
HAL Id: hal-03404153
https://hal.science/hal-03404153

Submitted on 26 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Anti-Bacterial Action of Plasma Multi-Jets in the
Context of Chronic Wound Healing

Thomas Maho, Raphaelle Binois, Fabienne Brulé-Morabito, Maryvonne
Demasure, Claire Douat, Sébastien Dozias, Pablo Escot Bocanegra, Isabelle

Goard, Laurent Hocqueloux, Claire Le Helloco, et al.

To cite this version:
Thomas Maho, Raphaelle Binois, Fabienne Brulé-Morabito, Maryvonne Demasure, Claire Douat, et
al.. Anti-Bacterial Action of Plasma Multi-Jets in the Context of Chronic Wound Healing. Applied
Sciences, 2021, 11 (20), pp.9598. �10.3390/app11209598�. �hal-03404153�

https://hal.science/hal-03404153
https://hal.archives-ouvertes.fr


   

 

 

Article 1 

Anti-bacterial action of plasma multi-jets in the context of 2 

chronic wound healing 3 

Thomas Maho1, Raphaelle Binois2, Fabienne Brule-Morabito3, Maryvonne Demasure2, Claire Douat1, Sébastien 4 

Dozias1, Pablo Escot Bocanegra1, Isabelle Goard2, Laurent Hocqueloux2, Claire Le Helloco2, Inna Orel1, Jean-Michel 5 

Pouvesle1, Thierry Prazuck2, Augusto Stancampiano1, Clément Tocaben1 and Eric Robert 1, * 6 

1 GREMI, UMR7344, CNRS/Université d’Orléans 45067 Orléans Cedex 2, France 7 
2 Centre Hospitalier Régional d’Orléans, 14 Av. de l'Hôpital, 45100 Orléans, France 8 
3 Centre de Biophysique Moléculaire (CBM), CNRS UPR 4301, 45071 Orléans, France 9 

* Correspondence: eric.robert@univ-orleans.fr 10 

Featured Application: The objective of the work is to assess the use of non-thermal multi plasma 11 

jets for the treatment of infected and chronic wounds in the context of hospital centers. 12 

Abstract: This work is a contribution to the development and implementation of non-thermal 13 

plasma technology for decontamination in the perspective of nosocomial and chronic wound inno- 14 

vative therapies. Multi jets devices based on Plasma Gun® technology in static and scanning oper- 15 

ation modes and bacterial lawns inoculated with resistant and non-resistant bacterial strains were 16 

designed and used. A pilot toxicity study exploring plasma treatment of wound bearing patients, 17 

performed with a low voltage plasma applicator, is documented as a first step for the translation of 18 

in vitro experiments to clinical care. Bacterial inactivation was demonstrated for Staphylococcus au- 19 

reus, Pseudomonas aeruginosa and drug resistant S. aureus, P. aeruginosa and Escherichia Coli strains 20 

collected from patient’s wound at Orleans (France) hospital. Few square centimeter large contami- 21 

nated samples are inactivated following a single plasma exposure as short as one minute. Samples 22 

inoculated with a single but also a mix of three resistant pathogens, were successfully inactivated 23 

not only right after their contamination but for mature lawns as well. Similar bactericidal action was 24 

demonstrated for antibiotic-resistant and non-resistant P. aeruginosa. The time exposure dependent 25 

increase of the inhibition spots, following multi jets exposure, is discussed as either the accumula- 26 

tion of reactive species or the likely combinatory action of both the reactive species and transient 27 

electric field delivery on inoculated samples. 28 

Keywords: plasma jets, non-thermal plasma, plasma decontamination, resistant pathogen, wounds, 29 

plasma medicine, Escherichia Coli, Staphylococcus aureus, Pseudomonas aeruginosa, multidrug-resistant 30 

bacteria. 31 

1. Introduction 32 

As introducing new people to “plasma” as “ionized gas”, one mentions that plasma 33 

is the fourth state of matter and represents more than 99% of the baryonic matter of the 34 

universe. Natural plasmas are fascinating (aurora), a unique source of energy on earth 35 

(sun power), at the origin of basic mater physics (stars, quark plasma, amino acid genera- 36 

tion as the bricks of life), but they are also somehow “hostile”, generating huge transient 37 

current and overvoltage in lightning, electromagnetic disturbance in the pole region, in- 38 

tense energetic radiation fluxes constraining microorganisms and life expansion. This was 39 

indeed one the first historical development of plasma science and technology to try to 40 

benefit from the radiative (UV, X-rays) and chemical compounds (oxidants, metastable 41 

states, charged particles with high energy) of plasmas for decontamination or sterilization 42 

purposes. Besides pioneer works [1-3] and industrial devices development [4,5] based on 43 

plasma generation, innovative ongoing research works are still continuously reported on 44 
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this topic [6-9]. New eco-friendly alternatives pushed by consumer needs and environ- 45 

mental challenges, such as the use of natural ingredients for cosmetics, the design of in- 46 

novative food product packaging, food product shelf life lengthening but also the emer- 47 

gence of antibiotics resistant pathogens or new viruses are key examples among others, 48 

where an increasing need for new decontamination strategies are continuously required. 49 

Many among them are based on plasma technology [10-13]. Indeed, plasma are known to 50 

be a potential and likely unique strategy for resistant microorganism’s reduction, mostly 51 

due to plasma’s multifaceted features, merging energetic radiation, energetic particles, 52 

and chemically active compound cocktail likely combining short and long-lived oxidants. 53 

In this context, non-thermal plasma, or so-called cold plasma, have been developed 54 

in the past decade for plasma biomedical applications. Among them, the therapeutic ap- 55 

plications in “Plasma medicine” [14,15] emerge, within at least the two probably more 56 

advanced fields being wound care [16-23] and new approaches for cancer treatment [24- 57 

31]. 58 

Clinical studies dedicated to wound healing indicate that pathogen abatement, tissue 59 

growth stimulation and immune response are three of the modes of action that plasma 60 

delivery can trigger and control. Pathogen reduction is a key issue in hospitals where 61 

more and more multidrug-resistant strains of bacteria are emerging thus limiting or even 62 

preventing the use of conventional disinfectants or drugs. Brun et al [32] reported on 63 

plasma antibacterial effect with an RF helium afterglow on multi resistant Pseudomonas 64 

aeruginosa and methicillin-resistant Staphylococcus aureus exposed in vitro samples. Plank- 65 

tonic or biofilm growth on borosilicate slides cultured in 24-well plates were considered 66 

in this work and combination of plasma treatment with antibiotics was also evaluated. In 67 

[33], a dielectric barrier discharge (DBD) plasma torch generated with an air flow at 3.5 68 

L/min and delivering a plasma jet 4 mm in diameter was used to study the sensitivity of 69 

antibiotic-resistant and non-resistant bacteria. The microorganisms were set in a thin liq- 70 

uid layer covering a glass substrate. Authors conclude that plasma degrades components 71 

(DNA) of the bacteria so that the plasma method may be useful in eliminating bacteria 72 

that are recalcitrant to conventional antibiotic therapy. Application of DBD plasma was 73 

also demonstrated as a valuable decontamination technique for the removal from inert 74 

surfaces of planktonic and biofilm-embedded bacteria such as methicillin-sensitive S. au- 75 

reus (MRSA-USA 300, MRSA-USA 400), and E. coli, the most common hospital contami- 76 

nants. [34]. Plasma source named FlatPlaSter2.0. consisting of surface micro-discharges 77 

generated in air over a surface of 13x9cm2 was assessed as an alternative disinfectant for 78 

dry surfaces [35]. Bacterial endospores including Clostridium difficile and vegetative bacte- 79 

ria including Enterococcus faecium were considered. It was concluded that air plasma can 80 

disinfect dry inanimate surfaces contaminated with bacteria including bacterial endo- 81 

spores. The effect was mainly limited by the bacterial density. The perspective enlightened 82 

that plasma could serve as an alternative in the disinfection of medical instruments com- 83 

plementary to the standard cleaning procedures. He et al [36] reported on the sensitivity 84 

of two drug-resistant bacteria to low-temperature air plasma in catheter-associated uri- 85 

nary tract infections. Low temperature air plasma demonstrated efficiency to decontami- 86 

nate resistant E. coli and Enterococci through the destruction of the ribosome and other 87 

organelles inside the bacteria. Besides all these above evoked plasma and plasma after- 88 

glow treatments, two other protocols can be envisioned for decontamination applications. 89 

They consist in plasma treated solution delivery or aerosol injection in combination with 90 

plasma discharge [37,38]. Indeed, in the COVID pandemics context and in the perspective 91 

of future applications in controlling the microbiota in tubes and tracheal appliances used 92 

in the respiratory tract, the anti-microbial efficacy of nebulized plasma activated water 93 

applied for 15 min shows the inactivation of S. aureus and E. coli [39]. 94 

Publications dealing with resistant micro-organisms in the context of clinical protocol 95 

are much more scarce. Nevertheless, Daeschlein et al [40] demonstrated that argon-based 96 

cold atmospheric plasma can serve as a potent treatment modality to reduce, even eradi- 97 

cate numbers of multidrug resistant pathogens colonizing patient’s wounds. This out- 98 

standing and probably pioneer work was performed with a “plasma cold beam” fed at 6 99 



  

L/min with argon and resulting in a target plasma spot of about 5 mm in diameter. Heinlin 100 

et al [41] reviewed plasma applications in medicine with a special focus on dermatology. 101 

Among various topics, they report 291 treatments in 36 patients, and found a highly sig- 102 

nificant reduction in bacterial load in wounds treated with argon plasma compared with 103 

untreated wounds. This reduction was found in all types of bacteria, even in multidrug- 104 

resistant bacteria such as methicillin-resistant Staphylococcus aureus (MRSA). Following 105 

theses encouraging reports nowadays exists a great interest in developing dedicated non- 106 

thermal plasma sources efficient and easy to implement in hospital or medical centers to 107 

face the critical challenges of nosocomial infection and chronic wounds. 108 

In this work, preliminary results are documented on the use of non-thermal plasma 109 

jets for bacterial load reduction in the context of chronic wound therapy. The following 110 

section presents the various plasma multi jet devices developed for this work and the bac- 111 

terial targets used for the evaluation of the plasma decontamination opportunities. Then, 112 

in vitro decontamination assessments are presented and discussed for various pathogens 113 

including resistant strains collected from patients at the Orleans hospital (CHRO). Finally, 114 

preliminary results obtained with low voltage plasma jets in the context of the toxicity 115 

evaluation for patients’ treatment through a pilot study undergone at Orleans Regional 116 

Hospital in the department of Tropical and Infectious Diseases are briefly introduced. 117 

2. Materials and Methods 118 

2.1 Plasma jet devices 119 

This work is based on the use of non-thermal plasma devices for in vitro applications 120 

and a pilot study. Based on our know-how at GREMI, the plasma gun technology [42, 43] 121 

was used in this work having in mind the two main requirements: to develop plasma jets 122 

keeping the temperature of the target sample below 40 °C and to afford the best strategy 123 

to expose large contaminated surfaces during short time treatments. In the perspective of 124 

the treatment of infected and chronic wounds, the typical surfaces to be exposed are of a 125 

few to tens of square centimeters large and exhibit structured three dimensional topolo- 126 

gies, i.e. they do not necessarily consist in flat targets. Thus, the whole surface exposure 127 

should be performed with likely significant variations of the distance between the plasma 128 

jet and the sample and the full time treatment should not exceed a few minutes. 129 

The first option, recently reported in [44], is to expose large surfaces to room temper- 130 

ature single plasma jet powered with high frequency (typically 10 to 20 kHz with our 131 

device) voltage pulses of microsecond duration. The tuning of the voltage peak ampli- 132 

tudes, gas flow rate and the consideration of the target electrical conductivity features, 133 

was demonstrated to allow for the controlled exposure of surface with a typical diameter 134 

of 2 cm in diameter. Nevertheless, first larger surface exposure was not easy to achieve 135 

without an additional displacement of the plasma plume, and second this device was to 136 

be operated at voltages ranging from 10 to 20 kV. 137 

The second option consists in the operation of so-called multi-jets generated from a 138 

single primary jet [43,45,46]. These multi-jets were used for the in vitro study performed 139 

in this work with two applicators: the one delivering multi-jets in ambient air leading to 140 

a multi spot impact, the other with using the same device but with an additional sleeve 141 

leading to helium accumulation over the target, while not being fully air tight to keep 142 

reactive oxygen and nitrogen species generation. This second applicator results in plasma 143 

delivery as a combination of multi spots and a diffuse plasma generated in between the 144 

individual jets. These two multi-jets devices are called “multi-spot” and “diffuse mode” 145 

applicators in the following. The figure 1 presents the schematic of these two devices. 146 

As shown in figure 1, any of the two plasma applicators was connected through a 147 

flexible silicone tube inside which high purity (99.999%) helium was flushed at 4 L/min. 148 

The pulse power supply generates voltage pulses of 4 µs FWHM having a peak amplitude 149 

of +14 kV and delivered at 2 kHz repetition rate. These voltage pulses are delivered via an 150 

isolated copper wire inserted all along the silicone tube to the tip located at the inlet of the 151 

shower-like multi-jets applicator schematically documented in Fig.1. This remote plasma 152 



  

jet generation including a flushed gas and high voltage wire inside a flexible tube was 153 

previously reported for endoscopic application [47] and multi-jets generation [48]. The 154 

shower-like applicator consists in a dielectric (Delrin ®) assembly having an inlet volume 155 

(50 mm in diameter, 20 mm height), and an outlet part equipped with 52 channels (0.8 156 

mm in diameter, 10 mm height). These 52 channels are distributed along four rings of 8, 157 

18, 28 and 38 mm in diameter and having 4, 12, 12 and 24 holes respectively. The discharge 158 

is ignited at the tip of the high voltage wire, as a primary helium plasma jet. This primary 159 

plasma jet propagates in the inlet volume of the shower-like applicator before splitting in 160 

secondary helium jets generated in the channels of the outlet section of the applicators 161 

[46]. With the multi spot plasma applicator, all the secondary jets distributed along the 162 

8,18, 28 and 38 mm in diameter rings were delivered simultaneously. The plasma in con- 163 

tact with the sample is associated with ionization wave propagation in the helium gas 164 

flow at the outlet of the capillary. 165 

 166 

 167 
Figure 1 Schematic of the multi-jets devices (option 2) with pulse power supply, high 168 

voltage wire inside the silicone and center: multi-spot, and right: diffuse mode applica- 169 

tors. On bottom end on view of the applicators. When operated, the silicone tube connec- 170 

tion for the diffuse mode applicator is the same as for the multi-spot applicator. 171 

 172 

The third option consists in the generation of multi-jets in a bunch of individual he- 173 

lium flushed capillaries, each equipped with an inner needle-like powered electrode, and 174 

a grounded ring electrode surrounding all the 4 mm inner diameter, 3 cm long dielectric 175 

capillaries. The short distances between the needle tip and the capillary outlets (5 mm in 176 

this work) and the short gap from the capillary outlet to the samples (a few mm in this 177 

work) allow to generate the multi-jets with voltage pulses of lower peak amplitudes of 2 178 

kV. This low voltage operation enables the use of a more compact and lower power con- 179 

suming pulsed power supply and operation at higher pulse repetition rate (20 kHz in this 180 

work) while keeping the input power to the multi-jets applicator in the range of a few 181 

Watts. Another key advantage of this third class of multi-jets, as was shown, is that the 182 

distance to samples is much less critical for each individual jet generation over non-flat 183 

targets, much representative of chronic wounds. In a first step, this type of device has been 184 

used for the pilot study in a single jet configuration as will be described in the result sec- 185 

tion. The multi-jets configuration for the generation of four secondary jets is shown in 186 

figure 2. This third class of multi-jets device is called the “low voltage” plasma applicator 187 

in the following. 188 



  

 189 

190 

 191 
Figure 2 Top: schematic of the low voltage multi-jet applicator (option 3). Bottom: 4 and 192 

9 low voltage multi-jets delivered on the author’s hand. Parameters: voltage 2.5 kV, repetition 193 

rate 20 kHz, gas flow 2 L/min. 194 

 195 

The table 1 summarizes the main characteristics for the three plasma device options dis- 196 

cussed in this section. 197 

 198 
Table 1 Main characteristics of the plasma gun based devices 199 

2.2 Biological samples 200 

 201 

2.2.1 Bacterial lawn preparation and plasma treatment 202 



  

As shown in figure 3, a membrane filtration system composed of a funnel and a vac- 203 

uum valve was used to prepare samples with different bacterial strains. The bacterial in- 204 

oculum solution was set in the funnel, the base of which was equipped with a membrane 205 

47 mm in diameter and having a porosity of 0,45 µm. This membrane, set on a filter stone, 206 

acted as filter for the inoculum when the vacuum pump was switched on. In this work, 207 

an inoculum (103 CFU/ml) volume of 100 ml was filtered across the membrane. The mem- 208 

brane was then set on an agar disk (50 mm in diameter) prepared in a petri dish. Following 209 

a 24-hour incubation period at 37°C, a 10 cm2 bacterial lawn was produced as shown in 210 

figure 3d. 211 

 212 

 213 
Figure 3 a) Funnel and valve connected to a vacuum pump (not shown) used to ini- 214 

tiate the bacteria inoculum preparation, b) Top view of funnel, whose base is covered with 215 

a membrane used to filter the bacterial inoculum, c) zoom on the membrane set on agar 216 

prepared in a petri dish right at the end of the filtering process, d) view of the grown 217 

bacterial lawn following a 24-hour incubation at 37°C. 218 

 219 

Otherwise mentioned in the results section, the plasma treatments were performed 220 

right after the inoculated membrane was set on the agar substrate, i.e. before the 24-hour 221 

incubation period, meaning before the growth of the bacterial lawn. 222 

The plasma treatments consist in 1, 5 or 10-minute exposure with a gap distance be- 223 

tween multi-jet bottom base and the membrane of 5 mm, a gas flow rate of 4 L/min, peak 224 

voltage amplitude of 14 kV and pulse repetition rate of 2 kHz (both multi-spot and diffuse 225 

mode applicators were used). All experiments have been performed in triplicate. Control 226 

samples consisted in gas flow only exposure of the membrane on agar substrates for the 227 

same durations (1 to 10 minutes) but with no plasma ignition. 228 

Larger surface bacterial lawn of 12x12 cm2 inoculated with patients collected resistant 229 

bacteria have also been prepared and exposed to plasma. A 100 µl volume of bacterial 230 

solution having 104 colony forming unit per milliliter (CFU/ml) was spread over the sur- 231 

face of the agar plate. These large surface inoculated agar samples were then incubated at 232 

37°C for 24 hours with or without preliminary plasma treatment. The plasma treatment 233 

with the multi spot applicator was performed in a scanning protocol with the help of a 234 

programmable displacement board allowing various scanning patterns and speeds with 235 

the fixed plasma applicator and the moving agar sample as shown in figure 4. 236 

 237 



  

 238 
Figure 4 a) Multi jets treatment of large surface inoculated agar samples set on a pro- 239 

grammable displacement board, b) translation scanning pattern, c) zigzag scanning pattern. 240 

 241 

Two scanning patterns have been experienced. First a translation pattern with back 242 

and forth linear displacements, the back and forth duration being of 12 seconds and hav- 243 

ing an extension of 100 mm. This translation pattern was repeated respectively 5, 25 or 50 244 

times thus corresponding to a whole plasma treatment duration of 1, 5 and 10 minutes. 245 

The second pattern, zigzag-like, is shown in figure 4c, and combined translation along the 246 

x and y axis of 100 and 2 mm, respectively. The time set to process the full pattern was 247 

one-minute long and this was repeated for 5 or 10 times, corresponding to 5 or 10-minute 248 

plasma exposure durations. 249 

 250 

2.2.2 Bacterial strains 251 

Two class of bacterial strains have been used in this work. First freeze-dried strains, 252 

Staphylococcus aureus subsp. aureus ATCC®9144TM and Pseudomonas aeruginosa 253 

ATCC®9027TM respectively cultured on ATCC® Medium 18: Trypticase Soy Agar (TSA) 254 

and ATCC® Medium 3: Nutrient agar (supplied by Institut Pasteur). These two non-re- 255 

sistant bacteria were inoculated on agar substrates from solutions having a 103 CFU/ml 256 

concentration. Second, three resistant strains were isolated from wound samples collected 257 

from patients suffering from chronic wounds, namely S. aureus, P. aeruginosa and E. coli. 258 

The individual strain selection was achieved by culturing these patient’s samples on var- 259 

ious selective agars. These resistant bacteria were then inoculated on TSA substrates from 260 

solutions having a 104 CFU/mL concentration. The experiment with the combination of 261 

these three resistant bacteria, documented in section 3.4, was performed from mixing the 262 

three bacterial solutions prepared with a 104 CFU/ml concentration of each bacteria. The 263 

resistance of each resistant bacteria strain was qualified through antibiogram analysis 264 

with the inclusion of nine different antibiotic drugs. The most resistant strain was meas- 265 

ured to be the P. aeruginosa being only partly sensitive to one aminoglycoside drug. This 266 

strain was selected to illustrate the potent bactericidal action of multi jets one resistant 267 

pathogen as documented in section 3.3. 268 

 269 

All the decontamination experiments were performed in the microbiology hygiene 270 

laboratory from the Orleans Regional Hospital under the supervision of Dr M. Demasure. 271 

 272 

2.2.3 Agar samples for multi-jets characterization 273 

Agarose gel samples were prepared by dissolving 1.5 mg ml−1 agarose of microbiol- 274 

ogy powder in a physiological saline solution (NaCl 150 mM). The solution was heated 275 

on a conventional heating magnetic stirrer until all the powder was dissolved. Agarose 276 

mix was poured to obtain gels of 2 mm thickness. The gels were stored at 4°C for 12 h 277 



  

before use. KI-starch-loaded agarose samples were used to evaluate the spatial distribu- 278 

tion of generated reactive species. The samples were prepared by dissolving 1.5% agarose 279 

of microbiology powder, 0.3% KI and 0.5% starch (C6H10O5)n in a saline physiological so- 280 

lution (NaCl 150 mM). 281 

 282 

2.3 Current measurement 283 

Current measurements for multi-jets impinging on a grounded metallic plate docu- 284 

mented in section 3.1 were performed by measuring the voltage drop across a carbon re- 285 

sistor connected in series with the plate. The signals were recorded using a Tektronix 500 286 

MHz probe (TPP0500B) 500 MHz bandwidth and a 500 MHz bandwidth digital oscillo- 287 

scope Tektronix MDO3054. 288 

3. Results 289 

3.1 Multi-jets characterization 290 

The power coupled to, and the current flowing across each individual 52 secondary 291 

jets with the multi spot applicator were not measured in this work, but it is speculated 292 

that they are more or less evenly distributed in between each of these secondary jets. In- 293 

deed, while not specifically assessed in this work, the longtime exposure up to 5 to 10 294 

minutes of agar sample never reveal any local melting, ablation or deformation of the 295 

sample at the position of the plasma spots or in the zone in between them. This is an indi- 296 

cation that neither severe temperature increase nor dramatic ion bombardment occur dur- 297 

ing multi-jets exposure. Nevertheless, figure 5 reveals that the secondary jets generated 298 

from the two inner rings of the multi spot plasma applicator exhibit a higher visible light 299 

intensity. A first reason for this lies in the secondary jets mechanisms. Indeed, the second- 300 

ary jets are generated after that the primary jet ignited in the upper section of the applica- 301 

tor splits in the first channels distributed along the first inner ring [45,46]. Then a second 302 

splitting of the remaining ionization wave propagating in the upper section from the first 303 

to the second ring, occurs and generates the secondary jets emerging from the second ring 304 

channels. Same process repeats for the third and fourth series of multi-jets emerging from 305 

the periphery of the applicator. During these splitting processes, part of the power is car- 306 

ried by the secondary jets, the rest being transported in the plasma developing in the up- 307 

per part of the applicator before next splits occur in the large diameter ring. A second 308 

likely reason for this higher intensity of the inner secondary jets is that even if the upper 309 

section was empirically designed to allow for a homogenous gas flow distribution in the 310 

channels where secondary jets are generated, it is suspected that this gas flow is anyway 311 

lower is the peripheral holes. 312 

 313 

 314 
Figure 5 Photograph of the multi spot plasma applicator delivering the secondary 315 

multi-jets in ambient air 316 



  

 317 
 318 

Figure 6 a) Current delivered on a metallic target with 4 jets: bold black trace, 3 jets 319 

thin grey trace, 2 jets: bold grey trace and 1 jet: thin black trace, b) image of KI-enriched 320 

agar samples exposed to four multi-jets generated with the low voltage applicator during 321 

left: 60 s and right: 240 s. 322 

 323 

Figure 6a presents the current measurements performed with the use of a grounded 324 

metallic target set 10 mm away from the low voltage applicator delivering 4 secondary 325 

jets. By using a dielectric foil set to impede either no, one, two, and three of the secondary 326 

jet to impact the target, the figure 6b demonstrates that each one the secondary jets carry 327 

on fourth of the whole current measured when the four jets impinge on target.  328 

The figure 6b illustrates the operation of this four multi-jet device exposing agar sam- 329 

ple [49] enriched with potassium iodide. The potassium iodide is used as an indicator for 330 

the delivery of reactive species by the multi-jets [44, 50]. Is it shown that for a 60 s plasma 331 

exposure, the reactive species are delivered as four spots on the sample while for a longer 332 

exposure of 240 s, the reactive species are detected almost all over a disk defined by the 333 

edges of the four multi-jets assembly. Same results were achieved for applicators generat- 334 

ing 9 and 13 secondary jets distributed over a disk of 50 mm in diameter. 335 

 336 

3.2 Inactivation of Staphylococcus aureus 337 

The figure 7 presents the multi spot plasma treatment of S. aureus inoculated mem- 338 

brane set on agar substrates, in various experimental conditions. 339 

 340 
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 341 
Figure 7 Inactivation of S. aureus with the multi spot plasma applicator. a) Multi spot 342 

plasma treatment of inoculated membrane on agar substrate, b) H24 image of the un- 343 

treated sample, c) H24 image of the sample exposed at H0 to 5 min helium flow, d) H24 344 

image of the sample exposed at H0 to 5 min plasma treatment in static mode, e) H24 image 345 

of the sample exposed at H0 to 5 min plasma treatment with a 1 rpm rotation, f) H24 image 346 

of the sample exposed at H0 to 1-minute plasma treatment in static mode. H0 and H24 347 

stand for hour zero as the time origin and 24 hours later, respectively. 348 

 349 

As expected, the control gas treatment shows no bactericidal action, as shown in fig- 350 

ure 7c where the bacterial lawn full development is observed in the same manner as for 351 

the untreated sample in figure 7b. This confirms the helium gas flow has no impact on the 352 

inoculated membrane, inducing no drying or spray action, as the 24-hour incubation re- 353 

sults in the same growth of the bacterial lawn as for untreated treated sample. In figure 354 

7d, it is observed that the impact of the respectively 4, 12 and 12 secondary jets -distributed 355 

from the center to the periphery of the plasma applicator- results in a full inactivation of 356 

the bacteria. Because of an imperfect centering of the plasma applicator with respect to 357 

the sample, only 4 secondary jets distributed along the 38 mm in diameter outer ring of 358 

the multi spot applicator impacted the bacterial lawn, which was about 40 mm in diame- 359 

ter. This is visible in the top right region of figure 7d. Indeed 24 hours after multi jet treat- 360 

ment, the bacterial lawn growth is fully inhibited at the positions of these 32 plasma jet 361 

impact. This first indicates that the plasma action is localized in the region where plasma 362 

jets impacts and do not induce any strong effect in between the secondary jets regions 363 

during plasma jet exposure but after the following 24-hour incubation as well. The ratio 364 

of the sum of these 4, 12, 12 and 4 plasma spot impact surfaces over the bacterial lawn 365 

surface results in about an 8% coverage for a 5-minute-long static exposure with the multi 366 

spot applicator. Thus, the decontamination of the full surface for the extended bacterial 367 

lawn would require a displacement of the plasma applicator, as will be documented in 368 

section 3.4. One observes that the higher intensity of the central multi-jets, as discussed 369 

from the figure 1, results in larger inactivation spots as compared to the much peripheral 370 

multi-jets effect. As the visible diameters of all the secondary jets is about constant, this 371 

means that the plasma light emission cross section observed on the sample surface is not 372 

the best indicator to predict the inhibition zone diameter. Both plasma generated reactive 373 

species and transient electric fields inherent with the multi-jets delivery may have an ef- 374 

fect away from the plasma emitting light volume. 375 

Figure 7e indicates that 5 min treatment with the sample rotation (rotation speed was 376 

of 1 revolution/min) is enough to prevent bacterial lawn development at the plasma jet 377 

impact positions. This means that plasma exposures shorter than 5 minutes are sufficient 378 

to inactivate S. aureus. One also notes that the inactivation is more efficient along the two 379 



  

inner circles where 4 and 12 multi-jets, respectively, are distributed, than for the third and 380 

fourth larger diameters circles exposed with the 12 and 24 multi-jets, respectively, ignited 381 

out of the channels from the two outer rings of the applicator. Two main reasons may be 382 

invoked to explain this observation: first as discussed from the figure 5, the multi jets on 383 

the center are more intense, and second for a constant rotation speed of the sample, the 384 

plasma exposure duration per surface unit is obviously shorter for the larger diameter 385 

circles. The key role of the treatment time on the inhibition zone size is confirmed in figure 386 

7f, where a one-minute multi-jet exposure was processed in a static mode, i.e. without 387 

sample rotation. This short exposure is enough to inactivate the bacteria but the inhibition 388 

spots are much smaller and correlates with the 5 min and rotating sample observations in 389 

figure 6e along the two larger diameter inhibition circles. 390 

The use of the multi spot plasma exposure protocol including the rotation of the sam- 391 

ple, demonstrates that the increase of the number of secondary jets for larger diameters is 392 

convenient to expand the plasma applicator action on large surface and that scanning of 393 

the sample at moderate speed is efficient as will be confirmed in section 3.4. The optimal 394 

protocol results from the balance between the goal to set a high scanning speed to allow 395 

for multi pass over the sample during a short plasma treatment duration and the limita- 396 

tion imposed by the necessity to prevent too strong helium gas flow disturbance at the 397 

outlets of the channels of the applicator. This latter point depends on the helium gas 398 

flowrate and the design (length and diameters) of the channels.  399 

Another strategy assessed in this work, was to generate multi-jets in a more helium- 400 

rich volume to try to achieve a more diffuse and larger volume plasma discharge at the 401 

surface of the sample. The figure 8a presents the diffuse mode plasma treatment of S. au- 402 

reus inoculated membrane set on agar substrates, in various experimental conditions. 403 

 404 

 405 
 406 

Figure 8 Inactivation of S. aureus with the diffuse mode plasma applicator. a) Diffuse 407 

mode plasma treatment of inoculated membrane on agar substrate, H24 images of the 408 

sample exposed at H0 to 1 (b), 5 (c) and 10 (d) minute plasma treatment, e) H24+10 minutes 409 

image of the sample exposed at H24 to 10 min plasma treatment. H0 and H24 stand hour 410 

zero as the time origin and 24 hours later, respectively. 411 

 412 

Figures 8b, c, d present the bacteria inactivation for 1, 5 and 10-minute exposures in 413 

static mode with the diffuse mode applicator. Three main observations can be done. 414 



  

First, the inhibition diameter is time exposure-dependent, indicating that the inacti- 415 

vation is not only the result of the direct impact of the plasma on the sample but that the 416 

plasma-induced effect includes either some diffusion mechanism or bystander processes 417 

previously speculated for plasma cancer treatment experiment analysis [51,52]. In this 418 

work, the results discussed from figure 6 showing that the reactive species delivery in 419 

agar sample was plasma exposure duration dependent tend to support that the inhibition 420 

zone diameter increase is likely due to the diffusion of the reactive species. Nevertheless, 421 

as during plasma jet exposure, the bacteria are also submitted to intense transient electric 422 

field during each voltage pulse, it may be suspected that the accumulation of these electric 423 

field stimulation in combination with the delivery of reactive species may play a role in 424 

the gradual spread on the inhibition zone. Indeed, the electric field driven by the space 425 

charge at the tip of the ionization wave front, such as developing for kHz plasma jets, 426 

combines a longitudinal and a radial component, the latter exhibiting a decaying intensity 427 

versus the distance from the plasma jet axis [45, 53-57]. With our experimental set-up, and 428 

with a slightly higher peak voltage amplitude applied to the plasma reactor 16 kV instead 429 

of 14 kV in this work, electric field with amplitudes ranging from 3 to 8 kV/cm were re- 430 

ported along the plasma jet inside the capillary [45], while amplitude as high as 45 kV/cm 431 

were measured at the tip of the plasma plume [55]. One may suspect that besides the re- 432 

active species delivery and action on bacteria, the bacteria on the central zone of the 433 

plasma jet impact zone will rapidly be inactivated as there the electric field strength is 434 

large enough, while those on the more outer locations will require the accumulation of a 435 

larger number of electric field pulses of lower strength. Such combinatory and threshold- 436 

dependent action of pulsed electric field with reactive species was recently reported [48, 437 

58-61] during plasma treatment of various cell lines. 438 

Second, the inhibition diameters are no longer larger for the 4 central multi-jets but 439 

for the 12 second multi-jets distributed on the 18 mm in diameter ring, conversely to the 440 

results obtained with the multi spot applicator in figure 7. 441 

Third, the yellow color, representative for the S. aureus colonization, is less intense in 442 

between the multi-jet impact regions in figure 8 than it was in figure 7. This indicates that 443 

the growth of bacterial lawn even in the region in between the multi spots is reduced with 444 

the diffuse mode applicator, presumably because of reactive species’ diffusion from im- 445 

pact plasma points thanks to additional sleeve. 446 

These two latter observations reveal that the diffuse mode applicator modify the rel- 447 

ative bactericidal efficiency of the individual multi-jets and that the whole surface of the 448 

sample is plasma-treated and partly inactivated even though the multi-jets are much more 449 

effective than the diffuse plasma. 450 

In the context of wound treatment, the delivery of plasma can be planned for two 451 

different scenarios. The first would be to prevent either bacteria colonization right after 452 

the wound occurrence or bacteria re-colonization following a disinfecting care of a per- 453 

sisting wound. This was the motivation of the previous documented results in figures 7 454 

and 8 where the plasma delivery was performed right after the bacteria inoculation on the 455 

agar sample. The second and most critical need for alternative treatment, likely plasma- 456 

based, is for infected or chronic wound situation where the bacterial colonization is al- 457 

ready achieved. To assess the potential action of plasma multi-jets for this second scenario, 458 

the figure 8e presents the 10-minute-long treatment performed on a mature bacterial lawn, 459 

obtained after a 24 hours’ incubation of the inoculated membrane on the agar substrate. It 460 

is observed that the diffuse mode applicator induces some bactericidal effect on the ma- 461 

ture bacterial lawn. Partly inhibited multi spots are observed together with a slightly less 462 

yellow colored lawn in the center than in the peripheral regions of the sample. 463 

 464 

 465 

 466 

3.3 Inactivation of Pseudomonas aeruginosa ATCC®9027TM and resistant Pseu- 467 

domonas aeruginosa cultured from patient’s sampling 468 



  

The figure 9 presents treatment time dependence with the diffuse mode plasma ap- 469 

plicator for the P. aeruginosa ATCC®9027TM and resistant P. aeruginosa inoculated mem- 470 

brane set on agar substrates. 471 

 472 

 473 
Figure 9 Inactivation of P. aeruginosa ATCC®9027TM and of resistant P. aeruginosa 474 

with the diffuse mode plasma applicator. H24 images of the P. aeruginosa ATCC®9027TM 475 

inoculated sample exposed at H0 to 0 (a), 1(b), 5 (c) and 10 (d) minute plasma treatment 476 

and of resistant P. aeruginosa inoculated sample exposed at H0 to 0 (e), 1(f), 5 (g) and 10 477 

(h) minute plasma treatment. 478 

 479 

As obtained with the S. aureus in figure 8, the use of the diffuse mode applicator for 480 

1, 5 and 10 minutes results in the inactivation of the two P. aeruginosa strains. It is again 481 

observed that the inactivation spot diameter, associated with each single jet, increases 482 

with the treatment duration, and that the bacteria lawn growth is also reduced in the re- 483 

gion in between these spots, where the diffuse plasma is active. Two main additional re- 484 

marks can be addressed. First, it is quantitatively shown that the multi-jets based treat- 485 

ment is more efficient for the two P. aeruginosa strains than for the S. aureus. Second, it is 486 

noticeable that the multi-jet based treatment is as efficient for the regular and the resistant 487 

strain, clearly differencing the plasma action from other conventional strategies based on 488 

antibiotics supply. This was the main objective of this work to assess a new bactericidal 489 

agent in the perspectives of the development of innovative disinfecting process for situa- 490 

tion were no therapeutic protocol is today available, as unfortunately more and more en- 491 

countered with nosocomial infections. 492 

 493 

3.4 Large surface resistant bacterial lawn inactivation with scanning protocols 494 

The figure 10 presents the multi spot plasma treatment of resistant P. aeruginosa, S. 495 

aureus and E. coli inoculated agar substrate, the three strains being collected from patients 496 

suffering from chronic wounds. The translation scanning mode was processed for 1, 5 and 497 

10 minutes in different regions of the agar plate. 498 

 499 



  

 500 
Figure 10 Inactivation of large surface resistant bacterial lawn with the multi spot 501 

plasma applicator with the translation scanning mode. On top, images of resistant P. ae- 502 

ruginosa (left), S. aureus (middle) and E. coli (right) the 24 hours after their inoculation. In 503 

the bottom, H24 images of the P. aeruginosa (left), S. aureus (middle) and E. coli (right) 504 

inoculated sample exposed at H0 to 1, 5 and 10-minute plasma treatment as indicated 505 

between the vertical dashed lines. The size of each treated zone is about 40 cm2. 506 

 507 

There may be some overlap of the treatment in one zone (for 1, 5 and 10 minutes’ 508 

plasma exposure) with the neighbored zones. Because of this possible artifact, the decon- 509 

tamination action is discussed for the central band of each of the three different treatment 510 

duration zones. For each of the three strains, the multi spot scanning protocol results in a 511 

time-dependent inactivation efficiency. Nevertheless, even for the shortest, one-minute 512 

treatment time, the bacterial lawn growth is almost already fully and homogenously in- 513 

hibited. It is observed that the P. aeruginosa, S. aureus present a higher sensitivity than E. 514 

coli to the plasma treatment. Figure 10 presents the images of the bacterial lawn after the 515 

plasma treatment and a 24-hours incubation period, but it was also verified that even after 516 

an incubation period as long as seven days, the bacterial lawn growth was still completely 517 

inhibited. 518 

In the perspective of patient’s wound plasma treatment it is important to assess the 519 

bactericidal action of plasma jets not only on a single strain inoculum but also for a mix- 520 

ture of different strains, as wound are most of the time colonized by a symbiotically living 521 

bacteria assembly. The figure 11 presents the multi spot plasma treatment of a combina- 522 

tion of resistant P. aeruginosa, S. aureus and E. coli inoculum spread over an agar substrate. 523 

The zigzag scanning mode was processed for 1, 5 and 10 minutes in one selected region 524 

of the agar plate. This scanning mode was selected to mimic the way medical doctors or 525 

nurses may treat a large wound with a plasma device. 526 

 527 

 528 

 529 



  

 530 
Figure 11 Inactivation of large surface bacterial lawn composed of a mixture of three 531 

resistant strains with the multi spot plasma applicator applied in the zigzag scanning 532 

mode. H24 images of the inoculated sample exposed at H0 to 1, 5 and 10-minute plasma 533 

treatment. The dashed rectangle zone indicates the plasma treated region. The size of the 534 

treated zone is about 32 cm2. 535 

 536 

It is observed that after a one-minute plasma treatment, the P. aeruginosa inactivation 537 

is already achieved as the green color, indicative of this bacteria colonization following a 538 

24-hour incubation, has vanished. A 5-minute long treatment leads to the full inactivation 539 

of the three bacteria strains in the scanned region, while some circle shaped colonies are 540 

observed on the edges of the treated zone. These circle shape colonies are likely to be as- 541 

signed to E. coli persistence, as this specific morphology was already observed in the single 542 

bacteria inoculation experiment documented in figure 10. A 10-minute plasma treatment 543 

leads to the full inactivation of the bacterial inoculum with no evidence for any of the three 544 

bacterial strains growth. The plasma treatment of the mixed inoculum reveals that this 545 

inactivation method is likely to be efficient for the decontamination of multi infected 546 

wounds. Finally, full decontamination was also achieved for S. dysgalactiae and B. subtilis 547 

strains collected at Orleans Hospital (data not shown). 548 

 549 

3.5 Pilot tolerance study on the use of plasma therapy for wound treatment 550 

This preliminary study was performed at Orleans Regional Hospital (CHRO) in the 551 

department of Tropical and Infectious Diseases under the supervision of Dr T. Prazuck. 552 

The study was approved by the CHRO ethical committee on the base of bibliographic data 553 

published by different teams reporting clinical trials with non-thermal plasma devices 554 

and following a tolerance study performed at Institut Gustave Roussy (Villejuif, France) 555 

under the supervision of Dr L. Mir [62], with the multi-jet applicator technology described 556 

in this work applied to both nude and hairy mice. It was measured that neither severe nor 557 

irreversible skin disorders were induced following minutes long multi-jet delivery in a 558 

single fraction. The tolerance study performed at CHRO included five hospitalized pa- 559 

tients, bearing superinfected wounds having diameters ranging from 3 to 15 cm. A single 560 

jet low voltage device was used to deliver plasma during one minute for each half square 561 

centimeter surface unit, as shown in figure 12. The full time exposure of the wound treated 562 

zone, which was not always covering the whole ulcerated tissue, ranges from 15 to 30 563 

minutes. The plasma device was handheld and operated either by the coauthors or the 564 

medical staff of the hospital. Each of the five patients was plasma treated either daily or 565 

each other day, reaching at the end a median 5 day fractions of plasma treatment. The 566 

patients were preventively grounded by means of an antistatic bracelet so to better control 567 

their potential and the plasma treatment. Tolerance was assessed by scoring the patient 568 

feelings during and after the plasma delivery fractions. It was also systematically and 569 

carefully investigated by nurses in charge of the treatment that no necrotic, inflammatory 570 

and cutaneous stress appeared at the place where plasma jet was applied. As reported in 571 

Figure 12, the temperature of the treated area was monitored live by means of an infrared 572 

camera (Fluke Ti480 by Fluke). The surface of the wound results in general colder due to 573 

the presence of liquid and the consequent cooling caused by evaporation. At the place 574 

where the plasma jet was applied a temporary small increase (about +3-5°C) of the surface 575 

temperature was observed. The recorded temperature remained always below 40 °C so 576 

adverse effect due to excessive heating can be discarded. 577 



  

 578 

 579 
Figure 12 Photo of the delivery of a single jet generated with the low voltage appli- 580 

cator on a patient’s wound included in the pilot tolerance study performed at CHRO, 581 

(right) the treatment monitored by means of an IR camera. 582 

 583 

The tolerance study was overall scored as excellent. The scoring, associated with any 584 

local or systemic pain feeling during or after plasma fraction, keeps at the same value as 585 

that expressed before plasma treatment for each of the patient or for all of the plasma 586 

fractions. This testify the absence of pain, burn or unpleasant feeling by the patient during 587 

the plasma delivery on injured skin. No inflammation, necrosis or degradation of the ul- 588 

cerated tissue were reported. 589 

The figure 13 presents the Staphylococcus aureus ATCC9144 and Pseudomonas ae- 590 

ruginosa ATCC9027 colony reduction versus the plasma exposure duration. For the two 591 

bacteria, three different initial concentrations were exposed in triplicate: respectively 592 

about 170, 90 and 50 and 160, 55, 30 colonies/membrane were used for Staphylococcus 593 

aureus and Pseudomonas aeruginosa respectively. These colony concentrations were se- 594 

lected as being representative or typical infection level in the hospital context following 595 

the baseline decontamination protocols using disinfectant. In figure13, the colony reduc- 596 

tion was plotted after applying a normalization of for three experiments for each of the 597 

bacterial strain. One note that whatever the initial colony concentration, the same trends 598 

are measured, leading to an efficient reduction after a 10-minute-long exposure for both 599 

bacterial strains. 600 

  601 
Figure 13 Normalized colony reduction versus plasma treatment time with the diffuse 602 

mode plasma applicator for a) Staphylococcus aureus ATCC9144 and b) Pseudomonas aeru- 603 

ginosa ATCC9027 strains. The experiments were performed in triplicate with three different 604 

initial colony concentrations for each strain. 605 

4. Discussion 606 
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This work reports on the design and operation of multi jets devices based on the 607 

plasma gun technology [42,43]. 608 

The first device developed as a “multi spot plasma applicator” and a slightly modi- 609 

fied derived version labeled as “diffuse mode plasma applicator” allows to deliver 52 mil- 610 

limeter-sized helium jets in ambient air at a pulse repetition rate of 2 kHz. In the diffuse 611 

mode operation additional plasma volume is generated in between the 52 multi jets. These 612 

two applicators have been developed and used to plasma treat bacteria contaminated sub- 613 

strates either 55 mm in diameter or consisting in large 12x12 cm2 samples. The main ob- 614 

jective was to assess the antibacterial action of such multi jets for various bacteria includ- 615 

ing drug resistant strains. Such plasma potentiality was already reported in the literature, 616 

but this work addresses simultaneously various plasma delivery strategies for decontam- 617 

ination applications in the perspective of infected and chronic wounds treatment in hos- 618 

pital centers. Indeed, four main plasma exposure protocols have been experienced and 619 

demonstrated: plasma treatment of agar samples right after their inoculation with various 620 

single bacteria strain, plasma treatment of mature bacterial lawn grown on agar sub- 621 

strates, plasma treatment of multi-contaminated -with three bacteria strains- samples, 622 

multi jet treatment in static and scanning modes over extended surface samples. 623 

The second class of multi jet device assessed in this work consists of a bunch of indi- 624 

vidual millimeter-sized helium jets generated at lower voltage of 2.5 kV peak amplitude, 625 

higher repetition rate of 5 to 20 kHz. It has been developed to deliver one single jet, and 626 

4, 9 and 13 secondary helium jets. It is reported that for this low voltage applicators, the 627 

power and current are quite equally distributed in between each secondary jets (see figure 628 

6), and that this “low voltage applicator” allow for safe and painless multi jets exposure 629 

even on uneven, non-flat surfaces (see figure 2). A single jet low voltage plasma jet repre- 630 

sentative of this second class of plasma device has been used in a pilot clinical tolerance 631 

study performed at the Orleans Hospital (CHRO) on superinfected wound bearing pa- 632 

tients. 633 

Bacterial decontamination study indicates first that the plasma action is localized in 634 

the region where plasma jets impacts and do not diffuse strongly in between the second- 635 

ary jets regions during plasma jet exposure (see figure 7). This result is a good indication 636 

in the perspective of wound treatment as the plasma treatment can be restricted to the 637 

zone where bacterial decontamination is required, while non exposing healthy tissues. A 638 

time exposure dependent inhibition surface is measured on contaminated sample exposed 639 

to multi jets. As the diameter of the multi jets is almost constant, as emerging from same 640 

diameter channels drilled in the plasma applicators, two main conclusions results from 641 

this measurement. First, since the plasma light emission volume remains constant 642 

throughout any exposure time, it is concluded that the plasma light emission cross section 643 

observed on the sample surface is not the best indicator to predict the inhibition zone 644 

diameter. It is proposed that both plasma generated reactive species accumulation and 645 

the combination of these reactive species with transient electric fields inherent with the 646 

multi-jets delivery may play together a role in the bacteria decontamination. In addition 647 

to the reactive species delivery, the bacteria on the central zone of the plasma jet impact 648 

zone may be inactivated during short exposure as exposed to rather intense electric field, 649 

while those on the more outer locations will require the accumulation of a larger number 650 

of lower strength electric field pulses and lower doses of reactive species. 651 

Complementary, and in the perspective of extended wound treatment, the use of the 652 

diffuse mode applicator (see figure 8) or of the rotating (see figure 7), linear (see figure 10) 653 

and zigzag (see figure 11) scanning protocols, demonstrates that large surface may be ra- 654 

ther homogeneously decontaminated, extending the potentialities of plasma technology 655 

for these medical applications. Shorter treatment plasma exposure can indeed be devel- 656 

oped on the base of these multi jets scanning applicators. Few square centimeter large 657 

contaminated sample are inactivated for a single fraction of only one-minute-long expo- 658 

sure. In the context of patient’s wound treatment, such short time exposure is an excellent 659 

indication for a highly tolerable therapeutic protocol, and may be envisioned as a daily 660 

fractionated treatment. 661 



  

 662 

Bacterial inactivation was demonstrated for S. aureus, P. aeruginosa and drug resistant 663 

S. aureus, P. aeruginosa and E. coli strains collected for patient’s wound at Orleans hospital. 664 

Not documented in this work, full decontamination was also achieved for S. dysgalactiae 665 

and B. subtilis strains collected at Orleans Hospital. This confirms that plasma action has 666 

a broad spectrum target approach likely to be applied for various bacteria families, either 667 

gram positive or gram negative, even with the same plasma operation mode. It is also 668 

demonstrated that plasma multi jets can be a potent bactericidal agent for native or mature 669 

bacterial lawn contaminated with a single but also a mix of various pathogens. Similar 670 

efficiency was demonstrated for antibiotic-resistant and non-resistant P. aeruginosa (see 671 

figure 9) as previously reported but for E. coli bacteria and with dielectric barrier discharge 672 

applicator [33]. This strengthen the well-known unique status of plasma technology, in 673 

comparison with conventional antibiotics drugs, as a broad spectrum and non-systemic, 674 

and thus likely presenting low side-effects, therapeutic option. 675 

Finally, the low voltage plasma applicator, was used for the fractionated treatment 676 

of five wound bearing patients with the focus on the scoring of the treatment tolerance 677 

and toxicity assessment. The plasma applicator was used along few tens of minutes’ ex- 678 

posure, by different nurses, and for wounds of various extensions, surface topologies, in- 679 

cluding necrotic, dry and humid zones. As summarized in section 3.5, the tolerance scor- 680 

ing was excellent with absolutely no pain, skin injury, inflammatory feeling or observed 681 

effects. While the study was focused on the tolerance and toxicity of plasma treatment, it 682 

was nevertheless observed, even with this limited patient cohort, a trend for the improve- 683 

ment of the tissue status on plasma treated zone in comparison with the non-targeted zone 684 

for the same patient. Work is ongoing to assess the tolerance and healing efficiency of 685 

plasma multi-jets daily or each other day delivered alone and in combination with dedi- 686 

cated dressings. This work is a new contribution in the development of plasma technology 687 

therapy for wound treatment but as expressed in the conclusion of [40], “the possible role 688 

of cold atmospheric pressure plasma in clinical multi drug resistant decontamination 689 

must be evaluated in clinical trials with repeated plasma treatment embedded in a com- 690 

prehensive hygienic decontamination concept”. This mandatory step is planned in collab- 691 

oration with CHRO. This work demonstrates that on-demand design of multi jets appli- 692 

cators can be performed for the development of various plasma applicator sizes, shapes 693 

with various number and spatial distribution of the multi jets likely covering very ex- 694 

tended surfaces. 695 
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