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Abstract

:

Microbial infections should be controlled and prevented for successful wound healing and tissue regeneration. Various disinfection methods exist that use antibiotics, ultraviolet (UV), heat, radiation, or chemical disinfectants; however, cold atmospheric pressure plasma has exhibited a unique and effective antibacterial ability that is not affected by antibiotic resistance or pain. This study develops a cold atmospheric pressure microplasma pipette (CAPMP) that outputs an Ar plasma plume through a tube with an inner radius of 180 μm for disinfection in a small area. The CAPMP was evaluated using Staphylococcus aureus and methicillin-resistant Staphylococcus aureus diluted in liquid media, spread on solid agar, or covered by dressing gauze. An increase in the treatment time of CAPMP resulted in a decrease in the number of colonies of the grown microorganism (colony forming unit) and an increase in the disinfected area for both bacteria. The disinfection ability of CAPMP was observed when the bacteria were covered with dressing gauze and was dependent on the number of gauze layers.
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1. Introduction


Atmospheric pressure, non-thermal plasma, or cold atmospheric pressure plasma (CAP), which generates plasma ions with unique physical and chemical characteristics, are increasingly being employed for diverse biophysical and medical applications [1,2,3,4,5]. A low-temperature plasma exhibits thermal non-equilibrium, and the temperature of its neutrals/ions is lower than that of its electrons; further, the plasma can be employed for the treatment of eukaryotic cells and tissues with the generated reactive species [6]. The characteristics and treatment effects of CAP are determined by the type and mixing ratio of the gases for discharge ignition, which leads to reactive oxygen species (ROS; O2•–, O3, H2O2, OH•, etc.), reactive nitrogen species (RNS; N2O3, NO•, NO2•, etc.), excited species, and UV radiation, etc. [7,8] ROS and RNS are known to cause irreversible damage to microbial growth and survival because they puncture and change the shape of the microbial cell membrane, resulting in the release of intracellular compounds, such as lipids, proteins, and DNA [9,10]. Recently, the application of CAP with a short treatment time of approximately 5 min was found to strongly inactivate microorganisms, satisfying certain requirements in the field of medicine, such as wound sterilization and dental care [11,12]. For better wound healing and therapeutic strategies, CAP has been applied to the surgical or necrotic sites of patients with chronic diseases to effectively reduce microbial communities and prevent infection [13,14,15,16].



The healing process of wounds is roughly categorized into three stages: inflammation, granulation tissue formation, and matrix formation and remodeling [17]. The success or failure of wound healing is determined at the inflammation stage, at which the tissues are vulnerable to infections with diverse pathogens [18]. Since microbial infections in the exposed dermis or tissues form a colony of microbes, slow down wound recovery, and lead to chronic wounds, microbial infections should be inhibited [18]. Thus, wound recovery is realized by the successful suppression of microbial infection [19,20]. The most frequently used method to suppress microbial infections is dressing the wound with sterile gauzes to protect the wound area from external contamination and to absorb exudate from the tissues [21,22]. To ensure that the dressing gauze effectively protects the wound tissues, new materials, including biopolymer, nanofibrous, or cellulose hydrogels, have been evaluated to enhance the biocompatibility and antibacterial effect of dressing gauzes [23,24,25]. However, micro-sized bacteria can penetrate through the dressing gauze and reach the wound area, and thus, bacterial infection and growth are still observed on the wound tissues [26,27]. Therefore, the wound should be kept clean to decrease the risk of contamination with microorganisms, and the dressing gauze should be regularly changed, which causes discomfort and occasionally pain [28].



Antibiotics can additionally be taken to prevent diseases caused by bacterial infections of the wound tissues. However, the use of antibiotics induces the evolution of microorganisms into antibiotic-resistant bacteria or superbugs, which are continually being discovered and are a threat to public health [29,30]. On the contrary, CAP successfully sterilizes methicillin-resistant Staphylococcus aureus, one of the representative antibiotic-resistant bacteria [31]. In an existing study, patients were treated with CAP for less than 5 min and experienced only slight discomfort and no pain [32]. The application of CAP is common for low-temperature sterilization and the surface modification of implantable devices, micro needles, wearable sensors, or nano processes [33,34,35,36]. Portable CAP has been commercialized for mobile wound care by the inactivation of multi-drug resistant organisms (Plasma care®, Terraplasma Medical GmbH, Munich, Germany), therapy for chronic diseases (including diabetic feet) (PlasmaDerm®, Plasma Technology for Health, Duderstadt, Germany), or superfine cleaning and treatment of the surface (PIEZOBRUSH® PZ3, Relyon Plasma GmbH, Regensburg, Germany) [37,38,39].



This study develops a cold atmospheric pressure microplasma pipette (CAPMP) tool, called Plasma Pipette®, which has a long and narrow plasma plume, similar to that of plasma in a microwell plate or a tiny area of tissues [40]. The disinfection ability of CAPMP was evaluated using the following: 1. culture media with Staphylococcus aureus (S. aureus) and methicillin-resistant Staphylococcus aureus (MRSA) in the microwell; 2. agar plates were spread with S. aureus and MRSA; and 3. S. aureus and MRSA on the agar plates were covered with dressing gauze. The experimental results demonstrated the feasibility of Plasma Pipette® to disinfect small areas, which is important for biomedical applications. The disinfection of the bacteria in the microwell was increased with an increase in the plasma treatment time. Further, the bacteria covered by the dressing gauze was disinfected after the plasma treatment.




2. Methods and Analysis


2.1. Plasma Pipette


CAPMP was developed using a microcontroller, a power regulator, a high-voltage transformer, an Ar gas supply port, and electrodes insulated by dielectrics [40]. Plasma Pipette® weighs 375 g and has a pipette-shaped design (width: 52, depth: 76, and height: 270 mm) that facilitates plasma treatment on the micro area or microscopic components (Figure 1). The pipette can be powered by an adapter with a DC output of 5 V, 4 A, and an AC input of 100–240 V 50/60 Hz (1.2 A max.). The possible continuous operation time for a Plasma Pipette® is more than 40 minutes. The voltage required to induce plasma discharge can be amplified to an average of 2.3 kV, with a frequency of 80 kHz, by a high-voltage transformer. When the plasma is generated, the Ar plasma plume is discharged through a tube with an inner radius of 180 μm, and the discharged plasma is output from the plasma pipette tip with an inner radius of 750 μm. The length of the plasma plume is over 10 mm, depending on the pressure of gas regulator connected to the gas supply port.




2.2. Bacteria Preparation


S. aureus and MRSA bacteria were incubated in sterile Luria-Bertani (LB) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) liquid medium for one day, and then transferred to LB agar plates. The transferred microorganisms were cultured at 37 °C to form colonies and stored in a refrigerator at 2 °C. The colonies were diluted in liquid LB media, and the concentration of cells in the suspension was estimated in terms of optical density (OD) at 595 nm using a spectrophotometer (EPOCH2, BioTek, Winooski, VT, USA) [41].




2.3. Plasma Treatment


The schematics of three experimental procedures for the CAPMP treatment of bacteria are shown in Figure 2. For the treatment of the bacteria in the suspension, 100 ㎕ of the microorganism suspension at 0.2 OD was diluted to 10−5 and injected into a 96-well plate (cell culture plate, 96-well, SPL, Pocheon-si, Gyeonggi-do, Korea). Then, CAP was applied to the suspension for 30, 60, or 90 s by controlling Ar gas flow to prevent the microbial diluted suspension from overflowing (Figure 2a). For the treatment of the bacteria spread onto the agar plate, S. aureus and MRSA (100 ㎕, 0.6 OD and 10 ㎕, 0.2 OD) were spread on the LB agar plate (Ø100 and Ø60 mm, Petri Dish, SPL, Pocheon-si, Gyeonggi-do, Korea) without and with being covered by a dressing gauze, respectively (Figure 2b,c). After the tip-target distance was vertically fixed at 10 mm, CAP was applied without moving for 30, 60, or 90 s. The agar plate was incubated at 37 °C for 18 h, and the bacteria on the agar surface was analyzed by using ImageJ software (National Institutes of Health, Bethesda, MD, USA). This distance between pipette tip and gauze was fixed at 3 mm, while the gap between tip and agar plate was 10 mm. The control groups for all cases were treated with Ar gas for 90 s without plasma discharge.



The clear zone of bacteria on the agar plate was measured by ImageJ software, and the results were represented by the average and standard deviations from three independent experiments. The Student’s t-test analysis was performed using the Microsoft Excel program (Microsoft, Redmond, WA, USA) to quantify the difference between the experimental groups.





3. Results


3.1. CAPMP Treatment on Bacteria in the Suspension


The antibiotic resistance characteristics of MRSA were confirmed using the antibiotic disk diffusion test. Two microorganisms (S. aureus and MRSA) diluted to the same concentration were spread on an agar plate with a diameter of 100 mm. Three antibiotics, kanamycin (KAN 30 μg/disk, Sigma-Aldrich, St. Louis, MO, USA), tetracycline (TE 30 μg/disk, Sigma-Aldrich, St. Louis, MO, USA), and methicillin (MET 5 μg/disk, Sigma-Aldrich, St. Louis, MO, USA) were inoculated. KAN 30 μg/disk, TE 30 μg/disk, and MET were inoculated into the strains spread on the plate. Figure 3 shows the agar plate with three antibiotics after incubation at 37 °C for 18 h. The average and standard deviation (n = 3) of clear zone diameter in S. aureus plate was 17.3 ± 1.4 mm for KAN, 15.7 ± 0.8 mm for TE, and 21.2 ± 1.2 mm for MET. The value (n = 3) in the MRSA plate was 18.2 ± 0.2 mm for TE. However, no clear zone for MET and KAN was observed, which meant that MRSA exhibited antibiotic resistance against MET and KAN.



After the CAPMP treatment of 1–1.5 × 102 CFU/100 ㎕ of the microbial suspension in a 96-well plate, the colonies formed on the LB agar plate, according to the treatment time shown in Figure 4. The figure shows the colonies of S. aureus (Figure 4a–d) or MRSA (Figure 4e–h) suspensions, according to the CAP application time of 30 (Figure 4b,f), 60 (Figure 4c,g), or 90 s (Figure 4d,h). The control group for S. aureus (Figure 4a) and MRSA (Figure 4e) suspensions were treated solely with Ar gas for 90 s. The average and standard deviation of the colonies was 124 ± 23 CFU/100 ㎕ for the untreated S. aureus suspension (Figure 4a). The values were 51 ± 12, 21 ± 7 and 9 ± 3 CFU/100 ㎕ when S. aureus in the suspension was treated for 30, 60, and 90 s, respectively.



The average and standard deviation of the untreated MRSA were 117 ± 4 CFU/100 ㎕. However, the values of the treated MRSA were 100 ± 4, 87 ± 3, and 70 ± 14 CFU/100 ㎕ when the treatment times were 30, 60, and 90 s, respectively. The developed CAPMP exhibited a feasibility for disinfection of the bacterial suspension. Compared with the control group treated solely with Ar gas for 90 s, the CAP-treated groups exhibited a considerably lower CFU, depending on the treatment time. The decrease in the CFU value corresponding to the CAP treatment was larger for S. aureus than for MRSA.




3.2. CAPMP Treatment on Bacteria Spread onto Agar Plate


The disinfection ability of CAPMP on the bacteria spread on the agar plate with respect to the treatment time is shown in Figure 5. The figure shows the agar plates of S. aureus (Figure 5a–d) and MRSA (Figure 5e–h) treated with no plasma (Figure 5a,e) or with Ar plasma discharge for 30 s (Figure 5b,f), 60 s (Figure 5c,g), and 90 s (Figure 5d,h). The plate surface of the control group treated solely with Ar gas for 90 s was similar to that of the microbial culture plate without Ar gas application. This means that the growth of bacteria was not hindered by the application of Ar gas. However, the clear zone at the center of the agar plate where the CAPMP was applied was evident, and its size was dependent on the treatment time. The average and standard deviation of the clear zone diameter in the S. aureus plates (n = 3) were 6.69 ± 0.03 mm, 10.38 ± 0.73 mm, and 11.77 ± 0.45 mm when the CAPMP treatment times were 30, 60, and 90 s, respectively. The increase in the clear zone diameter in S. aureus plates was 55% when the CAPMP treatment time increased from 30 to 60 s, or 76% when the treatment time increased from 30 to 90 s. The value in the MRSA plates (n = 3) were 3.3 ± 0.56 mm, 5.51 ± 0.63 mm, and 7.1 ± 0.85 mm when the CAPMP treatment times was 30, 60, and 90 s, respectively. The increase in the clear zone diameter in MRSA plates was 67% when the CAPMP treatment time increased from 30 to 60 s, or 115% when the treatment time increased from 30 to 90 s. These results demonstrate that the CAPMP can be feasibly applied for the disinfection of the bacteria spread on the solid agar plate.




3.3. CAPMP Treatment on Bacteria Covered by Dressing Gauze


The disinfection effect of CAPMP treatment on S. aureus and MRSA covered by a dressing gauze was dependent on the number of gauze layers, as shown in Figure 6 and Figure 7. Figure 6a and Figure 7a show the S. aureus and MRSA spread on an LB agar plate, after treatment, inoculated with bacteria, according to the number of gauze layers and treatment time. The zoomed-in red region of interest (ROI) is shown in the right columns, in which the boundary of the clear (disinfected) zone is represented by a yellow line. For the CAPMP treatment of the S. aureus covered by one gauze layer, the average and standard deviation (n = 3) of the disinfected zone area analyzed using ImageJ were 0.44 ± 0.05, 1.07 ± 0.09, and 2.16 ± 0.03 cm2 when the treatment times were 30, 60, and 90 s, respectively (Figure 6b). Compared with the disinfected zone area for the treatment time of 30 s, those for 60 and 90 s were 143% and 391% higher, respectively. For the treatment of the bacteria for two gauze layers, the average and standard deviation (n = 3) of the disinfected zone area were 0.16 ± 0.04, 0.71 ± 0.04, and 1.04 ± 0.04 cm2 when the treatment times were 30, 60, and 90 s, respectively. The disinfected zone area for the treatment times of 60 and 90 s was 344% and 550% higher, respectively, than that for 30 s. The values (n = 3) of the disinfected zone area for the three gauze layers were 0.04 ± 0.02, 0.48 ± 0.11, and 0.78 ± 0.11 cm2 when the treatment times were 30, 60, and 90 s, respectively. The disinfected zone area for the treatment times of 60 and 90 s was 1100% and 1850% higher, respectively, than that for 30 s. The experimental results demonstrated that the number of gauze layers affected the degree of disinfection of S. aureus.



For the CAPMP treatment of the MRSA for 30 s, the average and standard deviation (n = 3) of the disinfected area were 0.05 ± 0.01, 0.03 ± 0.01, and 0.017 ± 0.001 cm2 for single, double, and triple gauze layers, respectively (Figure 7b). The disinfected area for MRSA was 35% and 63% lower for two and three gauze layers, respectively, then that for one layer. When the CAPMP treatment time was 60 s, the values (n = 3) were 0.05 ± 0.01, 0.04 ± 0.005, and 0.02 ± 0.006 cm2 for single, double, and triple gauze layers, respectively. The disinfected area for two and three gauze layers was 18% and 59% lower, respectively, then that for one layer. Finally, the values (n = 3) for the treatment time of 90 s were 0.11 ± 0.01, 0.05 ± 0.01, and 0.03 ± 0.01 cm2 for single, double, and triple gauze layers, respectively. The disinfected area for one gauze layer was the 60% and 78% higher than that for two or three gauze layers, respectively. Therefore, the disinfection effect of CAPMP on MRSA was diminished, since the arrival of the plasma on the bacteria was hindered by the number of gauze layers covering the agar plate. However, the increase in the treatment time led to an increase in the disinfected area of the agar plate covered with gauze.





4. Discussion


In this study, the feasibilities of a CAPMP for the disinfection of S. aureus and MRSA in culture media, agar plates, and agar plates covered with dressing gauze were evaluated. The experimental protocols were successfully designed to develop the effective CAPMP on the disinfection of bacteria. The temperature of plasma plume is considered as an important factor that can affect to the survival of cells and microorganisms. Hence, the temperature of plasma plume at a 10 mm distance from the pipette tip was fixed at 45 °C. The similar viability of bacteria was determined after keeping the cells at 45 °C for 5 min, indicating that the temperature of the plasma plume showed a negligible disinfection effect to bacteria [42,43]. Therefore, it is worthy to note that the effect of the plasma plume temperature on the plasma disinfection to bacteria could be ignored.



A decrease in the viability of S. aureus and MRSA in the culture media was observed with increasing CAPMP treatment time (Figure 4). Furthermore, the area of the disinfected zone (clear zone) of the bacteria on the agar plate was increased with the increase of the CAPMP treatment time. The area of the disinfected zone was not significantly increased for S. aureus when the CAPMP treatment time was increased by more than 90 s (not shown). Additionally, the disinfection effect of CAPMP on MRSA was less effective than that on S. aureus, due to the relative resistance of MRSA to plasma, as compared to S. aureus [44,45].



For the disinfection effect of plasma through medical gauze, the plasma could pass through easily and reach the infected area, owing to the support of the small holes in a grid pattern, in the gas exchange. Thus, the plasma easily passed through the gauze and exhibited the disinfection effect to bacteria on the agar medium. Due to the increase of gauze’s thickness, the denser lattice pattern prevented the plasma absorption, leading to less generation of radicals or reactive species, resulting in a decrease of the disinfected effect (Figure 6 and Figure 7). Under treatment with gauze, the plasma plume split while passing through the grid pattern of medical gauze, leading to the diffusion of plasma, thus making the irregular disinfection area [46]. Consequentially, the plasma area of the disinfected zone could be expanded up to about 2 cm2 by the direct and indirect effect of the plasma [47]. It is well known that the radicals, reactive species, and UV radiation can affect the microbial cell membrane or organelles to kill the cells via the leakage of molecules into cells, as well as DNA or protein modification [48,49]. Due to the reduction of the bactericidal effect, when exposed to increased layers of medical gauze or other obstacles, the practical application of the developed CAPMP will be evaluated in animal models with plasma treatment time, plasma frequency, and scanning method.




5. Conclusions


This study developed a CAPMP that outputs an Ar plasma plume through a tube with an inner radius of 180 μm for disinfection in a tiny area. The developed CAPMP can be feasibly applied for the disinfection of S. aureus and MRSA diluted in liquid media, spread on a solid agar plate, and covered by dressing gauzes. The experimental results demonstrated that the disinfection was influenced by the CAPMP treatment time and number of gauze layers. The increase in the treatment time on the bacterial suspension led to a decrease in the number of colonies. Furthermore, the disinfected zone area in the bacteria spread on the agar plate increased with the treatment time. The degree of disinfection decreased with an increase in the number of gauze layers, hindering the arrival of plasma onto the bacteria.







Author Contributions


Conceptualization, G.N. and S.C.; Funding acquisition, S.C.; Investigation, G.N.; Methodology, G.N.; Project administration, S.C.; Software, M.K. and Y.J.; Supervision, S.C.; Writing—review & editing, G.N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Korea Environment Industry & Technology Institute (KEITI) through “Technology Development Project for Biological Hazards Management in Indoor Air” Project, funded by Korea Ministry of Environment (MOE)(G232021010381), by the GRRC program of Gyeonggi province (GRRC-Gachon2020(B01), AI-based Medical Image Analysis), and by the Gachon University research fund of 2020 (GCU-202008430001).




Conflicts of Interest


The authors declare that they have no competing interest.




References


	



Bernhardt, T.; Semmler, M.L.; Schäfer, M.; Bekeschus, S.; Emmert, S.; Boeckmann, L. Plasma Medicine: Applications of Cold Atmospheric Pressure Plasma in Dermatology. Oxid. Med. Cell. Longev. 2019, 2019, 3873928. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Li, N.; Su, X.; Liu, K.; Ji, P.; Wang, B. Continuous Phase Plate Structuring by Multi-Aperture Atmospheric Pressure Plasma Processing. Micromachines 2019, 10, 260. [Google Scholar] [CrossRef] [PubMed]

	



Eswaramoorthy, N.; McKenzie, D.R. Plasma treatments of dressings for wound healing: A review. Biophys. Rev. 2017, 9, 895–917. [Google Scholar] [CrossRef] [PubMed]

	



Ranjan, R.; Krishnamraju, P.V.; Shankar, T.; Gowd, S. Nonthermal Plasma in Dentistry: An Update. J. Int. Soc. Prev. Community Dent 2017, 7, 71–75. [Google Scholar] [PubMed]

	



Gupta, T.T.; Ayan, H. Application of Non-Thermal Plasma on Biofilm: A Review. Appl. Sci. 2019, 9, 3548. [Google Scholar] [CrossRef]

	



Lu, X.; Naidis, G.V.; Laroussi, M.; Reuter, S.; Graves, D.B.; Ostrikov, K. Reactive species in non-equilibrium atmospheric-pressure plasmas: Generation, transport, and biological effects. Phys. Rep. 2016, 630, 1–84. [Google Scholar] [CrossRef]

	



Lerouge, S.; Wertheimer, M.R.; Marchand, R.; Tabrizian, M.; Yahia, L. Effect of gas composition on spore mortality and etching during low-pressure plasma sterilization. J. Biomed. Mater. Res. 2000, 51, 128–135. [Google Scholar] [CrossRef]

	



Graves, D.B. Low temperature plasma biomedicine: A tutorial review. Phys. Plasmas 2014, 21, 080901. [Google Scholar] [CrossRef]

	



Olatunde, O.O.; Benjakul, S.; Vongkamjan, K. Dielectric barrier discharge cold atmospheric plasma: Bacterial inactivation mechanism. J. Food Saf. 2019, 39, e12705. [Google Scholar] [CrossRef]

	



Gorbanev, Y.; Privat-Maldonado, A.; Bogaerts, A. Analysis of Short-Lived Reactive Species in Plasma–Air–Water Systems: The Dos and the Do Nots. Anal. Chem. 2018, 90, 13151–13158. [Google Scholar] [CrossRef]

	



Braný, D.; Dvorská, D.; Halašová, E.; Škovierová, H. Cold Atmospheric Plasma: A Powerful Tool for Modern Medicine. Int. J. Mol. Sci. 2020, 21, 2932. [Google Scholar] [CrossRef]

	



Laroussi, M.; Lu, X.; Keidar, M. Perspective: The physics, diagnostics, and applications of atmospheric pressure low temperature plasma sources used in plasma medicine. J. Appl. Phys. 2017, 122, 020901. [Google Scholar] [CrossRef]

	



Von Woedtke, T.; Schmidt, A.; Bekeschus, S.; Wende, K.; Weltmann, K.D. Plasma Medicine: A Field of Applied Redox Biology. In Vivo 2019, 33, 1011–1026. [Google Scholar] [CrossRef]

	



Isbary, G.; Morfill, G.; Schmidt, H.; Georgi, M.; Ramrath, K.; Heinlin, J.; Karrer, S.; Landthaler, M.; Shimizu, T.; Steffes, B.; et al. A first prospective randomized controlled trial to decrease bacterial load using cold atmospheric argon plasma on chronic wounds in patients. Br. J. Dermatol. 2010, 163, 78–82. [Google Scholar] [CrossRef]

	



Isbary, G.; Heinlin, J.; Shimizu, T.; Zimmermann, J.L.; Morfill, G.; Schmidt, H.U.; Monetti, R.; Steffes, B.; Bunk, W.; Li, Y.; et al. Successful and safe use of 2 min cold atmospheric argon plasma in chronic wounds: Results of a randomized controlled trial. Br. J. Dermatol. 2012, 167, 404–410. [Google Scholar] [CrossRef] [PubMed]

	



Brehmer, F.; Haenssle, H.A.; Daeschlein, G.; Ahmed, R.; Pfeiffer, S.; Görlitz, A.; Simon, D.; Schön, M.P.; Wandke, D.; Emmert, S. Alleviation of chronic venous leg ulcers with a hand-held dielectric barrier discharge plasma generator (PlasmaDerm® VU-2010): Results of a monocentric, two-armed, open, prospective, randomized and controlled trial (NCT01415622). J. Eur. Acad. Dermatol. Venereol. 2015, 29, 148–155. [Google Scholar] [CrossRef] [PubMed]

	



Clark, R.A. Cutaneous tissue repair: Basic biologic considerations. J. Am. Acad. Dermatol. 1985, 13, 701–725. [Google Scholar] [CrossRef]

	



Henry, G.; Garner, W.L. Inflammatory mediators in wound healing. Surg. Clin. N. Am. 2003, 83, 483–507. [Google Scholar] [CrossRef]

	



Nguyen, L.; Lu, P.; Boehm, D.; Bourke, P.; Gilmore, B.F.; Hickok, N.J.; Freeman, T.A. Cold atmospheric plasma is a viable solution for treating orthopedic infection: A review. Biol. Chem. 2018, 400, 77–86. [Google Scholar] [CrossRef]

	



Singh, S.; Young, A.; McNaught, C.E. The physiology of wound healing. Surgery 2017, 35, 473–477. [Google Scholar] [CrossRef]

	



Portela, R.; Leal, C.R.; Almeida, P.L.; Sobral, R.G. Bacterial cellulose: A versatile biopolymer for wound dressing applications. Microb. Biotechnol. 2019, 12, 586–610. [Google Scholar] [CrossRef] [PubMed]

	



Alam, S.M.M.; Faruque, M.A.A.; Sarker, E.; Sowrov, K.; Alam, T.; Haque, A.N.M.A. Development of Knitted Gauze Fabric as Wound Dressing for Medical Application. Adv. Res. Text Eng. 2018, 3, 1021. [Google Scholar]

	



Capanema, N.S.V.; Mansur, A.A.P.; Anderson, J.C.; Carvalho, S.M.; Oliveira, L.C.; Mansur, H.S. Superabsorbent crosslinked carboxymethyl cellulose-PEG hydrogels for potential wound dressing applications. Int. J. Biol. Macromol. 2018, 106, 1218–1234. [Google Scholar] [CrossRef] [PubMed]

	



Gilotra, S.; Chouhan, D.; Bhardwaj, N.; Nandi, S.K.; Mandal, B.B. Potential of silk sericin based nanofibrous mats for wound dressing applications. Mater. Sci. Eng. C 2018, 90, 420–432. [Google Scholar] [CrossRef] [PubMed]

	



Augustine, R.; Hasan, A.; Yadu, N.V.K.; Thomas, J.; Augustine, A.; Kalarikkal, N.; Moustafa, A.A.; Thomas, S. Electrospun polyvinyl alcohol membranes incorporated with green synthesized silver nanoparticles for wound dressing applications. J. Mater. Sci. Mater. Med. 2018, 29, 163. [Google Scholar] [CrossRef] [PubMed]

	



Rosenbaum, A.J.; Banerjee, S.; Rezak, K.M.; Uhl, R.L. Advances in Wound Management. J. Am. Acad. Orthop. Surg. 2018, 26, 833–843. [Google Scholar] [CrossRef]

	



Souza, J.M.; Henriques, M.; Teixeira, P.; Fernandes, M.M.; Fangueiro, R.; Zille, A. Comfort and Infection Control of Chitosan-impregnated Cotton Gauze as Wound Dressing. Fibers Polym. 2019, 20, 922–932. [Google Scholar] [CrossRef]

	



Arroyo, A.A.; Casanova, P.L.; Soriano, J.V.; Torra i Bou, J.E. Open-label clinical trial comparing the clinical and economic effectiveness of using a polyurethane film surgical dressing with gauze surgical dressings in the care of post-operative surgical wounds. Int. Wound J. 2013, 12, 285–292. [Google Scholar] [CrossRef]

	



CDC. Antibiotic Resistance Threats in the United States; Department of Health and Human Service, CDC: Atlanta, GA, USA, 2019. Available online: https://www.cdc.gov/drugresistance (accessed on 20 February 2021).

	



Amin, T.B.A.; Rizvanov, A.A.; Haertlé, T.; Blatt, N.L. World Health Organization Report: Current Crisis of Antibiotic Resistance. Bionanoscience 2019, 9, 778–788. [Google Scholar]

	



Daeschlein, G.; Napp, M.; Lutze, S.; Arnold, A.; von Podewils, S.; Guembel, D.; Jünger, M. Skin and wound decontamination of multidrug-resistant bacteria by cold atmospheric plasma coagulation. J. Dtsch. Dermatol. Ges. 2015, 13, 143–149. [Google Scholar] [CrossRef]

	



Nicol, M.J.; Brubaker, T.R.; Honish, B.J. Antibacterial effects of low-temperature plasma generated by atmospheric-pressure plasma jet are mediated by reactive oxygen species. Sci. Rep. 2020, 10, 3066. [Google Scholar] [CrossRef] [PubMed]

	



Shoda, K.; Tanaka, M.; Mino, K.; Kazoe, Y. A Simple Low-Temperature Glass Bonding Process with Surface Activation by Oxygen Plasma for Micro/Nanofluidic Devices. Micromachines 2020, 11, 804. [Google Scholar] [CrossRef]

	



Hirst, A.M.; Frame, F.M.; Maitland, N.J.; Connell, D.O. Low Temperature Plasma: A Novel Focal Therapy for Localized Prostate Cancer? Biomed. Res. Int. 2014, 2014, 878319. [Google Scholar] [CrossRef] [PubMed]

	



González García, L.E.; Macgregor, M.N.; Visalakshan, R.M.; Ninan, N.; Cavallaro, A.A.; Trinidad, A.D.; Zhao, Y.; Hayball, A.J.D.; Vasilev, K. Self-sterilizing antibacterial silver-loaded microneedles. Chem. Commun. 2018, 55, 171–174. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Campbell, A.S.; de Ávila, B.E.F. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389–406. [Google Scholar] [CrossRef] [PubMed]

	



Terraplasma Medical Home Page. Available online: https://www.terraplasma-medical.com (accessed on 22 February 2021).

	



Wandke, D. PlasmaDerm®—Based on di_CAP Technology. In Comprehensive Clinical Plasma Medicine; Springer: Berlin/Heidelberg, Germany, 2018; pp. 495–502. [Google Scholar]

	



Korzec, D.; Hoppenthaler, F.; Nettesheim, S. Piezoelectric Direct Discharge: Devices and Applications. Plasma 2021, 4, 1–41. [Google Scholar] [CrossRef]

	



Femto Science Home Page. Available online: http://www.plasmapipette.com (accessed on 22 February 2021).

	



Stevenson, K.; McVey, A.F.; Clark, I.B.N.; Swain, P.S.; Pilizota, T. General calibration of microbial growth in microplate readers. Sci. Rep. 2016, 6, 38828. [Google Scholar] [CrossRef]

	



Wang, L.H.; Wang, M.S.; Zeng, X.A.; Liu, Z.W. Temperature-mediated variations in cellular membrane fatty acid composition of Staphylococcus aureus in resistance to pulsed electric fields. Biochim. Biophys. Acta Biomembr. 2016, 1858, 1791–1800. [Google Scholar] [CrossRef]

	



Zolfaghari, P.S.; Packer, S.; Singer, M. In vivo killing of Staphylococcus aureus using a light-activated antimicrobial agent. BMC Microbiol. 2009, 9, 27. [Google Scholar] [CrossRef]

	



Burts, M.L.; Alexeff, I.; Meek, E.T.; McCullers, J.A. Use of atmospheric non-thermal plasma as a disinfectant for objects contaminated with methicillin-resistant Staphylococcus aureus. Am. J. Infect. Control 2009, 37, 729–733. [Google Scholar] [CrossRef]

	



Joshi, S.G.; Paff, M.; Friedman, G.; Fridman, G.; Fridman, A.; Brooks, A.D. Control of methicillin-resistant Staphylococcus aureus in planktonic form and biofilms: A biocidal efficacy study of nonthermal dielectric-barrier discharge plasma. Am. J. Infect. Control 2010, 38, 293–301. [Google Scholar] [CrossRef] [PubMed]

	



Wenchao, Z.; Qing, L.; Ximing, Z.; Yikang, P. Characteristics of atmospheric pressure plasma jets emerging into ambient air and helium. J. Phys. D Appl. Phys. 2009, 42, 202002. [Google Scholar]

	



Fridman, G.; Brooks, A.D.; Balasubramanian, M.; Fridman, A.; Gutsol, A.; Vasilets, V.N.; Ayan, H.; Friedman, G. Comparison of Direct and Indirect Effects of Non-Thermal Atmospheric-Pressure Plasma on Bacteria. Plasma Processes Polym. 2007, 4, 370–375. [Google Scholar] [CrossRef]

	



Sato, T. Sterilization mechanism for Escherichia coli by plasma flow at atmospheric pressure. Appl. Phys. Lett. 2006, 89, 073902. [Google Scholar] [CrossRef]

	



Hu, M.; Guo, Y. The sterilization of Escherichia coli by dielectric-barrier discharge plasma at atmospheric pressure. Appl. Surf. Sci. 2011, 257, 7065–7070. [Google Scholar]








[image: Micromachines 12 01103 g001] 





Figure 1. Components of Plasma Pipette® and its schematic. (a) Each component of the pipette. (b) Block diagram of the internal structure of the pipette (blue line: gas supply path, black line: power line, red dot line: signal line, green dot line: feedback, and black dot–dash line: ground). (c) Pipette operation and plasma length. 
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Figure 2. Schematic of CAPMP treatment of bacteria (a) in the suspension, (b) spread onto the agar plate, or (c) a dressing gauze covering the LB agar plate. 
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Figure 3. Antibiotics disk diffusion test of (a) S. aureus and (b) MRSA strains on the LB agar plate with a diameter of 100 mm. The diameter of the clear zone was represented by the average and standard deviation (n = 3). 
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Figure 4. Colonies of (a–d) S. aureus and (e–h) MRSA on the LB agar plate with a diameter of 100 mm after CAPMP treatment on S. aureus or MRSA suspension. (a,e) Control applied with solely Ar gas for 90 s or (b–d,f–h) with plasma discharge for (b,f) 30, (c,g) 60, or (d,h) 90 s; (i) average and standard deviation of the colonies for S. aureus or MRSA with respect to the CAPMP treatment time (n = 3), *: p < 0.05 by t-test between the groups. 
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Figure 5. Clear zone test, according to the treatment time of CAPMP on (a–d) S. aureus and (e–h) MRSA spread on the agar plate with a diameter of 100 mm. (a,e) Control applied with Ar gas only for 90 s or (b–d,f–h) with plasma discharge for (b,f) 30, (c,g) 60, or (d,h) 90 s, (i) average and standard deviation of the clear zone diameter for S. aureus or MRSA with respect to the CAPMP treatment time (n = 3), *: p < 0.05 by t-test between the groups. 
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Figure 6. CAPMP treatment on S. aureus spread on the agar plate covered by single, double, or triple gauze layers. (a) Disinfected clear zone on the S. aureus agar plate, indicated by the zoomed-in red ROI shown on the right columns, with yellow lines indicating the zone boundary. (b) Average and standard deviation of the disinfected area analyzed using ImageJ, according to the number of gauze layers and CAPMP treatment time (n = 3). *: p < 0.05, **: p < 0.01 by t-test between the groups. 
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Figure 7. CAPMP treatment on MRSA spread on the agar plate covered by single, double, or triple gauze layers. (a) Disinfected clear zone on the S. aureus agar plate, indicated by the zoomed-in red ROI shown on the right columns, with yellow lines indicating the zone boundary. (b) Average and standard deviation of the disinfected area analyzed using ImageJ, according to the number of gauze layers and CAPMP treatment time (n = 3). *: p < 0.05, **: p < 0.01 by t-test between the groups. 
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