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Introduction

Cold plasma (CP) or nonthermal plasma (NTP) 
and, in particular, cold atmospheric plasma (CAP) is 
gaining increasing scientists’ interest, given the possi-
bility of application thereof in medicine (Boudam and 
Moisan 2010; Isbary et al. 2010; Vandamme et al. 2010; 
Metelmann et al. 2018), food industry (Afshari and 
Hosseini 2014; Hojnik et al. 2017, Pignata et al. 2017), 
agriculture, and environmental protection (Bogaerts 
and Neyts 2018; Pawłat et al. 2018a; 2018b; Siddique 
et al. 2018). Many investigations have confirmed the 
positive effect of the plasma on the anticancer therapy 
(Kim et al. 2009; Vandamme et al. 2010), disinfection of 
skin wounds (Isbary et al. 2010; Lademann et al. 2011), 
surgical instruments and materials in contact with food 
(Boudam and Moisan 2010; Dasan et al. 2017b), puri-
fication of air, water, wastewater, and sewage, as well as 
preservation and decontamination of food (Gallagher 
et al. 2007; Korachi et al. 2009; Pawłat 2013; Chizoba 
Ekezie et al. 2017; Wolny-Koładka et al. 2017). Such 

a  broad spectrum of the cold plasma applications is 
associated with its ability to inactivate biological factors 
as viruses (Terrier et al. 2009; Su et al. 2018), bacteria 
(Isbary et al. 2010; Samoń et al. 2014; Kartaschew et al. 
2016), spores (Deng et al. 2006; Boudam and Moisan 
2010), yeasts (Korachi et al. 2009; Metelmann et al. 
2018), or fungi (Bayliss et al. 2012; Panngom et al. 2014; 
Siddique et al. 2018).

William Crookes discovered plasma in 1879 while 
the concept of the plasma was first used in the article 
by Irving Langmuir’s entitled “Oscillations in ionized 
gases” in 1928. Since then, plasma physics has become 
an important field of research. The plasma processing 
is used from the seventies when it was used to etch 
semiconductor materials. Then, in the 1980s, it was 
used in the computer industry, especially in the produc-
tion of miniaturized circuits. In the last decade of the 
twentieth century, there has been a development of the 
plasma generation technology at an atmospheric pres-
sure, which allowed to eliminate the expensive vacuum 
chambers. This has resulted in wider applications of 
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cold plasma in medicine, environmental protection and 
food preservation (Misra et al. 2016).

Plasma, which is regarded as the fourth state of mat-
ter is a type of ionized gas containing many charged 
particles (OH–, H2O

+, electrons), reactive compounds 
(reactive oxygen species – ROS, which include hydro- 
xyl radical, superoxide anion hydrogen peroxide, and 
reactive nitrogen species – RNS, i.e., peroxynitrite), the 
molecules in the excited and basic states, and UV pho-
tons (UVB, UVC) (Brisset and Pawłat 2016; Bruggeman 
et al. 2016).

Plasma can be classified according to the genera-
tion conditions, i.e. atmospheric pressure (low-pressure 
plasma, high-pressure plasma), temperature (low-tem-
perature plasma, high-temperature plasma), and the 
composition of plasma-generating gas (one-component 
plasma, multi-component plasma) (Dzimitrowicz et al. 
2015; Bourke et al. 2017). The division of the plasma due 
to the temperature depends on the temperature of the 
electrons (Te). The high-temperature plasma is charac-
terized by Te = 106 ~ 108 K, whereas for the low-tempera-
ture plasma the Te value is in the range from 104 to 105 K 
(Fridman et al. 2005). In addition, the low-temperature 
plasma is divided into thermal and non-thermal plasma 
due to the thermodynamic equilibrium. Inactivation 
of biological factors uses a non-thermal plasma that is 
characterized by a thermodynamic imbalance. There-
fore, the electrons have a higher temperature than the 
temperature of the neutral particles (Tn), and the tem-
perature of the gas (Tg), and thus, the temperature of 
the process increases slightly (Laskowska et al. 2016; 
Liao et al. 2017).

Non-equilibrium plasma (with temperatures of elec-
trons substantially exceeding the temperatures of the 
other gas components) can be generated with the use 
of various electric discharges, e.g. corona, microwave, 
gliding arc, and dielectric barrier discharges as plasma 
sources. As a result of these discharges, the energy from 
the electric field is collected by electrons as a result of 
their collision, and only part of the energy is transferred 
to neutral molecules which results in the formation of 
the Te ≥ Tn state, characterized by non-thermal plasma. 
The type of the plasma source has directed the effect on 
the composition and the number of components gen-
erated by the plasma and determines the technological 
application of the plasma. The temperature of the plasma 
is extremely important in the processing of the materials 
that are sensitive to high temperatures. The optimization 
of the power supply system, an appropriate geometry of 
the discharge system, and the type of gas are essential 
when active agents generated by cold plasma (e.g. reac-
tive compounds), whose temperature does not exceed 
several tens of degrees Celsius, have to be standardized. 
For the applications in agriculture, food industry, and 
medicine, the dielectric barrier discharges (DBD) and 

plasma jets are used most frequently for the generation 
of cold plasma due their simple structure and ease of 
modification (Pawłat et al. 2016; Bourke et al. 2017).

The mechanism involved in the cold plasma steriliza-
tion process has not yet been elucidated. The numerous 
attempts made by scientists confirm the inactivation of 
virus particles and microbial cells by the plasma, but the 
relationships between them have not been explored in 
details (Liao et al. 2017). The reactive compounds, high-
energy electrons, ionized atoms and particles, and UV 
radiation are involved in the process of biological inac-
tivation (Bourke et al. 2017). When in contact with bio-
logical material, the compounds derived from oxygen 
or nitrogen, i.e., O, O2, O3, OH·, NO, and NO2 are char-
acterized by high reactivity. Their effects include oxida-
tion of membrane lipids and proteins, which results in 
the disturbances of the proper membrane function and, 
finally, the disruption of the cell membrane (Afshari and 
Hosseini 2014). Membrane integrity is highly influenced 
by electrostatic forces. The charged particles generated 
by the plasma accumulate on the outer side of the mem-
brane, thereby leading to its disintegration (Liao et al. 
2017). The discontinuity of the cell surface structures 
can also be an effect of the electroporation process. This 
phenomenon involves an increase in the number of the 
existing cell micropores and the emergence of new ones 
induced by the pulsed electric field (Wiktor et al. 2013). 
The degradation of DNA caused by UV radiation could 
also be involved in the inactivation of microorganisms. 
Photons present in the plasma can alter the structure 
of the nucleic acids, leading to the formation of nitro-
gen base dimers and impairment of DNA replication 
capacity (Beggs 2002; Liao et al. 2017). The contribu-
tion of each of the mechanisms and their effectiveness 
in biological inactivation vary and depend primarily on 
the parameters of the plasma generation process, envi-
ronmental factors, and the type and properties of the 
microorganisms (Fig. 1) (Bayliss et al. 2012).

The aim of this review is to present the current 
knowledge on the antimicrobial activity of the plasma 
and to discuss the molecular mechanism of interactions 
between cold atmospheric plasma and various groups 
of microorganisms.

Effect of cold plasma on viruses

The cold plasma technology becomes a promis-
ing solution for inactivation of pathogenic viruses 
that cause infections in humans, animals, and plants 
(Bourke et al. 2017). The specific mechanisms of CP 
inactivation of viruses have not been elucidated yet. 
The studies carried out so far demonstrated that expo-
sure to cold plasma can lead to the modification and/
or degradation of proteins, nucleic acids, and lipids of 
viral envelopes (Pradeep and Chulkyoon 2016). The 
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researches on the impact of the plasma on bacterio-
phages (a λ phage model system) suggested that the 
damage of capsid proteins is directly involved in the 
inactivation of viruses (Yasuda et al. 2010).

Cold plasma has been demonstrated to inactivate 
animal viruses. Terrier et al. (2009) investigated three 
types of viruses with the considerable clinical impor-
tance, which cause respiratory infections, e.g. res-
piratory syncytial virus (RSV), human parainfluenza 
virus type 3 (HPIV-3), and influenza A virus subtype 
H5N2. The plasma generated with air as the working 
gas contributed to a significant decrease in the titer 
of all viruses tested. Researchers indirectly associated 
this finding with the presence of ozone in the gener-
ated plasma that induces the protein damage and lipid 
peroxidation. The effect of the plasma on adenoviruses 
was analyzed by Zimmermann et al. (2011), who used 
4.7-kV micro-discharges for the generation of the 
plasma. These viruses have double-stranded DNA 
(dsDNA) and exhibit low sensitivity to physical and 
chemical factors. They are causative agents of ophthal-
mological, respiratory, and gastrointestinal diseases. 
Using a green fluorescent protein (GFP) and a firefly 
luciferase, the researchers demonstrated that both viral 

infectivity and replication were inhibited. The activity 
of reactive nitrogen species (RNS) and their intermedi-
ates was proposed as a mechanism of the plasma effect 
on the DNA structure and immunogenicity of the virus. 
Some investigations were focused on the susceptibil-
ity of noroviruses (NoV), which cause gastrointestinal 
infections and pose a major problem in the food indus-
try. Ahlfeld et al. (2015) studied the effect of CP on the 
inactivation of NoV from fecal samples. They treated 
the samples with a plasma stream and evaluated the 
effectiveness of inactivation at a variable time of the 
process. They achieved 1.23 log and 1.69 log reduction 
in the viral titer after 10 and 15 minutes, respectively 
(Bourke et al. 2017). The recent research also suggests 
that plasma-activated solutions (PASs) can contrib-
ute to effective decontamination. The effectiveness of 
inactivation of the Newcastle disease virus (ND) by 
the plasma-activated solutions (H2O, 0.9% NaCl, 0.3% 
H2O2) was assessed. The scanning electron microscope’s 
(SEM) images revealed morphological changes in virus 
particles, and the reduction of their titer and RNA deg-
radation have also been shown (Su et al. 2018).

Effect of cold plasma on microbial cells

Microorganisms are a key target in the investigation 
of the plasma efficiency, as susceptibility to the steriliza-
tion process may vary between microorganisms, even 
within species and strains (Fig. 2). It largely depends 
on the structure of cellular envelopes and the microbial 
growth phase (Liao et al. 2017).

Bacteria

The exact mechanism of inactivation of bacterial 
cells by cold plasma is still unknown, although the 
issue has been extensively studied. Permeabilisation of 

Fig. 1. Factors influencing the effectiveness of decontamination
using cold plasma. Based on Liao et al. 2017.

Fig. 2. Pyramid of the sensitivity of microorganisms to plasma*. 
Based on Klämpfl T.G. et al. 2012; and Liao et al. 2017.

* Sensitivity of individual groups of microorganisms can vary depend-
ing on the conditions of the process.
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the cell membrane or cell wall leading to leakage of 
intracellular components, i.e. potassium, nucleic acids, 
and proteins, is regarded as one of the mechanisms of 
inactivation of this group of microorganisms. Further-
more, inactivation of bacteria occurs via the oxidative 
damage to intracellular proteins and DNA related to 
the effect of the plasma compounds (Mai-Prochnow 
et al. 2014). The overall mechanisms of microbial inac-
tivation with plasma reactive species are presented in 
Fig. 3. The impact of the plasma stream on the external 
bacterial structures was investigated by Laroussi et al., 
who use the plasma generated with dielectric barrier 
discharge (DBD) against Escherichia coli and Bacil
lus subtilis cells. For Gram-negative E. coli with a cell 
wall composed of an outer membrane and thin pep-
tidoglycan (murein), there was substantial damage to 
the membrane resulting in the cytoplasm leakage. The 
authors suggest that the visible changes resulted from 
the electrostatic rupture of the outer membrane. In 
turn, the microscopic image of Gram-positive B. subtilis 
cells with a thick cell wall did not show the significant 
morphological modifications and the decontamina-
tion was most probably due to interactions of reactive 
compounds with the intracellular components. The dif-
ferences in the effect of the plasma on this microbial 
group are related to a different structure of cell walls 
in these microorganisms (Laroussi et al. 2003). A com-
prehensive analysis of chemical modifications induced 
by CAP in the structure of Gram-positive (B. subtilis) 
and Gram-negative (E. coli) bacteria was performed by 
Kartaschew et al. (2016) with use of a Fourier Trans-
form Infrared Spectroscopy (FTIR) technique. The 
spectral images revealed that the plasma caused an 
increase in the number of symmetric stretching vibra-
tions that reveal the formation of carboxylic groups 
(COO–). The investigators also noted the spectra in the 

absorbance range of 1720 cm–1 that indicate the forma-
tion of carbonyl groups (C = O) related to the presence 
of aldehydes, ketones, or acids. The resulting signals 
were associated with the destruction of the cell wall 
and cellular membrane by ROS. Another phenomenon 
induced by the activity of the plasma is the change of 
the cell membrane potential. This leads to disturbances 
in the function of the protonomotoric force and, conse-
quently, abnormal ATP synthesis and the impairment of 
cell metabolism and division (Brun et al. 2018).

The changes in the membrane integrity may have 
a direct effect on DNA, mainly through the discontinu-
ation of interactions with membrane proteins and for-
mation of pores in the cell membrane by which nucleic 
acids can be released from the cell (Coutinho et al. 
2018). Plasma-induced release of DNA is possible after 
the prior DNA fragmentation, and the effectiveness of 
this process depends on the conformation of the nucleic 
acid. In comparison with linear DNA, its supercoiled 
circular form is regarded as the resistant form of the 
nucleic acids (Moreau et al. 2008; Alkawareek et al. 
2014). In general, it is believed that the plasma effect 
on DNA is a result of the activity of both reactive com-
pounds and UV photons (Coutinho et al. 2018). In the 
cell, the DNA-protein crosslinks (DPCs) can be formed, 
which lead to the formation of hard-to-repair damage. 
Reactive oxygen and nitrogen species produced by the 
plasma oxidize proteins by the generation of hydroper-
oxide groups in their structure, which can form strong 
intramolecular crosslinks with the nucleic acids. In the 
experiment conducted by Guo et al. (2018), E. coli cells 
after treatment with the plasma stream with an air and 
1% He were subjected to two versions of a Comet assay 
(with and without proteinase K) to assess the formation 
of DPC in DNA of the analyzed bacterium. In the fluo-
rescent DNA image of the cells treated with the plasma, 

Fig. 3. Mechanisms of microbial inactivation with plasma reactive species. Based on Bourke et al. 2017.
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the researchers observed short “tails” indicating the 
damaged fragments without proteinase treatment, and 
much longer tails after the treatment with proteinase. 
This suggested the presence of DPC crosslinks, which 
were destroyed by the enzyme digesting the proteins. 
Then, the proteins were by the CsCl density gradient 
ultracentrifugation, treated with a nuclease, and their 
analysis revealed a higher concentration and diversity 
of the proteins than in the samples that were not treated 
with the plasma. This may be another piece of evidence 
supporting the hypothesis that the plasma-induced 
damage to nucleic acids is a result of the protein-DNA 
covalent bonding. An important issue is the CP effect on 
the genes encoding antibiotic resistance. The resistance 
of methicillin-resistant Staphylococcus aureus (MRSA) 
is associated with the mecA gene, which encodes protein 
PBP2a characterized by low affinity to β-lactam anti-
biotics. The most recent investigations of the CP applica-
tions for inactivation of S. aureus MRSA demonstrated 
that the cumulative energy delivered to the surface of the 
plasma-treated sample was 0.12 kJ/cm2 and 0.35 kJ/cm2, 
respectively, when air was used as the working gas. 
Five-log reduction in the number of S. aureus MRSA 
was observed even at the lower energy values, whereas 
higher values (0.35 kJ/cm2) were required for more effec-
tive degradation of the resistance gene. The isolated 
mecA gene exhibited higher sensitivity to the plasma 
activity compared to the intracellular gene. This is 
closely related to the protective effect of cell constituents, 
which are the first to interact with the reactive plasma 
components (Liao et al. 2018). The investigations also 
highlighted the changes in the membrane potential 
and integrity induced by the various intensities of the 
plasma activity. After application of the plasma treat-
ment with a cumulative energy level of 0.12 kJ/cm2, the 
authors observed that a membrane potential coefficient 
was close to the depolarization value (Liao et al. 2018).

The use of cold plasma leads to the degradation 
of cellular proteins. Large proteins (50–90 kDa) are 
destroyed as the first. It was revealed by analysis of the 
samples where the concentration of the proteins with 
a  molecular mass below 25 kDa increased after the 
plasma treatment (Hosseinzadeh Colagar et al. 2013). 
The probable mechanism of the degradation consists 
of the destruction of hydrogen, sulfide, and peptide 
bonds by reactive compounds present in the plasma. 
This results in the changes of the primary, secondary, 
and tertiary protein structure that lead to a decline in 
the enzymatic activity of the cell (Mai-Prochnow et al. 
2014). Recently, researchers have investigated the effect 
of CP on proteins in thermophilic bacteria that pose 
a serious problem in the food industry due to their high 
resistance to the classical decontamination methods, i.e. 
high temperature or chemical denaturing agents. Attri 
et al. (2018) treated a highly stable MTH 1880 protein 

from the thermophilic bacterium Methanobacterium 
thermoautotrophicum with CP generated by DBD and 
analyzed it with the circular dichroism (CD), fluores-
cence, and nuclear magnetic resonance (NMR) spec-
troscopy techniques. Additionally, molecular dynamics 
(MD) simulation was carried out for both the native 
and plasma-treated protein. The investigators achieved 
a  partial destabilization of MTH protein only after 
a long time of exposure to CP (20 min), which resulted 
in a decrease of 5°C in its melting point and an increase 
in its susceptibility to thermal denaturation. To elucidate 
the mechanism of the plasma effect on cellular proteins, 
the proteomic profile of Salmonella enteritidis was deter-
mined and as the result, 1096 proteins were identified 
with 249 of them present only in the plasma-treated 
samples and nine only in control samples. Under the 
impact of CP, the proteins that were overexpressed came 
mainly from the carbohydrate and nucleotide metabo-
lism pathways and were associated with RNA transcrip-
tion. It indicates an increased energy metabolism in cells 
as a defense response of bacteria (Ritter et al. 2018). The 
plasma-induced changes in bacterial metabolism were 
reported by Laroussi et al. (2003), who demonstrated 
the reduced utilization of L-lactic acid and increased 
consumption of D-sorbitol (Moreau et al. 2008). Inter-
estingly, the effect of plasma on microorganisms does 
not always lead to cell death but can also reduce their 
metabolism, therefore, the cells do not undergo division 
and become viable but not culturable (VBNC). Dolezal-
ova et al. (2015) treated a suspension of E. coli cells with 
the plasma and measured bacterial viability with a con-
ventional culture method and by assessment of the fluo-
rescent images of the cells stained with the LIVE/DEAD 
kits. The result of the former method suggested a 7.0-log 
reduction of the number of cells, whereas a reduction 
of only 1.0 log was indicated with the latter technique. 
These findings suggest that the plasma may induce the 
VBNC state of the cells.

Spores. Through evolutionary adaptation, bacte-
rial spores have acquired the possibility to survive in 
adverse environmental conditions. They are character-
ized by resistance to disinfectants, chemical sterilants, 
drying processes, and thermal inactivation. This poses 
a serious threat to food and pharmaceutical industries as 
well as medicine, where spores are a permanent source 
of contamination (Liao et al. 2017). The major cause of 
such high resistance of spores is their structure, which 
differs substantially from that of vegetative forms of bac-
teria. Spores are composed of impermeable outer layers 
creating a specific barrier for the external factors. Addi-
tionally, they are characterized by low water content, 
which accounts for approximately 15% of the entire cell 
(Olesiak and Stępniak 2012). The interior of the spore 
contains a rigid structure, i.e. an inner membrane per-
meable only to small molecules (< 200 Daltons). When 
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the membrane is damaged, dipicolinic acid (DPA) is 
released and endospore germination is not induced. 
DPA ensures considerably higher (up to 50-fold) resist-
ance to UV radiation in spores (Olesiak and Stępniak 
2012). In the very core of the spore, the DNA protec-
tion function against chemical and physical agents is 
fulfilled by small acid-soluble SASP proteins, which 
are closely related to the nucleic acids (Kądzielska et al. 
2012). The precise mechanism of the plasma effect on 
spores has not been clarified to date. Some researchers 
suggest that spores are inactivated mainly via interac-
tions between the reactive plasma compounds and the 
external spore structures (Hong et al. 2009). The mor-
phological changes in B. subtillis endospores induced by 
various CF-related factors were presented by Deng et al. 
(2006) on scanning electron microscopy (SEM) images. 
The changes in the spore size, leakage of the cytoplasm 
content, and final membrane disruption were observed. 
These results suggest that oxidation by reactive oxygen 
species is the main factor contributing to the reduc-
tion of the number of viable B. subtilis cells, whereas 
the electric field, UV photons, and charged particles 
play a minor role in this process. Other investigators 
demonstrated that inactivation of endospores was pri-
marily caused by damage to their outer layers result-
ing in leakage of DPA and hydration of the core (Tseng 
et al. 2012). The importance of the external structures 
for resistance to cold plasma was analyzed by Raguse 
et al. (2016), who investigated wild-type B. subtilis spores 
and mutants deficient in some surface structures. Addi-
tionally, the investigators examined the effect of the gas 
applied on the effectiveness of sterilization. Their results 
indicated a substantial impact of surface structures and 
the type of gas on the resistance of spores. A mixture of 
oxygen and argon was the most effective in inactivation 
of bacterial spores, as it caused significant damage to 
the external layers. In contrast, the mutants deficient 
in surface structures exhibited the highest sensitivity to 
plasma. The recent studies conducted by Connor et al. 
(2017) also have emphasized the impact of environmen-
tal conditions on plasma efficiency. The studies on the 
resistance of Clostridium difficile spores to plasma were 
conducted in three different environments (the spores 
suspended in water and dry spores with or without 
0.03% BSA). The greatest reduction in the spore number 
in the shortest time was observed in a dry environment. 
In contrast, organic matter and moist environment 
extended the time of the spore inactivation by plasma 
(Klampf et al. 2014).

Another aspect that should be explored more deeply 
is the mechanism of CP effect on sporal DNA. There is 
a contradictory data on the effect of UV photons gen-
erated in the sterilization process on nucleic acids. The 
results of investigations conducted by Tseng et al. (2012) 
did not show DNA degradation in B. subtilis spores after 

a 20-min exposure to the plasma. This finding can be 
supported by the conclusion reported by Fiebrandt 
et al. (2016), who suggested that cell layers absorb UV 
radiation, thereby protecting DNA from damage. This 
mechanism is plausible given the structure of spores. 
Surface structures of spores are characterized by a high 
content of proteins with amino acid side chains forming 
endogenous chromophores. These compounds can be 
the main target of photooxidation, thereby protecting 
the cell interior from harmful radiation.

Some investigations have indicated that the plasma 
inactivates spores by the impact on key metabolic pro-
teins. In their study, Dobrynin et al. (2010) suggested 
that reactive oxygen species penetrating the cell inte-
rior could cause oxidation of proteins involved in ger-
mination or inactivate germination receptors located 
in the inner membrane of spores. In turn, Wang et al. 
(2011) compared the kinetics of germination of the cold 
plasma-treated B. subtilis spores and untreated spores. 
They conducted the experiments in an environment 
enriched with nutrient germinants (L-valine) and non-
nutrient germinants (dodecylamine, Ca2+DPA). Their 
results indicated the potential inactivation effects of the 
plasma on germination receptors but the germination 
induced by L-valine was inhibited.

Bacterial biofilm. Many microorganisms live in 
the environment as biofilms rather than free-living 
organisms. Biofilm was defined as the cells adhering 
to a solid surface and surrounded by an extracellular 
matrix produced by them (Czapka et al. 2018). Such 
populations exhibit higher resistance to adverse exter-
nal factors (antibiotics, temperature, and pH); therefore, 
they pose a serious challenge in both medicine and food 
industry (Maciejewska et al. 2016). There are numer-
ous reports demonstrating the sensitivity of biofilms 
to CF; however, the time required for full inactivation 
thereof is longer than for planktonic cells (Mai-Proch-
now et al. 2014; Flynn et al. 2015). This was confirmed 
by Jahid et al. (2014), who compared the effect of CP 
on planktonic Aeromonas hydrophila cells and bacte-
rial biofilm on the surface of lettuce. The experiment 
showed that a  15-s plasma treatment was sufficient 
to reduce the number of planktonic populations by 
> 5 logs. In contrast, the cell population on the lettuce 
surface was substantially reduced after a  5-min pro-
cess of the plasma treatment (Jahid et al. 2014; Bourke 
et al. 2017). The extracellular matrix constitutes approx. 
90% of biofilm and its presence largely determines the 
effectiveness of sterilization processes (Czyzewska-
Dors et al. 2018). The matrix composition varies and 
depends on species of microorganisms forming the bio-
film. The basic components of the extracellular matrix 
are polysaccharides, lipids, proteins, and nucleic acids. 
These compounds constitute a protective barrier against 
antibiotics or temperature as well as photons, reactive 
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compounds, and charged particles in the plasma. Since 
these agents have to penetrate the protective layer, the 
biofilm inactivation time is prolonged (Mai-Prochnow 
et al. 2014). The results of investigations conducted by 
Ermolaeva et al. (2011) demonstrated the differences 
in the survival of bacteria in different biofilm layers, 
suggesting that the effectiveness of CP depends on the 
biofilm thickness. Microscopic evaluation of the viabil-
ity of P. aeruginosa biofilm showed a greater number 
of bacterial cells in its deeper layers. This probably 
explains the proportional decline of the sterilization 
effectiveness with the increasing biofilm thickness. 
Another determinant of the sterilization effectiveness 
is the species of biofilm-forming microorganisms. This 
issue was investigated by Mai-Prochnow et al. (2016) 
who compared the effects of CP on bacterial biofilm 
formed by Gram-positive B. subtillis and Gram-negative 
P. aeruginosa. Almost complete reduction of the bac-
teria in Gram-negative biofilm was observed in con-
trast to Gram-positive biofilm where a 10-min plasma 
treatment resulted in < 1 log reduction. The presence 
of reactive oxygen compounds contributing to the cell 
wall disintegration in the emission spectra suggests 
that the cell wall thickness may be correlated with the 
duration of the cold-plasma inactivation. In conclusion, 
the sterilants present in the plasma inactivate biofilms 
through damage to the extracellular matrix, cell wall, 
cellular membrane, and internal cell structures. They 
can also induce the VBNC state in the cells (Ziuzina 
et al. 2015; Bourke et al. 2017).

Bacterial cell response to cold-plasma treatment. 
Elucidation of mechanisms of cell response to the cold 
plasma treatment is an important issue and requires 
further exploration. Hitherto, the changes in gene tran-
scription and expression induced by exposure of cells to 
plasma have been already analyzed. The available scien-
tific publications demonstrated a potential increase 
in the expression of SOS regulon, oxidation-related 
genes, and the genes encoding DNA repair processes. 
In turn, the expression of housekeeping genes was 
reduced (Sharma et al. 2009; Roth et al. 2010). Sharma 
et al. investigated the effect of plasma on genomic DNA 
in E. coli and performed a microarray analysis of the 
samples after 2-min plasma exposure. The increased 
expression of the gene involved in superoxide radical 
scavenging (katG) and the recA gene responsible for 
DNA recombination and repair was noted (Sharma 
et al. 2009). Similar results were reported by Roth et al. 
(2010) who analyzed the samples of highly radiation-
resistant bacteria (Deinococcus radiodurans) and found 
an increase in the expression of the genes involved in 
DNA repair, oxidative stress responses, and cell wall 
synthesis. The process of the nucleic acids repair may 
result in the emergence of mutations that will determine 
increased resistance to CP. UV radiation, which induces 

the formation of nitrogen base dimers in nucleic acids 
is the main mutagenic factor. On the other hand, ROS 
and RNS present in the plasma exert a destructive effect 
on cellular components; thus, contribute to bacterial 
death and minimize the conservation of mutation 
effects (Boxhammer et al. 2013).

Yeast

Yeasts, which are a valuable source of many enzy-
mes, are widely used in food biotechnology and micro-
biology in both fermentation and food-enrichment 
processes (Krzyczkowska et al. 2008). With their low 
pathogenicity as well as a unique structure and proper-
ties, some yeast species, e.g. Saccharomyces cerevisiae or 
Schizosaccharomyces pombe have become an insepara-
ble element of molecular biology, serving as a model 
for an eukaryotic organism. Furthermore, a simple and 
cost-efficient culture of yeasts has contributed to the 
increasing interest in these organisms as objects for 
the elucidation of the effect of CP on cells (Wawrzycka 
2011). The experiments were performed by Nishime 
and coworkers (2017) on the effectiveness of the plasma 
generated by DBD discharges with helium addition 
against various microorganisms. The researchers stud-
ied Enterococcus faecalis (Gram-positive) and P. aeru
ginosa (Gram-negative) bacteria as well as Candida 
albicans yeasts. They reported an inactivating effect of 
the plasma on all of the microorganisms investigated. 
Nevertheless, in comparison with the bacterial cells, 
C. albicans exhibited higher resistance, which can be 
explained mainly by the differences in their cell struc-
ture. In turn, the investigations conducted by Colonna 
et al. (2017) were focused on the effect of the plasma 
generated with dry air and a gas mixture (65% O2, 30% 
CO2, 5% N2) on S. cerevisiae cells at a different density 
of cellular suspension and duration of the exposure. The 
results confirmed a correlation between the effective-
ness of sterilization and the process parameters. For the 
samples with higher cellular density, a longer timer of 
exposure of the suspension to the plasma was required 
for a complete cell degradation. Moreover, the reduc-
tion effect monitored at various time points indicated 
higher efficiency of a plasma stream with a gas mixture. 
The effect of environmental conditions on the effective-
ness of inactivation was examined by Ryu et al. (2013), 
who observed a decrease of the number of S. cerevisiae 
cells suspended in different media (water, saline, and 
YPD). The most serious CP-induced damage to mem-
brane lipids and genomic DNA was observed in yeast 
cells suspended in water. This was associated with the 
highest content of hydroxyl radicals generated in the 
water medium during the process.

Polcic et al. (2018), who used genetic mutants of 
yeasts to identify the role of oxidative stress and apoptosis 
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in the decontamination process made an attempt at the 
elucidation of the mechanisms of CP effect on S. cere
visiae. The results of the experiments indicated higher 
susceptibility of strains with superoxide dismutase defi-
ciency than those deprived of the key components of 
the apoptotic pathway, as their sensitivity to the plasma 
activity did not change. This proves that reactive oxygen 
species are one of the most important factors involved in 
the inactivation of yeast cells, and the apoptosis process 
itself does not play a key role in this case. An impor-
tant issue requiring comprehensive investigations is the 
impact of CP on intracellular proteins. The treatment of 
S. cerevisiae with argon plasma was found to lead to pro-
tein ubiquitination and formation of the insoluble pro-
tein aggregates in the yeast cytoplasm. These researchers 
also underlined the potential of the CP-induced gen-
eration of endoplasmic reticulum (ER) stress, which is 
characteristic of eukaryotic cells. This was confirmed by 
an increase in the activity of the endoplasmic reticulum 
transmembrane protein Ire1p induced by accumulation 
of unfolded proteins in ER (Itooka et al. 2018). As dem-
onstrated in many research reports, the cold-plasma 
technique can be used for inactivation of enzymes 
(Li et al. 2011; Surowsky et al. 2013; Tolouie et al 2017; 
Tolouie et al. 2018). The authors suggest that the abil-
ity of plasma to inhibit enzymes is associated with loss 
of the protein secondary structure. It is an effect of 
interactions with reactive compounds generated in the 
gas used in the process (Misra et al. 2016). Colonna 
et al. (2017) investigated the impact of CP on enzymes 
produced by yeasts in a study on the plasma generated 
with dry air. Their analyses were focused on S. cerevisiae 
yeast invertase, which lost its activity at a level of > 96% 
after 75 s of the treatment.

Fungi

Plant diseases caused by fungal pathogens pose 
a serious crisis in agriculture, as they cause huge eco-
nomic losses worldwide. As demonstrated in the recent 
research reports, the cold-plasma technology can 
become an alternative plant protection method either by 
inactivating fungal cells or improving the resistance of 
infected hosts (Dasan et al. 2017a; Siddique et al. 2018). 
The investigations that confirmed the susceptibility of 
this microbial group to the CP activity have been con-
ducted by many researchers (Suhem et al. 2013; Sohbat-
zadeh et al. 2016; Nikmaram et al. 2018). Some of them 
suggested that the inactivation of fungal cells using CP 
mainly involves the production of reactive compounds 
which seems to have their destructive effect on the cell 
wall and inner membrane of fungi (Ye et al. 2012; Lu 
et al. 2014; Dasan et al. 2016; Dasan et al. 2017a). In their 
study, Ye et al. (2012) assessed the effect of the plasma 
(working gas: air) generated by corona discharges on the 

cells of Penicillium expansum, i.e. one of the most impor-
tant pathogens causing spoilage of the stored fruit. SEM 
images revealed disruption of the external structures of 
P. expansum, which resulted in cytoplasmic leakage. In 
turn, an analysis of transmission electron microscopy 
(TEM) images indicated the plasma-induced alterations 
in the cell, i.e. an increased volume of the protoplasm, 
stretching of vacuoles, and disintegration of the mem-
brane, which contributed to cell lysis.

Besides their impact on external structures and 
intracellular organelles, the reactive compounds present 
in the plasma and the generated UV radiation cause 
damage to nucleic acids and oxidation of proteins and 
lipids. Lu et al. (2014) have investigated the effect of 
CP on Cladosporium fulvum by determination of the 
concentration of malondialdehyde (MDA), i.e. the basic 
product of lipid peroxidation. The findings reported 
confirmed the hypothesis that the activity of steriliz-
ing agents in fungal cells triggers the peroxidation pro-
cess. The similar observations were reported by another 
research team investigating the effect of CP generated 
at atmospheric pressure on Aspergillus flavus cells. The 
investigators determined the activity of thiobarbituric 
acid (TBA) in the samples, which showed a linkage 
between the membrane damage and lipid oxidation 
process (Simoncicova et al. 2018).

The other mechanism that may reduce the number 
of fungal cells is apoptosis or necrosis, as suggested by 
Panngom et al. (2014) to identify the mechanism of 
inactivation of Fusarium oxysporum cells, the authors 
stained the cells with Annexin V and propidium iodide 
and treated them with argon plasma for 1, 5, and 
10 min. The numbers of viable, necrotic, and apoptotic 
cells were analyzed with flow cytometry. The majority 
of the cells were propidium iodide-stained after 5- and 
10-min of the treatment with CP. This indicates that the 
necrosis process was the main mechanism of inactiva-
tion of the fungal cells.

 An important aspect that requires further research 
is the increase in resistance to fungal pathogens in the 
plasma-treated plants. The experiments conducted 
by Filatova et al. (2016) demonstrated a substantially 
reduced incidence of diseases caused by Fusarium spp. 
and Ustilago maydis in wheat, lupine, and maize after 
exposure of the seeds to CP. The stimulating and fungi-
cidal effect of the plasma resulted in an increase in the 
yield of the spring wheat, maize, and lupine seeds by 
4–6%, 1.5–2%, and 20–40%, respectively, in compari-
son with the control. After additional assays that should 
be carried out in the future, CP may become an alter-
native to chemical plant protection agents, which may 
effectively minimize the negative impact of fungicides 
on the environment (Siddique et al. 2018).

Cold-plasma inactivation of mycotoxins. The UN 
Food and Agriculture data indicate that 25% of world 
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crops are contaminated with mycotoxins produced by 
fungi during plant growth or crop storage. Aspergillus, 
Fusarium, and Penicillium molds are the major produc-
ers of toxic secondary metabolites, including aflatoxin, 
fumonisin, zearalenone, ochratoxin, and deoxynivale-
nol, which are most toxic to mammals. The elimination 
of these compounds from food products is problematic 
due to their high thermostability; for instance, the tem-
perature of aflatoxin degradation ranges from 237 to 
306°C (Pankaj et al. 2017). The latest physicochemical 
methods that can potentially be used for elimination of 
mycotoxins include the cold-plasma sterilization (Ouf 
et al. 2015; Hojnik et al. 2017; Pankaj et al. 2017; Shi 
et al.2017). There is a possibility of the complete deg-
radation and reduction of aflatoxin B1 (AFB1), deoxy  
nivalenol (DON), and nivalenol (NIV) cytotoxicity 
with the use of argon plasma generated by microwave 
discharges (Hojnik et al. 2017). The reduction of the 
toxicity of these compounds may result from structural 
changes induced by the sterilization process. Wang 
et al. (2015) applied low-temperature radio-frequency 
plasma and reported 88.3% reduction in AFB1 concen-
tration after a 10-minute process. The analysis of deg-
radation products revealed five different compounds 
characterized by loss of the double bond between C8 
and C9 in the furan ring. Besides its effect on the stand-
ard mycotoxin solutions, the plasma has been found to 
exert a reductive effect on the compounds contained 
in food products (Ouf et al. 2015; Siciliano et al. 2016; 
Shi et al. 2017). Aflatoxins present in hazelnuts were 
decontaminated using CP (1000 W, 12 min), which 
resulted in an over 70% decline in the AFB1 concentration 
(Siciliano et al. 2016). In turn, the concentration of this 
maize contaminant was reduced by 62% and 82% after 
the 1- and 10-min plasma treatments, respectively (Shi 
et al. 2017). However, the atmospheric plasma treatment 
of contaminated nuts did not allow complete removal 
of the mycotoxin. The best results were obtained with 
the highest power (1150 W) and the longest operating 
time (12 min), which enabled the reduction of AFB1 
approx. by 70%. Given the high efficiency of degrada-
tion of standard mycotoxin solutions and mycotoxins 
contained in food, the cold plasma method is becom-
ing a promising solution that may replace conventional 
techniques in the future. In addition to the high effi-
ciency of compound degradation, the relatively low 
cost of the process, as well as environmental safety, also 
favor the use of CP (Hojnik et al. 2017).

Summary

The cold plasma technology is becoming a promising 
solution with the potential to replace conventional tech-
niques of decontamination of food products, medical 
materials, and air in the future. This technique has many 

advantages, e.g. high efficiency in reducing the viral par-
ticles load and the number of microorganisms, forma-
tion of non-toxic by-products, and a relatively low cost 
of the process (Liao et al. 2016). Although many studies 
focused on this issue, the precise molecular mechanism 
of the plasma effect on cells of different microbial groups 
has not been clarified yet. The available reports on the 
possibility of induction of VBNC state in some bacteria 
raise doubts about the safety of this sterilization method 
(Dolezalova and Lukes 2015). In addition, this technol-
ogy has some disadvantages, i.e. a small working surface 
and poor permeability. In food products, this technique 
may cause increased lipid oxidation, increased acidity 
of the product, reduced color intensity and decrease in 
firmness of fruits (Misra et al. 2016; Chizoba Ekezie 
et al. 2017). Therefore, it is necessary to conduct further 
research that will allow for the optimization of process 
parameters, explain the doubts concerning the biting 
mechanisms of plasma operation and promote the appli-
cation of cold plasma in the industry with no negative 
effects on human health or the environment.
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