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Abstract

Background
The past decade has seen an increased interest in the application of non-equilibrium plasma for
food processing. An important aspect of the interaction of chemical species of plasma with foods is
the effect on enzymes, which play an important role in retaining the food quality and often serve
as markers for processing efficiency.
Scope and Approach
The present review covers a critical analysis of the current status of the relationship between plasma
parameters and enzyme functionality, with an emphasis on the translation of this knowledge for
food applications. The review provides a brief introduction to plasma technology, a summary of the
enzyme inactivation studies, followed by a discussion of the mechanism and kinetics of inactivation,
and finally, points at the future research needs.
Key Findings and Conclusion
Cold plasma inactivation of enzymes is primarily dependent on power input of the discharge, degree
of exposure to reactive species, the mass transfer between the plasma-liquid phases, structural
complexity and stability of the enzymes in their local environment. The mechanism of inactivation
is primarily due to the loss of secondary structure due to breakdown of specific bonds or chemical
modifications of the side chains by the action of the myriad of chemically active species constituting
the plasma. Further research is required to understand the interactions of chemical species in
plasma with proteins at a molecular level, coupled with better tools to monitor and control the
plasma chemistry.
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1 Introduction

To date, thermal processing remains the most widely employed pasteurisation and sterilisation
method for the inactivation of micro-organisms and enzymes in foods. In order to overcome the
issues related to the poor quality of thermally processed foods such as nutritional losses and adverse
effects on organoleptic quality, research in food science over the last few decades have largely focused
on development of non-thermal technologies. Several new approaches, including high pressure
processing (HPP) (Eisenmenger & Reyes-De-Corcuera, 2009; Hendrickx, Ludikhuyze, Van den
Broeck, & Weemaes, 1998), gamma irradiation (Farkas, 2006; Kuan, Bhat, Patras, & Karim, 2013),
pulsed electric fields (PEF) (Van Loey, Verachtert, & Hendrickx, 2001; Zhao, Yang, & Zhang, 2012),
ultraviolet light (Gómez-López, Ragaert, Debevere, & Devlieghere, 2007; Koutchma, 2009) and
sonication (O’Donnell, Tiwari, Bourke, & Cullen, 2010) have been successfully evaluated for the
inactivation of enzymes in a range of food products. However, some of these commercially viable
methods are limited in practice due to associated adverse perceptions (e.g. irradiation and electron
beams), high initial investments required and incompatibility with in-line treatments (e.g. HPP),
incompatibility for treatment of whole solid foods (e.g. PEF), lack of developments in industrial
scale equipment’s for processing (e.g. ultrasound) and/or other constraints (Misra, Kadam, &
Pankaj, 2011).
Non-equilibrium plasmas are indispensable in many industrial applications including material
processing, electronics (Takayoshi, et al., 2016), and polymer processing. Within recent years, the
field of cold plasma applications has rapidly expanded into treatment of biomedical devices and
biological materials (Miyamoto, et al., 2016), including foods (Ishikawa & Hori, 2014). Cold plasma
technology, which has recently drawn considerable attention of food scientists and researchers,
shows potential for inactivation of a range of micro-organisms and enzymes (Ishikawa, et al.,
2012). The application of cold plasma for microbiological decontamination of foods were reviewed
by Misra, Tiwari, Raghavarao, and Cullen (2011), Niemira (2012), and Surowsky, Schlüter, and
Knorr (2014). Besides decontamination, cold plasma obtained at atmospheric pressure has also
shown promising potential for a number of innovative applications including surface hydrophobicity
enhancement in biscuits (Misra, Sullivan, et al., 2014), modification of dough rheology and mixing
properties (Misra, Kaur, et al., 2015), modulation of whey protein functionality (Segat, Misra,
Cullen, & Innocente, 2015), technological performance of rice flour (Pal, et al., 2016), enhancement
of food grain (seed) germination (Chen, et al., 2016), and enhancement of mass transfer (Kodama,
Thawatchaipracha, & Sekiguchi, 2014). The uniqueness of non-equilibrium plasma processes is
related to their multifaceted interaction with macromolecules, spanning across multiple time and
length scales, emerging from the action of a myriad of chemically active species constituting the
plasma.
The residual activity of many enzymes is detrimental to the quality of foods, resulting in effects such
as browning, off-flavour and loss of vitamins. In certain cases, validation of processing conditions
can only be achieved when the critical parameters of plasma processes assure inactivation of not
only micro-organisms but also enzymes (Mastwijk & Groot, 2010). Through this review we provide
a firm foundation for future investigation of cold plasma effects on food enzymes and the associated
consequences on food quality. We discuss the concerned literature highlighting the effects of cold
plasma on enzyme activity in various model and real food systems, the kinetics of inactivation, and
the future research needs.
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2 Cold plasma sources

Plasma is an ionised gas containing atoms or molecules in a metastable state with a roughly zero
net electrical charge. Plasmas can be induced in any neutral gas by providing sufficient energy
capable of causing ionisation of the gas. Within a general framework, plasmas can be divided
into thermal plasma and those which are not; we refer to these as low-temperature plasma. In
thermal plasmas, the temperature of all species (electrons, ions, neutral species) is the same, i.e. a
thermodynamic equilibrium between electrons and other species exists. For the other class, often
the term ‘local thermal equilibrium’ is used, which implies that the temperatures of all plasma
species are the same in localized areas in the plasma (Bogaerts, Neyts, Gijbels, & van der Mullen,
2002). Low temperature plasma can be further subdivided into thermal plasma (quasi-equilibrium
plasma), being in local thermal equilibrium state and non-thermal plasma (non-equilibrium plasma).
Non-thermal plasma is also referred to as cold plasma. Earlier, cold plasmas were generated only
under low-pressure conditions. However, recent advances in plasma physics and engineering have
enabled generation of cold plasmas at atmospheric pressure, which has significantly boosted plasma
research at the interface of life sciences (Segat, Misra, Cullen, & Innocente, 2016). The design and
control of plasma sources operating at or near atmospheric pressure is of interest, both technically
and commercially to the food industry because it does not require extreme processing conditions,
such as high temperature and pressure (Misra, Pankaj, Frias, Keener, & Cullen, 2015).
The wide exploration of plasma applications for food is due among other things, to the advance-
ments in plasma physics, offering the possibility of plasma generation at atmospheric pressure. The
technologies used to obtain cold plasmas vary from the use of corona discharge (Chang, Lawless, &
Yamamoto, 1991), microwaves (Leins, et al., 2014) and radiofrequency waves to capacitive or induc-
tive coupling methods or more commonly dielectric barrier discharges (DBDs) (Kogelschatz, 2003)
at relatively lower frequencies, and the one atmosphere uniform glow discharge plasma (OAUGDP)
(Montie, Kelly-Wintenberg, & Roth, 2002). All these discharges are initiated and sustained through
electron collision processes under the action of the specific electric or electromagnetic fields.
Among all the plasma sources, the DBD and plasma jet are the most widely explored configurations
in food research, as these are simple in construction, easy to adopt and some configurations are
commercially available. A DBD consists of two metal electrodes, in which at least one is coated
with a dielectric layer, and a high potential difference is applied across the electrodes (see Figure
1(a)). When the potential across the gap reaches the breakdown voltage the dielectric acts as a
stabilizing material leading to the formation of a large number of micro-discharges. One can design
a dielectric barrier discharge with different configurations, as desired. A new paradigm in the DBDs
is the concept of in-package or so called, encapsulated plasma, where a plastic packaging material
enclosing the food is used as the dielectric (Cullen, et al., 2014; Misra, Keener, Bourke, Mosnier, &
Cullen, 2014; Yong, et al., 2015). A plasma jet is comprised of two concentric electrodes through
which a gas (or mixture of gases) flow. The inner electrode is typically applied with a high voltage
(100-250 V) at a high frequency (commonly at 13.56 MHz radio-frequency) causing ionisation of
the gas (Schutze, et al., 1998), which is directed through the nozzle on to the food surface located
a few millimetres downstream (see Figure 1(b)). As a general comment, the measurement and
control of the actual food temperature during plasma treatment is an important aspect which needs
special emphasis (especially when using plasma jets and microwave plasma) where temperatures
may exceed 60 °C, and reliable temperature measurements for these systems has recently been
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studied (Knoerzer, Murphy, Fresewinkel, Sanguansri, & Coventry, 2012).

Figure 1: Schematic of (a) dielectric barrier discharge; and (b) plasma jet. (See text for description)

The unique ‘one pot’ generation of multiple chemically active species renders cold plasma as a
novel, attractive anti-microbiological intervention and an attractive process for advantaged food
chemistry. The reaction mechanisms resulting in the formation of active plasma chemical species
include electronic impact processes (vibration, excitation, dissociation, attachment and ionisation),
ion-ion neutralisation, ion-molecule reactions, Penning ionization, quenching, three-body neutral
recombination, and neutral chemistry, besides photoemission, photo-absorption and photo-ionisation.
When nitrogen and oxygen molecules are present in the gas phase, energetic electrons collide with
them along their trajectory and a cascade of linked reactions results in the formation of nitrogen
oxides (NOx). In particular, in the presence of oxygen, hydroxyl radicals (•OH) and ozone (O3)
are created and they represent the most aggressive among other active chemical species. Hydroxyl
radicals (•OH) may also help in formation of hydrogen peroxide (H2O2) and hydronium ions (H3O+)
normally obtained in presence of water (gas humidity, surface moisture of food or aqueous phase of
the sample). In addition to these species, ultraviolet (UV) radiation and charged particles may also
be involved in the overall plasma effect (Misra, Tiwari, et al., 2011).

3 Inactivation effects

Cold plasma has been reported to inactivate a range of enzymes such as lysozyme (Takai, Kitano,
Kuwabara, & Shiraki, 2012), polyphenol oxidase and peroxidase (Pankaj, Misra, & Cullen, 2013;
Surowsky, Fischer, Schlueter, & Knorr, 2013; Tappi, et al., 2014). Table 1 provides a summary of
the salient results of studies regarding enzyme inactivation using cold plasma along with the process
parameters employed. The differences in the observed levels of enzyme inactivation reported in
literature are mainly attributable to the differences in the enzymes, plasma treatment conditions,
enzyme media used, plasma source and volume treated.
Table 1: Research findings in the area of cold plasma aided modulation of enzyme activity.
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Enzyme Target
Plasma
source

Process
parameters Salient Results Reference

α-CT Buffer
solution

Cold
plasma jet

Frequency: 60 Hz;
Gas: Air; Operation
time: 5 min

Secondary structure changes;
β-strands decrease

Attri, et al.
(2012)

LipooxygenaseBrown
rice

Low
pressure
barrier
discharge

Pressure: 800 Pa;
Voltage: 1-3 kV;
current 1.2 mA;
Operation time: 30
min; Gas: Air

Voltage dependent decrease
in activity; activity is lower
compared to control over a
storage period 3 months

Chen, Hung,
Lin, and
Liou (2014)

α-amylase Brown
rice

Low
pressure
dielectric
barrier
discharge

Input power: 250 W;
Frequency: 15 kHz;
Operation time: 5, 10,
20 min; Gas: Air

Significant increase in
enzyme activity

Lee, et al.
(2016)

PPO
(mush-
room);
POD
(horseradish)

Model
food
based on
gellan

Cold
plasma jet
(KINPen
09)

Frequency: 1.1 MHz;
Operation time:
0-360 s; Gas: argon,
argon + oxygen
(0.01-0.1%); flow rate:
5 L/min; Operation
time: 0-360 s

PPO and POD activity
reduced by ~90% and 85%
after 180 and 240 s; Change
in secondary structure-
decrease in the α-helix
content, increase in β-sheet
region

Surowsky, et
al. (2013)

Lysozyme
(hen egg
white)

Aqueous
solution

Plasma Jet Voltage: -3.5 to +5.0
kV AC; Frequency:
13.9 kHz; Gas:
Helium + Oxygen;
Operation time: 0-30
min

Decrease in activity; change
in secondary structure-
increase in molecular weight;
effects attributed to reactive
species and not UV or heat

Takai, et al.
(2012)

Lysozyme
(hen egg
white)

Enzyme
immo-
bilised
on 96
well PS
plates

Low
pressure
afterglow
from a
microwave
plasma

Power: 300 W
microwave;
Frequency: 915 Hz;
Pressure: 8 Torr; Gas:
nitrogen + oxygen;
flow rate: 2 L/min;
Operation time:
0->800 s

Significant protein
destruction and desorption

Bernard, et
al. (2006)

Lipase
(from
Candida
rugosa)

Stainless
steel

Radio-
Frequency
(RF)
atmospheric-
pressure
glow
discharge
(APGD)

Power: 180 W RF;
Gas: Helium; Flow
rate: 10 L/min;
Temperature: <57 °C;
Operation time: 0-50
s

Lipase activity significantly
increased after 1 min;
Enhanced activity attributed
to change in 2o and 3o

structure of protein

Li, et al.
(2011)
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Enzyme Target
Plasma
source

Process
parameters Salient Results Reference

Lysozyme Si wafers,
glass
slides,
gold and
PS
plates

Low
pressure
inductively
coupled
plasma

Gas: Ar, Ar+N2,
Ar+O2 mixtures;
Pressure: 10 Pa; RF
power: 200 W

Ar+O2 was most effective in
etching the enzyme deposits

Kylian,
Rauscher,
Gilliland,
Bretagnol,
and Rossi
(2008)

POD Tomato
extract

Dielectric
Barrier
Discharge

Voltage: 30-50 kV;
Frequency: 50 Hz;
Operation time: 0-5
min; Gas: Air

Voltage and time dependent
inactivation; Inactivation
follows a sigmoidal logistic
function

Pankaj, et
al. (2013)

PPO Fresh-
cut
apples

Dielectric
Barrier
Discharge

Voltage: 15 kV (peak
to peak) from DC
source; Frequency:
12.7 kHz; Operation
Time: 10, 20 and 30
min; Gas: Air; Flow
rate: 1.5 m/s

Linear decrease in activity
with treatment time;
Residual activity of 88, 68
and 42% after 10, 20 and 30
min of treatment.

Tappi, et al.
(2014)

POD Strawberry Dielectric
Barrier
Discharge

Voltage: 30-50 kV;
Frequency: 50 Hz;
Operation time: 0-5
min; Gas: Air

Voltage and time dependent
inactivation; Inactivation
follows a sigmoidal logistic
function

Misra
(2014a)

Alkaline
phos-
phatase

Buffered
solution

Dielectric
Barrier
Discharge

Voltage: 40-60 kV;
Frequency: 50 Hz;
Operation time: 0-5
min; Gas: Air

Voltage and time dependent
inactivation; Inactivation
follows a sigmoidal logistic
function

Segat, et al.
(2016)

POD Fresh-
cut
melon

Dielectric
Barrier
Discharge

Voltage: 15 kVp-p
from DC source;
Frequency: 12.5 kHz;
Operation Time:
15+15, 30+30 min;
Gas: air

Residual activity were 91%
and 82% after 15+15 and 30
+ 30 min treatment
respectively

Tappi, et al.
(2016)

PME Fresh-
cut
melon

Dielectric
Barrier
Discharge

Voltage: 15 kVp-p
from DC source;
Frequency: 12.5 kHz;
Operation Time: 30,
60 min; Gas: air

15+15 min treatment was
ineffective; residual activity
was 94% after 30 + 30 min
treatment.

Tappi, et al.
(2016)

Superoxide
dismutase

Mushrooms
(Agari-
cus
bisporus)

Atmospheric
plasma jet

18 kVp-p, 10 kHz,
98% Ar+2% O2 (by
volume); flow rate: 5
L/min

SOD activity was higher in
plasma treated mushroom
during storage

Xu, Tian,
Ma, Liu,
and Zhang
(2016)

In one of the earliest known studies, Bernard, et al. (2006) observed the degradation of immobilised
lysozyme under the action of the afterglow of a plasma in nitrogen-oxygen mixture, operating in a
flowing mode. They proposed the destruction of functional sites under the influence of reactive
species. Later Kylian, et al. (2008) demonstrated the etching of protein deposits (including
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lysozyme) on a range of substrates (e.g. silicon wafers, polystyrene, glass) using a low pressure
plasma source.
Peroxidase (POD) and polyphenol oxidase (PPO) are important enzymes ubiquitous to fruits and
vegetables. PPO catalyses the hydroxylation of monophenols to o-diphenols and the oxidation
of o-diphenols to the o-quinones. Peroxidases are often associated with reactions which could
adversely influence food quality such as lipid and phenolic oxidations with consequent deterioration
of flavour and colour. The rapid inactivation of peroxidase in crude tomato extract when subjected
to atmospheric pressure cold plasma was demonstrated by Pankaj, et al. (2013). They reported
that the treatment time and voltage, both factors had significant effects on the inactivation levels.
This group also hypothesised that the inactivation was a direct outcome of the reaction of protein
side chains with reactive oxygen and nitrogen species of plasma. However, no mechanistic studies
were conducted to validate the hypothesis.
Surowsky, et al. (2013) reported the inactivation of POD as well as PPO in a model system using a
cold plasma jet with various operating gas mixtures. This group also investigated the relative content
of secondary structural motifs in PPO and POD enzymes, before and after plasma treatments,
through circular dichroism spectroscopy and found a significant decrease in the amount of α-helices,
which strongly correlated to the loss of enzyme activity. The changes in tryptophan emission
fluorescence measurements brought by the duration of plasma exposure further corroborated the
structural modifications in proteins. It should be noted that when Ar is used as the carrier gas
in plasma diffusing into an aqueous liquid media, OH• radicals can be generated by dissociative
excitation of water vapour with metastable Ar as follows (Shen, et al., 2014):

Ar∗ +H2O → Ar +OH +H

In a recent study, Bußler, Ehlbeck, and Schlüter (2016) employed a microwave plasma torch
(operating at 2.45 GHz, ~1.2 kW power input, 20 L/min gas flow rate) for successful inactivation of
PPO and POD enzymes in fresh-cut apples and potato. They reported that the PPO activity was
reduced by about 62 % and 77 % in fresh cut apple and potato tissue, respectively, after 10 min of
treatment. Similarly, the POD activity was reduced by about 65 % and 89 % in fresh cut apple
and potato tissue, respectively, after 10 min of plasma treatment.
The inactivation of pectin methylesterase (PME) and POD in fresh cut fruit systems has been
studies by Tappi and others. Tappi, et al. (2014) applied DBD plasma to fresh-cut apples for 10,
20 and 30 min and studied the quality and endogenous metabolic activity during controlled storage.
They found a linear reduction of the PPO residual activity by increasing the treatment time (up
to about 42%). In general, the treatment appeared to slow down the metabolic activity of the
tissue and affected the apple colour degradation through the inhibition of enzymatic browning. In
a recent study, Tappi, et al. (2016) reported a decrease in the activity of PME and POD in plasma
treated fresh cut melon. However, the residual activities were relatively much higher than other
comparable studies and PME exhibited a strong resistance to cold plasma even after 60 min of
treatment.
Alkaline phosphatase (ALP) is a naturally present enzyme in mammalian milk (Fox & McSweeney,
1998) having z-value similar to heat-resistant pathogens. Therefore, activity of ALP is routinely
measured to verify the efficacy of milk pasteurization in dairy industry (Rankin, Christiansen, Lee,
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Banavara, & Lopez-Hernandez, 2010). Recently, Segat, et al. (2016) evaluated the effect of cold
plasma applied for 15 sec to 5 min from a DBD at discreet voltages of 40, 50 and 60 kV on the
activity of ALP enzyme in buffer. The observed a significant decrease in the activity within seconds
timescale. Superoxide dismutase (SOD) is often regarded as the key enzymatic antioxidant in
mushroom responses to stress caused by superoxide radicals. Xu, et al. (2016) used plasma treated
water (water exposed to plasma for 20 min) for treatment of mushrooms for 5, 10, and 15 min.
They recorded the activity of SOD during storage for a week and observed that the activities were
23.29%, 25.06%, and 47.25% higher than that of the unprocessed group.
A recent study by Ali, et al. (2016) has revealed the inactivation of tyrosinase following exposure
to plasma treated eugenol derivatives. The plasma treatment was hypothesised to increase the
functional groups in eugenol derivatives, which increase the interactions between the new compounds
and tyrosinase. The authors also observed a change in the secondary structure of the enzyme
by circular dichroism spectroscopy, on exposure to the derivatives. These results are interesting
considering that plasma treatments have been shown to enhance the antibacterial activity of plant
essential oils in food systems (Matan, Nisoa, & Matan, 2013; Matan, Nisoa, Matan, & Aewsiri,
2014). However, the synergistic action on food enzymes remains unreported and is likely to have a
positive impact.
Finally, it is worth noting that while majority of studies have reported that cold plasma leads to
inactivation of enzymes, this may not always be true. For example, Li, et al. (2011) have reported
an enhancement of lipase activity following cold plasma treatments. Likewise, Chen, et al. (2016)
observed an increase in the α-amylase activity in low-pressure plasma treated brown rice over a
germination period of 24 h, with up to 162% higher activity for rice treated at 3 kV. An increase
in the α-amylase activity in low pressure plasma treated brown rice has also been confirmed by
Lee, et al. (2016). Puać, et al. (2014) also reported an increase in the activity of Superoxide
Dismutase (SOD) and catalase (CAT) enzymes after plasma treatment of carrot cells using an
atmospheric pressure RF plasma needle. It may be recalled that SOD catalyses the dismutation
of O−

2 to H2O2 and molecular oxygen, and CAT serves as protection of the cell from H2O2 by
catalysing its decomposition into O2 and H2O. The increase in enzyme activities in living plant
cells can be partly explained on the basis of cellular production of enzymes in response to ROS
(e.g. H2O2 and O−

2 ) from the plasma. Therefore, what decides the inactivation or activation of
enzymes is the degree of exposure to reactive species, and the ability of the cells to cope up with
stressed atmosphere. If the cell continues to counteract the stress inducing species, the enzyme
activity would likely increase, and if the cell is unable to respond sufficiently, the enzymes would
inactivate. In model systems, however, the modulation of enzyme activity following cold plasma
treatments is largely decided by the stability and structure of the enzyme.

4 Mechanism of inactivation

Most enzymes in food are proteins, and they are polymers of amino-acids organised into complex
three dimensional structures (classified into primary, secondary and tertiary), which is associated
with their functionality. The inactivation of enzymes could be effected by any treatment which
affects its supramolecular structure. At the amino-acid level, it has been shown that direct exposure
of L-alanine to argon plasma results in a degradation of COOH group and CNH2 group, as observed
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through X-ray photoelectron spectroscopy (XPS) (Setsuhara, Cho, Shiratani, Sekine, & Hori, 2013;
Takenaka, et al., 2013). Similarly, the exposure of L-valine solution to direct DBD plasma has
been found to result in several decomposition products including acetone, formic acid, acetic acid,
threo-methylaspartic acid, erythro-methlyaspartic acid, and pyruvic acid (Li, et al., 2014). The
oxidation of the catalytic cysteine in the glyceraldehyde 3-phosphate dehydrogenase (GapDH)
enzymes catalytic centre observed using mass spectrometry has been shown as a direct evidence for
its inactivation, on exposure to a plasma jet operating in helium-oxygen mixture (Lackmann, et al.,
2013).
The loss of secondary structures, viz. helical and ordered β-sheet elements on exposure to cold
plasma was shown for PPO, POD (Surowsky, et al., 2013) and alkaline phosphatase (Segat, et
al., 2016) enzymes in model systems using circular dichroism (CD) spectroscopy. Via multivariate
analysis of the CD spectroscopy data, Segat, et al. (2016) found that the ALP inactivation by
plasma is mediated by a loss of α-helix structure, followed by a time dependent decrease in the
β-sheet content. Despite these initial results, a kinetic study of the structural changes is pending.
In addition, the modification of secondary structures of proteins, in general, on exposure to cold
plasma is now well-established using FTIR spectroscopy (Misra, Kaur, et al., 2015; Segat, et al.,
2014) and circular dichroism studies (Attri, Kumar, et al., 2015; Attri, Sarinont, et al., 2015).
The changes in the structure of protein are largely due to the chemical reactions between the protein
polymer and the active chemical species of cold plasma. A summary of selected chemical reactions
at the plasma-liquid interface is presented in Figure 2 (Liu, et al., 2016). The species transported
from the gas phase into the liquid transform via successive reactions into products that result in
enzyme inactivation. Deng, Shi, and Kong (2007) conducted extensive set of experiments and using
optical emission spectroscopy concluded that the main agents of a helium/oxygen mixture plasma
responsible for activity loss of proteins were excited atomic oxygen and excited nitride oxide. Kylian,
et al. (2008) stated that O atoms in oxygen containing plasma are capable of abstracting hydrogen
from the protein polymer backbone, thus creating radical sites which initiate subsequent processes
that lead to the cleavage of the polymer chain as well as the formation of volatile compounds by
subsequent reaction with oxygen atoms or molecules. Later, Takai, et al. (2012) also confirmed
that hydroxyl radicals (OH•), superoxide anion radicals (O2

-•), hydroperoxy radicals (•) and
nitric oxide (NO•) generated from plasma sources lead to the chemical modifications of reactive
side-chain of the amino acids, such as cysteine, aromatic rings of phenylalanine, tyrosine, and
tryptophan causing loss of enzyme activity. The decomposition of C-H, C-N, and N-H bonds in
proteins resulting from oxidation by active species of oxygen containing plasma, into CO2, NO2
and H2O, which leads to loss of β-structure, has also been proposed (Hayashi, Kawaguchi, & Liu,
2009). This proposition was based on infrared spectroscopic studies carried on casein and albumin
proteins treated with low pressure radio-frequency oxygen plasma. Using XPS studies, Setsuhara,
et al. (2013) have concluded that the causality of the molecular degradation of the L-alanine during
the argon plasma treatments is due to the following elements, by order of significance: ions > VUV
photons > UV photons ~ meta-stable radicals.
A delayed browning of pericarp in longkong (Aglaia dookkoo) fruits exposed to nitrous oxide
vapour (90% N2O fumigation for 3 h) was recently reported (Lichanporn & Techavuthiporn, 2013).
This effect was attributed to the decreased or arrested activities of phenylalanine ammonia lyase,
polyphenol oxidase and peroxidase enzymes induced by the nitrogen oxides. The inhibition of
polyphenol oxidase in apples following nitric oxide exposure has also been reported earlier (Huque,
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Figure 2: A schematic of selected reactions at the plasma-product/liquid interface which are
responsible for enzyme inactivation. The liquid film refers to the moisture available at the surface
of a food.

Wills, Pristijono, & Golding, 2013). It may be noted that most cold plasma sources operating in
nitrogen and oxygen gas mixtures generate considerable amounts of nitrogen oxides in gas phase
(Hao, et al., 2014; Moiseev, et al., 2014). The reaction chemistry of NOx formation in plasma
discharges has been studied through experiments and simulations (Benstaali, Boubert, Cheron,
Addou, & Brisset, 2002; Moiseev, et al., 2014; Stefanovic, et al., 2001) and their antimicrobial as
well as physiological effects are topics of current interest (Graves, 2012; Liebmann, et al., 2011;
Patil, et al., 2014). Considering this and the fact that cold plasma also inactivates the enzymes
PPO and POD, it can be concluded that besides ROS, nitrogen oxides could also play a significant
role in the inactivation of enzymes. Looking further, if modified atmospheres with low oxygen
content are used for in-vivo treatments (e.g. sealed packages) to generate high concentrations of
NO in plasma, then slow decay of NO can be ensured (Misra, Moiseev, et al., 2014; Moiseev, et
al., 2014). The rapid decay of NO in presence of oxygen is a known problem for post-harvest
applications (Soegiarto, Wills, Seberry, & Leshem, 2003) which needs to be addressed for practical
usage.
While the enzyme inactivation studies reported so far reveal very positive results, practical usage
of cold plasma for enzyme inactivation in food systems could be challenging, especially due to the
complex chemical nature of most foods. To give one example, foods tend to be rich in a variety of
ions, and presence of ionic components result in a protective effect against the action of plasma
chemical species on enzymes (Attri & Choi, 2013) and proteins (Attri, Sarinont, et al., 2015).

5 Inactivation kinetics

Our discussion clearly leads us to conclude that enzyme inactivation by cold plasma is dictated by
several intrinsic and extrinsic factors. In order to establish and optimise treatment conditions for
achieving desirable levels of microbiological and enzymatic inactivation necessary for food safety
and stability, predictive kinetic modelling is a very useful tool. The thermal inactivation of enzymes
in foods is often described by the first-order kinetics model (Equation (1)) (Anthon & Barrett,
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2002). (
At

A0

)
= −kt (1)

where, A0 is the initial enzymatic activity, At is the activity at time t (s), and k (s-1) is the
inactivation rate constant. This model was also demonstrated successful for a range of enzymes
when using non-thermal technologies such as HPP (Terefe, Yang, Knoerzer, Buckow, & Versteeg,
2010), PEF (Giner, et al., 2000), ultraviolet light (Neves, Vieira, & Silva, 2012) and ultrasound
(Cruz, Vieira, & Silva, 2006). However, the first-order model is reported inappropriate for peroxidase
inactivation by cold plasma (Pankaj, et al., 2013) and the inactivation has been found to follow a
sigmoidal logistic equation (Equation (2)).

A = (100− Amin)
1 +

(
t

t50

)p + Amin (2)

where, Amin(≥ 0) is the minimum value attained by the logistic function, t50 is the time for half
maximal activity and p is the power term. In view of the complexity of an enzyme’s structure and
the possible variety of different phenomena involved in the inactivation, the assumption that the
disruption of a single structural element of the protein is sufficient to inactivate the enzyme, as
proposed in first-order kinetics is seemingly over simplified. The sigmoidal nature of inactivation
of peroxidase in plasma treated whole strawberry fruits has also been confirmed (Misra, 2014a).
Based on the inactivation data reported by Pankaj, et al. (2013) and Surowsky, et al. (2013), the
non-zero residual activity after prolonged treatments can be attributed to the existence of different
forms of the enzyme, probably resulting from the aggregation of monomers into more complex
forms which exhibit a greater resistance against cold plasma. While a sigmoidal model has generally
provided a good description of the PPO and POD inactivation, in the case of alkaline phosphatase
the Weibull model has been found to best describe the inactivation data (Segat, et al., 2016).
In Figure 3, we present a summary of inactivation kinetics results for alkaline phosphatase, and
peroxidase in different media/substrate treated using an atmospheric pressure dielectric barrier
discharge cold plasma source at different voltages. The data is presented in log-log scale to highlight
the general shape of the inactivation curves, which for untransformed data is best described by
a sigmoidal function (Equation 2). One may note that the enzyme inactivation is much faster
in liquid media compared to whole fruits, and the residual activity is also higher in whole fruits.
Furthermore, alkaline phosphatase in buffer is slightly more resistant to inactivation by cold plasma
compared to peroxidase in crude tomato extract. Generalising these observations, we can conclude
that the enzyme inactivation is largely a function of the power input to the discharge, the mass
transfer between the gas-liquid phases (Liu, et al., 2016), the structure of the enzyme and its
environment (buffer/cellular matrix) (Misra, 2014b).
Albeit the use of empirical and kinetic models is very common among food scientists, these do not
provide a complete insight into the underlying mechanism. In recent years molecular dynamics
(MD) simulations have provided significant insights into the action of various reactive species on the
bacterial cell wall elements and endotoxins (Neyts, Yusupov, Verlackt, & Bogaerts, 2015; Yusupov,
et al., 2012; Yusupov, et al., 2014). In order to explore the action of important reactive species on
food enzymes, their interaction at the molecular scale, and the effects of matrix environment, we
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opine that the use of molecular docking simulations would be beneficial; c.f. Attri, Sarinont, et al.
(2015) and Ali, et al. (2016).

Figure 3: The overlaid cold plasma led inactivation kinetics data for alkaline phosphatase (ALP) in
a model system (Segat, et al., 2016), peroxidase (POD) in crude tomato extract (Pankaj, et al.,
2013), and peroxidase in whole strawberry (STB) fruits (Misra, 2014a) at different voltages using a
dielectric barrier discharge.

6 Challenges and research needs

In comparison with the extensive research devoted to the destruction of microorganisms by cold
plasma, reports on the inactivation of enzymes using cold plasma technology is relatively sparse.
Studies so far have reported the rapid and successful inactivation of enzymes. While on one hand,
practical applications of plasma technology would require demonstration of enzyme inactivation in
real food systems, on the other hand, a molecular-level understanding calls for idealization of the
experimental conditions using model proteins/enzymes of low structural complexity in buffered
environments. Therefore, dissimilation of the knowledge from studies in cold plasma-protein
interactions across the border between model systems and enzymes in foods is anticipated to be
beneficial for accelerating the research efforts towards improving the quality and extending the
shelf-life. Nevertheless, results from model systems should be used with caveats. This is because
enzymes in foods and biological systems are generally bound to cellular organelles and present in
abundance in tissues under the food surface. Consequently, results from enzyme inactivation in
model systems must be validated in real food systems, before drawing general conclusions. Another
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aspect which remains unattended is the possible recovery of enzyme activity subsequent to the
treatments and would provide an idea of the effectiveness of the plasma treatments during storage.
To this end, literature reveals that the behaviour of enzymes under the action of plasma is largely
determined by the plasma chemistry. The plasma chemistry could be very complex depending on a
number of factors such as the gas composition, the humidity, the driving voltage and frequency,
besides the surrounding phase. As an example, plasma chemistry in humid air is believed to consist
of more than 75 species and over 500 reactions (Gordillo-Vázquez, 2008; Herron & Green, 2001;
Sieck, Heron, & Green, 2000). Thus, in order to translate the existing and upcoming knowledge in
the field of cold plasma-protein interactions into real-world applications, an ability to monitor and
control the plasma chemistry is essential.

7 Conclusions

Within recent years a number of studies have successfully demonstrated the microbiological
decontamination of foods using cold plasma. However, the effective inactivation of enzymes in
foods is also necessary to advance our quest to develop cold plasma technology which could truly
compete with thermal processing methods. Staying within the bounds of the primary scope of this
review we comprehended the fundamentals of cold plasma technology and the interaction of ionized
gas plasma with proteins. Scientific evidence at a molecular level for the proposed mechanisms of
interaction between cold plasma species and proteins is limited. The studies reported in literature
point to changes in the protein structure at multiple scales ranging from amino acids, specific
linkages and the secondary structures. The plasma induced changes in enzyme’s activity depends on
the environment, i.e. whether it is a simple buffered medium or a complex food extract, in addition
to the parameters of the plasma process itself. Our review illustrates the continuing interest in
exploiting cold plasma technology for inactivation of enzymes in foods. We hope that this review
will motivate additional research to obtain mechanistic insights regarding cold plasma interactions
with enzymes of significant industrial importance to maintaining food quality.
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