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Abstract
Non-thermal plasma (NTP) is being developed for a wide-range of medical applications such as improvement of wound healing, elimination of 
infective microorganisms, and treatment of cancer. This study investigated the effect of culture medium exposed to NTP on the proliferation in-vitro of 
skin fibroblasts from Asian elephants. Dulbecco’s Modified Eagle’s Medium (DMEM) was used as culture medium and was exposed to NTP with three 
different intensities. The NTP reactive species Nitrite (NO2-) was measured in the treated medium before addition to cells. Fibroblasts were incubated 
for 24 h with NTP-treated complete medium supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotic/antimycotic. Cell proliferation, 
the number of cells and viability rate were analysed using flow cytometry 24, 48 and 72 h after the start of the incubation. The proliferation rate of 
fibroblasts incubated with NTP treated medium was significantly higher (P<0.05) than controls and increased in a dose-dependent manner with 
increasing amount of NTP. Incubation of fibroblasts with NTP did not reduce their viability even at the highest dose of NTP. Culture medium treated 
with NTP energy may be used to improve healing of skin wounds in elephants. This study successfully shows that the medium treated with NTP was 
able to stimulate elephant skin fibroblasts proliferation and increase the total cell count but did not reduce cell viability in vitro. Containing buffering 
agent in culture media might reduce the effect of ROS generated by NTP. This might prevent using high dose of NTP to cause cell apoptosis and induce 
cell necrosis in this study. Future studies on the skin of living elephant are encouraged to develop more effective and optimum treatment conditions.
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Termal Olmayan Plazma Enerjisi Uygulanan Besiyeri Ortamının Asya Fillerinin 
(Elephas maximus) Fibroblast Hücrelerinin Büyüme ve Canlılığı Üzerine In-vitro Etkisi

Öz
Termal olmayan plazma (NTP), yara iyileşmesinin hızlandırılması, enfektif mikroorganizmaların eliminasyonu ve kanser tedavisi gibi çeşitli tıbbi 
uygulamalar için geliştirilmektedir. Bu çalışmada NTP’ye maruz burakılan besiyeri ortamının Asya fillerinden elde edilen deri fibroblastlarının in 
vitro proliferasyonu üzerindeki etkisi araştırıldı. Bu amaçla Dulbecco’nun Modifiye Eagle’s Medium’u (DMEM) besiyeri olarak kullanıldı ve üç farklı 
yoğunlukta NTP’ye maruz bırakıldı. NTP reaktif türleri Nitrit (NO2-) hücrelere eklenmeden önce uygulandığı besiyerinde ölçüldü. Fibroblastlar, 24 
saat boyunca, %10 Fetal Sığır Serumu (FBS) ve %1 antibiyotik/antimikotik içeren NTP ile muamele edilmiş besiyerinde inkübe edildi. İnkübasyonun 
başlamasından 24, 48 ve 72 saat sonra hücre proliferasyonu, hücre sayısı ve canlılık oranı akış sitometrisi kullanılarak analiz edildi. NTP ile muamele 
edilmiş besiyerinde inkübe edilen fibroblastların proliferasyon hızı, kontrol grubundan anlamlı olarak daha yüksek bulundu (P<0.05) ve artan NTP 
uygulaması ile birlikte doz bağımlı olarak arttığı belirlendi. Fibroblastların NTP ile inkübasyonu, en yüksek NTP dozunda bile canlılık oranını azaltmadı. 
Fillerde cilt yaralarının iyileşmesini hızlandırmak için NTP enerjisi uygulanan besiyeri kullanılabilir. Bu çalışma, NTP uygulanan besiyerinin fil derisi 
fibroblastlarının proliferasyonunu uyarabildiğini ve toplam hücre sayısını arttırdığını, bununla birlikte in-vitro olarak hücre canlılığını azaltmadığını 
göstermiştir. Besiyerinin tampon madde içermesi, NTP tarafından üretilen Reaktif Oksijen Türlerinin etkisini azaltabilir. Mevcut çalışmada bu durum 
hücre apoptozisine neden olmak ve hücre nekrozunu indüklemek için yüksek NTP dozlarının kullanılmasını engelleyebilir. Daha etkili ve optimum 
tedavi koşullarının geliştirilmesi için canlı fillerin derisinde yapılacak çalışmalar teşvik edilmelidir.
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 İletişim (Correspondence)
 +66 53 948015 +66 53 948055
 chatchote.thitaram@cmu.ac.th

Kafkas Universitesi Veteriner Fakultesi Dergisi
ISSN: 1300-6045 e-ISSN: 1309-2251

Journal Home-Page: http://vetdergikafkas.org
Online Submission: http://submit.vetdergikafkas.org

Research Article
Kafkas Univ Vet Fak Derg
25 (6): 815-823, 2019
DOI: 10.9775/kvfd.2019.21951



816
Non-thermal Plasma on Elephant Fibroblast Cells

INTRODUCTION 

Wounds to the skin of Asian elephants (Elephas maximus)’s 
are a common health and welfare problem [1]. Physical 
damage to the skin of elephants frequently results in 
wounds. Other causes of skin wounds may include sunburn 
and nutritional imbalances. Elephant’s skin wounds are 
particularly susceptible to infection and heal slowly because 
the skin is thick (2.0-2.5 cm) and without sebaceous glands. 
Compared with other mammals the skin of elephants is dry 
and takes longer to heal [1]. Clinical treatment of elephant 
skin wounds leads to a higher risk of drug resistance and 
a high cost for effective drugs. Consequently, there is on-
going pressure to find improved treatment for elephant 
skin wounds. 

By definition, non-thermal plasma (NTP) is partially ionized 
gas where the energy is stored mostly in the free electrons 
and the overall temperature remains low. The use of NTP 
has been developed as a medical option to treat wounds 
in humans [2]. NTP generates reactive oxygen species (ROS), 
reactive nitrogen species (RNS), UV-radiation, and electric 
fields [3]. Most of NTP’s effects on the biological system 
are related to reactive species including H2O2, O3, O2

-, NO, 
NO2, N2

-, and OH which may enhance wound healing [4-6]. 
It is known that reactive species, free radicals and some 
ground state molecules, are produced by mammalian 
immune system cells, macrophages and neutrophils, and 
can defend against bacteria and viruses, and also regulate 
cellular functions [7,8]. Furthermore, reactive species are 
involved in the regulation of signalling pathways such as 
growth factors and cytokine receptors [9]. In physiological 
processes, reactive species play a role in the regulation 
of vascular contraction, blood coagulation, angiogenesis, 
inflammation, immune system response, and nerve impulse 
transmission. Also at cellular level, reactive species regulate 
cell differentiation, division, migration, and apoptosis by 
controlling cell-to-cell adhesion, biosynthesis of growth 
factors, and collagen production [9]. 

Non-thermal plasma has been used effectively in other 
medical fields such as to remove dental biofilms, to 
eliminate oral pathogens, to induce apoptosis of malignant 
cells [10], inhibit the growth of cancer cells [11] and to stop 
bleeding [12-14]. NTP may promote wound healing and tissue 
regeneration by increasing fibroblast proliferation by the 
release of growth factors such as fibroblast growth factor-7 [15]. 
In recent years, NTP has been described as an effective  
wound therapy because it has  antimicrobial activity [12,16], 
it reduces inflammation [12,17], promotes wound healing [16] 
and does not kill eukaryotic cells [18,19]. There have been many 
studies of the effects of  NTP on wounds in humans [16,20-29], 
and animals such as rats [30,31], mice [32-34] and pigs [35], but no 
record of application in elephants. The direct use of NTP 
for the treatment of wounds in elephants is difficult in field 
practice because of the difficulty of moving and restraining 
such large animals.  Alternatively, using media treated with 

high energy NTP to treat skin wounds in elephants may be 
safer and more convenient for veterinary professionals 
and animal handlers. For experiment on living elephants 
might be difficult in terms of collecting optimal data from 
uncontrollable of wound size, location and type on each 
elephant. Therefore, it is hard to acquire elephant wounds 
that have similar cause, size, location as well as type of 
wound. Creating wound for the study in elephant is hardly 
possible especially in captive elephant. Apart from that, 
controlling wound hygiene in elephants is rather difficult 
due to the elephant behaviour to play sand or dirt. 

In recent studies, NTP treatment has successfully been used 
to decontaminate water samples containing biological and 
chemical agents [36-39]. Furthermore, NTP treated culture 
media had an effect on cell growth and morphology in cell 
culture model [40]. When liquid is exposed to NTP, radical 
species from NTP outflows into liquid and induce chemical 
change which causes the treated liquid to then have 
NTP effects which are almost similar to those caused by 
direct exposure [41]. Our hypothesis is that culture medium 
treated with NTP will generate ROS that will enhance the 
proliferation of skin fibroblasts from Asian elephants.

MATERIAL and METHODS

The reagents, the main components of reagents and the 
medium formulations together with their vendors and 
concentrations used in this study are listed in Table 1.

Isolation and Culture Elephant’s Primary Skin Fibroblast 
Cells

Skin fibroblast cells were obtained from the ear skin of 
three Asian elephant carcasses (age range 35 to 55 years 
old) within 24 h of death. Skin samples, size 3×3 cm2, were 
brought to the laboratory in transport medium at 0-4°C 
within 3 h after collection. Ear skin fibroblasts were prepared 
using the protocol described by Siengdee et al.[42]. In brief, 
skin tissue samples were cleaned in phosphate buffered 
saline (PBS) and chopped into small pieces. Precipitated 
skin tissues were digested with collagenase type II solution 
and cultured with explant medium containing 20% FBS at 
37°C and 5% CO2. From the 3rd passage onwards fibroblasts 
were cultured in culture medium containing 10% FBS 
and 1% antibiotic/antimycotic at 37°C and 5% CO2 and 
routinely trypsinized with 0.25% trypsin/EDTA. Fibroblasts 
at 2nd-4th passage were frozen in liquid nitrogen for long-
term storage and passages 2nd to 6th were used for this 
study (Fig. 1).

NTP Treatment

Non-thermal plasma experiments were performed using 
atmospheric pressure NTP dielectric barrier discharge 
(DBD) TS200 (Engineering Production Equipment Medical, 
Firenze, Italy) with a DBD helium jet direct plasma probe 
with an overall 22 mm diameter containing an internal 
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glass diameter of 10 mm which had an inner core of copper 
with a diameter of 8 mm. The plasma machine operated at 
a voltage between 220-240 volts with a frequency of 1.750 
KHz. A helium gas fl ow rate of 1 L/min was used. Six mL of 
culture medium without FBS and antibiotic/antimycotics 
was added to a glass container of 40 mm diameter (50 mL 
beaker washed with deionized water 3 times and sterilized 
before use) which was placed on a stainless steel table 
due to its good electrical conductivity (Fig. 2). NTP was 
generated 0.5 cm above the liquid surface and exposed 
for 60 sec. Three diff erent treatment conditions were used; 
low dose (3.24 J/cm2), medium dose (9.12 J/cm2) and high 
dose (15.72 J/cm2). The FBS and antibiotic/antimycotic were 
added after NTP treatment in order to prevent denaturation 
during exposure to plasma. NTP treated culture medium 

was then supplemented with FBS and antibiotic/
antimycotics and is called the complete medium.
The NTP treated complete medium was used to 
treat fibroblast cells immediately. The pH of cell
culture was measured before and after exposure 
to plasma using a Consort C380 pH meter (Consort, 
Turnhout, Belgium).

Detection of Reactive Species in the Gas Phase

NTP species generated above the liquid cause 
a complex interaction with the culture medium 
and change its composition. Transmission of NTP
components into the medium leads to the 
generation of secondary reactive radicals such as
nitrate, nitrite and hydrogen peroxide [37-39,43]. The
radical species in the NTP above the liquid 
surface and in the liquid medium were measured. 
Nitric oxide (NO) and Ozone (O3) are stable 
molecules emitted by the gas NTP and result in 
generation of Nitrites (NO2

-) and Nitrates (NO3
-) 

in NTP treated medium. For the measurement of NO in the 
NTP, a gas detector (Shenzhen YuanTe Technology, Model 
SKY2000) was used with a precision of 1 ppb in the range 
of 0.05 to 100 ppm. For the measurement of O3, a gas 
detector (Shenzhen YuanTe Technology model SKY2000) 
was used with a precision of 2 ppb ranging from 0.05 to 
250 ppm. Each measurement was performed in triplicate.

Detection of Reactive Species in Culture Medium 
Treated With NTP

Comparison between three diff erent NTP treatment doses: 
In the NTP treated culture medium nitrite (NO2

-) is one of 
the reactive species products closely related to Nitric oxide 
(NO). Nitrite was used to indicate the presence of other 

Table 1. Components of reagent and medium formulations

Name Components Vendor and Stock Concentration

Culture medium 
(1.000 mL)

dH2O + DMEM powder + 4.767% Hepes (w/v) + 3.75% 
Sodium bicarbonate (w/v) + 1 × antibiotic/antimycotic

• Dulbecco’s modified Eagle’s medium; DMEM (Gibco; Thermo Fisher 
Scientific) 

• Antibiotic/antimycotic (100X) (GibcoTM; Thermo Fisher Scientific, 
Waltham, MA, USA) stock concentration contains 10,000 units/
mL of penicillin, 10,000 μg/mL of streptomycin, and 25 μg/mL of 
amphotericin B 

• Heat-inactivated fetal bovine serum (FBS) (PAA Laboratories, 
Pasching, Austria) 

• Collagenase type II (Sigma- Aldrich, St. Louis, Mo, USA) stock 
concentration contains 1 mg/mL of collagenase II in DMEM w/o 
serum 

• Trypsin-EDTA (0.5%), no phenol red (Gibco; Thermo Fisher Scientific) 
• Phosphate-buff ered saline (PBS) (10×) (Gibco; Thermo Fisher 

Scientific) 
• Gentamicin (50 mg/mL) (Gibco; Thermo Fisher Scientific, Waltham, 

MA, USA) 
• HEPES (Sigma-Aldrich, St. Louis, Mo, USA)
• Sodium bicarbonate (Sigma-Aldrich, St. Louis, Mo, USA) 
• MTT (Bio Basic Inc, Markham, ON, Canada)
• DMSO (Sigma-Aldrich, St. Louis, Mo, USA) 
• N-(1-Naphthyl)ethylenediamine dihydrochloride; NAD 2HCl (Fisher 

Scientific, Loughborough, Leicestershire, UK)
• Phosphoric acid (Carlo Erba Reagents, Barcelona, Spain)

Complete medium Culture medium + 10% FBS + antibiotic/antimycotics 
w/o NTP treatment

NTP-treated complete 
medium

Culture medium + 10% FBS+antibiotic/antimycotics 
w/NTP treatment

Explant medium containing Culture medium + 20% FBS + 1 × antibiotic/antimycotic

Transportation medium Culture medium + 10×antibiotic/antimycotic 

Collagenase solution Culture medium + 10% collagenase type II (v/v) + 10 × 
antibiotic/antimycotic 

Washing with PBS PBS + 10×antibiotic/antimycotic + 50 μg/mL 
gentamicin 

Routine antibiotic dose 
1 × antibiotic/antimycotic (containing 100 units/mL of 
streptomycin, 100 units/mL of penicillin and 0.25 μg/
mL of amphotericin B) 

MTT solution Culture medium + 0.5% MTT (w/v)

0.25 % trypsin/EDTA PBS + 0.25% trypsin/EDTA 

Colour reagent solution dH2O + 10% 85% H3PO4 (v/v) + 0.1% NAD 2HCl (w/v)

Fig 1. Elephant’s skin fi broblast cells used for this study. Scale bar = 20 mm
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reactive species generated in the medium by the NTP. Nitrite 
was measured by the presence of the reddish-purple azo 
dye, formed by the coupling of diazotized sulfanilamide 
(diazonium salt) with N-(1-naphthyl)-ethylene-diamine 
dihydrochloride (NED dihydrochloride). The concentration 
range for this spectrophotometric measurement was 
10 to 1.000 µg NO2

- -N/L. Higher concentrations of NO2
- 

were determined by sample dilution [44]. Photometric 
measurements were made at 543 nm using a DU 730 UV-
Vis Spectrophotometer (Beckman Coulter, Inc.; USA). 

To determine nitrite generated in NTP treated cell culture 
medium, a standard curve of nitrite in culture medium 
without serum was created by plotting absorbance of 
standard against NO2

--N concentration. Culture medium 
exposed to NTP was computed for the concentration of 
nitrite directly from the standard curve. The concentration 
of nitrite in NTP complete medium was measured to make 
a comparison between each NTP treatment instantly after 
treatment (0 h) and 30 min after treatment.

To compare the NO2
- concentration created by 3 diff erent 

NTP intensities, culture media without serum were exposed 
to a low dose (3.24 J/cm2), a medium dose (9.12 J/cm2) or a 
high dose (15.72 J/cm2), each performed in triplicate. Colour 
reagent solution (240 µL) was added and well mixed. The 

solution was left for 30 min at room temperature before 
determining the absorbance.

Monitoring NO2
- in treated cell culture media for 24 h: 

To monitor NO2
- created by NTP in cell culture medium for 

24 h after exposure to NTP at low dose condition (3.24 J/
cm2), the concentration of NO2

-  was measured every 4 h in 
triplicate for 24 h. At 0 h condition, 240 µL colour reagent 
solution was added and mixed immediately after being 
exposed with NTP. The solution was left for 30 min at room 
temperature before determining the colour absorbance. 
For the samples at 4, 8, 12, 16, 20 and 24 h conditions, after 
being exposed to NTP, treated culture medium were left 
in incubator at 37°C, at 5% CO2 condition, and measured 
for the absorbance with calculations to determine the 
concentration.  

Determination of the Period of NTP Incubation Using 
MTT Assay

The viability of fibroblasts grown in cell medium treated 
with NTP was determined after diff erent incubation periods. 
Fibroblasts were grown at a density of 10.000 cells/well in 
96 well plates and cultured in complete medium with 10% 
FBS and 1% antibiotic/antimycotic 200 µL/well for 24 h at 
37°C, 5% CO2. The culture medium (before addition of FBS 
and antimicrobial addition) was treated with one of three 
NTP intensities: low dose (3.24 J/cm2), medium dose (9.12 
J/cm2) and high dose (15.72 J/cm2). Each medium was 
treated with NTP for a period of 60 sec. The NTP generating 
condition was the same as the condition for comparing 
NO2 created by 3 diff erent NTP intensities (see above). After 
seeding for 24 h the incubation medium was replaced with 
200 µL NTP-treated complete medium and incubated for a 
further 24 h. After every 4 h the incubation medium was 
replaced with new complete medium.  For measurement of 
viability cells were washed once with sterile PBS and then 
200 µL MTT solution was added and incubation continued 
at 37°C, 5% CO2 for 4 h (cells incubated in culture medium 
without MTT were used as blank controls). Dimethyl sulfoxide 
(DMSO) 100 µL was then added to each well and shaken 
for 5 min. The absorbance at 540 nm was then measured 
using a microplate reader. The viability of cells incubated in 
medium treated with NTP was expressed as a percentage 
of the viability of cells incubated in medium that had not 
been treated with NTP. 

Measurement of the Total Cell Count, Viability and 
Proliferation of Elephant Skin Fibroblasts Incubated 
in Medium Treated With NTP

Fibroblasts were grown at a density of 100.000 cells/well 
in 6-well plates and cultured in completed medium for 24 
h. Fibroblasts were incubated in medium that had been 
treated with zero, low, medium and high intensities of NTP. 
Consequently 2 mL of NTP-treated completed medium was 
replaced in each well, for each group of wells in triplicate. 
Similar to the control group, complete medium without 

Fig 2. DBD helium jet exposed 6 mL culture medium without serum for 
60 sec which contained in 50 ml beaker placed on stainless steel table
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NTP treatment was continuously replaced and incubated 
at 37 C, 5% CO2 condition for 24, 48 and 72 h with changed 
new complete medium 24 h after incubated with NTP-
treated completed medium. Cells were investigated for 
total cells count, viability rate and proliferation rate using 
Muse™ cell Analyzer (Merck KGaA; Darmstadt, Germany) at 
24, 48 and 72 h.

Total cell count and viability rate were measured by the 
Muse™ Count & Viability reagent (Merck KGaA; Darmstadt, 
Germany) which was fl uorescent dye-based analysis. Dead 
and dying cells would lose their membrane integrity and 
allow the dye to stain the nucleus while live cells did not. 
This parameter was used to diff erentiate viable from non-
viable cells.

For measuring the cell proliferation rate, the Muse® Ki67 
proliferation assay (Merck KGaA; Darmstadt, Germany) was 
used to determine the percentage of cell’s proliferation 
based on nuclear antigen ki67, which is expressed by 
proliferating cells in active cell cycle phase (G1, S, G2 and 
M phase) but absent in the resting phase (G0 phase). 
The Ki67 proliferation assay utilized ki67 expression to 

identify proliferating cells and distinguish them from non-
proliferating cells or cells stained with IgG1.

Statistical Analysis

The results in this study are shown as a mean value ± 
standard deviation (SD) of data from three experiments. 
Measurement of the total cell count, viability and pro-
liferation were performed as three experiments from the
three diff erent elephants and each experiment was replicated 
three times. Statistical significance was estimated by one-
way analysis of variance followed by Dunnett T3 post hoc 
test. A P value <0.05 was considered statistically significant. 
All calculations were performed using the SPPS version 
14.0 for Windows (SPSS, USA).

RESULTS
NO and O3 Concentrations in the Gas Phase Generated by 
NTP Above the Liquid

Gas detector was placed at NTP emission point to measure 
the concentration of reactive radicals generated by NTP. As 

the NTP energy increased, the concentration of 
both reactive radicals, NO and O3, also relatively 
increased (Table 2). It was observed that using 
100% Helium (He) gas fl ow rate 1 L/min, the 
concentration of NO was higher than O3 at each 
of the three NTP intensities. 

Nitrite (NO2
-) Concentration in Culture 

Medium Treated With three NTP Intensities

The concentration of NO2
- in media at 30 min after 

exposure with NTP was significantly higher than 
observed immediately after exposure (P<0.05) 
for all NTP intensities (Fig. 3). The concentration 
of NO2

- in media significantly increased with the 
NTP energy delivered (Fig. 3). 

Nitrite (NO2
-) Concentration and pH in Culture 

Medium in the 24 h After Treatment With NTP

The concentration (mg/L) of NO2
- detected in 

NTP-treated culture medium exposed to the low 
intensity condition (3.24 J/cm2) is shown in Fig 
4. The concentration of NO2

- 4 h after treatment 
was significantly higher than immediately 
after treatment (0 h) and thereafter remained 
approximately constant for 24 h. This ensured 

 KLINHOM, SIENGDEE, NGANVONGPANIT
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Fig 3. Comparison of nitrite concentration (mg/L) generated in culture medium 
between three different NTP treatment doses measured immediately and 30 
min after exposure to NTP. Results are presented as mean ± standard deviations, 
each performed in triplicate. * show a significant difference (P<0.05) between 
measurements at 0 min and 30 min; a,b,c shows a signifi cant diff erence between three 
NTP conditions at the same time

Table 2. Emission of NTP reactive radical volume in gas phase

Parameters
Low Dose 

(3.24 J/cm2)
Medium Dose 

(9.12 J/cm2)
High Dose 

(15.72  J/cm2)

Nitric oxide (NO) (ppm) 3.32±0.13[a] 5.50±0.19[b] 7.48±0.23[c]

Ozone (O3) (ppm) 0.43±0.6[a] 1.53±0.6[b] 2.67±0.32[c]

He gas rate 1 L/min, Relative humidity [45] 56%, Temperature 25°C. Superscript [a, b, c] show a significantly diff erent (P<0.05) between treatments groups
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that reactive species still remained for 24 in cultured 
medium for 24 h after treatment with NTP. 

The pH of the cell culture medium was not infl uenced by 
treatment with low, medium or high NTP intensities (Fig. 5). 

Cell Viability at Diff erent İncubation Times Measured 
Using the MTT Assay

The viability of fibroblasts was determined by MTT assay 
during 24 h of incubation in media treated with low, 
medium and high NTP intensities (Fig. 6). The percentage 
of viable cells was higher than 90 percent, except for one 
time point (12 h) and one NTP intensity (medium).

Eff ect of NTP Treatment Conditions on Elephant Skin 
Fibroblasts

At the culture periods of 24, 48 and 72 h, the proliferation 
rate of fibroblasts in medium treated with NTP was 
significantly higher (P<0.05) than in cells grown in control 
medium (untreated with NTP) (Table 3). The proliferation 

rate increased with increased intensity of NTP exposure 
from low to high (Table 3) (P<0.05). At 24 h, proliferation 
rate of the treated fibroblasts with low, medium and 
high dose were 2.54, 2.70 and 3.11 times higher than the 
untreated cells, respectively (Table 4). At 72 h, the rate of 
the cell proliferation dropped which might be caused by 
the cells reaching confl uence.

The number of cells in both the NTP treated and the 
untreated (control) groups approximately doubled in
every 24 h (Table 3). The average total cell count of all 
treatment groups was significantly higher than that of 
untreated group (P<0.05). The viability of cells at all time 
points was not significantly infl uenced by incubation in 
NTP treated medium (Table 3).

DISCUSSION

Results from the current study has shown that the 
proliferation rate and total number of elephant skin fibrob-
lasts grown in vitro was significantly higher (2-3 fold) when
cultured in medium exposed to a NTP. Furthermore, 
proliferation rate and total cell count of treated fibroblasts 
was increased according to the NTP dose delivered. The 
study from Kalghatgi, Friedman [4] that used a low level 
(4 J/cm2) of NTP from dielectric barrier discharge (DBD) 
suggested that the reactive species generated interacted 
with cell membranes and caused sub-lethal cell membrane 
damage. The treatment of higher level NTP (8 J/cm3) lead 
to cell apoptosis and induced cell necrosis (or non-specific 
cell death) and infl ammation. The diff erent outcomes bet-
ween our study and the findings of Kalghatgi, Friedman [4] 
may be caused by the use of diff erent culture media [40,46] 
and NTP equipment.

The choice of culture medium may change the nature and 

Fig 4. Measurement of the concentration (mg/L) of Nitrite generated in 
culture medium after being exposed with low intensity condition (3.24 
J/cm2) for 60 sec. Results are presented as mean ± standard deviations, 
each performed in triplication. * show a signifi cantly diff erent (P<0.05)

Fig 5. The pH of the cell culture medium after NTP treatment

Fig 6. Viability of elephant skin fi broblasts after serial incubation with 
three diff erent NTP treated complete medium conditions (low dose 
(3.24 J/cm2), medium dose (9.12 J/cm2) and high dose (15.72 J/cm2)); 
Cell viability (%) of fi broblasts was evaluated by MTT assay and data are 
presented as mean ± standard deviations, each performed in triplication
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number of reactive species generated by NTP treatment. 
HEPES, a buffering agent for maintaining physiological 
pH of cell culture medium has a high ability to scavenge 
reactive species [41,46]. Furthermore, serum and antibiotics 
also have a minor radical scavenging ability [41,46]. In this 
study, fibroblasts that had been exposed with high dose 
NTP-treated complete medium with HEPES, serum and 
antibiotics showed the highest proliferation rate, compared 
to other treatment groups. Radical scavenger in culture 
medium was capable to scavenge reactive species which 
formed in culture medium after NTP treatment, and resulted 
in reducing oxidative effects inside the cells by decreasing 
of intracellular reactive species concentration [46]. This 
may the reason of using high dose of NTP treatment did 
not damage cells to death and reduced cell proliferation 
rate in this study.

NTP induced cell proliferation through intracellular reactive 
species formation [5], which bound to cell surface receptors 
and some can induce and generate new reactive species 
by interaction with cells components and consequently 
stimulated intracellular signalling pathways [4,41]. Increasing 
of intracellular reactive species also induced lipid per- 

oxidation, changing of gene expression and cell membrane 
damage causing sub-lethal damage conditions which lead 
growth factors and cytokines release [4]. These intracellular 
mechanism resulted in a change of cell viability, pro-
liferation, alter cell migration or induction of apoptosis 
which were dependent on NTP doses, treatment times 
together with cell types [41].

Among the consequences of generating  NTP, radio-active 
emissions and UV-radiation potentially have the most 
effect on cells [41]. With the exposure of cells to NTP-treated 
culture media, the direct effects of UV-radiation can be 
excluded [47]. While direct treatment with NTP would allow 
cells to be exposed with all NTP components [41], some  
NTP components will be transferred into the treated 
liquid at the area of fluid exposed with NTP and will lead 
to reactive species production in the bulk liquid or liquid-
gas interface [38,47]. NO, reactive nitrogen species, and 
O3, reactive oxygen species, are one of the main radical 
species generated by NTP [48]. The amount and proportion 
of various reactive radicals generated in gas phase depend 
on plasma gas source [49,50]. In this study which uses 
Helium plasma, the ratio of NO radical emitted was higher 
than O3. As with other studies, it was found that oxygen 
plasma generated a large number of singlet oxygen and 
OH radical. Whereas for air plasma, OH radical was less 
produced. However, the concentration of nitrate and 
nitrite in the liquid is higher than that produced by other 
gas plasma. This might be because air plasma generated 
a large number of NO and NO2 

[49]. Moreover, this study 
showed that concentrations of NO and O3 were increased 
in the gas above by NTP in a dose-dependent manner. In 
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Table 3. Effect of NTP treatment conditions on elephant skin fibroblasts

Treatment Conditions Cell Culture Period (h)

24 h 48 h
72 h

Proliferation rate 
(%)

Control 0.78±0.13[a],[i] 0.94±0.15[a],[ii] 0.84±0.11[a],[i,ii]

Low dose 1.97±0.34[b],[i,ii] 2.05±0.27[b],[i] 1.74±0.25[b],[ii]

Medium dose 2.10±0.28[b],[i] 2.45±0.32[c],[ii] 1.70±0.25[b],[iii]

High dose 2.41±0.33[c],[i] 2.80±0.41[d],[ii] 1.92±0.24[b],[iii]

Mean±SD 1.79±0.70 2.20±0.74 1.49±0.50

Total cells count 
(x104)

Control 238.362±19.479[a],[i] 411.209±5.973[a],[ii] 806.729±48.923[a],[iii]

Low dose 252.632±12.731[a],[i] 473.822±44.505[b],[ii] 950.263±101.477[b],[iii]

Medium dose 259.910±15.818[b],[i] 509.208±45,400[b],[ii] 1.037.017±76.506[b],[iii]

High dose 285.991±24.234[c],[i] 512.399±37.057[b],[ii] 1.058.791±67.946 [c],[iii]

Mean±SD 258.675±25.550 479.114±56.475 960.185±127.272

Viability rate 
(%)

Control 84.29±3.86 83.88±6.94 87.09±7.06

Low dose 87.30±4.01 84.84±3.88 86.62±7.94

Medium dose 87.63±6.45 87.57±6.88 90.57±5.50

High dose 84.25±4.65 85.44±3.94 89.50±6.08

Mean±SD 85.89±4.96 85.47±5.74 88.42±6.71

Superscript [a, b, c] show a significantly different (P<0.05) between treatments groups. Superscript [i, ii, iii] show a significantly different (P<0.05) between times 
within same treatment group

Table 4. Proliferation rate related to control group

Treatment (n=3)
Cell Culture Period (h)

24 h 48 h 72 h

Low dose 2.54 2.19 2.07

Medium dose 2.70 2.62 2.03

High dose 3.11 2.99 2.29
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the study of Kim et al.[48], increasing of plasma treatment 
time also affects the increase in the amount of oxygen 
radicals.

After NTP generated plasma species above liquid surface, 
radical species were delivered as gas phase and then 
transferred, or some formed secondary generation of 
reactive radicals at the plasma-liquid interface, leading 
to chemical changes in the exposed liquid. For instance, 
nitrate and nitrite are the result of the reaction of plasma 
generated RNS such as NO and NO2 and liquid [49]. This 
study showed that nitrite concentration (mg/L) generated 
in culture medium increased according to the energy 
dose delivered and remained in the NTP-treated complete 
medium for an extended period of time (up to 24 h in this 
study). This is because these generated radicals are long-
lived, so species that can cause these reactions can spread 
to liquid without losing [47]. However, exposure to plasma 
with different energy will cause different chemical changes 
in the exposed liquid, depending on the characteristics 
and composition of the liquid [40,47]. 

Plasma radicals which dissolved in treated liquid were the 
cause of changing of pH by reacting with solution and also 
generating of secondary relative radicals. However, being 
buffer solution of culture medium resulted in almost no 
change of pH after plasma treatment. Consistent with the 
study of Trizio et al.[40], after plasma treatment, pH of distilled 
water was altered while culture medium and PBS did not 
noticeably change. Differing from other fluids e.g. water 
and PBS, culture medium solution containing amino acids, 
protein, serum and others organic components interact 
with reactive species generated by NTP and produced 
long-lived reactive species in treated culture medium [51]. 
In addition, there are other factors that influence the 
amount of ROS generated; the type of NTP machine, the 
NTP type, the gas generator, the gas flow volume and the 
materials of the table, and other environmental factors 
such as temperature and humidity.

Although this study successfully showed that medium 
treated with NTP was able to stimulate elephant skin 
fibroblasts in vitro, there were some limitations of the 
study. A monolayer cell culture does not resemble the 
wound on the skin of an elephant. There are many factors 
involved in the healing process, such as the interaction of 
various cell types, cytokines, wound conditions and overall 
animal health, which might affect the performance of NTP 
liquid treatment. Further studies using NTP treated liquids 
on elephant skin wounds are encouraged to develop the 
most effective and optimum treatment conditions. 

Acknowledgements 

The authors would like to gratefully acknowledge the Brian 
Nixon Grant for the Protection of Elephants in Thailand, 
and Chiang Mai University for the financial support. We 
thank the elephants and the owners of the followings, 

who allowed the research team to collect samples used in 
this study: Thai Elephant Conservation Center, Hang Chat, 
Lampang, Thailand; Panda Elephant Camp; Mae Sa Elephant 
Camp; Water Runner and Bobby’s Elephant Home; Elephant 
Nature Park; and Elephant Jungle, Chiang Mai, Thailand.

REFERENCES

1. Sukklad S, Sommanustweechai A, Pattanarangsan R: A retrospective 
study of elephant wound, wound management from Thai veterinarians. 
AZWMP, October 26-29, Bangkok, Thailand, 2006 October 26-29.

2. Lloyd G, Friedman G, Jafri S, Schultz G, Fridman A, Harding K: Gas 
plasma: Medical uses and developments in wound care. Plasma Process 
Polym, 7 (3‐4): 194-211, 2010. DOI: 10.1002/ppap.200900097

3. Nehra V, Kumar A, Dwivedi HK: Atmospheric non-thermal plasma 
sources. Int J Eng, 2 (1): 53-68, 2008. 

4. Kalghatgi S, Friedman G, Fridman A, Clyne AM: Endothelial cell 
proliferation is enhanced by low dose non-thermal plasma through fibroblast 
growth factor-2 release. Ann Biomed Eng, 38 (3): 748-757, 2010. DOI: 10.1007/
s10439-009-9868-x

5. Brun P, Pathak S, Castagliuolo I, Palù G, Zuin M, Cavazzana R, Martines 
E: Helium generated cold plasma finely regulates activation of human 
fibroblast-like primary cells. PLoS One, 9 (8): e104397, 2014. DOI: 10.1371/
journal.pone.0104397

6. Barton A, Wende K, Bundscherer L, Hasse S, Schmidt A, Bekeschus 
S, Weltmann KD, Lindequist U, Masur K: Nonthermal plasma increases 
expression of wound healing related genes in a keratinocyte cell line. Plasma 
Med, 3 (1-2): 125-136, 2013. DOI: 10.1615/PlasmaMed.2014008540

7. Schmidt A, Dietrich S, Steuer A, Weltmann KD, von Woedtke T, 
Masur K, Wende K: Non-thermal plasma activates human keratinocytes by 
stimulation of antioxidant and phase II pathways. J Biol Chem, 290 (11): 6731-
6750, 2015. DOI: 10.1074/jbc.M114.603555

8. Kondo N, Nakamura H, Masutani H, Yodoi J: Redox regulation of human 
thioredoxin network. Antioxid Redox Signal, 8 (9-10): 1881-1890, 2006. DOI: 
10.1089/ars.2006.8.1881

9. Kong MG, Kroesen G, Morfill G, Nosenko T, Shimizu T, Van Dijk J, 
Zimmermann JL: Plasma medicine: An introductory review. New J Phys, 11, 
115012, 2009. DOI: 10.1088/1367-2630/11/11/115012

10. Hoffmann C, Berganza C, Zhang J: Cold atmospheric plasma: Methods 
of production and application in dentistry and oncology. Med Gas Res, 3 (1): 
21, 2013. DOI: 10.1186/2045-9912-3-21

11. Yan D, Sherman JH, Keidar M: Cold atmospheric plasma, a novel promising 
anti-cancer treatment modality. Oncotarget, 8, 15977-15995, 2017. DOI: 
10.18632/oncotarget.13304

12. Fridman G, Friedman G, Gutsol A, Shekhter AB, Vasilets VN, Fridman 
A: Applied plasma medicine. Plasma Process Polym, 5 (6): 503-533, 2008. DOI: 
10.1002/ppap.200700154

13. Dobrynin D, Fridman G, Friedman G, Fridman A: Physical and biological 
mechanisms of direct plasma interaction with living tissue. New J Phys, 11 
(11): 115020, 2009. DOI: 10.1088/1367-2630/11/11/115020

14. Kuo SP, Tarasenko O, Chang J, Popovic S, Chen CY, Fan HW, Scott A, 
Lahiani M, Alusta P, Drake JD, Nikolic M: Contribution of a portable air 
plasma torch to rapid blood coagulation as a method of preventing bleeding. 
New J Phys, 11:115016 2009. DOI: 10.1088/1367-2630/11/11/115016

15. Ngo MHT, Liao JD, Shao PL, Weng C, Chang CY: Increased fibroblast 
cell proliferation and migration using atmospheric N2/Ar micro-plasma for 
the stimulated release of fibroblast growth factor-7. Plasma Process Polym, 11 
(1): 80-88, 2014. DOI: 10.1002/ppap.201300098

16. Heinlin J, Isbary G, Stolz W, Morfill G, Landthaler M, Shimizu T, Steffes 
B, Nosenko T, Zimmermann J, Karrer S: Plasma applications in medicine 
with a special focus on dermatology. J Eur Acad Dermatol Venereol, 25 (1): 
1-11, 2011. DOI: 10.1111/j.1468-3083.2010.03702.x

17. Lipatov KV, Sopromadze MA, Shekhter AB, Emel’ianov AI, Grachev 
SV: Use of gas flow with nitrogen oxide (NO-therapy) in combined treatment 
of purulent wounds. Khirurgiia (Mosk), 12, 43-46, 2004. 

18. Morfill G, Kong MG, Zimmermann JL: Focus on plasma medicine. New J 
Phys, 11 (11): 115011, 2009. DOI: 10.1088/1367-2630/11/11/115011

https://onlinelibrary.wiley.com/doi/abs/10.1002/ppap.200900097
https://www.cscjournals.org/library/manuscriptinfo.php?mc=IJE-12
https://link.springer.com/article/10.1007%2Fs10439-009-9868-x
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104397
http://www.dl.begellhouse.com/journals/5a5b4a3d419387fb,4eec539e3367d43b,3ea896c87bb716d7.html
http://www.jbc.org/content/290/11/6731
https://www.liebertpub.com/doi/10.1089/ars.2006.8.1881
https://iopscience.iop.org/article/10.1088/1367-2630/11/11/115012
https://medicalgasresearch.biomedcentral.com/articles/10.1186/2045-9912-3-21
http://www.oncotarget.com/index.php?journal=oncotarget&page=article&op=view&path[]=13304&path[]=42235
https://onlinelibrary.wiley.com/doi/full/10.1002/ppap.200700154
https://iopscience.iop.org/article/10.1088/1367-2630/11/11/115020
https://iopscience.iop.org/article/10.1088/1367-2630/11/11/115016
https://onlinelibrary.wiley.com/doi/abs/10.1002/ppap.201300098
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1468-3083.2010.03702.x
https://iopscience.iop.org/article/10.1088/1367-2630/11/11/115011


823

19. Nosenko T, Shimizu T, Morfill GE: Designing plasmas for chronic 
wound disinfection. New J Phys, 11 (11): 115013, 2009. DOI: 10.1088/1367-
2630/11/11/115013

20. Fluhr JW, Sassning S, Lademann O, Darvin ME, Schanzer S, Kramer 
A, Richter H, Sterry W, Lademann J: In vivo skin treatment with tissue‐
tolerable plasma influences skin physiology and antioxidant profile in human 
stratum corneum. Exp Dermatol, 21 (2): 130-134, 2012. DOI: 10.1111/j.1600-
0625.2011.01411.x

21. Isbary G, Morfill G, Schmidt H, Georgi M, Ramrath K, Heinlin J, Karrer 
S, Landthaler M, Shimizu T, Steffes B, Bunk W,. Monetti R,. Zimmermann 
JL, Pompl R, Stolz W: A first prospective randomized controlled trial to 
decrease bacterial load using cold atmospheric argon plasma on chronic 
wounds in patients. Br J Dermatol, 163 (1): 78-82, 2010. DOI: 10.1111/j.1365-
2133.2010.09744.x

22. Isbary G, Heinlin J, Shimizu T, Zimmermann J, Morfill G, Schmidt HU, 
Monetti R, Steffes B, Bunk W, Li Y, Klaempfl T, Karrer S, Landthaler M, 
Stolz W: Successful and safe use of 2 min cold atmospheric argon plasma in 
chronic wounds: Results of a randomized controlled trial. Br J Dermatol, 167 
(2): 404-410, 2012. DOI: 10.1111/j.1365-2133.2012.10923.x

23. Isbary G, Köritzer J, Mitra A, Li YF, Shimizu T, Schroeder J, Schlegel 
J, Morfill G, Stolz W, Zimmermann JL: Ex vivo human skin experiments for 
the evaluation of safety of new cold atmospheric plasma devices. Clin Plasma 
Med, 1 (1): 36-44, 2013. DOI: 10.1016/j.cpme.2012.10.001

24. Isbary G, Morfill G, Zimmermann J, Shimizu T, Stolz W: Cold atmospheric 
plasma: A successful treatment of lesions in Hailey-Hailey disease. Arch 
Dermatol, 147 (4): 388-390, 2011. DOI: 10.1001/archdermatol.2011.57

25. Isbary G, Stolz W, Shimizu T, Monetti R, Bunk W, Schmidt HU, Morfill 
G, Klämpfl T, Steffes B, Thomas HM, Heinlin J, Karrerd S, Landthaler M, 
Zimmermann JL: Cold atmospheric argon plasma treatment may accelerate 
wound healing in chronic wounds: Results of an open retrospective 
randomized controlled study in vivo. Clin Plasma Med, 1 (2): 25-30, 2013. DOI: 
10.1016/j.cpme.2013.06.001

26. Isbary G, Zimmermann JL, Shimizu T, Li YF, Morfill GE, Thomas H, 
Steffes B, Heinlin J, Karrer S, Stolz W: Non-thermal plasma-More than 
five years of clinical experience. Clin Plasma Med, 1 (1): 19-23, 2013. DOI: 
10.1016/j.cpme.2012.11.001

27. Daeschlein G, Scholz S, Ahmed R, Majumdar A, von Woedtke T, Haase 
H, Niggemeier M, Kindel E, Brandenburg R, Weltmann KD, Jünger M: 
Cold plasma is well‐tolerated and does not disturb skin barrier or reduce skin 
moisture. J Dtsch Dermatol Ges, 10 (7): 509-515, 2012. DOI: 10.1111/j.1610-
0387.2012.07857.x

28. Emmert S, Brehmer F, Hänßle H, Helmke A, Mertens N, Ahmed R, 
Simon D, Wandke D, Maus-Friedrichs W, Däschlein G, Schön MP, Viöl W: 
Atmospheric pressure plasma in dermatology: Ulcus treatment and much 
more. Clin Plasma Med, 1 (1): 24-29, 2013. DOI: 10.1016/j.cpme.2012.11.002

29. Brehmer F, Haenssle H, Daeschlein G, Ahmed R, Pfeiffer S, Görlitz A, 
Simon D, Schön M, Wandke D, Emmert S: Alleviation of chronic venous 
leg ulcers with a hand‐held dielectric barrier discharge plasma generator 
(PlasmaDerm® VU‐2010): Results of a monocentric, two‐armed, open, 
prospective, randomized and controlled trial (NCT01415622). J Eur Acad 
Dermatol Venereol, 29 (1): 148-155, 2015. DOI: 10.1111/jdv.12490

30. Ermolaeva SA, Varfolomeev AF, Chernukha MY, Yurov DS, Vasiliev 
MM, Kaminskaya AA, Moisenovich MM, Romanova JM, Murashev AN, 
Selezneva II, Shimizu T, Sysolyatina EV, Shaginyan IA, Petrov OF, 
Mayevsky EI, Fortov VE, Morfill GE, Naroditsky BS, Gintsburg AL: 
Bactericidal effects of non-thermal argon plasma in vitro, in biofilms and in 
the animal model of infected wounds. J Med Microbiol, 60, 75-83, 2011. DOI: 
10.1099/jmm.0.020263-0

31. Nastuta AV, Topala I, Grigoras C, Pohoata V, Popa G: Stimulation of 
wound healing by helium atmospheric pressure plasma treatment. J Phys D 
Appl Phys, 44:105204, 2011. DOI: 10.1088/0022-3727/44/10/105204

32. García-Alcantara E, López-Callejas R, Morales-Ramírez PR, Peña-
Eguiluz R, Fajardo-Muñoz R, Mercado-Cabrera A, Barocio SR, Valencia-
Alvarado R, Rodríguez-Méndez BG, Muñoz-Castro AE, de la Piedad-
Beneitez A, Rojas-Olmedo IA: Accelerated mice skin acute wound healing 
in vivo by combined treatment of argon and helium plasma needle. Arch Med 
Res, 44 (3): 169-177, 2013. DOI: 10.1016/j.arcmed.2013.02.001

33. Yu Y, Tan M, Chen H, Wu Z, Xu L, Li J, Cao J, Yang Y, Xiao X, Lian X, Lu X, 
Tu Y: Non-thermal plasma suppresses bacterial colonization on skin wound 
and promotes wound healing in mice. J Huazhong Univ Sci Technol Med Sci, 

31 (3): 390-394, 2011. DOI: 10.1007/s11596-011-0387-2

34. Nasruddin, Nakajima Y, Mukai K, Rahayu HSE, Nur M, Ishijima T, 
Enomoto H, Uesugi Y, Sugama J, Nakatani T: Cold plasma on full-thickness 
cutaneous wound accelerates healing through promoting inflammation, re-
epithelialization and wound contraction. Clin Plasma Med, 2 (1): 28-35, 2014. 
DOI: 10.1016/j.cpme.2014.01.001

35. Dobrynin D, Wu A, Kalghatgi S, Park S, Chernets N, Wasko K, Dumani 
E, Ownbey R, Joshi SG, Sensenig R, Brooks AD: Live pig skin tissue and 
wound toxicity of cold plasma treatment. Plasma Med, 1 (1): 93-108, 2011. 
DOI: 10.1615/PlasmaMed.v1.i1.80

36. Safa S, Soucy G: Liquid and solution treatment by thermal plasma: A 
review. Int J Environ Sci Technol, 11 (4): 1165-1188, 2014. DOI: 10.1007/
s13762-013-0356-3

37. Von Woedtke T, Oehmigen K, Brandenburg R, Hoder T, Wilke C, 
Hähnel M, Weltmann KD: Plasma-liquid interactions: chemistry and 
anti-microbial effects. In, Hensel K, Machala Z (Eds): Plasma for Bio-
Decontamination, Medicine and Food Security. NATO Science for Peace and 
Security Series A: Chemistry and Biology. Springer, Dordrecht, 2012.

38. Oehmigen K, Hähnel M, Brandenburg R, Wilke C, Weltmann KD, Von 
Woedtke T: The role of acidification for antimicrobial activity of atmospheric 
pressure plasma in liquids. Plasma Process Polym, 7 (3‐4): 250-257, 2010. DOI: 
10.1002/ppap.200900077

39. Traylor MJ, Pavlovich MJ, Karim S, Hait P, Sakiyama Y, Clark DS, Graves 
DB: Long-term antibacterial efficacy of air plasma-activated water. J Phys D 
Appl Phys, 44:472001, 2011. DOI: 10.1088/0022-3727/44/47/472001

40. Trizio I, Sardella E, Francioso E, Dilecce G, Rizzi V, Cosma P, Schmidt 
M, Hänsch M, von Woedtke T, Favia P, Gristina R: Investigation of air-
DBD effects on biological liquids for in vitro studies on eukaryotic cells. Clin 
Plasma Med 3 (2): 62-71, 2015. DOI: 10.1016/j.cpme.2015.09.003

41. Haertel B, von Woedtke T, Weltmann KD, Lindequist U: Non-thermal 
atmospheric-pressure plasma possible application in wound healing. Biomol 
Ther, 22 (6): 477-490, 2014. DOI: 10.4062/biomolther.2014.105

42. Siengdee P, Klinhom S, Thitaram C, Nganvongpanit K: Isolation and 
culture of primary adult skin fibroblasts from the Asian elephant (Elephas 
maximus). PeerJ, 6: e4302, 2018. DOI: 10.7717/peerj.4302

43. Mariotti D, Patel J, Švrček V, Maguire P: Plasma–liquid interactions at 
atmospheric pressure for nanomaterials synthesis and surface engineering. 
Plasma Process Polym, 9 (11‐12): 1074-1085, 2012. DOI: 10.1002/ppap.201200007

44. APHA, AWWA, WEF: 4500-NO2 Nitrogen (Nitrite). Standard Methods 
for the Examination of Water and Wastewatered., 4(85-87), American Public 
Health Association, Washington, DC, 1992.

45. Arndt S, Landthaler M, Zimmermann JL, Unger P, Wacker E, Shimizu 
T, Li YF, Morfill GE, Bosserhoff AK, Karrer S: Effects of cold atmospheric 
plasma (CAP) on ß-defensins, inflammatory cytokines, and apoptosis-related 
molecules in keratinocytes in vitro and in vivo. PLoS One, 10 (3): e0120041, 
2015. DOI: 10.1371/journal.pone.0120041 

46. Wende K, Straßenburg S, Haertel B, Harms M, Holtz S, Barton A, 
Masur K, von Woedtke T, Lindequist U: Atmospheric pressure plasma 
jet treatment evokes transient oxidative stress in HaCaT keratinocytes and 
influences cell physiology. Cell Biol Int, 38 (4): 412-425, 2014. DOI: 10.1002/
cbin.10200

47. Hamouda I, Guillem-Marti J, Ginebra MP, Canal Barnils C: Liquids 
treated by atmospheric pressure plasma jet for bone cancer therapy. 
Biomecánica, 25, 7-15, 2017. DOI: 10.5821/sibb.25.1.5384

48. Kim S, Joh H, Baek E, Chung T: Measurement of hydroxyl radicals 
generated by pulsed atmospheric pressure plasma jet in liquids. 22nd 
International Symposium on Plasma Chemistry, July 5-10 Antwerp, Belgium, 
5-10 July 2015.

49. Toshihiro T, Akitsugu K, Takaya O, Takaya O, Greg F: Investigation 
of Reactive Species in Various Gas Plasma Treated Liquid and Sterilization 
Effects. International Symposium on Plasma Chemistry 21, 4-7, 2014.

50. Zhigang K, Prutchayawoot T, Greg F, Vandana M, Liangdeng Y, 
Alexander F, Qing H: Effect of N2/O2 composition on inactivation efficiency 
of Escherichia coli by discharge plasma at the gas-solution interface. Clin 
Plasma Med, 7-8, 1-8, 2017. DOI: 10.1016/j.cpme.2017.05.001

51. Kalghatgi S, Kelly CM, Cerchar E, Torabi B, Alekseev O, Fridman A, 
Friedman G, Azizkhan-Clifford J: Effects of non-thermal plasma on 
mammalian cells. PloS one, 6 (1): e16270, 2011. DOI: 10.1371/journal.
pone.0016270

 KLINHOM, SIENGDEE, NGANVONGPANIT
BOONYAWAN, SILVA-FLETCHER, THITARAM

https://iopscience.iop.org/article/10.1088/1367-2630/11/11/115013
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1600-0625.2011.01411.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2133.2010.09744.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2133.2012.10923.x
https://www.sciencedirect.com/science/article/pii/S2212816612000029?via%3Dihub
https://jamanetwork.com/journals/jamadermatology/article-abstract/423186
https://www.sciencedirect.com/science/article/pii/S2212816613000188?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2212816612000030?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1610-0387.2012.07857.x
https://www.sciencedirect.com/science/article/pii/S2212816612000042?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1111/jdv.12490
https://jmm.microbiologyresearch.org/content/journal/jmm/10.1099/jmm.0.020263-0
https://iopscience.iop.org/article/10.1088/0022-3727/44/10/105204
https://www.sciencedirect.com/science/article/abs/pii/S0188440913000465?via%3Dihub
https://link.springer.com/article/10.1007%2Fs11596-011-0387-2
https://link.springer.com/article/10.1007%2Fs11596-011-0387-2
https://www.sciencedirect.com/science/article/pii/S221281661400002X?via%3Dihub
http://www.dl.begellhouse.com/journals/5a5b4a3d419387fb,6239f734065d8e3d,2457cd8b755beb8a.html
https://link.springer.com/article/10.1007%2Fs13762-013-0356-3
https://onlinelibrary.wiley.com/doi/abs/10.1002/ppap.200900077
https://iopscience.iop.org/article/10.1088/0022-3727/44/47/472001
https://www.sciencedirect.com/science/article/pii/S221281661530007X?via%3Dihub
http://www.biomolther.org/journal/view.html?volume=22&number=6&spage=477&year=2014
https://peerj.com/articles/4302/
https://onlinelibrary.wiley.com/doi/abs/10.1002/ppap.201200007
https://onlinelibrary.wiley.com/doi/abs/10.1002/cbin.10200
https://upcommons.upc.edu/handle/2117/119824
https://www.sciencedirect.com/science/article/pii/S2212816617300021?via%3Dihub
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0016270
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0120041

