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Short Abstract: A method of surface decontamination with nonthermal plasma is described. The method takes advantage of nonthermal plasma bactericidal activity. The method can be applied to both abiotic surfaces and living tissues including superficial wounds.

 Long Abstract: Nonthermal (low temperature) argon plasma is a flow of the partly ionized gas that is obtained at atmospheric pressure and has a close to ambient temperature [11
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; 17]. The plasma torch includes ions, electrons, free radicals and photons. Plasma effects on biological objects are due to a concerted action of the active species and UV [11
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; 12]. Antibacterial plasma efficiency depends on a plasma-forming gas, a device construction, treatment time and conditions [14
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; 20]. Experimental data demonstrated that nonthermal plasma toxicity is lower for eukaryotic cells than for bacteria [8

ADDIN BibusRef<Id>354</Id><Identifier>Kalghatgi2011</Identifier><BibliographicType>ARTICLE</BibliographicType><Address>Department of Electrical and Computer Engineering, Drexel University, Philadelphia, Pennsylvania, United States of America.</Address><Author>Kalghatgi, Sameer;Kelly, Crystal M;Cerchar, Ekaterina;Torabi, Behzad;Alekseev, Oleg;Fridman, Alexander;Friedman, Gary;Azizkhan-Clifford, Jane</Author><Journal>PLoS One</Journal><Number>1</Number><Pages>e16270</Pages><Title>Effects of non-thermal plasma on Mammalian cells.</Title><Volume>6</Volume><Year>2011</Year><URL>http://www.ncbi.nih.gov/entrez/query.fcgi?cmd=retrieve&db=pubmed&dopt=abstract&list_uids=21283714</URL><ISBN>1932-6203</ISBN><CitationRanges>;for ranges</CitationRanges><DuplicateInfo></DuplicateInfo>
; 9

ADDIN BibusRef<Id>240</Id><Identifier>Kong2009</Identifier><BibliographicType>ARTICLE</BibliographicType><Author>Kong, MG; Kroesen, G; Morfill, G; Nosenko, T; Shimizu, T; van Dijk, J; Zimmermann JL </Author><Journal>New Journal of Physics</Journal><Pages>115012 </Pages><Title>Plasma medicine: an introductory review</Title><Volume>11</Volume><Year>2009</Year><CitationRanges>;for ranges</CitationRanges><DuplicateInfo></DuplicateInfo>
; 11]. 
Opportunistic bacterial pathogens such as Staphylococcus aureus, Streptococcus spp, and Pseudomonas aeruginosa are ubiquitous inhabitants of both the environment and the human body, and common causative agents of skin and wound infections [2]. Antibiotic therapy often fails to defeat opportunistic infections due to a wide spread of natural antibiotic resistance among pathogens and biofilms forming on the wound surface [15
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Development of physical methods with antibacterial activity might represent an alternative to the search of new antibacterial chemicals. Nonthermal plasma possesses bactericidal activity toward a wide cycle of Gram-positive and Gram-negative bacteria [3
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; 23]. This advantage and a relatively low toxicity for eukaryotic cells and tissues make nonthermal plasma an attractive method for medical applications. Particularly, nonthermal plasma might be a potential bactericidal agent for decontamination of surfaces of both medical equipment and wounds [3
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; 19].  

Here we present a method of decontamination with nonthermal microwave plasma [22]. The method includes plasma application against Gram-positive and Gram-negative bacteria in vitro. The method is applied for agar surface decontamination but can be further extended to decontamination of abiotic surfaces from different materials. Then, wound surface decontamination is described on a rat model of superficial slash wound infection. Decrease in bacterial loads and acceleration of wound healing were observed in laboratory animals. The described method can be applied to study of efficacy of different plasma sources and elaboration of a protocol for preclinical and clinical trials.

Protocol Text: 

1. Individual bacterial sensitivity to nonthermal plasma 

1.1 Grow overnight Pseudomonas aeruginosa and Staphylococcus aureus in 2 ml LB and Brain Heart Infusion (BHI) broth, respectively, at 37° C overnight with shaking.

1.2 Concentrate bacteria with centrifugation, wash with PBS and resuspend in 2 ml PBS. Determine optical density of the culture at 540nm. Bring optical density to 1.0 with PBS

1.3 Prepare decimal dilutions of the culture in PBS up to the 6th. 

1.4 Plate 30 µl of bacterial suspensions on 4 cm agar plates in 4 repeats. Use 3rd, 4th, 5th and 6th dilutions that correspond to about 106, 105, 104 and 103 CFU ml-1, respectively.

1.5 Place an agar plate at 2 cm from the MicroPlaSter (  plasma source (ADTEC Plasma Technology Co. Ltd.) (Fig. 1) and treat with nonthermal plasma for 2, 5 or 10 min. Use untreated plates as control.  

1.6 Incubate plates at 37°C overnight.

1.7 Count colonies.  To evaluate bactericidal effect, calculate the percentage of CFUs arisen after treatment with plasma in relation to the untreated control (Fig. 2).  

2. Experimental wound infection in rats*
2.1 Grow overnight P.  aeruginosa and S. aureus as described above.
2.2 Concentrate bacteria with centrifugation, wash with PBS and resuspend in 2 ml PBS. Make decimal dilutions in PBS and determine optical density.  Plate the dilutions to determine bacterial concentrations and to make a standard curve.
2.3 Resuspend bacteria in PBS with concentration 2x108 CFU ml-1. Make bacterial mixture of both cultures in proportion of 1:1.
2.4 Apply general inhalational anesthesia to the SD rats. Apply Isoflurane using induction chamber. Wait until rats lose consciousness.  
2.5 Shave area at the nape. 
2.6 Make a square-shaped incision of a skin. Wound area should be near the same size for all rats in the experiment.           
2.7 Put sterile cotton swabs into 1 ml of the bacterial mixture. Apply swab to a fresh wound. Place sterile medical patch to close the infected wound. Leave animals for 2 days. Wound infection develops on the 3rd day and should be presented by local inflammation, edema and pus (Fig. 3). 

* Animal experiments were performed by using specific-pathogen-free male SD rats that were 6-7 weeks old. All experiments were performed with the approval of the Animal Care and Use Committee of Gamaleya Research Institute of Epidemiology and Microbiology. 
3. Wound decontamination with nonthermal plasma.

3.1 Apply inhalational anesthesia to rats as described above. Then remove patches.

3.2 Using sterile cotton swabs to collect specimens from the surface of wounds by rotating swab on the whole wound surface. Place the swabs into 5 ml of sterile PBS and vortex thoroughly. 

3.3 Make serial dilutions of bacterial suspension and plate on selective media. Use Cetrimide agar and Vogel and Johnson agar (Acumedia, Neogen) for P. aeruginosa and S. aureus, respectively. Incubate overnight at 37° C and count colonies to determine initial bacterial loads.

3.4 Arrange animals in two groups. Place animals of the 1st group under the MicroPlaSter (  plasma source. Distance between the plasma source and the wound surface should be 2.0 cm.  Apply plasma to rats for 10 minutes. Do not plasma treat the 2nd control group of rats. 

3.5 Repeat bacterial sampling from the wound surfaces for both experimental and control animals.

3.6 Count colonies at 48 h. 

3.7 To evaluate bactericidal effect, determine a percentage of surviving CFUs for the specific pathogens (Fig. 4). Use the Stata 10 software (StataCorp LP) for numerical evaluation of bactericidal plasma effects in vivo. Use logarithmic data transformation to adjust numerical data with approximately Normal distribution. Calculate the mean log difference, standard errors and 95% confidence intervals for the transformed data. Back-transform the difference to get the geometric mean ratio and the confidence interval [1].
4. Wound decontamination and healing upon a course of plasma treatments.

4.1. Use the model of the superficial wound infection described above.

4.2. Arrange animals in two groups. Starting from the 3rd day post infection, treat animals of the 1st group with plasma produced by the MicroPlaSter ( device as described above. Treat animals daily for 5 days. Do not treat with plasma animals of the 2nd  (control) group.

4.3. Cover the wound surface with the polymer (Biokol, Russia) upon treatment. Use the same polymer for control animals.

4.4. Remove the polymer from the wound surface with water before bacterial sampling. Make bacterial sampling before treatment starting from the 3rd day post infection. Make sampling from control animals on the same days. Continue sampling during plasma treatment course and 7 days more.

4.5. Take pictures of the wounds every day in both groups during the course and for 2 weeks after the course has finished. 

4.6. Determine the day of specific pathogen eradication. 

4.7. Determine dynamics of wound area changes (Fig. 5). To measure the wound area, use the UTHSCSA Image Tool software.  

Representative Results:

Assessment of bacterial sensitivity in vitro allows comparison of bacterial species and strain-specific sensitivity to nonthermal plasma in standardized conditions. Results at the Fig. 2 present the percentage of survivors among bacteria seeded on agar plates that were treated with nonthermal plasma. To our experience with SD rats, wound infection with a single bacterial species is eliminated without development of inflammation signs within 3-4 days. The model was developed that included co-infection with Staphylococcus aureus and Pseudomonas aeruginosa that produces local inflammation, edema and pus at the 3rd day as it can be seen at Fig. 3. Bactericidal plasma activity in vivo can be assessed by superficial sampling before and after treatment. Each data point at Fig. 4 represents the percentage of bacterial counts after the treatment in relation to the initial load for the animal and the bar represents the geometric mean ratio. The efficacy of wound healing might be evaluated by timing of specific pathogen eradication and dynamics of wound area changes as it is at Fig. 5.

Tables and Figures 
Fig. 1. The positional relationship of the plasma source and the treated sample. 

Fig. 2. Assessment of bacterial resistance to nonthermal plasma. P. aeruginosa (strains Pa103, Pa12, Pa 14) and S. aureus (strains Sa85, Sa78, Sa6538) were plated on a nutritive agar and subjected to 2, 5 or 10 min exposures. The percentage of colonies formed after the treatment relatively to the non-treated control plates is shown. The data represent mean ( SD from three independent experiments undertaken in duplicate.
Fig. 3. The superficial slash wound infection in rats. The wound on the nape of adult SD rats was made as described in the text and infected with P. aeruginosa and S. aureus. At the day 3 post infection, the local inflammation with edema and pus can be seen. 

Fig. 4. Plasma decontamination of the wound surface. Bacterial samples were collected with cotton swabs on the 3rd day after infection. Sampling was done before and after the plasma treatment applied for 10 min, or twice in control animals. Bacteria were washed out from the swabs into PBS and the bacterial loads were determined after plating serial dilutions on pathogen-specific selective media. Data represent the percentage of bacterial counts after the treatment in relation to the initial load of each animal. The means, represented by the horizontal bars, were calculated for groups of 7 animals. 

Fig. 5. Wound areas during the plasma treatment course. The plasma course was started at the 3rd day after infection and continue for 5 days. The group of 7 animals were treated with argon plasma for 10 minutes (while bars). Another group was left as a control (grey bars). Pictures of the wounds were taken every day and the wound area size was determined using UTHSCSA Image Tool software. * - statistically significant difference, p<0,05.
Discussion. 

We described here a method of surface decontamination with nonthermal gas plasma. The nonthermal plasma represents a relatively novel method of the antibacterial treatment, which is based on the biological activity of reactive species and UV produced by the plasma torch [16
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Nonthermal plasma was shown to be bactericidal for a wide circle of bacteria. In general, sensitivity to plasma treatment diminishes in the row Gram-negative bacteria – Gram-positive bacteria – bacterial spores [5
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; 23]. The resistance of Gram-positive bacteria is dependent on bacterial species and/or strain[4
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; 18]. Variations in plasma devices and, therefore, in plasma compositions might influence plasma bactericidal efficacy and possibly change the strain-specific character of the bacterial resistance. The described method allowed testing of individual bacterial sensitivity to nonthermal plasma that can be useful for comparison of plasma sources with different characteristics. Using the agar surfaces simplifies assessment of bacterial sensitivity. Still, the method of plasma decontamination might be extended to abiotic surfaces of different kinds including those made of heat-sensitive or corrosion-sensitive materials. 

Besides a comfortable temperature, main advantages of nonthermal plasma are a relatively wide area of exposure without special requirements to a relief of the treated surface and short half-life of active species. While nonthermal plasma is highly bactericidal, its toxicity for eukaryotic cells is relatively low. In dependence on a cell type, plasma characteristics and exposure time the effects of nonthermal plasma range from changes in migration rates to apoptosis in a part of the cell population [8

ADDIN BibusRef<Id>354</Id><Identifier>Kalghatgi2011</Identifier><BibliographicType>ARTICLE</BibliographicType><Address>Department of Electrical and Computer Engineering, Drexel University, Philadelphia, Pennsylvania, United States of America.</Address><Author>Kalghatgi, Sameer;Kelly, Crystal M;Cerchar, Ekaterina;Torabi, Behzad;Alekseev, Oleg;Fridman, Alexander;Friedman, Gary;Azizkhan-Clifford, Jane</Author><Journal>PLoS One</Journal><Number>1</Number><Pages>e16270</Pages><Title>Effects of non-thermal plasma on Mammalian cells.</Title><Volume>6</Volume><Year>2011</Year><URL>http://www.ncbi.nih.gov/entrez/query.fcgi?cmd=retrieve&db=pubmed&dopt=abstract&list_uids=21283714</URL><ISBN>1932-6203</ISBN><CitationRanges>;for ranges</CitationRanges><DuplicateInfo></DuplicateInfo>
; 9

ADDIN BibusRef<Id>353</Id><Identifier>Nosenko2009</Identifier><BibliographicType>ARTICLE</BibliographicType><Author>Nosenko,  T;Shimizu, T;Morfill, G E</Author><Journal>New J Physics</Journal><Pages>115013</Pages><Title>Designing plasmas for chronic wound desinfection</Title><Volume>11</Volume><Year>2009</Year><CitationRanges>;for ranges</CitationRanges><DuplicateInfo></DuplicateInfo>
; 19]. The low toxicity for eukaryotic cells and tissues in combination with high bactericidal activity and painlessness allow considering nonthermal plasma as a promising antibacterial agent in wound decontamination [4
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; 19]. 
Here the method of wound decontamination with nonthermal plasma was described. We used a rat model of a superficial slash wound infected with P. aeruginosa and S. aureus to assess the efficiency of argon plasma treatment. Plasma treatment causes a more than 10-fold decrease in bacterial loads on the wound surface. To prevent bacterial recovery, the wound surface was covered with the polymer toping. Otherwise, bactericidal and/or bacteriostatic toppings can be used that might further improve wound healing. 

The applicability of the method for therapy of infected wounds requires results of the clinical trial. Still, preclinical results suggested that it might be a promising method for antimicrobial treatments of wounds infected with opportunistic bacteria. 
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