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Abstract: Cold atmospheric plasma use in clinical studies is mainly limited to the treatment of chronic
wounds, but its application in a wide range of medical fields is now the goal of many analyses.
It is therefore likely that its application spectrum will be expanded in the future. Cold atmospheric
plasma has been shown to reduce microbial load without any known significant negative effects on
healthy tissues, and this should enhance its possible application to any microbial infection site. It has
also been shown to have anti-tumour effects. In addition, it acts proliferatively on stem cells and
other cultivated cells, and the highly increased nitric oxide levels have a very important effect on this
proliferation. Cold atmospheric plasma use may also have a beneficial effect on immunotherapy in
cancer patients. Finally, it is possible that the use of plasma devices will not remain limited to surface
structures, because current endeavours to develop sufficiently miniature microplasma devices could
very likely lead to its application in subcutaneous and internal structures. This study summarises the
available literature on cold plasma action mechanisms and analyses of its current in vivo and in vitro
use, primarily in the fields of regenerative and dental medicine and oncology.
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1. Introduction

William Crookes established the fundamentals of plasma science in 1879 by experimentally
ionizing gas in an electrical discharge tube by the application of high voltage through a voltage coil.
The ionised gas was named radiant matter. The current plasma term was then initiated almost fifty
years later in 1927 by Irvin Langmuir [1]. Plasma has since been applied in many spheres over the
past few decades, including medicine [2–4]. Plasma is often defined as an ionised gas produced by
disintegration of polyatomic gas molecules or the removal of electrons from monatomic gas shells [5].
However, not every ionised gas that contains charged particles can be considered plasma because of
the following strict definition [5–7]: (1) Plasma must have macromolecular neutrality (quasi-neutrality).
In the absence of external disturbances in plasma, the net resulting electric charge is zero. Therefore,
plasma contains (almost) the same density of positively and negatively charged particles; (2) Plasma
must have Debye shielding, where the charged particles in plasma are arranged to effectively shield
electrostatic fields within the distance of a Debye length. This is defined as a measure of the distance
over which the influence of the electric field of an individual charged particle is felt by other charged
particles inside the plasma; (3) Plasma frequency. If plasma loses its equilibrium conditions, the
resulting internal space charge-fields promote collective particle motion that tends to restore the
original charge neutrality. This motion is characterised by the natural oscillation frequency referred
to as plasma frequency. Plasma can therefore be defined as “a quasineutral gas containing many
interacting free electrons and ionised atoms and molecules which have collective behavior caused by
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long-range coulomb forces” [7]. In addition, the charged-particle motion in plasma gives rise to electric
fields and generates currents and magnetic fields [6].

Plasma can also be divided into high-temperature, thermal, and non-thermal groups [7,8].
All particles (electrons and heavy particles) have the same temperature in high temperature plasma,
and they are therefore in thermal equilibrium. In thermal (quasi-equilibrium plasma) are only areas of
thermal equilibrium within the plasma. Finally, non-thermal (non-equilibrium) plasma have particles
that are not in thermal equilibrium. This plasma is termed “cold plasma” [7,8].

High-temperature or thermal plasmas have higher electron density and ionization than cold
plasma, which has ionization only up to 1% [5–7]. In poorly ionized plasmas, the charge-neutral
interactions dominate multiple coulomb interactions [6]. Moreover, although electron–electron
collisions achieve thermodynamic equilibrium in cold plasma, and their temperature is then much
higher than that of ions and neutrons, they cannot transfer their kinetic energy to larger particles [6].

High temperature plasma can reach 108 K, as found in the solar core. Thermal plasma temperature
can be approximately 2 × 104 K and this is observed in thunderstorm lightning. Finally, nonthermal
plasma temperature can be 300 to 1000 K under artificially created conditions, as in fluorescent tubes [8,9].
Cold plasma discharge can be achieved at both low pressure and atmospheric pressure [2,3,10].

Low pressure cold plasma was first applied in the late 1960s to decontaminate surfaces, and
this treatment has in some aspects proven to be more effective than conventional sterilisation [11].
In contrast, the benefits of cold atmospheric plasma (CAP) in reducing microbial load were discovered
only in the second half of the 1990s [12,13]. Nevertheless, CAP provides a better alternative for modern
medicine than the cold plasma generated at low pressure. CAP application is also an easier process
to use than low pressure plasma because it can be generated from a portable device and this enables
easier access to affected cells and tissues than the that of the large vacuum generating system required
for low pressure cold plasma. In addition, most types of low-pressure plasma generating systems are
very expensive [11]. It is also impractical, and almost impossible, to place any body part in this system
and leave it to be exposed to plasma discharge. Moreover, all animal and human tissues contain water
and its presence is undesirable in low pressure conditions [11]. Finally, although low-pressure plasma
discharge can be regulated, its character is quite different and stronger than the discharge generated
by atmospheric pressure plasma and is generally not suitable for application to human or animal
cells or tissues. Nevertheless, cold plasma generated under low pressure can be utilised in medicine.
Examples of this are its use in “flash-sterilisation”, implants, and tissue engineering products’ surface
modifications [11].

Although CAP does not achieve the sterilization and decontamination possibilities of low pressure
plasma [11], it is still effective in lowering microbial load [14,15]. Most importantly, CAP’s less intense
effects enable its direct application to cells and tissues [3,4] and its ability to reduce microbial load
makes it a good option to replace antibiotics and to combat bacterial strains that have increasing
antibiotic resistance [3]. A further great advantage of CAP-generating devices is their relatively low
manufacturing costs [3,4]. Therefore, accessible, efficient, and cheaper CAP devices can very likely
reduce the financial burden imposed on the health budget by conventional treatments.

Plasma discharge reduces bacteria viability mainly by formation of UV radiation, induction
of reactive oxygen (ROS) and nitrogen (RNS) species, and creation of electric current [4,16–22].
The oxygen-based species generated by plasma discharge include hydroxyl (OH), hydrogen peroxide
(H2O2), superoxide (O2

−
•), hydroxyl radical (•OH), singlet oxygen (1O2), and ozone (O3) [23,24].

The nitrogen-based species are nitric oxide (•NO), nitrogen dioxide (•NO2), dinitrogen tetroxide
(N2O4), nitrogen trioxide (NO3), nitrous oxide (N2O), and peroxynitrite (ONOO-) [23,24]. The reactive
species can be formed either by plasma–air interaction or by plasma–liquid interaction. While hydroxyl
radicals and nitric oxides are typically formed by plasma–air interactions, nitrites, nitrates, and H2O2

with relatively longer lifetimes are formed by plasma–liquid interactions [23,24]. For example, this
latter interaction occurs when cells in the cultivation media are exposed to plasma [25]. In addition,
CAP generates positively charged ions such as N2+ [22] and also electrons [20].
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However, prokaryotic bacterial cells differ from eukaryotic human and animal cells, and tumour
cells differ from healthy cells. Moreover, all cells can act differently in in vitro conditions and
they can respond differently to the cells in living organism tissues. This highlights the possibility of
different responses to CAP devices in those cell types and also under in vitro and in vivo conditions [26].
However, it is generally presumed that low dose plasma treatment stimulates cell viability and enhances
proliferation, differentiation, and migration, while high doses should induce cell apoptosis [26].

Plasma devices used in clinical practice are designed to avoid danger to healthy cells. They undergo
multistep testing and are not currently associated with significant side effects [4,27,28]. However, the
appropriate CAP dosage in clinical practice must be closely controlled, and this control depends on
treatment type. For example, the distance between the plasma source and treatment object must be
carefully adjusted. Here, Nastuda et al. [29] reported that the effect of plasma jet application can vary
widely, even with a one centimetre difference between tube nozzle and human skin. The authors found
significant differences in plasma spread and current flow through human tissue when the skin–nozzle
gap was reduced from 15 mm to 5 mm. Moreover, it cannot be hypothetically excluded that CAP
application does not have some minimal negative effects at the molecular level. All these findings
and possibilities are subject to ongoing analysis, but current results suggest that the unproven adverse
effects are outweighed by CAP’s many benefits [3,4,12]. Finally, it is likely that more possibilities and
greater benefits for CAP use in clinical practice will be demonstrated in the future, because most CAP
studies have just taken place in the last 15 years [3,4,12]. While CAP can be employed in aesthetic
procedures [30–32], herein we summarise CAP use in more serious medical conditions. These especially
include acute and chronic wounds and oral bacterial infections and tumour therapy. Concurrently, we
explore plasma potential in regenerative medicine and biological engineering.

The clinically used and experimentally tested CAP devices are divided into three main categories:
1.) those based on direct-discharge, 2.) those based on indirect-discharge, and 3.) hybrid types [4,33,34].

Direct dielectric barrier discharge (DBD) occurs between a high voltage electrode and a grounded
one. The electrodes can both or individually be covered with a dielectric layer or the dielectric material
can be placed in the space between the electrodes. DBD devices must also be charged only with
alternating or pulsed high voltage to ensure capacitive coupling. Electrons and ions in these devices
after initial gas breakdown are “stopped” by the dielectric barrier. Electric field of ions and electrons
then shields the electric field from the external source. If this state is maintained, it leads to discharge
loss, and the external voltage must be changed to preserve discharge. Breakdown occurs when
increasing alternating current voltage is applied, and discharge activity ceases when the maximum
voltage is attained. Moreover, two breakdowns occur in the same period when pulse-operated DBDs
are employed. The initial breakdown is caused by the high voltage pulse, and the electric field created
by the charge carrier is sufficient to cause a further breakdown during voltage decrease. This is in the
form of a ‘backward discharge’ [35–37]. The DBD devices have several variations and designs, and
one of the most practical and suitable for medical application is the floating electrode DBD (FE-DBD).
Technically, FE-DBD devices do not contain a grounded electrode, and this is replaced by affected cells
or tissues. The DBD devices provide a higher intensity and more adaptable and controlled discharge.
They can also generate plasma solely in air without the need for carrier gases. The discharge area,
however, is relatively limited because it must lie between two electrodes, and a constant distance must
be maintained; this demands a smooth, flat surface [4,33,34].

Indirect discharge is generated by devices usually called Plasma jets, Plasma pens, or Plasma
torches. These devices are similar to indirect discharge devices in that they comprise two facing
electrodes generating a plasma discharge between them, but here, the carrier gas directs the plasma
discharge. Therefore, the discharge does not affect the object between the two electrodes but proceeds
in the gas flow direction. While this allows the target object to be located outside the device and the
affected area is adjustable, lower amounts of ROS and RNS species are produced and the discharge is
harder to control than with the DBD devices. Finally, plasma generated by indirect devices is stronger
in all UV ranges, but unlike DBD devices, they do not produce electric current.
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The hybrid plasma devices combine these principles but are currently applied only at the
experimental level. These devices create a discharge by combining micro-discharges on a grounded
mesh electrode. There is uniform discharge, no effect on the object between the two electrodes, and
the device is relatively easy to control. However, these devices have slightly higher susceptibility to
component wear and subsequent deterioration. This is especially noticeable in humid environments
and following direct contact with treated cells and tissues [4,33,34].

There are three specific types of plasma devices certified for clinical practice [11]. The very first
certified device was the kINPen® MED plasma-pen (INP Greifswald/neoplas tools GmbH, Greifswald,
Germany). The second was the PlasmaDerm® VU-2010 DBD device, based on dielectric plasma
discharge technology (CINOGY Technologies GmbH, Duderstadt, Germany) and the latest certified
device is the SteriPlas plasma torch device (Adtec Ltd., London, UK). However, several more devices
with various modifications have been tested under laboratory and experimental conditions and are
awaiting possible certification for clinical application.

Finally, plasma application itself can be direct and indirect. In direct plasma application, cell
lines are exposed to plasma discharges in vitro, and animal models and human tissues are exposed to
the discharges in vivo. In contrast, the medium or solution affected or activated by plasma is used
in indirect application. This is then used in cell cultivation or for direct injection into tested subjects,
such as mouse xenografts [38]. In addition, long-term species including nitrates, nitrites, and H2O2 are
usually preserved in plasma-activated medium (PAM) [39].

2. Use of Cold Plasma for Treatment of Chronic and Acute Wounds

The antimicrobial effect of CAP was demonstrated in the 1990s and this led to its use in medicine [12].
The initial 2007 clinical trial used the plasma device in facial rejuvenation procedures [40]. CAP use
in regenerative medicine was initially aimed at accelerating acute and chronic wound healing by
alleviating bacterial infection, because infection can significantly slow the healing process [4,10,27].
The first randomised pilot trials were performed by Isbary et al. [41]. These authors investigated
CAP’s effect on microbial infection mitigation in chronic ulcer wounds and confirmed significant
infection reduction without side effects. Two years later, they reported that two-minute CAP treatments
sufficiently decreased microbial load and improved chronic ulcer healing [42]. Both studies included
venous, arterial, diabetic, and traumatic ulcers, and reduced bacterial infection was observed regardless
of bacterial type. Chronic leg ulcers are relatively common, especially venous ulcers that affect up to
2% of the global population [43,44]. Ulcer reduction and cure is complex and it requires long-term care.
Moreover, 15% of patients have ulcers that never heal and up to 71% have complicated remission [43,44].
Bacterial infection is a major contributor to the complex treatment of ulcers and many strains present
in ulcers have increasing resistance to conventional antibacterial treatment [45,46]. Studies, therefore,
focused on cold plasma use in ulcer treatment. One randomised study on CAP treatment included
14 patients [47]. Half the patients were treated with conventional procedures and the remainder had
concurrent CAP therapy. Treatments were administered tri-weekly for eight weeks to both groups,
followed by a four-week observation period. Although reduced arterial ulcers were observed in both
groups, the CAP group had more rapid and observable improvement. The effect of CAP on 50 patients
with pressure ulcers was then analysed in a similarly conceived study [48]. Subjects were divided into
standard treatment and combined CAP-intervention groups, and the treatments were applied weekly
for eight weeks. Improvement, including bacterial load decrease, was already significantly greater in
the CAP group after the first week.

CAP benefits in pressure ulcer reduction have also been recorded in Wistar rat models.
Experimentally created ulcers were treated with CAP for 60 s, 3 times a day for 5 days [49]. There was
resultant rapid re-epithelisation, angiogenesis, collagen synthesis, and increased tissue mechanical
strength after plasma exposure. Guo and colleagues [50] investigated CAP effects on various chronic
wounds, including pyoderma gangrenosum, giant genital warts, and diabetic foot ulcers. The pyoderma
gangrenosum patient had previously been unsuccessfully treated with antibiotics. The lesions were



Int. J. Mol. Sci. 2020, 21, 2932 5 of 25

irradiated for 5 min once every 2 days, with 60–80 min total irradiation for all lesions. Exudation was
significantly lower on the third day, and 6 cycles of exposure enabled the lesions to completely dry and
contract. This patient was treated for a further 6 months without remission. A second patient had
experienced some improvement of pyoderma gangrenosum after antibiotic treatment and was then
treated with this CAP regime. The lesion completely disappeared after 8 CAP treatments. There was
again no recurrence noted in the 4-month follow-up period. In addition, a diabetic patient who had an
ulcerated foot for two months experienced healed ulcers after four repeated CAP treatments.

Finally, two independent studies reported the possibility of concurrent CAP device use with
commonly used octenidine disinfectant for chronic leg ulcer treatment. The authors considered
that combined use of cold plasma and this disinfection should achieve better results than separate
application [51,52]. CAP applications for chronic wound healing are listed in Table 1.

Table 1. List of cold atmospheric plasma (CAP) applications for chronic wound healing.

Wound Type Number of
Patients/Subjects

Plasma Device
Type/Injected Gas Result Exposure Time

Chronic leg ulcers [41] n = 36 MicroPlaSter plasma
torch/Ar

Faster wound healing,
microbial load

reduction
5 min/day

Chronic ulcers [42] n = 24 MicroPlaSter alpha and
beta plasma torch/Ar

Faster wound healing,
microbial load

reduction
2 min/day

Chronic venous leg
ulcers [47] n = 14 PlasmaDerm(®)

VU-2010 DBD device

Strong antimicrobial
effect, rapid ulcer size

reduction

45 s/cm2 (max. 11 min)/3×
per week/8 weeks

Chronic pressure
ulcers [48] n = 50 Plasma Jet/Ar

Better PUSH score,
microbial load

reduction

1 min/cm2/1× per week/8
weeks

Pyoderma
gangrenosum [50] n = 2 Plasma jet device with

variable electrode types

Gradual drying,
absorbing, and wound

healing

>5 min until all area was not
irradiated/every second

day/6 and 8 times

Chronic leg ulcers due
to diabetes [50] n = 1 Plasma jet device with

variable electrode types
Gradual healing of

wound

>5 min until all area was not
irradiated/every second

day/3 times

Pressure ulcers in
Wistar rats [49] Plasma jet/He

Rapid
re-epithelialisation,
angiogenesis, and
collagen synthesis

30 s/3× per day/5 days

Ar: Argon, He: Helium.

The primary intention of CAP use was to provide a modern form of wound disinfection.
However, CAP treatment has already proved beneficial in wound healing due to increased
cutaneous microcirculation, monocyte stimulation, keratinocyte and fibroblasts proliferation, and cell
migration [26,27]. Of these, the keratinocytes and fibroblasts are especially important in the later
wound-healing phases [26].

The positive effect of CAP application on keratinocyte and fibroblast proliferation has been
demonstrated on cell lines in vitro [53]. The HAcaT keratinocyte cell lines and MRC5 fibroblast cell
lines had increased mobility even after brief CAP exposure. This involved decreased gap-junction
protein activity at the molecular level, and changes in adherent junctions and cytoskeletal dynamics
with concurrent E-cadherin and integrins down-regulation. The in vivo plasma effect in mouse models
was also investigated in that study, and the authors demonstrated that the observed wound healing
is due to formation and action of NO, UV radiation, ROS, and RNS [53]. Several other studies also
confirmed the CAP effect on keratinocyte activity. There was simultaneously increased b1-integrin
expression and decreased E-cadherin and EGFR expression in these cells following CAP exposure [54].
Moreover, keratinocytes had significantly increased levels of ROS after CAP application, which resulted
in various cell adaptation mechanisms [55]. More than 260 genes, including those coding for cytokines,
growth factors, and antioxidant enzymes were differentially expressed. In addition, the HSP-27 cell
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protective heat-shock protein, which participates in regulating cell development and differentiation,
was also highly expressed [55]. Schmidt et al. [56] indicate that the p53 cascade should be a major hub
of cold plasma–cell interactions in keratinocytes. The authors also consider that the ATM and ATR
redox sensors have higher activity, and that MAP kinase signalling should modulate the p53 signals.

A recent study [57] established interesting ‘cross-talk’ between CAP-affected fibroblasts and
keratinocytes. A co-cultured model of these cells showed that plasma exposure initiated higher HIPPO
pathway activity and that the transcriptional coactivator of this pathway YAP was significantly up-regulated.
Moreover, the downstream effectors of this pathway and YAP target genes, CTGF and CYR 61 [58], were
more highly expressed, but this was only seen in fibroblasts. This increased expression, however, could
be reversed by antioxidants application. Most importantly, increased HaCat keratinocyte cell mobility
occurred only when they were incubated with CAP-treated fibroblast-conditioned medium. Finally, the
authors presumed that CTGF and Cyr61 secretion from fibroblasts activates keratinocytes via paracrine
signalling. Evidence for this claim includes that the HaCat lines had greater mobility after exposure to
recombinant CTGF and Cyr61, even when CAP treated fibroblasts were not present.

It is interesting that cold plasma in animal mouse models accelerated wound healing in second- and
third-degree burns. This was mainly due to increased angiogenesis. At the molecular level, NO formation
was accelerated and the expression of the PDGFRβ and CD31 pro-angiogenic markers increased. There
was also increased TGFβ1 activity and VEGFA/VEGFR2 signalling stimulation [59–61]. The positive CAP
effect was also proven in rat model healing of chemical burns following rat-skin exposure to sulphuric
acid. Here, 40 s exposure to CAP each day accelerated healing. The CAP treated wounds almost
disappeared after 21 days, while untreated wounds remained clearly visible. The authors also noted
that the biochemical profile was altered in CAP treated wounds. This was apparent in the changed
levels of the following oxidative stress markers. The malondialdehyde levels were increased, and the
reduced glutathione, glutathione peroxidase, and catalase levels were lower in the CAP group than those
in unaffected controls, those treated with plasma modified polyurethane wound dressing, and those in
the natural wound recovery group. The white blood cell dynamics and the complement component 3
and fibrinogen production differed in these groups during the 21 day treatment. White cell counts were
generally highest in the natural wound recovery group and lowest in the CAP group. The fibrinogen and
complement component 3 concentrations were similarly highest in the natural wound recovery group
and lowest in the CAP treated group [62,63]. Betancourt-Angeles et al. then demonstrated that cold
plasma accelerated human burn healing [64]. Pain and itching were relieved after a three-minute CAP
application, and a further three-minute repeat application after 16 h produced significantly accelerated
healing and new tissue formation. This was a case report study and the authors did not investigate the
molecular mechanisms during or after plasma administration. Previous research, however, supports the
expectation that angiogenesis and growth factor activation had occurred.

CAP effects on different acute wounds has also been investigated. One study involved patients with
different sizes of lower extremity skin transplants. The patients were divided into two groups, with one
group receiving a placebo and the other under-going CAP treatment. The final results showed that the
CAP group patients had a much better healing course the second day after CAP application [65].

A further interesting study investigated the potential of plasma application to dog bite wounds [66].
Here, the authors analysed the effect of CAP on the following bacterial strains typically found in dog
saliva: Staphylococcus pseudintermedius, Staphylococcus aureus, Streptococcus canis, Pseudomonas aeruginosa,
Pasteurella multocida, and Escherichia coli. CAP exerted a strong in vitro antiproliferative effect on all
these bacteria. However, some differences were noted between the strains, dependent on bacterial
growth phase and treatment length. The author’s previous similar study [67] revealed that the overall
CAP decontamination effect was lower than both polyhexanide-biguanide and saline lavages. These
differences, however, were not statistically significant and the employed disinfectant did not affect
the overall healing course. Therefore, further analysis would be beneficial to establish definitive
conclusions on CAP use in treating dog bite wounds. However, it can be expected that the current
potential for CAP application in these acute wounds will increase, especially when these bacterial
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strains’ increasing resistance complicates treatment. Another study involved healthy volunteers
who underwent voluntary laser-ablative skin lesions. Their inflicted injuries were then treated with
CAP application, and the authors’ planned CAP treatments for 30 s intervals over three days was
sufficient to improve wound healing [68]. Further work by Nishijima et al. [69] studied cold plasma’s
ability to accelerate healing in acute surface wounds created by a fractional CO2 laser. The standard
clinical treatment for these wounds is topical ointment application, including steroids, petrolatum,
basic fibroblast growth-factor sprays, and gels containing fullerene [69]. The study volunteers were
divided into four groups: (1) no treatment, (2) treatment with CAP, (3) applied ointments containing
betamethasone valerate, and (4) applied basic fibroblast growth factor sprays. Although no significant
differences were observed in the groups’ overall wound healing, the CAP group had the most reduced
skin redness and mean roughness. Gao et al. [50] investigated the effect of cold plasma on two traumatic
wounds. The first patient had used inappropriate self-treatment with glucocorticoids and mupirocin,
which resulted in self-inflicted secondary eczema with exudation and crusting. Treatment with CAP for
20 min every second day ceased wound exudation, and visible wound healing was visible after three
consecutive treatment rounds. The second patient’s wound had been treated with antibiotics without
success, and complete wound healing was observed after three consecutive rounds of CAP application.
Finally, this study included a patient with a giant genital wart treated with CAP. The patient had this
wart for three months during immuno-suppressive drug treatment, and this caused overall reduced
immunity. The ablation site was treated with CAP for 40 min after wart removal and this was then
repeated after a further three days. Complete healing was accomplished after two repetitions. CAP
applications for acute wound healing are listed in Table 2.

Table 2. List of cold atmospheric plasma (CAP) applications for acute wound healing.

Wound Type Number of
Patients/Subjects

Plasma Device
Type/Injected Gas Result Exposure Time

Burn wound [64] n = 1 Plasma jet/He

Decrease in pain and itching
after first application,

re-epithelization after second
application

3 min/2 times with 16 h
between 1st and 2nd

applications

Wounds at the donor
skin graft sites [65] n = 40 Plasma jet/Ar

Rapid healing of skin graph
donor sites in CAP-treated

patients
2 min every day/7 days

CO2 laser skin
lesion [68] n = 20 kINPen®MED plasma

jet/Ar

Improved scar recovery, no
side effects of plasma

demonstrated
3–10 s/3 days

Fractional CO2 laser
skin wounds [69] n = 12 kINPen MED® plasma

jet/Ar

Wound healing effect similar
to standardly used treatment,
but with reduced redness and

mean roughness of the skin

Traumatic wound [50] n = 2 Plasma jet device with
variable electrode types

Stopping of wound exudation,
complete wound treatment

after three healing procedures

20 min for whole
wound/every two days/three

repetitions of healing

Wound after genital
wart [50] n = 1 Plasma jet device with

variable electrode types Gradual healing of wound
>5 min until all area was not

irradiated/every second
day/2 times

Burn wounds in
animal models [59–63]

n = 15 [60],
n = 12 [62,63]

Plasma jet/He [59],
N2/Ar [61], Microplasma

jet/He [60],
Plasma jet/He [62,63]

Anti-inflammatory effect,
re-epithelisation, angiogenesis,

collagen
rearrangement [59–61],

increased speed of wound
healing, changes in

biochemical and
haematological profile in

plasma treated group [62,63]

1–2 min/8 h interval/5
days [60]

40 s per day/21 days [62,63]

Dog bite wound [66] KinPEN®VET plasma
jet/Ar

Potential antimicrobial effect
on bacterial strains typically
presented in dog saliva and

dog bite wounds

<2 min of exposition under
in vitro conditions

Ar: Argon; He: Helium; N2: Nitrogen.
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3. Cold Plasma in Dental Medicine

Standard cleaning procedures and oral cavity disinfection is based on laser device use, mechanical
infection removal, or using antimicrobial solutions. The first two procedures, however, may cause
thermal or mechanical damage to tissues. This risk can be significantly decreased with CAP devices [70].
A further CAP advantage is that its discharge can be relatively easily applied to uneven surfaces and
inaccessible oral cavity sites. The discharge from sufficiently miniature devices can also be applied
directly to the dental canal [71]. Finally, in contrast to liquid antimicrobial solutions, CAP can be
applied to discrete oral cavity sites, and unpleasant side effects from microbial solution use are not
noted after CAP treatment [70,72].

In addition, bacterial strains often present in dental biofilm have increasing resistance. Neglecting
dental biofilm removal can lead to serious diseases including aspiration pneumonia, endocarditis, and
other systemic disorders [73,74]. Delben et al. [73] demonstrated that CAP application had significant
antimicrobial effect on Candida albicans and Staphylococcus aureus, which are commonly present in
dental biofilm. The reduction in microbial load with CAP device was also comparable to that for
penicillin G or fluconazole administration. A similarly focused study confirmed the antimicrobial
effect of cold plasma on a broad spectrum of bacteria in dental plaques, most importantly Streptococcus
mutans [75]. Moreover, the resultant CAP antiproliferative in vitro effect on cultured cell lines was
greater than that of standard chlorhexidine disinfectant use [75].

Several studies have also investigated the application of CAP devices to reduce microbial load in
the dental canal. Here, electron microscope scanning revealed disappearance of the bacterial biofilm
to 1 mm depth following 5 min ex vivo CAP application [76]. Armand et al. [77] then simulated
Enterococcus faecalis infection in a sample of 100 extracted and disinfected teeth. This bacterium is
relatively common in inflamed dental canals [78]. He/O2 plasma was the most effective in reducing the
microbial load, as confirmed by electron microscope scanning (SEM), and He plasma had approximately
the same efficacy as photodynamic therapy. However, the authors pointed out that the resulting effect
was largely influenced by the shape of the dental canals. There was greater effect in the straight canals.
Shahmohammadi Beni et al. [79] then provided a beneficial study on the possibilities and limitations
of CAP application to the oral cavity. Therein they discussed CAP application related to oral cavity
surface structures and they concentrated especially on the dispersal of OH radicals.

In addition to disinfection, CAP has other demonstrated benefits in dental medicine. Dong et
al. [80] recorded that plasma has a positive effect on superficial dentine by increasing its binding strength
to other dental structures. Moreover, CAP application should have a positive effect on strengthening
links between fibre-reinforced posts and composite core material [81]. Cold plasma also has significant
effect on titanium structures in the oral cavity. Here, CAP should increase hydrophilicity and also the
roughness of titanium surfaces [82]. Both these aspects can improve cell adhesion, proliferation, and
differentiation of osteoblasts, and these three factors can provide faster osteointegration [83]. Although
the roughness increased by CAP application can induce greater bacteria accumulation [84], CAP’s
antimicrobial ability can minimise this negative effect. These aspects make CAP devices very suitable
for the treatment of peri-implant inflammation. CAP also affects zirconium structures. Yang et al. [85]
recorded decreased microbial load and increased hydrophilicity after CAP application, and there was
no change in zircon structure topology after CAP application. Finally, a study on the effects of the
three types of devices on dental plaques provided interesting results. It was especially noted that there
is no currently recognised dental plaque bacterial strain with resistance to CAP treatment [86]. Effects
of CAP application to dental and oral cavity structures under in vitro and ex vivo conditions are listed
in Table 3.
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Table 3. List of cold atmospheric plasma (CAP) application effects to dental and oral cavity structures
under in vitro and ex vivo conditions.

Purpose of CAP
Application Device/Injected Gas Final Effect Exposure Time

Dental biofilm reduction [73] Kinpen MED ® plasma
jet/Ar

Antimicrobial effect on Candida
albicans and Staphylococcus aureus,

proved no side effects on
reconstituted oral epithelium

60 s/sample

Dental biofilm reduction on
titanium discs [75]

Three different types of
CAP devices: (a) kINPen
plasma jet/Ar; (b) HDBD

device/Ar; (c) VDBD
device/Ar

Antimicrobial effect on wide
spectrum of saliva bacterial

species, especially Streptococcus
mutans

1–10 min/sample

Dental canal disinfection [76] Plasma jet device/Ar/O2

Complete reduction of microbial
infection in dental canal ex vivo to

a depth of 1 mm
5 min/one extracted tooth

Dental canal disinfection [77] Plasma jet device/He;
He/O2

Significant reduction of
Enterococcus faecalis contamination

ex vivo, better effectivity when
He/O2 used as a carrying gas

2–8 min/sample

Improvement of dental
structures [80–82,85]

Plasma brush/Ar [80];
low-pressure plasma

device/O2, Ar, N2, and
He+N2 [81]; HDBD

device/Ar [82]; plasma
jet device [85]

Increased dentin binding [80];
strengthening of links between

fibre-reinforced posts and
composite core material [81];
increase of hydrophilicity in

titanium [82] and zircone [85]
structures

30 s/sample [80](62); 10
min [81]; 2–6

min/sample [82]; 30–90
s/sample [85]

Note: Ar: Argon; He: Helium; O2: Oxygen; N2: Nitrogen, VDBD: Volume dielectric barrier discharge device;
HDBD: Hollow dielectric barrier discharge device.

4. Use of CAP to Activate Proliferation in Stem and Progenitor Cells

It is expected that CAP can also affect stem cell proliferation, and these cells could then be used in
regenerative medicine and medical engineering. However, only a few analyses have focused on this
possibility. One study by Park et al. showed that CAP devices did actually induce the proliferation of
stem cells derived from adipose tissue (ASC) without affecting their vital properties in any way [87].
Those authors reported that stem cell proliferation was 1.57-fold higher as early as 72 h after CAP
treatment. The study also reported the influence of NO induced by CAP [87]. This was confirmed
by the CAP device’s positive increase in stem cell proliferation being dramatically diminished by
application of NO scavengers. In addition, when ASC cells that were not exposed to CAP were treated
with the DETA-NONOate NO donor, they had a higher rate of proliferation than the control cells,
but a significantly lower rate than those affected by CAP. These results indicate that increased NO
concentration is a very important contributor to increased proliferation, but it is most likely not the
only factor.

No cytotoxic or other negative impacts were observed in osteoprogenitor MC3T3-E1 cells following
CAP application. Moreover, CAP induced accrued NO levels. This NO was introduced into the
intracellular spaces, and its level in cultured cells could be controlled. There was consequent induction
of early osteogenic differentiation in these conditions, and this was achieved even in the absence of
pro-osteogenic growth factor [88]. A further study on CAP’s effect on osteo-differentiation addressed
its impact again on MC3T3-E1 mouse osteoblast precursor lines [89]. There, the CAP stimulatory
effect on osteogenic differentiation was comparable to that determined in the osteogenic differentiation
medium. The authors also observed significant changes in the molecular cascades following CAP
influence. Although PI3K/AKT and MAPK signalling decreased, there was increased expression of the
osteogenic genes RUNX2, OCN, COL1, and ALP. Furthermore, CAP affected the dephosphorylation of
FOXO1, which is important for proliferation and redox balance in osteoblasts and a very important
controller of bone formation [90]. Although progenitor cell lines differ from stem cells in some respects,
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it cannot be discounted that this similar mechanism can also occur in stem cells when CAP treatment
initiates osteo-differentiation.

The effect of CAP on human mesenchymal stem cells isolated from periodontal ligaments
(hPDL-MSCs) was also analysed. Again, no negative or cytotoxic effect was observed. Furthermore,
this CAP treatment inhibited hPDL-MSC migration and induced detachment without loss of overall
cell viability. However, although cell viability was not affected, the authors stated that the cells
had prolonged population doubling-time after CAP application. Most importantly, CAP promoted
osteogenic differentiation in this instance [91].

Use of CAP devices can also initiate proliferation of hematopoietic stem cells and bone
marrow-derived stem cells. This proliferation almost doubled in both these cell lines compared
to untreated cells [92]. The authors also observed that expression of typical stem cell markers CD44 and
CD105 was almost five-times higher in bone marrow cell lines, and that there was increased expression
of OCT4, SOX2, and NANOG genes in both cell lines. Finally, the expression of genes that act on G1-S
cell-cycle transition also increased and it can be presumed that CAP application can influence this cell
cycle phase [92].

Interestingly, the CAP device effects may include initiating stem cell and biomaterial binding, in
addition to its beneficial direct application to cells. For example, Alemi et al. [93] assessed whether
cold plasma application improved stem cell and biomaterial scaffold adhesion in cartilage tissue
engineering. They found that CAP enhanced scaffold surface hydrophilicity, and this significantly
reduced the contact angle and helped initial cell binding.

Neurodegenerative diseases and traumatic central nervous system damage are currently difficult
to treat. However, neural stem cells (NSC) could improve their treatment, and several studies have
investigated NSC proliferation induced by CAP. They found that C17.2-NSC murine NSC proliferated
and differentiated significantly faster following CAP treatment [94]. Moreover, almost 75% of neural
stem cells differentiated into neuronal cell lines after exposure to CAP, and this percentage is greater
than that achieved by specific growth factors. The neurons that differentiated from NSCs after CAP
application had high β-tubulin III protein expression levels, and this is considered a typical marker for
this cell type [95]. However, recent research indicates that high β-tubulin III expression is also typical
in other stem cell types [96]. Furthermore, authors in this study observed only moderate differentiation
from NSC to oligodendrocytes, and typical O4 protein marker expression [97] was only slightly higher.
These same authors then found that astrocytes exhibited no disparity in differentiation between affected
and nonaffected cells, and their typical GFAP protein marker was only minimally expressed [94,98].
Jang et al. [99] also showed that CAP has a positive effect on neural stem cell proliferation, and
they recorded the following mechanisms: (1) The excited atomic oxygen in plasma phase initiated
ROS and RNS formation, (2) these then interacted with reactive atoms in the extracellular liquid
phase to form NO, which induced reversible cytochrome c oxidase inhibition in the mitochondrial
complex IV. This resulted in increased mitochondrial O2

− production and finally (3) cytosolic hydrogen
peroxide formed by O2

− dis-mutation acted as an intracellular messenger to specifically activate the
Trk/Ras/ERK signalling pathway. Here, the authors considered that mitochondrial O2 and cytosolic
H2O2 must act cooperatively because experimental cytosolic increase in H2O2 was not solely sufficient
to initiate differentiation. However, some aspects, mainly how the phosphorylation of specific sites
in tyrosine kinase receptor signalling occurred, remain unknown. Finally, the CAP induced neural
differentiation had advantages over previously used neural differentiation inducers including retinoic
acids and resveratrol. This CAP treatment enabled neurites to reach maximum length more rapidly,
the differentiation efficiency increased, and almost 70% of differentiated neurons were identified as
catecholaminergic DA neurons.

Bourdens et al. [100] provided different results to the previous studies. These authors recorded
that, although human dermal fibroblast and adipose-derived stromal cells did not lose viability after
3 min CAP exposure, these cells developed a senescence phenotype associated with a glycolytic
switch and increased mitochondria content. Most importantly, the authors noted that the observed
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proliferation arrest was accompanied by increased p53/p21 damage. Despite this, cell lines maintained
some functional properties such as differentiation potential and immunomodulatory effects. Discussion
of the role of senescent cells in wound healing has led authors to claim that CAP exposure aimed at
provoking a small amount of transient senescence in some cells could be considered to enhance tissue
regeneration. The truth of this claim, however, requires further analyses. CAP application effects on
stem cells and progenitor cells under in vitro condition are listed in Table 4.

Table 4. List of CAP application effects on stem cells and progenitor cells under in vitro conditions.

Type of Cells Device/Injected Gas Result Exposure Time

Stem cells derived from
adipose tissues [87] DBD device/He

2-fold elevated proliferation of
stem cells in vitro after CAP

treatment, higher levels of NO,
higher activity of Akt, ERK1/2,

and NF-κB pathways in these cells

50 s per hour/10 times

Osteoprogenitor (MC3T3-E1)
cells [88]

DBD discharge
NO-plasma nozzle

system

Increase of NO in control media
and possibility of its introduction

into intracellular space, no
cytotoxic effects on cells

30–180 s

Osteoprogenitor (MC3T3-E1)
cells [89] DBD NBP device

Decrease in PIK3/AKT and MAP
signalling, increase in p38

signalling, dephosphorylation of
FOXO1 transcriptional factor

1–10 min

Human mesenchymal stem
cells isolated from

periodontal ligaments [91]
Plasma needle/He

Reduced migration of cells, loss of
adhesivity, osteo-differentiation of

these cells
10–120 s

Hematopoietic stem cells;
bone marrow-derived stem

cells [92]
DBD Device/He

Increased proliferation of cells,
higher expression of surface

markers CD44 and CD105, higher
expression of Oct4, Sox2, and
Nanog genes, effect of CAP on

G1-S transition

50 s per hour/0 times

Murine neural stem cells
(C.17-2.NSC) [94] Plasma jet He/O2

Higher proliferation and
differentiation levels of cells, main

portion of neural cells
differentiated to neurons

60 s

Murine neuroblastoma stem
cell (N2a) [99] DBD device/O2+N2

Higher proliferation of cells after
CAP exposure, Increase of NO

induced inhibition of cytochrome
c oxidase, activation of
Trk/Ras/ERK pathway

1–10 min

Adipose-derived stromal
cells [100] DBD device/He

Senescence phenotype of cells,
proliferation arrest of cells,

increase in p53/p21 damage,
morphological changer typical for

changes in p16 activity

3 min/sample, incubation
one hour in PAM

He: Helium; O2: oxygen; N2: nitrogen; NO: nitric oxide; NBP: non-thermal biocompatible plasma; DBD: dielectric
barrier discharge; PAM: plasma-activated medium.

5. Use of CAP to Regenerate Other than Dermal Tissues

While plasma discharge treatment has focused to a great extent on dermal structures, there is also
significant benefit in its application to deeply embedded organs and structures. A study on the use of
CAP in the regeneration of nondermal structures assessed nasal mucosa regeneration [101]. Absence
of this structure presents a serious problem, and its regeneration is complex and time-consuming. In
addition, there is currently no effective way to accelerate its regeneration following severe injury or
surgical intervention [101].

It was possible to observe the potential of cold plasma use on nasal mucosa regeneration under
in vitro and in vivo conditions. Although the in vitro analyses were performed on BEAS-2B bronchial
epithelial cell lines, these are very similar to nasal mucosa cells, and the regeneration complications
are similar in severity. The CAP application to the bronchial cells increased cell proliferation and
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migration [101]. This migration was achieved by increased EGFR receptor activity and EMT signalling.
Finally, rapid recovery of nasal mucosa was recorded in mouse models after brief in vivo CAP
application [101].

Further effects of CAP devices on S9 bronchial epithelial stem cells have also been noted. CAP
use provoked differences in the protein expression profile, and its long- and short-term exposure
effects on cells also differed [102]. Further determination of CAP device effects on these cells
included (1) induction of the Nrf2-mediated oxidative and endoplasmic reticulum stress response, (2)
PPAR-alpha/RXR activation, (3) production of peroxisomes, and (4) prevention of apoptosis in the first
hour after CAP administration. It is paradoxical that CAP initially acted as a stress factor on these cells,
but subsequently triggered significant cell proliferation and cellular assembly and organisation.

Positive cold plasma effects have also been recognised in the regeneration of several neural cell
types isolated from animal models [103]. While CAP stimulated neuronal regeneration and astrocyte
growth in vitro, a further increased dosage induced loss of cell culture viability. Therefore, precise
determination of the intensity and duration of CAP exposure is required for the treatment of both
superficial and deeper structures.

6. Use of CAP for Tumour Treatment

CAP is a promising option for more effective tumour treatment. Its final effect on cancer cells is,
however, quite interesting. Cancer cells produce higher amounts of ROS and RNS and although this
increases their proliferative activity, even higher levels can cause apoptosis [104]. CAP then increases
this to a level lethal to the cancer cell. This effect is caused by changes in their antioxidant system and
double-strand breaks, but healthy cells should tolerate this increase [92]. The tumour cells also have
more aquaporins [105] and this facilitates ROS and RNS penetration into the cell [106]. The degree of
ROS and RNS diffusion into the cell can also be influenced by the membrane’s lipid structure [107].
Cancer cells generally have lower levels of cholesterol and this makes cells more susceptible to
peroxidation [108,109]. Membrane lipid peroxidation then causes the cell membrane to form more
pores so that ROS and RNS can diffuse to a greater extent [109]. A summary of the mechanisms
involved indicates that various cellular responses are initiated by CAP application to tumour cells.
This increase in reactive species is the main trigger that initiates tumour cell death. The specific
responses here are apoptosis, growth inhibition, cell cycle arrest, DNA and mitochondrial damage,
and even immunogenic cell death [110]. The actual result, however, is dose-dependent [111–113].

Keidar et al. performed a pilot experiment to test CAP use in tumour treatment. They initially
observed that skin melanoma cell lines separated from the culture vessel after CAP application, and this
led to their reduced numbers, while the healthy cell lines remained adhered [114]. The authors’ study
of subcutaneous kidney tumours in mice showed that small tumours were ablated following CAP
application and more advanced tumour size was reduced. Kaushik et al. [115] then demonstrated the
effects of ROS on tumour cell mortality by assessing the plasma discharge effect on T98G, A549, HEK293,
and MRC5 cell lines. The authors showed that the viability of HEK293 and MRC5 non-malignant
cells was minimally affected compared to cancer cell lines. The ROS and H2O2 generated by plasma
discharge altered the mitochondrial membrane potential. This initiated the intrinsic apoptotic pathway
and resulted in increased overall pro-apoptotic gene expression and decreased anti-apoptotic gene
expression. There was also a change in ERK1/2/MAPK cell signalling activity at the protein level.
The resultant effect can be reversed with ROS scavengers.

Cancer cells also differ from healthy cells at the metabolic level. Here, cancer cell metabolic
reprogramming assimilates simple carbons into macromolecules, and especially lipid, protein, and
nucleic acid macromolecules. This results in intermediate metabolites that tumorous cells can use for
growth and proliferation [116–118]. Xu et al. [119] studied CAP effects on altered cancer cell metabolic
activity. Their KEGG and GC-TOFMS analyses highlighted that leukaemia cells had different alanine,
aspartate, and glutamate metabolism. The authors also recorded reduced glutaminase activity in cancer
cells after CAP application. This decreases the conversion of glutamine to glutamic acid. Deficiency of
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Glutamic acid, simultaneously with glutamine accumulation can lead to suppression of proliferation
and even cell death in leukemia cells [119].

Studies on cell lines and animal models have repeatedly demonstrated the benefits of CAP devices
and their anti-tumour activity. One study reported that glioblastoma cell lines lost their viability
after plasma treatment [120]. This study also showed that the cell lines previously resistant to a
temozolomide alkylating agent regained sensitivity to it [120]. In addition, several authors have
reported that CAP exposure caused lost viability and induced apoptosis in other types of brain tumour
cell lines [121–123].

Induced apoptosis has been documented in lung cancer TC-1 cell lines after plasma discharge.
This has also been recorded in fibroblast lines, but to a significantly lesser extent [124]. However, the
main benefit of that last study was the expressed concept of minimising the size of plasma devices to
enable easier CAP use in deeper lesions and structures. Herein, apoptosis induction was triggered by
plasma discharges generated from devices with 125 to 440 µm diameter. µCAP devices [125] have
been used directly on mouse brain tumours and also in vitro on glioblastoma cell lines. In the latter
instance, the plasma discharge from a 70 µm device increased ROS and RNS levels and this resulted in
marked reduction in U87MG glioblastoma cell viability. Most importantly, this device was also able
to apply plasma discharge through an intracranial endoscopic tube to mice brains, which resulted in
tumour growth suppression [125]. The authors then optimised the device parameters for the most
suitable treatment of brain and breast tumours [126].

The in vivo plasma effect has been demonstrated in animal models subcutaneously injected with
4T breast cell lines. The mouse body tumour growths from these cell lines were exposed to plasma
discharge from a 250 µm diameter CAP device. Importantly, plasma administration for 3 min achieved
tumour growth reduction comparable with chemotherapy. There was also significant change in the
ratio of pro- and anti-apoptotic gene activity at the molecular level [127].

Mashayekh et al. [128] then studied the in vivo effect of CAP on mouse models and the in vitro
influence on melanone B16/F10 cell lines. Their work demonstrated lost viability in most cell lines and
marked shrinkage of the animal model tumours. The cell-line results were achieved in 48 h after 3 min
CAP treatment and in vivo tumour shrinkage was comparable to that achieved by chemotherapy. In
summary, analyses of CAP effects on skin tumour treatments were the first performed because plasma
is most easily applied directly to dermal structures. For example, G361 melanoma cells lost viability and
detached from the surface after CAP application. These cells had lower integrin and FAK expression
and altered actin filament structure. This result supports the hypothesis that plasma-facilitated cell
death may be related to integrin–ECM interactions [129]. It was also possible to selectively increase the
CAP antiproliferative effect on melanoma cell lines using plasma with gold nanoparticles bound to the
anti-FAK antibodies [130].

MCF-7 breast cancer cell lines were also subjected to analyses. The initial results indicated
reduced cell viability after CAP treatment due to increased apoptosis [22]. Ninomiya et al. [131] then
demonstrated that CAP induced injury to 50% of cancerous breast cell lines, regardless of whether they
were invasive MB-231 or non-invasive MCF-7 cell lines. Finally, CAP antiproliferative effects were also
noted in cell lines derived from human breast cell metastases [131].

Further research was conducted on the HCT-116, SW480, and LoVo colon cancer cell lines. These
cells lost viability after CAP application [132], and this effect was accompanied by decreased cell
mobility and a higher degree of B-catenin phosphorylation. In addition, although the CAP device was
considered to promote apoptosis in up to 70% of B16 and COLO320 colorectal cell lines, there was no
effect on the macrophage cell line controls [133]. Ishaq et al. [134] then reported that CAP treatment
increased apoptosis in various colorectal cell lines through activation of the Nox2-AKT1 pathway.
The authors also demonstrated that although HT29 cell lines are largely resistant to ROS-mediated
cancer death, this resistance can be reduced by inhibiting Nrf2/Srx signalling. Finally, CAP exposure
has antiproliferative effects on multicellular tumour spheroids, which should mimic the tumour
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microenvironment in a dose-dependent manner. The loss of spheroid Ki67 and accumulated DNA
damage were observed following this CAP exposure [135].

In vitro experimental results also suggest that CAP application should benefit neck and head
cancers. While tumours in this area are relatively easier to remove, this procedure is often invasive
and CAP should reduce this effect. Guerrero-Preston et al. [136] found that CAP also acted in an
antiproliferative manner on these cells. Although these authors considered that this resulted from
non-apoptotic processes, contrasting studies suggested that the antiproliferative effect emanated from
apoptotic cascade activation [137,138].

Several studies have also assessed CAP application on cervix uteri tumours, primarily on HeLa
cells. Apoptotic processes in these cells were observed after CAP treatment due to increased ROS and
subsequent changes in the JNK and p38 pathways [139]. A further observed mechanism for this effect
was that membrane lipid oxidation caused cell collapse [140]. In addition, Tan et al. [141] employed a
microdevice with approximately 1 µm electrode diameter and this selectively induced apoptosis in
particular HeLa cells without affecting neighbouring cells.

The possibility of CAP device application to leukaemia cell lines has also been assessed. However,
the hypothetical application of CAP in clinical conditions remains unclear, and establishing the best
method for its application requires further investigation. Here, the use of CAP-activated liquids could
also be considered. However, CAP induced in vitro cell death in THP-1 leukaemia cell lines in a
dose dependent manner [142]. CAP application also caused uncontrolled necrotic cell death [143].
The authors then established induced cell apoptosis 45 s after exposure to CAP, and necrosis was
observed after treatment for more than 50 s. Finally, two independent studies also demonstrated
antiproliferative effects on pancreatic cells [144,145].

CAP treatment has also been directly applied to human tumours in clinical settings [146]. This
study involved six patients with advanced neck and head cancer. Two of these patients had initial
tumour size reduction after CAP application. Although one patient achieved at least partial remission
and improvement, the other relapsed and died. Two patients reported no CAP treatment side effects,
but the remaining four had increased dry mouth. Most importantly, four patients reported a significant
reduction in pain. These patients, however, were in terminal stages, and five had passed away by
the end of the study. Although cold plasma application did not reverse the disease course, it had an
overall positive effect without significant harm or side effects.

Plasma discharge has been shown to directly and indirectly affect the cell culture medium [25],
and this has encouraged consideration of CAP-activated plasma or other liquid use to reduce tumour
cell viability. The greatest advantage of plasma-activated medium (PAM), plasma-activated Ringer’s
lactate solution (PAL), and other plasma-activated solutions is that they can be stored for a relatively
long time. It is also hypothetically believed that activated liquids can be applied to internal structures
with relative ease. CAP-activated media generally induce apoptosis due to ROS, RNS, and H2O2

content [147]. The resultant effect, however, may be cell-specific and dependent on parameters such as
the amount of aquaporins in the cell line [148].

Apoptotic morphological changes have been particularly observed in glioblastoma cell lines
following CAP-induced media application. Increased effector caspase 3/7 activity and decreased AKT
kinase expression have also been observed at the molecular level [122]. Similar results were obtained
when gastric cancer cell lines were affected by PAM [149]. These cells began to show morphological
changes associated with apoptosis. Caspase 3/7 activity was increased and the proportion of annexin V
positive cells in the affected group was significantly higher than in the control group after two hours
PAM exposure. The experimental group also had higher ROS, but this could be eliminated by ROS
scavengers. Moreover, cells seeded at 1 × 104 per well showed a degree of resistance to PAM, but this
subsided after exposure for more than two minutes. There was more highly-expressed CD44 variant
9 in these resistant cells. This variant is important in the synthesis of reduced glutathione, which is
necessary for free radical neutralisation and appropriate responses to stress signalling [150].



Int. J. Mol. Sci. 2020, 21, 2932 15 of 25

The cell viability of ovarian cancer cell lines resistant to paclitalex and cis-platin decreased by
almost 30% after CAP treatment [151]. The authors also analysed CAP effects on mouse xenografts.
Several chemo-resistant cell lines with serum-free medium and matrigel were initially inoculated into
mice, and 200 µL of plasma-activated medium and untreated control RPMI-1640 medium were then
inoculated. Dependent on cell lines, the tumours decreased by 66% and 52% in 29 days after the first
CAP injection compared to control levels. In addition, PAM application to four types of pancreatic
tumour lines also increased ROS levels. This led cells to cell apoptosis, which could be reversed
by ROS scavengers [145]. The study also assessed the efficiency of PAM on mouse xenografts, and
significant tumour mass shrinkage was noted after 28 days. Moreover, authors Nakamura et al. [152]
found that in vivo PAM medium exposure to a different mouse xenograft model inhibited peritoneal
dissemination in ES2 cancer cells.

In addition to PAM, PAL can also be used for anti-tumour treatment. PAL induces apoptosis
under in vitro conditions in pancreatic cell lines by increasing ROS levels and decreasing cell adhesion.
PAL also had anti-tumour effect on peritoneal nodules from these cell lines in in vivo mouse xenograft
models [153]. In addition, PAL application exerted strong antiproliferative effects on A549 lung cancer
cell lines [154]. In that work, CAP application initiated mitochondrial dysfunction connected with
downregulation of the NF-κB-Bcl2 molecular pathway [154]. The authors considered that PAL’s final
antiproliferative effect on tumour cell lines should be stronger than PAM. This consideration, however,
is open to debate and requires further analysis. Regardless of that outcome, PAL’s major advantage is
that it will be potentially easier to apply in future clinical trials because currently cultivated media
cannot be used in medical treatment [154]. Although this provides an appropriate alternative to
current methods, it still requires further study. Finally, analyses of PAM effects on tumour cells should
also continue, despite possible complications in its use in clinical trials. These analyses may discover
additional phenomena and principles beneficial for clinical procedures.

One of the most advanced uses of CAP is its application in cancer immunotherapy. This is possible
because the onset of cancer and its course can be significantly influenced by the human immune system.
The immune system’s modulation ability particularly overcomes the cancer cells’ capacity to supress
immune responses [155]. These modulations include the use of various cytokines, cell-based therapies,
and immune checkpoint blockades [147]. Moreover, some radio- and chemotherapy procedures trigger
immunogenic cell death (ICD) [156,157]. Cells damaged or altered by radio- or chemotherapy produce
‘damage-associated molecular pattern signals’ (DMP). The DMP molecules then lead the immune
system to destroy those cells. Most importantly, some studies also suggest that CAP induces ICD, and
this leads to subsequent macrophage stimulation [38,158,159].

Miller et al. [160] and Almeida [161] described the detailed principles and possibilities of plasma
use in immunotherapy. In particular, the work by Lin et al. [162] demonstrated that CAP should
induce ICD in vitro in A549 lung cancer and radio-resistant nasopharyngeal carcinoma cell lines.
Therein, extracellular ATP secretion was followed by ICD macrophage stimulation. In addition, CAP
increased extracellular ROS levels with a resultant increase in calreticulin production. CAP-based
immunotherapy is also a promising option for glioblastoma multiforme treatment. This is a very
aggressive cancer with immune system downregulation [161]. Finally, Cheng et al. [163] highlighted
the following: 1.) 30 s CAP stimulation of macrophages resulted in increased production of IL-6
and IL12 and decreased anti-inflammatory cytokine IL-10 production and 2.) that IL-2 and IFN-g
production increased in isolated T-cell lines from mouse spleen following exposure to CAP. The authors
attempted to simulate in vivo conditions as they removed mouse model lymph nodes and exposed
them to CAP. They then isolated CD4+ T cells from both the control and affected lymph nodes. The cells
derived from the affected lymph nodes had increased function, which was manifested in increased
production of IL-2 and IFN-g. The authors’ work culminated in showing the strong anti-tumour effect
in mice who had CAP-affected T cells transferred to their lymph nodes. Effects of CAP application on
variable tumour cell lines are listed in Table 5.
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Table 5. List of cold atmospheric plasma (CAP) in vitro applications for tumour treatment.

Cell Line Type Plasma Device/Injected Gas Exposure Time

Melanoma cell lines [114,128–130]
Plasma jet/He [114]; Plasma jet
device/He [128]; Plasma micro
jet/He [129]; DBD device [130]

30 s [114]; 3 min [128]; 15 s [129];
40 s [130]

Breast cancer cell lines [22,115,131] Plasma jet [115]; Plasma
jet/He+O2 [22]; Plasma jet/He [131] 150 s [115]; 5–30 s [22]; >30 s [131]

Cervical cancer cell lines [139–141] Plasma jet [139]; Plasma jet [140];
Plasma microjet [141] 5 min [139]; 10–15 s [141]

Brain tumour cell
lines [115,120–123,125] c

Plasma jet [115]; Surface micro
discharge device (hybrid

device) [120]; FE-DBD
device [121]; NEAPP device [122];
DBD device [123]; Microplasma jet

device/He [125]

150 s [115]; 30–120 s [120]; several
minutes of medium treatment [122];

4 min [123]; 5–120 s [125]

Colorectal cancer cell lines [121,132]
b [133,134]

FE-DBD device [121]; Plasma
torch/He+O2 [132]; Plasma jet/He
and Ar [133]; Plasma jet/He [134]

1–4 s [132]; 60–120 s [133]; 5–30 s [134];

Gastric cell lines [149] b NEAPP jet device/Ar 5 min

Lung cancer cell lines [124] a [154] c Microplasma jet device/He [124];
Plasma jet/Ar [154] 3 min of solution treatment [154]

Ovarian cancer cell lines [151] b [152] b NEAPP jet device/Ar [151];
NEAPP jet device/Ar

30–300 s [151]; 10 min PAM
treatment [152]

Head and neck cancer cell
lines [136–138]

Plasma jet/He [136]; Plasma
jet/He+O2 [137]; Kinpen ®

MED [138]
10–45 s [136]; 20–150 s [138]

Leukaemia cell lines [142,143] Plasma pencil/He [142] 10 s–10 min [142]

Pancreatic cell lines [144,145] b [153] c Plasma gun/He [144]; Plasma
jet/Ar [145]; Plasma jet/Ar [153]

10–90 s [144]; 30 s–5 min [145]; 3 min
of liquid treatment [153]

(a) Animal cell lines; (b) Plasma-activated medium; (c) Plasma-activated solution; He: Helium; Ar: Argon;
O2: oxygen; DBD: dielectric barrier discharge; FE-DBD: floating electrode dielectric barrier discharge; NEAPP:
non-equilibrium atmospheric pressure plasma.

7. Conclusions

CAP has significant potential for wide use in modern clinical practice. Analyses already performed
indicate that cold plasma application has been beneficial in many areas of medicine, with no significant
negative effect on healthy cells. CAP application, however, may produce potentially harmful elements
and should therefore be applied under expert guidance and in appropriate dosage. In addition, CAP
use should not be limited only to surface structures, because technology advances are likely to enable
development of ever-smaller devices capable of applying plasma discharges to internal structures.

These CAP procedures will most likely prove beneficial in the treatment of internal tissues in
addition to cancer treatment. However, current analyses of cold plasma effects still focus only on cell
lines and animal models. Although these experiments are more accessible and easier to conduct, wider
testing of CAP effects in cancer and regenerative medicine studies in human patients is important and
should prove beneficial. The potential introduction of CAP in routine clinical practice in regenerative
medicine and oncology could significantly reduce the financial burden and costs of these treatments.
Most importantly, a CAP treatment regime will be less invasive and stressful for patients.
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hPDL– MSC Stem cells isolated from periodontal ligaments
ICD Immunogenic cell death
K Kelvin
NO Nitric oxide
NO2 Nitrogrn dioxide
NO3 Nitrogen trioxide
N2O Nitrous oxide
N2O4 Dinitrogen tetraoxide
NEAPP Non-equilibrium atmospheric pressure plasma
NBP Non-thermal biocompatible plasma
NSC Neural stem cell
N2 Nitrogen
OH Hydroxyl
O2 Oxygen
O3 Ozone
PAL Plasma-activated Ringer’s lactate
PAM Plasma-activated medium
RNS Reactive nitrogen species
ROS Reactive oxygen species
SEM Scanning electron microscope
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