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ABSTRACT: Cold atmospheric plasma (CAP), with its antibacterial, antiviral, and antifun-
gal properties, may offer different applications for medicine and medical technology. Wound 

because CAPs can inactivate different kinds of microorganisms, including antibiotic-resistant 
strains. In this article, we describe the way in which surface micro-discharge (SMD) plasma 
was investigated to evaluate a safe therapeutic window for wound treatment. We found that 

Escherichia coli as the test strain. 
To evaluate the response of plasma-treated eukaryotic cells, we used primary human dermal 

plasma: low-input power produces a more reactive oxygen species–based chemistry and high-
input power a more reactive nitrogen species. Using this characteristic, bactericidal effect and 
cell viability were investigated for a wide range of chemical plasma cocktails with different 
compositions and concentrations of mainly reactive oxygen and nitrogen species. Our results 

cell viability can be achieved simultaneously. 
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I. INTRODUCTION

It is well known that wound healing processes are affected by bacteria and its products.1 
Tissue responds with an infection if the number of bacteria present is higher than a cer-
tain threshold.2 In addition, higher levels of bacteria not only result in infection but also 
inhibit wound-healing processes.3 Therefore, it is believed that healing can be improved 
by reducing the bacterial load in wounds.4

Earlier studies demonstrated that cold atmospheric plasmas (CAPs) can inactivate 
5–8 With this characteristic, a clinical study was carried out to 

reduce the bacterial load of chronic wounds with the use of a microwave plasma torch.9 

treatment, and the treatment did not induce side effects or allergic reactions.10,11 Similar 
results with another CAP device—a dielectric barrier discharge plasma generator—were 
obtained in a small clinical study of chronic venous leg ulcers.12 
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CAPs are partly ionized gases that produce a reactive plasma cocktail composed of 
electrons, ions, excited atoms and molecules, reactive species (such as O3, NO, OH, and 
NO2), and ultraviolet (UV) light. Among these, reactive species are considered to be the 
main players involved in the observed bactericidal effects in wounds.13 Nevertheless, it 
is still under intensive investigation how different CAPs react with different tissue and 
eukaryotic cells.

We would like to point out that different plasma systems generate different plasmas, 
that is, different plasma cocktails. Depending on the plasma device, gas used, and applied 

nature of the application, the reactive plasma cocktail varies in composition and concen-
-

ent plasmas and in general cannot be compared. It was also found that by changing only 

the plasma cocktail produced by a so-called surface micro-discharge (SMD) electrode 
14,15 For a low-power consumption, 

the plasma cocktail contains mainly reactive oxygen species, and by increasing power 
consumption reactive nitrogen species dominate the cocktail.16 This shows that even 
one plasma device can produce different plasma cocktails and that plasma production 
parameters must be controlled carefully.

Due to its high inactivation properties, the SMD electrode is the appropriate tech-
nology for the treatment of acute and chronic wounds.7,17–20 No resistance against SMD 
plasma treatment was observed.21 Furthermore, SMD plasma treatment did not induce 
mutagenicity in V79 Chinese hamster cells under the investigated conditions.22 In our 
study, we prolonged the investigations carried out with SMD technology and investigated 
the effect of different operating conditions (different plasmas) on eukaryotic and prokary-
otic cells. We aimed to investigate and evaluate a safe therapeutic window where a high 

II. EXPERIMENTAL SETUP

As the CAP source, we used an SMD plasma electrode. The electrode consisted of a 
0.5-mm-thick Al2O3 plate sandwiched by a copper planar electrode of 25 mm in diam-
eter and a structured electrode (a wire mesh with a separation of 5 mm), as shown in Fig. 
1. The structured electrode was grounded through a 0.1-μF capacitance for the power 
measurement.23 A high voltage of 9 kVpp with a sinusoidal waveform was applied using 

production on the side of the structured electrode. To change the plasma products (the 
8 To 

measure O3 in the plasma gas volume and inactivation tests using bacteria, plasma gas 

and 20 mm in height) and a plate, as shown in Fig. 1a. For the treatment of human der-

of a six-well plate as shown in Fig. 1b. 
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In general, UV power produced by SMD plasmas is negligibly small. Using the 
SMD electrode, the maximum UV power generated was 50–80 nW/cm2, measured using 
a Hamamatsu C8026 UV power meter. We measured O3 concentration using absorption 
spectroscopy and a UV light at 254 nm wavelength produced by an Hg/Ar lamp. As 

plate. At a height of 10 mm from the ceramic plate, ozone concentration was measured 
using ambient air of 20°C–23°C with 40%–50% relative humidity. When cell cultures or 

-
ably increases. To simulate this condition, the O3 evolution was measured for different 
input powers and humidity values. These measurements were repeated at least three 
times. The shown data is averaged data with the standard deviation.

Escherichia 
coli (DSM 1116) in phosphate-buffered saline (PBS) with a density of ~1 × 108 cells/mL 
was prepared as a master bacterial suspension. A volume of 100 μL of this suspension 
and its dilution was distributed homogeneously on Mueller-Hinton agar plates and dried 
for 30 min in ambient air. The prepared bacteria samples were treated for 15, 30, 45, and 

units corresponding to survived bacteria 16 hr after incubation at standard conditions. 
To investigate the effect of CAP on eukaryotic cells, we used a primary cell line 

Germany). All cells were maintained according to standard protocols with McCoy’s 
5A Medium (Sigma-Aldrich), supplemented with 10% fetal calf serum (FCS) and 1% 
antibiotic/antimycotic solution until the 10th passage under standard cell culture condi-
tions (5% CO2 and 37°C). To investigate cell viability, 1 × 105 cells were seeded in 
six-well plates. Just before CAP treatment, the medium was removed until no visible 

FIG. 1:
3 measurement and 
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shown in Fig. 1b. After treatment, we immediately added fresh medium containing 10% 
FCS to the plates. Controls were kept without medium in ambient air for 120 s. The cells 
were incubated for 48 h at standard cell culture conditions and then washed, trypsinized, 
and counted with a hemocytometer. All CAP treatments and controls were performed in 
triplicate. We evaluated the averaged values with standard deviation.

III. RESULTS AND DISCUSSION

Figure 2a shows the ozone concentrations of CO3 as a function of time t measured under 
-

ent air. When input power was low, CO3 increased monotonically. By applying an input 
power of > 430 mW/cm2, CO3 peaked after 10–30 s upon SMD plasma ignition and then 

-
sistent with that described in our previous report.8 The observed O3 destruction was not 
due to thermal decomposition but rather to a transition from an O3 to an NOx (e.g., NO 
and NO2) mode. 

volume, measurement of CO3 showed reduced CO3 and a longer lifetime of O3 than those 
of the dry condition without water shown in Fig. 2b. By adding distilled water, the 

CO3 -
tion of the singlet O atom and a water molecule.24,25 Reduced concentrations of O atoms 
lead to lower O3 concentrations. We observed longer lifetime of O3 especially when the 
applied power was 430 mW/cm2. O3 was not destructed within 120 s, although it was 

species generated from water vapor reacts with NOx and prevents the destruction of O3. 

FIG. 2: O3 concentrations of CO3 as a function of time t. (a) “Dry condition”: CO3 was measured 
CO3

distilled water on a plate.
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For example, the reaction rate constant of OH with NO and NO2 is 100 times higher than 
the reaction rate constant with O3. It is important to note that almost the same CO3 evolu-
tions were observed when PBS was applied in place of distilled water (data not shown). 

E. coli on agar. 
When input power was 30 mW/cm2, we observed almost no bactericidal effect even after 
long plasma treatment times of 60 s. Higher bactericidal effects were observed for higher 
input powers. After 60 s, we achieved almost 5 log reduction (detection limit) with all of 
the investigated input powers except for the lowest power of 30 mW/cm2.

A simple indicator for cell viability is the number of surviving cells that are found 
48 hr after CAP treatment. In this study, we examined this viability for treatment times 
of up to 120 s. Figure 4 depicts the numbers of cells treated with SMD plasma for dif-
ferent input powers. The results show no large differences in total cell amounts among 
all input power conditions. Nevertheless, data clearly show that longer treatment time t 
and higher input power result in lower survived cell numbers.

Because O3 (produced in the plasma cocktail) is an important agent for inactivating 
bacteria, we plotted the observed bactericidal effect by CAP shown in Fig. 3 against 
applied O3 doses; Fig. 5 shows the bactericidal effect as a function of O3 dose. In gen-
eral, higher O3 dose yields higher bacterial log reductions. However, the bactericidal 
effect is strongly dependent on the input power at ~0.5 × 104 ppm·s in ozone dose. We 
observed a higher log reduction with higher power input, whereas almost no reduction 
was observed at a low power of 30 mW/cm2. This implies that the other reactive spe-
cies produced by the plasma play an important part in the inactivation of bacteria. For 

FIG. 3: Bactericidal effect of SMD plasma for different input powers
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FIG. 4: Cell numbers 48 hr after CAP treatment. Cells were treated for 30, 60, 90, and 120 s. 
Controls at t = 0 s were untreated cells. The number of the cells were counted using a hemocy-
tometer.

FIG. 5: Bactericidal effect as a function of O3 dose 
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our experimental setup, the distance between electrode and agar surface was set to 20 

plates inoculated with bacteria. Other than O3, produced long-lifetime species are N2O, 
NO2, HNO3, N2O5, and H2O2.

26

have major roles in inactivating bacteria. At this stage, it should be noted that for SMD 
3 or NO2 but not both at 

the same time.16

3 dose on cell viability, both components were 
plotted against one another, as shown in Fig. 6. Cell viability was calculated using the 
number of cells in the control sample (t = 0 s). Except for the highest input power of 
750 mW/cm2, higher O3 doses led to lower cell viability. As noted above, we removed 
the medium normally covering the cells in the cell culture shortly before plasma treat-

present during CAP treatment. The products produced by the reaction of O3 and water, 
such as HO2, could be involved in the reduction of cell viability.27,28 When input power 
was 750 mW/cm2, cell viability decreased regardless of O3 dose. At this input power, 
ozone was present for only 20 s and reactive nitrogen species such as NO2 were pro-
duced consecutively. The contribution of reactive nitrogen species must be investigated 
to understand the response of cells toward these species.

CAP treatment is a painless procedure to decrease the bacterial load in wounds, 
independent of the type of bacteria present.10,11

FIG. 6: Cell viability as a function of O3 dose
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therapy for the treatment and care of wounds. In this study, we discuss a safe therapeutic 
window for wound care using SMD plasma from the viewpoint of its bactericidal prop-

is plotted against obtained cell viability of plasma-treated skin cells. The bacterial log 
reduction for treatments of 90 and 120 s was extrapolated from the data shown in Fig. 

of high cell viability of 80%–90 % and low bactericidal properties. These data were 
obtained for an input power of 30 mW/cm2. In the second group, a high bactericidal ef-
fect of an ~ 5 log reduction was obtained, but cell viability was low (50%–70%). These 

group shows the data corresponding to a high bactericidal effect of ~ 5 log and high cell 
viability of ~80%. These data are associated with an input power of 430 mW/cm2 and 
treatment times of 30–60 s. On the basis of these results, we can conclude that for certain 
operating conditions, a safe therapeutic window of high bactericidal effect and high cell 
viability can be simultaneously achieved. Moreover, it is evident that a small change in 
operating conditions can cause a huge change in biological reactions using CAP. 

conditions of SMD plasmas. Further safety tests are necessary such as mutagenicity 
tests22,29,30 using the therapeutic conditions mentioned above and investigations of the 
effect of CAP on deeper layers of the skin.31 Nevertheless, the results obtained in this 
study provide a good basis for the evaluation of a safe therapeutic window using SMD 

FIG. 7: Relationship between bactericidal effect and cell viability of SMD plasma. A therapeutic 
window exists with high bactericidal effects and high cell viability.
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plasma and show how sensitive eukaryotic and prokaryotic cells react to changes in 
applied plasma chemistry. 

IV. SUMMARY

As reported earlier, the results show that the plasma cocktail produced by SMD plasma 
can be changed drastically with variations in input power. We intensively studied the 

-
karyotic (E. coli) cells. We showed that the response of eukaryotic and prokaryotic cells 
to different plasma cocktails changes drastically. In addition, our results show a range of 
plasma conditions that yield high bactericidal effects and simultaneously high eukary-

the application of SMD plasma in vivo. Nevertheless, further investigations using SMD 
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