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A B S T R A C T   

Cold plasma, a partially ionized gas maintained at low temperatures, has emerged as a promising nonthermal 
food processing technique with various applications, including food sterilization and improved agricultural 
output. By generating reactive species such as ions, radicals, and photons, cold plasma interacts with and 
modifies the surfaces of materials or living cells. This comprehensive review focuses on the microbial decon
tamination capabilities of cold plasma and its impact on a wide range of food products, including cereals, milk, 
fruits, vegetables, and meat. Cold plasma treatment offers distinct advantages over traditional methods such as 
heat treatment, chemical treatment, and irradiation. It effectively eliminates pathogenic microbes from food 
surfaces while preserving the quality, flavor, and nutritional content of the food. By sterilizing food surfaces and 
packaging materials, cold plasma significantly reduces the risk of harmful microorganism contamination. 
Moreover, it extends the shelf life of food products by eliminating germs, viruses, and other hazardous microbes. 
This review critically assesses the qualitative impact of plasma treatment, emphasizing the importance of 
selecting the appropriate cold plasma technology for various food products. To ensure the safety and effec
tiveness of cold plasma technology for commercial implementation, this review investigates the properties of 
cold plasma treatment for different food products. It examines the molecular connections between dietary 
components and cold plasma species, highlighting potential avenues for future research.   

1. Introduction 

Foods that have undergone non-thermal processing can potentially 
be kept fresh for a longer period and delivered to consumers with ease 
without adversely affecting the nutritional value or shelf life. Consumer 
comprehension of a healthy diet could help in the prevention of 
nutrition-related ailments. Furthermore, individuals are eager to shift 
their eating habits to healthier ones in this new era since immunity is 
now an important consideration [1]. Recent reports from the food sector 
employ methods apart from heat treatment for preparing food [2,3]. As 
a result of thermal food preservation, there is a significant loss in food 
quality, such as overcooking, textural deterioration, flavor, sensory 
attribute modifications, a drop in nutritional content due to heat expo
sure, and so on. [4]; Singh et al., 2017; [5]. Thermal food processing is 
being in use for more than two centuries and is still one of the important 
food processing techniques used in food processing industries [6]. The 

use of high heat treatment can result in undesirable effects such as 
change in color, texture, loss of nutrients etc., motivating researchers to 
explore more non-thermal alternatives for food processing [7]. Re
searchers are concentrating on creating new processing methods that 
retain most of the quality attributes; a few of them are dielectric heating 
(microwave heating and radiofrequency), infrared heating, ultrasound, 
ohmic heating, pulsed electric field, high-pressure processing, ozone 
processing, pulsed light, and cold plasma. These emerging techniques 
offer minimum treatment, preservation of sensory attributes of food 
with subsequent protection of food bioactive compounds and their 
functionality for extend period of time. Emerging techniques possess 
numerous applications in the food sector, promising reduced heating 
and residence time, improved food quality, energetic yield, control of 
maillard and other chemical reaction, and environmental stresses pro
tection [8,9]. Emerging technologies are not based on high temperature 
but on the heat generation through internal energy transmission (such as 
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adiabatic and resistive during high hydrostatic pressure, and pulsed 
electric fields respectively) which reduces sensory deterioration, nutri
tional, and functional and nutritional profile of foods [1]. 

Cold plasma (CP) is a recent technical intervention for maintaining 
food quality and safety [43]. Primarily it is a technology created for 
curing and bonding polymers, additionally utilized in a variety of in
dustries [44]. Cold plasma technique has demonstrated itself as a suc
cessful technology in the food industry for removing sporulating and 
harmful organisms from food items. In recent years, this innovative 
technique has been declared as a disinfectant of foods and food contact 
surfaces. The innovation of this method lies in its versatility of pro
duction and potential applications such as direct or indirect plasma, its 
non-thermal effect, functional coatings as well as plasma treated water, 
and, as food quality characteristics are not been affected negatively 
[45]. Cold plasma can be used to decontaminate objects that have mi
croorganisms on their surface. Unlike light (for example, UV light 
decontaminating), plasma travels around things, eliminating shadow 
effects and guaranteeing that all product portions are cleaned. Surfaces 
might be cleaned with cold plasma before packing or as part of the 
packaging procedure. Even with the added requirement for carrier gas, 
plasma technologies’ electronics and longevity are equivalent to UV-C 
systems regarding energy usage and profitability for treating food. 
Cold plasma with potent antibacterial properties could reduce the time 
needed for treatment and benefit from low working temperatures 
(30-50 ◦C) to keep foods nutritional and sensory qualities [46]. 
Low-temperature (or so-called “cold”) plasmas are quasineutral particle 
systems of semi-gas and semi-fluid mixtures of high active moieties. Cold 
plasma is generated by electric discharges implemented at various levels 
of pressure in high-moisture foods, as a vacuum is boosting liquid con
version to gaseous phase. This novel method also results in microbial 
inactivation of foods [47]. 

Cold plasma has a number of benefits over existing food safety sys
tems, including being easily adapted to a food processing environment, 
requiring short treatment times, utilizing little energy, and quickly 
reverting active gas species to their initial gas after treatment. After the 
reactive compounds have been removed from the power source, plasma 
is ecologically safe. This method is appropriate for sensitive raw and also 
fresh food products. It does not impact both the nutritional and sensory 
characteristics of food ingredients. Low-cost noble gases are employed 
for processing, which reduces equipment costs, at low temperatures, 
microbial inactivation efficiency can be obtained; it also requires less 
electricity to operate (Keener and Misra, 2016; [48–51]. Based on this, 
the review focuses on the effects of cold plasma technology on food 
items such as cereals, milk, fruits, vegetables, and meat as well as 
microbiological decontamination. Moreover, insightful analyses of the 
qualitative effects of plasma treatment are presented, highlighting the 

significance of choosing the cold plasma technique for various food 
products. The assessment examines the characteristics of cold plasma 
treatment for various kinds of food to guarantee the technology’s effi
cacy and safety for commercial use. 

2. Principle of cold plasma 

Plasma is the fourth matter state that exists, following solids, liquids, 
and gases, as shown in Fig. (1). It is frequently shown as a brilliant 
fluorescent light discharge or arc. Physically, it is a gaseous mixture that 
is partially or completely ionized [52,53]. Irving Langmuir coined the 
name "plasma" in the year 1928 and described this 4th state of matter, 
He discovered plasma oscillations in the ionized gas, which is an entirely 
as well as partially ionized condition of gas [54]. As we raise the energy 
input, solids change into liquids, which subsequently turn into gases. 
Increasing the energy supply above a particular extent in the gaseous 
phase induces the ionization of molecules, which results in the plasma 
phase. 

Plasma consists of activated molecules, free radicals, positive ions, 
negative ions, and neutral atoms. Cold plasma utilizes atmospheric 
temperature to generate plasma [55]. Many gases (H2, O2, He, N2, Ar, 
Ne, CF4, CH4, NH3) can be converted into plasma by subjecting them to 
electric fields such as alternating current (higher frequency), direct 
current, thermal, microwave, and radio frequency, magnetic field. It 
produces plasma particles such as ions, free radicals, and electrons that 
collide with greater kinetic energies [54]. There is no net charge in the 
plasma system. Plasma changes are influenced by factors such as supply 
gas proportion, surrounding phase, power, humidity as well as voltage 
levels [46,56]. 

In the context of microbial inactivation, when contamination of the 
food surface is subjected to plasma-created reactive species, electrostatic 
forces accumulate at the point where the energy is at its highest. The 
flow of energy results in far more radical bombardment activity, which 
results in cell lysis. The effects of heavy bombardment produce surface 
injuries, leaving the pathogenic bacteria cell incapable of swiftly 
repairing itself, culminating in cell death. This is referred to as "plasma 
etching". Plasma etching denatures DNA as well as chemical bonds, 
providing the cell with an antimicrobial effect [57]. 

3. Classification of plasma 

Plasma can be categorized into two kinds based on the method of 
creation: Non-equilibrium or low-temperature plasma and equilibrium 
or thermal plasma. At temperatures around 20,000 K, thermal plasma is 
made up of electrons, ions, and gas molecules, maintaining thermody
namic equilibrium. Once more, quasi-equilibrium plasma (100–150 ◦C) 

Fig. 1. States of matter solid, liquid, gas and plasma and Freezing, condensation and ionization method.  

S. Harikrishna et al.                                                                                                                                                                                                                            



Journal of Agriculture and Food Research 14 (2023) 100747

3

and non-equilibrium plasma (30–50 ◦C) are used to categorize low- 
temperature plasma. Species, including gas molecules and electrons 
are in local thermodynamic equilibrium within the quasi-equilibrium 
plasma. Gas molecules and electrons in a non-equilibrium plasma 
experience different temperature. Since there is no local thermodynamic 
equilibrium, which causes a decreased overall system temperature, non- 
equilibrium plasma is often known as atmospheric cold plasma (ACP), 
cold plasma (CP), nonthermal plasma (NTP), and cold atmospheric 
plasma (CAP). 

Rather than heating the entire gas flow, the majority of the supplied 
energy is centered on electrons in nonthermal plasma generation. As a 
consequence of this, the temperature of gases remains essentially con
stant. Because of that cold plasma is also referred to as "cold plasma" or 
"nonthermal approach" [58]. 

The three main categories of the cold atmospheric plasma system are 
electrode contact, direct exposure, and remote exposure [59]. The 
remote exposure approach involves placing food in a faraway location 
before being exposed to a plasma producing source, which creates 
subsequent chemical compounds from the atmosphere and acts on the 
desirable product by sterilizing it. Those food components employed 
with the direct exposure approach are put right up against the active 
plasma, a source of plasma formation that generates both transient and 
persistent chemical species. The food substance is put on the electrode 
field that produces plasma, which results in ion bombardment and 
chemical species emission in the electrode contact technique. Addi
tionally, surface modification using cold atmospheric pressure plasma is 
one of the efficient and cost-effective technique for various materials 
and of growing interests in food sector, as it is quite difficult to form 
granular and powdered products fulfilling both needs, adequate bulk 
properties and particular treatment to alter the surface characteristics 
[60]. The surface-effects, such as etching and plasma sputtering, 
induced by applying cold atmospheric pressure plasma to food products 
improves techno-functional and surface properties selectively while the 
material bulk properties remain unaltered [61]. Due to its higher po
tential of being energy saving and environment friendly, its capability 
and flexibility results in the development of various atmospheric plasma 
sources for numerous applications in food and non-industries [62]. 

3.1. Methods of generation of cold plasma 

The energy distribution among the component particles in the cold 
plasma treatment is distinctively non-uniform (a non-equilibrium), 
where the electrons are more susceptible to transferring heat through 
a collision with heavier particles, and so determines the particular 
matrix’s electron component. Furthermore, the medium’s temperature 
(35 ◦C) does not change, which is a distinctive aspect appropriate for 
thermal-sensitive products. Several nonthermal plasma discharge tech
niques are used depending on the mechanism and desired target 
response. 

3.1.1. Dielectric barrier discharge 
This approach employs a dielectric substance wrapped around two 

flat metal electrodes which block electric currents and keeps sparks from 
forming. In a closed target chamber, any inert gas combination or 
neutral gas travels involving two electrodes and is ionized to produce 
plasma products. A high-voltage circuit is connected to one electrode, 
while the ground is connected to the other. It is a non-equilibrium 
alternating or direct current discharge that typically works across a 
wide variety of gas pressures (often around 104 to 106 Pa), about 
0.05–500 kHz [63], and its operational energy requirements range from 
10 to 100 W [64]. Various parameters impact dielectric barrier dis
charge’s efficiency, including the operating voltage, the gas used, and 
the spacing between the electrodes. For large surfaces, dielectric barrier 
discharge is the best plasma source [65]. 

3.1.2. Corona discharge plasma 
A changing electric field strength at atmospheric pressure creates 

plasma in this process. Corona discharge can be seen on sharp edges and 
along thin wires. When gases surpass their breakdown strength in a very 
non-uniform electric field, they generate weakly ionized plasma with 
some luminance. The corona system may be created in a simple device 
and does not need a complicated apparatus, saving money on setup and 
maintenance costs. Its primary drawback is that it only affects a small 
region and does so unevenly [66]. However, corona discharges are still 
regarded as the best choice for food sterilization applications [57]. 

3.1.3. Plasma jet discharge 
There are two parallel electrodes in plasma jet systems through 

which the carrier gas flows at various speeds. Radio frequencies are 
commonly used to produce plasma jets or flames at atmospheric pres
sures. The excited species exit by a tiny valve or a hole approaching the 
electrode’s terminal with the assistance of a carrier gas. Noble gases like 
helium or argon at an increased flow rate (>10 s/m) are frequently 
employed in the process. Plasma jets have the benefit of being directly 
applicable and may be employed between small areas. Although it is 
suitable for some biological applications, food processing cannot utilize 
this due to the high expense associated with the gas flow [67]. 

3.1.4. Microwave plasma discharge 
Instead of employing electrodes with varying potentials, A high- 

frequency electromagnetic field drives microwave plasma discharges 
generated by a magnetron (usually takes place at 2.45 GHz) (Tolouie 
et al., 2018). Microwave radiation oscillates electrons, which form ions 
by interacting with gaseous atoms and molecules, resulting in an 
elevated ionization level in microwave plasma. The electrode-less setup 
of Microwave-driven discharges is their main benefit since it is user- 
friendly [65]. The drawback, though, is the space constraint. Large re
gions must be directly decontaminated using a variety of discharges. 
This approach is commonly used in high-temperature processing [68]. 
The plasma discharge techniques are shown in Fig. (2). 

4. The impact of cold plasma on different foods 

The use of high heat treatment over a longer period of time leads to 
undesirable changes such as change in texture, color, nutritional loss. 
Thus, non-thermal techniques such as cold plasma can be used to 
overcome these changes. In blueberries, cold plasma treatment can 
decrease firmness [69,26], which can be attributed to the mechanical 
damage due to high air-flow rates of plasma jet and the temperature rise 
during the treatment. In another study, the firmness retention of 
strawberries was found to be improved in high-oxygen environment 
than a nitrogen-rich environment, thus depicting that plasma gas is an 
essential factor affecting the firmness of treated foods. Similarly, in
crease in texture retention under higher oxygen atmosphere and ozone 
treatments have also been studied [70,71]. The enhanced firmness 
retention can be attributed due to the decrease in ripening rate as a stress 
response to high oxygen atmosphere [7]. Cold plasma treatment of le
gumes and grains can reduce chewiness and hardness [72]. There was 
decrease in cooking or soaking time for plasma-treated legumes and 
grains based food products, which can be considered desirable for the 
food industries [73]. In terms of nutrients, the mechanisms of protein 
denaturation by cold plasma treatment can be due to the interaction of 
plasma reactive species with amino acids [74], and secondary structure 
due to loss of α-helix and β-sheet [75]. The impact of cold plasma 
treatment in muscle protein in fresh mackerel resulted in reduction in 
immobilized water located in the protein-dense myofibrillar network 
[76]. In wheat flour, changes in protein structure were due to the for
mation of disulphide bonds and oxidation of sulfhydryl groups, affecting 
their functional and structural properties. In a study, cold plasma syn
ergistic tartaric acid (CPA) treatment used to induce the interaction 
between pea protein isolate (PPI) and tartaric acid molecules to prepare 
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fibrous PPI and to enhance foamability, protein stability and foam sta
bility. It was observed that PPI prepared by CPA treatment for 10 min 
shown enhanced foamability and foam stability. CPA treatment also 
resulted in destruction of protein subunit or disulfide bond to alter the 
primary structure and composition of PPI [77]. In cashew apple juice, 
cold plasma treatment caused degradation of all reducing and 
non-reducing sucrose [78]. It was also observed that there was increase 
in sucrose content after prolonged exposure to cold plasma, attributing 
to the degradation of the oligosaccharides with higher degree of poly
merization. The similar increase in sucrose and decrease in fructose and 
degradation of oligosaccharides with higher degree of polymerization 
was also observed in prebiotic orange juice. The studies suggest ozo
nolysis to be the main cause of degradation resulting in breaking of 
glycoside bonds, causing de-polymerization of macromolecule and the 
oxidation of functional groups to produce carboxyl and carbonyl com
pounds, hydroperoxides CO2 and lactones, [79]. 

4.1. Grains and derivative products 

The impact of cold plasma on black gram was investigated by 
Ref. [72]. They concluded that a decrease in cooking time and 
enhancement of cooking could be seen when treated with cold plasma. 
The black gram cooking period decreased from 30.25 to 20.45 min, and 
the hardness value decreased from 22.50 to 12.36 N, it was observed 
that short amylopectin leaching was greater than amylose, which is 
what caused the decrease in hardness. And the reduction in cooking time 
was facilitated by the depolymerization of starch and the compromised 
surface integrity of cereal grains. According to one research [13], After 
4 h of immersion, plasma therapy increased the ability to absorb water 
due to the production of simple carbohydrates. Furthermore, surface 
depolymerization and plasma etching can boost the activity of amylase 
and Brown rice’s capacity to absorb water (up to 1.21 folds). In terms of 
intermediate grain products such as flour also shows significant change 
when treated with plasma; for example, in basmati rice flour, the water 
retaining capacity improves as exposure duration and plasma energy 
increase [11]. Parboiled rice on treatment using cold plasma led to a 
lower amylase content, flour wetting characteristics, and phenolic 

compound release improved by 30.34 to 27.89% [14]. Different legumes 
and grains were checked for Aspergillus species and Penicillium species 
before and after plasma therapy. A significant log drop was seen after 15 
min of plasma treatment [33]. The impact of cold plasma treatment on 
grains and derivative products is presented in Table 1. Cold plasma 
treatment can be significantly used to reduce mold and mycotoxin count 
in rice grain. In a study, rice grains were artificially with molds were 
exposed to cold plasma treatment. The microbial activities of Rhizopus 
oryzae, Aspergillus niger, Fusarium graminearum and Penicillium ver
rucosum were significantly inhibited by cold plasma treatment. The 
electrical conductivity and malondialdehyde content in rice grain 
increased by 30.14% and 103.27%, respectively. The seed germination 
also was observed to be decreased with treatment time reached 8 min 
[80]. The exposure of cold plasma to pearl millet flour can modify its 
functional, proximate, antinutritional, thermal, rheological properties. 
It has been observed that the treatment can reduce the antinutritional 
factors such as phytic acid and tannin present in pearl millet flour. Cold 
plasma treated samples also showed shear thinning behavior and high 
storage modulus values (G′), indicating an elastic response of the flour. 
In addition to this, there was an increase in functional properties such as 
water and oil absorption capacity, emulsifying capacity and foaming 
capacity [81]. 

4.2. Dairy processing sector 

The dairy business maintains milk’s safety and storage life using 
thermal techniques like high-temperature-short-time (HTST). But, while 
the heating process ensures milk safety, excessive heat treatment for 
prolonged period can adversely affect milk quality by causing non- 
enzymatic browning, protein denaturation, vitamin deficiencies, as 
well as flavor changes. Milk can be pasteurized quickly and non- 
thermally using cold plasma, preserving the milk’s quality while 
ensuring food safety [82]. 

Research findings by Refs. [49,16] indicate that cold plasma has 
previously been tried on a variety of milk products, including whole 
milk, skim milk, sliced cheese, and UHT milk, with research suggesting 
that it might be a workable substitute for conventional milk processing 

Fig. 2. Plasma discharge techniques such as corona discharge, dielectric barrier discharge, Jet plasma, and microwave discharge.  
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methods. Being nonthermal in nature, cold plasma is less likely to have 
an impact on the color, pH, nutritional value, and flavor of milk and milk 
products, and it inactivates microorganisms and phosphatase enzymes 
in a few seconds. Some studies reported that Cold plasma treatment 
causes milk to become more acidic, which may result from several in
teractions between water and volatile substances produced by plasma 
like O, NOx, and O3 at the gas-water contact. The impact of cold plasma 
treatment on milk and milk products is shown in Table 2. It was 
observed that plasma bubbling can efficiently reduce microbial load 
(0.64 and 1.82 log reduction of bacteria and coliforms count), yet it 
resulted in increase in lipid oxidations and decrease in whiteness index. 
However, the reduction in oxalates, phytates and lipoxygenase activity 
was also observed with treatment, depicting that this technique can be 
used as efficient alternative technique in sesame milk processing [83]. In 
another study, cold plasma technique was efficiently used to prevent 
mold growth in Kashar cheese. It has been observed that cold plasma 
application with different gas compositions was effective to inactivate A. 
favus and P. crysogenum. It was reported that a reduction of 3–4 logs 
was achieved for both mold types and resulted in increase in textural 
properties and shelf life of Kashar cheese depending on the gas 
composition and application time used [84]. 

4.3. Meat and egg processing sector 

Meat has significant moisture and plenty of nutrients, making it a 

Table 1 
Cold plasma treatment’s impact on grains and derivative products.  

Food 
material 

Source of 
plasma 

Treatment Findings References 

Parboiled 
rice 

Radiofrequency T = 5 min, 
P = 50 W. 

Decreased cooking 
time and hardness, 
Increased water 
absorption 
capacity. 

[10] 

Brown rice Radiofrequency T = 10 
min, P =
50 W. 

The cooking 
duration is 
shortened to 21.1 
min from 29.1 min, 
while water intake 
is increased. 

[11] 

Basmati 
rice 

Radiofrequency T = 5 min, 
P = 40 W. 

Reduced contact 
angle, cooking 
duration and 
increased water 
absorption 

[12] 

Brown rice DBD T = 20 
min, P =
250 W. 

Substantial rise in 
-amylase activity, 
accompanied by a 
large decrease in 
hardness 

[13] 

Parboiled 
rice 
flour 

Radiofrequency T = 15 
min, P =
50 W. 

decline in broad 
endothermic 
enthalpy, 
crystallinity, as 
well as hardness 
and sickness 

[14] 

Basmati 
rice 
flour 

Radiofrequency T = 10 
min, P =
40 W. 

Increased 
hydration 
characteristics of 
flour and gel 

[11] 

Wheat 
germ 

DBD 
atmospheric 
plasma 

T = 25 
min, V =
24Kv. 

Wheat germ 
lipoxygenase and 
lipase activity were 
decreased to 
25.03% and 
49.98%, 
respectively. 
Wheat germ has a 
longer shelf life 
and is more stable. 

Tolouie 
et al., 2018 

T = exposure time, P = Power, V = Voltage, DBD = Dielectric barrier discharge. 

Table 2 
Cold plasma treatment’s impact on Milk and milk products.  

Treatment Findings Reference 

Nonfat powdered milk 
Nitrogen gas was used to 
make atmospheric cold 
plasma at 4.4 kV lasting 
0–120 s. Samples were 
subjected to controlled 
humidity at 35% for 0–120 s. 

Treatment duration and flow rate 
effectively rendered Cronobacter 
sakazakii inactive. 

[15] 

Cheese 
Helium gas powers an 
atmospheric pressure plasma 
operating at 13.56 GHz for 60, 
90, and 120 s at 75, 100, 125, 
and 150 W. 

Higher power plasma application 
(120s at 150 W) was shown to 
completely destroy any live cells 
after one week of storage, 
reducing L. monocytogenes by 8 
log cycles. 

[16] 

Atmospheric gas and a 15 kHz 
dielectric barrier discharge 
plasma were used to create 
cold plasma for 0, 2.5, 5, and 
10 min. 

Escherichia coli, Listeria 
monocytogenes, & Salmonella 
typhimurium all underwent 
complete inactivation after being 
exposed for 4, 10, and 75 s, 
respectively. With longer 
exposure times, a considerable 
reduction on cheddar cheese was 
seen. Additionally, after being 
exposed to DBD for 10 min, 
Listeria monocytogenes, Escherichia 
coli and Salmonella typhimurium 
colonies all underwent complete 
inactivation and experienced 
decreases of 2.1, and 3.2 log 
CFU/g, correspondingly. 

Yong et al., 
2015 

DBD with 15 kHz, followed by 1, 
3, and 5 min treated with 
plasma 

Following treatments of 10, 60, 
and 90 min, Listeria 
monocytogenes, Salmonella 
typhimurium, and Escherichia coli, 
were fully inactivated in nutrient 
agar. Colonies of 2.26, 3.11, and 
2.88 log CFU/g decreased after 
15 min of waiting. Dielectric 
barrier discharge therapy. The 
number of colonies was also 
declining throughout the post- 
storage phase. 

Yong et al., 
2015 

3.5 kV DBD plasma with a 50% 
duty cycle and a square wave 
low frequency of 50 kHz 

Helium and a He/O2 
combination resulted in 
significant reductions in 
Escherichia coli with log values 
ranging from 0.09 to 1.47 log and 
0.05 to 1.98. He and the He–O2 
combination reduced the count of 
Staphylococcus aureus by 
0.05–0.45 log and 0.08 to 0.91 
log, respectively. 

[17] 

Milk 
A DBD Cold Plasma with a 

frequency of 15 kHz was used 
to generate plasma. Voltage 
variation categories (0, 40, 
50, 60, 70, and 80 V for 120 s) 
and difference in time groups 
both received cold plasma 
treatment of 70 V for 0, 15, 
30, 60, 90, and 120 s. 

Plasma treatments at 70 and 80 V 
for 120 s and 70 V for 90 and 120 
s were equal to Pasteurization 
and Ultra High Temperature 
based on number of colonies. 

Wu et al., 
2020 

Aron gas plasma at 2, 3, and 4 
kHz frequencies lasting 2 min, 
and 4 kHz for 30–120 s 

Compared to pasteurization, 
plasma treatment considerably 
reduced bacterial population and 
enhanced microbiological quality 
during storage. 

[18] 

CP using 9 kV-generated argon 
gas. Samples were exposed for 
2 min at frequencies of 2.5 
and 4 kHz. 

E. coli were completely destroyed 
by Cold Plasma in raw milk and 
pasteurized milk after 2 min of 4 
kHz exposure. 

[19] 

A corona discharge device with 
a 
9 kV power supply was used 
to produce Cold Plasma. Old 

The decrease in E. coli cell 
viability (log CFU/mL) in 
skimmed milk, semi-skimmed, 

[20] 

(continued on next page) 
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perfect environment for pathogenic and spoilage microbes to proliferate 
[85]; Biesalski., 2005). As a result, it is critical for consumer safety to 
remove harmful bacteria from meat and meat-based goods. Further
more, extending shelf life by getting rid of dangerous microbes in meat 
as well as meat-based products is essential for food security and the 
long-term viability of the meat business [86]. Decontamination of meat 
and meat-based products is a unique issue in the meat business because 
meat’s nature not only allows it to be very perishable but also offers an 
extremely high degree of sensitivity in its degradation of physical 
characteristics whenever exposed to standard sterilizing methods. Meat 
can be a breeding ground for pathogens like L. monocytogenes, E. coli 
O157:H7, C. jejuni, and Salmonella species that can infect humans with 
severe food-borne illnesses [87]. 

The microbicidal actions of cold plasma on numerous microorgan
isms in meat and meat-based goods have also been investigated and 
mentioned in Table 3. Prior studies found that plasma treatment lowered 
L. monocytogenes levels in inoculated meat as well as meat-related 
goods by 0.59–6.52 Log CFU/g. [88–90]; Janasena et al.,2015; [91, 
92]. The impact of cold plasma therapy on eggs, meat, and meat prod
ucts is shown in Table 3. In fresh fish, the application of air plasma 
treatment for about 7 min can reduce bacterial load and increase sensory 
attributes, for the industrial use of cold plasma technology in fresh 
seafood, a wide range of studies are still required to investigate different 
species, different gas composition, processing time, and voltage [93]. 

4.4. Fruits and vegetables 

Fruits and vegetables are widely consumed across the world. The 

majority of fruits are consumed raw, which increases the quality and 
safety concerns. Conventionally the fruits &vegetables are cleaned or 
decontaminated with clean water and surface disinfectants. Cold plasma 
treatment can effectively replace chlorine as well as water for fruit and 
vegetable disinfection. Various fruits and veggies, including berries, 
melons, pears, kiwis, and cherries, were subjected to cold plasma 
treatment. The findings demonstrate that cold plasma treatment of fruit 
and veggie surfaces alters the pH as well as the acidity in the final 
product. Also, they discovered that during storage, the treated produce 
has some variations in structure and hue [57]. Additionally, several 
investigations reported no appreciable changes in the antioxidant ac
tivity or composition of the fruits treated with plasma [94]. 

Cold plasma treatment (100 kV-5 minutes) decreased the number of 
mesophiles, yeast, as well as molds in sliced carrots by almost 2 logs; 
however, the method preserved the carotenoid content and texture [95]. 
Salmonella typhimurium was reduced by plasma treatment by 1.76, 2.72 
& 0.94 log CFU/g on lettuce, strawberries as well as potatoes, corre
spondingly [44]. Some of the research data on cold plasma effect on 
various fruits and veggies are enlisted in Table 4. 

4.5. Effect on food components 

CP can dose-specifically increase or decrease the total amount of 
bioactive chemicals [96]. Compared to other conventional procedures, 
Cold plasma preserves the color’s intensity in fruits and veggies, 
including strawberries, carrots, and pomegranates [95,97]. Application 
of cold plasma retained more ascorbic acid (366 mg/L for 10 min and 
362.49 mg/L for 15 min) than other nonthermal methods, such as ul
trasound (363.16 mg/L in 10 min and 358 mg/L for 15 min). Never
theless, ascorbic acid levels decreased following both treatments as 
compared to unprocessed tomato beverages (385.13 mg/L) (Mehta 
et al.,2019). Using the cold plasma technique in cherry marasca juice 
increased the retention of phenolic acid and anthocyanin compared to 
conventional pasteurization (Garofuli et al.,2014). Cold plasma 
increased the phenolic concentration in the pomegranate juice by 
33.03% [98]. Whereas the Cold plasma treatment decreased antioxidant 
components (Vitamin C) in pear [99], orange juice [100], Fuji apple peel 
and pulp (Gozzi et al.,2013), and cucumber [32]. These results 
emphasize the importance of Cold plasma process improvement for 
many culinary applications as the technology moves closer to 
commercialization. 

4.6. Effect on packing material 

Food packaging materials defend food components from the outside 
environment during handling, transit, and dissemination. Materials for 

Table 2 (continued ) 

Treatment Findings Reference 

Cold Plasma at 9 kV was 
applied for 0, 3, 6, 9, 12, 15, 
and 20 min at a low 
temperature of 35 ◦C. 

and whole milk was 57%, 56, 54, 
and respectively. 

Encapsulated DBD plasma 
operated at 15 kHz in ambient 
air for 5 and 10 min. 

DBD treatment decreased the 
amounts of E. coli, Listeria 
monocytogenes, and Salmonella 
typhimurium, in the samples by 
2.46, 2.40, 2.43 and log CFU/mL 
after exposure for 10 min. 

[21] 

linear micro discharge jet, at 
13.56 MHz frequency, and 
helium gas, treatments lasted 
anywhere between one and 
12 min. 

Prototheca zopfii was reported as 
more responsive to Cold Plasma 
than antifungal drugs because of 
the production of numerous free 
radicals. 

[22] 

CP= Cold plasma, V = Voltage, DBD = Dielectric barrier discharge. 

Table 3 
The impact of cold plasma therapy on eggs, meat, and meat products.  

Food material Source of plasma Treatment Microorganism Findings Reference 

Lamb meat Dielectric barrier 
discharge 

f = 50 Hz, V = 80 kV, ET =
10min 

Brochothrix thermosphacta 2 log cycles reduction Patange et al., 
2017 

Shreds of dried 
squid 

Corona Discharge f = 58 kHz, d = 25 mm, V = 20 
kV, ET = 3 min 

Aquatic bacteria, Aerobic 
bacteria, S. aureus 

Log units of 1.6, 2.0, 0.9 inhibited Choi et al., 
2017 

Eggshell Dielectric barrier 
discharge 

f = 10–12 kHz, V = 25–30 kV, 
RH = 80%, ET = 10min, 25min. 

S. enterica Microbial population fall to 102 cells 
per egg, below the threshold for 
detection 

Georgescu 
et al., 2017 

Packaged beef loin 
vacuum sealed 

Dielectric barrier 
discharge 

P = 29.9 W, f = 9 kHz, 
d = 2 cm. 

S. aureus, L. monocytogenes, 
E. coli 

2 log decrease Bauer et al., 
2017 

Chicken eggs Atmospheric cold plasma 
with high voltage 

f = 60 Hz, V = 85 kV, ET =
15min 

S. enteritidis decrease of ≤5.53 log CFU/egg Wan et al., 
2017 

Egg shells Plasma jet at atmospheric 
pressure 

f = 1 MHz, V = 2–3 kV, ET = 5 
min 

S. Enteritidis The decrease factor varies between 
0.22 and 2.27 log CFU/egg. 

Moritz et al., 
2017 

Pork butt Dielectric barrier 
discharge 

f = 15 kHz, P = 2 W, ET = 10 
min 

L. monocytogenes, E. coli, S. 
Typhimurium 

≥2.04 log CFU/g decrease [23] 

Beef Dielectric barrier 
discharge 

f = 20 MHz, V = 6 kV, ET = 5 
min 

E. coli Decrease of 1.82 log CFU/cm2 [24] 

V = Voltage, P = Power, ET = exposure time, RH= Relative humidity, f = frequency, d = distance. 
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packaging are decontaminated with cold plasma outside, where the 
shade effect is minimal because the plasma circulates all around the 
exterior [101]. Cold plasma also shows certain food packaging material 
modifications along with microbial decontamination. Cold plasma 
treatments are utilized to alter the exterior of the polymer and increase 
its surface energy, enhancing its resilience, wetting, printability, 
adherence, and sealing. Surface-activated compounds either respond to 

it or create cross-links with chains of polymers on the surface [102]. 
Polymer foils and laminates’ binding abilities can be conserved by cold 
plasma [103]. The Immobilization of biologically active functional 
substances, including nicin, glucose oxidase, lysozyme, sodium benzo
ate, vanillin, as well as antimicrobial peptides incorporation in the 
packaging material by plasma technique, has been intensively investi
gated on the expanding field of antimicrobial together with active 
packaging [104–109]. 

Endospores of Bacillus atrophaeus with DNA damage and vegetative 
cells as a result of a synergistic interaction between Ultraviolet light and 
cascaded direct plasma Additionally, dielectric barrier discharge has 
been observed [110]. When container materials are limited, but func
tionality is not compromised, such a treatment approach demonstrates 
effective decontamination in a brief amount of time. The impact of cold 
plasma’s implications for various packing materials Table 5. 

5. Plasma processing limitations and toxicology 

Plasma processing has some downsides, including a rise in acid 
levels, a decrease in pigmentation, a reduction of fruit firmness, and a 
spike in lipid oxidation [54]. The use of hydrogen gas plasma for hy
drogenation is preferable due to formation of more atomic, ionic and 
excited hydrogen atoms which are energetically active. However, the 
use of hydrogen as a feed gas could be the source of atomic hydrogen 
required to convert unsaturated to saturated bonds. Trans-fatty acids 
were not produced as a result of the hydrogenation utilizing cold 
plasma. Nevertheless, other investigations have demonstrated that 
plasma treatments can cause secondary lipid oxidation and negligible 
trans-fatty acid levels. To prevent practical implications, it is therefore 
vital to optimise the plasma characteristics, processing condition, feed 
gas type and composition [111]. However, it has been reported that 
plasma treatment can result in the production of hydrogen peroxide, 
hydroxyl radicals, and superoxide anions contributes to the removal of 
microorganisms. These ROS may induce lipid oxidation by eliminating 
hydrogen from the food materials [112]. Certain detrimental impacts 
were observed in pig, buffalo meat, poultry, sushi, and marine foods 
[113], where the 2-thiobarbituric acid reactive compounds as well as 
peroxide value increased. Cereals, including brown rice, white rice, 
wheat flour, and nuts, and peanuts have all experienced the same 
oxidation (Lee et al., 2018; [12]. After being exposed for 5 min to at
mospheric non-equilibrium plasma, the spinach leaves’ discoloration 
and wilting effects were noticed. According to Ref. [21], after 10 min of 
treatment, milk’s pH decreased when plasma was applied. Another 
drawback is that using direct plasma results in a loss of fruit firmness 
[28]. It has observed that dielectric barrier discharge plasma in air can 
be used to degrade carbendazim (MBC) in aqueous solution. In a study, 
the maximum achieved degradation rate of MBC (0.5 μg/mL) was 
89.04% under the optimal frequency, voltage, storage time and treat
ment time and storage period. The efficient degradation of MBC was 

Table 4 
Cold plasma treatment’s impact on Fruits and vegetables.  

Food material Treatment Result Reference 

Apple For 480 s, the plasma 
was subjected to 
argon and 0.1% 
oxygen. 

Citrobacter freundii 
population decreases to 5 
log cycle 

[25] 

Blueberry At a working range of 
7.5 cm, a cold plasma 
jet interacts with air. 

Total aerobic plate count 
decreased by 0.8–1.6 log. 

[26] 

Cabbage Nitrogen is added to 
cold plasma. 
Cold plasma using a 
He–O gaseous 
combination 

S. typhimurium log 
decrease of 1.5. 
The number of Listeria 
monocytogenes was 
lowered by 0.3–2.1 log. 

[27] 
[27] 

Dried figs Cold plasma using a 
He–O gaseous 
combination 

Escherichia coli dropped 
from 0.5 to 1.3 log CFU/g. 

[27] 

Cherry 
tomato 

30 kV Root mean 
square cold plasma 
voltage for 30, 60, 
180, and 300 s 

a total fungi growth 
prevention with fruit 
quality maintained 

[28] 

Tomato Dielectric barrier 
discharge 

L. innocua population 
decreased to 3.50 log10 

CFU/sample 

[29] 

Carrot, 
tomato, 
Lettuce. 

Atmospheric pressure 
cold plasma 

E. coli decrease of 1.6 log 
in tomato, lettuce, and 
carrot 

[30] 

Cherry 
tomato, 
Strawberry 

70 kV Root Mean 
Square voltage for 
atmospheric cold 
plasma 

Escherichia coli, 
Salmonella, Listeria 
populations were 
decreased. 

[31] 

Spinach 
leaves 

Dielectric barrier 
discharge 

Reduced L. innocua 
population by 1.30 log10 

CFU/sample 

Zuzana 
et al., 2020 

Pear, 
Cucumber, 
Carrot. 

Air with plasma micro 
jet 

decrease of Salmonella by 
4–5 logs 

[32] 

Legume seeds Cold plasma under 
low pressure 

Penicillium spp. and 
Aspergillus spp. were 
decreased by 3 log. 

[33] 

Button 
mushroom 

Water treated with 
plasma 

Bacterial microbial 
number decreased by 1.5 
log and fungal counts 
decreased by 0.5 log. 

[34] 

Romaine 
lettuce 

Dielectric barrier 
discharge 

E. coli population 
decreased to 1.10 log 
CFU/g 

[35]  

Table 5 
Cold plasma’s impact on various packing materials.  

Material Plasma type Treatment Result Reference 

High Density 
Polyethylene 

RF discharge 
Ar: O2 

50–150 W Reduce the effects of aging by enhancing crystallinity [36] 

Low Density 
Polyethylene 

RF discharge (Ar plasma) 100 W Contact angle decreases nonlinearly [37] 

Low Density 
Polyethylene 

Corona discharge 600 W Temporary hydrophobic recovery [38] 

Polyethylene 
Terephthalate 

Glow discharge 10 W Contact angle decline, roughness, crystallinity upsurge. [39] 

Polyethylene 
Terephthalate 

Microwave plasma 2860 MHz lowering of the contact angle [40] 

Polyethylene 
Terephthalate 

Jet plasma 285 V decline in contact angle as well as wettability [41] 

Polypropylene Dielectric barrier 
discharge plasma 

3–20 kV, 25–50 
kHz 

Modest doses cause a small amount of contact angle recovery; both moderate and 
elevated dosages cause contact angle reduction. 

[42]  
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attributed to the active species, such as ⋅OH, O3, O− 2, and H2O2 radicals 
[114]. 

Cold plasma technique possesses various advantages over the ther
mal techniques such as design versatility, non-thermal, economical and 
environmentally friendly nature, enhanced antimicrobial efficacy and 
prevention of cross-contamination and over current hydrogenation 
method, CP can be performed at room temperature, under atmospheric 
pressure without any catalyst [7]. Food processing at lower tempera
tures allows gentle treatment of crucial vitamins and the preservation of 
nutrients and flavors [115]. However, cold plasma in some cases possess 
certain drawbacks regarding food safety, energy, and operational cost. 
CP treatments are advanced oxidation processes which may cause 
detrimental effects to bioactive lipids instead of preserving its activity. 
Besides, the ability of nanoemulsions or cold plasma to insert cells 
membrane have unknown effects on biological matrix [116]. 

6. Conclusion 

The extensive research, however, is concentrated on microbial 
inactivation investigations, with little consideration paid to food qual
ity. It has been shown that both during treatment and storage, cold 
plasma application affects the qualitative features of food items. It gives 
researchers a chance to learn more about how cold plasma affects food 
items’ physical, chemical, and sensory qualities. This review study looks 
at the impact of cold plasma application on grains, meat, milk, fruits & 
vegetables, in addition to how cold plasma affects the components of 
food and packaging material. Cold plasma is a potential nonthermal 
approach that, under ideal circumstances, can increase food safety with 
no influence on food quality. The procedure for regulatory clearance is 
still unknown, though. There is a dearth of research on the biosecurity, 
allergies, toxicity, and lethality of Cold plasma therapy on foods. In 
order to understand plasma’s chemical reaction and process, as well as 
the effects of its byproducts on food, additional study on the genotoxic/ 
cytotoxic impact of cold plasma treatment is needed. 
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Atmospheric Pressure Plasma: a High-Performance Tool for the Efficient Removal 
of Biofilms, 2012. 

[62] S. Bußler, V. Steins, J. Ehlbeck, O. Schlüter, Impact of thermal treatment versus 
cold atmospheric plasma processing on the techno-functional protein properties 
from Pisum sativum ‘Salamanca’, J. Food Eng. 167 (2015) 166–174. 

[63] H. Zhang, D. Ma, R. Qiu, Y. Tang, C. Du, Nonthermal plasma technology for 
organic contaminated soil remediation: a review, Chem. Eng. J. 313 (2017) 
157–170. 

[64] K. Shimizu, J. Kristof, M.G. Blajan, Applications of dielectric barrier discharge 
microplasma, Atmospheric Pressure Plasma-from Diagnostics Applicat. (2018) 
71–93. 

[65] J. Ehlbeck, U. Schnabel, M. Polak, J. Winter, T. Von Woedtke, R. Brandenburg, K. 
D. Weltmann, Low temperature atmospheric pressure plasma sources for 
microbial decontamination, J. Phys. Appl. Phys. 44 (1) (2010), 013002. 
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