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Abstract: In a circular economy, products, waste, and resources are kept in the system as long as
possible. This review aims to highlight the importance of cold plasma technology as an alternative
solution to some challenges in the food chain, such as the extensive energy demand and the hazardous
chemicals used. Atmospheric cold plasma can provide a rich source of reactive gas species such as
radicals, excited neutrals, ions, free electrons, and UV light that can be efficiently used for sterilization
and decontamination, degrading toxins, and pesticides. Atmospheric cold plasma can also improve
the utilization of materials in agriculture and food processing, as well as convert waste into resources.
The use of atmospheric cold plasma technology is not without challenges. The wide range of
reactive gas species leads to many questions about their safety, active life, and environmental impact.
Additionally, the associated regulatory approval process requires significant data demonstrating
its efficacy. Cold plasma generation requires a specific reliable system, process control monitoring,
scalability, and worker safety protections.

Keywords: cold plasma; sustainable technology; decontamination; non-thermal food processing;
food safety

1. Introduction

The need to feed a growing population has changed the natural cycle of food, with the
collateral consequence of generating enormous amounts of waste that gradually pollutes
our world. The waste per capita in the world fluctuates between 0.1 to 4.5 kg per day, and
the waste from food and greens reaches up to 44% of global waste [1]. The actual structure
of food production requires an urgent change toward protecting our environment, and it
can be achieved by keeping food, materials, and resources in the system as long as possible.
This concept is not only focused on environmentally friendly production, but it also intends
to add value to products and materials by diversifying their use [2]. Food production
covers raw materials, processing, packaging, distribution, and waste management, and it
has been a challenge to integrate each step of food production with this common goal.

Non-conventional technologies such as Atmospheric Cold Plasma (ACP) play an es-
sential role within the circular economy concept as it has the advantage of using renewable
resources to produce safe and sustainable food products (Figure 1) [3]. The inputs in ACP
processing technology are electricity and non-toxic gases. The ACP state can be formed by
exposing gas to an electric field or electromagnetic waves that create a partial gas ionization
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(less than 2% ionized gas), which leads to the formation of reactive plasma species at room
temperature. ACP can be generated from common gases such as air, oxygen, nitrogen,
carbon dioxide, or other gases depending on the application with low energy input since
the bulk gas is not principally heated. The reactive plasma species interact with biological
surfaces, and, after the source of energy is disconnected, the reactive species come back
to their original energetic state. Therefore, ACP is an environmentally friendly and non-
thermal technology that does not requires consumables such as water or chemical additives.

Figure 1. The role of cold plasma technology in a circular economy.

This review aims to highlight the importance of cold plasma technology as an alterna-
tive solution to some challenges in the food chain, such as the extensive energy demand and
chemicals the hazardous chemicals used. Specifically, it collects and analyzes the literature
that relates the applications of cold plasma technology within a sustainable agriculture
and food processing perspective, including (a) product cleansing and decontamination,
(b) sustainable production improvement, and (c) potential risks and regulations.

2. Product Cleansing and Decontamination

According to the Food and Agriculture Organization (FAO), food waste from cereals
constitutes 30%, for root crops, fruits, and vegetables, food waste reaches up to 40%,
oilseeds, meat, and dairy are responsible for up to 20% of food waste, and for the case of
fish, food waste reaches 35% of their total production [4]. Most of the food waste is due to
postharvest losses and poor-quality standards. ACP has been proposed as a processing aid
for microbial control, maintaining nutrients undamaged [5]. Design processes that utilize
environmentally friendly processing technologies for decontamination and extend shelf
life may reduce food waste. ACP technology has been studied mainly as a processing aid
for biological systems for effective microbial decontamination, toxin removal, and pesticide
degradation as shown in Table 1 [6,7].
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Table 1. Effect of ACP treatment on decontamination, reduction of toxins and pesticides in food.

Target Product Description/Results Equipment Processing Conditions Quality References

Salmonella spp. Eggs Spot inoculation, initial load 8.6 log CFU/cm2,
reduction 4 log CFU/cm2@40 s

Arc plasma
(APPL-10k Taiwan)

Air, RH * 65%, 12 V/9 A/24,000 W, T < 50C,
0–40 s

Texture, color, pH, acid value, T-bars,
fatty acid profile. Not affected [8]

Wheat Mist inoculation, reduction of 4.4 log CFU/g@20 min DBD plasma, variac/step-up
transformer 44 kV, 56.6 W, 60 Hz, air, 0–20 min NA * [9]

Meat Reduction of 4.7 log CFU/cm2, with cold plasma
and 200 ppm of peracetic acid

Pulsed DBD plasma (PG
100-3D, Advanced Plasma

Solutions, Malvern, PA, USA)
0–30 kV, 0–2 mA, 3.5 kHz, 0–6 min Color, moisture content. Affected [10]

E. coli Beef jerky Combined clove oil and ACP treatment reduced 0.9
log CFU/g@15 min, and 7.5 log CFU/mL on media. Encapsulated DBD plasma 2.2 kHz, 8.4 kV, 0–15 min NA [11]

Spinach Reduction of 3.77 log CFU/sample, after storage for
14 days/5 ◦C

DBD (Phenix Technologies Inc.,
Accident, MD, USA)

90 kV, 60 Hz, 85% RH, nitrogen gas,
0–5 min Texture, moisture, color. Not affected [12]

Coconut water Reduction of 5 log@2 min, combined ACP and
ascorbic acid DBD Plasma 90 kV, 60 Hz, 65% O2–30% CO2–5%N2,

0–2 min
Reduced pH, color. Total soluble
solids and acidity, not affected. [13]

L. monocytogenes Radicchio Reduction 2.2 log CFU/cm2@30 min, after 3 days of
storage at 4 ◦C DBD Plasma 15 kV, 12.5 KHz, 60% RH, air speed 1.5m/s,

0–30 min
Antioxidant activity not affected.

Color and sensory analysis. [14]

Aflatoxin Peanuts Reduction 38%, increase temperature to 78C@2 min Plasma jet surface treatment 4.4 kV, 70–90 kHz, 650 W, air flow 107
L/min, 0–2 min

Peroxide value, free fatty acid content,
acidity value, oxidative stability index. [15]

Milk Reduction 78.9% Aflatoxin M1@20 min
DBD plasma BK-130 (Phenix
Technologies, Accident, MD,

USA)

80 kV, 60 Hz, 200 w. Gas: 65% O2–30%
CO2–5%N2, 18–22 ◦C, 0–5 min Color not affected. pH affected. [16]

Fumonisin Maize Reduction 64%@10 min Plasma jet 6 kV, 20 kHz, mixture of oxygen and
0.75% helium gas, 0–10 min NA [17]

Ochratoxin Date palm Reduction of 24.83 ug/100 mm2 with@7.5 min Plasma jet 25 kV, 25 kHz, 0–9 min NA [18]

Malathion
Chlorpyrifos Lettuce Degradation 64.6% of malathion, 62.7%

chlorpyrifos@180 s
DBD (Phenix Technologies,

Accident, MD, USA) 80 kV, 50 Hz, air, 0–180 s Color and chlorophyll content not
affected. Ascorbic acid content. [19]

Benazoxystrobin Water Degradation 90%@60 V/9 min DBD, power supply (CTP-2000
K), axial flow reactor 8.8 kHz, 30–60 V, oxygen gas, 0–9 min NA [20]

* RH relative humidity, NA not applicable.
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2.1. Microbial Decontamination

Microbial decontamination in the food industry has usually been achieved through
high-temperature treatments, yet these can carry the loss of food quality [21]. Therefore,
research on non-thermal technologies for this purpose is increasing. ACP has been widely
applied to different food and has shown its effectiveness in reducing common foodborne
related pathogenic bacteria:

Salmonella spp.: Infections caused by Salmonella spp. are a significant public health
issue worldwide, both in industrialized and developing countries. Salmonella spp. is one
of the most common isolated foodborne pathogens. It can be present in many different
food products, but the primary source for Salmonella spp. infections are animals and
their derived products, mainly poultry, eggs, and dairy products [22,23]. The infection
manifestation caused by these bacteria can differ from common salmonellosis to bacteremia
or typhoid fever [24]. Due to the impact of these bacteria on human health, extensive
research on its inactivation in food has been recently carried out. For example, raw wheat
was treated with ACP at 44 kV for 20 min, where a 4.8 log CFU/g reduction for a Salmonella
enterica 5-strain mix was observed [9]. Lower inactivation results with maintained quality
properties were found when treating tender coconut water at 120 kV for 120 s, achieving
1.3 log ± 0.3 reductions over Salmonella enterica serovar Typhimurium LT2 (ST2) 24 h after
the treatment, where no product degradation was found [25]. The inactivation of bacteria
was reflected by a morphological change in their structure after treatments, where the
release of intracellular materials could be identified after scanning electron microscopy
(SEM) analysis. Lettuce presents a high risk of Salmonella contamination, among other
bacteria. Although no complete inactivation was achieved, a 4.5 log reduction of Salmonella
enterica serovar Heidelberg was achieved after 10 min of exposure to the treatment of a two-
dimensional array of DBD plasma [26]. The same treatment was applied on chicken breast,
but bacteria reduction only reached 3.7 log. The difference was explained by the presence of
a higher content of protein, which could consume plasma species, decreasing their effect on
bacteria. Much research work is focused on poultry products due to their higher incidence
of Salmonella Typhimurium [10,14]. Recent work was published reporting decontamination
of duck eggs shell using ACP, where a 4.09 log cycle reduction was achieved in just 40 s
of treatment at 12 kV [8]. Sudarsan and Keener reported the successful use of ACP with
spinach, by the inactivation of Salmonella enterica serovars and Escherichia coli [27]

Escherichia coli: E. coli is a broad group of bacteria where different strains can be
identified according to their pathogenesis and the illness that they cause. The most severe
infections are caused by the enterohemorrhagic E. coli group (EHEC) [8]. The main reser-
voirs of this pathogen are ruminants, particularly cattle. Therefore, E. coli can be easily
found in fresh produce, such as green leafy vegetables, caused by cross-contamination
during handling [27] or contact with contaminated water [13]. Green leafy vegetables
are usually consumed raw. Therefore, nonthermal technologies are needed for effective
decontamination while maintaining fresh product characteristics. A significant reduction
of E. coli 0157:H7 was observed after a 5 min treatment with cold plasma treatment on
kale leaves, remaining below the detection limit with no substantial change in color [28].
E. coli was also inoculated on red chicory leaves, and, after 30 min of treatment at 15 kV,
a reduction of 1.35 MPN/cm2 was observed, being MPN the most probable number of
colonies [29]. In another study, E. coli was inoculated on cherry tomatoes and strawberry
surfaces [30], and then fresh produce was treated in-package by a plasma treatment at
70 kV. After just 1 min, a 3.1 log CFU/sample reduction was observed in the tomatoes
and a 3.5 log CFU/sample reduction in the strawberries after 5 min. Coconut water was
treated for 2 min at 90 kV, and after 24 h of refrigerated storage, E. coli was observed to have
been reduced to 5 log CFU/mL when modified air was used. Inactivation of E. coli was
explained by the interaction of formed species in gas plasma with the bacteria cell walls,
where DNA and proteins were leaked, driving cell wall damage and inactivation [31]. After
ozone treatment, a similar effect was observed on E. coli cell walls [32].
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Listeria monocytogenes: L. monocytogenes can be present on a wide range of fresh
produce due to contamination during the production and processing phase [33]. It can
be found in a wide range of Ready-To-Eat products (RTE) [34]. Among Listeria spp.,
L. monocytogenes is the common one related to listeriosis [29]. A significant concern during
the inactivation of L. monocytogenes of food products is their ability to survive at tempera-
tures as low as 2 to 4 ◦C and their capacity to grow in low moisture or high salt content
conditions [34,35]. Due to the prevalence of these bacteria in raw foods such as vegetable
products or cured and deli meats, non-thermal treatments are the best alternative. Recently,
ACP was applied to sliced dry-cured beef. After an initial inoculation of 5.71 log CFU/cm2,
a 0.83 log CFU/cm2 reduction was found with a 5 min treatment at 25 kV [36]. Monitoring
of L. monocytogenes biofilms in lettuce and cabbage was studied by Srey and collaborators.
Cold oxygen plasma treatments were applied to these products and showed reductions
from 5.9 log CFU/cm2 to 2.0 and 1.8 log CFU/cm2 for lettuce and cabbage, respectively.
Moreover, no changes in color or texture were observed [37]. In a different study, tomatoes
and strawberries inoculated with L. monocytogenes showed a total reduction of the bacteria
on tomatoes and a reduction of 4.2 log10 CFU/sample on strawberries after a 2-min ACP
treatment [27].

2.2. Toxin Removal

The presence of mycotoxins in food is a significant issue in food and agriculture
production. Mycotoxins are low molecular weight molecules produced as secondary
metabolites of some filamentous fungi [38]. Mycotoxins can contaminate different crops in
the field and during storage and processing [39]. Mycotoxins of significant concern are usu-
ally produced by the fungus of the genera Aspergillus, Penicillium, and Fusarium [15]. Many
of these mycotoxins have been carcinogenic, mutagenic, and genotoxic. The toxicity of each
mycotoxin directly depends on its structure, and therefore the inactivation mechanism will
be different [39]. In general, mycotoxins are unaffected by food processing operations, and
high concentrations of these toxins have been found in the final product [17]. Historically,
fungicides have been applied to control mold growth, but these are undesirable because of
their environmental impact and potential chemical residues. Thus, there is a significant
need for research on environmentally friendly technologies to reduce mold and toxin levels.
Recent results of the effect of ACP on aflatoxins, fumonisins, and trichothecenes, some of
the most harmful toxins, are shown herein:

Aflatoxins: Most ACP applications on mycotoxins are focused on aflatoxins (AF) since
they are some of the most toxic and carcinogenic mycotoxins [39]. Aflatoxins are mainly
produced by Aspergillus species and are usually present in crops, cereals, seeds, nuts, and
spices. The most representative toxins of this group are AFB1, AFB2, AFG1, and AFG2.
The toxicity of aflatoxins is related to their lactone ring and the double bond present in
the difuran ring moiety [7], being AFB1 the most toxic [40]. The effectiveness of plasma
technology on this toxin has been extensively demonstrated. After a 40 min ACP treatment
on pure aflatoxin solution (AFB1), no presence of toxin was observed, and 50% of the
analyte disappeared after 10 min at 6 kV using helium as gas [41]. In the same study, corn
was treated for 10 min, and a 65% reduction of AFB1 presence was observed. In a different
report, the effect of ACP was studied on aflatoxin production in groundnuts with artificially
inoculated Aspergillus [42]. The results showed that the production of AFB1 was reduced
by 90% after a 12 min treatment at 60 W. The authors explained that the survival capacity of
spores depends on their protective coat, which can be attacked by oxygen radicals, causing
aggressive oxidation and denaturalization. Similarly, raw peanuts were treated using an
ACP jet system. After just 2 min and 5 min of treatment, a 23% and 38% reduction of
AFB1 were achieved, respectively. Moreover, no significant changes in the product quality
of peanuts samples were observed [15]. Shi and collaborators studied the effect of High
Voltage Atmospheric Cold Plasma (HVACP) on aflatoxin present in corn. Totals of 62% and
82% of toxin degradation results were obtained after 1 and 10 min of HVACP treatment,
respectively [43]. The proposed mechanism of degradation was related to the action of
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different reactive gas species on the C8-C9 bond of the furan ring, which was reported to
be responsible for the aflatoxin toxicity [15].

Fumonisins: Among this group, different toxins can be found, where FB is the most
common, specifically FB1 and FB2. Fumonisins are mainly produced by Fusarium species
and are usually present in maize and its products [7]. The fumonisin structure is composed
of a 22 carbon aminopentol with two tricarballylic acid side chains and a free amino
group, which are responsible for fumonisin toxicity. Applying ACP on food products
for fumonisins decontamination is less common, yet some examples can be found in the
literature. For instance, in the study of Wielogorska and collaborators, after a 60 min
immersion of 2 g of corn in a 200 µg/mL FB1 solution, the corn was treated for 10 min
using an ACP jet system with helium as gas. A 64% reduction of the FB1 concentration
in corn was reported after the treatment, and a total reduction was observed at the same
time when a pure FB1 solution was treated, showing that the matrix where the toxin is
present is an essential factor in its mitigation [17]. This was also demonstrated in another
study, where different solutions of pure mycotoxins were treated, and total degradation of
FB1 was reached in just 10 s after treatment with air plasma at 38 kV. The toxin structure
was significant for the degradation of success [44]. In another study, date palm fruit
was artificially inoculated to produce FB2 and treated by an argon double jet ACP. Total
degradation of the toxin was achieved in 6 min [18].

Trichothecenes: Trichothecenes are a broad group composed of toxins such as de-
oxynivalenol (DON), nivalenol (NIV), or T-2 toxin. Trichothecenes are produced by many
fungi species, such as Fusarium, Trichothecium, Myrothecium, or Trichoderma [45]. These
toxins are usually found in crops, and their structure is characterized by a 12,13-epoxy-
trychothec-9-ene nucleus, essential for their toxicity [46]. Their toxic effect is based on
their ability to interfere with the synthesis of proteins, causing nausea, weight loss, and
liver damage, among others [7]. Most of the existing studies on this group are focused on
reducing DON. DON destruction in barley is a problem for malting-related industries. An
ACP jet was used to produce plasma-activated water (PAW), and both raw and germinating
barley were immersed from 5 to 20 min. No significant differences were observed based
on immersion times, and reasonably high reduction rates were obtained after just 5 min
in contact with PAW, where DON reduction results reached 22.5% and 34.6% for raw and
germinating barley, respectively [47]. In a different study, PAW (10–40 min) was used
for soaking the grain and mixing the dough for wheat sprouted bread preparation, and
DON levels of the final product were maintained below the required standards, while
bread quality was improved [48]. Abbasian and collaborators [49] demonstrated that argon
plasma jet had an effective destruction effect on DON and Fusarium. DON inactivation
was much faster when treated as a pure solution, achieving a total degradation after just
20 s of ACP treatment at 38 kV [44]. In some studies, DON has shown a higher resistance
to destruction by plasma treatments. After a 60 min treatment at 6 kV on a pure DON
solution, only 50% of the toxin was mitigated, compared to the total inactivation of other
toxins in the same conditions and shorter treatment times, showing that the structure of
the toxin is an essential factor for inactivation [17].

2.3. Pesticides Degradation

The presence of microorganisms, insects, or pathogens is essential for quality and
economic loss in fresh products such as fruits and vegetables. The use of pesticides is the
most common technique for reducing the incidence of these contaminants. When used
improperly or intensively, it may lead to an excessive accumulation in the food product and
the soil and water, becoming an environmental issue and a risk to human health [50]. Thus,
there is an increasing potential for effective non-thermal technologies for removing these
hazardous components while maintaining product quality and soil integrity. In this regard,
ACP technology is starting to gain importance [51]. The research focused on pesticide
degradation is scarce, especially when these are present in food [52]. ACP technology has
been shown to degrade pesticides to safe or less toxic structures. Almost all the related
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studies attribute the degradation of pesticides to oxidation processes due to reactive species
created in plasma, including H2O2, O3, O, H, and OH radicals [3]. The literature results
are presented depending on the medium where the pesticide is present, differentiating
between when they exist in a food matrix or a different matrix. As explained previously,
matrix components can interfere with the ACP effect on the target product.

Pesticides in water: Many studies are focused on the degradation of pesticides in
the aqueous medium due to the importance of these contaminants on wastewater. In
2016, Sarangapani and collaborators conducted a study where the degradation of three
different pesticides, dichlorvos, malathion, and endosulfan, was tested. The degradation
of these pesticides increased with higher voltage and longer treatment times, and the
best results were obtained after 8 min at 80 kV, reaching degradation values of 79.0%,
69.6%, and 57.7%, respectively. GC/MS analysis determined that the intermediates created
were less toxic than the original pesticides due to more specific chemical groups [52].
Moreover, alachlor was degraded in water using an 80 kV ACP treatment, producing
total degradation after a 30 min treatment using dry oxygen. In their study, the authors
determined that the decomposition of alachlor occurred due to the loss of aromaticity
through a radical oxidation mechanism [53]. In a different study, where a non-thermal
plasma needle with argon gas was employed for dimethoate removal from water, it was
found that one of the decomposition products, omethoate, was more toxic than the original
pesticide. Nevertheless, the overall toxicity in the water had decreased [54]. They also
concluded that the addition of H2O2 to the solution increased the removal rate due to
an increase in the reactive species formation. In the study carried out by Giardina and
collaborators, two herbicides: mesotrione and metolachlor, were treated in water using
DBD “pure air” plasma at 18 kV. The herbicide degradation showed to be dependent
upon the treatment time and the initial concentration of the pesticide. A 20 min treatment
was required for total degradation of mesotrione, and 45 min for metolachlor, while
the necessary time was 30 min when treated together. Moreover, the authors compared
pesticide degradation when using deionized water or tap water, which can have a closer
composition to actual wastewater. Interestingly, no difference in herbicide degradation was
found [55]. Although the degradation route for each pesticide will differ depending on
their chemical composition and structure, the discussion carried out in the literature studies
always points out the interaction of the formed reactive gas species with those compounds.
After the plasma discharge, and depending on the plasma source used, plasma species will
be formed in the gas phase and diffused into the liquid, or directly generated in the liquid.
Once the reactive species are in the liquid phase, they will interact and, in most cases,
degrade the pesticides. The exact degradation mechanism for each chemical compound
would need to be studied by the analysis of structural changes, which is directly related to
their toxicity. Although not many studies try to comprehend these mechanisms in depth,
the study carried out by Wang et al. (2021), gave some interesting insights. They used ACP
for the degradation of benazoxystrobin in water using different voltages and gases (air and
oxygen). Best degradation results were found at 60 V after 9 min of treatment for both gases.
An interesting result that this study provides is the difference in the pesticide degradation
when the two different gases are used. When air was the gas, 60% of degradation was
observed, while 90% degradation was reached when oxygen was used. The degradation of
this compound was reflected in the destruction of the benzene ring structure, and the study
results indicate a stronger effect of oxygen reactive species rather than nitrogen ones (main
ones in air plasma) over this structure [56]. Similar inactivation mechanisms could take
place when treating compounds with similar structures, but further studies in this field are
needed for a better comprehension.

Pesticides on food: The studies focused on the degradation of pesticides present
in food are commonly focused on fresh produce. The body of literature focused on the
degradation of pesticides in food is smaller than that on the degradation of pesticides
in water. The reason is the complexity of the matrix and the difficulty of measuring and
interpreting results. In 2014, an in-package degradation of pesticides in strawberries was
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performed after a 15 s immersion in a solution containing a mix of pesticides: azoxystrobin,
cyprodinil, fludioxonil, and pyriproxyfen. The strawberries were filled in a package with
air, and DBD ACP was applied at 80 kV from 1 to 5 min. The highest reduction of pesticides
was achieved after the 5 min treatment, which produced reductions of 69%, 45%, 71%,
and 46%, respectively. The pesticide reduction was dependent on voltage and treatment
time [51]. In a more recent study, the degradation of chlorpyrifos and cypermethrin
sprayed on mango fruit was studied. The removal yield was 74% and 62.9% after 5 min
of treatment. In this study, the plasma setup consisted of a gliding arc and argon micro-
bubble distilled water [51]. The reduction of pesticide concentration is usually the main
objective in these studies, but when the sample is a food product, quality properties must
also be considered. In 2019, a DBD treatment was applied to tomatoes for chlorpyrifos
degradation. The best results were observed after 6 min of treatment with a 5 W power,
being pesticide reduction of 89.2%. Although the color index of tomatoes was enhanced,
a depletion of carotenoids and phenolic content occurred [20]. In a different study, using
plasma-activated water, pesticide removal and quality properties were investigated in
grapes [57]. Other PAW treated times were tested, showing that the 30 min PAW performed
best, with a 73.6% reduction. The treatment did not significantly affect grape properties
such as vitamin C, sugar content, color, and firmness. In 2020, Cong and collaborators used
a DBD cold plasma device for the degradation of malathion and chlorpyrifos in lettuce,
obtaining a degradation yield of 53.1% and 51.4%, respectively [19]. Additionally, the
authors analyzed the degradation pathways of both compounds. For this purpose, they
analyzed the intermediates formed by the cold plasma treatment of the molecules such
as the cleavage of P=S and C-S bonds and forming new compounds reacting with plasma
activated species. The intermediates provide some information about the degradation
mechanisms of the molecules, but further mechanistic studies could be carried out for a
better understanding of cold plasma-aided degradation.

3. Sustainable Production Improvement

In addition to microbial control, ACP has been reported as a technology that can
increase supply chain performance. Better utilization of materials is of great importance for
the agriculture and food sectors.

3.1. Plasma Activated Liquids

When applied directly over the product to be treated, cold plasma reactive gas pos-
sesses certain limitations, including the half-life of many species and their limited contact
with microorganisms and biofilms on surfaces. As an alternative, capturing plasma proper-
ties through the generation of plasma-activated liquids (PALs) is an emerging area of study
extensively researched in the past few years. Recent publications on PALs have reported
on a wide range of potential applications for their antimicrobial and agronomic proper-
ties. PALs chemistry can be tailored by adjusting the plasma generation characteristics of
electricity, liquid, and gas composition.

ACP treatment can produce a wide variety of species depending on the environment
in which cold plasma is applied. If this environment contains water, then one type of
the essential reactive species formed is composed of hydroxyl radicals formed due to the
electron impact ionization of water molecules. The radicals formed during the cold plasma
treatment can react with other compounds such as hydrogen peroxide (H2O2), which is the
product of the collision of hydroxyl radicals. Hydrogen peroxide can be formed through
an electric field at low temperatures due to its thermal instability. Thus, if water is treated
with ACP, the species mentioned above and H2O2 can be formed. These species have
been detected in the liquid phase of plasma-activated water and have been determined to
contain highly oxidizing ability in especially biological systems [58–60].

Liang et al. used Fourier infrared and optical emission spectroscopic techniques to
determine reactive species such as hydrogen peroxide, NO2

−, and NO3
− formed during

the cold plasma treatment of different ratios of O2/N2 in a liquid environment. Results
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showed that oxygen-related species had increased when the O2 amount was higher than
N2. The authors obtained the same results in the case of nitrogen, forming more nitrogen-
based reactive species when the N2 ratio was higher [61]. Therefore, ACP applied to
liquids can form different reactive species such as OH radicals, atomic oxygen, ozone (O3),
NO3

−, NO2
−, N2O, NO, and NO2 depending on the atmosphere of the gas or gas mixtures

used. These species have significant importance in cell proliferation, depending on the
concentration. It has been demonstrated that a high level of reactive oxygen species can
cause cell death and is effective against bacteria, fungi, cancer cells, and viruses [62,63].

ACP-treated liquids, especially water, become highly chemically reactive due to the
species formed. Water and other plasma-activated liquids have a potentially reactive
effect on living systems, such as media, hydrogen peroxide, saline, and organic acid
solutions [64,65]. Consequently, plasma-activated liquids have drawn the attention of
researchers because of their potential applications in medicine and biology. Lu et al. [66]
treated deionized water with air spark and glow discharge cold plasma techniques and
analyzed the resulting reactive species after treatment. Observations showed that each
method produced different reactive species in the resulting deionized water. On one side,
spark cold plasma formed H2O2 and NO3

−, while on the other, glow discharge generated
NO2

− and NO3
−. This constitutes an interesting observation, as variations in conditions

such as voltage/discharge can produce different reactive species in the same medium.
As mentioned previously, the dose of the reactive species is critical for the proliferation
or damage that such reactive species can cause in cells. It has been suggested that cold
plasma discharge can control the type and perhaps the concentration of the reactive species
produced. Moreover, the dosage of the reactive species resulting in ACP-treated deionized
water can be controlled by mixing different discharges [66]. Tachibana and Nakamura [67],
Lu et al. [66], and Tarabová et al. [68] explain that the formation of potential species in
deionized water can occur by evaporation of water molecules through heat generated
during the discharges and ion bombardment. Figure 2 summarizes the main reactive
species reported in the literature [66,68].

Figure 2. Potential reactive species formed with cold plasma treatment, using water and air atmo-
sphere (N2 + O2).
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3.2. Cold Plasma in Agriculture

Several applications of ACP in agriculture have been studied in seeds, plants, soil, and
irrigation [69]. A fluidized bed of air in a DBD was tested in tomato seeds. Results showed
that ACP treatment enhances the germination rate. For instance, a 5 min direct treatment of
seeds obtained a root length of 28 mm compared to a 10 mm for the control [70]. The use of
PAW to irrigate lentil seeds was able to increase root length by 128% in 6 days of growth in
comparison with the control. Nitrates, nitrites, ammonium, and hydrogen peroxide were
the chemical species measured in PAW and correlated to the enhanced growth [71]. In
addition, it is suggested that modification and disruptions of the seed surface cause an
increment in water uptake and permeability that may lead to better growth [72]. Similar
results have been found in artichoke [73], pea [72], and soybean [74] seeds. Direct treatment
of seeds and the use of PAW for irrigation are potential applications of ACP in agriculture.
In 2022, a comprehensive review, Panka and collaborators reported about the use of cold
plasma in sustainable seed production, and plant growth improvement [75]. While their
study outlines some of the most relevant contributions in the field of cold plasma technology,
it focuses heavily on the plant and seed aspects of the agricultural chain, and unfortunately
does not provide major details on the latest developments of technologies in use for food
processing applications, nor does it mention the use of plasma-activated liquids, a key
application currently highly researched, in agriculture and decontamination.

Waste from food and greens makes up to 44% of global waste, followed by dry
recyclables that include plastic, paper, and glass [1]. In a circular bioeconomy, waste
is considered a source of nutrients that can be processed or extracted to obtain valued
products. There is an opportunity to reduce food waste by processing food that has not met
quality standards to obtain nutrients. Moreover, food losses from production, postharvest
handling, storage, and processing stages, can be used to create new products.

The use of cold plasma to extract nutrients that provide physiological benefits has
been studied recently. A compound with poor natural functional properties can be en-
hanced by applying ACP treatment, and this is the case with flavonoid naringin. An ACP
treatment of 10 min with a dielectric barrier discharge system allowed to increase its radical
scavenging capacity from 1.5% to 38.2%, which was correlated with a higher content of
phenolic compounds [76]. ACP treatment also contributes to inhibiting tyrosinase with
naringin treated with ACP for 10 min, from 6% to 83%. The ACP-treated naringin exhibit
antioxidant, antimicrobial, and tyrosinase-inhibition properties. The extraction of materials
with enhanced functional properties can be applied not only as food ingredients but also
in cosmetics.

The use of biotechnology to produce biofuel has been studied as an essential source
of renewable energy that potentially replaces fossil fuel. The goal of using algae for
biodiesel production is to reduce carbon emissions at a competitive price. One of the
significant challenges of biodiesel production from algae is the process yield. Almarashi
and collaborators have studied the use of ACP treatment to increase lipid production
yield and cellular growth of microalgae [77]. A short treatment time of 30 s for Chlorella
Vulgaris using a plasma jet system with an energy consumption of 12 W increased cell
viability by 26.6%. It is known that ACP treatment reduces the microbial load by membrane
disruption, DNA damage, electroporation, or protein modulation [6]. However, a small
dose of reactive plasma species may: (1) separate cellular clumps for a uniform distribution,
(2) stimulate cellular defense mechanisms preventing death in the adaptation stage, or
(3) enhance growth by receiving a low dose of nitrogen oxides [78]. Consequently, higher
lipid content was produced by an ACP treatment of algae for biodiesel extraction.

3.3. Cold Plasma in Food Processing

The use of nitrites for processing cured meats is required for flavor and color develop-
ment and microbial and rancidity control. The formation of the pink color in cured meats
depends on the reactions of nitrites with the heme group of hemoglobin. However, a chain
of reactions needs to occur in the first place, which includes the formation of nitric acid and
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then nitric oxide. The interaction of a reducing agent with nitric oxide can form nitrosyl
myoglobin, which provides the pink color of cured meats. The use of ACP treatment has
been studied as a technique to infuse nitrites in cured meats using nitrogen gas to develop
a pink color without food additives. An ACP treatment of meat batter for 30 min increased
nitrite to 66 mg/kg, developing the desired pink color [78]. It has been proposed that nitro-
gen plasma species such as nitrogen oxides NO2, N2O3, or N2O5 can form nitrites. It has
been proposed that nitrogen plasma species such as nitrogen oxides NO2, N2O3, or N2O5
can form nitrites. Therefore, the nitrites formed during the APC treatment under ambient
air atmosphere can cause the formation of nitrosyl hemochrome, which is responsible of the
thermally treated meat pink color [79,80]. Furthermore, nitrimyoglobin was identified as a
product of ACP treatment when a standard of hemoglobin was used to label the reaction of
nitrites with the heme group. Nitrimyoglobin produces the green color in meats, yet it can
be used in a higher concentration and as a reducing agent to form the pink color [80].

A study showed that ACP treatment increases the content of anthocyanin from 21%
to 35% in pomegranate juice treated for 7 min with an argon gas plasma jet [81]. It
is suggested that plasma reactive species may disrupt cell membranes that allow better
extraction of micro components. The development of ACP to extract functional components
is a promising application in food processing.

Modifications in protein structure with ACP have been reported with applications that
include enzyme deactivation, dough rheological behavior modifications, surface function-
alization in protein-based films, or a potential to reduce the immunoreactivity of specific
proteins. The interaction of plasma reactive species with proteins showed changes in pri-
mary and secondary structures, cleavage, polymerization, aggregation, and oxidation [82].
Moreover, a recent review reported the use of reactive species from direct ACP treatment
or PAL’s as a method to modify the structure of starch [83]. Currently, the main processes
used to modify starches are the chemical methods, using harsh acids such as sulfuric or
hydrochloric acid. Introducing the use of a non-conventional technology is interesting
because it may reduce the use of chemicals in the food industry.

The structure of molecules can be modified by nitrogen or oxygen plasma species and
by gases such as hydrogen. Soybean oil treated with a modified atmosphere of nitrogen–
hydrogen gas was treated with high voltage ACP to increase the oil viscosity and change
the fatty acid composition. The effect of ACP treatment was focused on the reduction of
polyunsaturated fatty acids and increment of saturated fatty acids without the formation
of the undesired trans isomers [84,85]. Changes in the chemical structure of vegetable oil
are desired for applications such as frying and formulations that require provide specific
oxidation stability or higher melting points in food products. ACP treatment can be used
as a processing technology that can modify the chemical structure of vegetable oils.

4. Potential Risks and Regulations

Plasma reactive species are responsible for microbial decontamination and specific
structure modifications, and they may facilitate nutrient extraction from biological systems.
The atmospheric gas composition before and after an ACP treatment is similar, as the
reactive species go back to their original gas state when the energy source is disconnected
over a period of seconds, minutes, hours, and days, depending on the treatment conditions
and type of product being treated.

Ozone generators are ACP devices. In an ozone generator, pure oxygen or dry air is
exposed to an electric field leading to the formation of atomic oxygen, which stabilizes
to form Ozone (O3). Ozone is classified as a Generally Recognized as Safe (GRAS) in the
United States [86]. This means that it can be applied without restrictions or labeling. The
final rule from the FDA providing GRAS approval in fruit and vegetable processing was
given in 2001. The USDA final rule granting GRAS approval for ozone use in meat, poultry,
and egg product manufacturing occurred in 2002 [86]. However, ozone is highly degrading
of food quality and food manufacturing equipment. Thus, its commercial use has been
limited in food processing.
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Fortunately, not all ACP devices are solely ozone generators. Depending on the
ACP device, the product being treated, the working gas (air vs. pure oxygen), and the
exposure time, there is potential for a wide range of ionized gases and reactive species to
be formed. In many cases, it is desirable to shift the ACP reactive species to alternatives
other than ozone due to ozone having a high oxidation effect on food quality. As the
ACP reactive species interact with the surface of the substrate, they may form measurable
concentrations of common compounds such as peroxynitrites, nitrates, nitrites, or peroxides
that remain in the environment or on the product for a few hours to allow continued residual
fungicidal, bactericidal, virucidal (including COVID-19) activity significantly reducing the
contamination levels without affecting the food quality, and in many cases, extending
shelf-life. The wide range of potential effects resulting from the interaction of ACP device,
product, working gas, and treatment necessitates experimental validation for each process
currently to achieve Food and Drug Administration (FDA) regulatory approval. FDA is
the regulatory approval agency for overall food safety review under the Federal Food,
Drug, and Cosmetic Act (FD&C Act) for processed food article treatment. If one pursues
a cold plasma treatment of raw agricultural products, the regulatory approval will fall
to the Environmental Protection Agency (EPA) under the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA). Suppose the product being treated is a raw product that
also is being graded, such as apples. In that case, Agricultural Marketing Service (USDA-
AMS) must approve the process as the government agency tasked with quality inspection
and cold plasma treatment may impact product quality. Interagency memorandums of
understanding (MOUs) articulate the regulatory review procedures when a technology
evaluation falls under multiple government agencies. There are standard processes of
technology review and treatment classifications for each regulatory agency beyond this
chapter’s scope; however, an example would provide useful details. If one considers the
introduction of a cold plasma process to extend the shelf-life of strawberries from seven to
14 days. What would be the potential options for approval? If the cold plasma process is not
making any claim on bacterial reduction, then it likely will not fall under EPA review. Thus,
it would default to FDA safety review, which is relied upon by USDA-AMS in making
their approval. Within the FDA regulatory review process, there exists an option called
“Generally Recognized as Safe (GRAS) Self-Affirmation”. This is generally the preferred
pathway of new technology adoption. In brief, this process allows a technology developer
to design and finalize a cold plasma treatment for strawberries and once finalized collect
relevant data on the residues, if any, existing on the treated strawberries and on the control
strawberries. Additionally, nutritional information would be collected along with shelf-life
data. Again, bearing in mind the intent of the process is to provide increased shelf-life
without claim on any specific bacterial or pathogen reduction, one can assemble an expert
panel with expertise in cold plasma and its use in fruit and vegetables to assess the compiled
data. Ideally, these data would demonstrate the cold plasma treatment, let us assume with
room air, does not leave any chemical residues different from those found on the control
strawberries, and the cold plasma treatment does not change the nutritional composition,
or other quality factors such as increased retention of strawberry color. If these data are
statistical equivalent, then it is likely the GRAS Self-Affirmation panel will conclude that the
cold plasma treatment process as prescribed for strawberries does not introduce any food
safety concern and would be “Generally Recognized as Safe”. A GRAS Self-Affirmation
letter from an expert panel allows one safely to produce a product for sale. FDA is not
required to be notified of a GRAS Self-Affirmation determination; however, it is a matter
of practice to share the GRAS Self-Affirmation letter with FDA for their information. If
they have any regulatory concerns or questions they will generally respond with these
queries. The GRAS Self-Affirmation process for regulatory approval of new technology
is recommended over the filing of a (indirect) food additive petition when there are no
expected residuals. The reason is the FDA regulatory review process has no time limits,
and FDA approval for a food additive petition can be over five years, without certainty
of approval, since the final signature is from a political appointee overseeing the FDA
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scientist and their findings. Additionally, if there are concerns, based on the collected data
that a residual may exist, then the defined cold plasma treatment process, could add a
wash step to remove any excess residuals to ensure the finished product post-treatment
remains equivalent to the control product. GRAS Self-Affirmation assessments generally
can be completed in one year assuming favorable outcomes in the collected data, indicating
no product changes or chemical residuals. More details can be found on the respective
US Government websites detailing respective new technology evaluations and making
product claims. Additionally, the regulatory approval requirements frequently change
as Congress authorizes and regulatory agencies implement additional food safety rules
and regulations.

In general, regardless of which agency is the designated technology evaluator, the
effect of ACP treatment on the food product needs to be shown as effective, safe, and repro-
ducible. If the ACP treatment leads to a measurable change, such as nutrition, performance,
appearance, or otherwise distinguishes it from the untreated (traditional) food article. In
that case, additional testing and data must be collected. For those ACP treatments that
might create a measurable change of health significance (e.g., increased nitrate levels), pos-
sible limits may be established on the treatment process, and final food article testing may
need to be performed. In these instances, a consultation with the respective government
agencies (FDA, EPA, and/or USDA) will likely be needed. This will require filing the
appropriate request for regulatory approval forms and then waiting to secure the necessary
meetings. Be forewarned that these conversations can be quite contradictory between each
agency as each requires different data to meet their regulatory obligation for approval. In
all instances, it is recommended that one seek outside consulting with experience in the
regulatory approval process specific to the agency(ies) being engaged.

An important note: data collection for regulatory review and approval needs to be
completed on the industrial equipment and not laboratory versions. Thus, significant
capital investment is required to build the ACP equipment and generate regulatory data.

One final consideration is the public acceptance of atmospheric cold plasma. ACP
will likely be used on the raw agricultural products in many applications and would not
require labeling if no significant food article alteration occurs. For those products where
the ACP is used on a finished product, the question of “labeling” and “marketing” to the
consumer remains an unanswered question.

5. Conclusions

The agriculture and food processing sectors are responsible for feeding nutritious
and safe food around the world. However, they are also responsible for making the
best use of materials and reducing food waste. All these aspects are part of the circular
economy concept, where the goal is to reduce waste and take advantage of each part of a
product. Processing technologies play an essential role in this concept as it is required to use
environmentally friendly tools that do not generate waste or reduce the use of chemicals
that cause contamination. ACP technology is becoming the next non-thermal technology
in tune with sustainable production for the agriculture and food sector. ACP technology
has been widely studied as a decontamination tool for food pathogens, including bacteria,
spores, or toxins. The main characteristics are that microbial inactivation can be performed
at room temperature, free from food additives, and with an energy-efficient process. This
is an attractive technology for thermal-sensitive foods such as fruits and vegetables, deli
meats, or fresh food. The interaction of reactive plasma species with the food surface is a
complex process that involves mass and energy transfer and other phenomena that still
require more development. In addition to its decontamination capacity, the high reactivity
of ACP species can be used as a method for the extraction of nutrients, better utilization of
materials, or as a technology that allows transforming waste into value.

Author Contributions: Writing—original draft preparation, X.Y.; writing—review and editing, A.E.I.,
H.B. and K.K. All authors have read and agreed to the published version of the manuscript.



Foods 2022, 11, 1833 14 of 17

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kaza, S.; Yao, L.; Bhada-Tata, P.; Van Woerden, F.; Ionkova, K. What A Waste 2.0: A Global Snapshot of Solid Waste Management to

2050; World Bank Publications: Washington, DC, USA, 2018; ISBN 1464813477.
2. Olabi, A.G. Circular Economy and Renewable Energy. Energy 2019, 181, 450–454. [CrossRef]
3. Bourke, P.; Ziuzina, D.; Boehm, D.; Cullen, P.J.; Keener, K. The Potential of Cold Plasma for Safe and Sustainable Food Production.

Trends Biotechnol. 2018, 36, 615–626. [CrossRef]
4. FAO. Global Food Losses and Food Waste—Extent, Causes and Prevention; Food and Agriculture Organization of the United Nations:

Rome, Italy, 2011; ISBN 978-92-5-107205-9.
5. Moutiq, R.; Misra, N.N.; Mendonça, A.; Keener, K. In-Package Decontamination of Chicken Breast Using Cold Plasma Technology:

Microbial, Quality and Storage Studies. Meat Sci. 2020, 159, 107942. [CrossRef] [PubMed]
6. Liao, X.; Liu, D.; Xiang, Q.; Ahn, J.; Chen, S.; Ye, X.; Ding, T. Inactivation Mechanisms of Non-Thermal Plasma on Microbes:

A Review. Food Control 2017, 75, 83–91. [CrossRef]
7. Hojnik, N.; Cvelbar, U.; Tavčar-Kalcher, G.; Walsh, J.L.; Križaj, I. Mycotoxin Decontamination of Food: Cold Atmospheric Pressure

Plasma versus “Classic” Decontamination. Toxins 2017, 9, 151. [CrossRef] [PubMed]
8. Gavahian, M.; Peng, H.-J.; Chu, Y.-H. Efficacy of Cold Plasma in Producing Salmonella-Free Duck Eggs: Effects on Physical

Characteristics, Lipid Oxidation, and Fatty Acid Profile. J. Food Sci. Technol. 2019, 56, 5271–5281. [CrossRef] [PubMed]
9. Thomas-Popo, E.; Mendonça, A.; Misra, N.N.; Little, A.; Wan, Z.; Moutiq, R.; Coleman, S.; Keener, K. Inactivation of Shiga-

Toxin-Producing Escherichia Coli, Salmonella Enterica and Natural Microflora on Tempered Wheat Grains by Atmospheric Cold
Plasma. Food Control 2019, 104, 231–239. [CrossRef]

10. Chaplot, S.; Yadav, B.; Jeon, B. Atmospheric Cold Plasma and Peracetic Acid–Based Hurdle Intervention to Reduce Salmonella on
Raw Poultry Meat. J. Food Prot. 2019, 82, 878–888. [CrossRef] [PubMed]

11. Yoo, J.H.; Baek, K.H.; Heo, Y.S.; Yong, H.I.; Jo, C. Synergistic Bactericidal Effect of Clove Oil and Encapsulated Atmospheric
Pressure Plasma against Escherichia Coli O157:H7 and Staphylococcus Aureus and Its Mechanism of Action. Food Microbiol. 2021,
93, 103611. [CrossRef]

12. Sudarsan, A.; Keener, K.M. Inactivation of Salmonella Enterica Serovars and Escherichia Coli O157:H7 Surrogate from Baby
Spinach Leaves Using High Voltage Atmospheric Cold Plasma (HVACP). LWT 2022, 155, 112903. [CrossRef]

13. De Oliveira, S.; Baptista, T.; Cesar, E. Salmonella Spp. and Escherichia Coli O157:H7 Prevalence and Levels on Lettuce:
A Systematic Review and Meta-Analysis. J. Food Microbiol. 2019, 84, 103217. [CrossRef]

14. Lin, L.; Liao, X.; Cui, H. Cold Plasma Treated Thyme Essential Oil/Silk Fibroin Nanofibers against Salmonella Typhimurium in
Poultry Meat. Food Packag. Shelf Life 2019, 21, 100337. [CrossRef]

15. Pankaj, S.K.; Shi, H.; Keener, K.M. A Review of Novel Physical and Chemical Decontamination Technologies for Aflatoxin in
Food. Trends Food Sci. Technol. 2018, 71, 73–83. [CrossRef]

16. Nguyen, T.; Palmer, J.; Phan, N.; Shi, H.; Keener, K.; Flint, S. Control of Aflatoxin M1 in Skim Milk by High Voltage Atmospheric
Cold Plasma. Food Chem. 2022, 386, 132814. [CrossRef]

17. Oliveira, P.M.; Zannini, E.; Arendt, E.K. Cereal Fungal Infection, Mycotoxins, and Lactic Acid Bacteria Mediated Bioprotection:
From Crop Farming to Cereal Products. Food Microbiol. 2014, 37, 78–95. [CrossRef] [PubMed]

18. Ouf, S.A.; Basher, H.; Mohamed, A.H. Inhibitory Effect of Double Atmospheric Pressure Argon Cold Plasma on Spores and
Mycotoxin Production of Aspergillus Niger Contaminating Date Palm Fruits. J. Sci. Food Agric. 2015, 95, 3204–3210. [CrossRef]
[PubMed]

19. Cong, L.; Huang, M.; Zhang, J.; Yan, W. Effect of Dielectric Barrier Discharge Plasma on the Degradation of Malathion and
Chlorpyrifos on Lettuce. J. Sci. Food Agric. 2021, 101, 424–432. [CrossRef] [PubMed]

20. Kalaivendan, T.; Gracy, R.; Gupta, V. Influence of Low-Pressure Nonthermal Dielectric Barrier Discharge Plasma on Chlorpyrifos
Reduction in Tomatoes. J. Food Process Eng. 2019, 42, e13242. [CrossRef]

21. Van Impe, J.; Smet, C.; Tiwari, B.; Greiner, R.; Ojha, S.; Stulic, V.; Vukusic, T.; Rezek Jambrak, A. State of the Art of Nonthermal
and Thermal Processing for Inactivation of Micro-Organisms. J. Appl. Microbiol. 2018, 125, 16–35. [CrossRef]

22. Bansal, S.; Singh, A.; Mangal, M.; Mangal, A.K. Food Adulteration: Sources, Health Risks, and Detection Methods. Crit. Rev. Food
Sci. Nutr. 2017, 57, 1174–1189. [CrossRef]

23. Li, X.; Farid, M. A Review on Recent Development in Non-Conventional Food Sterilization Technologies. J. Food Eng. 2016, 182,
33–45. [CrossRef]

24. Kurtz, J.R.; Goggins, J.A.; Mclachlan, J.B. Salmonella Infection: Interplay between the Bacteria and Host Immune System. Immunol.
Lett. 2017, 190, 42–50. [CrossRef] [PubMed]

25. Kumar, N.; Lata, C.; Keener, K.M.; Misra, N.N. Strategy to Achieve a 5-Log Salmonella Inactivation in Tender Coconut Water
Using High Voltage Atmospheric Cold Plasma (HVACP). Food Chem. 2019, 284, 303–311. [CrossRef]

http://doi.org/10.1016/j.energy.2019.05.196
http://doi.org/10.1016/j.tibtech.2017.11.001
http://doi.org/10.1016/j.meatsci.2019.107942
http://www.ncbi.nlm.nih.gov/pubmed/31522105
http://doi.org/10.1016/j.foodcont.2016.12.021
http://doi.org/10.3390/toxins9050151
http://www.ncbi.nlm.nih.gov/pubmed/28452957
http://doi.org/10.1007/s13197-019-03996-z
http://www.ncbi.nlm.nih.gov/pubmed/31749474
http://doi.org/10.1016/j.foodcont.2019.04.025
http://doi.org/10.4315/0362-028X.JFP-18-377
http://www.ncbi.nlm.nih.gov/pubmed/31017813
http://doi.org/10.1016/j.fm.2020.103611
http://doi.org/10.1016/j.lwt.2021.112903
http://doi.org/10.1016/j.fm.2019.05.001
http://doi.org/10.1016/j.fpsl.2019.100337
http://doi.org/10.1016/j.tifs.2017.11.007
http://doi.org/10.1016/j.foodchem.2022.132814
http://doi.org/10.1016/j.fm.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24230476
http://doi.org/10.1002/jsfa.7060
http://www.ncbi.nlm.nih.gov/pubmed/25557283
http://doi.org/10.1002/jsfa.10651
http://www.ncbi.nlm.nih.gov/pubmed/32648588
http://doi.org/10.1111/jfpe.13242
http://doi.org/10.1111/jam.13751
http://doi.org/10.1080/10408398.2014.967834
http://doi.org/10.1016/j.jfoodeng.2016.02.026
http://doi.org/10.1016/j.imlet.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28720334
http://doi.org/10.1016/j.foodchem.2019.01.084


Foods 2022, 11, 1833 15 of 17

26. Aboubakr, H.A.; Nisar, M.; Nayak, G.; Nagaraja, K.V.; Collins, J.; Bruggeman, P.J.; Goyal, S.M. Bactericidal Efficacy of a Two-
Dimensional Array of Integrated, Coaxial, Microhollow, Dielectric Barrier Discharge Plasma Against Salmonella Enterica Serovar
Heidelberg. Foodborne Pathog. Dis. 2019, 17, 157–165. [CrossRef]

27. Erickson, M.C.; Liao, J.; Webb, C.C.; Habteselassie, M.Y.; Cannon, J.L. Inactivation of Escherichia Coli O157:H7 and Salmonella
Deposited on Gloves in a Liquid State and Subjected to Drying Conditions. Int. J. Food Microbiol. 2018, 266, 200–206. [CrossRef]

28. Shah, U.; Ranieri, P.; Zhou, Y.; Schauer, C.L.; Miller, V.; Fridman, G.; Sekhon, J.K. Effects of Cold Plasma Treatments on Spot-
Inoculated Escherichia Coli O157:H7 and Quality of Baby Kale (Brassica Oleracea) Leaves. Innov. Food Sci. Emerg. Technol. 2019,
57, 102104. [CrossRef]

29. Pasquali, F.; Ch, A.; Koidis, A.; Berardinelli, A.; Cevoli, C.; Ragni, L.; Mancusi, R.; Manfreda, G.; Trevisani, M. Atmospheric Cold
Plasma Process for Vegetable Leaf Decontamination: A Feasibility Study on Radicchio (Red Chicory, Cichorium Intybus L.). Food
Control 2016, 60, 552–559. [CrossRef]

30. Ziuzina, D.; Patil, S.; Cullen, P.J.; Keener, K.M.; Bourke, P. Atmospheric Cold Plasma Inactivation of Escherichia Coli, Salmonella
Enterica Serovar Typhimurium and Listeria Monocytogenes Inoculated on Fresh Produce. Food Microbiol. 2014, 42, 109–116.
[CrossRef]

31. Mahnot, N.K.; Mahanta, C.L.; Farkas, B.E.; Keener, K.M.; Misra, N.N. Atmospheric Cold Plasma Inactivation of Escherichia Coli and
Listeria Monocytogenes in Tender Coconut Water: Inoculation and Accelerated Shelf- Life Studies. Food Control 2019, 106, 106678.
[CrossRef]

32. Girgin, Z.; Barisci, S.; Dinc, O. Mechanisms of the Escherichia Coli and Enterococcus Faecalis Inactivation by Ozone. LWT-Food
Sci. Technol. 2019, 100, 306–313. [CrossRef]

33. Yeni, F.; Alpas, H.; Soyer, Y. Most Common Foodborne Pathogens and Mycotoxins on Fresh Produce: A Review of Recent
Outbreaks. Crit. Rev. Food Sci. Nutr. 2016, 56, 1532–1544. [CrossRef]

34. Gómez, D.; Iguácel, L.P.; Rota, M.C.; Carramiñana, J.J.; Ariño, A.; Yangüela, J. Occurrence of Listeria Monocytogenes in
Ready-to-Eat Meat Products and Meat Processing Plants in Spain. Foods 2015, 4, 271–282. [CrossRef]

35. Taylor, B.J.; Quinn, A.R.; Kataoka, A. Listeria Monocytogenes in Low-Moisture Foods and Ingredients. Food Control 2019, 103,
153–160. [CrossRef]

36. Gök, V.; Aktop, S.; Özkan, M.; Tomar, O. The Effects of Atmospheric Cold Plasma on Inactivation of Listeria Monocytogenes
and Staphylococcus Aureus and Some Quality Characteristics of PastıRma—A Dry-Cured Beef Product. Innov. Food Sci. Emerg.
Technol. 2019, 56, 102188. [CrossRef]

37. Srey, S.; Park, S.Y.; Jahid, I.K.; Ha, S. Do Reduction Effect of the Selected Chemical and Physical Treatments to Reduce L.
Monocytogenes Biofilms Formed on Lettuce and Cabbage. Food Res. Int. 2014, 62, 484–491. [CrossRef]

38. Karlovsky, P.; Suman, M.; Berthiller, F.; De Meester, J.; Eisenbrand, G.; Perrin, I.; Oswald, I.P.; Speijers, G. Impact of Food
Processing and Detoxification Treatments on Mycotoxin Contamination. Mycotoxin Res. 2016, 32, 179–205. [CrossRef]

39. Drishya, C.; Yoha, K.S.; Perumal, A.B.; Moses, J.A.; Anandharamakrishnan, C.; Balasubramaniam, V.M. Impact of Nonthermal
Food Processing Techniques on Mycotoxins and Their Producing Fungi. Int. J. Food Sci. Technol. 2022, 57, 2140–2148. [CrossRef]

40. Iqdiam, B.M.; Abuagela, M.O.; Boz, Z.; Marshall, S.M.; Goodrich, R.; Charles, S.; Maurice, A.S.; Macintosh, A.J.; Welt, B.A. Effects
of Atmospheric Pressure Plasma Jet Treatment on Aflatoxin Level, Physiochemical Quality, and Sensory Attributes of Peanuts.
J. Food Process. Preserv. 2019, 44, e14305. [CrossRef]

41. Wielogorska, E.; Ahmed, Y.; Meneely, J.; Graham, W.G.; Elliott, C.T.; Gilmore, B.F. A Holistic Study to Understand the Detoxifica-
tion of Mycotoxins in Maize and Impact on Its Molecular Integrity Using Cold Atmospheric Plasma Treatment. Food Chem. 2019,
301, 125281. [CrossRef]

42. Devi, Y.; Thirumdas, R.; Sarangapani, C.; Deshmukh, R.R.; Annapure, U.S. Influence of Cold Plasma on Fungal Growth and
Aflatoxins Production on Groundnuts. Food Control 2017, 77, 187–191. [CrossRef]

43. Shi, H.; Ileleji, K.; Stroshine, R.L.; Keener, K.; Jensen, J.L. Reduction of Aflatoxin in Corn by High Voltage Atmospheric Cold
Plasma. Food Bioprocess Technol. 2017, 10, 1042–1052. [CrossRef]

44. Bosch, L.; Pfohl, K.; Avramidis, G.; Wieneke, S.; Viöl, W.; Karlovsky, P. Plasma-Based Degradation of Mycotoxins Produced by
Fusarium, Aspergillus and Alternaria Species. Toxins 2017, 9, 97. [CrossRef] [PubMed]

45. Misra, N.N.; Yadav, B.; Roopesh, M.S.; Jo, C. Cold Plasma for Effective Fungal and Mycotoxin Control in Foods: Mechanisms,
Inactivation Effects, and Applications. Compr. Rev. Food Sci. Food Saf. 2019, 18, 106–120. [CrossRef] [PubMed]

46. Vanhoutte, I.; Audenaert, K.; Gelder, L. De Biodegradation of Mycotoxins: Tales from Known and Unexplored Worlds. Front.
Microbiol. 2016, 7, 561. [CrossRef]

47. Chen, D.; Chen, P.; Cheng, Y.; Peng, P.; Liu, J.; Ma, Y.; Liu, Y.; Ruan, R. Deoxynivalenol Decontamination in Raw and Germinating
Barley Treated by Plasma-Activated Water and Intense Pulsed Light. Food Bioprocess Technol. 2019, 12, 246–254. [CrossRef]

48. Pivovarov, A.; Mykolenko, S.; Shcherbakov, S.; Agrarian, D.S. Plasma-Chemically Activated Water Influence on Staling and Safety
of Sprouted Bread. Technol. Food Saf. 2018, 12, 100–107. [CrossRef]

49. Abbasian, E.G.; Nosrati, A.C.; Ghoranneviss, M. Study of the Effect of Plasma Jet on Fusarium Isolates with Ability to Produce
DON Toxins. Clin. Res. Methods 2017, 15, 204–207. [CrossRef]

50. Phan, K.; Phan, H.T.; Boonyawan, D.; Intipunya, P.; Brennan, C.S.; Regenstein, J.M.; Phimolsiripol, Y. Non-Thermal Plasma for
Elimination of Pesticide Residues in Mango. Innov. Food Sci. Emerg. Technol. 2018, 48, 164–171. [CrossRef]

http://doi.org/10.1089/fpd.2019.2698
http://doi.org/10.1016/j.ijfoodmicro.2017.11.020
http://doi.org/10.1016/j.ifset.2018.12.010
http://doi.org/10.1016/j.foodcont.2015.08.043
http://doi.org/10.1016/j.fm.2014.02.007
http://doi.org/10.1016/j.foodcont.2019.06.004
http://doi.org/10.1016/j.lwt.2018.10.095
http://doi.org/10.1080/10408398.2013.777021
http://doi.org/10.3390/foods4030271
http://doi.org/10.1016/j.foodcont.2019.04.011
http://doi.org/10.1016/j.ifset.2019.102188
http://doi.org/10.1016/j.foodres.2014.03.067
http://doi.org/10.1007/s12550-016-0257-7
http://doi.org/10.1111/ijfs.15444
http://doi.org/10.1111/jfpp.14305
http://doi.org/10.1016/j.foodchem.2019.125281
http://doi.org/10.1016/j.foodcont.2017.02.019
http://doi.org/10.1007/s11947-017-1873-8
http://doi.org/10.3390/toxins9030097
http://www.ncbi.nlm.nih.gov/pubmed/28287436
http://doi.org/10.1111/1541-4337.12398
http://www.ncbi.nlm.nih.gov/pubmed/33337013
http://doi.org/10.3389/fmicb.2016.00561
http://doi.org/10.1007/s11947-018-2206-2
http://doi.org/10.15673/fst.v12i2.940
http://doi.org/10.5742/MEWFM.2017.93126
http://doi.org/10.1016/j.ifset.2018.06.009


Foods 2022, 11, 1833 16 of 17

51. Misra, N.N.; Pankaj, S.K.; Walsh, T.; O’Regan, F.; Bourke, P.; Cullen, P.J. In-Package Nonthermal Plasma Degradation of Pesticides
on Fresh Produce. J. Hazard. Mater. 2014, 271, 33–40. [CrossRef]

52. Sarangapani, C.; Misra, N.N.; Milosavljevic, V.; Bourke, P.; O’Regan, F.; Cullen, P.J. Pesticide Degradation in Water Using
Atmospheric Air Cold Plasma. J. Water Process Eng. 2016, 9, 225–232. [CrossRef]

53. Wardenier, N.; Gorbanev, Y.; Van Moer, I.; Nikiforov, A.; Van Hulle, S.W.H.; Surmont, P.; Lynen, F.; Leys, C.; Bogaerts, A.; Vanraes,
P. Removal of Alachlor in Water by Non-Thermal Plasma: Reactive Species and Pathways in Batch and Continuous Process.
Water Res. 2019, 161, 549–559. [CrossRef]
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