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A B S T R A C T   

Background: Due to the increasing consumer awareness and rapidly changing lifestyle, there has been an expo-
nential increase in the demand for healthy, fresh, minimally processed and Ready-To-Eat food products, espe-
cially fresh fruits and vegetables globally. These products though convenient, nutritious, and preferred as healthy 
alternatives, are also a source of increasing foodborne outbreaks due to their minimal processing marked with 
insufficient decontamination and preservation. 
Scope and approach: Recent literature was reviewed through search engines and scholarly journals in the areas of 
food processing and engineering and other related areas. The focus was on the papers published over the last 10 
years. 
Key findings and conclusions: The efficacy of cold plasma as a mild, yet effective non thermal technique in 
inactivating pathogenic microorganisms while maintaining the quality of fresh and minimally processed fruits 
and vegetables and extending their shelf life is summarized and reviewed. Cold plasma is capable of producing 
safe fresh fruits and vegetables. The efficiency of the technique depends on product surface properties and 
several processing parameters that needs be optimized to achieve desirable results. 
Further research is needed to fine tune and streamline cold plasma processing in order to have a widespread 
industrial application for safe fresh and minimally processed fruits and Ready-To-Eat vegetables. Future research 
would focus on expanding industrial applications of cold plasma technology through product safety as well as 
designing and modeling universal plasma application systems capable of processing different fruits and vege-
tables without requiring time consuming set up trials.   

1. Introduction 

As a result of rising health consciousness in consumers, a gradual 
shift in popularity from processed to minimally processed, fresh and 
healthy foods is observed. This paired with a rapidly changing lifestyle 
with significantly less time at hand for planning and preparing meals has 
led to the rise of minimally processed fruits and Ready-To-Eat (RTE) 
vegetables as one of the fastest expanding sectors in the food industry 
(Patrignani, Siroli, Serrazanetti, Gardini, & Lanciotti, 2015). While the 
global food supply chain is undergoing dramatic changes to introduce 
more natural, nutritious and minimally processed foods, there are 
growing concerns regarding foodborne microorganisms and pathogens 
outbreaks associated with processing and consuming these food prod-
ucts (Pinela & Ferreira, 2017). These products, with their high nutrient 
content, high water activity and a reduced natural resistance are sus-
ceptible to proliferation of human pathogenic microorganisms like 

B. cereus, Campylobacter spp., C. botulinum, Enterobacter, E. coli O157:H7, 
L. monocytogenes, Salmonella, Shigella, Y. enterocolitica, viruses such as 
Hepatitis A, Norwalk disease virus, Rotavirus and parasites such as Cyclo-
spora cayetanensis, C. parvum and G. lamblia. (Vivek et al., 2019). In 
addition, processing steps like peeling, slicing, cutting of the fruits and 
vegetables release the nutritive substances making these products even 
more susceptible to contamination along with issues like tissue soft-
ening, increased production of ethylene and respiration, dehydration, 
nutritional loss, and enzymatic browning of cut surfaces (Ma, Zhang, 
Bhandari, & Gao, 2017; Sudheesh & Sunooj, 2020). Hence the growth of 
the minimally processed fruits and vegetables sector is accompanied 
with an increase in the number of outbreaks of foodborne diseases and 
public concern with regards to its safety (Murray, Wu, Shi, Jun Xue, & 
Warriner, 2017). 

Decontamination of fresh and cut fruits and vegetables using con-
ventional thermal treatments has an undesirable effect on their physical, 
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nutritional or bioactive properties reducing the overall quality and/or 
acceptability of the fruits and vegetables, not forgetting the negative 
perception of these techniques by the consumers with respect to human 
health and the effect on the environment (Qadri, Yousuf, & Srivastava, 
2015; Rowan, Valdramidis, & Gómez-López, 2015). These factors, along 
with the emergence of microorganisms resistant to conventional food 
preservation techniques gave an impetus to the development of novel 
non-thermal physical techniques to increase the shelf life of fresh pro-
duce over the last couple of decades. These include pulsed electric field 
(PEF), high pressure processing (HPP), pulsed light, ultrasound, cold 
plasma (CP), irradiation, ohmic heating, ultraviolet (UV) light and 
ozone washing to name a few. These are related to ambient temperatures 
and are partially adopted as commercial techniques for surface disin-
fection to effectively deal with foodborne pathogens and to further 
improve preservation and storage of the fresh produce while having a 
minimal impact on the quality and nutritional parameters (Mandal, 
Singh, & Pratap Singh, 2018). 

Cold plasma specifically, is an emerging technology that has recently 
drawn attention in the food processing industry because of the lack of 
residue formation, reduced processing times, absence of toxicity and 
relatively simple and affordable experimental set up (Pankaj et al., 
2014). Before finding applications in the food industry, it was exten-
sively used across different fields of manufacturing industries such as in 
the textile industry for improving functional, adhesion and the surface 
energy properties of polymers, surface decontamination of medical and 
heat sensitive electronic equipment, and wastewater treatment (Harry, 
2011). Over the recent years, cold plasma has shown unique advantages 
and applications in the food industry like green sterilization of surfaces 
in contact with food (for e.g. polyethylene and stainless steel surfaces) 
and food packaging materials (Sen & Mutlu, 2013; Şen, Bağcı, Güleç, & 
Mutlu, 2012), production of antimicrobial packaging films by plasma 
treatment to immobilize antimicrobial substances like silver, triclosan 
and silver into the packaging films (Pankaj et al., 2014), in-package food 
processing (Li & Farid, 2016), inactivation of microorganisms and bio-
films on food surfaces (Múgica-Vidal et al., 2019), removal of toxins 
(Gao, Sun, Wan, Yu, & Li, 2013; Shi, Ileleji, Stroshine, Keener, & Jensen, 
2017), inactivation of enzymes (Pankaj, Misra, & Cullen, 2013), aller-
gens (Tammineedi, Choudhary, Perez-Alvarado, & Watson, 2013), 
anti-nutrients (Li et al., 2017), degradation of pesticides (Sarangapani, 
O’Toole, Cullen, & Bourke, 2017) and dyes (Ekezie, Sun, & Cheng, 2017; 
Pan, Cheng, & Sun, 2019), among others. 

Though a number of review articles have been published on cold 
plasma (Feroz, Nafisa, & Noor, 2019; Thirumdas, Sarangapani, & 
Annapure, 2015) that discuss the antimicrobial effectiveness (Mandal 
et al., 2018; Niemira & Gutsol, 2011; Pignata, D’angelo, Fea, & Gilli, 
2017; Smeu & Nicolau, 2014), the effect on functional food components 
(Muhammad et al., 2018), enzyme inactivation (Han, Cheng, & Sun, 
2019; Misra, Pankaj, Segat, & Ishikawa, 2016; Thirumdas & Annapure, 
2020, pp. 229–252), food contaminants (Gavahian & Khaneghah, 2020), 
secondary metabolites (Gavahian & Cullen, 2020; Misra, Yadav, Roo-
pesh, & Jo, 2019) and shelf life extension of food products (Pan et al., 
2019), they give a generic overview covering a wide range of products 
often paired with other techniques (Annor, 2019, pp. 163–171; Pinela & 
Ferreira, 2017) or focus exclusively on the decontamination of granular 
food products (Butscher, Waskow, & Rudolf von Rohr, 2020), dry and 
high moisture fruits and nuts (Mir et al., 2019), spices (Bhatt, Prasad, 
Joshi, & Sagarika, 2018), inactivation of spores (Liao et al., 2019), 
in-package decontamination (Misra, Yepez, Xu, & Keener, 2019), or 
focus exclusively on the changes induced by CP on the physical, chem-
ical and quality attributes of fruits and whole vegetables (Chen, Cheng, 
& Sun, 2019; Pankaj, Wan, & Keener, 2018). 

This review aims at compiling all the relevant information from 
research published in the last ten years on the efficacy of cold plasma on 
microbial responses, decontaminating fresh and cut fruits and RTE 
vegetables and the changes induced on their quality attributes as a result 
of different plasma generation techniques and processing conditions. 

This is done with a view to summarizing effectively existing knowledge 
for pioneering researchers in the field and provide an impetus to further 
development that would boost fresh fruit and RTE vegetable processing 
and make healthy food products available to consumers. The limitations 
and future scope of CP in the food industry are also briefly provided at 
the end. 

2. What is plasma? 

Often referred to as ‘energized gas’, plasma is the distinct, fourth 
state of matter formed when a gas is supplied with sufficient energy to 
ionize it, breaking apart the intra-atomic structures of its components 
(Niemira, 2012). This high energy system consists of multiple active 
species like free radicals, ions, electrons, atoms and molecules which 
makes the system interactive both physically and chemically (via colli-
sion, etching and UV radiation), electrically conductive and responsive 
to electromagnetic fields (Muhammad et al., 2018; Niemira & Gutsol, 
2011; Pankaj et al., 2018). 

Based on the temperature of plasma application, plasma is distin-
guished as thermal plasma (~10,000 K) and non-thermal plasma 
(300–1000 K). Non-thermal plasma (also known as non-equilibrium 
plasma) meets the non-thermal processing requirement in food in-
dustry, as most of the energy applied during generating plasma is 
focused on the electrons and not the entire stream of gas. This maintains 
the temperature of the gas molecules at ambient temperature making it 
suitable for applications where high temperatures are undesirable 
(Stoica, Alexe, & Mihalcea, 2014). This non-thermal or non-equilibrium 
plasma is also referred to as cold plasma (Noriega, Shama, Laca, Díaz, & 
Kong, 2011), cool plasma (Tran, Amidi, & Sanguansri, 2008), atmo-
spheric pressure plasma (Chirokov, Gutsol, & Fridman, 2005), cold at-
mospheric gas plasma (Moisan et al., 2001), and such in recent 
publications. 

3. Generation of cold plasma 

Generally speaking, plasma can be generated using any kind of 
exciting energy which can ionize the carrier gases into the state of 
plasma (Misra, Schlüter, & Cullen, 2016a, 2016b, pp. 1–16). Thus, the 
ionized gas comprises of fundamental or excited photons, positive and 
negative ions, free radicals or electrons, gas atoms or any other reactive 
species (Pignata et al., 2017). A typical generation of CP involves a 
specific carrier gas, a compatible power source with relatively low en-
ergy input along with electrodes made of particular materials (Mandal 
et al., 2018). The carrier gases used in the CP technology are most 
commonly atmospheric air, oxygen, nitrogen, noble gases such as argon 
(Ar) and helium (He) or a combination thereof at atmospheric or 
reduced pressures. In recent years, the choice of atmospheric air as the 
operational gas has been verified as the most cost-effective processing 
aid for food application. Whilst, noble gases are considered more 
effective as they can minimize oxidative degradation of the targeted 
food materials when exposed to oxygen (Misra, Keener, Bourke, & 
Cullen, 2015). 

Generation of plasma can be achieved by ionizing carrier gases using 
different types of generative energy including electrical, microwave, 
radiofrequency, UV light or heat radiation between electrodes to cause 
electrical breakdown and ignition of the gases to form plasma (Trivedi 
et al., 2019). The dissociated gas molecules act like biologically reactive 
species and have the capability to reduce or eliminate microbial load 
with positive or slightly negative effects on the quality attributes for 
fresh produce, especially for fresh and minimally processed fruits and 
vegetables. Common reactive species generated by CP are reactive ox-
ygen species (ROS) such as ozone (O3), atomic oxygen (O) and super-
oxide anion (O2− ); reactive nitrogen species (RNS) including excited 
nitrogen N2, atomic nitrogen N and nitric oxide ( NO); and charged 
particles such as hydroxyl radical ( OH), hydrogen peroxide (H2O2) and 
electrons (Liao et al., 2017; Mandal et al., 2018). A number of plasma 
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generating sources or devices have been developed in the recent years 
for targeting different types of food matrices. These include but not 
limited to dielectric barrier discharges (DBD), corona discharge (CD), 
microwave discharges (MW), direct and indirect atmospheric cold 
plasma jet (APPJ). A comprehensive study about the generators and 
devices of CP technology and their design has been recorded in the 
literature (Mandal et al., 2018; Misra et al., 2016a, pp. 1–16; Pignata 
et al., 2017; Sakudo, Misawa, & Yagyu, 2020). A number of studies 
probed the differences in the efficacy of the plasma generated by 
different generators on food materials, concluding that the effectiveness 
of the reactive species in decontamination and its impact on quality 
parameters highly depend on the food product, the type of generators, 
electrode selection, pressure and voltage applied as well as operating 
parameters such as time, distance from plasma source and carrier gas 
used (Aboubakr et al., 2015; Pankaj et al., 2018) (Fig. 1). 

4. Mechanism of microbial inactivation 

Ever since the pioneering work of Moisan et al. (2001), a lot of 
research has been carried out to underpin the exact mechanism of cold 
plasma sterilization, which has been a challenging endeavor due to the 
complexity of the plasma and diversity of microorganisms to be treated. 
Based on the most studied theories, chemical, biological and physico-
chemical interactions between the generated plasma (excited or reactive 
radicals) and bacterial cell membranes are the leading pathways for the 
microbial destruction close to the ambient temperature (Pignata et al., 
2017). The mechanisms behind microbial inactivation have been hy-
pothesized and discussed in detail elsewhere (Bhatt et al., 2018; Mandal 
et al., 2018; Pignata et al., 2017; Smeu & Nicolau, 2014). The popular 
work of Montie, Kelly-Wintenberg, and Roth (2000), suggested three 
possible theories in which cold plasma facilitate inactivation of cells as 
follows – reactions with oxygen radicals formed base adducts that lead 
to the oxidation of cellular DNA, lipid peroxidation caused due to the 
vulnerability of unsaturated fatty acids to attacks by OH radicals 
(Dolezalova & Lukes, 2015) and the protein denaturation caused due to 
the oxidation of amino acids. It is suggested that the intense 

bombardment of radicals leads to surface lesions of the cell wall which 
can cause death of the cell if it can’t be repaired adequately by the 
micro-organism. This process is known as etching and it depends largely 
on reactions between the charged plasma and the substrate molecules. In 
Gram-negative bacteria, the charged plasma gets accumulated on the 
outer surface of the cell membrane, imparting an electrostatic force that 
eventually leads to the rupture of the cell membrane by a process called 
electropermeabilization (Mendis, Rosenberg, & Azam, 2000). Laroussi, 
Mendis, & Rosenberg (2003) in their work showed that the 
Gram-positive bacteria did not show any observable morphological 
changes. In certain cases, microbial cells are made nonviable or killed by 
the reactions between the inner cell biomaterials and plasma generated 
reactive species that can diffuse through the cell membrane (Lackmann 
& Bandow, 2014). 

5. Effect on quality of food 

Cold plasma is generally regarded as a method for surface decon-
tamination of solid foods owing to its inability to penetrate food samples 
beyond a few micrometers (Xiong, Du, Lu, Cao, & Pan, 2011). This 
however is affected by a number of factors like the distance between the 
plasma source and surface of the product, reactive species, power input, 
porosity, food structure, composition and water availability (Buβler, 
2017). In liquids in contrast, plasma can interact with the entire product 
volume where the interactions can occur with both the microorganisms 
and the food components. Most RTE fruits and vegetables have high 
quantities of free water which when exposed to cold plasma can induce 
undesirable changes that affect the quality of these products, however as 
cold plasma can’t penetrate into the product these occur just on the 
surface and do not affect the intrinsic composition or nutritional prop-
erties of the fresh produce (Pasquali et al., 2016). 

The influenced quality attributes can be categorized into physical 
attributes (colour and texture), chemical attributes (acidity, nutritional 
composition as well as antioxidant activity) and sensory attributes 
(freshness, odor or overall acceptability) (Misra et al., 2016b; Pankaj 
et al., 2018). In terms of physicochemical reactions caused by cold 

Fig. 1. Schematic diagram of cold plasma generation.  
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plasma, the reactive species generated can not only directly cause 
oxidative or nitrosative reactions and degradation of the tissue and 
chemical composition of the fresh fruits and vegetables but also may 
alter respiration rate and photosynthesis of the fresh produce. To be 
more specific, pigments such as anthocyanin, lycopene or carotenoids 
present in the product can be oxidized or degraded resulting in a 
negative effect on colour. Surface morphology and texture can be 
affected due to surface cell structure degradation and water loss or 
redistribution; antioxidant activity of fresh produce is potentially 
impacted due to the stress response caused by plasma processing; anti-
oxidants can be oxidized, and respiration rate can be altered due to the 
tissue stress response to cold plasma processing (Chen et al., 2019). 

6. Microbial decontamination in fresh fruits and RTE vegetables 

Tables 1 and 2 give a comprehensive overview of published literature 
that evaluates the efficacy of cold plasma in inactivating microbes and 
biofilms on fresh and minimally processed fruits and RTE vegetables. 
The fruits and vegetables studied, the plasma sources used, the plasma 
generating device, the treatment conditions, the type of microorganism 
inhibited as well as the outcomes obtained for each treatment are out-
lined. As it can be seen from the tables, a great number of variables are 
involved in plasma processing that add to the complexity and diversity 
of the processing itself as well as the results obtained making the 
comparability of the degree of microbial inactivation brought about by 
cold plasma difficult. Broadly speaking, an ACP system with a DBD 
generator, an energy input between 10 and 120 kV and atmospheric air 
as feed gas is the dominant technique applied in most studies resulting in 
optimum decontamination at reduced costs. 

6.1. Fresh and minimally processed fruits 

Microbial inactivation by cold plasma treatment has been evaluated 
successfully on different food matrices including apples, pears, blue-
berries, strawberries, mandarins, grapes, fresh-cut cantaloupe, mango as 
well as kiwi and has been effective in inactivating common human 
pathogens such as E. coli, Salmonella spp., Listeria spp. and some back-
ground microflora such as yeast and molds as seen in Table 1. 

6.1.1. Apples 
Plasma generated using atmospheric air could successfully inactivate 

E. coli, Salmonella and Enterobacter on whole uncut apples and apple 
peels achieving up to >5 log reduction in less than 180 s (Bhide, Salvi, 
Schaffner, & Karwe, 2017; Kilonzo-Nthenge, Liu, Yannam, & Patras, 
2018; Niemira & Sites, 2008). Apple pulp showed a higher degree of 
antimicrobial effect but appeared to be more susceptible to microbial 
proliferation during storage post plasma treatment (Schnabel, Niquet, 
Schlüter, Gniffke, & Ehlbeck, 2015), whereas using aerosolized H2O2 
and argon-plasma by itself or in combination with oxygen did not 
improve the efficacy of treatment as compared to atmospheric air 
plasma on whole apples (Baier et al., 2014; Song & Fan, 2020). In 
general, the degree of deactivation obtained increased with the increase 
in treatment time up to a certain time after which increasing the treat-
ment time did not have any observable difference in microbial 
inactivation. 

6.1.2. Pears 
Atmospheric air plasma was successful in inactivating more than 

90% of original Salmonella load (105 CFU) on pears in 4s and about 2.5 
log CFU of yeasts and molds on Abate Fetal pears after 90s (Berardinelli, 
Vannini, Ragni, & Guerzoni, 2012, pp. 457–467; Wang et al., 2012). 

6.1.3. Bananas 
Bananas treated for 10 min showed no visible mold growth even after 

a 7 day storage period (Trivedi et al., 2019). 

6.1.4. Blueberries 
Blueberries treated with plasma generated using atmospheric air 

could significantly reduce background microorganisms including yeasts 
and molds with a 2 log CFU/g reduction in total flora even after 7 days of 
storage. Yeasts and molds showed relatively lower inactivation, reach-
ing a 25.8% reduction after 10 min treatment as opposed to a 93% 
reduction achieved in bacterial load (Dong & Yang, 2019; Lacombe 
et al., 2015). 5 log PFU/g and 3.5 log PFU/g reduction was observed in 
the Murine norovirus and Tulane virus after 90 and 120s, respectively 
(Lacombe et al., 2017). Zhou et al. (2019) in their work found that 
blueberries in polypropylene (PP) and polyethylene (PE) films when 
treated with plasma showed a reduced spore germination rate on incu-
bation. Using argon to generate plasma, reduced the treatment time 
needed for deactivating background microflora on blueberries and 
showed positive effect on the reduction of total micro flora on cherries 
after 30s treatment (Bogdanov et al., 2018). Various theories propose 
that the efficacy of plasma inactivation is greater on fruits that have a 
smooth shiny surface as opposed to fruits with rough surfaces where it is 
substantially difficult to ensure that plasma effectively reaches all the 
crevices resulting in ineffective decontamination that further leads to 
microbial proliferation during storage. 

6.1.5. Melons 
On fresh cut melons treated with plasma generated using atmo-

spheric air, mesophilic and lactic acid bacteria showed highest reduction 
(3.4 and 2 log10, respectively) whereas just 1 log reduction was observed 
on psychotropic bacteria. During storage, pieces of melons treated for 
15 min on each side showed the greatest increase in shelf life (Tappi 
et al., 2016). Using plasma generated using a mixture of helium-oxygen 
reduced the microbial load on cut melons by 1–2 log CFU/ml in just 40s 
and below detection limit on melon pericarp in less than 30s (Perni, Liu, 
Shama, & Kong, 2008; Perni, Shama, & Kong, 2008). Bhide et al. (2017), 
in their work found that the efficacy of atmospheric air generated 
plasma in inactivating Enterobacter spp on cantaloupe peel decreased as 
the roughness of the peel increased. Aerosolized H2O2 and argon plasma 
was twice as more effective in killing Listeria sp than Salmonella sp in 30 s 
on cantaloupe rinds achieving a 5 and 2.5 log CFU/piece reduction, 
respectively (Song & Fan, 2020). 

6.1.6. Mangoes 
Perni et al. (2008, 2008b) observed that a helium-oxygen plasma 

reduced the initial microbial load (106 CFU/cm2) to below detection 
level on mango pericarp in less than 10s whilst a 30s treatment was 
needed to bring out a 2.5 log CFU/ml reduction in the fresh cut mango 
pieces. 

6.2. Pitaya 

In fresh cut pitaya fruits pre-packed in a polypropylene film, an 
immediate decrease in total aerobic bacterial count was obtained after 5 
min treatment with a significantly lower bacterial population after 12 h 
storage when compared with the control (Li, Li, Han, et al., 2019). 

6.2.1. Kumquat 
Plasma generated using atmospheric air reduced the microbial load 

below detection limit within 90s on kumquats using a 4 A current while 
a lower current of 2 A used to generate plasma increased the treatment 
time to 120s to achieve a reduction of 0.5–1.0 log CFU/g (Puligundla, 
Lee, & Mok, 2018). 

6.2.2. Grapes 
Grapes, when stored in MAP pouches containing plasma generated 

from atmospheric air showed a 2 log reduction in fungi colony after 12 h 
storage, with an increase to about 2.3 log CFU/g in 5 days as compared 
to 4.24 log CFU colony density in the control (Moon, Noh, Moon, & You, 
2016). 
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Table 1 
Overview of studies researching on microbial inactivation of fresh and minimally processed fruits by cold plasma technology.  

Food matrix Plasma source Feed gas Initial microflora Treatment conditions Main outcomes References 

Golden Delicious 
apple 

Indirect CD* 
system (200 W, 
50 Hz) 

Atmospheric air S. typhimurium (ATCC 
13311); 
S. choleraesuis (ATCC 
10708), E. coli (ATCC 
25922 and ATCC 11775) 
(~107 CFU/cm2) 

Fixed distance: 35 cm 
Time: 30, 60, 120,180 
and 240 s 
Treatment pressure: 
atmospheric pressure  

● Control: no reduction for 
S. typhimurium, S. choleraesuis 
and two strains of E. coli 
(ATCC 25922 & ATCC11775). 

Kilonzo-Nthenge 
et al. (2018)  

● Microbial inactivation 
observed at all time intervals 
with a >5.0 log10 reduction at 
180 and 240s  

● 5.5 and 5.3 log10 CFU/cm2 
reduction achieved for E. coli 
and Salmonella, respectively  

● Air and nitrogen are equally 
effective as feed gas  

● S. typhimurium was more 
resistant to plasma compared 
to E. coli and Salmonella 
choleraesuis 

Golden Delicious 
apples 

Gliding arc CP 
(60 Hz, 15 kV) 

Dried, filtered air E. coli O157:H7 (ATCC 
43894) and Salmonella 
Stanley H0558 (108 CFU/ 
mL) 

Flow rate: 10, 20, 30 
and 40 L/min 
Time: 1, 2 and 3 min  

● Microbial inactivation for 
Salmonella Stanley was time 
dependent at all flow rates 

(Neimera et al., 
2008)  

● 3.1–4 log CFU/ml reduction 
for Salmonella Stanley after 3 
min for all flow rate  

● Inactivation of E. coli O157: 
H7 was time dependent at 10, 
20 and 30 L/min but similar 
for all time intervals at 40 L/ 
min  

● 3.4–3.6 log CFU/ml reduction 
of E. coli at 40 L/min; 2.6–3.0 
log CFU/ml reduction at 
lower flow rate. 

Apple pulp and 
peel 

MW (2.45 GHz, 
1.1 kW) 

Atmospheric air E. coli, P. marginalis, P. 
carotovorum, L. innocua, 
S. aureus, B. atrophaeus 
Nakamura, C. albicans 
(~108 CFU/mL) 

Sample placed in a 
glass bottle at a fixed 
distance: 25 cm 
Time: 7s 
Gas temperature: 
4000 K 
Post-treatment: bottle 
closed for 5, 10 and 15 
min  

● Control: no reduction on 
either type of microorganisms 

Schnabel et al. 
(2015)  

● 6.2 log reduction observed on 
apple peel  

● E. coli, P. marginalis and P. 
carotovorum reduced to 
detection level after 5 min of 
post treatment  

● L. innocua and S. aureus had a 
linear reduction of 2.3, 1.8, 
3.2 and 3.4, 6.2, 4.6 log steps 
respectively after 5, 10 and 
15 min  

● Apple pulp showed lower 
antimicrobial effect for post 
plasma storage  

● Gram-positive bacteria and 
yeast C. albicans reduced by 
1.4–3 log-steps after 15 min 
post treatment  

● 10- or 15-min post treatment 
did not show an increase in 
the antimicrobial effect. 

Apples DBD generator 
(10 kV, 20 kHz); 
APPJ (8 W at 
220 V, 50/60 
Hz) 

Argon and argon 
with 0.1% oxygen 

E. coli DSM 1116 and 
L. innocua DSM 20649 
(108 CFU/mL) 

Fixed distance: 17 mm 
Time: 20, 40, 60 and 
90 s 
Temperature: ~23 ◦C  

● Control: the load of E. coli was 
4.6 log CFU/mL 

Baier et al. (2014)  

● Almost complete reduction of 
E. coli and L. innocua within 
the first 20 s  

● 4.7 log reduction after 60 s 
Time  

● Higher inactivation efficiency 
might be caused by smooth 
surface of the apples 

Golden delicious 
apple peel 

Plasma-jet (295 
V, 22.5 kHz) 

Dry filtered air E. aerogenes B 199 A (6.81 
log CFU/63.64 cm2) 

Fixed distance: 7.7 cm; 
Time:492 s; 
Temperature: ≤ 55 ◦C  

● Control: no reduction 
observed in the microbial 
population 

(Bhide, Salvi, 
Schaffner & Karwe, 
2017).  

● E. aerogenes reduced by 1.86 
± 1.27 log CFU/63.64 cm2 

after 492 s. 
Granny Smith 

Apples (skin) 
DBD Generator 
(17 kV) 

Aerosolized H2O2 

with argon 
S.Typhimurium (108 CFU/ 
mL); 
L. innocua (108 CFU/mL) 

Fixed distance: 9 mm 
Time: 5, 8, 10s 
Flow rate of H2O2: 5.0  

● Control: the load of S. 
Typhimurium and L. innocua 

Song & Fan (2020) 

(continued on next page) 
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Table 1 (continued ) 

Food matrix Plasma source Feed gas Initial microflora Treatment conditions Main outcomes References 

mL/min 
Air pressure: 7psi 

on the apple skin was 105 

CFU/mL  
● Inoculated S.Typhimurium 

decreased below the detection 
limit (0.7 log CFU/piece) after 
8 s.  

● Inoculated L. 
innocua 
reduced by 
more than 5 
logs after 8s 
spray time. 

Pear slices Plasma microjet 
(PMJ) (30 
mA,500 V) 

Air Salmonella sp. (105 CFU) Time: 1–4 s 
Temperature: 
30–45 ◦C  

● Control: inactivation rate was 
0% 

Wang et al. (2012)  

● 40, 80 and > 90% inactivation 
achieved after 0.5, 1 and 4s  

● 10% of Salmonella spp still 
survived after 4 s. 

Abate Fetel Pear DBD (15 kV) Atmospheric air Total mesophilic bacteria 
(5.8 log CFU/fruit); 
Yeasts and molds (4.8 log 
CFU/fruit) 

Fixed distance: 7 cm 
Time: 10, 20, 30, 45, 
60 and 90 s 
Temperature: ≤ 40 ◦C  

● Maximum of 2.5 log CFU/fruit 
reduction for all microbial 
groups after 90 s  

● Yeasts and molds were more 
sensitive to CP treatment than 
total aerobic bacteria 

(Berardinell, 
Vannini, Ragni, & 
Guerzoni, 2012) 

Banana DBD generator 
(27.76 W) 

Recirculated air Mold Time: 10 min 
Samples were exposed 
in the CP treated 
recirculated air for 7 
days at room 
temperature, normal 
pressure and humidity  

● Control: visible mold growth 
was observed on the control 
samples 

(Trivedi et al., 
2019)  

● No visible mold on the treated 
banana samples after 7 days. 

Blueberries Indirect APPJ 
(549 W, 47 kHz) 

Dry and filtered air Spoilage microorganisms 
(0.9 log CFU/g); yeasts 
and molds (3.27 log CFU/ 
g) 

Distance:7.5 cm 
Time: 0, 15, 30, 45, 60, 
90 and 120 s 
Storage: 1, 2 and 7 
days at 4 ◦C  

● A gradual increase in the 
microbial load observed on 
control during a 7 days 
storage 

Lacombe et al. 
(2015)  

● Significant reduction of APC 
for all treated samples at all 
Time from 0.8 to 1.6 log CFU/ 
g and 1.5 to 2.0 log CFU/g 
after 1- and 7-days storage, 
respectively  

● No significant reduction of 
yeasts and molds 

Blueberries DBD generator 
(36 V, 1.8 A) 

Atmospheric air Background 
microorganisms (2.16 log 
CFU/g); fungi (2.25 log 
CFU/g) 

Time: 0–10 min 
Storage condition: 
0–20 days in the 
laboratory at 25 ◦C  

● Control: no decrease in initial 
microbial load observed  

● 93% and 25.8% reduction in 
background bacteria and 
fungi respectively after 10 
min 

Dong and Yang 
(2019) 

Blueberry 
(packaged in 
PP/PE films) 

DBD generator 
(45 kV) 

Atmospheric air in 
packaged 
container 

B. cinereal (107 CFU/mL); 
yeast and mold 

Time: 50s 
Storage: 0, 1, 2, 4, 6 & 
8 days at 20 ◦C, RH 
75–81%  

● Control: no reduction in initial 
microbial load 

Zhou et al. (2019)  

● Spore gemination in CP 
treated samples was 
significantly lower than in 
untreated ones after 4 h 
incubation.  

● CP presented high activity 
against the production of 
mycelial biomass, and high 
antifungal activity. 

Canadian 
blueberries 

MW (9 W; 2.45 
GHz) 

Argon (7 L/min) Background microflora 
(102 CFU/mL) 

Time:15, 30, 60 s; 
Fixed distance of (5, 7 
and 9 mm); Power: 5, 
7, 9 W; Temp.: 25 ◦C, 
RH 35%  

● Significant reduction in the 
total CFU on blueberries after 
30 and 60 s 

Bogdanov et al. 
(2018)  

● Maximum reduction observed 
at low power (5 and 7 W) for 
30s with an observable 
increase in m.o. at 60s in 
sample  

● Least deactivation obtained at 
the highest power, 9 W 

Cherries MW (9 W; 2.45 
GHz) 

Argon (7 L/min) Background microflora 
(101.3 CFU/mL) 

Time: 15, 30, 60 s; 
Power: 5, 7, 9 W; 
Temp.: 25 ◦C, RH 35%  

● Positive effects on the 
reduction of total CFU after 30 
and 60 s 

Bogdanov et al. 
(2018) 

Fresh-cut melon Direct DBD 
generator (15 
kV, 12.5 kHz) 

Atmospheric air 
(22 and 60% RH) 

Mesophilic bacteria (3.4 
log CFU/g) 
Psychrotrophic bacteria 
(2.5 Log CFU/g); 
Lactococci and lactobacilli 
(between 2 and 3 Log 

Fixed distance: 70 mm 
Temperature: 22 ◦C 
Time: 15 + 15 min and 
30 + 30 min with 4 
days storage  

● Control: no changes in the 
initial microbial population 

Tappi et al. (2016)  

● Highest reduction on 
mesophilic and lactic acid 
bacteria (3.4 and 2 log, 
respectively) at 30 + 30 min 
Time 
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Table 1 (continued ) 

Food matrix Plasma source Feed gas Initial microflora Treatment conditions Main outcomes References 

CFU/g) 
Yeasts (7.5 log CFU/g)  

● Less than 1 log reduction in 
psychotropic bacteria  

● On day 4 of storage, yeasts 
showed worst growth ability 
for all time (3.5 log CFU/g)  

● On storage, highest growth in 
mesophilic and 
psychrotrophic bacteria at 
7–7.8, 5.4–5.9, 7.3–7.6 log 
CFU/g in control, 15 + 15, 30 
+ 30 min samples, 
respectively  

● Spoilage microorganisms for 
15 + 15 min treatment 
showed the lowest growth 
ability after storage leading to 
significant increase of shelf- 
life of the melons 

Fresh-cut 
cantaloupe 
melon 

Double APPJ (8 
kV, 30 kHz) 

Helium–Oxygen E. coli type 1 and 
L. monocytogennes (109 

CFU/ml); 
S. cerevisiae and 
G. liquefaciens (108 CFU/ 
ml) 

Time: 0–40 s 
Temperature: ≤ 30 ◦C  

● 1.0 log CFU/ml reduction for 
S. cerevisiae; 1.5 log CFU/ml 
reduction for E. coli and 2.0 
log CFU/ml reduction for 
L. monocytogenes after 40 s 

Perni et al. (2008b)  

● Significant reduction of 
G. liquefaciens by 2.5 log CFU/ 
ml after 20s 

Cantaloupe peel Plasma-jet (295 
V, 22.5 kHz) 

Dry filtered air E. aerogenes B 199 A (7.29 
log CFU/63.64 cm2) 

Fixed distance: 7.7 cm; 
Time: 492 s; 
Temperature: ≤ 55 ◦C  

● 0.61 ± 0.78 log CFU/63.64 
cm2 reduction of E. aerogenes 

Bhide et al. (2017).  

● Decrease in microbial 
inactivation observed as 
surface roughness increased 

Cantaloupe (rinds) DBD Generator 
(17 kV) 

Aerosolized H2O2 S. typhimurium (~108 

CFU/mL); 
L. innocua (~108 CFU/ 
mL) 

Fixed distance: 9 mm 
Time: 10, 30 and 60 s 
Flow rate of H2O2: 5.0 
mL/min 
Air pressure: 7psi  

● Control: the load of 
S. typhimurium and L. innocua 
on the cantaloupe rinds was 
approx. 106 CFU/mL 

Song & Fan. (2020)  

● Inoculated S. typhimurium 
decreased by 2.48 log CFU/ 
piece) after 30 s Time, which 
was the best condition for 
reducing the bacteria for 
cantaloupe rinds.  

● Inoculated L. innocua reduced 
by > 5 logs 30s spray time  

● Significant higher reduction 
of L. innocua achieved by CP 
than S. typhimurium. 

Mango pericarp CAP- pen (16 kV 
and 30 kHz) 

Helium (5 lit 
min− 1) and 
Oxygen (25 ml/ 
min) 

E. coli, P. agglomerans, S. 
cerevisiae and 
G. liquefaciens (106 CFU/ 
cm2 each) 

Time: 2.5–10 with 16 
V voltage power  

● Control: No change in the 
initial microbial load 
observed  

● P. agglomerans, G. liquefaciens 
E. coli and S. cerevisiae 
reduced below detection limit 
after 2.5, 2.5, 5 and 10s, 
respectively 

Perni et al. (2008) 

Fresh-cut mango Double APPJ (8 
kV, 30 kHz) 

Helium–Oxygen E. coli type 1, 
L. monocytogennes (109 

CFU/ml); 
S. cerevisiae, 
G. liquefaciens (108 CFU/ 
ml) 

Time: 0–40 s w 
Temperature: ≤ 30 ◦C  

● Control: No change in the 
initial microbial load 
observed 

Perni et al. (2008b)  

● 2.5 log CFU/ml reduction of 
E. coli and L. monocytogenes 
after 30 s  

● 2.5 log CFU/ml reduction of 
S. cerevisiae after 40 s with 
significant difference of each 
Time  

● 2.0 log CFU/ml reduction of 
G. liquefaciens after 10 s 

Kumquat Intermittent CD 
plasma jet (8 kV 
DC, 2, 3 & 4 A) 

Atmospheric air Aerobic bacteria (3.46 log 
CFU/g); yeasts and molds 
(3.00 log CFU/g) 

Fixed distance: 60 mm 
Times: 10, 20, 30, 40, 
50, 60s 
Temperature: 25 ◦C  

● Control: No change in the 
initial microbial load 
observed 

(Puligundla et al., 
2018)  

● The maximum surface 
temperature achieved was 
35 ◦C.  

● Total microbial load reduced 
to 0.5–1.0 log CFU/g in 
0–120s treatment at 2 A 
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Table 1 (continued ) 

Food matrix Plasma source Feed gas Initial microflora Treatment conditions Main outcomes References  

● At 4 A, aerobic bacteria were 
below detectable limits within 
90s 

Strawberries Indirect ACP 
with DBD 
generator (70 
kV, 50 Hz) 

Atmospheric air Mesophilic bacteria, 
yeasts and molds (5.5 log 
CFU/sample) 
E. coli (4.4 log CFU/ 
sample); 
Salmonella typhimuriun 
(6.6 log CFU/sample); 
Listeria monocytogenes 
(7.3 log CFU/sample) 

Fixed distance: 
140–160 mm 
Time: 30, 45, 60, 
120 and 300s with post 
treatment of 24 h at 
room temperature.  

● Control: No change in the 
initial microbial load 
observed 

Ziuzina et al. 
(2014)  

● Highest reduction of E. coli 
achieved by 3.5 log 10 CFU/ 
sample after 300 s  

● Highest reduction of 
Salmonella app by 3.8 log 10 

CFU/sample after 300s  
● Significant reduction of L. 

monocytogenes by 4.2 log 10 

CFU/sample after 120 s and 
no difference after 300 s  

● 1.6 log10 reduction of 
mesophilic counts after 60 s, 
with no significant differences 
after 60 s.  

● 1.0 log10 CFU/sample 
decrease on yeasts and molds 
after 120s  

● After 24 h storage, mesophilic 
counts increased while yeasts 
and molds remained the same 
level 

Strawberries in PP 
package 

Indirect ACP 
with DBD 
generator (60 
kV, 50 Hz) 

Atmospheric air 
(42% RH) 

Total mesophilic counts 
(4.99 log CFU/g); 
Yeasts and molds (4.96 
log CFU/g) 

Time: 5 min followed 
by 24 h storage at 
10 ◦C 
Temperature: 25 ◦C at 
42% RH  

● Control: No change in the 
initial microbial load 
observed  

● Total mesophilic counts 
reduced up to 85% (2.4 log 
cycles) after 5 min  

● Yeasts and molds reduced up 
to 95% after min 

Misra, Moiseev, 
et al. (2014) 

Strawberries in 
MAP package 

Indirect ACP 
with DBD 
generator (60 
kV, 50 Hz) 

65% O2+16% 
N2+19% CO2 and 
90% N2+ 10% O2 

Total mesophilic counts 
(4.99 log10 CFU/g); 
Yeasts and molds (4.96 
log10 CFU/g) 

Time: 5 min and stored 
for 24 h (10 ◦C, 90% 
RH) 
Temperature: 22 ◦C  

● Control: slight reduction of 
total mesophilic bacteria after 
24 h storage; significant 
increase of yeast after 24 h 
storage. No reduction was 
observed for mold. 

Misra et al. (2014b)  

● At high N2 gas level total 
mesophilic counts and yeasts 
and molds reduced by 3.7 and 
3.3 log cycles after 5 min  

● Total mesophilic counts and 
yeasts and molds reduced by 
3.1 and 3.4 log cycles after 5 
min with high O2 level  

● Post-treatment storage 
showed no effect on microbes 

Strawberries Microwave 
power generator 
(9 W; 2.45 GHz) 

Argon Background microflora Time: 15, 30 and 60 s; 
Power: 5, 7, 9 W; 
Temperature: 25 ◦C, 
RH 35%  

● No observable microbial 
inactivation achieved 

Bogdanov et al. 
(2018) 

Fresh-cut 
strawberries 

DBD generator 
(45 kV) 

Atmospheric air Total aerobic bacterial 
count (TABC) (2.2 log 
CFU/g) 

Time:1 min and stored 
for a week at 4 ◦C 
Treatment Temp: 
20 ◦C  

● TABC count increased to 5.39 
log CFU/g after 7 days storage 
in control as opposed to 3.98 
log CFU/g in treated sample 
after 7 days storage. 

Li, Li, Han, et al. 
(2019) 

Strawberries Cold 
atmospheric gas 
plasma jet (CAP) 
(1 kHz) 

Nitrogen S. typhimurium (~105 

CFU/mL) 
Time: up to 15 min; 
Flow rate: 12 L/min 
Temperature: ≤35 ◦C  

● Control: load of 
S. typhimurium remained the 
same 

(Fernandez et al., 
2013)  

● The rate of inactivation of 
S. typhimurium wasn’t 
dependent on the growth 
phase, temperature and 
chemical treatment  

● Up to 1.76 log reduction on 
S. typhimurium after 15 min 

Strawberries MW (2.45 GHz, 
1.1 kW) 

Atmospheric air E. coli, P. marginalis, P. 
carotovorum, L. innocua, 
S. aureus, B. atrophaeus 
Nakamura, C. albicans 

Sample placed in a 
glass bottle at a fixed 
distance: 25 cm; Time: 
7s 
Gas temperature: 
4000 K  

● Control: No change in the 
initial microbial load 
observed 

Schnabel et al. 
(2015)  

● E. coli, P. marginalis, S. aureus 
showed a strong decrease for 
the first 5 min of post 
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Food matrix Plasma source Feed gas Initial microflora Treatment conditions Main outcomes References 

Post-treatment: bottle 
closed for 5, 10 and 15 
min 

treatment and then exhibited 
a flattened curve.  

● P. carotocorum and L. innocua 
a strong linear decrease 
observed for the first 10 min  

● Detection limit was achieved 
after 5 min of treatment with 
the fungus and after 10 min 
with P. carotovorum 

In-package 
strawberry (PET 
bags) 

Pilot-scale DBD 
generator (2.1 A; 
100 kV) 

Atmospheric air E. coli (~108− 9CFU/mL); 
L. innocua (~108− 9CFU/ 
mL); 
Background microflora 
(mesophilic bacteria, 
yeasts and mold) 

Time: 2.5 min in either 
static or continuous 
mode 
Storage condition: 24 
h at 4 ◦C 
Shelf life test 
condition: samples 
were stored at either 
4 ◦C or 10 ◦C for 1, 3, 7 
and 9 days  

● Control: a decrease in 
bacterial population by 1.0 
log unit was observed on day 
3, it then increased up to day 
9 at 4 ◦C; after 24 h storage at 
RT, the population of 
mesophilies significantly 
increased from 3.0 to 3.7 log 
CFU/sample. At 10 ◦C, the 
population of yeast and molds 
increased to 5.4 log CFU/ 
sample by day 9 of storage 

Ziuzina et al. 
(2020)  

● 2.0 log CFU/mL and 1.3 log 
CFU/mL reduction of E. coli 
and L. innocua respectively 
achieved in static mode  

● 3.8 log CFU/mL reduction of 
L. innocua for continuous  

● 1.8 and 0.8 log CFU/sample 
reduction for mesophilic 
bacteria in static and 
continuous modes, 
respectively.  

● 1.2 log CFU/sample yeasts 
reduction for both modes  

● Continuous treatment 
combined with storage at 4 ◦C 
decreased mesophilies to 2.9 
log CFU/sample on day 1 but 
no significant reduction on 
day 9 of storage.  

● 4.5 log CFU/sample was 
observed for CP treated 
samples after 9 days storage at 
10 ◦C. 

Mandarin CPT system with 
microwave 
power generator 
(2.45 GHz, 900 
W) 

Nitrogen, N2 & O2 

mixture (4:1) 
P. italicum Plasma power: 400, 

650, 900 W; Time: 2, 5, 
10 min followed by 
storage for 7 days 
(25 ◦C) and 35 days 
(4 ◦C) at 90–98% RH  

● Initial surface temperature of 
the control samples was 23 ◦C 
and did not exceed 32 ◦C after 
CPT 

Won, Lee & Min 
(2017)  

● The disease incidence was 
96.6%, 85.0% and 16.0% at 
400, 650 and 900 W, 
respectively after 10 min 

Orange peel Plasma-jet (295 
V, 22.5 kHz) 

Dry filtered air E. aerogenes B 199 A (6.18 
log CFU/63.64 cm2) 

Fixed distance: 7.7 cm; 
Time: 492 s; 
Temp: ≤ 55 ◦C 

● Control: No change in the 
initial microbial load observed 

Bhide et al. (2017). 

● 0.77 ± 0.86 log CFU/63.64 
cm2 reduction of E. aerogenes 
achieved 

Grape in package DBD generator 
(15 kV, 30 kHz) 

Air gas Fungi (2.07 Log CFU/g) Grapes stored in 
plasma treated air 
package up to 10 days  

● On 12 h storage, fungi colony 
dropped to 0.7 Log CFU/g 

Moon et al. (2016)  

● The growth of fungi was 
obstructed during storage;  

● Storage quality was improved 
Fresh-cut Pitaya 

fruits (pre- 
packaged with 
polypropylene 
film) 

DBD generator 
(60 kV) 

Atmospheric air Total aerobic bacterial 
account (~5.7 log10 CFU/ 
kg) 

Time: 5min followed 
with up to 48 h of 
storage duration at 
15 ◦C  

• Control: gradual increase in 
the total aerobic bacterial 
count observed during storage 

Li, Li, Han, et al. 
(2019)  

• Total aerobic bacterial counts 
were immediately reduced and 
inhibited after CP treatment 
compared to controls  

● Total aerobic bacterial counts 
were increased but 
significantly lower than the 
control samples after 12 h  
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Table 2 
Overview of studies researching on microbial inactivation of Ready-to-Eat (RTE) vegetables by cold plasma technology.  

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

Cherry tomatoes Indirect ACP 
with DBD 
generator (70 kV, 
50 Hz) 

Atmospheric 
air 

Background 
microflora (log10 

CFU/sample); 
E. coli (3.1 log10 CFU/ 
sample); 
S. typhimurium (6.3 
log10 CFU/sample); 
L. monocytogenes (6.7 
log10 CFU/sample) 

Fixed distance: 140–160 
mm 
Time: 10, 30, 45, 60, 120 
and 300s with post time of 
24 h at room temperature  

● Control: No change in the 
initial microbial load 
observed 

(Ziuzin, Patil, 
Cullen, Keen & 
Bourke, 2014)  

● Yeasts and molds reduced 
to undetectable level after 
120s; aerobic mesophilic 
counts significantly 
reduced by 4.2 ± 0.8 log10 

CFU/sample after 120s 
and further reduced to 
undetectable level after 
300s  

● S. typhimurium reduced to 
undetectable level after 
10s  

● E. coli and 
L. monocytogenes reduced 
after 45s by 2 and 4.5 
log10 CFU/sample, and to 
undetectable levels after 
60 and 120s, respectively 

Cherry tomatoes Indirect 
microwave 
driven discharge 
(2.45 GHz, 1.2 
kW) 

Atmospheric 
air 

Total mesophilic 
aerobes count (TMA) 

Time: 2.5, 5 and 10 min 
Temperature: 23 ◦C  

● Control: No change in the 
initial microbial load 
observed  

● 3.3 log reduction for the 
treated samples after 5 
min; no colony-forming 
units after 10 min. 

Baier, Ehlbeck, 
Knorr, Herppich, 
and Schlüter (2015) 

Cherry tomatoes SDBD (7 kV, 1 A) Atmospheric 
air 

Salmonella; 
Shiga toxin- 
producing E. coli; 
L. monocytogenes 

Fixed distance: 10 mm 
Time: 4 and 10 min  

● Control: No change in the 
initial microbial load 
observed  

● 1 and 2 log CFU/ml 
reduction after 4 and 10 
min treatment, 
respectively observed in 
Salmonella 

Timmons et al. 
(2018) 

Cocktail tomatoes Atmospheric 
pressure cold 
plasma (APCP) 
discharges (3.95 
kV–12.83 kV, 60 
Hz) 

Argon Pathogenic strain 
E. coli (107 CFU/mL) 

Time: from 30 s up to 10 
min 
Treatment condition: 
voltage from 3.95 kV to 
12.83 kV  

● Control: No change in the 
initial microbial load 
observed 

Bermúdez-Aguirre 
et al. (2013)  

● Significant log reduction 
of E. coli with respect to 
the processing time  

● 0.5 log reduction at 6.9 kV 
and 1.7 log reduction after 
10 min at 12.83 kV 

Cherry tomatoes (in 
cryovac film package) 

Indirect ACP 
with DBD 
generator (60 kV, 
50 Hz) 

Ambient air 
inside the 
package 

Fungal Fixed distance: 2.2 cm; 
Times: 30, 60, 180, 300 s 
Storage time: up to 13 
days at 20 ◦C with 60% 
RН; 
Temperature: 22 ◦C with 
45% RН  

● Control: on day 13, fungal 
growth was observed on 
the control sample 

Misra, Keener, et al. 
(2014)  

● No visual fungal growth 
detected on any tomatoes 
in all Time 

Cherry tomato Continuous and 
intermittent 
CDPJ with CD 
generator (8 kV, 
20 k Hz; 2–4 A) 

Ambient air at 
atmospheric 
pressure 

Aerobic and coliform 
bacteria, 
Yeasts and molds 
(2.49–3.05 log CFU/ 
g) 

Fixed distance: 60 mm 
Time: 0, 20, 40, 60, 80, 
100 and 120 s 
Temperature: 25 ◦C  

• Control: No change in the 
initial microbial load 
observed 

Lee et al. (2018)  

• 0.68–1.02 log CFU/g at 2.0 
A, 1.42–1.71 log CFU/g at 
3.0 A and 2 log CFU to non- 
detectable levels at 4.0 A 
reduction in microbial load 
in 2 min  

• A 10-15-day storage life 
observed in treated sam-
ples as opposed to 6 days 
for untreated controls 

Tomatoes APPJ (5–12 kV, 
5–13 kHz) 

99%Argon 
mixed with 1% 
oxygen 

C. fulvum Time: 1–300 s  ● Control: No change in the 
initial microbial load 
observed  

● The inactivation efficiency 
is highly dependent on the 
plasma density and Time  

● At fixed frequency, the 
higher the voltage applied, 

Lu et al. (2014) 

(continued on next page) 

L. Mao et al.                                                                                                                                                                                                                                     



Trends in Food Science & Technology 116 (2021) 146–175

156

Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

the higher the inactivation 
ability of C. fulvum from 
10 to 60 s. 

Cherry Tomato Microwave 
powered clod 
plasma 
(400–900 W) 

Helium, He- 
oxygen 
mixture 

Salmonella (6.0 ± 0.3 
log CFU/tomato) 

Time: 2–10 min 
Flow rate: 1 L/min 
Storage condition: 28 
days at 5 ◦C or 10 days at 
25 ◦C  

● Control: Salmonella count 
on untreated samples 
stored at 5 ◦C decreased to 
3.3 log CFU/tomato 

Kim and Min (2017)  

● The maximum surface 
temperature change was 
3.5 ◦C  

● Greatest reductions 
achieved using He and 
He–O2 mixture at 827 W 
for 9 min (3.5 log CFU/ 
tomato)  

● The N of Salmonella was 
below detection for 5 ◦C/ 
28 days samples. 

Tomato Radio frequency 
power generator 
(13.56 MHz, 600 
W) 

Oxygen gas S. typhimurium Time: Up to 800 s  ● Control: No change in the 
initial microbial load 
observed 

Zhang et al. (2013)  

● After 600 s treatment, 2.2 
log CFU reduction 
achieved 

Grape tomato DBD Generator 
(17 kV) 

Aerosolized 
H2O2 

S.Typhimurium (~108 

CFU/mL); 
L. innocua (~108 

CFU/mL) 

Fixed distance: 9 mm 
Time: 5, 8 and 10 s 
Flow rate of H2O2: 5.0 
mL/min 
Air pressure: 7psi  

● Control: the load of S. 
Typhimurium and L. 
innocua on the grape 
tomato was approx. 106 

CFU/mL. 

Song & Fan (2020)  

● S.Typhimurium decreased 
below detection limit after 
8 s treatment.  

● L. innocua reduced by 
more than 5 logs after 8s 
spray time 

Radicchio Air DBD 
generator (15 kV, 
12.5 kHz) 

Atmospheric 
air 

E. coli O157:H7 
L. monocytogenes (108 

CFU/mL) 

Fixed distance: 70 mm; 
Time: 15 and 30 min; 
Temp: ~22 ◦C; Storage: 3 
days, 4 ◦C  

● Control: No change in the 
initial microbial load 
observed 

(Pasquali et al., 
2016)  

● L. monocytogenes reduced 
after 30 min by 2.20 log 
CFU/cm2  

● E. coli O157:H7 reduced 
by 1.35 log CFU/cm2 after 
15 min  

● Gram positive bacteria 
were less susceptible to 
cold plasma treatment 

Radicchio DBD generator 
(19.15 V and 
3.15 A) 

Atmospheric 
air 

Verotoxin-producing 
E. coli and 
L. monocytogenes 

Time: 0 and 15 min  ● Control: no reduction in 
the initial population of 
inoculated verotoxin- 
producing E. coli & 
L. monocytogenes  

● 2.69 mean log CFU/cm2 

reduction after treatment 
in E. coli.  

● Limited efficacy against 
L. monocytogenes observed 

(Trevisani et al., 
2017) 

Tomato-lettuces mixed 
salad 

DBD generator 
(35 kV, 1.1 kHz) 

Atmospheric 
air 

Cross contamination 
of Salmonella in 
lettuce tomato salad 

Time: 3 min  ● With contaminated lettuce 
counterparts, significant 
log reduction of Salmonella 
observed on tomatoes 
compared to lettuce 

(Hertrich et al., 
2017)  

● With tomatoes as the 
contaminated counterpart, 
no significant log 
reduction of Salmonella 
observed on lettuce while 
significant log reduction 
on mixed salad and tomato  

● Inactivation was 
significantly more 
effective when lettuce was 
the contaminated 
counterpart in salad 

Lettuce Nitrogen 
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Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

Cold atmospheric 
gas plasma jet 
(CAP) (1 kHz) 

S. typhimurium (~105 

CFU/mL) 
Time: up to 15 min 
Flow rate: 12 L/min 
Temperature: ≤ 35 ◦C  

● Control: No change in the 
initial microbial load 
observed  

● The rate of inactivation of 
S. typhimurium not affected 
by growth phase, 
temperature and chemical 
treatment  

● Maximum of 2.72 log 
reduction of 
S. typhimurium after 15 
min 

(Fernandez et al., 
2013) 

Lettuce Micromave- 
powered cold 
plasma with MW 
generator (2.45 
GHz, 50–1000 
W) 

Nitrogen; 
Helium- 
oxygen 
mixture 

S. typhimurium (~108 

CFU/mL); 
L. monocytogenes (108 

CFU/mL) 

Treatment condition: 
nitrogen for 
S. typhimurium 
inactivation; helium- 
oxygen for 
L. monocytogenes 
inactivation 
Time: 1–10 min  

● Control: No change in the 
initial microbial load 
observed 

Lee et al. (2015)  

● The temperature increased 
to 30.6 ◦C and 23.4 ◦C by 
the CPT with N2 and the 
He–O2 mixture 
respectively.  

● At 900 W, 1.5 log CFU/g 
reduction of 
S. typhimurium on lettuce 
after 10 min by using 
nitrogen gas  

● The optimum treatment 
power for L. monocytogenes 
inactivation was 400 W 
with 1.8 log reduction 

Romaine lettuce Atmospheric 
pressure cold 
plasma (APCP) 
discharges (3.95 
kV–12.83 kV, 60 
Hz) 

Argon Pathogenic strain 
E. coli (107 CFU/mL) 

Time: from 30 s up to 10 
min 
Treatment condition: 
3.95 kV–12.83 kV  

● Control: No change in the 
initial microbial load 
observed  

● Significant reduction of 
E. coli by 1.6 log CFU/g at 
12.83 kV for 10 min 

(Bermúdez-Aguirre 
et al., 2013) 

Butterhead lettuce CAP (70 kV, 50 
Hz) 

Atmospheric 
air 

E. coli O157:H7 (104 

CFU/mL) 
Time: 15, 30, 60 and 90 s  ● Less than 1 log CFU/mL 

reduction after 15 s 
treatment 

(Millan-Sango et al., 
2015)  

● 1.5 log CFU/mL reduction 
on the lettuce samples 
after 60 and 90 s 

Bulk romaine lettuce in 
package 

DBD generator 
(42.6 kV, 1.5 A) 

Atmospheric 
air within the 
package 

E. coli O157:H7 (~5.4 
log CFU/g) 

Fixed distance: 50 mm; 
Time: 10 min 
Temperature: 25.5 ◦C; 
22% RH  

● 0.4–0.8 log CFU/g 
reduction on 1-, 3- and 5- 
layer configuration  

● 0.9–1.1 log CFU/g 
reduction on the top layer 
of the samples for 7 layers 
configuration 

(Min et al., 2017a) 

Romaine lettuce in PET 
package during storage 

DBD generator 
(34.8 kV, 1.1 
kHz) 

Atmospheric 
air 

E. coli O157:H7 (~6 
log CFU/g), 
Total mesophilic 
microorganisms, 
yeasts and mold 

Time: 5 min 
Temperature: 24.5 ◦C; 
Storage condition: 7 days 
at 4 ◦C, 97–100% RH  

● 0.8–1.5, 0.7–1.9 and 
0.9–1.7 log CFU/g 
reduction of E. coli O157: 
H7, total mesophilic 
microorganisms, yeasts 
and mold during storage 

(Min et al., 2017b)  

● Significant increase in 
inactivation of E. coli 
O157:H7 by combining CP 
treatment and lower 
temperature 

Romaine lettuce in 
package 

DBD generator 
(34.8 kV, 1.1 
kHz) 

Atmospheric 
air, O2–N2 

mixture 

E. coli O157:H7 (5.8 
log CFU/g); 
Salmonella (6.5 log 
CFU/g); 
L. monocytogenes (6.0 
log CFU/g); 
Tulane virus (TV) 
(~2 log PFU/g) 

Time: 5 min 
Storage condition: 4 ◦C for 
24 h  

● Control: E. coli O157:H7 
and L. monocytogenes 
increased by 1 log CFU/g 
while Salmonella 
decreased by 1.2 log CFU/ 
g after 24 h at 4 ◦C 

Min et al. (2016)  

● E. coli O157:H7, 
Salmonella, 
L. monocytogenes and TV 
were inhibited by 1.1, 0.4, 
1.0 and 1.3 log CFU/g, 
respectively  

● Reduced O2 MAP 
attenuated inhibition rate 
achieving a further 0.6 log 
CFU/g reduction 
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Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References  

● Packaging type or 
moisture vaporization had 
no significant impact on 
inactivation  

● Post-treatment storage 
was positively affected by 
reduced-oxygen MAP on 
E. coli, L. monocytogenes 
and TV 

Lettuce Cold Oxygen 
Plasma 
(1200–1250 μW 
s/cm2) 

Ozone S. typhimurium and 
cultivable indigenous 
micro-organisms 
(CIM) and their 
mixtures (7–8 CFU/ 
ml each) 

Time: 50 s 
Distance: 9.5 cm  

● Microbial count reduced 
to 1.7, 1.62 and 1.78 log 
CFU/ml after treatment 

(Jahid et al., 2015) 

Lettuce Cold Oxygen 
Plasma 
(1200–1250 μW 
s/cm2) 

Ozone Aeromonas hydrophila Time: 5 min 
Distance: 9.5 cm 
Temperature: < 32.5 ◦C  

● 5-log, > 5 log and >7 log 
reduction observed after 5, 
10 and 15s treatment in 
planktonic cells  

● Maximum mean 3.9 log, 
3.2 log and 3.0 log 
reduction observed in 
biofilms after 5 min at 20, 
25 and 30 ◦C 

Jahid, Han, and Ha 
(2014) 

Lettuce DBD generator 
(80 kV) 

Air S. typhimurium (6.5 ±
0.4 log10 CFU/ 
sample), 
L. monocytogenes (6.0 
± 0.2 log10 CFU/ 
sample) and E. coli 
(5.6 ± 0.1 log10 CFU/ 
sample) 

Experimental design: 
types of inoculations – 1) 
bacteria inoculated 
lettuce 2) bacteria 
inoculated lettuce 
incubated at room 
temperature in light, at 
4 ◦C in light and at 4 ◦C in 
dark for 24 and 48 h 
Time: 300s 
Storage time: 24 h at 4 ◦C  

● After 300s, bacterial 
counts reduced by 2.4, 2.3 
and 3.3 log10 CFU/sample 
for Salmonella, L. 
monocytogenes and E. coli 
in bacteria inoculated 
lettuce 

Ziuzina et al. (2015)  

● Bacteria inoculated lettuce 
incubated at room 
temperature for 24 h had a 
4.0, 3.5 and 3.0 log10 

CFU/sample reduction in 
Salmonella, L. 
monocytogenes and E. coli 
respectively as opposed to 
a 1.8, 1.6 and 1.6 log10 

CFU/sample reduction in 
biofilms of the same after 
48 h  

● For samples incubated at 
4 ◦C in light, no significant 
decrease observed for 24 h 
but a 3.4 and 3.3 log10 

CFU/sample reduction in 
L. monocytogenes and 
E. coli for 48 h  

● Samples incubated for 24 
and 48 h in dark at 4 ◦C 
exhibited a 4.1, 3.8, 3.0 
and 5.1, 4.5 and 4.0 log10 

CFU/sample in Salmonella, 
L. monocytogenes and 
E. coli respectively  

● Control: Untreated 
samples had a 
L. monocytogenes and 
E. coli population of 6.5 
and 5.3 log CFU/sample 

Lettuce DBD generator 
(400 and 900 W) 

Nitrogen, 
N2–O2 

mixture, He 
and He–O2 

E. coli and 
S. typhimurium (~5.5 
log CFU/g lettuce 
each) 

Time: 1–10 min  ● N2, N2–O2 mixture, He and 
He–O2 mixture resulted in 
2.0, 1.6, 1.5 and 0.2 log 
CFU/g reduction for E. coli 
and 2.2, 2.0, 0.2 and 0.2 
log CFU/g reduction in 
S. typhimurium 

Song et al. (2015) 

Lettuce Cold Oxygen 
Plasma (2.54 
mW/cm2) 

Oxygen L. monocytogenes 
(5.87 log CFU/cm2) 

Time: 5 min each side 
Temperature: ≤ 32.5 ◦C  

● Control: No change 
observed  

● 3.85 log CFU/cm2 log 
reduction achieved 

Srey et al. (2014) 

Lamb’s lettuce MW (2.45 GHz, 
1.1 kW) 

Atmospheric 
air 

E. coli, P. marginalis, 
P. carotovorum, L. 

Sample placed in a glass 
bottle at a fixed distance:  

● Control: No change 
observed 

(Schnabel et al., 
2014) 
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Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

innocua, S. aureus, B. 
atrophaeus Nakamura, 
C. albicans 

25 cm; Time: 7s; Gas 
temperature: 4000 K 
Post-treatment: bottle 
closed for 5, 10, 15 min  

● P. marginalis and 
C. albicans showed the 
greatest reduction after 5 
min post treatment with 
5.8 and 3.9 log-step 
reductions  

● E. coli and P. carotovum 
showed linear inactivation 
till the detection limit after 
15 min  

● S. aureus showed a linear 
decrease till 10 min and 
then flattened 

Lettuce Radio frequency 
power generator 
(13.56 MHz, 600 
W) 

Oxygen gas S. typhimurium Time: Up to 800 s  ● Control: No change 
observed 

Zhang et al. (2013)  

● After 600s treatment, 2.7 
log CFU reduction 
achieved 

Romaine lettuce (upper 
leaves & midrib 
tissues) 

DBD Generator 
(17 kV) 

Aerosolized 
H2O2 

S. typhimurium (~108 

CFU/mL); 
L. innocua (~108 

CFU/mL) 

Fixed distance: 9 mm 
Time: 10, 20, 30 and 60 s 
Flow rate of H2O2: 5.0 
mL/min 
Air pressure: 7psi  

● Control: the load of 
S. typhimurium and 
L. innocua on the lettuce 
leaves and midrib was 
approx. 105 and 106 CFU/ 
mL 

Song & Fan (2020)  

● Significant (~3 log) 
reduction in 
S. typhimurium after 20s, 
and further reduction after 
30 s  

● Inoculated L. innocua was 
reduced by more than logs 
after 30 s spray time.  

● Higher reduction of 
L. innocua by CP activated 
H2O2 than S. typhimurium. 

Cabbage Cold Oxygen 
Plasma (2.54 
mW/cm2) 

Oxygen L. monocytogenes 
(5.85 log CFU/cm2) 

Time: 5 min each side 
Temp: ≤ 32.5 ◦C  

● Control: No change 
observed  

● 4.09 log CFU/cm2 

reduction achieved 

Srey et al. (2014) 

Cabbage Microwave- 
powered cold 
plasma with MW 
generator (2.45 
GHz, 50–1000 
W) 

Nitrogen; 
Helium- 
oxygen 
mixture (He: 
O2 = 99.8:0.2) 

S. typhimurium (~108 

CFU/mL); 
L. monocytogenes (108 

CFU/mL) 

Treatment condition: 
nitrogen for 
S. typhimurium 
inactivation; helium- 
oxygen for 
L. monocytogenes 
inactivation 
Time: 1–10 min 
Flow rate: 20 L/min  

● Control: initial 
temperature of cabbage 
was 21.0 ◦C; no reduction 
observed in the initial load 
of inoculated L. 
monocytogenes 

Lee et al. (2015)  

● The temperature was 
increased to 29.5 ◦C and 
25.8 ◦C by the CPT with N2 

and the He–O2 mixture 
respectively.  

● At 400–900 W, 0.3–2.1 log 
CFU/g reduction of 
L. monocytogenes 
inactivated in 1–10 min 
range  

● At 900 W, 1.5 log CFU/g 
reduction of 
S. typhimurium for 10min, 
for N2 

Packaged Spinach Atmospheric, 
non-equilibrium 
cold plasma 
(ANCP) 

Air or oxygen E. coli O157:H7 (5.40 
log CFU/mL); 
Spoilage organisms 

Time: 5 min 
Storage condition: 0.5.2 
and 24 h at 5 ◦C 
Temperature: from 
27.0 ◦C to 50.3 ◦C  

● Temperature change was 
0.1 ◦C after CPT. 

Klockow and Keener 
(2008)  

● Reduction of spoilage 
organisms and E. coli 
O157:H7 observed in all 
samples after plasma 
treatment and cold storage  

● A high concentration of 
ozone and nitrous oxides 
produced by oxygen as 
feeding gas mainly 
responsible for 
decontamination 
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Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

Spinach Radio frequency 
power generator 
(13.56 MHz, 600 
W) 

Oxygen gas S. typhimurium Time: Up to 800 s  ● Control: No change 
observed  

● After 600 s treatment 
microbial count dropped 
from 6.25 to 3.25 log CFU 

Zhang et al. (2013) 

In-package spinach (PET 
bag) 

Pilot-scale DBD 
generator (2.1 A; 
100 kV) 

Atmospheric 
air 

E. coli (~108− 9CFU/ 
mL); 
L. innocua 
(~108− 9CFU/mL); 
Background 
microflora 
(mesophilic bacteria, 
yeasts and mold) 

Time: 2.5 min in either 
static or continuous mode 
Storage condition: 24 h at 
4 ◦C 
Shelf life test condition: 
samples were stored at 
either 4 or 10 ◦C for 1, 3, 7 
and 9 days  

● Control: No change 
observed 

Ziuzina et al. (2020)  

● 2.2 log CFU/mL and 1.7 
log CFU/mL reduction for 
E. coli and L. innocua 
respectively after static 
mode.  

● 1.1 and 0.6 log CFU/ 
sample reduction of 
mesophilic bacteria and 
yeasts respectively after 
static mode.  

● 0.3 log CFU/mL reduction 
of mesophilic bacteria and 
no reduction of yeasts/ 
mold in continuous mode 

Carrots Indirect 
microwave 
driven discharge 
(2.45 GHz, 1.2 
kW) 

Atmospheric 
air 

Total mesophilic 
aerobes count (TMA); 
E. coli (108 CFU/mL) 

Treatment: exposure 
chamber with plasma 
processed air 
Time: 2.5, 5, 10 min; 
Temperature: ~23 ◦C  

● Control: No change in 
microbial load 

Baier, Janßen, et al. 
(2015)  

● Highest inactivation of 
total mesophilic aerobic 
count (TMA) with 5.2 log 
cycles after 5 min  

● Significant inactivation of 
E. coli with 5.3 log cycles 
after 2.5 min  

● Full inactivation of E. coli 
after 5 min 

Carrots Atmospheric 
pressure cold 
plasma (APCP) 
discharges (3.95 
kV–12.83 kV, 60 
Hz) 

Argon Pathogenic strain 
E. coli (107 CFU/mL) 

Time: from 30 s up to 10 
min 
Treatment condition: 
voltage from 3.95 kV up 
to 12.83 kV  

● Control: No change 
observed  

● < 0.5 log reduction of 
E. coli on carrot samples 
after 10 min  

● The porous structure of 
carrots reduced the 
efficacy of cold plasma 

Bermúdez-Aguirre 
et al. (2013) 

Carrot slices Plasma microjet 
(PMJ) (30 mA, 
500 V) 

Air Salmonella sp. (105 

CFU) 
Time: 1–4 s 
Temperature: 30–45 ◦C  

● Control: inactivation rate 
was 0%  

● 90 and 100% inactivation 
achieved after 0.5 and 4s 
respectively 

Wang et al. (2012) 

Carrot MW (2.45 GHz, 
1.1 kW) 

Atmospheric 
air 

E. coli, P. marginalis, 
P. carotovorum, L. 
innocua, S. aureus, B. 
atrophaeus Nakamura, 
C. albicans 

Sample placed in a glass 
bottle at a fixed distance: 
25 cm; Time: 7s; Gas 
temperature: 4000 K 
Post-treatment: bottle 
closed; 5, 10 15 min  

● Control: No change 
observed 

Schnabel et al. 
(2015)  

● P. marginalis and 
C. albicans showed the 
greatest reduction after 5 
min  

● E. coli and P. carotovum 
showed linear inactivation 
till the detection limit after 
15 min  

● S. aureus showed a linear 
decrease till 10 min and 
then flattened 

In-package fresh-cut 
carrot (PP packaged) 

DBD generator 
(120 V, 60 Hz) 

Atmospheric 
air 

Background 
microflora (aerobic 
bacteria counts, yeast 
and mold) (~1010 

CFU/mL) 

Time: 1, 2, 3, 4 and 5min 
followed by 24 h storage 
time at 8 ◦C and 90% RH. 
Treatment voltage: 60, 80 
and 100 kV 
Temperature: 22 ◦C 
RH:65.5%  

● Control: No change 
observed 

Mahnot et al. (2020)  

● Reduction of total 
mesophiles, yeasts and 
mold were observed after 
all three different voltage 
condition of the CP 
treatment  

● Maximum of 2.1 log CFU/ 
g reduction for total 
mesophiles, yeasts and 
mold was achieved after 5 
min at 100 kV. 

Cucumber slices Plasma microjet 
(PMJ) (30 mA, 
500 V) 

Air Salmonella sp. (105 

CFU) 
Time: 1–4 s 
Temperature: 30–45 ◦C  

● Control: 0% inactivation 
rate 

Wang et al. (2012) 
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Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References  

● 60, 80, >90% inactivation 
achieved after 0.5, 1 and 
4s respectively 

Cucumbers Indirect 
microwave 
driven discharge 
(2.45 GHz, 1.2 
kW) 

Atmospheric 
air 

Total mesophilic 
aerobes count (TMA); 

Time: 2.5 min, 5 min and 
10 min 
Temperature: approx. 
23 ◦C  

● Control: No change 
observed 

Baier, Janßen, et al. 
(2015)  

● Lower and gradual 
reduction of TMA on the 
surface with 1.2 and 1.5 
log cycles after 5 and 10 
min respectively 

Cucumbers APPJ (8 W, 2–6 
kV, 1.1 MHz) 

Argon and 
0.1% oxygen 

E. coli (108 CFU/mL) 
L. innocua (108 CFU/ 
mL) 

Condition: fixed power at 
8 W with argon flow rate 
of 5 L/min; Time: up to 
60s; Temperature: 
~23 ◦C; Fixed 
distance:17 mm  

● Pronounced reduction of 
E. coli and L. innocua 
within the first 20 s 

Baier et al. (2014)  

● Highest inactivation 
efficiency with 4.7 ± 0.4 
log reduction on the 
cucumbers after 60 s Time 

Corn salad leaves Atmospheric 
pressure plasma 
jet (APPJ) with 
radio frequency 
(27.12 MHz) 

Argon 
(99.999%) 

E. coli (107 CFU/mL 
and 104 CFU/mL) 

Treatment condition: 1, 2 
and 4 min. 
Argon flow rate of 20 L/ 
min; generator power at 
10, 20, 30 and 40 W  

● Control: No change 
observed 

Baier et al. (2013)  

● At 10 W, leaf surface 
temperature was 37, 39 ◦C 
after 1 and 2 min; after 4 
min the temperature 
returned to 37 ◦C  

● At 20 W, the maximum 
surface temperature of leaf 
was 44.4 ◦C and then 
declined to 41 ◦C after 2 
min.  

● At 20 W, E. coli with 104 

CFU/mL initial load was 
inactivated by 3.6 log 
cycles within 15 s; E. coli 
with 107 CFU/mL initial 
load was reduced by 2.1 
log cycles after 30 s 

Corn salad leaves APPJ (8 W, 2–6 
kV, 1.1 MHz) 

Argon and 
0.1% oxygen 

E. coli (108 CFU/mL) 
L. innocua (108 CFU/ 
mL) 

Argon flow rate: 5 L/min; 
Time: up to 60s; 
Temperature: ~23 ◦C; 
Fixed distance: 17 mm  

● Control: E. coli ~5.5 log 
CFU/mL 

(Baier et al., 2014)  

● Leaf surface temperature 
increased from 22 ◦C to 
35.5 ◦C after 8 s; and to 
43.2 ◦C after 60 s.  

● Pronounced reduction of 
E. coli and L. innocua 
within the first 20 s  

● 4.1 log reduction on leaves 
after 60 s 

Corn salad leaves APPJ (8 W, 2–6 
kV, 1.1 MHz) 

Argon and 
0.1% oxygen 

Shiga toxin- 
producing E. coli 
O104:H4 (105–108 

CFU/mL); 
E. coli O157:H7 
(105–108 CFU/mL); 
E. coli DSM 1116 
(105–108 CFU/mL) 

Argon flow rate of 5 L/ 
min 
Time: up to 2 min 
Fixed distance: 5 and 17 
mm  

● Control: No change 
observed 

(Baier et al., 2015a)  

● At 5 mm distance, 4.5 log 
reduction for E. coli O157: 
H7 after 60 s; 4.6 and 4.4 
log reduction for E. coli 
O104:H4 and E. coli DSM 
1116 respectively after 30 
s.  

● At 17 mm distance, 3.1 
and 3.2 log reduction for 
E. coli O104:H4 and E. coli 
O157:H7 respectively 
after 60 s 

Fresh-cut Radish sprouts Microwave 
generator (900 
W; 667 Pa; 2.45 
GHz) 

Nitrogen gas S. typhimurium (~104 

CFU/g); 
Total mesophilic 
aerobes (~107 CFU/ 
g) 

Time: 0, 2, 5, 10 and 20 
min 
N2 gas flow rate: 1 L/min 
Storage time (for 10 min 
treatment only): 12 days 
at 4 and 10 ◦C  

● Control: no reduction of 
total mesophilic aerobes 
and S. typhimurium; 
S. typhimurium decreased 
from 4.4 ± 0.5 2.4 and to 
2.8 log CFU/g for 12 days 
storage at 4 and 10 ◦C 
respectively 

Oh et al. (2017)  

● Significant reduction of 
total mesophilic aerobes 
after 10 and 20 min CPT 
(6.5 and 6.4 log CFU/g).  

● Highest reduction of 
S. typhimurium by 2.6 log 
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6.2.3. Oranges 
In a study conducted on mandarins using microwave generated 

plasma at different wattage, an 84% reduction in the disease incidence 
for P. italicum was obtained on mandarins after 10 min at 900 W treat-
ment using nitrogen and oxygen mixture to produce plasma as opposed 
to 11% at 650 W (Won, Lee, & Min, 2017). Orange peels when treated 
with plasma showed a limited reduction (<1 log CFU/63.64 cm2) in the 
population of Enterobacter sp even after 8 min treatment (Bhide et al., 
2017). 

6.2.4. Strawberries 
Efficacy of cold plasma in inactivating microorganisms on straw-

berries and extending shelf life seems to have received the greatest in-
terest owing to the extremely short shelf life of the fruit. Given the 
increase in surface roughness, generally a longer treatment time was 
needed as compared to other fruits. Ziuzina et al. (2014) reported a 3.5, 
3.8 and 4.2 log CFU/sample decrease in colonies of E. coli, Salmonella 
app and L. monocytogenes, respectively, after a 5 min treatment using 
atmospheric air generated plasma whilst 1.0–1.5 log CFU/ml reduction 
was obtained on the mesophilic and yeast and mold counts in less than 
120s. In another study, Schnabel et al. (2015), recorded that straw-
berries in glass bottle treated for 7s and kept enclosed showed a linear 
decrease in the populations of E. coli and P. marginalis, S. aureus over the 
first 5 min of post treatment and before exhibiting a flattened curve 
whereas P. carotocorum and L. innocua colonies decreased in number for 
10 min linearly before flattening. The detection limit of the fungal col-
onies was achieved after 5 min. Strawberries treated in PP packages with 
plasma generated using atmospheric air with a 42% humidity resulted in 
a 2.4 log reduction in the mesophilic counts in 5 min with a 95% 
decrease in yeasts and molds in a minute (Misra, Keener, Bourke, Mos-
nier, & Cullen, 2014). Ziuzina et al. (2020), studied the effect of 2.5 min 
plasma treatment in the static and continuous mode on strawberries in 
PET bags and documented an increased reduction in the continuous 
mode vs the static mode - 3.8 vs 1.3 and 1.8 vs 0.8 log CFU/ml for 
L. innocua and mesophilic bacteria. In fresh cut strawberries treated with 
atmospheric air generated plasma for a min and stored at 4 ◦C for a week 
the total aerobic bacterial count was found to be 3.98 log CFU/g as 
opposed to 5.39 log CFU/g in the control (Li, Li, Han, et al., 2019). 
Strawberries treated with plasma generated using nitrogen showed a 
maximum of 1.76 log reduction of S. Typhimurium after 15 min treat-
ment. The treatment temperature and the growth phase of the micro-
organisms did not affect the rate of inactivation (Fernandez, Noriega, & 
Thompson, 2013). Treatment times of up to 1 min using argon generated 
plasma had no observable microbial inactivation on strawberries 
whereas plasma generated using a mixture of oxygen and nitrogen and 
stored in MAP containing the two gases in varying concentrations 
showed an increased reduction in total mesophilic counts (3.7 vs 3.1 log 

cycles) in nitrogen rich packaging. The inactivation of yeasts and molds 
was not improved in either of the gas combinations and was ~3.3 log 
cycles (Bogdanov et al., 2018; Misra, Keener, et al., 2014). 

6.3. Fresh and minimally processed RTE vegetables 

Table 2 summarizes the recently published results from various 
research sources investigating the efficacy of cold plasma in inactivating 
microorganisms in Ready-To-Eat vegetables. It can be noticed that the 
studies focus on lettuce and tomatoes owing to their popular demand in 
the packed RTE salads followed by carrots, cucumbers, salad leaves, 
cabbage and radicchio. Significant reduction of the target microorgan-
isms on selected vegetables has been achieved, including E. coli and its 
toxin producing species, Salmonella spp., Listeria spp., background 
microflora on the surface of the vegetables such as mesophilic bacteria, 
fungi, yeasts as well as molds, which are all involved in the decay pro-
cess for fresh Ready-To-Eat vegetables. 

6.3.1. Tomatoes 
Cherry tomatoes, when treated with atmospheric air generated 

plasma, showed a reduction in Salmonella typhirium, E. coli, 
L. monocytogenes and yeasts and molds to undetectable levels after 10, 
60, 120 and 120s, respectively whilst the aerobic mesophilic counts 
reduced by ~4.2 log CFU/sample after 120s and needed to be treated for 
300s to reduce the population to undetectable levels (Ziuzina et al., 
2014). In another study (Timmons, Pai, Jacob, Zhang, & Ma, 2018), it 
was reported that when the voltage used in the DBD generator was 
reduced to 7 kV as opposed to 70 kV in the previous study, the treatment 
time had to be increased to 4 and 10 min to achieve a 1 and 2 log CFU/ml 
reduction, respectively in Salmonella spp on cherry tomatoes. While 
studying the effect of the current strength used to generate cold plasma 
using atmospheric air (Lee, Puligundla, & Mok, 2018) observed a ~1, 
1.7 and 2 log CFU/g reduction in the total aerobic and coliform bacteria 
at 2, 3 and 4 A, respectively. The samples also showed an increased shelf 
life of up to 15 days in contrast to 6 days for the untreated controls. 
Misra, Keener, et al. (2014), studied the effect of plasma on cherry to-
matoes packed in Cryovac films and found that treatment time as low as 
30s was enough to completely inactivate all the fungal colonies. Argon 
was a popular choice as feed gas while treating tomatoes and in the work 
of Baier, Ehlbeck, Knorr, Herppich, and Schlüter (2015), when a com-
bination of argon with 0.1% oxygen was used to disinfect cherry to-
matoes, the populations of L. innocua were completely inactivated after 
20s whereas E. coli populations were low but still at detectable levels 
after 90s. In another study, when a mixture of 99% argon and 1% oxygen 
was used to generate plasma to treat tomatoes C. fulvum showed greater 
reduction as the voltage of the APPJ generator was increased at a fixed 
frequency. The inactivation efficiency was highly dependent on the 

Table 2 (continued ) 

Food matrix Plasma source Feed gas Microorganisms 
evaluated 

Treatment conditions Main outcomes References 

CFU/g after 20 min CPT; 
S. typhimurium increased 
with treatment duration.  

● The surface temperature of 
tested radish sprouts 
increased by 0.8 ◦C–9 ◦C 
with CPT time from 2 to 
20 min, the final 
temperature less than 
32 ◦C  

● Number of S. typhimurium 
on the CP treated sprouts 
significantly reduced 
during storage and fell 
below detection limit on 
day 6 storage at 4 and 
10 ◦C  
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plasma density and treatment time (Lu, Liu, Song, Zhou, & Niu, 2014). 
Bermúdez-Aguirre, Wemlinger, Pedrow, Barbosa-Cánovas, and 
Garcia-Perez (2013), studied the impact of argon originated plasma on 
E. coli on the surface of cocktail tomatoes and reported a 0.5 log 
reduction at 6.9 kV and 1.7 log reduction after 10 min at 12.83 kV. 
Helium and helium-oxygen mixture when used to generate cold plasma, 
resulted in a 3.5 and 3.5 log CFU/tomato reduction, respectively in 9 
min (Kim & Min, 2017). Zhang, Oh, Cisneros-Zevallos, & Akbulut 
(2013), studied the effect of plasma generated using oxygen gas source 
in inactivating S. typhimurium on tomatoes and reported a 2.2 log CFU 
reduction after 5 min treatment, on the other hand, Song & Fan (2020) 
used aerosolized H2O2 generated plasma and reported that the popula-
tion of S. typhimurium decreased below detection limit just after 8s 
treatment. 

6.3.2. Tomato-lettuce mixed salad 
Hertrich, Boyd, Sites, and Niemira (2017), studied the cross 

contamination of Salmonella in tomato-lettuce mixed Ready-To-Eat 
salads with each component as the contaminated counterpart in sepa-
rate samples. Plasma treatment seemed to be more effective in mixed 
salad when pre contaminated lettuce was added to fresh tomatoes as it 
could control the spread and proliferation of Salmonella on the smooth 
surfaces of the tomatoes. Whereas when tomatoes were the contami-
nated counterpart, no significant reduction was observed on lettuce. It 
can be noticed that product surface roughness could affect the microbial 
inactivation efficiency of CP although regarding fundamental mecha-
nisms of CP technique, generated plasma can flow around the edges of 
surface fissures without influences by surface irregularities (Mandal 
et al., 2018). Antimicrobial efficacy decreased with increased surface 
roughness of certain vegetables, which complied with the major findings 
on fresh fruits as well. 

6.3.3. Lettuce 
Due to its industrial importance enormous research has been estab-

lished on different types of lettuce to present the antimicrobial efficacy 
of CP along with the effects of surface roughness on the antimicrobial 
ability by comparing to tomatoes, carrots or other vegetables with 
smoother surface. Min et al. (2017) reported a 0.8–1.5, 0.7–1.9 and 
0.9–1.7 log CFU/g reduction of E. coli O157:H7, total mesophilic mi-
croorganisms, yeasts and molds during storage of romaine lettuce in PET 
packages after a 5 min plasma treatment. Produce stored at low tem-
peratures and humid conditions exhibited a greater inactivation of 
E. coli. In another study, the authors studied the effect of plasma treat-
ment on romaine lettuce packed in bulk configuration in commercial 
polythene clamshell containers and reported that plasma could effec-
tively reduce up to 1 log CFU/g E. coli in 10 min. Containers with the 
largest stacks of lettuce need to be shaken to attain a uniform plasma 
inactivation (Ma et al., 2017). While comparing the effect of packaging 
type and headspace gas composition on the storage of plasma treated 
romaine lettuce Min et al. (2016), noted that any standard commercial 
plastic packaging material could be used for the treatment and storage of 
lettuce and that a reduced oxygen concentration in the headspace gas in 
the package increased the antimicrobial effect of the treatment. Post 
treatment cold storage further enhanced the plasma inactivation of 
L. monocytogenes. Ziuzina, Han, Cullen, & Bourke (2015) studied the 
effect of the age of bacterial biofilm and storage conditions on the 
deactivation mechanism of cold plasma on lettuce and observed that as 
the biofilm matures, the efficacy of cold plasma inactivation reduces 
whilst, cool temperatures and storage in dark surroundings seemed to 
increase the inactivation efficacy. Lamb’s lettuce, kept in a glass bottle, 
treated with plasma for 7s and kept enclosed showed a 5.8 and 3.9 log 
step reduction in populations of P. marginalis and C. albicans. S. aureus 
decreased linearly for 10 min post treatment and then flattened, whilst 
E. coli exhibited a linear inactivation till its detection limit, 15 min 
(Schnabel et al., 2015). Millan-Sango, Garroni, Farrugia, Van Impe, and 
Valdramidis (2016) reported a 1 and 1.5 log CFU/mL reduction in the 

E. coli population on butterhead lettuce after 15 and 60s plasma treat-
ment. Using oxygen as the feed gas, Zhang et al. (2013) reported a 2.7 
log CFU reduction in the population of S. typhimurium in 5 min, whilst 
3.85 log CFU/cm2 log reduction was observed in the biofilms of 
L. monocytogenes after a 5 min treatment on each side of the lettuce 
(Srey, Park, Jahid, & Ha, 2014). While comparing the susceptibility of 
L. innocua and S. typhimurium to inactivation by aerosolized H2O2 plus 
argon plasma, Song & Fan (2020) reported that L. innocua showed 
greater reduction than S. typhimurium achieving a 5 log reduction vs 3 
log reduction in 30s, respectively. Jahid, Han, Zhang, and Ha (2015) in 
their works probed the efficiency of ozone plasma in inactivating Aer-
omonas hydrophila and cultivable indigenous microorganisms (CIM). 
About 5 log reduction was observed after 5s in the population of the 
planktonic cells with a 3.9 log reduction in their biofilms in 5 min 
whereas CIM count reduced to ~1.7 log CFU/ml. Song et al. (2015) 
studied the differences in the inactivation resulted by using nitrogen, 
nitrogen-oxygen mixture, helium and helium-oxygen mixture as feed gas 
for plasma generation and reported that the nitrogen, nitrogen-oxygen 
mixture, helium and helium-oxygen were effective in the given order 
in inactivating S. Typhimurium and E. coli inoculated on lettuce. Lee, 
Kim, Chung, and Min (2015) studied the effect of nitrogen and a 
helium-oxygen mixture as gas feed used to generate plasma using a 
microwave at different wattage. Nitrogen gas was visibly more effective 
in inhibiting S. Typhimurium whilst the nitrogen-helium mixture reduced 
the L. monocytogenes population more effectively. The optimum wattage 
for inactivation was found to be 400 W. Nitrogen used by itself as a feed 
gas could bring about a 2.7 log reduction in S. Typhimurium, with the 
rate of inactivation being independent of the temperature of the treat-
ment and the growth phase of the organism (Fernandez et al., 2013). 
Argon used as feed gas could reduce population of E. coli by 1.6 log 
CFU/g after 10 min treatment (Bermúdez-Aguirre et al., 2013). 

6.3.4. Radicchio 
While investigating the efficiency of DBD generated plasma with 

oxygen as feed gas on radicchio, Pasquali et al. (2016) determined that 
Gram positive bacteria were less susceptible to inactivation and a 30 min 
treatment was needed to reduce the population of L. monocytogenes by 
2.2 log CFU/cm2 and a 15 min treatment was enough to have a 1.35 log 
CFU/cm2 reduction in the E. coli colonies. Similar results were noticed 
by Trevisani et al. (2017) where L. monocytogenes showed greater 
resistance to plasma treatment in comparison with E. coli. 

6.3.5. Cabbage 
When oxygen was used as a feed gas, 4 log CFU/cm2 reduction in the 

L. monocytogenes infesting cabbage was observed in 5 min treatment, on 
the other hand using nitrogen as the plasma feed gas resulted in a 
0.3–2.1 log CFU/g reduction in L. monocytogenes depending on the 
wattage (400–900 W) of the microwave powered plasma generator and 
a 1.5 log CFU/g reduction of S. Typhimurium was observed at 900 W (Lee 
et al., 2015; Srey et al., 2014). Klockow and Keener (2008) reported an 
immediate reduction in the spoilage microorganisms and E. coli species 
on plasma treatment using air and oxygen as feed gas on packed spinach. 

6.3.6. Spinach 
Ziuzina et al. (2020) studied the effect of continuous and static 

plasma treatment on spinach packed in PET bags and reported that the 
static mode of treatment was more effective in reducing the microbial 
colonies. Zhang et al. (2013) reported a 3 log drop in the S. Typhymurium 
population when treated with oxygen plasma for 5 min. 

6.3.7. Corn salad leaves 
Baier et al. (2013, 2014, 2015) in their work, studied the effect of 

argon and argon in combination with 0.1% oxygen plasma in inacti-
vating E. coli and L. innocua on corn salad leaves. From their work they 
summarized that there is a significant reduction in microbial population 
within the first 20s of treatment, E. coli O157:H7 is less resistant to 
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Table 3 
Overview of studies researching on quality attributes of fresh and minimally processed fruits by cold plasma technology.  

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

Fresh-cut Pink 
Lady® apple 

DBD generator 
(150 W, 12.7 kHz) 

Atmospheric air Soluble solid content 
(SSC); titrable acidity 
(TA); colour, texture, 
polyphenol oxidase 
activity, respiration and 
heat production 

Time: 10, 20 and 30 min ●Limited change in SSC, dry 
matter and TA 

Tappi et al. 
(2014) 

Temperature: 22 ◦C, 60% 
RH 

●Significant increase in firmness 
after treatment and 6 h storage  

Storage time: Up to 24 h 
(10 ◦C, 90% RH) 

●No observable increase in 
browning, opposed to 65% 
increase in control   
●PPO activity dropped to 88, 68, 
42% after 5 + 5, 10 + 10, 15 +
15 min, respectively   
●Lesser amounts of O2 

consumed during respiration in 
treated samples   
●Increased and irregular heat 
production observed for 6 h after 
treatment, with lower values 
after 6 h compared to control  

Apples (Pink Lady, 
Fuji, Red 
Delicious & Modi) 

DBD generator 
(150 W) 

Atmospheric air 
(RH 60%, 20 ◦C) 

SSC, TA, Dry matter, 
porosity, colour, firmness, 
PPO activity 

Fixed distance: 9 cm ●24.58 and 17.35% decrease in 
TA of Pink Lady and Fuji, 
respectively. 

(Tappi et al., 
2019) 

Time: 15 + 15 and 30 + 30 
min 

●All varieties developed a 
slightly yellowish colour  

Temperature: 22 ◦C, 60% 
RH 

●Red Delicious showed lowered 
firmness; Pink Lady and Fuji had 
higher firmness   
●PPO activity dropped to 79% 
after 30 + 30 min  

Fresh-cut apples Microwave- 
driven plasma 
(2.45 GHz, 1.2 
kW) 

Ambient air PPO, POD activity, 
Colour, texture, pH and 
dry matter content 

Time: 2.5, 5, 7 and 10 min ●Control: enzyme activity 
remained constant at 100% 

(Buβler, 
Ehlbeck, & 
Schlüter, 
2017) 

Temperature: 22 ◦C ●PPO activity decreased to 48%, 
pH dropped from 3.9 to 1.5 after 
10 min treatment   
●Significant increase in 
browning index (30–78) in all 
samples   
●No significant difference in 
texture and dry matter in all 
samples  

Fresh cut, ‘Pink 
Lady’ apples 

DBD (12.7 kHz, 
150 W) 

Atmospheric air Phenolic content, 
polyphenolic activity, 
antioxidant activity 

Time: 15 + 15 min, 60 +
60 min 

●No difference in total phenolic 
content after 30 min treatment 

Ramazzina 
et al. (2016) 

Fixed distance: 70 mm ●After 120 min treatment, 
differences observed in flavan-3- 
ol group  

Temperature: 22 ◦C ●Total phenolic dropped 9 & 
33% after 30 & 120 min 
treatment   
●32% decrease in the 
scavenging activity of 
hydrophilic compounds  

Apples MW (2.45 GHz, 
1.1 kW) 

Atmospheric air Texture, Appearance and 
odor 

Sample placed in a glass 
bottle at a fixed distance: 
25 cm; Time: 7s 

●Texture and appearance no 
change 

(Schnabel 
et al., 2014) 

Gas temp: 4000 K; ●Odor was minimally 
influenced but not directly 
connected to the PPA treatment  

Post-treatment: bottle 
closed 5, 10, 15 min   

Abate Fetel Pear DBD (15 kV) Atmospheric air Weight loss; peel colour; 
soluble solids content 
(SSC); firmness; 
antioxidant capacity of 
peel and flesh 

Fixed distance: 20 mm; 
Time: 10, 20, 30, 45, 60, 
90 min 

●No differences in the peel 
colour and the mass after the 
treatment 

Berardinelli 
et al. (2012)  

Temperature: ≤ 40 ◦C; ●Decrease of lightness and 
increase of darkening for peel 
colour after 5 days storage for 45 
and 90 min treatments   

Storage: 0–5 days at 22 ◦C 
at 23 and 60% RH 

●No changes for firmness, 
antioxidant capacity and SSC 
after treatment  

Pears slices Air Moisture loss, colour, 
Vitamin C content 

Time: 1–4 s ●5% moisture loss after 4s Wang et al. 
(2012) 

(continued on next page) 
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Table 3 (continued ) 

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

Plasma microjet 
(PMJ) (30 mA, 
500 V) 

Temperature: 30–45 ◦C ●Negligible colour differences 
observed (ΔE* < 1.5)   
●No unappealing differences in 
visual appearance observed   
●2.8% reduction in vitamin C 
content  

Blueberries Indirect ACP Dried and filtered 
air 

Firmness; surface colour 
and total anthocyanins 

Fixed distance:7.5 cm ●Deterioration of quality 
attributes is dependent on Time 

Lacombe et al. 
(2015) 

Plasma-jet (549 
W, 47 kHz)   

Time: 0, 15, 30, 45, 60, 90 
and 120 s 

●Reduced firmness after 60 s     

Storage: 1, 2 and 7 days at 
4 ◦C 

●After 60 s, rupturing and 
bruising of skin with wilting 
sepals was noted      
●Surface darkened immediately 
after treatment. After 120 s L* 
decreased whereas a* and b* 
values increased after 120 and 
45s with significant anthocyanin 
loss after 90 s  

Blueberries DBD generator 
(36 V, 1.8 A) 

Atmospheric air Fruit decay rate, sugar, 
vitamin C, anthocyanin 
content and superoxide 
dismutase (SOD) activity 

Time: 0–10 min ●Control: sugar, vitamin C, total 
anthocyanin, SOD activity 
gradually declined on storage 

Dong and Yang 
(2019) 

Storage condition: 0–20 
days in the laboratory at 
25 ◦C 

●The decay rate reduced by 
17.7%, 14.3% and 5.2% with 
Time of 6, 8 and 10 min 
respectively   
●Sugar, vitamin C, anthocyanin 
and SOD activity level increased 
by 1.5, 1.5, 2.2-fold and 79.3% 
respectively   
●Degradation time for CP 
treated samples were longer  

Blueberry 
(packaged in PP/ 
PE film) 

DBD generator 
(45 kV) 

Atmospheric air 
in packaged 
container 

Firmness; SSC and TA; 
ascorbic acid; 
anthocyanin content; 
antioxidant enzymes 
activity 

Time: 50s ●Control: the firmness 
decreased during storage; TA 
decreased until day 4 and then 
increased 

Zhou et al. 
(2019) 

Storage condition: 0, 1, 2, 
4, 6 & 8 days at 20 ◦C ◦C, 
RH 75–81% 

●Flesh firmness was supressed, 
and the firmness of CP treated 
blueberry was higher than 
control after storage.   
●SSC and TA in treated samples 
significantly increased compared 
to the control after 4 days storage   
●The degradation of ascorbic 
acids and anthocyanin was 
supressed by CP treatment after 
4 days storage.   
●Antioxidant enzymes activity 
was enhanced by CP treatment  

Blueberries Microwave 
power generator 
(9 W; 2.45 GHz) 

Argon Antioxidant activity Time: 15, 30, 60 s ●No observable effect on 
antioxidant activity achieved 

Bogdanov 
et al. (2018) 

Temperature: 25◦C with 
RH 35%   

Banana DBD generator 
(27.76 W) 

Recirculated air Weight loss; colour; 
texture; sugar content 

Time: 10 min ●No significant difference in 
weight loss, colour change, 
texture change and sugar content 
between control and CP treated 
samples 

Trivedi et al. 
(2019) 

Storage: samples exposed 
in the CP treated 
recirculated air for 7 days 
at room temperature, 
normal pressure and 
humidity 

●The weight loss, colour, 
texture and sugar content of 
bananas was not negatively 
affected by storage atmosphere 
treated by CP  

Fresh-cut melon Direct ACP with 
DBD generator 
(15 kV, 12.5 kHz) 

Atmospheric air 
(22 ◦C and 60% 
RH) 

SSC; DM; TA; texture, 
colour, weight loss, 
respiration rate and 
enzymatic activity 
(Peroxidase, POD and 
pectin methyl esterase) 

Fixed distance: 70 mm ●Control: SSC, TA, DM, firmness 
and respiration rate reduced 
during storage depending on 
treatment time 

Tappi et al. 
(2016) 

Time: 15 + 15 min and 30 
+ 30 min followed by up to 
4 days storage 

●Slightly lower SSC, firmness, 
TA and DM values observed on 
storage depending on treatment 
time  

Temperature: 22 ◦C ●Higher weight loss during 
storage with extended Time used    

(continued on next page) 
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Table 3 (continued ) 

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

●Treated samples appeared 
darker and translucent after 2–4 
days storage  
●Respiration changed after 
treatment and storage for all 
Time   
●POD activity dropped to 91% 
(15 + 15 min) and 82% (30 + 30 
min)   
●PME was unaffected at 15 +
15 min, and 94% at 30 + 30 min 
treatment  

Cherries Microwave power 
generator (9 W; 
2.45 GHz) 

Argon Antioxidant activity Time: 15, 30, 60 s ●No observable changes in 
antioxidant activity 

Bogdanov 
et al. (2018) 

Power: 5, 7 and 9 W;   
Temperature: 25 ◦C with 
RH 35%   

Strawberries Microwave power 
generator (9 W; 
2.45 GHz) 

Argon Antioxidant activity Time: 15, 30, 60 s ●No observable changes in 
antioxidant activity 

Bogdanov 
et al. (2018) 

Power: 5, 7 and 9 W; 
Temp: 25 ◦C with RH 35%   

Strawberries in 
packages 

DBD (60 and 80 
kV) 

Atmospheric air 
(25 ◦C; RH 42%) 

Ascorbic acid; 
anthocyanin content 

Time: 60, 300 s followed 
by 24 h storage (at 10 ◦C 
and 90% RH) 

●Ascorbic acid significantly 
reduced at 80 kV voltage at both 
treatment times 

Misra, Pankaj, 
et al. (2015)  

●Voltage had significant impact 
but time had no impact on 
ascorbic acid   
●No reduction in anthocyanin 
content  

In– PP package 
Strawberries 

Indirect ACP with 
DBD generator 
(60 kV, 50 Hz) 

Atmospheric air Respiration rate; colour; 
texture (firmness) 

Time: 5 min followed by 
24 h at 10 ◦C storage 

●Control: respiration, firmness 
and colour decreased slightly on 
storage 

Misra, 
Moiseev, et al. 
(2014) 

Temperature: 42% RH and 
25 ◦C 

●Treated samples showed a 
delay in the reduction of 
respiration rate   
●Slight changes in colour 
parameters without any effect on 
appearance   
●No significant difference in 
firmness observed in the control 
and sample  

Strawberries in 
package 

Indirect ACP with 
DBD generator 
(60 kV, 50 Hz) 

65% O2+16% 
N2+19% CO2 
and 90% N2+
10% O2 

Respiration rate; colour; 
texture (firmness) 

Time: 5 min followed by 
24 h at 10 ◦C storage 

●Control: the respiration rate 
decreased with time; 

Misra et al. 
(2014b) 

Temperature: 25 ◦C ●Strawberries stored in a high 
oxygen pack were brighter red 
and 11% firmer compared to the 
control  

Fresh-cut 
strawberries 

DBD generator 
(45 kV) 

Atmospheric air Texture; TSS, TA, Vitamin 
C, antioxidant capacity 
and anthocyanin content 

Time: ●Control: the overall texture, 
TSS, TA, vitamin C, antioxidant 
activity and anthocyanin content 
gradually decreased on storage 

Li, Li, Han, 
et al. (2019) 

1 min and stored for a 
week at 4 ◦C 

●Firmness, gumminess 
significantly higher than the 
controls but decreased during 
storage  

Temperature: 20 ◦C ●TSS, TA, vitamin C, 
antioxidant activity and 
anthocyanin was higher than the 
controls; followed by a decrease 
during storage  

Storage time: 7 days ●Antioxidant activity increased 
by 17.85% in samples, 5.64% in 
control  

In-package 
strawberry (PET 
bags) 

Pilot-scale DBD 
generator (2.1 A; 
100 kV) 

Atmospheric air Colour; pH and TSS; 
firmness; change of 
nutrients 

Time: 2.5 min in either 
static or continuous mode 

●Control: a change in colour 
during storage with a decrease in 
firmness in both the static and 
continuous mode; no significant 
change in the pH and TSS 

Ziuzina et al. 
(2020) 

Storage condition: 24 h at 
4 ◦C 

●No significant differences in 
colour, pH, TSS, firmness and 
change of nutrients affected by 
CP during shelf-life period by 
either static or continuous mode.  

Mandarin CPT system with 
microwave power 

Nitrogen ●Control: TA, pH and ascorbic 
acid content showed no 

Won, Lee & 
Min (2017) 
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plasma treatment than E. coli O104:H4 and a lower initial load of mi-
crobes showed a greater reduction when compared with samples with a 
higher initial contamination. 

6.3.8. Cucumbers 
Studies testing the efficiency of plasma inactivation on cucumbers 

ascertained a >90% inactivation in Salmonella sp in 4s and a 1.2–1.5 log 
reduction in the total mesophilic aerobes in 5–10 min when using 
plasma generated using atmospheric air (Baier, Janßen, et al., 2015; Oh, 
Song, & Min, 2017; Wang et al., 2012). When argon with 0.1% oxygen 
was used as feed gas a 4.5 log reduction in E. coli and L. innocua pop-
ulations was observed (Baier et al., 2014). 

6.3.9. Carrots 
Atmospheric air generated plasma could totally inactivate 108 CFU/ 

mL of E. coli and 5.2 log cycles of total mesophilic aerobes in 5 min on 
the surface of carrots (Baier, Janßen, et al., 2015). Bermúdez-Aguirre 
et al. (2013) after their work with argon plasma on carrots reported a 
less than 0.5 log reduction of E. coli on carrot samples after 10 min, 
stating that the porosity of the carrots substantially reduced the efficacy 
of plasma inactivation. Using a plasma microjet to ionize air, Wang et al. 
(2012) reported a 100% inactivation in the population of Salmonella sp 
in 4s. Schnabel et al. (2015) subjected pieces of carrots in a glass bottle 
to a 7s plasma treatment before enclosing it. They noted that 
P. marginalis and C. albicans showed the greatest inactivation in the first 
5 min post treatment followed by S. aureus, E. coli and P. carotovum, 
respectively. While studying the effect of the treatment voltage on the 
inactivation achieved on fresh cut carrots packed in PP packages, 
Mahnot, Siyu, Wan, Keener, and Misra (2020) reported that though 
significant reduction was achieved at 60 and 80 kV, 100 kV had the 
maximum inactivation of 2.1 log CFU/g for total mesophiles, yeasts and 

molds. 

7. Effects on quality attributes of fresh and RTE fruits and 
vegetables 

As seen in the previous sections, cold plasma can be effectively used 
for surface decontamination of fruits and RTE vegetables, inactivating 
major background microflora as well as foodborne pathogenic micro-
organisms (Dasan & Boyaci, 2018). However, during the plasma pro-
cessing, the targeted products might be placed in a strong electric field 
with highly reactive gas species (RS), which can contribute to effects on 
physical quality attributes of the products, especially the fresh produce 
(Pankaj et al., 2018). Apart from just effective decontamination, steril-
ization without sacrificing the integrity of the fresh produce is equally 
critical from consumer and marketing point of view that plays an 
important role in determining the widespread applicability of any pro-
cessing technique (Chen et al., 2019). Overall, CP technology is expected 
to have none or minimal negative effects on nutritional or organoleptic 
attributes. However, specific optimization of targeted products is 
required for different food commodities. The effect of plasma treatment 
on the quality of fresh and minimally processed fruits and vegetables 
highly depends on their intrinsic characteristics which include appear-
ance, colour, size or intrinsic properties of the food matrix, such as water 
activity, texture, compositions as well as pH (Lacombe et al., 2015; 
Misra et al., 2016). A summary of studies evaluating the changes in the 
physicochemical parameters including colour, texture, appearance, 
weight loss, pH as well as nutrient content of minimally processed fruits 
and RTE vegetables using cold plasma is given in Tables 3 and 4, 
respectively. The tables correlate the evaluation of microbial inactiva-
tion on the same products and treatment conditions for most studies 
(Table 1 & Table 2). Among the quality attributes, physical attributes 

Table 3 (continued ) 

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

generator (2.45 
GHz, 900 W) 

Weight loss; SSC and TA; 
colour; ascorbic acids 
content 

Time: 10 min followed by 
35 days at 4 ◦C and 7 days 
at 25 ◦C storage 

significant difference on storage; 
whereas SSC and antioxidant 
activity decreased  
●No significant effects on the 
fruit surface, weight loss, SSC, 
TA, surface colour and ascorbic 
acid after CPT for different 
storage conditions  

Grape in package DBD generator 
(15 kV, 30 kHz) 

Air gas Sugar content (◦Brix) pH Grapes stored in plasma 
treated air package up to 
10 days 

●No significant differences of 
the sugar content and pH for 
grapes stored within plasma 
treated air 

Moon et al. 
(2016) 

Fresh-cut kiwi fruit DBD generator 
(19 V input 
voltage) 

Atmospheric air Surface colour and darken 
areas; texture; SSC and 
TA; ascorbic acids content 

Time: 10 + 10 and 20 + 20 
min followed by 4 days 
10 ◦C storage 

●Treated sample-maintained 
lightness better with less dark-
ening during storage 

Ramazzina 
et al. (2015)  

●No significant difference of 
hardness, SSC, ascorbic acid and 
TA after treatment and during 
storage   
●Treated samples exhibited a 
faster dehydration of fruit tissue, 
decline in chlorophyll and 
carotenoids content  

Fresh-cut Pitaya 
fruits (pre- 
packaged with 
polypropylene 
film) 

DBD generator 
(60 kV) 

Atmospheric air Content of phenolic 
compounds; antioxidant 
activity; content of 
sugars. 

Time: 5min followed with 
up to 48 h of storage 
duration at 15 ◦C 

●Control: phenolic compounds 
increased significantly except 
caffeic acid; sugar gradually 
declined from 97.74 to 76.66 g/ 
kg after 48 h. 

Li, Li, Han, 
et al. (2019)  

●The cutting-induced phenolic 
accumulation and antioxidant 
activity enhanced by CP 
comparing with control for 0 and 
36 h storage.   
●Sugar in CP treated was lower 
and gradually decreased after 48 
h.   
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Table 4 
Overview of studies researching on quality attributes of Ready-To-Eat (RTE) vegetables by cold plasma technology.  

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

Cherry 
tomatoes 
in package 

Indirect ACP with 
DBD generator (60 
kV, 50 Hz) 

Ambient air 
inside package 

Respiration rate; pH; 
weight loss; colour 
change and firmness 

Fixed distance: 2.2 cm; 
Time: 30, 60, 180 and 300 s; 
Storage time: up to 13 days 
at 20 ◦C with 60% RН 
Temperature:22 ◦C, 45 %RН  

● Control: respiration rate and 
firmness reduced with storage; 
pH, weight loss increased on 
storage 

(Misra et al., 
2014)  

● Respiration rate at the end of 
storage period was similar to 
control  

● Slightly higher pH in treated 
samples  

● No weight loss and colour 
change during storage in all 
samples  

● An increase in pH, inversely 
related to treatment time 
during storage  

● Reduction of firmness during 
storage  

● No adverse effects on the 
critical quality attributes after 
treatment 

Cherry 
tomato 

Continuous and 
intermittent CDPJ 
with CD generator 
(8 kV, 20 k Hz; 2–4 
A) 

Ambient air at 
atmospheric 
pressure 

surface morphology, 
colour and sensory 
evaluation 

Fixed distance: 60 mm 
Time: 0, 20, 40, 60, 80, 100 
and 120 s 
Temperature: 25 ◦C  

● Control: firmness gradually 
decreased with storage 

Lee et al. (2018)  

● Surface wrinkling and reduced 
firmness, proportional to 
power intensity in the samples 
treated for 2 min under 
continuous mode  

● No significant damage on 
surfaces and firmness in 
intermittent mode  

● No significant differences in 
colour, flavor and taste for the 
CP samples 

Cocktail 
tomatoes 

Atmospheric 
pressure cold 
plasma discharges 
(3.95 kV–12.83 kV, 
60 Hz) 

Argon Colour changes Time: from 30 s up to 10 min 
condition: 3.95 kV up to 
12.83 kV  

● Redness (a*) increased after 7- 
and 10-min treatment at 11.45 
kV but wasn’t statistically 
different from the control 

Bermúdez-Aguirre 
et al. (2013) 

Radicchio Air DBD generator 
(15 kV, 12.5 kHz) 

Atmospheric air Colour change; sensory 
parameters and 
antioxidant activity 

Fixed distance: 70 mm 
Time: 15 and 30 min 
Temperature: ~22 ◦C 
Storage: 3 days at 4 ◦C  

● Control: red dark area for 
control sample increased 
during storage; firmness, 
colour, odor texture and 
overall acceptability declined 

Pasquali et al. 
(2016)  

● No significant decrease for the 
antioxidant activity for all  

● No change after treatment but 
significant increase of dark red 
area after 1 day storage at 4 ◦C  

● Significant reduction in 
sensory (firmness, colour, odor 
and texture) for the treated 
leaves after 1 day 

Radicchio DBD generator 
(19.15 V and 3.15 
A) 

Atmospheric air Colour, smell Time: 0 and 15 min  ● No observable change in 
colour, texture and freshness 

(Trevisani et al., 
2017)  

● “typical ozone odor” detected 
in ACP treated samples 

Romaine 
lettuce 

Atmospheric 
pressure cold 
plasma) discharges 
(3.95 kV–12.83 kV, 
60 Hz) 

Argon Colour changes Time: from 30 s to 10 min 
Condition: 3.95 kV up to 
12.83 kV  

● Greenness (a*) increased after 
3 min Time but the difference 
wasn’t statistically significant 

(Bermúdez-Aguirre 
et al., 2013) 

Lettuce Cold Oxygen 
Plasma 
(1200–1250 μW s/ 
cm2) 

Ozone Colour, texture, 
appearance, smell 

Time:50 s 
Distance: 9.5 cm  

● No observable difference 
between the cold plasma 
treated sample and the control 

(Jahid et al., 2015) 

Bulk 
romaine 
lettuce in 
package 

DBD generator 
(42.6 kV, 1.5 A) 

Atmospheric air 
within the 
package 

Surface morphology; 
colour; respiration and 
weight loss 

Fixed distance: 50 mm; 
Time: 10 min 
Temperature: 25.5 ◦C; 22% 
RH  

● No significant impact on 
surface morphology, colour, 
respiration and weight loss on 
treatment 

(Min et al., 2017a) 

Romaine 
lettuce in 
PET 
package 

DBD generator 
(34.8 kV, 1.1 kHz) 

Atmospheric air Surface morphology; 
colour; CO2 generation 
and weight loss 

Time: 5 min; Temperature: 
24.5 ◦C; Storage: 7 days at 
4 ◦C, 97–100% RH  

● No significant differences in 
surface morphology, colour, 
CO2 generation and weight 
loss 

(Min et al., 2017b) 

(continued on next page) 
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Table 4 (continued ) 

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

Lamb’s 
Lettuce 

APPJ (35 W) Argon (20,000 
m3/s) 

Phenolic profile, surface 
morphology 

Time 1–2 min 
Temperature: 333 K  

● Chlorogenic acid, caffeic acid, 
and protocatechuic acid levels 
decreased, luteolin remained 
constant, whilst diosmetin 
increased after treatment 

Grzegorzewski et al. 
(2011)  

● Loss in elasticity, 
discolouration of exposed 
areas and increase in 
roughness and dryness of leaf 

Lettuce DBD generator (400 
and 900 W) 

Nitrogen, 
N2–O2 mixture, 
He and He–O2 

Weight loss, aw and 
colour 

Time: 1–10 min  ● No change in weight loss on 
storage at 4 ◦C as opposed to 
storage at 10 ◦C 

Song et al. (2015)  

● CPT, CP generation power, 
storage time and temperature 
had no effect on aw of all 
samples  

● No significant effect on colour 
Lettuce Cold Oxygen 

Plasma (2.54 mW/ 
cm2) 

Oxygen Colour, texture Time: 5 min each side Temp: 
≤ 32.5 ◦C  

● No change observed (Srey et al., 2014) 

Cabbage Cold Oxygen 
Plasma (2.54 mW/ 
cm2) 

Oxygen Colour, texture Time: 5 min each side; 
Temp: ≤ 32.5 ◦C  

● No change observed Srey et al. (2014) 

Carrots Indirect microwave 
driven discharge 
(2.45 GHz, 1.2 kW) 

Atmospheric air Elasticity; colour Condition: exposure 
chamber with plasma 
processed air 
Time:2.5, 5, 10 min  

● No change in carotenoid 
colour and elasticity after 
treatment 

Baier, Janßen, et al. 
(2015)  

● Significant decrease of orange 
colour and lightness after 24 
and 48 h  

● Decrease of elasticity after 24 h 
Carrots Atmospheric 

pressure cold 
plasma discharges 
(3.95 kV–12.83 kV, 
60 Hz) 

Argon Colour changes Time: from 30 s to 10 min 
Condition: 3.95 kV up to 
12.83 kV  

● No distinguishable colour 
changes at different level of 
voltage and processing time 
applied 

Bermúdez-Aguirre 
et al. (2013) 

Carrot slices Plasma microjet 
(PMJ) (30 mA, 500 
V) 

Air Moisture loss, colour, 
Vitamin C content 

Time: 1–4 s 
Temperature: 30–45 ◦C  

● 5% moisture loss after 4s 
treatment 

Wang et al. (2012)  

● Negligible colour differences 
observed (ΔE* < 1.5)  

● No unappealing appearance 
change  

● 3.2% reduction in vitamin C 
In-package 

fresh-cut 
carrot 

DBD generator 
(120 V, 60 Hz) 

Atmospheric air Colour; pH; texture and 
total carotenoid content 

Time: 1, 1, 2, 3, 4 and 5 min 
followed with 24 h storage 
at 8 ◦C, 90% RH. 
Treatment voltage: 60, 80 
and 100 kV 
Temperature: 22.75 ◦C, 
RH: 65.5%  

● No significant changes in pH 
after CP treatment for both 
voltage and time as compared 
with controls. 

Mahnot et al. (2020)  

● No significant change in 
browning index (BI) after CP 
treatment with either voltage 
or interaction time.  

● Minor changes were observed 
in texture, colour and total 
carotenoid content where 
treatment voltage showed 
significant effects.  

● 4–5 min, 80–100 kV showed 
optimal effects on microbial 
reduction with minimal 
quality retention. 

Cucumber 
slices 

Plasma microjet 
(PMJ) (30 mA, 500 
V) 

Air Moisture loss, colour, 
Vitamin C content 

Time: 1–4 s 
Temperature: 30–45 ◦C  

● 5% moisture loss after 4s 
treatment 

Wang et al. (2012)  

● Negligible colour differences 
observed (ΔE* < 1.5)  

● No unappealing appearance 
change  

● 3.6% reduction in vitamin C 
content 

Cucumbers Indirect microwave 
driven discharge 
(2.45 GHz, 1.2 kW) 

Atmospheric air Elasticity; colour Exposure chamber with 
plasma processed air 
Time:2.5, 5, 10 min; Temp: 
~23 ◦C  

● No significant chlorophyll- 
containing colour change 
immediately after treatment 
and 48 h storage 

Baier, Janßen, et al. 
(2015)  

● No significant change of 
elasticity 

(continued on next page) 
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like appearance and texture influence the consumers’ purchasing pref-
erence and are therefore of key importance to the fruit and vegetable 
industry, followed by the chemical attributes that make the fresh pro-
duce a potent source of nutrients important to human health. 

7.1. Fresh and minimally processed fruits 

7.1.1. Apples 
Tappi et al. (2014; 2019) in their works reported that the firmness of 

Fuji (whole and fresh cut) and Pink Lady apples increased after cold 
plasma treatment whereas the Red Delicious variety showed a decrease 
in firmness. Whole apples developed a slightly yellow colour with no 
observable browning in the fresh cut apples which was contrasted by a 
significant increase in the browning index (30–78) observed by Buβler 
et al. (2017). Polyphenol oxidase (PPO) activity dropped significantly 
after plasma treatment in all studies and Ramazzina et al. (2016) re-
ported a 50% decrease in just 10 min. A decrease in the total phenolic 
index, scavenging activity of hydrophilic compounds and in the con-
sumption of oxygen during respiration was observed in the studies. No 
significant changes in the soluble solid content (SSC), dry matter, 
titrable acidity (TA), with a slight increase in heat production was 
observed. Schnabel et al. (2015) reported a slight difference in the odor 
of the treated apples. 

7.1.2. Pears 
After treating Abate Fetel pear with cold plasma, Berardinelli et al. 

(2012, pp. 457–467) noticed that there were no detectable changes in 
the peel colour, mass, firmness, antioxidant capacity and soluble solids 
content (SSC) immediately after treatment but there was a significant 

increase in the darkness after a 5 day storage period. This was seconded 
by the works of Wang et al. (2012) who observed no significant changes 
immediately after treatment apart from a 5% moisture loss and 2.8% 
reduction in vitamin C in pears. 

7.1.3. Blueberries 
In blueberries treated with cold plasma, Lacombe et al. (2015) 

observed darkening along with rupturing and bruising of skin, a reduced 
fruit firmness and anthocyanin content which was contrasted by the 
findings of Zhou et al. (2019) who noted a rise in the firmness along with 
antioxidant activity, SSC and TA of blueberries packed in PP/PE films 
and treated with cold plasma. A reduced rate of anthocyanin and 
ascorbic acid degradation was also noted. Dong and Yang (2019) 
marked an increase in the sugar, vitamin C, anthocyanin content and 
superoxide dismutase (SOD) activity with a reduced decay rate, whilst 
Bogdanov et al. (2018) reported no observable changes in the antioxi-
dant activity. 

7.1.4. Bananas 
Bananas treated with cold plasma for 10 min displayed no changes in 

weight loss, colour, texture and sugar content (Trivedi et al., 2019). 

7.1.5. Melons 
In fresh cut melons treated with cold plasma, Tappi et al. (2016) 

documented a drop in SSC, TA, dry matter (DM), firmness, weight, 
lightness, POD activity while the pectin methylesterase activity 
remained the same. 

Table 4 (continued ) 

Food matrix Plasma source Feed gas Quality attributes 
evaluated 

Treatment conditions Main outcomes References 

Corn salad 
leaves 

Atmospheric 
pressure plasma jet 
(APPJ) with radio 
frequency (27.12 
MHz) 

Argon 
(99.999%) 

Photosynthetic activity Treatment: argon flow rate 
of 20 L/min; generator 
power at 10, 20, 30, 40 W; 
Time: from 10s to 2 min  

● No significant photochemical 
efficiency reduction at lower 
(10 W) power after 2 min 
treatment 

Baier et al. (2013)  

● 2 min treatment at 20 W lead 
to a rapid and irreversible 
decline of photosynthetic 
activity below 0.4.  

● At 30 W, photochemical 
efficiency was declined below 
0.5 after the shortest exposure 
time; further irreversible 
decline of photochemical 
efficiency after 1, 2 min US 

Corn salad 
leaves 

APPJ (8 W, 2–6 kV, 
1.1 MHz) 

Argon and 0.1% 
oxygen 

Photochemical activity; 
natural colour on the 
leaves 

Fixed power at 8 W with 
argon 5 L/min; Time: up to 
60s; Temp: ~23 ◦C; Fixed 
distance: 17 mm  

● Up to 30 s, maximum 
photochemical efficiency 
maintained 

Baier et al. (2014)  

● No changes on fresh visual 
appearance up to 30s Time  

● Shorter treatment on corn 
salad leaves is highly desirable 
for maximization of quality 
retention 

Packaged 
spinach 

Atmospheric, non- 
equilibrium cold 
plasma (ANCP) 

Air or oxygen Colour Time: 5 min; 
Storage: 0.5, 2 and 24 h at 
5 ◦C 
Temperature: 
27.0◦C–50.3 ◦C  

● Control: the control spinach 
leaf was dark green in colour 

Klockow and Keener 
(2008)  

● Visible colour degradation 
with spots of yellowish-brown 
discolouration observed 

Fresh-cut 
radish 
sprout 

Microwave 
generator (900 W; 
667 Pa; 2.45 GHz) 

Nitrogen gas Appearance and odor 
(for 10 min treatment); 
weight loss; aW and 
colour; ascorbic acid; 
antioxidant activity. 

Time: 0, 2, 5, 10, 20 min; N2 

gas 1 L/min; 
Storage time (for 10 min 
treatment): 12 days at 4 and 
10 ◦C  

● The moisture content of CP 
treated samples was 
significantly lower 

Oh et al. (2017)  

● No significant differences on 
the appearance, odor, colour, 
ascorbic acid and antioxidant 
activity between controls and 
CP samples after CPT or on 
storage at 4 and 10 ◦C  
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7.1.6. Mandarins 
No changes were observed in the physical and chemical attributes of 

mandarins in PP packages (Won et al., 2017). 

7.1.7. Grapes 
No changes were observed in the physical and chemical attributes of 

grapes in PP packages (Moon et al., 2016). 

7.1.8. Kiwi 
Fresh cut kiwi fruit reportedly had a faster degradation rate of 

moisture, chlorophyll and carotenoid content with reduced darkening 
during storage (Ramazzina et al., 2015). 

7.1.9. Pitaya 
Fresh cut pitaya fruits pre-packed in polypropylene films exhibited a 

cutting-induced phenolic accumulation with an increase in the antiox-
idant activity and a lower sugar content after plasma treatment (Li, Li, 
Han, et al., 2019). 

7.1.10. Strawberries 
Bogdanov et al. (2018) reported that there was no observable 

changes in the antioxidant activities of strawberries and cherries, which 
was supported by the findings of Ziuzina et al. (2020) who didn’t 
observe any changes in the physical and chemical properties of straw-
berries in PET bag treated with cold plasma in static and continuous 
mode. Misra, Moiseev, et al. (2014) identified that different voltages 
used to generate plasma affected the results obtained, whereas the time 
of the treatment did not contribute much to the impact on ascorbic acid 
content. In another study it was noted that samples treated with cold 
plasma displayed a reduced respiration rate with a slight change in the 
colour of treated strawberries (Misra, Pankaj, Frias, Keener, & Cullen, 
2015). Plasma treated strawberries stored in MAP with a high oxygen 
content were brighter and much firmer than the control (Misra, Keener, 
et al., 2014). 

7.2. Fresh and minimally processed RTE vegetables 

Table 4 summarizes the changes induced by cold plasma treatment 
on the various quality attributes of Ready-To-Eat vegetables, which 
include physical attributes such as surface morphology and textural 
changes, organoleptic properties such as colour and flavor as well as 
some physiological properties. 

7.2.1. Tomatoes 
Bermúdez-Aguirre et al. (2013) studied the effect of argon plasma 

treatment on cocktail tomatoes and reported a slight increase in the 
redness of the tomatoes which was not statistically different from the 
control. While investigating the differences in the effects induced by 
continuous and intermittent treatment of air generated cold plasma on 
cherry tomatoes, Lee et al. (2018) reported that tomatoes treated under 
the continuous mode exhibited surface wrinkling and reduced firmness 
at a degree proportional to the power intensity used to generate the 
plasma while no significant damage on the surface and firmness was 
observed on tomatoes treated under the intermittent mode. The colour, 
flavor and taste of tomatoes was not affected by either of the treatment 
modes; similar results are outlined by Misra, Moiseev, et al. (2014), who 
further reported an increase in the pH and a reduced firmness during 
storage of plasma treated cherry tomatoes in packages. 

7.2.2. Radicchio 
Significant negative changes in the firmness, colour, odor and texture 

was observed in plasma treated radicchio while the chemical properties 
did not show any changes (Pasquali et al., 2016). In another study, 
Trevisani et al. (2017) observed a ‘typical ozone odor’ with no changes 
in colour, texture and freshness. 

7.2.3. Lettuce 
Srey et al. (2014) documented no changes in the colour and texture 

of oxygen-plasma treated lettuce and cabbage. This was similar to most 
other studies conducted on lettuce (Jahid et al., 2015; Min et al., 2016, 
2017; Song et al., 2015) except a slight, but statistically insignificant 
increase in the greenness was observed by Bermúdez-Aguirre et al. 
(2013) while Grzegorzewski, Ehlbeck, Schlüter, Kroh, and Rohn (2011) 
reported a series of changes in the phenolic profile of argon-plasma 
treated lamb’s lettuce with a loss of elasticity, smoothness and mois-
ture content. 

7.2.4. Carrots 
While examining the effect of argon-plasma treatment on carrots, 

Bermúdez-Aguirre et al. (2013) reported that varying the voltage used to 
generate plasma and the processing time did not induce any significant 
colour changes in carrots. Baier, Janßen, et al. (2015) stated that though 
there are no observable changes in colour and elasticity immediately 
after treatment, a significant decrease in the colour could be observed 
during a 48 h storage. In a similar study, minor changes in the texture, 
colour and total carotenoid content was recorded by Mahnot et al. 
(2020) while studying the effect of cold plasma on fresh cut carrots in 
package. Among the varying treatment voltages used, they reported a 
4–5 min treatment at 80–100 kV to be optimum for microbial inacti-
vation as well as quality retention. Wang et al. (2012) noted a 5% 
moisture loss within 4s of treatment on carrots with a 3.2% reduction in 
the vitamin C content. 

7.2.5. Cucumbers 
Wang et al. (2012) reported a 5% moisture loss within 4s of treat-

ment in cucumbers with a 3.6% reduction in the vitamin C content. 
Baier, Janßen, et al. (2015) observed no observable changes in the 
quality of air-plasma treated cucumbers. 

7.2.6. Corn salad leaves 
Baier et al. (2013; 2014) observed that the photochemical efficiency 

of corn salad leaves was highly dependent on the treatment time, with a 
30s treatment yielding optimum results. A significant decline in the 
photosynthetic activity was observed during treatment. 

7.2.7. Spinach 
Klockow and Keener (2008), observed spots of yellowish brown 

discoloration and wilting in atmospheric non equilibrium plasma 
treated packed spinach. 

8. Limitations 

As an emerging and fast maturing technique in terms of research, 
application of cold plasma has underlying limitations, such as the va-
riety and complexity of the technology, that have affected its application 
and efficacy. As seen in the preceding sections, plasma processing could 
not effectively inactivate yeasts and molds in blueberries (Lacombe 
et al., 2015). Yeasts and molds represent micro flora capable of devel-
oping recalcitrant biofilms that are associated with human diseases upon 
consumption. Furthermore, studies have revealed that Salmonella and 
E. coli were rapidly inactivated whereas L. monocytogenes required 
longer processing times that induced undesirable quality changes. The 
thicker membrane of Gram-positive bacteria contrasted by the thinner 
cell wall for Gram-negative bacteria, proves to be a barrier to the 
application of cold plasma (Zuizina et al., 2014). This accentuates the 
fact that the effectiveness of cold plasma in inactivating microbial load 
on fresh produce is subject to type of microbial contamination. In 
addition, the efficacy of microbial inactivation is also indirectly pro-
portional to the level of roughness, initial microbial load and the 
maturity or growth stage of the contaminating microorganisms (Bhide 
et al., 2017). 

The longer treatment times that seem imperative for optimal 
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decontamination induce undesirable changes in the quality parameters 
of certain fruits and vegetables that include, but are not limited to a 
reduced nutrient content, firmness, discoloration, surface rupturing and 
increased heat production which further boosts natural degradation of 
the fresh produce (Lacombe et al., 2015). The time and exposure con-
ditions have also shown to induce irreversible changes to oxidation 
processes between the treated products and oxidative residues (Pasquali 
et al., 2016). The photosynthetic activity of fresh cucumber and salad 
leaves is also impacted. In a study conducted by Baier et al. (2013), cold 
plasma generated using a high power generator showed a great effi-
ciency at a low initial microbial load but induced thermal damage to the 
treated lettuce leaves. Therefore, future studies focusing on 
high-intensity short to very short time treatment to effectively protect 
the quality attributes of food and maximally inactivate the microbial 
load are needed. Finally, CP is a novel food processing technology that is 
chemical-free but majorly works on small-scale, making it difficult to 
process the large product volumes demanded by the food industry. In 
future applications, producing large areas of stable plasma with low cost 
gases for scaling up of the technology and addressing its technical 
challenges is a necessary consideration. Additional processing parame-
ters such as gas, power, or time, can be standardized and controlled in 
processing fresh and minimally processed fruits providing a more 
effective and time-saving method for specific fruits (Mandal et al., 
2018). 

9. Cold plasma as a non-thermal technique-comparison and 
economy 

All the food processing industries aim at producing high quality 
products that meet the consumer demands while increasing their eco-
nomic standards and net profits. This, coupled with the global push for 
energy efficient and sustainable processing techniques has led industries 
to explore non-conventional processing technologies. Compared to High 
Pressure Processing (HPP), Pulsed Electric Field Processing (PEF) or 
Irradiation, cold plasma needs relatively small and affordable processing 
facilities to follow the International and national regulations. It can be 
used to process varying product volumes and unlike irradiated foods, 
cold plasma treated food does not face negative consumer perceptions. 
Technologies like PEF and Ultrasound are capable of inactivating mi-
croorganisms at moderate temperatures but necessitate extremely high 
treatment intensities or use some restrictions for example, a low pH, 
which is not a requirement for the application of cold plasma (Zhang 
et al., 2019). Additionally, HPP is not suitable for soft, solid or highly 
porous food products such as strawberries, while PEF is better suited for 
liquid foods but has a high equipment cost with a limited efficacy against 
bacterial spores and highly resistant micro-organisms. The characteristic 
“shadow effect” in UV and IR processing is a major issue (Misra, Schluter 
et al., 2016a, pp. 1–16; Pan et al., 2019). 

On the other hand, cold plasma has a limited penetration depth 
making it popular as a surface treatment technology as opposed to 
irradiation that can treat external as well as internal parts of fruits and 
vegetables. Being a relatively new technique, application of cold plasma 
for products require trials to find the optimum process conditions 
whereas irradiation has been well investigated with well-established 
process conditions. There is not sufficient information regarding the 
nutritional and chemical changes induced by cold plasma, especially in 
foods with high lipid and vitamin content. The roughness of the food 
surface greatly affects the efficacy of plasma treatment. 

Without the standardization of the process, extrapolating the capital 
and operational costs is a difficult task. Most of the literature available, 
focuses on establishing and optimizing the efficiency of the process. The 
economics of cold plasma aren’t discussed but can be speculated due to 
the fact that the technique isn’t entirely new, and has been used for 
commercial nonfood applications (Niemira, 2012). Generic remarks can 
be found in literature claiming that the technique is low cost, reliable, 
with a low equipment and operational cost without any specific 

economic details (Deng et al., 2007; Lee et al., 2005). With the 
advancement in research and development, there will likely be a drop in 
the operational cost as illustrated by the works of Niemira and Sites 
(2008). The authors developed a lab-scale gliding arc cold plasma sys-
tem that used less feed gas by an order of magnitude, and consumed 
~55% less electricity to achieve orders of magnitude greater reductions 
in pathogen populations than their previous work (Niemira, Gutsol, & 
Fridman, 2005). Power consumption of the lab scale emitters varies 
between 8 W (Baier, Janßen, et al., 2015) to 1.2 kW (Baier, Janßen, et al., 
2015) depending on the size of the emitter. 

The feed gas used would be a critical contributor to the operational 
cost. Helium gas, which is most commonly used, costs about 2–3 times 
more than oxygen and nitrogen when generated from air (Plant Engi-
neering and Maintenance PEM, 2010). Being more readily ionized than 
most other gases however, the use of helium reduces the ionization 
voltage required, further reducing the amount of electricity used and the 
cost of power supply. As the technique is adapted from the lab scale to 
the commercial scale, the initial set up costs would naturally increase, 
but the operational costs will drop with improved energy efficiency and 
overall engineering efficiency due to scale. However, the exact scale of 
cost would depend on the nature of the cold plasma technology used and 
its intended application and therefore cannot be predicted readily in a 
generic manner. 

10. Summary 

Development of cold plasma in the current food industry is a 
promising application in inhibiting human foodborne pathogens and 
microorganisms in fresh and minimally processed fruits and RTE vege-
tables while inducing minimal changes to the products quality. The level 
of microbial inactivation achieved however, was affected by a number of 
factors including feed gas and plasma generation parameters, type of 
microbial contamination along with its concentration and maturity, 
products surface properties, treatment time among with others making 
the process customizable for different products yet entailing a lot of 
initial research to find the optimum processing conditions for each 
product. 

Compared to conventional decontamination techniques, cold plasma 
processing as a chemical free technique can inactivate microbial flora 
with minor or limited changes to product quality. While being a surface 
treatment that involves minimum impact on the quality parameters on 
fresh and minimally processed fruits and RTE vegetables, prolonged 
plasma treatments needed for maximum decontamination of certain 
species of microorganisms on specific fresh produce has shown to have a 
negative impact on quality parameters. Long term exposure to plasma is 
required for achieving acceptable decontamination outcomes in some 
fruits and vegetables, however, this may result in product quality de-
teriorations and act as a hurdle against expanding industry uses of this 
innovative technology. Therefore, further research aiming at developing 
ultra-effective plasma with less impact on product quality or combining 
cold plasma with other non-thermal technologies is necessary. 

New cold plasma application systems to overcome its inconsistency 
in the effectiveness on different fruits and vegetables require novel, 
smart design and engineering attempts. Further research on the safety of 
the treated products, overall changes in the sensory properties and 
scaling up of the technique is deemed necessary for plasma processing to 
find a widespread application in the food industry. 

Authors contributions 

Lili Mao: Writing, Original draft preparation, Data curation, Inves-
tigation, Conceptualization. Pranita Mhaske: Writing, Original draft 
preparation, Data curation, Investigation, Conceptualization. Xin Zing: 
Writing, Original draft preparation, Data curation. Stefan Kasapis: 
Reviewing and editing. Mahsa Majzoobi: Writing, Reviewing and edit-
ing. Asgar Farahnaky: Reviewing and editing, Supervision, 

L. Mao et al.                                                                                                                                                                                                                                     



Trends in Food Science & Technology 116 (2021) 146–175

173

Visualization, Conceptualization. 
DBD: dielectric barrier discharges. 
SDBD: surface dielectric barrier discharges. 
CD: corona discharges. 
MW: microwave discharges. 
APPJ: atmospheric pressure plasma jet. 

References 

Aboubakr, H. A., Williams, P., Gangal, U., Youssef, M. M., El-Sohaimy, S. A., 
Bruggeman, P. J., et al. (2015). Virucidal effect of cold atmospheric gaseous plasma 
on feline calicivirus, a surrogate for human norovirus. Applied and Environmental 
Microbiology, 81(11), 3612–3622. 

Annor, G. A. (2019). Cold plasma effects on the nutritional, textural and sensory 
characteristics of fruits and vegetables, meat, and dairy products Effect of emerging 
processing Methods on the food quality. Springer.  

Baier, M., Ehlbeck, J., Knorr, D., Herppich, W. B., & Schlüter, O. (2015). Impact of 
plasma processed air (PPA) on quality parameters of fresh produce. Postharvest 
Biology and Technology, 100, 120–126. 

Baier, M., Foerster, J., Schnabel, U., Knorr, D., Ehlbeck, J., Herppich, W., et al. (2013). 
Direct non-thermal plasma treatment for the sanitation of fresh corn salad leaves: 
Evaluation of physical and physiological effects and antimicrobial efficacy. 
Postharvest Biology and Technology, 84, 81–87. 

Baier, M., Görgen, M., Ehlbeck, J., Knorr, D., Herppich, W. B., & Schlüter, O. (2014). 
Non-thermal atmospheric pressure plasma: Screening for gentle process conditions 
and antibacterial efficiency on perishable fresh produce. Innovative Food Science & 
Emerging Technologies, 22, 147–157. https://doi.org/10.1016/j.ifset.2014.01.011 

Baier, M., Janßen, T., Wieler, L. H., Ehlbeck, J., Knorr, D., & Schlüter, O. (2015). 
Inactivation of shiga toxin-producing Escherichia coli O104: H4 using cold 
atmospheric pressure plasma. Journal of Bioscience and Bioengineering, 120(3), 
275–279. 

Berardinelli, A., Vannini, L., Ragni, L., & Guerzoni, M. E. (2012). Impact of atmospheric 
plasma generated by a DBD device on quality-related attributes of “Abate Fetel” pear fruit 
Plasma for bio-decontamination, medicine and food security. Springer.  

Bermúdez-Aguirre, D., Wemlinger, E., Pedrow, P., Barbosa-Cánovas, G., & Garcia- 
Perez, M. (2013). Effect of atmospheric pressure cold plasma (APCP) on the 
inactivation of Escherichia coli in fresh produce. Food Control, 34(1), 149–157. 

Bhatt, H. K., Prasad, R., Joshi, D., & Sagarika, N. (2018). Non-thermal plasma system for 
decontamination of fruits, vegetables and spices: A review. International Journal of 
Communication Systems, 6(2), 619–627. 

Bhide, S., Salvi, D., Schaffner, D. W., & Karwe, M. V. (2017). Effect of surface roughness 
in model and fresh fruit systems on microbial inactivation efficacy of cold 
atmospheric pressure plasma. Journal of Food Protection, 80(8), 1337–1346. 

Bogdanov, T., Tsonev, I., Marinova, P., Benova, E., Rusanov, K., Rusanova, M., et al. 
(2018). Microwave plasma torch generated in argon for small berries surface 
treatment. Applied Sciences, 8(10), 1870. 

Butscher, D., Waskow, A., & Rudolf von Rohr, P. (2020). Chapter 6 - disinfection of 
granular food products using cold plasma. In D. Bermudez-Aguirre (Ed.), Advances in 
cold plasma applications for food safety and preservation (pp. 185–228). Academic 
Press.  

Bußler, S. (2017). Cold atmospheric pressure plasma treatment of food matrices. https://doi. 
org/10.14279/depositonce-5709. Doctoral Thesis), Technische Universität Berlin, 
Berlin. Retrieved from. 

Chen, Y. Q., Cheng, J. H., & Sun, D. W. (2019). Chemical, physical and physiological 
quality attributes of fruit and vegetables induced by cold plasma treatment: 
Mechanisms and application advances. Critical Reviews in Food Science and Nutrition, 
3, 1–15. 

Chirokov, A., Gutsol, A., & Fridman, A. (2005). Atmospheric pressure plasma of dielectric 
barrier discharges. Pure and Applied Chemistry, 77(2), 487–495. 

Dasan, B. G., & Boyaci, I. H. (2018). Effect of cold atmospheric plasma on inactivation of 
Escherichia coli and physicochemical properties of apple, orange, tomato juices, and 
sour cherry nectar. Food and Bioprocess Technology, 11(2), 334–343. 

Deng, S., Ruan, R., Mok, C. K., Huang, G., Lin, X., & Chen, P. (2007). Inactivation of 
Escherichia coli on almonds using nonthermal plasma. Journal of Food Science, 72(2), 
62–66. 

Dolezalova, E., & Lukes, P. (2015). Membrane damage and active but nonculturable state 
in liquid cultures of Escherichia coli treated with an atmospheric pressure plasma jet. 
Bioelectrochemistry, 103, 7–14. 

Dong, X. Y., & Yang, Y. L. (2019). A novel approach to enhance blueberry quality during 
storage using cold plasma at atmospheric air pressure. Food and Bioprocess 
Technology, 12(8), 1409–1421. 

Ekezie, F. G. C., Sun, D. W., & Cheng, J. H. (2017). A review on recent advances in cold 
plasma technology for the food industry: Current applications and future trends. 
Trends in Food Science & Technology, 69, 46–58. 

Fernandez, A., Noriega, E., & Thompson, A. (2013). Inactivation of Salmonella enterica 
serovar Typhimurium on fresh produce by cold atmospheric gas plasma technology. 
Food Microbiology, 33(1), 24–29. 

Feroz, F., Nafisa, S., & Noor, R. (2019). Emerging technologies for food safety: High 
pressure processing (HPP) and cold plasma technology (CPT) for decontamination of 
foods. Bangladesh Journal of Microbiology, 36(1), 35–43. 

Gao, L., Sun, L., Wan, S., Yu, Z., & Li, M. (2013). Degradation kinetics and mechanism of 
emerging contaminants in water by dielectric barrier discharge non-thermal plasma: 
The case of 17β-Estradiol. Chemical Engineering Journal, 228, 790–798. 

Gavahian, M., & Cullen, P. (2020). Cold plasma as an emerging technique for mycotoxin- 
free food: Efficacy, mechanisms, and trends. Food Reviews International, 36(2), 
193–214. 

Gavahian, M., & Khaneghah, A. M. (2020). Cold plasma as a tool for the elimination of 
food contaminants: Recent advances and future trends. Critical Reviews in Food 
Science and Nutrition, 60(9), 1581–1592. https://doi.org/10.1080/ 
10408398.2019.1584600 

Grzegorzewski, F., Ehlbeck, J., Schlüter, O., Kroh, L. W., & Rohn, S. (2011). Treating 
lamb’s lettuce with a cold plasma–Influence of atmospheric pressure Ar plasma 
immanent species on the phenolic profile of Valerianella locusta. LWT-Food Science 
and Technology, 44(10), 2285–2289. 

Han, Y., Cheng, J. H., & Sun, D. W. (2019). Activities and conformation changes of food 
enzymes induced by cold plasma: A review. Critical Reviews in Food Science and 
Nutrition, 59(5), 794–811. https://doi.org/10.1080/10408398.2018.1555131 

Harry, J. (2011). Introduction to plasma technology. Science, Engineering, and 
Applications, 426–468. 

Hertrich, S. M., Boyd, G., Sites, J., & Niemira, B. A. (2017). Cold plasma inactivation of 
Salmonella in prepackaged, mixed salads is influenced by cross-contamination 
sequence. Journal of Food Protection, 80(12), 2132–2136. 

Jahid, I. K., Han, N., & Ha, S. D. (2014). Inactivation kinetics of cold oxygen plasma 
depend on incubation conditions of Aeromonas hydrophila biofilm on lettuce. Food 
Research International, 55, 181–189. 

Jahid, I. K., Han, N., Zhang, C. Y., & Ha, S. D. (2015). Mixed culture biofilms of 
Salmonella Typhimurium and cultivable indigenous microorganisms on lettuce show 
enhanced resistance of their sessile cells to cold oxygen plasma. Food Microbiology, 
46, 383–394. 

Kilonzo-Nthenge, A., Liu, S., Yannam, S., & Patras, A. (2018). Atmospheric cold plasma 
inactivation of salmonella and Escherichia coli on the surface of golden delicious 
apples. Frontiers in Nutrition, 5, 120. 

Kim, J. H., & Min, S. C. (2017). Microwave-powered cold plasma treatment for improving 
microbiological safety of cherry tomato against Salmonella. Postharvest Biology and 
Technology, 127, 21–26. 

Klockow, P. A., & Keener, K. M. (2008). Quality and safety assessment of packaged spinach 
treated with a novel atmospheric, non-equilibrium plasma system. Paper presented at the 
2008 Providence, Rhode Island, June 29–July 2, 2008. 

Lackmann, J. W., & Bandow, J. E. (2014). Inactivation of microbes and macromolecules 
by atmospheric-pressure plasma jets. Applied Microbiology and Biotechnology, 98(14), 
6205–6213. 

Lacombe, A., Niemira, B. A., Gurtler, J. B., Fan, X., Sites, J., Boyd, G., et al. (2015). 
Atmospheric cold plasma inactivation of aerobic microorganisms on blueberries and 
effects on quality attributes. Food Microbiology, 46, 479–484. 

Lacombe, A., Niemira, B. A., Gurtler, J. B., Sites, J., Boyd, G., Kingsley, D. H., et al. 
(2017). Nonthermal inactivation of norovirus surrogates on blueberries using 
atmospheric cold plasma. Food Microbiology, 63, 1–5. 

Laroussi, M., Mendis, D. A., & Rosenberg, M. (2003). Plasma interaction with microbes. 
New Journal of Physics, 5, 41. https://doi.org/10.1088/1367-2630/5/1/341 

Lee, H., Kim, J. E., Chung, M. S., & Min, S. C. (2015). Cold plasma treatment for the 
microbiological safety of cabbage, lettuce, and dried figs. Food Microbiology, 51, 
74–80. 

Lee, K. Y., Park, B. J., Lee, D. H., Lee, I. S., Hyun, S. O., Chung, K. H., et al. (2005). 
Sterilization of Escherichia coli and MRSA using microwave-induced argon plasma at 
atmospheric pressure. Surface and Coatings Technology, 193(1–3), 35–38. 

Lee, T., Puligundla, P., & Mok, C. (2018). Intermittent corona discharge plasma jet for 
improving tomato quality. Journal of Food Engineering, 223, 168–174. 

Liao, X., Muhammad, A. I., Chen, S., Hu, Y., Ye, X., Liu, D., et al. (2019). Bacterial spore 
inactivation induced by cold plasma. Critical Reviews in Food Science and Nutrition, 59 
(16), 2562–2572. https://doi.org/10.1080/10408398.2018.1460797 

Liao, X., Xiang, Q., Liu, D., Chen, S., Ye, X., & Ding, T. (2017). Lethal and sublethal effect 
of a dielectric barrier discharge atmospheric cold plasma on Staphylococcus aureus. 
Journal of Food Protection, 80(6), 928–932. 

Li, X., & Farid, M. (2016). A review on recent development in non-conventional food 
sterilization technologies. Journal of Food Engineering, 182, 33–45. 

Li, M., Li, X., Han, C., Ji, N., Jin, P., & Zheng, Y. (2019). Physiological and metabolomic 
analysis of cold plasma treated fresh-cut strawberries. Journal of Agricultural and 
Food Chemistry, 67(14), 4043–4053. 

Li, J., Xiang, Q., Liu, X., Ding, T., Zhang, X., Zhai, Y., et al. (2017). Inactivation of 
soybean trypsin inhibitor by dielectric-barrier discharge (DBD) plasma. Food 
Chemistry, 232, 515–522. 

Lu, Q., Liu, D., Song, Y., Zhou, R., & Niu, J. (2014). Inactivation of the tomato pathogen 
Cladosporium fulvum by an atmospheric-pressure cold plasma jet. Plasma Processes 
and Polymers, 11(11), 1028–1036. 

Mahnot, N. K., Siyu, L. P., Wan, Z., Keener, K. M., & Misra, N. (2020). In-package cold 
plasma decontamination of fresh-cut carrots: Microbial and quality aspects. Journal 
of Physics D: Applied Physics, 53(15), 154002. 

Mandal, R., Singh, A., & Pratap Singh, A. (2018). Recent developments in cold plasma 
decontamination technology in the food industry. Trends in Food Science & 
Technology, 80, 93–103. https://doi.org/10.1016/j.tifs.2018.07.014 

Ma, L., Zhang, M., Bhandari, B., & Gao, Z. (2017). Recent developments in novel shelf life 
extension technologies of fresh-cut fruits and vegetables. Trends in Food Science & 
Technology, 64, 23–38. 

Mendis, D., Rosenberg, M., & Azam, F. (2000). A note on the possible electrostatic 
disruption of bacteria. IEEE Transactions on Plasma Science, 28(4), 1304–1306. 

Millan-Sango, D., Garroni, E., Farrugia, C., Van Impe, J. F., & Valdramidis, V. P. (2016). 
Determination of the efficacy of ultrasound combined with essential oils on the 
decontamination of Salmonella inoculated lettuce leaves. LWT, 73, 80–87. 

L. Mao et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0924-2244(21)00440-4/sref1
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref1
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref1
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref1
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref2
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref2
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref2
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref3
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref3
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref3
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref4
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref4
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref4
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref4
https://doi.org/10.1016/j.ifset.2014.01.011
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref6
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref6
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref6
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref6
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref7
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref7
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref7
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref8
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref8
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref8
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref9
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref9
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref9
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref10
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref10
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref10
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref11
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref11
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref11
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref12
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref12
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref12
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref12
https://doi.org/10.14279/depositonce-5709
https://doi.org/10.14279/depositonce-5709
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref14
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref14
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref14
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref14
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref15
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref15
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref16
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref16
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref16
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref17
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref17
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref17
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref18
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref18
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref18
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref19
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref19
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref19
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref20
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref20
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref20
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref21
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref21
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref21
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref22
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref22
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref22
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref23
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref23
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref23
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref24
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref24
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref24
https://doi.org/10.1080/10408398.2019.1584600
https://doi.org/10.1080/10408398.2019.1584600
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref26
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref26
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref26
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref26
https://doi.org/10.1080/10408398.2018.1555131
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref28
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref28
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref29
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref29
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref29
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref30
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref30
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref30
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref31
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref31
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref31
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref31
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref32
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref32
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref32
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref33
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref33
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref33
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref34
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref34
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref34
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref35
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref35
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref35
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref36
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref36
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref36
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref37
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref37
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref37
https://doi.org/10.1088/1367-2630/5/1/341
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref39
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref39
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref39
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref40
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref40
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref40
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref41
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref41
https://doi.org/10.1080/10408398.2018.1460797
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref43
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref43
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref43
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref44
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref44
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref45
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref45
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref45
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref47
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref47
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref47
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref48
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref48
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref48
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref49
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref49
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref49
https://doi.org/10.1016/j.tifs.2018.07.014
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref51
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref51
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref51
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref52
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref52
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref53
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref53
http://refhub.elsevier.com/S0924-2244(21)00440-4/sref53


Trends in Food Science & Technology 116 (2021) 146–175

174

Min, S. C., Roh, S. H., Niemira, B. A., Boyd, G., Sites, J. E., Uknalis, J., et al. (2017). In- 
package inhibition of E. coli O157: H7 on bulk romaine lettuce using cold plasma. 
Food Microbiology, 65, 1–6. 

Min, S. C., Roh, S. H., Niemira, B. A., Sites, J. E., Boyd, G., & Lacombe, A. (2016). 
Dielectric barrier discharge atmospheric cold plasma inhibits Escherichia coli O157: 
H7, Salmonella, Listeria monocytogenes, and Tulane virus in romaine lettuce. 
International Journal of Food Microbiology, 237, 114–120. 

Mir, S. A., Siddiqui, M. W., Dar, B. N., Shah, M. A., Wani, M. H., Roohinejad, S., et al. 
(2019). Promising applications of cold plasma for microbial safety, chemical 
decontamination and quality enhancement in fruits. Journal of Applied Microbiology, 
129(3), 474–485. https://doi.org/10.1111/jam.14541 

Misra, N., Keener, K., Bourke, P., & Cullen, P. (2015). Generation of in-package cold 
plasma and efficacy assessment using methylene blue. Plasma Chemistry and Plasma 
Processing, 35(6), 1043–1056. 

Misra, N. N., Keener, K. M., Bourke, P., Mosnier, J. P., & Cullen, P. J. (2014). In-package 
atmospheric pressure cold plasma treatment of cherry tomatoes. Journal of Bioscience 
and Bioengineering, 118(2), 177–182. 

Misra, N., Moiseev, T., Patil, S., Pankaj, S., Bourke, P., Mosnier, J., et al. (2014). Cold 
plasma in modified atmospheres for post-harvest treatment of strawberries. Food and 
Bioprocess Technology, 7(10), 3045–3054. 

Misra, N., Pankaj, S., Frias, J., Keener, K., & Cullen, P. (2015). The effects of nonthermal 
plasma on chemical quality of strawberries. Postharvest Biology and Technology, 110, 
197–202. 

Misra, N., Pankaj, S., Segat, A., & Ishikawa, K. (2016). Cold plasma interactions with 
enzymes in foods and model systems. Trends in Food Science & Technology, 55, 39–47. 

Misra, N., Patil, S., Moiseev, T., Bourke, P., Mosnier, J., Keener, K., et al. (2014). In- 
package atmospheric pressure cold plasma treatment of strawberries. Journal of Food 
Engineering, 125, 131–138. 

Misra, N., Schlüter, O., & Cullen, P. (2016a). Plasma in food and agriculture cold Plasma in 
Food and agriculture (pp. 1–16). Elsevier. 

Misra, N., Schlüter, O., & Cullen, P. J. (2016b). Cold plasma in food and agriculture: 
Fundamentals and applications. Academic Press.  

Misra, N., Yadav, B., Roopesh, M., & Jo, C. (2019). Cold plasma for effective fungal and 
mycotoxin control in foods: Mechanisms, inactivation effects, and applications. 
Comprehensive Reviews in Food Science and Food Safety, 18(1), 106–120. 

Moisan, M., Barbeau, J., Moreau, S., Pelletier, J., Tabrizian, M., & L’H, Y. (2001). Low- 
temperature sterilization using gas plasmas: A review of the experiments and an 
analysis of the inactivation mechanisms. International Journal of Pharmaceutics, 226 
(1–2), 1–21. 

Montie, T. C., Kelly-Wintenberg, K., & Roth, J. R. (2000). An overview of research using 
the one atmosphere uniform glow discharge plasma (OAUGDP) for sterilization of 
surfaces and materials. IEEE Transactions on Plasma Science, 28(1), 41–50. 

Moon, A. Y., Noh, S., Moon, S. Y., & You, S. (2016). Feasibility study of atmospheric- 
pressure plasma treated air gas package for grape’s shelf-life improvement. Current 
Applied Physics, 16(4), 440–445. https://doi.org/10.1016/j.cap.2016.01.007 
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