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Abstract: Assuring the safety of muscle foods and seafood is based on prerequisites and specific
measures targeted against defined hazards. This concept is augmented by ‘interventions’, which are
chemical or physical treatments, not genuinely part of the production process, but rather implemented
in the framework of a safety assurance system. The present paper focuses on ‘Cold Atmospheric
pressure Plasma’ (CAP) as an emerging non-thermal intervention for microbial decontamination.
Over the past decade, a vast number of studies have explored the antimicrobial potential of different
CAP systems against a plethora of different foodborne microorganisms. This contribution aims at
providing a comprehensive reference and appraisal of the latest literature in the area, with a specific
focus on the use of CAP for the treatment of fresh meat, fish and associated products to inactivate
microbial pathogens and extend shelf life. Aspects such as changes to organoleptic and nutritional
value alongside other matrix effects are considered, so as to provide the reader with a clear insight
into the advantages and disadvantages of CAP-based decontamination strategies.

Keywords: cold atmospheric plasma; antimicrobial effects; physical-chemical properties; foodborne
pathogens management; longitudinally integrated safety assurance; shelf-life extension

1. Introduction

In the food production sector, ‘shelf life’ is one of the most essential quality parameters.
Even when microbial contamination and subsequent growth of pathogenic organisms are
successfully counteracted, microbial and/or chemical spoilage will cause foods of animal
origin to be withdrawn from the market. The latter is one of the main worries of the United
Nations (UN), as such represents the main reason for food waste. Approximately one-third
of the world’s foods of animal origin is lost through waste and this markedly reduces food
security [1]. According to estimates of the UN’s Food and Agricultural Organisation (FAO),
published in 2015, it results in approximately USD 940 billion per year in economic losses.
It also results in significant environmental impacts. For example, food loss and waste
are responsible for 8% of the world’s greenhouse gas emissions [2]. In fact, if food loss
and waste were contained to one country, that country would be the world’s third-largest
emitter after the United States and China [1].
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Arguably, food security is not only dependent on minimising food waste, but also on
the enhancement of the efficacy of meat production. Thus, farm-animal species play crucial
roles in satisfying demands for meat on a global scale, and environmental as well as genetic
factors [3] need to be optimised. In particular, one of the important aims is to increase
skeletal muscle growth in farm animals [4,5]. The enhancement of muscle development
and growth is crucial to meet consumers’ demands for meat [5,6].

The veterinary medical curriculum includes enough elements of biology and phys-
iology to allow graduates to function as ‘doctors’, yet many of them end up working in
the food industry as ‘veterinary public health’ (VPH) professionals. These have the legal
responsibility to remain aware of the latest technologies and techniques applied by industry
to assure their products are safe, nutritious and have the desirable physical-chemical and
sensory properties to appeal to the customer. Over the past decades, VPH officials have
gradually shifted their attention from ‘end-product oriented inspection’ towards ‘longitu-
dinally integrated safety assurance’ (LISA; [7]) and as health officials they concentrate on
assuring the absence of pathogenic microorganisms in foods of animal origin as evidence
for ‘quality’. However, in the current political climate, public health authorities need to
assure that besides ‘food safety’ (the first, apparently most significant parameter), also ‘food
security’ and ‘sustainability’ issues are adequately addressed. ‘Food security’ has been
defined by the UN’s FAO as: ‘assuring that all people, at all times, have physical and economic
access to sufficient, safe and nutritious food, that meets their dietary needs and food preferences
for an active and healthy life’, and ‘sustainability’ as: ‘meeting the needs of the present without
compromising the ability of the future generations to meet their own needs’ [8]. The paramount
importance of food security was emphasised in the UN World Commission on Environment
and Development Report in 1987 [9].

Concentrating on safety, security and sustainability is ‘part and parcel’ of the EU’s
current pathogen management strategy, which has been summarised in its May 2020
strategy paper ‘From Farm to Fork’ [10]. For this contribution, this means that the authors
take an approach beyond merely judging the antimicrobial efficacy of risk management
strategies against pathogens, but rather additionally consider effects on variables such as
shelf life and physical-chemical and sensory attributes. In particular, the exposure of foods
to reactive species produced in an ionised gas—‘plasma’—and their effects on microbial
contaminants and on the food matrix (in terms of sensory quality and alterations of proteins
and lipids) will be discussed. To this end, we provide (i) an introduction on the composition
and generation of plasma, and (ii) an overview of the application of plasma technology
for the microbial decontamination of selected food commodities of animal origin, with
(iii) special consideration of the effects of plasma on the sensory quality of meat products, in
particular those related to oxidative reactions. The antibacterial potential of the application
of plasma on meat-based products was emphasised recently [11], but the oxidation of
lipids [12] and proteins [11] has been identified as a potential drawback. Although protein
modification can have positive side effects (e.g., improving gelling quality, [13]), protein
oxidation has been identified as a major cause for quality loss in muscle-based foods [14,15].

2. What Is ‘Cold Atmospheric Plasma’ and How Is It Generated?
2.1. Generation of Plasma

The term ’plasma’, originally coined by Nobel prize winner Irving Langmuir, desig-
nates in physical sciences a gas where a fraction of the particles is ionised; that is, stripped
of one electron and converted into an electron–ion couple. The plasma state, which is
considered as the fourth state of matter, is thus a mixture of electrons, ions and neutral
particles [16]. The fraction of charged to total particles, called ‘degree of ionization’, is a
function of several factors, among which the most notable one is the power density used
to produce the plasma, and can range from very low values (weakly ionised plasma) to 1
(fully ionised plasma). The plasmas typically used for the treatment of food are considered
weakly ionised, so most of the gas particles are electrically neutral.
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In almost all practical situations, plasma is produced by the application of an electric
field. The electric field accelerates free electrons to the energy required to ionise neutral
atoms and molecules in the gas (typically between 5 and 25 eV). This is, however, opposed
by collisions that electrons undergo in their motion through the gas: in particular, inelastic
collisions cause electrons to lose energy, which is transferred to the neutral gas in the form
of the excitation of bound electrons to higher energy levels, or the excitation of the rotation
or vibrational states of molecules. Incidentally, the emission of photons when the excited
bound electrons return to their original state is the source of visible light, which gives plas-
mas their typical glowing appearance, and can also be a source of biocidal ultraviolet (UV)
radiation. Given this balance between acceleration and collisional energy loss, a minimum
applied voltage is required for plasma ignition, a phenomenon called ‘breakdown’, because
the presence of free charged particles converts the previously dielectric neutral gas into an
electrical conductor.

To achieve breakdown, it is required that the few free electrons naturally present in the
gas are increased in number. This occurs through a process, by which collisions between
neutral species and sufficiently energetic electrons result in ionisation events, causing the
number of free electrons in the gas to grow exponentially. This process is known as an
‘electron avalanche’. Subsequent processes strongly depend on the manner in which the
electrical energy is applied. In the case of a stationary (direct current, DC) or slowly varying
electric field, the positive ions produced in ionisation events are accelerated towards the
negative electrode, called the cathode (assuming that the electric field is obtained by
applying a potential difference between two electrodes), and have a certain probability of
extracting an electron called the ‘secondary electron’ from its surface. When this process
is sufficiently intense to provide a new electron for each electron lost to the anode, the
process becomes self-sustaining. A second approach is to vary the electric field fast enough
that electrons perform an oscillation with an amplitude smaller than the electrode gap. In
this case, there is no electron flux to the anode, and each electron can produce others in its
oscillatory motion (the electron number does not grow indefinitely because of diffusion
losses). For typical system sizes, ranging from mm to cm, the required oscillation frequency
is in the order of a few MHz or larger: this defines the so-called ‘radio frequency (RF)
plasmas’, or, when frequencies are in the GHz range, ‘microwave plasmas’.

Since the electric field readily transfers energy to electrons, they typically have high
temperatures, in the order of 1 eV or higher (in plasma physics, temperatures are given
through their equivalent mean kinetic energy: 1 eV corresponds to a temperature of
11,600 K). Still, unless very high power is used, and the plasma is very well confined (for
example, by magnetic fields, as is the case in thermonuclear fusion studies), most electrons
do not have the time to transfer their energy to the ions and to the neutral gas, which
thus remain at relatively low temperatures. In this case, which is the one of interest in
the following, the plasma can be described as ‘non-thermal’. If the ions and the neutral
gas remain at, or very near room temperature, the notion of ‘cold plasma’ arises. This is
exactly the concept of interest here since the use of plasma for food decontamination must
avoid thermal effects. For a detailed description of the underlying principles of plasma
generation and applications in materials modification, the reader is referred to Lieberman
and Lichtenberg [17].

The interest of plasmas in the context of disinfection and decontamination (as in many
other fields) stems from the fact that the free hot electrons shift chemical equilibria, giving
rise to a wealth of reactive species, which interact in a destructive way with microbes. In
particular, reactive oxygen and nitrogen species (ROS and RNS) are of relevance for this ap-
plication, due to their interaction with the cell membrane [18,19]. Furthermore, the plasma
is responsible for generating other agents, namely UV radiation, intense electric fields and
charged species, which may also play a role in the decontamination process [20,21].
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2.2. Low Pressure Plasma vs. Atmospheric-Pressure Plasma

Plasmas are most easily produced at low pressure (several orders of magnitude below
atmospheric pressure) because the electrons do not undergo too many collisions and are
easily accelerated to the energy required for ionisation. This results in a reduced breakdown
voltage, typically of the order of a few hundred volts. However, low-pressure plasmas
are not well suited for food treatment. On the contrary, generating plasma at atmospheric
pressure requires higher voltages, typically a few kV [22]. Consequently, the requirement
of keeping the neutral component at or near room temperature results in the need to limit
the current achieved after breakdown, otherwise it is very easy to obtain high power levels.
There are different solutions for this problem, which can be summarised into two main
approaches. One is the dielectric barrier discharge (DBD), where the high-voltage electrode
is separated from the grounded electrode by at least one layer of dielectric material. After
the breakdown, charge quickly accumulates on the dielectric surface, and extinguishes the
current. These devices are typically operated at a frequency of a few kHz, although lower
frequencies can be used, or with pulsed voltages [23]. The second one is the use of radio
frequency (RF) voltage, which changes polarity so quickly that the peak current is limited.
In the context of plasma food treatment, RF is seldom used, as such plasmas are typically
‘hotter’ than those generated using the DBD approach.

2.3. Application of Atmospheric-Pressure Plasma to Tissues, Foods and Food Contact Surfaces

The potential of atmospheric-pressure plasma to inactivate bacteria and other pathogens
has been known for a long time [24]. However, only in the last twenty years has the devel-
opment of low-power plasma sources enabled the treatment of organic substrates without
thermal damage, leading to its use in the emerging discipline of ‘plasma medicine’ [25].
This includes not only disinfection [26], but also the use of the plasma-produced chemical
species to manipulate cellular processes or structures [19] giving rise to therapeutic effects.
For example, the stimulation of wound healing is a well-studied process [27–30], which has
found application also in the context of veterinary medicine [31]. A field where the use
of plasma-based decontamination may prove to be a game changer is that of food decon-
tamination [32]. A particular mode of plasma generation has been studied more recently,
with a view to assess its suitability as a means of antimicrobial intervention during food
production [33]. The scientific principles on which the generation of reactive gas species
is based, and the modes of antimicrobial action of cold atmospheric plasma (CAP) when
applied to various foods of animal origin, with special reference to meat and meat products,
have been reviewed recently [34].

It is essential to realise that CAP exerts its antimicrobial action primarily on the
surface of a treated food item. Hence, bacterial (or viral) surface contamination resulting
from slaughter and subsequent processing could therefore—at least partly—be inactivated
before further processing/packaging. Obviously, the chosen method of applying plasma
determines the antimicrobial efficacy of exposing microbial contaminants to plasma.

The specific mix of reactive species produced by a plasma source depends on several
interlinked factors. First is the gas used for the process, which is typically either air or a
noble gas (helium or argon) mixed with small fractions of air or air constituents. Second is
the amplitude, frequency and waveform of the voltage used to produce the plasma, the
applied power and the gas flow (if applicable). For example, in the case of an air DBD, the
prevalence of ROS or RNS will be dictated by the power level [35]. As another example,
humidity will affect ozone production [36], and this may lead to the loss of bactericidal
effect [37]. The closer the target is to the plasma source, the shorter the time needed for
reactive species to reach the target. In settings with a distance between electrodes and the
sample, the presence of long-lived radicals such as NO2, O3 and N2O is an important factor
co-determining the array of reactive compounds.

In recent years, a plethora of different plasma systems have been developed for the
decontamination of food contact surfaces [38] and food products [39]. Typically, but not
exclusively, these prototype systems have been based on the DBD family of discharges. Two
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distinct modes of application have arisen, and the first involves plasma interacting directly
with food products, typically achieved by placing the product between the electrodes of
a parallel plate reactor or in the effluent of a plasma jet (Figure 1a,b, respectively). Direct
contact systems are highly efficient as reactive and short-lived chemical species, such as O,
N and OH, directly impinge on, and interact with, the food matrix. Despite their efficiency,
a direct contact between plasma and food poses a number of technical challenges; for
example, the plasma characteristics are inevitably and inextricably linked to the electrical
characteristics of the food product, a situation that can compromise repeatability. Another
challenge relates to the complexity of the discharge chemistry reaching the product and
its impact on the food matrix, a process that could potentially involve over 1000 complex
biochemical reactions. Without a clear understanding of the underpinning processes that
give rise to the intriguing antimicrobial effects associated with plasma treatment, the
regulatory approval necessary for the commercial application of direct-contact plasma
technology may not be forthcoming.
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Figure 1. Typical DBD systems used for the treatment of food products: (a) direct-contact parallel
plate reactor, (b) direct-contact plasma jet, (c) indirect contact surface barrier discharge and (d) pilot-
scale surface barrier discharge system developed at the University of Liverpool.

The second mode of application relates to the indirect exposure of food products
to plasma, typically achieved by generating plasma in close proximity to a product and
relying on the diffusion and/or convection of chemical species to its surface (Figure 1c). In
this scenario, short-lived chemical species react before reaching the food product, yielding a
number of longer-lived intermediaries; for example, in the case of air plasma O3, NO, N2O
and NO2 [40]. Due to the absence of highly reactive chemical species, indirect approaches
are often considered less effective for microbial inactivation compared to their direct-contact
counterparts. Conversely, a vast reduction in the variety of chemical species reaching the
product is conducive when attempting to elucidate the underpinning mode of action. A
further benefit of many indirect treatment approaches is their ability to be easily scaled to
cover large areas (Figure 1d), and they remain unaffected by the electrical properties of the
food product, enhancing repeatability.

2.4. In-Package Cold Plasma Treatment

Direct exposure to CAP can also be achieved for already packed products. In this
case, the packaging material itself is used as the dielectric barrier and external electrodes
are used to apply a high voltage, resulting in plasma formation directly within the sealed
pack. This efficacy of ‘in-pack’ plasma treatment of foods has been demonstrated against
foodborne pathogens [41,42] and spoilage microorganisms to extend the shelf life of end
products [43–47]. As products are already sealed within the package prior to plasma
disinfection, there is little opportunity for further contamination, which is considered a
major advantage of the approach.

A drawback of the approach is the requirement that the packaging material can with-
stand plasma treatment without degradation, which could potentially contaminate foods
sealed within. Very few studies have considered the impact of in-package plasma on the
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packaging material, or how the material influences the production of plasma species [46,47].
Previous studies have shown that the physical-chemical and microbiological condition of
fresh beef, packaged in a polyethylene–polyamide–polyethylene (PE/PA/PE) film after
it had been inoculated with S. aureus, L. monocytogenes and E. coli, is in no way affected
by subjecting it to treatment with atmospheric-pressure cold plasma ([48]; some details in
Section 3).

Using in-package plasma treatment (2 to 60 s), statistically significant reductions
(0.8–1.6 log cycles) in Listeria innocua contamination of ‘Bresaola’ (a dried, ready-to-eat beef
ham product) were recorded [49]. Using ‘dielectric barrier’ electrodes and air as gas, a
3 min plasma treatment of packaged chicken cubes allowed reductions in Salmonella, E.
coli O157:H7 and L. monocytogenes of up to 3.7 log [50]. Similar findings were recorded by
Jayasena et al. [51], who established antimicrobial effects of up to 2.6 log S. typhimurium
and L. monocytogenes in PE-packaged beef and pork using a DBD system.

British studies have shown that at retail level a sizeable portion of the cross-contamination
of fresh meat occurs via both the external and internal surfaces of the packaging film [52]. Until
the CAP exposure of food and food products has gained the necessary regulatory approval,
the application of CAP to inactivate pathogens on the external surfaces of packaging materials
is a viable way forward, provided one can demonstrate that the packaging matrix is not
breached by cold plasma and hence that the packaged product does not have to be classified
as a ‘novel food’ according to EU Regulation 2015/2283 [53]. According to the latter regulation,
any lasting change incurred beyond what could be expected naturally as a result of plasma
exposure would require ‘novel food‘ certification [53]. As regards plasma generated from
ambient air, it is debatable if the action of ROS and RNS would qualify plasma-treated food as
‘novel food‘ (i.e., food with intentionally modified molecular structures that were not present
in foods within the Union before 15th May 1997, or ‘food resulting from a production process
not used for food production within the Union before 15 May 1997, which gives rise to significant
changes in the composition or structure of a food, affecting its nutritional value, metabolism or level of
undesirable substances’; Article 3, paragraphs (i) and (vii) of Regulation (EU) 2015/2283; [53]).
European partner countries initiated a COST project (013/20) with the purpose of creating
a database that will ultimately allow ‘understanding plasma’s most important processes
including aspects of (Novel food) legislation, energy consumption, food safety and quality’.
However, provided a CAP treatment does NOT cause a lasting change, it can be considered
a processing aid and can be applied without extra labelling or consumer information [54].
A case-by-case evaluation of plasma-matrix combinations has been suggested [55]. In 2017,
Ekezie et al. [56] reported that CAP had not been implemented in food industry settings
because of uncertainties about matrix modifications and subsequent legal issues. In the last
years, this knowledge gap has been at least partially filled; see the following sections.

3. Effects of CAP Treatment of Fresh Meat and Meat Products
3.1. Fresh Meat

Microbial contamination of meat occurs at slaughter and numerous contamination
scenarios are possible along the fresh-meat chain [57,58]. Control of such contamination is
essential to prevent food from becoming ‘unsafe’, i.e., either hazardous to human health
or unfit for human consumption due to spoilage (Regulation (EC) No 178/2002) [59]. The
prospects and limitations of ‘Good Hygiene Practice’ and, more specifically, of ‘Hazard
Analysis Critical Control Point’ systems in safeguarding fresh meat have been extensively
discussed [60,61] and the usefulness of interventions as additional tools has been proposed
and studied [62–68].

Typically, such methods would be preservation or processing, but these usually alter
product appearance or other characteristics. Thus, the array of intervention methods for
fresh meat is rather limited. Treatment with cold or hot water or with steam and dilute
organic acids may be applied by rinsing, spraying or immersion, with no or negligible
effects on the appearance of fresh meat and without leaving residues [69–76]). Since nearly
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a decade, the application of dilute lactic acid has been allowed in the EU, albeit only as part
of the pre-chill treatment of beef carcasses (Commission Regulation (EU) No 101/2013) [77].

The possibilities of exposing meat surfaces to further decontaminating treatments that
aim to eliminate both pathogens and spoilage flora has remained a relevant topic. Treatment
with CAP has been suggested as a promising option [33,48]. Three major questions need
to be addressed, i.e., ‘What level of microbial reduction can be achieved?’, ‘Are there
significant ‘side-effects’ on the meat matrix’ and, in in-pack exposure settings: ‘How do
packaging material and headspace in the package influence the effect of CAP?’ The latter
issue has already been addressed in this paper (see Section 2.4). A number of studies have
demonstrated the antibacterial activity of CAP on meat surfaces, considering the possibility
of changes in the meat matrix due to lipid oxidation, protein denaturation and the state of
haem pigments.

The magnitude of the reduction in contaminant bacteria by CAP technology is in-
fluenced by the nature and abundance of plasma gas species, which, in turn, is different
depending on the medium in which the plasma is generated and on the way the gas species
get in contact with the food matrix, e.g., direct exposure or circulating gases or liquids.
Thus, it has been suggested to consider key parameters when comparing the outcomes
of different studies [11]. Since our aim was not to identify the ‘best treatment protocol’,
we refrained from presenting all experimental details in the various studies discussed in
this paper. Still, the matrix in which plasma was generated (gases or liquids) and exposure
conditions are given.

There are also differences in susceptibility between bacterial genera and the physical
state of the meat samples (e.g., chilled or deep-frozen). For example, Choi et al. [78]
contaminated samples of frozen and fresh pork with L. monocytogenes and E. coli. Samples
were then exposed to CAP generated by a corona discharge plasma system (20 kV DC,
58 kHz) with a fan delivering air to the plasma source. A 120 s exposure to CAP effectuated
a reduction in the numbers of E. coli by about 1.6 log CFU in fresh, but significantly more
(about 2.7 log) in frozen pork. Reductions in Listeria were ca. 1.1 log CFU, with no significant
difference between chilled and deep-frozen pork. Arguably, all contaminated surfaces must
be exposed to CAP to achieve optimum results. Thus, Yong et al. [79] found that E. coli
on raw chicken breast was reduced by 1.14 log CFU when one side was exposed to CAP
(generated from an O2:N2 mix) for 5 min, but by 1.44 log CFU, when both sides of the fillet
were exposed for 2.5 min each.

Depending on the distance from the plasma source to the target surface, either a wide
array of reactive gas species may reach and interact with the target, or only long-lived
species may arrive; see Section 2.3. The gas species will react with compounds of the cell
wall (including the cell membrane) and with cytoplasmic components and nucleic acids [80].
Most compounds (with the exception of cell wall components) are not exclusive for bacteria,
but also prevail in eukaryotic cells. Thus, it can be expected that the majority of the arriving
reactive species will react with the more abundant food matrix rather than with the bacterial
cells. Since penetration depth is low and the underlying meat parts will act as buffers, the
‘average’ immediate effect on a piece of meat with several cm diameter can be expected to
be negligible. A somewhat different situation may exist with respect to triggering the auto-
oxidation of lipids. Since (apart from water) protein and lipids are the major constituents
of meat [81], numerous studies have focused on the consequences of CAP exposure to
lipids [12,82] and proteins, including haem proteins [83]. In addition to chemical tests,
colour measurement has proven to be able to assess sarcoplasmic denaturation (indicated by
an increase in L*) [48] or oxygenation or oxidation of myo- and haemoglobin (indicated as
changes in a* values). Finally, nitrate generated in water exposed to CAP can be ultimately
reduced to NO, resulting in the development of NO-myoglobin, which, after heat treatment
or other type of denaturation, turns into the pink NO-haemochrome [83]. Notably, in
water exposed to CAP generated in air, nitrate will accumulate, which would allow the
use of such plasma-activated water as a curing agent (see Section 4). RNS are typically
produced in atmospheric pressure air plasmas with a high-power density at higher voltage,
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whereas plasma generated at lower powers are dominated by ROS [52]. In principle,
voltage adjustment would allow fine-tuning if antibacterial action with the side-effect of
oxidation (low power) or curing (high power)—with an antioxidative side-effect—is aimed
at [84,85].

Bauer et al. [48] studied the effects of plasma treatment of packaged fresh beef. Vacuum
packaged and non-packaged beef longissimus samples were treated with CAP (generated
from ambient air, at different powers) over a 10-day period of vacuum, and a subsequent
3-day period of aerobic storage. It is important to realise that their approach was fundamen-
tally different from treating foods ‘in-pack’ (i.e., after packaging) as described above under
Section 2.4. Exposure of ‘non-covered’ beef samples to high-power CAP conditions resulted
in increased a*, b*, Chroma and Hue values, but CAP treatment of packaged loins did not
impact colour (L*, a*, b*, Chroma, Hue), lipid peroxidation, sarcoplasmic protein denatura-
tion, nitrate/nitrite uptake or myoglobin isoform distribution [48]. Colour values measured
after 3 days of aerobic storage following un-packaging (i.e., at 20 days post-mortem) were
similar and all compliant with consumer acceptability standards. Exposure to CAP of the
polyamide-polyethylene packaging film inoculated with Staphylococcus aureus, Listeria mono-
cytogenes and two Escherichia coli strains resulted in a >2 log reduction without affecting the
integrity of the packaging matrix. Results indicate that CAP can reduce microbial numbers
on the surfaces of beef packages without affecting the characteristics of the packaged beef.

3.2. Meat Products

The potential use of CAP as a decontamination technology has also been studied in
meat products. This included dried—‘jerky style’ [84–86]—products as well as dried-cured
meat products such as dry ham [37,49].

In cooked/cured meat products, CAP has been used mainly as a curing agent—either
by direct curing or by making use of plasma-treated water (PTW)—through the formation
of reactive nitrogen species (RNS) when relying on N2 as part of the carrier gas mixture
leading to the formation of nitrite, and hence producing a curing effect [87–91].

Cooked/cured meat products are generally microbiologically safe due to the combina-
tion of heat and nitrite [92,93]. However, post-processing handling such as cutting, slicing
and packaging may lead to recontamination of the surface [94,95]. Thus, it is advantageous
that CAP is effective on the product surface due to the nature of plasma [48]. As regards the
post-processing and pre-packaging contamination of ready-to-eat cooked meats, Listeria
monocytogenes is the pathogen of concern [96], the more so as pH and water activity are
often not low enough [97] to prevent the multiplication of L. monocytogenes during the shelf
life of the product. In a study on typical Austrian cooked ready-to-eat meat products [98],
this issue was addressed in detail, and a decision tool was developed to estimate to what
extent pH or water activity of a given product need to be adjusted, albeit the authors
concluded that there are limited possibilities to do so without altering sensory product
characteristics and impacting consumers´ acceptance. This issue has been studied in detail
in typical Austrian cured-cooked meats, see Csadek et al. [99], with respect to Listeria
and E. coli and to colour changes after exposure to CAP generated from ambient air. The
authors found that E. coli was more readily reduced than Listeria. It has been speculated
that Gram-negative bacteria (E. coli) are more susceptible for CAP than are Gram-positives
(Listeria), since the membrane lipids in Gram-negative organisms are directly exposed to
CAP molecules, in particular ozone, whereas the cell wall of Gram-positive organisms
would protect the cell membrane. However, experimental data are inconclusive [37,39,48].
Differences were also observed between the high and low power settings of the CAP device,
but also between similar products from different manufacturers. Since the composition
of the samples was—according to the information provided on the label—practically the
same, it remains to be explored why different results were obtained.
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4. Effects of CAP Treatment of Aquatic Foods of Animal Origin: Review of Recent
Model Experiments

‘Aquatic food’ means food grown in or harvested from water (including all types of
fish, reptiles and amphibians) and mixtures containing aquatic foods and synthetic foods,
such as surimi. It is important to realise that the terms ‘aquatic foods’ and ‘seafoods’ are
not necessarily considered to be synonymous. Generally, the term ‘seafood’ is understood
to stand for ´any form of sea life regarded as foods by humans, prominently (but not exclu-
sively) including fish and shellfish´ [100]. Shellfish include various species of molluscs (e.g.,
bivalve molluscs such as clams, oysters and mussels and cephalopods such as octopus and
squid), crustaceans (e.g., shrimp, crabs and lobster) and echinoderms (e.g., sea cucumbers
and sea urchins).

In recent years, a considerable number of scientific studies have been dedicated
to analysing the microbiological (and sensory) effects of the CAP treatment of fish and
‘seafoods’. In the following, we will restrict ourselves to seafoods of animal origin.

From a nutritional viewpoint, fish species may be conveniently divided into oily
fish (i.e., fish in which lipids in the soft tissues and the coelom are present as oil) and
whitefish [101]. Fish oil from ‘oily fish’ species is valued for its in vitamin and omega-3-
fatty acid contents [102]. Arguably, studies on the antibacterial action of CAP in oily fish
species need to consider lipid oxidation as well.

Rathod et al. [103] concluded that CAP treatment would retard bacterial spoilage
(i.e., protein degradation and lipid oxidation) and, thus, CAP could be recommended as a
minimal processing intervention for preserving the quality of seafood of animal origin.

4.1. Oily Fish
4.1.1. Atlantic Mackerel

Atlantic mackerel [(Scomber scombrus), a swarm fish caught in coastal waters, is
one of the most abundant fish species in Europe, containing high levels of long-chain
polyunsaturated fatty acids (PUFAs), which, consequently, are highly susceptible to oxida-
tion, and, thus, may cause the production of off-flavours and -odours. The effects of CAP
(generated from ambient air) on fillets of fresh mackerel were investigated in 2017 [104].
When fresh mackerel fillets were stored in packages and subjected to CAP using a ‘large-
gap’ (i.e., the target is placed between the electrodes, see Section 2.4) DBD (70–80 kV for 1,
3 and 5 min), microbiological and quality characteristics were improved significantly. The
spoilage bacteria (i.e., psychrotrophic aerobic flora, Pseudomonas and Lactic acid bacteria) of
mackerel fillets were reduced by ca. 1 log cycle through CAP within 24 h of post-CAP treat-
ment. A significant increase in lipid oxidation parameters (i.e., peroxide values, dienes) was
observed in CAP-treated samples. The intensity and duration of CAP treatment of mackerel
fillets also have a great impact on their microbiological condition. Nevertheless, no changes
in pH and colour (with the exception of L* values) were recorded as a result of CAP treat-
ment. These results imply that CAP could be considered as a means of reducing spoilage
bacteria and thus extending the shelf life of mackerel, provided an antioxidant is added
during storage to keep lipid oxidation in check. Recently, Trevisani et al. [105] confirmed
that mackerel subjected to CAP using a DBD (3.8 kV at 12.7 Hz) did not, with the exception
of slightly higher lightness (L*) values attributed to the oxidation of haemoproteins [106],
appreciably change sensory traits when stored for 5 days at 4 ◦C. CAP had been generated
from ambient air, and exposure was under wet conditions. Trevisani et al. [105] conclude
that the treatment of fish fillets before long distance transportation (under challenging
environmental conditions) may contribute to safety and extend their shelf life.

4.1.2. Tuna

The latest update on global fish consumption shows that Tuna (Thunnus obesus) is the
world’s most popular fish food and Pan et al. [107] recently investigated the effects of CAP
on its quality. Tuna slices of 10 g (2.5 cm × 5 cm) were subjected to 40 kV CAP, generated
from ambient air, in a ´large gap’ DBD design (i.e., the electrodes are at a distance which
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allows the sample to be placed between them, see also Section 2.4). No changes in sensory
effects on tuna sashimi (i.e., raw, fresh, finely filleted tuna) were reported, but significantly
different levels of a volatile compound (‘1-hexanol’, a chemical known to indicate the level
of protection against flavour changes that negatively affect shelf life) indicate a superior
‘freshness’ of CAP-treated tuna [107].

4.1.3. Herring

Albertos et al. [108] investigated the use of a ‘large gap’ DBD design to generate a
CAP discharge within the headspace of packaged herring (Clupea harengus) fillets, and its
effects on microbiological and quality markers after 11 days storage at 4 ◦C. DBD plasma
treatment conditions were 70 kV or 80 kV for 5 min treatment time. The results showed
that the microbial load (total aerobic mesophilic-/total aerobic psychrotrophic bacteria,
Pseudomonas, lactic acid bacteria and Enterobacteriaceae) was significantly (p < 0.05) lower
in the treated samples, compared with untreated controls. Samples exposed to the lowest
applied voltage better retained key quality factors (i.e., lower oxidation and less colour
modification). DBD-treatment caused a reduction in ‘trapped water’ in the myofibrillar
network, as assessed by the ‘low-field nuclear magnetic resonance of protons‘ technique.
The results indicate that in-package DBD plasma treatment could be employed as an
effective treatment for reducing spoilage bacteria in highly perishable fish products.

4.2. Whitefish
4.2.1. Alaska Pollock

Choi et al. [109] investigated the effect of a corona discharge plasma jet (CDPJ) us-
ing ambient air on microbial reduction and the physical-chemical and sensory charac-
teristics of dried Alaska Pollock (Pollachius pollachius, a cod species) shreds. All of the
spoilage or pathogenic bacteria, moulds and yeasts researched were significantly reduced
by 1–2.3 log units. A 3 min exposure reduced the water content from 15 to 8.6%, and a
significant increase in Thiobarbituric Acid Reactive Substances (TBARS) was observed. Al-
though individual colour coordinates (L*, a*, b*) remained unchanged, a significant increase
in ∆E (up to 2.2 units) was noted. This change, although rated as ‘distinct’ [110], would not
necessarily be perceived by consumers. Delta-E [(∆E = (∆L*)2 + (∆a*)2 + (∆b*)2)0.5] [111]
was used as a proxy for visually perceived colour changes. ∆E is a single number that
represents the ‘distance’ between two colours, the idea being that a ∆E of 1 is the smallest
colour difference the human eye can perceive [112]. More specifically, ∆E < 2 indicates a
colour change visible to an experienced observer only and ∆E > 5 indicates the impression
of two different colours [111].

Likewise, there was a change in texture, with CAP-exposed samples rated as ‘more
crispy’. Other sensory quality parameters were not affected. Both oxidation and drying
may have contributed to the changes in ∆E, and crispiness was most likely affected by
drying. The authors concluded that 2 min exposure time would yield an optimal condition
in terms of quality traits and the inactivation of bacteria.

4.2.2. Hairtail Fish

Koddy et al. [113] studied the effect of CAP at 50 kV with different treatment times on
the crude protease extract and muscle protein from Hairtail fish ((Trichiurus Lepturus), a
saltwater species (‘daiyu’ in Chinese), one of the most popular fish species on the Chinese
table). The results suggest that implementing CAP at 50 kV can inhibit the activity of crude
protease extract to the lowest value of 0.035 units/mg protein after 240 s. Protein oxidation
indices (carbonyls and sulfhydryl) varied significantly after crude protease enzyme was
exposed to plasma active species. An enhancement in the colour and water-holding capacity
properties was observed in hairtail samples treated with CAP. Therefore, CAP treatment
could be used as an effective non-thermal method to maintain the quality of hairtail fish and
extend the shelf life. Supplementary research is needed to provide knowledge concerning
the effect of CAP treatment on the lipid oxidation of hairtail muscle.
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4.3. Shrimps
4.3.1. Pacific White Shrimp and Greasyback Shrimp

In recent years, some CAP research has been conducted on Pacific white shrimp
((Lito-)Penaeus vannamei), primarily with a view to investigate if ‘melanosis’ (the enzymatic
oxidation of shrimps leading to ‘black spots’, a condition associated with serious eco-
nomic losses) can be counteracted by a 10 min CAP treatment (DBD configuration, plasma
generated from air, 500 Hz, 40 kV; [114]). Although, immediately after CAP exposure, mi-
crobiological variables (i.e., counts of mesophilic/psychrotrophic bacteria, Staphylococcus)
were lower in the treated group than in the control group, no significant differences were
noted after 3 and 6 days of storage. However, treated samples had significantly lower pH
values, higher water-binding capacity and (for a storage period of up to 9 days), a lower
cooking loss than controls, and ∆E values were lower. The assessment of overall sensory
quality (index composed from six factors) indicated that the shelf life of plasma-treated
shrimps was >4 days longer than that of the controls (14.1 vs. 9.8 days), which would
increase marketability enormously.

Recently, Elliot et al. [115] suggested to incorporate CAP in the traditional processing
chain of fresh shrimp (Penaeus vannamei), i.e., immediately after the traditional double wash
preceding refrigerated storage at 4 ◦C for 12 days—a minimal treatment with cold plasma
(DBD, 60 kV, 69/90/120 or 150 s). This treatment results in more desirable quality outcomes.
The latter are characterised by low malondialdehyde concentration, low volatile nitrogen
products content and comparable proximate composition as compared with the traditional
approach without CAP. Texture, pH and colour are remarkably retained at 120 and 150 s of
CAP pre-treatment and protein degradation is negligible up to 90 s, as opposed to 120 and
150 s of pre-treatment [115].

Whereas most trials subjecting shrimps to CAP rely on direct treatment of the surface
with the gases, and positive effects, particularly on some reported physical-chemical effects,
there are few data on microbiological effects. Several years ago, a group of Chinese
researchers [116] reported the superior quality of Greasyback Shrimps (Metapenaeus ensis)
that had been stored in ice prepared from plasma-activated water (PAW), as compared with
tap water. The former treatment group exhibited less microbial growth, thus extending the
storage life 4 to 8 days. During storage, pH values remained < 7.7 and less off-colours and
surface ‘hardness’ were observed. The total volatile basic nitrogen (TVBN) values remained
at levels < 20 mg/100 g, i.e., at levels significantly lower (p < 0.05) than the controls not
stored in ice prepared from CAP-treated water.

4.3.2. A Short Note on Freshwater Shrimps’ Role in Spreading Antibiotics Resistance

Recently, serious concerns have been raised about veterinary drug residues in im-
ported shrimp from Asia [117]. The Chinese freshwater grass-shrimp (Paleomonetes sinensis,
generally used as an aquarium ‘cleaner’ rather than as food for human consumption) is a
shrimp species that eats dead/decaying plants and animals). It has recently been indicated
that this shrimp could play a significant role in spreading antibiotic resistance.

In the USA, laboratory tests have shown that most frozen freshwater shrimp samples
imported from Asia (e.g., Thailand, China, India, Indonesia, Bangladesh) and Ecuador
contain residues of, e.g., oxytetracyclin, nitrofurantoin, fluoroquinolone and malachite
green, i.e., antibiotics that are restricted or banned under US food standards. Apparently,
existing screening protocols and enforcement measures are insufficient to prevent this
from happening. There are also serious doubts if, currently, adequate labelling rules are
followed [117].

The use of freshwater shrimp as a human food is generally advised against [118].
Although freshwater shrimp is entirely edible, its reputation is that it is ‘not worth the
effort’ (as there is hardly any meat to eat, and it is classified as a ‘gooey’ (syrupy, viscous,
sticky) substance that is better left for ‘monster fishes’ to eat) [118,119].
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Arguably, alternative antibacterial interventions could help to reduce the use of an-
timicrobials in shrimp production. This might include the application of CAP to sanitise
the water in the breeding/holding pens.

4.4. Squid

Choi et al. [120,121] investigated the effect of a CDPJ, with plasma generated from
air, on microbial reduction and the physical-chemical and sensory characteristics of semi-
dried and dried squid (Todarodes pacificus) shreds. All the spoilage or pathogenic bacteria,
moulds and yeasts researched were significantly reduced. In semi-dried squid shreds,
exposure times > 3 min resulted in a change of flavour and significant increase in TBARS
and L*and b* values, with ∆E up to 6.6 after 10 min exposure. The levels of TVBN and
trimethylamine were not affected. The overall sensory acceptance was not impaired.
Likewise, a 3 min. exposure of dried shreds resulted in increases in L* (∆E maximum
2.5) and TBARS, indicative for oxidative changes. Again, the overall acceptance was not
impaired. The authors concluded that a 2 min. exposure would warrant a sufficient
reduction in bacteria without compromising product characteristics.

4.5. Molluscs (Mussels and Oysters)

Mussels and oysters have been implicated in foodborne poisoning, either by contami-
nant bacteria or viruses [122–131]. Unlike fish, this type of seafood is often traded alive and
some species are even consumed raw (e.g., oysters). Thus, no traditional food processing
techniques with antimicrobial or antiviral effect (e.g., heat treatment; [132]) can be applied.
Choi et al. [133] exposed an oyster (Crassostrea gigas) slurry to plasma generated by a jet-type
CAP device for 30 min and could demonstrate a reduction (>1 log) in human norovirus
without compromising the colour and pH of the oyster [133]. Although the authors selected
a highly relevant viral pathogen, biosafety concerns make the use of surrogate viruses more
feasible, which is an issue discussed in more detail in the following section.

Csadek et al. [134] studied the inactivation of surrogate viruses on an oyster slurry,
but employed a DBD instead of a jet-type plasma generator. Plasma was generated from
ambient air. The authors observed a higher antiviral effect towards a double-stranded DNA
virus (Equid Alphaherpesvirus 1, EHV-1; 2.3–2.8 log) than against a single-stranded RNA
virus (Bovine Coronavirus, BCoV; 1.4–1.0 log) in Dulbecco’s Modified Eagle’s Medium
(DMEM). Plasma generated at low power (ozone dominated) had a higher virus inactivation
effect than was the case at high power (nitrogen dioxide dominated). Plasma exposure
caused a decline of glucose contents in DMEM, which might have been caused by a reaction
of carbohydrates with amino acids (Maillard reaction). The exposure of an oyster slurry
to CAP did not result in any change of pH and colour, corroborating the findings of
Choi et al. [133]. However, the oyster matrix resembles a buffered medium, and, thus, pH
changes were not really expected. Regarding colour, different mechanisms may apply than
in muscle foods, since the electron acceptor is haemocyanin instead of haemoglobin [135].
Thus, the absence of colour changes is maybe less suitable for assessing CAP-induced
changes. The authors observed an accumulation of nitrogen in the oyster slurry due to CAP
exposure, which could only in part be explained by higher nitrate and nitrite contents. The
(entirely plausible) assumption that nitrate from the plasma reacted with the compounds
of the oyster matrix remains to be substantiated.

Both Choi et al. [133] and Csadek et al. [134] studied oyster tissue and not live oyster,
and it was a contamination scenario, not an infection. However, the antiviral effects of CAP
exposure can also be expected for live oysters, whereas the significance of the observed
nitrogen accumulation in oyster slurry for live animals is not entirely clear. It can be
assumed that the exposure of the cells to nitrate is a stressor for cell homoeostasis. Studies
on exposure to ACP of oyster cell monolayers with or without viral contaminants might
allow the obtainment of an estimate if the extent and the benefit of antiviral action are
counteracted by oyster cell damage.
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Admittedly, the direct exposure of oysters to CAP is not very practical, compared to
sanitising the (salt) water in the holding tanks. Although the concept of applying CAP
to reduce viral contamination in water is promising [136], it will largely depend on the
composition of the plasma species. When NOx are generated, they will be dissolved in
water and lower the pH [134]. This pH drop is an additional stressor for the oysters.

A CAP-based system for sanitising water in holding tanks for live oysters could allow
the water to circulate from the holding tank via a compartment for CAP exposure to a
station adjusting the pH (either by adding alkali or by denitrification) and again back to
the holding tank. Denitrification is usually a biological process, but there are also chemical
systems available [137,138]. Based on these references, the authors of this article suggest
studies on a circulating system (Figure 2), in which CAP treatment would prevent re-
infections or new infections and eventually reduce the pathogen load of already-infected
oysters and mussels.
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5. A Note on Food-Contaminating Viruses; Why Surrogate Viruses Are Used for
Studying the Virucidal Effect of Cold Atmospheric Plasma

While food-transmitted pathogenic viruses are of concern for food safety, food security
is threatened by viruses causing disease in production animals, e.g., Newcastle disease virus
(NDV) and porcine reproductive and respiratory syndrome virus (PRRSV), sometimes with
zoonotic potential (highly pathogenic avian influenza virus, HPAIV). It can be assumed
that CAP would effectuate virus inactivation on the surface of biological materials the same
way as it acts on food surfaces.

The most recent authoritative review on cold plasma effects on viruses stems from
Filipić et al. [139], who acknowledge that, so far, insufficient data are available that would
allow selecting the correct treatment options. Unfortunately, the literature on plasma effects
against foodborne viruses is rather scarce and relevant parameters (including a treatment
duration that would allow optimal interaction with contaminated material) have not yet
been studied sufficiently. The biosecurity problems associated with studying pathogenic
viruses have been mentioned above and might also be a reason why so few studies have
been conducted on viruses. Thus, it is worth addressing the use of surrogate viruses in
more detail.

The literature on foodborne viruses focuses on noroviruses, enteric adenoviruses
and hepatitis A virus, which are the leading causes of acute gastroenteritis, the second
most infectious disease worldwide, responsible for high levels of hospitalisation and
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mortality [139,140]. The infectivity of these agents explains why research on the effects of
CAP on these viruses is rather limited and usually relies on the use of ‘surrogate’ viruses
that are relatively easy to culture/propagate and are safe to work with [141]. By the
same token, it has been proposed to use bacteriophages as surrogates or indicators for the
presence of enteric infectious viruses in wastewater [140].

Pathogenic viruses have always posed a great risk to humans and animals alike, and
pandemics can quickly wreak havoc on the livelihood of millions of people, as currently
seen due to SARS-CoV-2. Apart from human-to-human transmission, contaminated sur-
faces are another source of viral infections, and the ingestion of dangerous pathogens on
food surfaces frequently results in significant morbidities and mortalities [142]. Apart
from considerable evidence of the microbicidal effect of atmospheric-pressure cold plasma
on bacteria and fungi, several studies indicate that CAP treatment also induces virus
inactivation and is therefore considered a promising tool to combat human pathogenic
viruses [143].

An evaluation of the efficacy of inactivation methods for pathogenic human viruses
may imply significant health hazards, which may require specialised buildings and equip-
ment, such as biosafety level 3 (BSL-3) laboratories, which are not generally available.
Furthermore, such resources are not only expensive, but also depend on specially trained
personnel; thus, extensive testing of such viruses is often not economically justified. As a
consequence, surrogate viruses that can be handled in BSL-1 or BSL-2 facilities are usually
favoured for testing and optimising plasma technology [142]. In addition, most food-
related viruses cannot be propagated in cell culture (e.g., hepatitis viruses and caliciviruses),
and/or do not cause cytopathic effects, which would be required to directly assess a viral
reduction caused by, e.g., cold plasma in cell culture. Thus, ways to inactivate infectious
viruses are most commonly investigated by the use of cultivable surrogate viruses, or by
the detection of viral nucleic acids by real-time polymerase chain reaction (RT-)PCR, which,
however, does not provide information about infectivity [141], unless free DNA or RNA
molecules released from destroyed viral particles are removed prior to PCR by DNase or
RNase treatment, respectively [144].

Surrogate viruses should be closely related or have very similar traits to mimic the
pathogen of interest as well as possible, including biological, biophysical and biochemical
characteristics [141]. For instance, noroviruses are single-stranded, non-enveloped RNA
viruses belonging to the family Caliciviridae. Thus, viruses from the same family are the
best surrogate choice, such as feline calicivirus, which is cultivable (but does not cause a
cytopathic effect) and has been used as a surrogate for norovirus in several studies since
the 1970s [141]. When murine norovirus, which is even more closely related to food-
contaminating noroviruses, was discovered in 2003, researchers turned to this virus, as it is
also resistant to low pH values. However, when it was found that the murine norovirus
is highly sensitive to alcohols, the search expanded to other cultivable caliciviruses [141],
which shows that, aside from genetic and morphologic similarity, there are several other
features of a surrogate that have to be considered.

6. Conclusions and Future Perspectives

Cold plasma technology is a cornerstone of modern society given its ubiquitous use
in materials manufacturing applications (e.g., semiconductor fabrication and polymer
treatment). Recently, its action on biological material has been studied extensively, with
three major fields of application, i.e., medical treatments (e.g., cell regeneration and wound
healing), non-thermal surface disinfection and food science. Food science applications
are more complex, since they aim at inactivating contaminant bacteria and viruses on
food surfaces, but need to take into account that plasma species will also react with the
food matrix.

In this contribution, we have shown that cold atmospheric-pressure plasma can be
generated with low energy consumption simply using air as the precursor for the generation
of reactive chemical species. A large number of studies have shown that not only the gas
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composition, but also the mode of plasma generation and the spatial-temporal distance
from the plasma source to the target govern which chemical species will reach the surface of
the target, which in turn affects the ability of the CAP to inactivate microorganisms. In this
contribution, we have shown that, on the surfaces of meat and seafood treated with indirect
CAP systems, ozone and nitrate are the major reactive gas species, and their inactivating
action on bacteria and viruses is known. By the same token, their effects on the food matrix
are well described (i.e., lipid oxidation, the action of NO on haem pigments and eventually
the oxidation of (haem) proteins, oyster tissue) but are not plasma-specific.

In summary, this contribution has shown that atmospheric-pressure cold plasma is
capable of effectively reducing the load of bacteria and viruses on the surfaces of fresh
as well as processed meat and seafood. Available data suggest, in most cases, no or only
negligible effects of plasma species on food matrices in terms of chemical composition,
colour and physical-chemical properties; nitrogen accumulation on oyster tissue being
an exception.

Going forward, the insight gained from an expert opinion published in 2012 must be
considered, where the diversity of plasma-generation devices, conditions and treatment
protocols was identified as a drawback in conducting a detailed risk assessment with respect
to the applicability of CAP in sanitising fresh meat and thus could not clearly answer if
such treated food items would be ‘novel foods’ according to EU legislation [55]. Given the
multitude of data generated in the last 10 years, the application of atmospheric-pressure
cold plasma on meat and fish (products) deserves a formal re-assessment in this respect.
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