can damage the structure of the fungal cell walls and reach intracellular 

components, such as nucleic acids, and degrade them (Veerana et al., 2022). The fold-changes in 

relative abundance of the three target genes Tri5, Tri6 and EF1-A (with β-Actin used as an 

endogenous control) following PAW bubble treatments are presented in Figure 7.4. Relative to the 

dry grain sample, the abundance of Tri5 and Tri6 was reduced in all treatments, with the strongest 

reduction observed in treatment C (Figure 7.4). In contrast, the abundance of EF1-A was not altered 

relative to the dry grain sample. There was a large standard deviation in the Ct values of the 

samples for each gene, likely because some grains were highly contaminated, while others were 

not infected. The presence of a few contaminated or infected seeds in one sample relative to others 

can result in a large standard deviation. This variability, combined with an apparent lack of 

reduction of EF1-A, suggests that reductions in fungal biomass because of the PAW treatments 

were not consistent or particularly pronounced. 
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Figure 7.4: Effect of PAW bubble treatments on the relative abundance of three target genes (Tri5, Tri6 

and EF1-A) of F. graminearum with β-Actin as an endogenous reference gene, based on quantitative 

PCR analysis. Values are reported based on fold-change values. The fold-change was calculated using 

Fold-change= 2-Ct where, Ct= Ct (target gene) - Ct (reference gene), and Ct= Ct (treatment) - 

Ct (control). Treatment A: Direct 20 min BSD (ice surrounding); Treatment C: Indirect 30 min BSD; 

Treatment F: Direct 30 min BJ. Control and treatments A, C, and F were followed by steeping and air 

rest step before qPCR test 
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7.6 Conclusions 

Contamination of barley grains by mycotoxins and pathogenic fungi is one of the major issues 

facing the malting industry. Deoxynivalenol (DON) and F. graminearum are the main mycotoxin 

and pathogenic fungus, respectively, affecting barley seed. In this study, the potential of plasma 

activated water (PAW) bubbles produced from different atmospheric cold plasma (ACP) units was 

assessed for DON degradation and F. graminearum inactivation during the steeping of barley 

grains. There was a positive correlation between the concentration of RONS in PAW and DON 

reduction. Further research is required for determining the main reactive specie responsible for 

DON degradation in PAW. Previous research determined the efficacy of ACP/PAW treatment on 

inactivation of fungi and DON spiked on grains (Devi et al., 2017; Guo, Qin, et al., 2021; Sen et 

al., 2019). In this study we used naturally infected barley (NIB). The PAW bubble treatments used 

in this study were not able to inactivate F. graminearum on NIB grains probably due to the 

presence of fungi in the inner layers of the NIB grains and/or growth promotion of fungi in acidic 

pH. As using ACP in gaseous state has etching effect and pH does not play a role in promoting the 

fungal growth, its efficacy against F. graminearum on naturally contaminated grains should be 

investigated. Our results determined that to reduce both the DON concentration and improve 

germination, PAW bubbles produced by the continuous ACP jet treatment (treatment D) 

performed better compared to the other tested ACP treatments. Collectively, the use of an 

optimized PAW bubble treatment can improve germination and reduce DON content in barley 

grains. 
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 Chapter 8: Conclusions and recommendations 

8.1 Overall conclusions 

In this research, application of atmospheric cold plasma (ACP) technology for the degradation of 

two of the important mycotoxins prevalent in Canada, DON and ZEA, was assessed.  The effects 

of process parameters such as the type of gas, relative humidity, treatment time, treatment mode, 

type of ACP system, and the sequential treatments consisting of ACP+ heat, and ACP+LED on 

the degradation of DON and ZEA were determined. The degradation of DON spiked on barley, 

quality changes, and germination by ACP treatment were studied. Different ACP units including 

jet-ACP and a bubble spark discharge ACP unit were used to generate PAW.  The application of 

PAW in the steeping process of barley malting for DON reduction, germination improvement and 

F. graminearum inactivation was evaluated. Furthermore, the main RONS produced via ACP in 

gaseous or liquid state were determined and quantified, and the DON degradation mechanisms via 

ACP treatment was studied.  

In Chapter 3, the efficacies of DBD-ACP and sequential treatments on DON degradation were 

determined. The results of this study confirmed the ability of ACP for significant reduction of 

DON. The presence of water increased DON degradation significantly. To determine the changes 

in the structure of the treated DON and know the number of the degradation products of DON, 

FTIR and TLC experiments were performed. Three distinct bonds were detected in the ACP-

treated samples compared to the control sample by FTIR analysis, which was probably associated 

to the formation of C=O group and epoxy ring in the treated DON’s structure. In TLC analysis, 

the degradation by-products of DON were not differentiated, which could be due to the similar 

polarity of the degraded products. The optical emission spectroscopy analysis proved the presence 

of a significant amount of RONS in ACP, which contributed to the DON degradation. Heat 



 166 

treatment at 80 °C and LED treatment using 395 nm light pulses did not show synergistic effect 

with ACP treatment on DON degradation.  

The efficacy of DBD-ACP on the degradation of DON spiked on barley grains was assessed in 

Chapter 4. The DON was degraded by 48.9 % after 6 min DBD-ACP treatment. The quantification 

of RONS showed that ozone had the highest concentration with 600 ppm after 1 min ACP 

treatment. The assessed quality parameters of barley, including protein, β-glucan and moisture 

content, were not significantly affected by DBD-ACP treatment. The 6 min DBD-ACP treatment 

improved the germination parameters of the treated barley grains compared with the control. 

Chapter 5 focused on the effect of process and product parameters on ZEA degradation using 

DBD-ACP and jet-ACP systems. Similar to DON, ZEA degradation was improved considerably 

in the presence of water, and the heat and LED treatments did not show a synergistic effect with 

DBD-ACP on ZEA degradation. However, ZEA was considerably more sensitive to ACP 

treatment compared to DON. The ZEA was spiked on selected matrices and the highest 

degradation was obtained on canola grains, followed by canola meal and barley grains by ACP 

treatment. The concentrations of RONS while treating canola and barley grains were significantly 

higher than canola meal, which could be due to the presence of air space between the grains in 

canola and barley grains that resulted in greater production of RONS. Also, better scavenging of 

RONS could be possible by canola meal with larger surface area and surface characteristics 

compared to grain surfaces. Use of different gases, i.e., 100% N2, 90% N2+ 10% O2, 80% N2+ 

20% O2, and air, in a closed chamber, did not show a significant difference on ZEA degradation 

after 3 min DBD-ACP treatment ,while the concentration of RONS were the highest in air which 

suggests that factors other than the assessed RONS in ACP discharge such as high-energy 

electrons, UV light, and/or free radicals possibly contribute to ZEA degradation. In jet ACP, 85% 



 167 

Ar+15% O2 resulted in a considerably higher ZEA degradation compared to 75% Ar+25% N2 and 

100% Ar, which suggested the importance of the presence of oxygen in the carrier gas for 

achieving the highest degradation rate of ZEA. 

Due to satisfactory results from using ACP for DON degradation, naturally contaminated grains 

were tested in Chapter 6. This chapter focused on producing PAW bubbles via jet-ACP and 

assessed its potential for using in steeping of NIB during malting. The degradation mechanisms of 

DON during DBD-ACP treatment were also investigated. The highest reduction of DON was 

58.4% compared to 33.3% in the control sample. Ozone and nitrates were detected in the PAW 

and the ORP of the PAW was considerably higher than the control sample, suggesting the presence 

of oxidizing species in PAW. Water uptake and the germinated rootlets % of the PAW treated NIB 

grains were not significantly different compared to the control, while the germinated rootlets % 

were significantly increased. The chemical formula of the 12 major degradation products of DON 

were determined and the possible structures of the degraded products suggested possibly reduced 

toxicity of DON. Also, comparing DON and the degraded products’ structure suggested oxidation 

as the main degradation mechanism of DON during ACP treatment. 

In Chapter 7, a continuous treatment system to produce PAW bubbles using jet-ACP was built. 

The potential of this continuous system and a BSD-ACP system on PAW bubble production was 

assessed for treating NIB grains for F. graminearum inactivation and DON degradation during 

steeping. The 30 min BSD-ACP treatment at generated the highest concentration of RONS in PAW 

compared to other treatments. The PAW generated at a high temperature had considerably lower 

amount of RONS compared with PAW generated at a low temperature (using an ice jacket). The 

EPR spectroscopy analysis showed that the DMPO that was used for quantification of OH radicals, 

was oxidized to DMPOX during BSD-ACP treatments. A direct 30 min BSD-ACP treatment 
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reduced DON content by 57.3% compared to 36.9% in the control sample, however, the same 

treatment negatively affected the germination parameters of NIB grains. Indirect 30 min BSD-

ACP, and/or direct 20 min BSD-ACP increased the germinated rootlets percentage compared to 

the control. The plating and qPCR results showed the inefficacy of BSD-ACP and CJ-ACP 

treatment on the inactivation of natural pathogens and F. graminearum on NIB grains, however, 

more studies are required to confirm this result and achieve a conclusive understanding on fungal 

inactivation by ACP in NIB grains. 

Overall, the results from this thesis suggest that ACP treatment can degrade mycotoxins in pure 

form, however, in naturally contaminated barley grain, the degradation efficacy of ACP is reduced 

considerably. This is probably due to the inability of RONS to react with the mycotoxin (DON in 

our study), which may be residing in the inner layers of the grain. Also, there may be significant 

scavenging of RONS by the grain surfaces. This technology can be used for simultaneous 

improvement of germination and DON reduction during malting of barley, however, optimization 

in PAW generation and treatment is required. The efficacy of ACP is affected by the process 

factors such as voltage, frequency, RH, treatment time, mode of treatment, type of carrier gas, gas 

flow rate, type of ACP system. The product factors such as moisture content, size, shape, and 

surface characteristics, and the microbial/chemical factors such as type of pathogen/chemical and 

initial count, can influence the ACP efficacy. The type and concentration of RONS generated by 

ACP are affected by the aforementioned factors. These RONS react with each other so their 

concentrations are different at every moment during treatment, which makes ACP an inherently 

complex treatment method. Hence, a great deal of work is needed for defining a standard ACP 

treatment condition for a specific product at an industrial scale for commercial use. However, the 
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results of this work laid the foundation for applying ACP treatment in the malting industry for 

mycotoxin degradation and germination improvement of the barley grain. 

8.2 Recommendations 

This research demonstrated the DON and ZEA degradation efficacy of ACP with specific focus 

on its application during barley malting with possible germination improvement. This study 

presented the effect of certain product and process parameters on mycotoxin degradation efficacy 

of ACP and investigated the DON degradation mechanisms. The effects of ACP treatment on 

barley quality parameters and F. graminearum inactivation were also studied. The following 

suggestions can be further explored for the application of ACP treatment: 

• Application of ACP in gaseous form (Chapter 4) or in PAW form (Chapters 6-7) can reduce 

DON content and affect barley germination. As the efficacy of ACP is based on the RONS 

concentration, more studies are needed to identify the major RONS involved in DON 

degradation and germination improvement. Also, the mechanisms of RONS on DON 

degradation and germination improvement needs further research for applying ACP and 

PAW in a most optimized form. 

• Addition of specific chemicals (e.g., H2O2, ozone, nitrogen compounds etc.) to water at a 

defined concentration to prepare solutions and comparison of their efficacy with PAW may 

help in identifying the major RONS of PAW, which are affecting the mycotoxin 

degradation or germination parameters of the grains. 

• The chemical formula of the major degradation products of DON were determined in this 

research, however, more studies for elucidating the chemical structure of the degradation 

products using NMR are needed for identifying the degradation pathway of DON. 
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• The results of Chapter 5 suggested that factors other than the assessed RONS are involved 

in ZEA degradation. In ACP, long-lived and short-lived RONS, high energetic electrons, 

and UV light exist together. The effect of each of these parameters especially free radicals 

and high energetic electrons, on mycotoxin degradation and grain quality needs to be 

investigated separately for elucidating the ZEA degradation mechanism of ACP. 

• As there are numerous RONS in PAW, which makes it difficult to determine the role of 

each of these species in DON degradation and barley germination improvement. Using 

scavengers of specific RONS can help in defining the role of the individual RONS in PAW 

for different applications such as germination improvement. 

• The estimated relative abundance of the F. graminearum genes obtained in this study could 

be correlated with the fungal biomass using plating techniques. 

• As the degree of polymerization (DP) of beta glucan is important for the malting industry, 

hence the effect of ACP treatment on DP of beta glucan could be investigated. 

• The results from Chapter 7 suggested the significant role of short-lived RONS on reducing 

the germination of barley. More studies are needed on the effect of short-lived RONS on 

germination of grains. 

• In Chapter 7, PAW bubbles were produced and their efficacy on DON degradation and 

germination of barley was explored. As the nanobubbles are stable for several days, hence 

the efficacy of PAW nanobubbles on the aforementioned factors could be studied. 

• Finally, the cost efficiency and practical challenges in applying an ACP system in industry, 

such as PAW waste disposal, integration of PAW treatment unit to barley steeping, large 

scale continuous production of PAW and any safety issues associated with ozone 

production in gaseous ACP or in PAW, should be investigated. 
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