
1947-5764/17/$35.00 © 2017 by Begell House, Inc. www.begellhouse.com 43

Plasma Medicine, 7(1):43–63 (2017)

Air-Based Coaxial Dielectric Barrier 
Discharge Plasma Source for Pseudomonas 
aeruginosa

Juliana Soler-Arango,a Magalí Xaubet,b,c Leandro Giuliani,b,c  
Diana Grondona,b,c,d & Graciela Brelles-Mariñoa,*

aCenter for Research and Development of Industrial Fermentations, Consejo Nacional de 

b

 c

d

*Address all correspondence to: Graciela Brelles-Mariño, Center for Research and Development of Industrial 

ABSTRACT: 

are well known for bacterial decontamination. 
-

Pseudomonas aeruginosa -

10
log10
respectively, although viability assays showed that some cells were alive. Moistened-air plas-

Pseudomonas bio-

assessed.
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I. INTRODUCTION
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grow, divide, and recruit additional planktonic cells that attach to the cells already pre-

a particular architecture in which cell clusters and water channels among them form a 
primitive circulatory system.1

2 
-

3

could spread disease.4

-

-
tions as a diffusion barrier for compounds such as antimicrobial agents, and also because 

changes into persistent cells.5–10

produced promising results.
Nonthermal atmospheric-pressure plasma can be generated by an electrical dis-

charge using different gases such as argon, helium, and air at atmospheric pressure. 

production, and the most common are the corona, plasma jet, and dielectric barrier 

between two electrodes separated by a narrow gap. At least one of the electrodes is 

enough, it induces gas breakdown. Normally, at atmospheric pressure, a large number 

29 

In this type of discharge, the majority of the electrical energy results in the production of 
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-

the production of various active agents, such as ultraviolet photons, and particles, such 

enables the treatment of thermosensitive materials and living tissue that cannot undergo 
autoclaving.30–32

but the mechanism for the deactivation of microorganisms is still under discussion.33–35 

to be treated or indirectly with the sample outside the discharge region.
Most of the studies aimed at elucidating the effects of plasmas on bacterial cells 

were carried out with planktonic microorganisms or spores. By the middle of the last 

 Since then, there has been an increasing amount of research 
-

tions have focused on Pseudomonas aeruginosa
In recent years, we reported on the use of a plasma jet to inactivate P. aeruginosa 

11,16,24–26 P. aeruginosa is a Gram-negative opportunistic pathogen that preys 
on victims with compromised immune systems, such as patients on respirators, and 

Burkholderia cenocepacia
patients, contributing to mortality.45 P. aeruginosa 
or living tissue, leading to a variety of persistent infections.46 Most naturally occur-

P. aeruginosa have become a 
prominent model for studying this aspect of microbial biology.46

Several approaches have been used to inactivate Pseudomonas
the use of diverse compounds, such as antimicrobial agents,  chelators,49 furanone, 
and N-acyl homoserine lactones,50,51 52,53

In previous contributions, we demonstrated that P. aeruginosa
batch culture on borosilicate, polycarbonate, and stainless-steel surfaces were almost 

-

viability were observed after plasma treatment.25,26

mediated inactivation of P. aeruginosa -
ous culture.24

in batch cultures,25,26 
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-
24

-

54 

DBD plasma source operating in air and we demonstrate its usefulness for the inactiva-
tion of Pseudomonas

such as three abiotic surfaces and two culture media in order to determine the condi-

counting culturable cells.

-

-

2 sec-
-
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trum and to determine the rotational temperature by comparison between the model and 
55

-
-

reaching the surface of the coupon was assessed using a thermocouple.

P. aeruginosa -

medium56

medium.57

grown at 37ºC with agitation in the corresponding medium. 

P. aeruginosa -
-

FIG. 1:
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-

the reactor vessel and operated under batch culture regime for 24 hr at 37ºC with agita-

from the reactor and unbound bacteria removed by rinsing the coupons twice with sterile 

crystal violet method.

the controls was subtracted from the absorbance of the samples.

P. aeruginosa

formation by counting the colonies. 

were removed from the reactor, rinsed twice with sterile saline, air dried for 10 min, and 
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section immediately above. 
-

® Bac
®

® 9 and propidium iodide to each 
coupon, and the coupons were incubated for 20 min at room temperature in the dark. 

®

and image analyses were performed using ImageJ software.

-

combinations of medium/surface/growth conditions were statistically contrasted. 

-

durations of 20 ns that are superimposed on the almost negligible displacement current 
of 

-
ditions tested. 

2 second 

software provides the rotational temperature, an estimation of the gas temperature in 
the interelectrode region.59

60,61 Nev-
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ertheless, the temperature of the gas reaching the coupon under the three conditions 

have the same characteristics for all of the discharge conditions tested.

FIG. 2:

FIG. 3:
2
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discharge plasma. 

1. 
2. 
Figure 4 shows the indirect assessment of P. aeruginosa -

tinuous culture, on three abiotic surfaces and two culture media. It is clear from the 

degree on stainless-steel coupons for both culture media.

multifactorial. Bacteria may contribute surface appendages in addition to the bacterial 
outer envelope and metabolites produced at high cell density. Substrate surface char-
acteristics such as roughness, hydrophobicity, or hydrophilicity are also important for 
attachment. In addition, components of the culture medium could also affect the sub-

-

62,63 

hydrophobicity, surface tension, charge density, and the chemical composition affecting 

FIG. 4:
from P. aeruginosa

-
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bacterial adhesion and further attachment.62–64 -

hydrophilicity and roughness of glass surfaces.64

than the changes in roughness and hydrophilicity. Chemical surface change resulted in a 
Xylella fastidiosa. 

strength, and temperature, may have a role in microbial attachment to a substratum.65 

-

a higher concentration of ions to the environment. Fletcher found that an increase in 

the attachment of  to glass surfaces, presumably by reduc-
ing the repulsive forces between the negatively charged bacterial cells and the glass 
surfaces.66,67

this medium. 
It has been reported that although there is no generic pattern of attachment to test 

surfaces, the majority of microorganisms isolated show a preference for a hydrophobic 
surface.  Hydrophobic interactions that may occur between the bacterial cell and the 
surface would enable the cell to overcome repulsive forces and irreversibly attach.65 

69,70 Fletcher and 
 reported low attachment of Pseudomonas spp to glass and a higher attachment to 

hydrophobic surfaces.70 
From the three surfaces we tested, polycarbonate is hydrophobic and glass is clearly 

hydrophilic. As for stainless steel, based on literature contact angles, the starting surface 

hydrophilic and then became more hydrophobic, perhaps due to deposition of material 
in the streaks left by the machinery of the coupon.

gap between bacterium and substratum, resulting in more permanent attachment.71

bacterial cell surface interacts with the substrate surface, and both contribute to the 
hydrophobicity or hydrophilicity of the interaction. Most bacteria, especially those that 
are Gram-negative, are negatively charged but still contain hydrophobic surface com-
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-
trostatic repulsion between the cell and the substratum surface.72

A bacterial component that may have a role in adhesion and attachment is the 

affected by the nutrient status of the bacterium. It has been demonstrated that a growth 

73,74 Because of its acidic structure, the 

divalent cations, and other components of the culture medium.75

that the AB synthetic medium used is rich in divalent cations that may interact with the 

Besides the physicochemical properties of a surface, the solid-surface character-
istics are also an important factor to consider in the bigger picture of bacterial attach-
ment to surfaces. Rougher surfaces offer an increased surface area and decreased shear 

increases.76 In our case, the roughness of each surface was assessed by atomic-force 
microscopy, and stainless steel proved to be the roughest surface because the streaks left 

-
lated to the roughness of the stainless-steel coupons that “trap” microorganisms between 
the streaks left by the machinery of the surface. A recent contribution by Gabriel et al. 

attachment to the material.13

of cells to the surface, and ions present in the AB synthetic medium may also contribute 
to the process. In continuous culture, the input of fresh medium into the reactor ensures 
a continuous supply of nutrients, especially the carbon source, and therefore other com-

hydrophobic surfaces such as polycarbonate and stainless steel may become prevalent. 
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As dehydrated cells remain alive and recover once hydrated, we no longer continued 
-

-

inactivation was not due to temperature either, because temperatures measured on the 

Figures 5 and 6 depict the survival curves for P. aeruginosa
synthetic AB medium on stainless-steel coupons and treated with plasma operating in 

with plasma operating in ambient air were carried out at two distances from the plasma 
applicator to the sample: 1 and 4 mm, whereas only the distance of 4 mm was used for 

FIG. 5: P. aeruginosa 

-
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concentration of culturable cells treated with plasma operating in ambient air for the two 

control without plasma treatment. 
P. aeurginosa

continuous culture in AB medium were completely eradicated after a 15-min treatment 

10 -
10 units was 
10 units was 

-
-

10 were obtained, respectively, for Escherichia 
coli Cronobacter sakazakii Staphylococcus 
aureus
dry air.77

10 were 
obtained for P. aeruginosa 2–N2 plasma for 60 min.12

FIG. 6: P. aeruginosa
grown in continuous culture on stainless-steel coupons in AB synthetic medium were treated 
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-
isms by autoclaving. For plasma generated in ambient air, results show a constant decline 

al. for Listeria monocytogenes
 In a recent contribution by Gabriel et al., single-slope kinetics 

and D values on the order of 2–3 s were reported for P. aeruginosa
stainless-steel surfaces and treated with an air-based microwave plasma jet.13 However, 
these authors incubated the bacterial inoculum for just 4 hr and, even if they had a bio-

at temperatures of 143.42ºC to 174.05ºC, much higher than those achieved in our work.
For the plasma generated in moistened air, the survival curve shows a typical double-

1 2 1 measured 
2

been previously described.25,26

kinetics for P. aeruginosa -
ture: D1 measured 27 s and D2 6.13 min.24

P. aeurginosa 25 
In that work, results showed a clear decrease in the percentage of surviving cells versus 

Chro-
mobacterium violaceum 11,16 

twice as high as D1

killing of spore-forming Bacillus pumilus.22 In this case, spore mortality varied depend-
ing on the composition of the gas feed and was higher with moistened air plasma, sug-

molecules. 
P. aeruginosa

in continuous culture, the decrease in the percentage of viable cells was more dramatic 
than the results we report here, because there were almost no culturable cells after a 5-min 

plasma of <1 min. However, it was also reported that cells retained viability and virulence 
24 Moreover, 

it is important to point out that previous work was carried out using a commercially 
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Here, we propose a plasma source prototype operating in simple moistened air, which 
makes the design affordable, easy to build, and easy to use but still effective.

® Bac

® -
rescent nucleic acid stain propidium iodide. Both stains differ in their ability to pen-

damaged membranes, whereas propidium iodide penetrates only bacteria with damaged 

-

of bacterial viability. 
® 

Bac

FIG. 7: 
® Bac

®
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®

masking the cells that were alive.
P. aeruginosa

presented that suggests that eDNA functions as a cell-to-cell interconnecting compound 
in P. aeruginosa  Allesen-Holm et al. have studied the distribution of eDNA 
on P. aeruginosa
to those shown in Fig. 7, upper panel.43

dissolved young P. aeruginosa -

other compounds.
before staining, and results are shown in Fig. 7, lower panel. It is clear by comparing 

most of its cells alive and the red color shown on the upper panel on the right side was 
due to eDNA and not dead cells. 

® Bac

although most of the cells are red and dead, live green cells are still visible. It is impor-

® Bac
-

counting culturable cells.16,24

-
ful tool for the inactivation of Pseudomonas

to generate the discharge, either in ambient air or in moistened air. For the latter, we 
report an inactivation kinetics similar to that in previously described results.24,26
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Pseudomonas

and easy-to-handle but still effective plasma source, because it operates in air and does 

before plasma treatment has not been previously assessed. 

-

FIG. 8: 
Materials and Methods sections were subjected to plasma treatment for 0, 3, 15, and 30 min, 

® Bac

-
® 9 
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-
kaline solution: Spatial distribution of bacterial species suggests a protective effect of one species to 

-

2–N2 
-

-
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-

-

-

-

-

-

-
-

-

-

-

-
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-
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-

-

-
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-
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