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Abstract: Non-thermal atmospheric pressure plasma has 
been proposed as a new tool for various biological and 
medical applications. Plasma in close proximity to cell 
culture media or water creates reactive oxygen and nitro-
gen species containing solutions known as plasma-acti-
vated media (PAM) or plasma-activated water (PAW) – the 
latter even displays acidification. These plasma-treated 
solutions remain stable for several days with respect to 
the storage temperature. Recently, PAM and PAW have 
been widely studied for many biomedical applications. 
Here, we reviewed promising reports demonstrating 
plasma-liquid interaction chemistry and the application 
of PAM or PAW as an anti-cancer, anti-metastatic, anti-
microbial, regenerative medicine for blood coagulation 
and even as a dental treatment agent. We also discuss the 
role of PAM on cancer initiation cells (spheroids or can-
cer stem cells), on the epithelial mesenchymal transition 

(EMT), and when used for metastasis inhibition consider-
ing its anticancer effects. The roles of PAW in controlling 
plant disease, seed decontamination, seed germination 
and plant growth are also considered in this review. 
Finally, we emphasize the future prospects of PAM, PAW 
or plasma-activated solutions in biomedical applications 
with a discussion of the mechanisms and the stability 
and safety issues in relation to humans.

Keywords: anticancer; antimicrobial; cold atmospheric 
pressure plasma; dental application; plasma-activated 
media; plasma-activated water.

Introduction
Over the past few years, atmospheric pressure plasma 
sources (herein referred to as ‘plasmas’) have gained enor-
mous amounts of attention due to their wide range of 
applications in the diverse fields of biology and medicine, 
including wound healing, the sterilization of surfaces, 
blood coagulation, root canal treatments, cancer treatments 
and skin treatments, among others (Fridman et al., 2008; 
Kolb et al., 2008; Shashurin et al., 2008; Dobrynin et al., 
2009; Oehmigen et  al., 2010; Heinlin et  al., 2011; Helmke 
et al. 2011; Graves, 2012; Lukes et al., 2012; Park et al., 2012; 
Ikehara et  al., 2013; Keidar et  al., 2013; Pan et  al., 2013; 
Haertel et al., 2014; Tanaka et al., 2014; Yousfi et al., 2014; 
Fthollah et al., 2016; Kaushik et al., 2016; Lin et al., 2017; 
Kuninova et al., 2017; Weltmann and von Woedtke, 2017). 
Though some plasma devices are being commercialized, 
few of them are available in clinics. These developments 
have given rise to a new field of medicine called ‘plasma 
medicine’, which is set to revolutionize the treatment of 
skin diseases such as melanoma or even dental infections.

The principle of plasma medicine is based on the 
direct or indirect application of an electrical discharge to 
a biological target. The electrical discharge or plasma is 
generally obtained by applying high voltage to an active 
electrode with the help of working gases such as helium, 
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argon, neon, nitrogen, oxygen, air or their admixtures 
(Kuok, 2017). Most of the applied energy is dissipated 
in the ionization of neutral gas molecules and atoms, 
resulting in the formation of electrons, excited or ionized 
atoms, ultra-violet rays (UV), electric fields (EF), mild heat 
and other effects, with temperatures close to that of the 
ambient environment. Excited/ionized atoms combine 
with other atoms of the working (or surrounding) gas, 
resulting in the formation of abundant reactive oxygen 
and nitrogen species (RONS) which can be used in a broad 
range of biomedical applications. Based on this principle, 
many plasma devices, such as plasma jets and dielectric 
barrier discharge (DBD) sources with various configura-
tions, have been developed throughout the world (Lu 
et  al., 2012a,b; Winter et  al., 2015; Brandenburg, 2017; 
Laroussi et al., 2017). Moreover, a guide for a testing pro-
cedure for cold plasma devices has been developed for 
comparisons of safe applications of these plasma devices 
in clinics (Mann et al., 2016).

When an atmospheric pressure plasma source is 
operated in an ambient environment, it produces reactive 
oxygen species (ROS) and reactive nitrogen species (RNS), 
which are collectively known as RONS. These RONS are the 
key species which have made plasma sources feasible for 
use with various biomedical applications. When plasma 
sources are applied for biomedical use, a specific target 
may require an on-site or off-site treatment. With on-site 
treatments, the active discharge zone or plasma plume at 
ambient temperatures comes into direct contact with the 
biological target. This may be beneficial for the treatment 
of severely affected wounds and for conditions in which 
the plasma source is readily available (Akimoto et  al., 
2016; Bekeschus et al., 2016). During an off-site treatment, 
a biological solution is exposed directly or indirectly to the 
plasma source for a predetermined time. Upon the plasma 
treatment, the plasma-treated solution is enriched with 
a variety of long-lived RONS with lifetimes ranging from 
hours to several days, with further utilization possible for 
particular biomedical applications. It can also be carried 
to places where plasma generation is not possible, such as 
in small organs and cavities which are difficult to reach. 
This type of solution can act as a drug, also known as 
plasma-activated media (PAM) or plasma-activated water 
(PAW).

Presently, PAM generation is emerging as a promising 
new tool in the world of plasma medicine. PAM has shown 
some very promising results in relation to living tissue 
sterilization, blood coagulation, the destruction of cancer 
cells, and many other medical applications, such as 
wound healing, as a medical disinfectant for equipment, 
and even as a type of mouthwash for dental problems. It 

is unique because it is stable at room  temperature and 
does not harm healthy tissue at effective doses; rather, 
it generates reactive species inside tissues in the body. 
The efficacy of PAM depends on many factors, such as 
the plasma exposure dose, the storage duration, and the 
storage temperature. Cold plasma has also emerged as a 
major treatment option in the dental field (e.g. mouth-
wash agents, sterilization agents for dental equipment) 
(Jha et al., 2017). Here, we discuss the preparation of PAM, 
its RONS chemistry, and various biological and therapeu-
tic effects. A discussion of PAW for sterilization, dental, 
agriculture and other important biological applications is 
also included in this review report.

Reactive species formed in PAM 
and related chemistry
PAM refers to the indirect application of an electrical dis-
charge to biological targets (Brisset and Pawlat, 2016; Judée 
et al., 2016; Verlackt et al., 2018). The solution obtained 
after the direct exposure to plasma is transferred to the 
biological target. A schematic diagram of the preparation 
of a plasma-activated drug using a conventional plasma 
jet is shown in Figure 1. The parameters that can vary and 
change the characteristics of the drug are enclosed by the 
red dotted rectangles. The main component of the working 
gas is normally inert, such as argon, helium or neon. This 
is necessary to produce the discharge at a lower input 
energy level. Additional gases such as nitrogen, oxygen, 
water vapor and their mixtures can be included in the 
main gas to change the production of the reactive species. 
The dielectric material can be quartz, glass, acryl, or even 
Teflon, and the high-voltage electrode consists of a con-
ductive material such as copper, stainless steel, or silver. 
This type of plasma jet can be operated with or without a 
ground electrode. Plasma jets have been developed with 
and without ground electrodes (Lu et al., 2012a,b; Winter 
et al., 2015; Brandenburg, 2017; Laroussi et al., 2017), but 
their operation has been reported to be safer and more 
stable with the use of a ground electrode (Lu et al., 2008; 
Kim et al., 2015). The production of reactive species in a 
plasma jet is realized by applying high-voltage alternating 
current through a high-voltage electrode, and a plasma 
jet plume ranging from a few millimeters to several centi-
meters can be observed by the naked eye (Thiyagarajan 
et al., 2013; Kostov et al., 2015).

The delivery of active constituents inside PAM can 
occur through the generation of plasma in two ways: (a) 
outside the liquid environment and (b) inside the liquid 

Brought to you by | The University of Texas at Austin
Authenticated

Download Date | 2/20/20 11:07 AM



N.K. Kaushik et al.: Biological application of plasma stimulated liquids      41

environment. Schematic diagrams of the two methods 
are shown in Figure 1A and B, respectively. When a plasma 
source (typically a plasma jet, see Figure 1A) is operated 
outside the liquid environment, the active constituents 
can form through the direct interaction (touch) and indi-
rect interaction (non-touch) modes of the plasma plume 
(Norberg et  al., 2014). In the non-touch condition, the 
biological solution is placed directly below the plasma 
source, where there is no direct contact between the 
visible part of the plasma plume and the liquid surface. 
RONS initially generated by plasma-air interaction 
in the gas phase subsequently dissolve/accumulate 
into the solution. In the touch condition, plasma is in 
direct contact with the biological solution. In addition 
to the accumulation of reactive species from plasma-
air interactions, numerous additional reactive species 
generated through the plasma-liquid interactions are 
delivered into the solution. The formation of reactive 
species is significantly enhanced in this condition, as 
the excited/ionized atoms combine with both ambient 
gas molecules as well as water molecules. On the other 
hand, plasma inside the liquid environment is usually 
generated through bubbles caused by the gas flow 
(Levko et al., 2016; Zhang et al., 2016; Chen et al., 2017). 
A longer generation time of the plasma within the liquid 
environment has been found to produce more reactive 
nitrogen species and fewer ROS (Chen et al., 2016). The 
solution prepared using either of these methods acts 
as a bioactive solution for a range of components and 

it can be transported to a target for specific biomedical 
applications.

The formation of the active constituents in PAM can be 
altered by changing certain plasma-processing parameters, 
such as the working gas, gas flow rate, treatment time, 
plasma-liquid gap distance, target liquid solution type and 
its quantity, for instance, in accordance with a change in 
the supplied energy. This can be more or less important 
depending on the different buffers and antioxidants within 
the solution (Norberg et  al., 2014; Dai et  al., 2015; Baek 
et  al., 2016; Io et  al., 2016; Kawasaki et  al., 2016; Uchida 
et al., 2016, 2017; Yue et al., 2016a,b; Chauvin et al., 2017; 
Ghimire et al., 2017; Oh et al., 2018). A schematic diagram 
of the formation of the active plasma constituents, i.e. of the 
reactive species formed within the discharge region, the gas 
phase (the interphase between the liquid discharges) and 
inside the liquid with a conventional plasma jet is shown 
in Figure 2. Neutral gas molecules (M) can be excited (to 
M*) or ionized (to M+) by collisions with energetic electrons 
(e−) produced during the discharge in addition to the effect 
of the EF and ultra-violet radiation (UV). Primary reactive 
species such as hydroxyl radicals (OH), nitric oxide radicals 
(NO), super-oxide radicals (O2

*−), atomic oxygen (O), singlet 
oxygen (1O2) and excited nitrogen (N) are directly produced 
in the discharge region due to the interaction between elec-
trons and the feeding gas (or ambient gas) molecules. These 
species are relatively short-lived, and their concentration 
within the discharge region is very high. Various diag-
nostics techniques such as optical emission spectroscopy 

Working gasA B

Working gas

Dielectric
(quartz tube)

Dielectric material

High voltage
electrode

Plasma plume

Gap distanced Liquid solution

Liquid solution
Plasma

High voltage electrode

Figure 1: Schematic diagram showing the preparation method of PAM through plasma (A) outside a liquid environment, and (B) inside a 
liquid environment.
The parts enclosed inside the dotted rectangles are the parameters that can be varied to change the characteristics of PAM in addition to the 
treatment time and supplied energy.
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(OES), laser-induced fluorescence (LIF), UV absorption 
spectroscopy (UV-VIS), electron spin resonance (ESR), 
cavity-enhanced absorption spectroscopy (CEAS), and 
calorimetric methods have been utilized to obtain quali-
tative information pertaining to these species outside and 
inside the liquid surface (Srivastava and Wang, 2011; Tresp 
et al., 2013; Girard et al., 2016; Yue et al. 2016a,b; Ghimire 
et al., 2017). The concentration of OH radicals in an ambient 
environment is as high as ≈1 × 1015 cm−3, as reported in other 
studies (Nikirov et  al., 2011; Kim et  al., 2014; Attri et  al., 
2015; Xiong et  al., 2015). Moreover, the reported atomic 
oxygen concentration is ≈1 × 1015 cm−3 (Knake et al., 2008; 
Reuter et al., 2009; Dvorak et al., 2017). These species are 
converted to secondary/long-lived species such as hydro-
gen peroxide (H2O2), nitrate (NO2), nitrite (NO3), and ozone 
(O3) in an ambient environment. Primary reactive species 
may again interact with ambient air molecules, leading to 
the re-formation of these species. The species generated 
in the gas phase can go to the liquid phase and dissolve in 
a liquid solution. H2O2 is highly soluble in water. NO2 and 
NO3 are converted to NO2

− and NO3
−, respectively. However, 

the chemistry of RONS formation differs depending on 
whether the plasma plume is touching or not touching the 
water surface. The creation and destruction processes of 
various RONS produced in non-thermal plasma sources are 
described in Table 1.

Though numerous short-lived species, as shown 
above, form during the discharge, they are readily con-
verted into stable species within a short time. Owing to 
the long lifetimes of the major constituents, in this case, 
H2O2, NO, NO2, NO3 and HNO3, among others, PAM can 
be stored for several days and can also be transported to 

remote regions where plasma sources are unavailable. 
Although PAM is made up of similar constituents, it can 
be applied to a wide range of applications. For example, 
H2O2 – depending upon its concentration – can act as an 
effective apoptosis/necrosis inducer and can be applied 
to treat cancer cells (Troyano et  al., 2003; Xiang et  al., 
2016). The same compound exhibits bleaching proper-
ties, suggesting its potential for use as a teeth whitening 
agent (Tredwin et  al., 2006). It has also been applied in 
the sterilization and agriculture areas due to its effective-
ness when used to kill bacteria and fungi (Linley et  al., 
2012; Friedline et  al., 2015). On the other hand, NO is a 
multi-faceted molecule with dichotomous regulatory 
roles in many areas of biology. As a signaling molecule, it 
activates various processes in a biological system. It also 
affects cellular decisions about cell life and death either 
by turning on apoptotic pathways or by shutting them off 
(Kim et  al., 2001; Brune et  al., 2003). The derived com-
ponents of NO, such as nitrates and nitrites, assist in the 
growth of plants, thus widening the applicability of PAM 
in agriculture (Mancinelli and Mckay, 1983). Brief descrip-
tions of the major plasma constituents in specific applica-
tions are provided in the following sections.

RONS are regarded as key factors  
in PAM-induced apoptosis

It is believed that RONS themselves or the RONS-derived 
species contained in PAM may be the key factors leading to 
an anticancer effect (Lu et al., 2016). The short-lived RONS 
produced by plasma discharge is converted into a relatively 

Figure 2: Schematic diagram of the formation of active constituents in a plasma-activated medium with a conventional plasma jet.
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Table 1: Creation and destruction pathways for the active constituents in PAM.

S. no. Reactive species Creation pathways Destruction pathways

1. Hydroxyl radical (OH)
(Pei et al., 2013; Attri 
et al., 2015; Uhm, 2015; 
Gorbanev et al., 2016; Yue 
et al., 2016a; Ghimire et al., 
2017)

e− + H2O → OH + H + e−

e− + H2O → H + OH
M* + H2O → OH + H + M
e− + O2 → O(3P) + O(1D)
O(1D) + H2O → 2OH
e− + N2 → N2(A3Σu

+) + e−

N2(A3Σu
+) + H2O → OH + N2 + H

NO + HO2 → OH + NO2

O2 + H → OH + O
UV + H2O → H2O*

UV + H2O* → H+ + OH−

OH− → OH + e−

OH + OH → H2O2

OH + H2O2 → HO2 + H2O
N + OH → NO + H
OH + O3 → HO2 + O2

2. Nitric oxide
radical (NO)
(Uhm, 2015; Kurake et al., 
2017)

N + O → NO
N + OH → NO + H
N + O2 → NO + O
N2(A3Σu

+) + NO2 → NO + O + N2

N + O + M → NO + M
N + O2 → NO + O
N + O3 → NO + O2
N + O2

* → NO + O
N + O2(1S) → NO + O
N* + O3 → NO + O2

N2
* + O → NO + N

N2
* + O3 → NO + NO + O

NO + N → N2 + O
NO + O → NO2

NO + OH → HNO2

NO + HO2 → HNO3

2NO + O2 → 2NO2

NO + HO2 → ONOOH

3. Atomic oxygen (O) 
(Yue et al., 2016b)

e− + O2 → 2O + e−

O2 + M* → 2O + M
O2 + H → OH + O
O2 + N2(A,B,C) → 2O + N2(X)

O + O2 + M → O3 + M
O + O + M → O2 + M

4. Singlet oxygen (1O2) 
(Braginsky et al., 2005)

e− + O2 → 1O2

O + O → 1O2

O− + 1O2 → O3 + e−

O− + 1O2 → O(3P) + O2
−

5. Excited nitrogen (N) 
(Braginsky et al., 2005; 
Uhm, 2015; Kurake et al., 
2017)

e− + N2 → N2
* + e−

e− + N2 → N + N
O2

*− + N2 → O2 + N + N

N + O → NO
N + OH → NO + H
N + O2 → NO + O
N2(A3Σu

+) + NO2 → NO + O + N2

N + O + M → NO + M
N + O2 → NO + O
N + O3 → NO + O2

N + O2
* → NO + O

N + O2(1S) → NO + O
N* + O3 → NO + O2

N2
* + O → NO + N

N2
* + O3 → NO + NO + O

6. Superoxide (O2
*−)

(Braginsky et al., 2005; 
Brisset and Pawlat, 2016)

e− + O2 → O2
*−

OH + HO2 → O2
*− + H2O

ONOO− → NO + O2
*−

O2
*− + N2 → O2 + N + N

O2
*− + N → NO2 

7. Hydrogen peroxide (H2O2) 
(Attri et al., 2015; Uhm, 
2015)

OH + OH → H2O2 OH + H2O2 → HO2 + H2O

8. Nitrate (NO2)
(Lukes et al., 2014; Uhm, 
2015; Joslin et al., 2016; 
Kurake et al., 2017)

NO + O → NO
2NO + O2 → 2NO2

HNO2 + OH → HO2 + NO2

HNO2 → NO2
− + H+ 

NO2 + NO2 + H2O → NO2
− + NO3

− + H+

NO2 + OH → ONOOH
HO2 + NO2 → HNO2 + O2 
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long-lived species, including H2O2, NOx and other uncharac-
terized species, which are responsible for the high and sus-
tained reactivity of PAM. RONS uptake, observed in many 
cancer cell lines, results in cell injury, while the antitumor 
effects of PAM are completely inhibited with NAC. NAC, 
widely used as an antioxidant, directly scavenges OH, H2O2 
and hypochlorous acid (HClO) but not O2

− (Aruoma, 1998). 
Therefore, at least one of these three reactive species is 
responsible for PAM-induced cell injuries.

Ninomiya et  al. demonstrated that the roles of OH-
radical-induced apoptosis are to increase both extracel-
lular (culture medium) and intracellular effects after a 
plasma treatment in breast cancer cell lines (Ninomiya 
et al., 2013). However, OH radicals, regarded as short-lived 
species, will be converted into long-term stable species 
such as hydrogen peroxide. H2O2 is considered to be 
responsible for most of the activity in PAM-induced cell 
injuries (Boehm et al., 2017). It can diffuse freely through 
the cell membrane without disturbing it. However, prod-
ucts that cooperate with H2O2, such as organic peroxides, 
can disturb the membrane structure and increase the per-
meability of the cell membrane, which can then become 
the initial step for H2O2-induced cell injury, followed by 

the influx of extracellular reactive species from PAM. H2O2-
scavenging reagents such as catalase or pyruvate mark-
edly attenuate the PAM anticancer effect. However, other 
species have a cooperative role with H2O2, as evidenced 
by the addition of H2O2 in a medium, which was found to 
have a weaker killing effect than PAM when exposed to 
lung adenocarcinoma cells (Adachi et al., 2015).

NO can easily penetrate the cell membrane and orga-
nelle membrane, causing an increase in intracellular ROS 
and damage to mitochondria, thus ultimately triggering 
apoptosis in cells. NO can quickly dissolve into water. 
Specific types of PAM, such as NO-PAM, have also been 
developed by purging NO gas into water. This process 
eventually reaches an NO concentration of 140 μm. Exten-
sive NO radicals accumulate inside cervical cancer cells 
and induce apoptosis (Li et  al., 2017a). In an aqueous 
solution, the half-life of NO can be sustained up to 24 h 
(Yan et al., 2014). However, other work has claimed that 
NO has a short life and that it will quickly convert to NO2

− 
and NO3

− in PAM (Adachi et al., 2015). Moreover, NO2
− up to 

thousands of micromoles exhibits very little toxicity with 
regard to the glioblastoma cell line; however, when adding 
NO2

− to H2O2, it has a synergistic effect that enhances 

S. no. Reactive species Creation pathways Destruction pathways

9. Nitrite (NO3)
(Braginsky et al., 2005; 
Lukes et al., 2014)

NO2 + O → NO3

NO2 + O3 → NO3 + O2

HNO3 → NO3
− + H+

NO2
− + O3 → NO3

− + O2

NO2 + NO2 + H2O → NO2
− + NO3

− + H+

NO + NO2 + H2O → 2NO2
− + 2H+

ONOOH → NO3
− + H+

NO + NO3 → NO2 + NO2

NO3 + NO3 → NO2 + NO2 + O2

10. Peroxynitrate (ONOO−)
(Braginsky et al., 2005; 
Brisset and Pawlat, 2016)

O2
*− + NO → ONOO−

OH + NO2 → ONOO− + H+

ONOO− → NO + O2
*−

11. Nitrous acid (HNO2) 
(Uhm, 2015)

NO + OH → HNO2

HO2 + NO2 → HNO2 + O2

HNO2 + OH → HO2 + NO2 
2HNO2 → NO2 + NO2 + H2O

12. Nitric acid (HNO3)
(Uhm, 2015)

NO2 + OH → HNO3

NO + HO2 → HNO3

13. Ozone (O3)
(Braginsky et al., 2005; 
Uhm, 2015)

O2 + O → O3 OH + O3 → HO2 + O2

14. Peroxynitrous acid (ONOOH)
(Lukes et al., 2014)

NO + HO2 → ONOOH
NO2 + OH → ONOOH

ONOOH → OH + NO2

15. Hydrogen dioxide (HO2)
(Uhm, 2015)

H2O2 + OH → HO2 + H2O
HNO2 + OH → HO2 + NO2

OH + O3 → HO2 + O2

H + O2 → HO2

NO + HO2 → HNO3

HO2 + NO2 → HNO2 + O2

Table 1 (continued)
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the H2O2 killing ability, though this is still not as strong 
as a PAM treatment (as shown in Figure 3; Kurake et al., 
2016). The stronger anticancer activity of PAM than H2O2 
and NO2

− added to a medium indicates that other reac-
tive species also play a non-negligible role (Kurake et al., 
2016). On the other hand, NO2

− or NO radicals and H2O2 
react to generate peroxynitrite (ONOO−), which is toxic 
and which will attack important macromolecules in cells, 
possibly leading to the NO2

− synergistic effect with H2O2.
The ability to cause PAM-triggered cell injuries depends 

on several factors, such as the medium type, the seeding 
cell density and the PAM volume. If the medium contains a 
RONS quenching reagent, for example, pyruvate in DMEM 
6429, it will reduce the PAM anticancer effect. A lower 
seeding density and a greater volume of PAM induce a higher 
cell injury percentage due to catalase activity of the seeded 
cell number and the RONS amount in the PAM volume 
(Adachi et al., 2015). Another important factor in relation 
to PAM is fetal bovine serum (FBS). The anticancer capac-
ity of PAM can feasibly be controlled by regulating the FBS 
concentration in the medium and the storage temperature 
of PAM. Yan and colleagues demonstrated that FBS plays a 
protective role for U87 cells in PAM. The killing capacity of 
PAM decreases as the concentration of FBS is increased. A 
similar phenomenon was also found by another research 
group, who showed that the presence of FBS in PAM was 
to act as a RONS scavenger with a lower cancer cell killing 
effect (Yan et al., 2014). Due to the FBS scavenging effect, 
the H2O2 concentration in PAM increases linearly with the 
plasma treatment time at a slower rate for media with 
FBS as compared to media without FBS. However, the 
linear NO2

− concentration increase with the plasma treat-
ment time was not affected by the presence of FBS in the 

medium (Kurake et al., 2016). This suggests that FBS can 
scavenge more with ROS rather than with RNS. This may 
also contribute to the storage instability of PAM. Moreover, 
an in vivo experiment showed that tumor volumes were not 
completely inhibited by PAM, likely because various RONS 
scavengers in living tissue neutralizes the RONS contained 
in PAM. The more complex process initiated by PAM-con-
taining RONS in actual biological cells must be understood 
more clearly in future work.

The RONS-mediated mechanism of selective cancer 
cell injuries can be explained in terms of the different sta-
tuses of cancer and normal cells when in the PAM environ-
ment. One possible explanation compared to many cancer 
cells is that normal cells may have a higher antioxidant 
reserve. Therefore, normal cells are more tolerant to exog-
enous RONS stress, and the issue of the appropriate dose 
of PAM treatment is less important. In contrast, cancer 
cells have a specific metabolic need. Accordingly, more 
aquaporin is expressed in cancer cells than in normal 
cells (Yan et al., 2015). Cancer cells with an elevated rate 
of RONS production are more vulnerable to the accumula-
tion of intracellular RONS. The molecular level explana-
tion of this phenomenon is also addressed below.

Molecular mechanisms of PAM-induced 
apoptosis

The molecular mechanisms associated with the PAM anti-
cancer effect have been addressed in several studies. PAM 
function as reactive species donors (specifically RONS), for 
inhibition or atviation of survival and proliferation signal-
ing pathways, and are involved strongly in the inhibition 
of carcinogenesis. The PI3K/AKT and Ras/MARP pathways 
are found to be constitutively active in glioblastoma brain 
tumor cells, and after a treatment with PAM, both path-
ways were found to be down-regulated. This may also 
explain the selective killing effect of PAM, as PAM types 
are expected to attack the signaling pathways that are spe-
cially activated in cancer cells. As these two pathways are 
related closely to proliferation for tumor cells and the inhi-
bition of apoptosis, down-regulation of these pathways 
could induce apoptosis in cells (Tanaka, 2012).

Reactive species present in PAM can cause damage 
to the DNA structure by changing the hydrogen bonds 
between the complementary bases in the DNA. This 
type of DNA oxidation is also associated with increased 
8-hydroxy-20-dexyguanosine formation and the activa-
tion of poly(ADP-ribose) polymerase-1 (PARP-1), which 
further results in the intracellular ATP amount decreas-
ing, leading to cell death (Kumar et al., 2016).
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Figure 3: Anticancer activity of NO2
− alone, H2O2 alone, both NO2

− 
and H2O2 or PAM on U251SP (human glioma cell line) according to 
MTS assays after 24 h of incubation.
Here, PAM is prepared by irradiating media with an ultra-high electron 
density plasma plume (1016 electrons per cm−3) up to 300 s. Obtained 
with permission from Kurake et al. (2016). Copyright © Elsevier, 2016.
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H2O2 from PAM-triggered mitochondria dysfunc-
tion may act as the primary event in the apoptosis signal 
pathway. Mitochondria play a pivotal role in cell apopto-
sis by releasing pro-apoptotic factors such as apoptosis-
inducing factor (AIF) and cytochrome c, thus activating 
caspase-independent and caspase-dependent pathways, 
respectively (Hong et al., 2004). The activation of PARP-1 
induces a release of AIF from mitochondria, accompanied 
by the formation of poly(ADP-ribose) (PAR) and the deple-
tion of nicotinamide adenine dinucleotide (NAD+). AIF 
released from mitochondria shuttle to the nucleus and are 
known to trigger chromatin condensation and extensive 
nuclear injury. When mitochondria are damaged and the 
membrane potential is decreased, the permeability of the 
membrane will increase and allow an efflux of AIF, thus 
aggravating the translocation of AIF to the nuclei, induc-
ing chromatin condensation and DNA fragmentation and 
ultimately cell apoptosis. Adachi and coworkers reported 
a mitochondria-dysfunction-mediated caspase-independ-
ent signal pathway in cases of cancer cell injuries by PAM. 
The PAM treatment activated PARP-1, induced the forma-
tion of PAR in the cell nuclei, the accumulation of AIF 
surrounding the nucleus and the depletion of the total cel-
lular NAD+ amount in cancer cells. However, these injury 
effects can be suppressed by a PARP-1 inhibitor, further 
confirming that PAM activates PARP-1 and subsequently 
induces mitochondrial dysfunction. Moreover, PAM sig-
nificantly increased the number of calcium ions (Ca2+) 
and thus induced the endoplasmic reticulum (ER) stress-
mediated apoptosis pathway, as shown by the increased 
expression of the ER stress marker C/EBP homologous 
protein (CHOP) (Adachi et al., 2015).

Though the complex mechanism networks between 
PAM and cell interactions still need to be elucidated, these 
findings provide significant insight into the intracellular 
molecular mechanism of PAM-mediated cancer cell apop-
tosis, especially with regard to the selective killing effect. 
Understanding the molecular mechanism will provide 
strong evidence and lead to clinical applications of PAM 
in the future.

Role of PAM on three-dimensional 
(3D) cancer spheroids, the epithe-
lial mesenchymal transition (EMT) 
and metastasis
Judée et  al. investigated the anti-proliferative effects of 
PAM on HCT116 colon adenocarcinoma tumor spheroids 

(Judée et  al., 2016). They generated PAM using a pulsed 
helium plasma jet in open air with 60–240  s of plasma 
exposure. Multicellular spheroids were immersed in PAM 
at different time intervals (from 15 min to 48 h). The growth-
inhibiting effect of PAM on these HCT116  spheroids was 
evaluated, and it was found to be associated with DNA 
damage, leading to cell death and a loss of the multicel-
lular tumor spheroid proliferative region. The spheroid is a 
well-known 3D model in in vitro conditions, resembling an 
in vivo tumor, and it also plays an important role in many 
metastasis processes. DNA damage as observed on the out-
ermost layers of the spheroid is completely dependent on 
the plasma exposure dose. Catalase is used in this study to 
validate the role of H2O2 in the observed genotoxic effect. 
However, the viability of GM637  human fibroblasts was 
selectively unaffected after exposure to PAM (Judée et al., 
2016). This study also emphasized the selectivity of PAM to 
inhibit the growth of cancerous cells only rather than the 
effect on normal human cells. The stability of PAM is also 
very important to induce a genotoxic effect, it has been 
reported that the activity of PAM can be maintained upon 
storage at +4°C or −80°C for up to 7 days. The aging of PAM 
is also an essential factor for medical applications. The 
stability of PAM may be due to the crystallization of H2O2 
at a very low temperature, such as below −60°C, to avoid 
any decomposition. The genotoxic and viability inhibition 
effects induced by PAM are due to the presence of H2O2 or 
certain stable species in an aqueous solution; however, the 
role of other ROS or RNS, or RONS or other factors, gener-
ated by plasma must also be considered when comparing 
PAM types upon a direct plasma exposure. There is also a 
need for further research on the level of stability consider-
ing the various chemical characterizations present in PAM 
to validate its storage-duration dependent efficacy.

Nofel and coworkers investigated the inhibitory 
effects of PAM on head and neck cancerous FaDu cells. 
The responses of cells in both monolayers and spheroids 
after a treatment with PAM were compared (Nofel et al., 
2017). The PAM and H2O2 effects were compared on FaDu 
cells, and their spheroids were assessed by MTT and a 
sphere-size detection assay, respectively. They empha-
sized that PAM must be considered as a potentially effec-
tive agent in the treatment of head and neck cancer. They 
also indicated that multicellular tumor spheroids are 
more valuable model than a monolayer cell culture during 
an investigation of the anti-cancer activity of PAM.

Ikeda et al. reported the effects of PAM on the cancer-
initiating cells of endometrioid carcinoma and gastric 
cancer cells, which are present in few tumors and which 
are mainly responsible for tumorigenesis and metasta-
sis (Ikeda et  al., 2018). Cancer-initiating cells are also 
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responsible for tumor resistance to chemotherapy by elim-
inating drugs using aldehyde dehydrogenase enzymes, 
and they are also resistant to radiotherapy. This study 
showed that PAM can induce apoptotic cell death selec-
tively in cancer-initiating cells without affecting normal 
cells. A combined treatment with PAM and cisplatin 
enhances the apoptotic death of cancer cells as compared 
to the effect by PAM or cisplatin alone. An in vivo study 
involving a xenograft mice model also demonstrated a 
similar cancer inhibitory effect on cancer-initiating cells. 
The expected mechanism is related to components of PAM 
which may directly inhibit the aldehyde dehydrogenase 
activity, thus triggering cancer regression. PAM types are 
recommended against cancers; however, it is also impor-
tant to combine them with other chemotherapies or radio-
therapies. This must also be studied in the future. Further 
studies of the mechanisms involved are also important, 
PAM can be a promising treatment modality, contributing 
to a brighter therapeutic outlook, especially when com-
bined with other treatment methods.

PAM can be as efficacious as a direct plasma treat-
ment to induct anti-cancer activity on cancer cells. ROS 
and RNS in media or in an aqueous solution play key roles 
in the anti-cancer activity of PAM. The efficacy of PAM is 
dependent on many factors, such as the plasma exposure 
dose, the storage duration, the storage temperature and 
the incubation time during the treatment.

Plasma liquid interaction is a very important topic in 
the field of plasma medicine because most cells and tissues 
are surrounded by body fluids. Mohades et al. reported in 
conjunction with measurements of the concentrations of 
H2O2 that most stable plasma generated species are known 
to have strong biological effects which are generated by 
plasma exposure to a culture medium (Mohades et  al., 
2015). Plasma pencils were used in this study to prepare 
the PAM and to assess its anticancer activity on SCaBER 
human bladder cancer cells. Mohades et al. compared the 
anticancer effect of PAM with apoptotic-inducing drugs 
such as staurosporine and indicated that PAM types can 
retain their killing effects for several hours. PAM types 
produced by longer plasma exposure times are most effec-
tive, but this effect decreases with time. PAM showed an 
incubation-time-dependent effect on cancer cells, but no 
immediate effect. PAM produced by 4 min of plasma expo-
sure (produced by a plasma pencil) reduced cell viability 
by nearly 90%. PAM produced by a plasma pencil can be 
stored at room temperature for up to 8 h and can be effica-
cious against cancer cells.

In another study, it was reported that the concentra-
tions of the reactive species and consequently the effective-
ness of PAM decrease over time after exposure to plasma 

(Mohades et al., 2016a,b). The aging-time-dependent effect 
of PAM on the viability of SCaBER bladder squamous cell 
carcinoma cells was demonstrated. To assess the effects of 
PAM on normal cells, MDCK (Madin-Darby canine kidney) 
cells from the normal epithelial tissue of a dog kidney were 
treated. The viability of normal MDCK cells was unaffected 
at various doses despite the severe killing impact of PAM 
on SCaBER cells. In their study, they used both serum-free 
and complete media to investigate the role of ferrous-ion-
containing proteins and enzymes on the decomposition of 
H2O2 via the Fenton reaction. Serum in cell culture media 
contains proteins and metallic compounds such as ferrous 
ions, which can destroy H2O2 in PAM. Therefore, we evalu-
ated the H2O2 concentration in a serum-free PAM as well as 
a serum-supplemented PAM. The earlier researchers meas-
ured the amounts of hydrogen peroxide at different aging 
times after exposure to plasma. The stability of the reactive 
species in an aqueous state is one of the most important 
issues to determine the effectiveness and self-life of PAM. 
This study showed a correlation between the effective-
ness of PAM and the H2O2 concentration, as both decrease 
over time. It was shown that complete media (with serum) 
reduce the level of H2O2 by 50% in PAM aged for 8 h. Other 
factors such as the plasma exposure time, the storage 
temperature, and the pH of the media are also important 
parameters that can influence the stability of the reactive 
species induced by PAM.

Takeda and colleagues claimed that the administration 
of a fluid treated with atmospheric-pressure non-thermal 
plasma has attracted much interest as a novel treatment 
for cancers, and they demonstrated the therapeutic effect 
of PAM against cancer in vivo using a peritoneal metastasis 
mouse model (Takeda et al., 2017). For the preparation of 
PAM, they considered factors such as the distance between 
the plasma source and the medium surface and changes of 
the volume of the medium. Wound-healing and adhesion 
assays were conducted on two gastric cancer cell lines to 
check the effect of PAM on the cell migration and adhe-
sion ability in vitro. It was found that shorter gap distances 
between the plasma source and the medium surface and 
smaller volumes of the medium enhance the anticancer 
activity of PAM. The PAM treatment reduced cancer cell 
migration and adhesion. The mechanism of these out-
comes is related to oxidization by oxygen radicals and the 
destruction of molecules which adhere to the cell mem-
brane. Peritoneal metastatic nodules were reduced by 60% 
with an intraperitoneal injection of PAM in a mouse model. 
It was concluded that plasma-activated liquids may repre-
sent a novel treatment method against peritoneal metas-
tases in gastric cancers. It is also important to note that 
the detailed work on the inhibitory effect of PAM, the use 
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of other plasma liquid treatment modalities (e.g. simple 
liquids such as water or saline) and safety studies of PAM 
on humans must be carried out in the future.

Nakamura et al. demonstrated the anti-cancer effects 
of PAM in an animal model reflecting pathological con-
ditions and the accompanying mechanisms (Nakamura 
et  al., 2017). They investigated the effect of PAM on the 
metastasis of ovarian cancer ES2 cells in vitro and in vivo. 
They demonstrated that cell migration, invasion and adhe-
sion were suppressed by PAM at a certain PAM dilution 
ratio, at safe doses. The molecular mechanisms were also 
assessed for these outcomes using PAM. It was found that 
MMP-9 (critical for cancer cell mobility, EMT and meta-
stasis process) was reduced and that the MAPK pathway 
was activated by the inhibition of the phosphorylation 
of JNK1/2 and p38 MAPK after the treatment (Figure 4). 
Kaplan-Meier survival analysis results showed that the 
mice model from the PAM-treated group had a better sur-
vival rate. This report on clinical predictions from a pre-
clinical in vivo study can be very important with regard to 
the development of a medical strategy for ovarian cancer 
treatments involving the use of PAM.

Anticancer effect of other  
plasma-activated liquids
Research on other plasma-activated liquids such as 
 plasma-activated solutions (PAS) or plasma-stimulated 
solutions (PSS) is a steadily emergent area in plasma 

medicine. For this purpose, researchers have considered 
all types of solutions or buffers which are already used 
clinically. Recently, researchers also made new claims that 
their PAS or PSS is effectively administrable to humans; 
however, there are no relevant clinical data to show the 
advantage of their activated solutions over others to 
support their claim. Tanaka et  al. demonstrated a tumo-
rigenicity inhibition effect of plasma-activated Ringer’s 
lactate solution (Tanaka et al., 2016). A plasma treatment 
of lactate generates acetyl and pyruvic acid-like groups can 
show anticancer effects. It is expected that plasma gener-
ates acetyl and pyruvic acid-like groups in acetic acid Ring-
er’s solution. A study of plasma-activated lactated Ringer’s 
solution (PAL) demonstrated the antitumor effects of PAL 
in vitro and in vivo (Sato et al., 2018). It was demonstrated 
that the intraperitoneal administration of PAL can be a 
more appropriate therapeutic option for cancer and peri-
toneal metastases inhibition. Another recent report con-
ducted a comparison between plasma-stimulated media 
(PSM) and PSS (using a buffer solution) on pancreatic and 
brain cancer cells (Yan et al., 2017). They showed that PSM 
and PSS can both have specific anticancer effects depend-
ing on the cancer cell type. In addition, the toxicity of PAS 
or PSS on cancers can be significantly improved by con-
trolling the dilution of the solutions.

Effect of PAM on non-cancerous 
cells
Previous reports have shown that PAM have anti-tumor 
effects on various types of cancerous cells (Tanaka et al., 
2014, 2015a,b). PAM provides different advantages, such 
as the isolation of the effects of chemical species in acti-
vated media from the direct effects of other agents in the 
plasma, such as charged particles, UV radiation and heat. 
PAM can also be stored for later use. These discoveries 
have widened the applications of cold-plasma-induced 
therapy, in which indirect plasma in the form of PAM may 
be a promising tool for use with cancer therapies that are 
associated with unwanted side effects due to damage to 
normal cells and healthy tissue. Hence, it is very impor-
tant to understand the interaction between plasma and 
normal cells in relation to other medical uses. Earlier 
studies found that normal cells are more resistant to oxi-
dative stress induced by a plasma treatment than cancer 
cells; hence, a plasma treatment can be used to treat 
certain cell types (Iseki et  al., 2012; Wang et  al., 2013; 
Mohades et  al., 2016a,b). The absence of skin damage 
induced by the plasma treatment was reported by Fridman 

Figure 4: Mechanisms of the intraperitoneal anti-metastatic effect 
of PAM.
Oxidative stress in ES2 cells down-regulates MMP-9 expression 
via MAPK pathway inhibition, alleviating cancer cell adhesion, 
migration and invasion onto the mesothelial cell lining in the 
peritoneal cavity (Nakamura et al., 2017).
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and colleagues (Fridman et al., 2008), who noted that the 
selective effect of a plasma treatment is highly dependent 
on the dose (time) of plasma exposure. Therefore, normal 
cells can withstand a moderate level of oxidative stress up 
to a certain limit, but a longer exposure time can induce 
severe inevitable damage (Graves, 2012). In this section, 
we exploit the effects of PAM on non-cancerous cells and 
its various medical applications as used presently.

PAM treatments are also responsible for the suppres-
sion of many non-cancerous cells, such as MDCK cells 
(canine kidney epithelial cells) and SCaBER cells due to 
the concentration of hydrogen peroxide generated in the 
media (Mohades et al., 2016a,b). A decrease in the cellular 
viability, morphology and migration was revealed 2 days 
after a PAM treatment in MDCK cells. Immuno-staining of 
the Ki67 localization in MDCK nuclei confirms the inhi-
bition of cellular proliferation (Mohades et  al., 2017). A 
co-culture of liver cancer cells (HepG2) and normal liver 
cells (L02) in a system with PAM produced by a plasma 
jet with different time intervals showed a decrease in 
adherence with an increase in the treatment time in a 
mono-culture system. This indicated that the optimum 
dose of PAM (10  min plasma treatment) can kill cancer 
cells while causing less damage to normal cells in the co-
culture system. Investigations showed that non-adherent 
cancer cells are in apoptosis rather than necrosis states 
without significant changes in the pH values of the PAM 
(Duan et al., 2017). The cause of this can be attributed to 
the increase in the concentrations of H2O2 (594 μm) and 
NO (29 μm) at a plasma treatment time of 10 min. The cat-
alytic-iron-associated cellular proliferation of endometri-
otic glandular cells was also reported, most likely induced 
by the PAM treatment (Ishida et al., 2016). Therefore, PAM 
types prevent the progression of endometriosis in murine 
models (Ishida et al., 2016). PAM types are also known to 
suppress choroidal neovascularization in mice, which is 
a new therapeutic concept related to age-related macular 
degeneration (Ye et al., 2015).

Role of PAM in blood coagulation 
and as regenerative medicines
The facilitation of blood coagulation by non-thermal 
plasma-generated water is a novel method that is espe-
cially effective when used to stop the oozing of blood in 
surgery (Miyamoto et al., 2016). Plasma-generated water 
induced eosinophilic fibrous membrane-like structures, 
while the natural coagulation process usually contains 
erythrocytes for healing purposes (Ikehara et  al., 2013). 

The inflammation recovery process after a treatment 
with non-thermal plasma water or a thermal coagulator 
was visualized using radiopharmaceutical, 2-deoxy-2-[18F] 
fluoro-D-glucopyranose (18F-FDG), and it was shown that 
the former is less inflammatory (Ueda et al., 2015). Elec-
tron microscopic analyses revealed that fragmented fibro-
blasts were seen in electrocoagulation-treated skin and 
not in plasma-treated water skin (Akimoto et al., 2016).

PAM types act as a useful tool for the selective elimina-
tion of undifferentiated human-induced pluripotent stem 
cells (hiPSCs) from a population of differentiated cells, 
and they act as a type of regenerative medicine during 
a cell transplantation therapy (Matsumoto et  al., 2016). 
Low-dose plasma-treated water can promote cell growth, 
while high-dose plasma-treated water induces apoptosis 
or necrosis, which may reflect the dose-dependence of 
oxidative stress (Kalghatgi et  al., 2010; Toyokuni, 2016). 
From the perspective of cardiac disease, the perfusion of 
non-thermal plasma-treated water resulted in lower blood 
pressure and an increase in the nitrous oxide concentra-
tion in the abdominal aortas of rats (Tsutsui et al., 2014).

Role of PAM in antioxidant activity
At present, correct dieting principles and paying attention 
to what we eat in order to stay healthy are very important. 
The bulk of what we eat, such as fruit and vegetables, 
are 90% water, while fish and meat are about 70% water. 
Vitamin C is the main antioxidant present in staple diets, 
and it rapidly diminishes with age. Hence, the reduction 
potential of vitamin C decreases (Harrison, 2012). For 
this reason, it is necessary to take vitamin C in the form 
of a dietary supplement. Studies at the genomic level 
showed protective and antioxidative roles of cold plasma 
in aqueous media (Kurita et al., 2014). Carbohydrates, the 
main component of fruit and vegetables, have a molecular 
mass of 180 Da, whereas water has a much lower molecu-
lar weight of 18 Da. PAM types consist primarily of water 
and have a high reduction potential (−250 mV to −300 mV), 
making them superior scavenging agents of active oxygen 
(Lotfy, 2016). A nuclear magnetic resonance (NMR) analy-
sis found that tap water and well water consist of clusters 
of 10–13 H2O molecules. The electrolysis of water in PAM 
makes these species slightly alkaline while also reduc-
ing these clusters to about half their normal size, i.e. five 
to six water molecules per cluster (Santos et  al., 2013). 
Due to plasma treatment electrolysis in a liquid medium, 
more active hydrogen molecules-ORP are generated, with 
lower surface tension than regular tap water. The lower 
surface tension makes PAM (alkaline ionized water) easier 
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to absorb via cellular osmosis. PAM quickly permeates the 
body and blocks the oxidation of biological molecules by 
donating its abundant electrons to active oxygen, ena-
bling biological molecules to replace themselves naturally 
without damage caused by oxidation, possibly leading to 
diseases. The antioxidant effects of PAM on fibroblasts 
against cellular injury due to the high dose of H2O2 as an 
oxidative stress inducer were also reported in studies that 
activated the Keap1-Nrf2-ARE signaling pathway (Horiba 
et al., 2017).

PAM as an antiviral and medical 
disinfectant
Recent studies of different viruses showed that PAM has the 
potential to inactivate the Newcastle disease virus (NDV), 
which causes a deadly infection in birds but which has 
mild effects on humans. For the treatment of this dreadful 
disease, PAM (H2O), PAM (NaCl) and PAM (H2O2) as an anti-
viral solution were used to eradicate or inactivate NDV at an 
appropriate ratio, as verified by an embryo lethality assay 
(ELA) and a hemagglutination (HA) test (Su et  al., 2018). 
The possible mechanism of PAM inactivation against NDV 
is RONS, including short-lived OH˙ and NO˙ and long-lived 
H2O2 detected in PAM, which may change the viral morphol-
ogy, degrade viral proteins, and destroy the RNA structure, 
thus resulting in the inactivation of the virus.

Researchers globally are testing how PAM compares to 
other disinfectants, such as alcohol, to reduce infections, 
as 7% of hospitalized patients acquire a new infection 
during their treatment (Raja Danasekaran and Annadurai 
2014). PAM obtained by exposing sterile distilled water 
with a gliding arc plasma plume can inactivate bacterial 
(Hafnia alvei) and yeast cells in their planktonic and adher-
ent forms (Kamgang-Youbi et al., 2007). The efficiency of 
any disinfection method depends on a number of factors, 
including both abiotic factors and biotic factors. Inactiva-
tion of sessile bacteria (Gram-positive and Gram-negative) 
by a PAM treatment is well acknowledged (Stewart and 
Costerton, 2001; Patel, 2005; Kamgang-Youbi et al., 2007) 
in food-borne pathogens (Kayes et  al., 2007). The pres-
ence of H2O2 and an acidic pH of nitrite and nitrates in 
PAM when exposed to the gliding arc taken together may 
be mainly responsible for the inactivation capacity of PAM 
(Burlica et al., 2006). However, PAM is highly resistant to 
yeast and oxidizing radicals, H2O2, and acidified nitrite 
has been found to be less efficient vs. yeast than vs. bac-
teria (Guyader et al., 1996; Weller et al., 2001; King et al., 
2006).

PAM in water treatment and 
 processing applications
Plasma-treated water is presently starting to be applied in 
advanced oxidation processes (AOP). It is well established 
that plasma in water contains numerous chemically active 
species, such as OH radicals, O radicals and H radicals, 
which have strongly oxidized agents (Bruggeman and 
Leys, 2009). PAM produced by a high impulse current can 
form radicals in a medium, a process which is presumably 
effective at removing chlorine disinfection by-products 
from water supplies and which can serve as a substitute 
for drinkable water. PAM procured by this method can 
easily be used for waste water treatments, sterilization 
and other chemical processes.

The role of PAM in dentistry
Applications of cold plasma for the sterilization of dental 
and medical equipment as an alternative to traditional 
sterilization methods will be very safe and cost effective 
(Morris et al., 2009). Morris et al. studied the effect of cold 
plasma (direct and indirect) on bacterial cultures. They 
evaluated Geobacillus stearothermophilus and Bacillus 
cereus and their interactions with cold plasma. It has been 
suggested that the plasma effect produces greater damage 
to Gram-negative bacteria than to Gram-positive bacteria 
(Laroussi et  al., 2003). Geobacillus stearothermophilus 
(Gram-positive), very resistant to high pressures, is used 
as an indicator of sterilization methods. Bacillus cereus 
(Gram-positive) is commonly associated with periodon-
tal disease and food poisoning (Beuchat et al., 1997). An 
experimental study carried out by Morris et  al. revealed 
that two Gram-positive strain bacterial cells were inacti-
vated effectively, whereas G. stearothermophilus spores 
were not significantly decreased. Moreover, this effect was 
seen at a higher temperature by an indirect rather than a 
direct application of plasma.

The World Health Organization (WHO) considers per-
iodontal diseases and caries as a major reason for tooth 
loss and as a global oral health issue (Peterson, 2003). 
The main culprits behind this are bacterial strains and 
pathogens, which must be systematically eradicated. 
Good oral health and the use of mouthwash represent a 
good combination. Most commonly, chlorhexidine (CHX) 
is used as a mouthwash, but it can cause tooth stains and 
erosion. Hence, alternatives need to be found. Li et  al. 
evaluated the antimicrobial effects of PAW as a mouth-
wash (in an in vitro study) (Li et al., 2017b).
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The study was carried out in vitro using Streptococcus 
mutans, Actinomyces viscosus and Porphyromonas gingi-
valis. Streptococcus mutans is the main cause of dental 
caries (Koban et al., 2011), A. viscosus is responsible for 
plaque formation, and P. gingivalis is a periodontal agent. 
It is also a major agent responsible for chronic periodon-
titis (Andrian et  al., 2006). PAW (water treated by cold 
plasma) when obtained by the exposure of distilled water 
to gliding arc discharges (Kamgang-Youbi et al., 2008) can 
generate radical species (OH/NO) without any dangerous 
side effects of the direct plasma jet or UV radiation. The 
experiment in that study indicated the successful inac-
tivation (included the distortion of the morphology and 
cytoplasmic shrinkage and the leakage of proteins and 
DNA) of S. mutans, A. viscosus and P. gingivalis using 
PAW. The results suggested (Figure 5) that PAW has the 
potential to be utilized as an agent in a new type of 
mouthwash to kill oral bacteria (Li et al., 2017b).

The usage of PAM/PAW in dentistry is still the subject 
of numerous studies. Research is being carried out for 
tooth whitening procedures as well, but no commercial 
products are available for usage. White teeth are estheti-
cally appealing to people, and tooth bleaching has long 
been used in the dental field. However, the usage of PAW/
PAM as a medium for tooth whitening due to its efficiency, 
safety and biosecurity makes it a potentially useful 
method for clinical tooth whitening procedures. Currently, 
research is ongoing to assess the viability of this technique 
(Kang, 2016; Cheng et al., 2017).

Shi et  al. studied the activation of signal pathways 
when oral cancer cells were exposed to PAM (Shi et  al., 
2017). Although cold atmospheric pressure plasma is 
being increasingly used as a cancer treatment method, 
problems related to convenient storage and its infiltration 
capacity have resulted in the development of alternate 
plasma treatment methods such as PAM. NO, H2O2 and 
NO2

− – NO3
− anions are the commonly found ROS species 

in PAM; these are relatively long-lived secondary prod-
ucts, unlike direct cold atmospheric plasma (CAP), which 
generates short-lived species (Chauvin et al., 2017). These 
long-lived RONS species are responsible for the cytotoxic 
effects of PAM. With respect to cancer cells, PAM types 
allow for the selective treatment of specific target cancer 
cells that are not reachable by gaseous applications of 
plasma (Chauvin et al., 2017; Shi et al., 2017). In a study 
by Utsumi and coworkers it was found that PAM activa-
tion has anti-tumor effects on chemo-resistant cells both 
in vitro and in vivo (Utsumi et al., 2013). In work by Shi et al. 
(2017), RNA-sequencing and immunology were used to 
identify the transcriptomic changes in an oral squamous 
cell carcinoma cell line (SCC-15) when treated with PAM. 
KEGG mapping showed enriched signaling pathways, in 
this case the ‘p53 pathway’, ‘hippo pathway’, ‘TNF-path-
way’, ‘AGE-RAGE pathway’ and the ‘FOX pathway’, but the 
p53 pathway was the most significant of all. PAM activa-
tion had no effect on the p53 state of mRNA or the protein 
levels, but genes related to the p53 pathway were acti-
vated. Liebermann et al. concluded that plasma-induced 
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Figure 5: Effect of PAW on bacterial strains related to dental diseases.
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cell death could be a p53-dependent or p53-independent 
process (Liebermann et al., 1995).

The disinfection and sterility of dental units is a 
problem due to the presence of pathogens in the biofilms 
within the dental unit waterlines. Improper disinfection 
methods can cause remnants of the biofilm to be present, 
possibly leading to bacterial multiplication. Dental unit 
waterlines can be disinfected using various methods, such 
as disinfectants and ICX (Bowen et al., 2015). PAW/PAM is 
also being tested for this purpose. Pan et al. used PAW on 
dental waterlines with Enterococcus faecalis biofilm. The 
results indicated the inactivation of the bacteria within 
5 min of the treatment due to the presence of RONS within 
the PAW (Pan et  al., 2017). More such studies must be 
carried out in the future to establish PAW as a disinfectant 
for dental equipment.

Sterilization of microorganisms 
by PAM and PAW
Despite the ongoing food safety measures in the US, 
foodborne illnesses continue to be a substantial health 
burden. The 10 US sites of the Foodborne Disease Active 
Surveillance Network (FoodNet) monitor cases of labo-
ratory-diagnosed infections caused by nine pathogens 
transmitted commonly through food. In 2017, FoodNet 
reported 24 484 infections, 5677 hospitalizations and 122 
deaths. When compared with 2014–2016, the 2017 inci-
dence of infections with Campylobacter, Listeria, non-
O157 Shiga toxin-producing Escherichia coli, Yersinia, 
Vibrio and Cyclospora increased (Marder et  al., 2018). 
Most foodborne illnesses can be prevented by reducing 
the contamination of microorganisms in food. The search 
for novel techniques for microbial decontamination is 
currently the subject of a considerable number of investi-
gations. Non-thermal plasma is a new approach to micro-
biological safety while maintaining the sensory attributes 
of the treated foods (Xu et al., 2016). It involves exposing 
food to ionizing radiation (such as charged particles, EF, 
UV photons or reactive species) to disinfect the microbes 
while ensuring the safety of the products. Previous work 
has demonstrated that non-thermal plasmas can effi-
ciently disinfect a wide range of microorganisms, includ-
ing bacteria, fungi, viruses, bacterial spores and biofilms 
(Kolb et  al., 2008; Pan et  al., 2013). ROS are the major 
bactericidal agents, and they cause damage to DNA and 
proteins in microbial cells (Joshi et al., 2011). Non-thermal 
plasma is also known to be highly effective when used to 
reduce harmful bacteria and eliminate toxins in fruits, 

vegetables and various meat stuffs, while  preserving the 
fresh taste, aroma, texture, wholesomeness and nutri-
tional content of the food (Baier et al., 2013; Pankaj et al., 
2014).

Cold plasma is a mixture of electrons, ions, free 
radicals and excited and neutral molecules. It has been 
proven to react with water, implying that PAW possesses 
the ability to inactivate microbial cells (Kamgang-Youbi 
et  al., 2008; Naïtali et  al., 2010; Oehmigen et  al., 2010; 
Zhang et al., 2013). It is generally agreed that the bacte-
ricidal activity of PAW derives from the synergistic effects 
of a high positive oxidation reduction potential (ORP) and 
low pH. Among the various reactive chemical species in 
PAW, H2O2 are the main types of ROS; however, OH, O and 
O3 also indirectly contribute to the ORP, as they can react 
and form stable and toxic molecules. Moreover, RNS must 
be considered to result in the high ORP; examples include 
NO and its derivatives formed with water, including NO2

−, 
NO2

−, and ONOOH (Laroussi, 2005; Dobrynin et al., 2009; 
Oehmigen et  al., 2011; Lukes et  al., 2012, 2014; Van-Gils 
et  al., 2013). Meanwhile, the production of RNS also 
plays a dominant role in the acidification of PAW. Recent 
research has reported that PAW can also efficiently inac-
tivate a wide variety of microorganisms. Various plasma 
sources are used to activate water, including direct current 
(DC), low-frequency discharge, radio frequency discharge, 
pulsed coronas, DBD, atmospheric pressure plasma jets 
and microwave discharge (Laroussi, 2002; Fridman et al., 
2005; Moreau et  al., 2008; Park et  al., 2012). Currently, 
research on the impact of the pH and of H2O2 on the pro-
gress of PAW disinfection has highlighted the importance 
of ROS in PAW solutions (Naitali et  al., 2010; Oehmigen 
et al., 2010). Atmospheric-pressure plasma jets have been 
used to activate water for the disinfection of bacteria such 
as B. subtilis (Sun et al., 2012), S. aureus (Zhang et al., 2013, 
2016; Shen et  al., 2016) and Pseudomonas aeruginosa 
(Van-Gils et al., 2013).

Recently, there have been reports on a plasma jet that 
was used to activate water for the inactivation of bacte-
ria and fungi from mushrooms of ROS in PAW solutions 
(Naitali et al., 2010; Oehmigen et al., 2010). Atmospheric-
pressure plasma jets were also used to activate water for the 
disinfection of bacteria such as B. subtilis (Sun et al., 2012) 
and Staphylococcus aureus (Zhang et al., 2013, 2016; Shen 
et al., 2016) and (Agaricus bisporus) (Xu et al., 2016). More-
over, Li et al. (2017b) reported a novel mouthwash which 
was assessed in vitro using cold-plasma-jet-activated water. 
Three representative oral pathogens (S. mutans, A.  visco-
sus and P. gingivalis) were treated with PAW. Scanning and 
transmission electron microscopy images showed that the 
normal cell morphology was changed by varying degrees 
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after a treatment with PAW (Figure 6). This report suggests 
that PAW has potential for use as a novel antimicrobial 
mouthwash. In addition, micro-pulsed DBD was used to 
activate water for the decontamination of E. coli (Traylor 
et al., 2011), Candida albicans and S. aureus (Ercan et al., 
2013; Laurita et al., 2015).

Moreover, Kamgang-Youbi et  al. (2008) reported the 
efficacy of a plasma chemical solution obtained by the 
activation of water with gliding electric discharges for the 
disinfection of planktonic and adherent cells of Staphylo-
coccus epidermidis, Leuconostoc mesenteroides (as models 
of Gram-positive bacteria), H. alvei (a Gram-negative type 
of bacteria) and Saccharomyces cerevisiae (as a yeast 
model). PAW could disinfect adherent cells better than 
planktonic cells in the case of bacteria. When comparing 
bacteria and yeast cells, PAW was more effective for bac-
teria than for yeast. The efficacy of PAW depends on the 
type of microorganism and the reactive species produced 
in the PAW. The reactive species (ROS and RNS) produced 
in PAW also depend on many factors, such as the plasma 
working gas, the discharge type, the treatment time, the 
storage time and the chemical composition of the sur-
rounding environment.

Effects of PAW on microbial cells

The action of atmospheric pressure plasma water-based 
liquids and distilled water involves changes in their 
characteristics, mainly the pH and electric conductiv-
ity, to acquire important oxidative potentials (Vlad and 
Anghel, 2017). Depending on the nature of the discharge 
gas (argon, helium, air, oxygen, nitrogen or their mix-
tures), ROS and reactive nitrogen species are generated 
in the plasma core or in the plasma-liquid contact zone, 
after which they are dissolved in the liquid (Lukes et al., 
2014; Vyhnankova et al., 2014; Jablonowski and Woedtke, 
2015; Laurita et  al., 2015; Rumbach et  al., 2015; Gorba-
nev et  al., 2016; Janda et  al., 2016; Rehman et  al., 2016; 
Shang et  al., 2016). Some of them are long-lived species 
while the others are short-lived species (Liu et al., 2016). 
They are responsible for a large variety of applications of 
plasmas in contact with liquids, mainly in the bio-med-
icine field and for the reduction of environmental pollu-
tion ( Kamgang-Youbi et al., 2008, 2009; Jablonowski and 
Woedtke, 2015; Laurita et al., 2015; Janda et al., 2016). For 
microbial cells, ROS such as O, OH and 1O2 are the key 
inactivation agents in plasma direct inactivation, and 
plasma-induced oxidative stress is believed to cause cell 
damage and death (Laroussi and Leipold, 2004; Nagatsu 
et al., 2005; Kim et al., 2009; Helmke et al., 2011; Ma et al., 
2012; Zhang et al., 2012). Water activated by non-thermal 
plasma near room temperature and at atmospheric pres-
sure will generally create acidic (pH approx. 2–3) solutions 
that contain H2O2, NO2 and NO3 anions, as well as other 
species ( Oehmigen et  al., 2010). Such an acidic solution 
can effectively kill bacteria in a suspension (Kamgang-
Youbi et al., 2007, 2008). If the pH exceeds approximately 
3–4, the antibacterial effectiveness is known to drop sig-
nificantly (Oehmigen et al., 2010).

Furthermore, Zhang et  al. (2016) described steriliza-
tion mechanisms of PAW for S. aureus cells (Figure 7). 
Large amounts of RONS in PAW could be produced by 
air plasma, leading to the acidification of PAW. The most 
reactive and toxic species among all RONS, especially 
OH, could initiate lipid peroxidation of the lipid bilayer in 
the cell membrane by abstracting a hydrogen atom from 
a methylene group, thus resulting in the cross-linking of 
the fatty-acid side chain to form transient pores in the cell 
membrane, followed by cell permeabilization and depo-
larization of the cell membrane potential. Intracellular 
RONS can accumulate through two pathways. The first is 
that by which RONS produced by plasma extracellular can 
move into the cell by active transport across the bilayer 
or the transient pores in the cell membrane. The second 
is that by which external oxidative stress can also induce 

S. mutans

A

B

C

D

A. viscosus P. gingivalis

Figure 6: Scanning electron microscopy (A, B) and transmission 
electron microscopy (C, D) images of Streptococcus mutans, 
Actinomyces viscosus and Porphyromonas gingivalis before (A, C) 
and after (B, D) a treatment with PAW.
The red arrows indicate the obvious surface morphology changes 
after the PAW treatment compared to the control group. Taken with 
permission from Li et al. (2017b). Copyright ©Wiley-VCH Verlag 
GmbH and Co. KGaA, Weinheim, 2017.
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oxidative stress in the cell, thus increasing the intracel-
lular RONS. Meanwhile, a large amount of protons (H+) 
in PAW can also flow into the cell via the destroyed cell 
membrane, consequently decreasing the intracellular pH 
(Figure 7). Intracellular RONS can not only oxidize DNA, 
causing the fragmentation of DNA, but can also react with 
proteins, lipids and carbohydrates, leading to the altera-
tion of the molecular structure and the chemical bonds. 
More importantly, excess intercellular RONS and an 
extremely low pH would destroy the redox and pH homeo-
stasis in the cell, ultimately resulting in physiological dys-
functions and cell death.

Role of PAW in plant biology
Ensuring the food security of the ever-growing human 
population is the prime task for agricultural scientists. 
Worldwide crop production must increase two-fold in 
order to fulfill the demand of approximately the 9.6 billion 
people who will inhabit the earth in 2050 (United Nations, 
2015). However, various physical, biological and anthro-
pogenic factors reduce crop production, representing the 
major issues to achieve food security. Biotic and abiotic 
types of stress cause a 25–50% reduction in the crop yield 
(Acquaah, 2007; Savary et  al., 2012). At present, various 
approaches, such as the use of pesticides and fungicides, 

molecular breeding, genetic engineering and nanotech-
nology are used to manage abiotic and biotic stress. These 
approaches are cost-intensive, time-consuming and have 
several serious side effects.

Cold atmospheric plasma treatments are emerging 
as a cost-effective and eco-friendly tool for enhancing 
the plant defense response towards the biotic and abiotic 
factors. Cold atmospheric plasma treatments induce and 
increase the level of reactive oxygen/nitrogen species in 
plants, having both noxious and growth-inducing effects 
on plants. A high dose and a longer time treatment of cold 
atmospheric plasma have toxic effects and are used to 
inactivate pathogens, whereas lower doses and a shorter 
time of exposure of cold atmospheric plasma induces 
fewer ROS, which have growth-inducting effects.

Over the past few decades, various studies have 
been reported on the use cold plasma treatments in agri-
culture. Cold plasma treatments are used either directly 
(direct exposure to cold plasma) or indirectly (cold-
plasma-treated water or solution exposure) in agriculture 
( Thirumdas, 2018). In agriculture, cold-plasma-treated 
water can be produced by two methods: (1) The discharge 
of a high electric voltage or current in water, and (2) 
through the interaction of gas-phase plasma-generated 
free radicals and water molecules. In the first method, pri-
marily ·OH radicals are produced, whereas in the second 
method, OH, NO, NO2, NO3 and H2O2 are also produced 
(depending upon the flow gas) in water (Horikoshi and 
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Serpone, 2017). These RONS, such as H2O2, ammonium 
(NH4

+), NO, NO2 and NO3 ions, have positive effects on 
plant germination and growth. NH4

+, NO2 and NO3 ions 
serve as sources of nitrogen and enhance plant growth, 
whereas H2O2 improves the germination efficiency of 
plants (Judée et al., 2018).

Significantly, research done in the area of plasma 
applications in agriculture suggests that plasma treat-
ments are effective when used to control plant disease, 
for seed decontamination, to instill resistance to abiotic 
stress, to improve seed germination and plant growth and 
for postharvest disease control.

PAW in seed germination

A plasma treatment of water produces H2O2 by a reaction 
between OH and excited water molecules (Maheux et al., 
2015). H2O2 has prime roles in the breaking of seed dor-
mancy and in germination activation (Ismael et al., 2015). 
In different seeds, different concentrations of H2O2 are 
needed to break the dormancy and induce germination, 
varying from 30 μm to 20  mm (Barba-Espín et  al., 2012; 
Naim, 2015). Judée et al. 2018 observed that the H2O2 con-
centration varies from 0.3 to 1.85 mmol/l with an increase 
in the exposure time of the plasma treatment to water. 
H2O2 concentrations of 30 μm and 0.7 mm are effective for 
the seed germination of cow peas and coral lentils.

PAW application in plant growth

The most prominent application of PAW is to enhance 
plant growth. Takaki et  al. (2013) reported that Brassica 
rapa irrigated with PAW had a higher nitrogen content 
in leaves, a larger leaf surface area and a greater dry 
weight as compared to its non-irrigated counterpart. 
Sivachandiran and Khacef (2017) observed that tomato 
plants treated with PAW had better growth profiles then 
untreated plants. They also suggested that PAW contain 
higher amounts of NO3 ions, which act as a fertilizer and 
help in the germination and growth of plants. In PAW-
treated plants, the augmentation in the growth and germi-
nation of plants is due to the synergetic effect of H2O2 and 
NO (Zhang et al., 2017).

PAW role in postharvest disease

Postharvest diseases cause significant losses in crop 
productivity. Plant pathogenic fungi such as Penicillium 

spp., Aspergillus spp., Fusarium spp., Botrytis cinerea, 
Monilinia spp. and Colletotrichum spp. cause significant 
losses in crops due to the wide range of the host (Barkai-
Golan, 2001; Tripathi and Dubey, 2004; Narayanasamy, 
2008). In recent years, agriculture scientists have focused 
mainly on the development of chemical-free approaches 
for the control of postharvest diseases at the commercial 
level. Plasma treatments are emerging as a viable solu-
tion with which to manage postharvest diseases (Siddique 
et  al., 2018). The antimicrobial activity of PAW remains 
for several days (Traylor et al., 2011) and can be used for 
the inactivation of postharvest fungi. Laurita et al. (2015) 
successfully reported the inactivation of C. albicans and 
S. aureus using PAW. The pathogenic bacterial load was 
reduced by 1.4–3.7 log on strawberries after 15  min of a 
treatment with PAW (Ma et al., 2015). Another successful 
attempt was made by Ouf et al. in 2016. They used cold 
plasma to reduce the fungal loads of Aspergillus niger, 
Alternaria alternata and Penicillium italicum in the wash 
water of strawberries, cherries and red grapes. Ma et al. 
(2016) proposed that the effectiveness of PAW increases 
with an increase in the duration of the exposure of water 
to CP during the PAW generation process. They also sug-
gested that a PAW treatment of Chinese bayberry can 
control fruit decay and maintain the quality and taste of 
this food.

Future perspectives
Although there have been significant advances recently 
in the area of PAM/PAW research, many questions remain 
unanswered. Investigations of the complexity of PAM solu-
tions to elucidate the nature and time-dependent con-
centration profiles of the species are important topics for 
further studies. The time-dependent stability of PAM may 
be correlated with the interaction of the reactive species 
and the chemical constituents present inside the media 
and the related natural decomposition. More research on 
plasma-liquid interactions related to reactive species and 
their chemistry is warranted in the future to explain the 
overall biological effect induced by PAM. It is also impor-
tant to determine the effects of plasma on various types of 
solutions other than media or water. Recently, a research 
group at Nagoya University reported the effect of PAL 
and plasma-activated acetic acid Ringer’s solution (PAA) 
on cancer cells. However, more detailed studies of PAS or 
PSS should be conducted in the future using spectroscopic 
and NMR analyses with relevant biological mechanisms. 
Further dilution of plasma-treated solutions also must be 
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considered by future researchers in assessments of sig-
nificant anticancer effects. Thus, computational tools can 
be used to predict the generation or synthesis of chemical 
compounds in liquid solutions using non-thermal plasmas 
by controlling reactive species or dilutions of solutions. 
It is also important to investigate the role of PAM further 
with regard to the detachment of cancer cells in vitro and 
in vivo, as PAM-induced detached cells may be responsi-
ble for cancer metastasis in the human body. Furthermore, 
the route of the safe administration of PAM or PAW, or PAS, 
has not been established in humans yet; therefore, phar-
macokinetic and pharmacodynamic studies are needed 
to make them more practical indirect plasma treatment 
modalities. Alternative applications such as the activa-
tion or differentiation of immune cells, stem cells and for 
wound healing can be possible uses of PAM with short 
plasma activation times. Moreover, a simple and promis-
ing dental application of PAW as a mouthwash to inhibit 
the growth of oral pathogenic microbes must be supported 
with biosafety studies of PAW on normal oral tissue. 
Finally, for more detailed research on PAM, PAW, and PAS 
for a sustainable tomorrow related to regenerative medi-
cine, cancer, dental, sterilization and agriculture topics are 
needed to prove their potential and safe applications.
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