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Abstract:

Atmospheric pressure cold plasma is expected to be an effective tool for wound healing and treating skin
diseases. In this paper, we generated an atmospheric pressure plasma jet [APPJ] in argon gas with an applied
voltage of 3.5 kV operating at a frequency of 27 kHz. Low electron temperature of 0.572 eV was calculated
from analysis of optical emission spectra of the jet and plume temperature in the range (42-26)°C was
measured by using laser gun thermometer, which demonstrated that it is suitable for treating animal body. In
vivo study was performed to demonstrate that APPJ is an effective tool for wound healing in rats. Based on
morphological changes in the wound, APPJ treatment for 120 sec showed complete wound healing at day 5 in
comparison with the control (without treatment and wound treated with antiseptics). The wounds treated with
single doses were slower in healing compared to the wound treated with multiple doses (i.e., twice a day). It
was concluded that an appropriate dose of APPJ could inactivate bacteria around the wound to promote the
healing process. This healing effect may be related to the potential killing of bacteria in wound due to presence
of reactive oxygen and nitrogen species (ROS and RNS) in APPJ.
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1 Introduction

Cold atmospheric pressure plasma jets (APPJs) are known as weakly ionized gases that are produced by
electric discharges with different work gases (air, argon, helium, etc.). Plasma consists of many active
components, including radicals (reactive species), ground-state and excited atoms, ions, electrons, and photons
[1, 2]. APPJs can be generated at atmospheric pressure in ambient air and the temperature of all species does
not exceed body temperature, allowing its application to animal body. The application of APPJ in biomedical
research has increased during the last fifteen years in several domains such as infection-related disease in
dermatology,[3] skin wounds, [4-7] blood coagulation,[8,9] cancer cell treatment,[10-11] inactivation of
several microorganisms, [13-15] and decontamination of medical devices and surfaces in hospitals,[16,17].
Positive result have been obtained in these fields in vitro and in vivo, and some clinical trials have been
conducted that produces successful treatment of different types of skin injuries including acute wounds, [18,
19] burns, [20] chronic leg ulcers, [21,22] Other clinical trials have proven that APPJ treatment is safe and

causes no toxic effect, non-allergic, or pain and contact free.

Therefore, the aim of this study was to investigate the efficacy of applying indigenously built atmospheric
pressure plasma jets using argon gas on acute wounds of rats. The APPJ was characterized by measuring
electron temperature, gas temperature, electron density and relative intensity in the jet region of APPJ with the
help of optical emission spectroscopy (OES). Consequently, APPJ was applied to treat wounds on rats and
compared the wound healing speed with a control group (no treatment and treatment with antiseptics.

2 Experimental setup

Plasma jet concerned in this study was produced in the physics lab of Kathmandu University. Plasma is
generated in a glass capillary tube with an inner diameter of 3.0 mm and an outer diameter of 4 mm. The
electrodes, 1.0 cm wide, are made of aluminum foil wrapping the capillary tube and the distance between the
inner edges of two electrodes is 15 cm. The ground electrode is on the upstream side; the active electrode is on
the downstream side and 0.5 cm apart from the tube orifice. Argon gas was used as the working gas and the
flow rate of the argon gas was maintained at 2 standards liters per minute (slm) so that the flow velocity would
not exceed the limit for a laminar argon flow. In the present study, the jet in argon gases is generated by
applying a sinusoidal voltage with a fixed frequency 27 kHz and a voltage 3.5 kV for the excitation and
sustaining the discharges
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Figure 1: Schematic representation of the APPJ system (A) and Photograph of APPJ designed and

constructed at K.U. under operation (B).

The applied voltage was recorded by digital oscilloscope (Tektronix TDS2000) through high-voltage
probe (Tektronix P6015A, 1000:1) voltage dividing ratio and the current was measured via inductance free
resistor of 10kQ. Optical emission spectra (OES) were collected perpendicular to the jet using an optical
spectrometer (Ocean Optics USB2000) with a spectral range of 180-1100 nm and a resolution of 0.2nm full
width at half-maximum. OES data were compiled using a personal computer equipped with relevant software
for both driving and acquisition. We were thus able to obtain the relative irradiance of the active species in the
plasma. During OES measurement, exposure time was 100 ms. Emission intensities of the active species were
collected at a position of the plasma jet (3.5 cm from the end of the nozzle) through an optical fiber with a

diameter of 100 um.

3 Wound inductions in rats for in vivo study

The team carried an in-vivo experiment in seven Wister rat models. Skin surface of the rats were
anesthetized with xylocaine and the acute cutaneous wound of length 10 mm were induced by veterinary
professional in the upper part of the left lower limb of each rat. Two of the animal models were taken as
positive control and were treated with antiseptic ointment whereas one of the models was taken as negative
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control and left untreated. The remaining four models were treated with different exposures and timings of
Cold Atmospheric Plasma (APPJ) jet. During the whole procedure, the team was aware of the animal rights

regulations and they were strictly followed.

4 Plasma treatment:
After the induction of wound, animal models were exposed to cold APPJ in different treatment time,

which are categorized as follow:

1. Single short plasma dose for 2 mins

2. Multiple short plasma dose for 2 mins

Two of the animal models were taken as positive control and were treated with antiseptic ointment
whereas one of the models was taken as negative control and left untreated. The remaining four models were
treated with different exposures and timings of cold APPJ. Two rats were given 2 min multiple dose (two
times per day) treatment, two were given 2 min single dose treatment. The wound was left under observation

for 5 days.

5 Analysis of wound after APPJ treatment

Healing process of the wound treated with APPJ was analyzed based on the morphological changes of the
wound for 5 consecutive days by measuring the length of the wound. Furthermore, the tissue obtained from the
wound was subjected to histological analysis after 5 days. The tissue under observation and study was treated
with 10% Formaldehyde solution for one week for fixation. Then the tissues were treated with 50%, 60%,
70%, 80%, 90% and absolute alcohol for 2 hours each completing dehydration. Then for clearing, tissues were
dipped in two changes of Xylene for 1 hour each. The tissues treated with Xylene solutions were treated with 3
changes of Paraffin for 2 hours each for embedding. The tissue sections were put in paraffin blocks for
blocking and then sectioning was done to get the section of the desired tissue sections. Then sectioned tissues
were stained with Hematoxylin and Eosin dye and studied under a microscope for histological analysis.

6 Results and Discussions

6.1 Characterization of Cold Atmospheric Pressure Plasma Jet
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The Optical emission spectra of atmospheric pressure plasma jet in Argon at discharge frequency 27 kHz

and applied voltage 3.5 kV in the wavelength range of 180-1100nm were recorded and the identified lines are

shown in Figure 2.
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Fig.2. Optical emission lines of the plasma jet in Argon at discharge frequency 27 kHz and applied
voltage 3.5 kV

The most intense emission lines of the discharge were the argon (Ar I) emission (4p—4s) lines in the
spectral region 690-860 nm and the transitions of the OH band between 306—-309 nm. Peaks corresponding to
nitrogen and NO were measured between 330 and 400 nm and were presumably present due to mixing of the
feed gas argon with the surrounding ambient air along the plasma jet. Atomic oxygen lines (Ol), which are
located at 777.4 and 794nm, respectively were also observed. The detected OH band between 306-309 nm
indicates the presence of the water vapor in the afterglow. We assume that the source of the water is the
ambient air, which penetrates by the diffusion into the working gas. Atomic oxygen and OH radical are highly
reactive radicals that could play important roles in the potential biomedical applications of plasmas such as
wound healing and bacteria inactivation. Furthermore, reactive oxygen and nitrogen species (ROS and RNS)
can influence the intracellular environment, possibly by diffusing into cells or by inducing new species within
the cells.
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Based on the Ref. [23, 24], the electron temperature of plasma jet can be calculated by Boltzmann plot

with the equation:

|n('ki’1kij=— B G )
gkA(i kBTe

Where Ay is the transition probability, T, is the electron temperature, Ay is the wavelength, Ex and gy are
the excitation energy and the statistical weight of the upper energy state respectively. | is the intensity of the

spectral lines, kg is the Boltzmann constant and C is a constant for all selected spectral lines

Now, plotting Eq. (3) with E, in the horizontal axis and In (liAki/gkAxi) in the vertical axis will result in a
straight line, and the electron temperature can be determined from the slope of the straight line. In our
experimental spectra, six Arl lines with wavelengths 801.47nm, 772.37nm, 714.704nm, 706.72nm, 696.54nm
and 415.25nm respectively were chosen which has similar lower energy level (E;) with different upper energy
level (Ey) to calculate electron temperature of the plasma jet by the Boltzmann plot method. The atomic data of

six Arl lines are displayed in the tablel given below.

Table 1: Parameters of the six selected lines taken from NIST Atomic data

Anm Intensity Ay E; Ex Ok
(a.u)
801.47 18821 9.3x10° 11.548 13.094 5
772.37 54906 5.2x10° 11.548 13.153 3
714.704 2120 6.3x10° 11.548 13.282 3
706.72 8691 3.8x10° 11.548 13.302 5
696.54 57111 6.40x10° | 11.548 13.327 3
415.25 1336 1.40x10° | 11.548 14.528 3

By substituting the values of Ei, Ay, and gy for six Arl in equation (1) and plotting the term In (LiAi/gkAxi) in
vertical axis and Ey in horizontal axis [Fig: 3]. the electron temperature can be determined from the

experimental data using a linear fit to calculate the slope.
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The reciprocal of the slope gives the electron temperature in eV. Electron temperature of the plasma jet

for applied voltage 3.5kV with frequency 27 kHz is 0.572eV.
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Fig: 3. Boltzmann plot fitting for estimation of electron excitation temperature at main discharge at

35mm from the glass nozzle

INe electron gensity was measurea Dy tne Stark nroadening oT Al (bYo.54Nm). 1Ne proaaening aue to
collision of charged species in the primary mechanism influencing the width of the Arl emission lines. The
stark broadening function is assumed to have the Lorentz profile. The electron density (n.) related to the full

width half maxima (FWHF) of the stark broadening line is given by the expression [24,25].

n, = {ﬁgrkﬂ} .............. (2)
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Fig: 4. Spectra for determination of full width at half maxima FWHM
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For Algei = 1.2925nm the shape of broadening line is Lorentzian (Fig: 4) and the calculated value of

electron density (n,) is 1.643x10"°cm?,

6.2 Estimation of plasma plume temperature

Touchable atmospheric pressure plasma jet (APPJ) is important in biomedical application. Hence
laser gun thermometer is used for measurement of plasma plume temperature for a continuous operation
of 5minutes and is (42-26)°C in the range along the plume length which is shown in fig 5. This indicates
the plasma jet can be used for several biomedical applications without causing thermal damage. The
plasma temperature at the plume length 3.5cm is close to 31°C after 5minutes of operation, which is still

very safe for several biomedical applications having direct contact with animal body.

(Temperature (0C)

24 [ L | L 1 L | L | L
10 20 30 40 50 80

Distance from nozzle (mm)

Fig.5: Variation of plasma plume temperature along the length of the plume measured by laser

gun thermometer
6.3 Electrical measurements
Fig. 6 shows a typical waveform of applied voltage and discharge current profile during plasma plume
formation in the ambient air of length 5.5cm. The discharge occurs in each half cycle of the applied voltage,
which can be observed from the discharge peak current in current waveform. The current leads the applied
voltage slightly less than 90°, which is very similar to typical capacitively coupled plasma. The applied voltage

in this experiment was 3.5kV and the discharge current obtained is 12mA.
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Fig. 6: Typical applied voltage and discharge current wave form for 5.5cm plasma plume formation

6.4 APPJ treatment enhanced wound healing in rats:

It was observed that the length of the wound did not decrease in case of the control subject. But in
case of APPJ treatment, the bleeding immediately stopped, and clot was formed as well as the two flaps
of the cutaneous layer got attached within 10-15 seconds of exposure. In the case of 2 minutes single
plasma dose, the length of the wound decreased significantly. Further, the length of the wound for
multiple 2 minutes plasma dose decreased even more significantly compared to single 2-minute dose.
Added to that, positive control subject was treated with an antiseptic Povidone-lodine ointment. It was
observed that the subject treated with the ointment showed comparatively less recovery rate than that of
APPJ treatment. It was also observed that as the wound healed, there was a significant amount of scar
formation in the subject treated with ointment compared to the subjects treated with APPJ concluding that
APPJ treatment didn’t form much scar after the wound healed. The control subjects were observed for
longer period of time as the healing process was slow. It was observed that the length of wound did not
decrease in control subjects as compared to other subjects. Also, the control wounds became more chronic
with more pus cells during healing process. Hence, APPJ was seen much more effective than antiseptics.

The progress images after the treatment compared to the control is shown in the figure below;
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Wound-healing process observation on Day 0 and Day 5 without receiving any treatment,

Fig.7: Wound induction Fig.8: Control Wound after 5days (7mm)

Measurement of length of wound on different days in various conditions

Fig.9: Wound treated with plasma for 2 mins " Fig. 10: Wound treated with plasma for 2

single dose per day after 2days mins single dose per day after 4days

b o

Fig.11: Wound treated with plasma for 2 mins Fig.12: Wound treated with plasma for 2 mins
multiple doses (twice per day) after 2days multiple doses (twice per day) after 4days hours
GSJ© 2020
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Fig.13: Graph showing the decrease in the length of wound after different treatments

The histological slides as in fig. 14 could not demonstrate significant difference between the treated and
control tissue as collagen deposition are similar and wound was almost completely healed. But a work
done by S. Kuvinova et.al showed decreased deposition of collagen in case of initial inflammatory phase

of healing in plasma treated than that of control wound [26].

Fig.14: Microscopic view of rat’s tissue after APPJ treatment, a) 2 min single dose, b) 2 min multiple

doses, and c¢) Control (no treatment). Magnification 10X

7 Conclusions

In this study, we have presented non thermal atmospheric pressure plasma plume characterization for
biomedical applications and investigated the efficacy of the wound healing process by treating acute cutaneous

wounds directly on rat skin. By using high voltage (3.5KV and 27 kHz frequency) source, a low temperature
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atmospheric pressure plasma plumb of length 5.5cm has been produced. The temperature measurement showed
that the plasma plume at the length 3.5cm in nearly 31°C with 5 minutes of continuous operation which is very
safe for biomedical application.

Optical emission spectroscopy measurement indicates the present of active species (OH, O, N," etc) in the
plasma plume. The electron excitation temperature of APPJ is found to be 0.572eV and electron density
1.643*10"cm™. We have shown the wound healing process for typical cases using Hematoxylin and Eosin
staining results. The result show that the wounds healed fastest by using APPJ Compared with the traditional
ointment treatment. The trend of wound healing is especially pronounced for the two minutes multiple doses
(i.e twice per day) than two minutes single dose .The studies on mechanism of the wound healing process by
plasma jet treatment are currently in progress and will be published. This work demonstrated that plasma jet is
emerging as promising technique in the medical field for developing countries like Nepal because of cost

effective and easy application procedure.

References

1. MA Lieberman, AJ Lichetenberg. Principles of plasma discharges and materials processing. 2nd
edition. New York: John Wiley & Sons; 2005.

2. F. F. Chen, Introduction to Plasma Physics and Controlled Fusion, Third Edition, Springer
International Publishing Switzerland, 2016

3. T. Bernhardt, M. L. Semmler, M. Schéfer, S. Bekeschus, S. Emmert, L. Boeckmann, Plasma
Medicine: Applications of Cold Atmospheric Pressure Plasma in Dermatology, Hindawi
Oxidative Medicine and Cellular Longevity Volume 2019, Article 1D 3873928,

4. N. Mohd Nasir, B.K. Lee, S.S. Yap, K.L. Thong, S.L. Yap, Cold plasma inactivation of chronic
wound bacteria. Archives of Biochemistry Biophysics. 2016

5. A. Schmidt, S. Bekeschus, K. Wende, B. Vollmar, T. V. Woedtke. A cold plasma jet accelerates
wound healing in a murine model of full-thickness skin wounds. Exp. Dermatol. 2017
Feb;26(2):156-62.

6. G.M. Xu, ; X.M. Shi;J. F. Cai;S. L. Chen; P.Li; CW. Yao; Z. S. Chang; G. J. Zhang, Dual
effects of atmospheric pressure plasma jet on skin wound healing of mice, Wound Repair
Regeneration (2015) 23 878-884

7. Z. H. Lin, K.Y. Cheng, Y.P. Cheng, C.Y. Tobias Tschang, Hsien-Yi Chiu, Nai-Lun Yeh, Kou-
Chi Liao, Bi-Ren Gu, Jong-Shinn Wu, Acute Rat Cutaneous Wound Healing for Small and Large
Wounds Using Ar/O2 Atmospheric-Pressure Plasma Jet Treatment, Plasma Medicine, 7(3):227-
243 (2017)

8. G. De Masi, C. Gareri, L. Cordaro, A. Fassina, P. Brun, B. Zaniol, R. Cavazzana, E. Martines, M.
Zuin, G. Marinaro, S. De Rosa, Plasma Coagulation Controller: A Low- Power Atmospheric
Plasma Source for Accelerated Blood Coagulation, Plasma Medicine, 8(3):245-254 (2018)

GSJ© 2020
www.globalscientificjournal.com



GSJ: Volume 8, Issue 10, October 2020
ISSN 2320-9186 1092

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

G. Fridman, M. Peddinghaus, H. Ayan, A. Fridman, M. Balasubramanian, A. Gutsol, A. Brooks,
Gary Friedman, Blood Coagulation and Living Tissue Sterilization by Floating-Electrode
Dielectric Barrier Discharge in Air, Plasma Chem Plasma Process, 2006

R. Mehrabifard, H. Mehdian, M. Bakhshzadmahmoudi, Effect of non-thermal atmospheric
pressure plasma on MDA-MB-231 breast cancer cells, Pharmaceutical and Biomedical Research,
2017; 3(3):12-16

J. P. Gurung, R. Shrestha, D. P. Subedi, B. G. Shrestha, Application of Atmospheric Pressure
Argon Plasma Jet (APAPJ) in Biomedical Science and Engineering, Journal Of Tropical Life
Science 2020, Vol. 10, No. 2, 149 - 154

K. Mine, Y. Miyamaru, N. Hayashi, R. Aijima, & Y. Yamashita, Mechanism of Inactivation of
Oral Cancer Cells Irradiated by Active Oxygen Species from DBD Plasma, Plasma Medicing,
7(3):201-213 (2017)

M. R. Amiran, A. A. Sepahi, R. Zabiollahi, H. Ghomi, S. B. Momen, M. R. Aghasadeghi, In vitro
Assessment of Antiviral Activity of Cold Atmospheric PressurePlasma Jet against the Human
Immunodeficiency Virus (HIV), J Med Microbiol Infec Dis, 2016, 4 (3-4): 62-67

R. Shrestha, J. P. Gurung, D. P. Subedi, C. S. Wong, Atmospheric Pressure Single Electrode
Argon Plasma Jet for Biomedical Applications, International Journal of Emerging Technology
and Advanced Engineering, Volume 5, Issue 11, November 2015

R. Shrestha, D. P. Subedi, S. Adhikari, A. Maharjan,a H. Shrestha, & G. R. Pandey, Experimental
Study of Atmospheric Pressure Argon Plasma Jet-Induced Strand Breakage in Large DNA
Molecules, Plasma Medicine, 7(1):65-76 (2017)

N. O’Connor, O. Cahill , S. Daniels , S. Galvin , H. Humphreys, Cold atmospheric pressure
plasma and decontamination. Can it contribute to preventing hospital-acquired infections? Journal
of Hospital Infection 88 (2014) 59-65

A. Sakudo, Y. Yagyu, and T. Onodera, Disinfection and Sterilization Using Plasma Technology:
Fundamentals and Future Perspectives for Biological Applications, International Journal of
Molecular Science, 2019, 20, 5216;

A. Nishijima, T. Fujimoto, T. Hirata, J. Nishijima, Effects of Cold Atmospheric Pressure Plasma
on Accelerating Acute Wound Healing: A Comparative Study among 4 Different Treatment
Groups, Scientific Research Publicing, Modern Plastic Surgery, 2019, 9, 18-31

Y.W. Hung, L.T. Lee, Y.C. Peng, C.T. Chang, Y. K. Wong, Effect of a nonthermal-atmospheric
pressure plasma jet on wound healing: An animal study, Journal of the Chinese Medical
Association 79 (2016) 320-328

M. Betancourt-Angeles, R. Pena-Eguiluz, R. Lopez-Callejas, N.A. Dominguez-Cadena, A.
Mercado-Cabrera, J. Munoz-Infante, B.G. Rodriguez-Mendez, R. Valencia-Alvarado, J. A.
Moreno-Tapia. Treatment in the healing of burns with a cold plasma source. Int J Burn Trauma.
2017;7(7):142-146.

S. Emmert, F. Brehmer, H; HanRle, A. Helmke, N. Mertens, R. Ahmed, D. Simon, D. Wandke,
M. P. Schon, W. M.Friedrichs, W. Viol, & G. Déschlein, Treatment of Chronic Venous Leg
Ulcers with a Hand-Held DBD Plasma Generator, Plasma Medicine, 2(1-3): 19-32 (2012)

M. Chatraie, G. Torkaman, M. Khani, H. Salehi &B. Shokri, In vivo study of non-invasive effects
of non-thermal plasma in pressure ulcer treatment, Scientific Reports (2018) 8:5621
R. Shrestha, D. P Subedi, B. K. Shrestha and A. Shrestha, Surface Modification of Polypropylene

by Atmospheric Pressure Cold Argon/Oxygen Plasma Jet, International Journal of Recent
Research and Review, Vol. IX, Issue 2, June 2016

D. P. Subedi, R. B. Tyata, R. Shrestha, and C. S Wong. “An experimental study of atmospheric
pressure dielectric barrier discharge (DBD) in argon” In AIP Conference Proceedings, volume
1588, pp.103-108 (2014)

GSJ© 2020
www.globalscientificjournal.com



GSJ: Volume 8, Issue 10, October 2020
ISSN 2320-9186 1093

25. R. B. Tyata, D. P. Subedi, R. Shrestha, and C. S. Wong. “Generation of uniform atmospheric
pressure argon glow plasma by dielectric barrier discharge” Pramana, 80 (3), pp.507-517 (2013)

26. S. Kubinova, K. Zaviskova, L .Uherkova,.et al. Non-thermal air plasma promotes the healing of
acute skin wounds in rats. Sci Rep 7, 45183 (2017)

GSJ© 2020
www.globalscientificjournal.com





