
                         
 

 

 

 

 

Topical: Considerations for Use of Low-Temperature Gas Plasmas for  

Mitigation of Biofilms in Microgravity Environments 

 

REPORT AUTHORS: 

 

Ketan Bhatt1, John Mayo2, Gabe Xu2, Deborah Ramsey1, Tatyana Sysoeva2,# 

 

 

AUTHORS AFFILIATIONS: 

 

1CFD Research Corporation 

701 McMillian Way NW 

Huntsville, AL 35806            

(256) 726-4800 

ketan.bhatt@cfd-research.com 

 

2The University of Alabama in Huntsville 

Department of Mechanical and Aerospace Engineering  

and Department of Biological Sciences 

301 Sparkman Dr 

Huntsville, AL 35899 

(256) 824-6371 

tatyana.sysoeva@uah.edu 

#corresponding author 

 

 

mailto:ketan.bhatt@cfd-research.com
mailto:tatyana.sysoeva@uah.edu


Low-temperature gas plasmas for microgravity biofilm mitigation 

 1 

  



Low-temperature gas plasmas for microgravity biofilm mitigation 

 2 

Introduction 

NASA’s future space exploration plans call for returning to the Moon and then travelling 

to Mars. Under the Artemis program, NASA in collaboration with commercial partners, will build 

increasingly larger human landers, not only to return humans to Moon, but also for establishing a 

future lunar base that can support human presence for months at a time. The future Moon base will 

serve as an ideal testing ground for developing and maturing technologies for deep-space 

exploration.  

The long-duration nature of the missions potentially introduces a significant challenge, in 

form of microbial biofilms, that must be addressed to achieve mission success. Bacteria are 

ubiquitous in nature and have been well documented in space-craft environments, especially ones 

that support human habitation over prolonged periods [1–4]. Bacterial biofilms not only impact 

human health, but can also lead to bio-corrosion of space hardware and life-support systems [5]. 

To date, these challenges have been answered for the missions to ISS by continuously monitoring 

the affected systems and by delivering needed spare parts for maintaining system function. 

However, swapping out affected components with new parts may not be as simple for the farther 

located lunar bases and nearly impossible for a Mars mission. Achieving success in long-term 

missions thus requires developing technologies for mitigation of biofilms in microgravity 

environments. While there are numerous methods tested and used in attempts to eliminate or 

control biofilm growth there is no solution sufficient for all biofilm types. Earth-based experiments 

with cold temperature gas plasmas show highly promising results in controlling biofilm growth of 

diverse microbial species. We discuss possible application of low-temperature gas plasma for 

mitigation of biofilms in microgravity to prevent surfaces deterioration and disruption of 

functionality of spacecraft details. We also address current knowledge gaps about cold plasma’s 

biocidal action and biofilms in microgravity and other considerations and concerns for use of low-

temperature plasma in space exploration. 

 

Biofilm as ubiquitous microbial lifestyle of microbes 

Biofilms are structural communities of microbial cells that form on air-surface interfaces with 

solid, semi-solid, and liquid materials. In these communities, microbes are usually differentiated 

into distinct functional subpopulations and embedded into an extracellular polymeric substances 

(EPS) matrix consisting of polysaccharides, proteins, lipids, DNA, surfactants and others [6,7]. 

Due to the altered metabolic state of these cells and the protective effects of the matrix, the biofilms 

are notoriously difficult to eliminate once they are formed [6,8]. These difficulties apply to 

biochemical, chemical and physical methods for microbe elimination, such as for example 

antibiotic treatments, ultraviolet radiation, or mechanical scraping. 

Nucleation of biofilms is a complex process that is regulated by quorum sensing and stress 

response mechanisms [7]. This ultimately starts with attachment of a microbial cell to the surface 

through adhesion between extracellular microbial structures and surface chemical moieties. This 

initial attachment is a critical step that is slow in comparison with further biofilm growth and 

maturation steps. Attachment of microbes strongly depends on the surface type: its architecture 

and topology, temperature, hydrophobicity, functional groups, charge and chemical composition 

in general. Biofilms on abiotic and biotic surfaces rely on different adhesion properties and only 

few are investigated to a great level of detail. As biofilms grow and mature, they undergo 
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significant changes that include cell type differentiation and formation of robust polymeric matrix 

around the cells that differs amongst species [6]. 

 

 

Biofilms in microgravity environments 

Spaces occupied by humans are microbe-rich, due to shedding of normal microbiome 

organisms that can contain opportunistic pathogens, during everyday activities. This is true even 

in extreme extraterrestrial microgravity environments such as the International Space Station (ISS) 

and the Soviet/ Russian Salyut and Mir stations [3,4,9,10].  Surveys of the ISS have found in excess 

of 300 on-board microbial species including bacteria and fungi capable of causing human disease 

[4,11].  Surface and systems sampling in both the ISS and the Salyut/Mir stations has revealed 

biofilms in a wide variety of settings.  A partial list includes rubber seals, navigation and viewing 

windows, thermal control radiators, water recycling systems, and even equipment shielded behind 

panels.  Possible consequences include degrading or corroding materials, clogging of pipes 

intended for fluid flow, and lowering the efficiency or even disrupting the function of systems that 

are required for life support.  Furthermore, these microgravity biofilms include pathogens capable 

of causing human disease. Thus, control of biofilm contamination in the microgravity environment 

is an important objective. 

The majority of detected microgravity biofilms, similarly to the Earth environments, are 

multispecies communities.  Recent studies use repositories of ISS-derived bacteria to model 

behavior of biofilm formers under normal gravity [12] which sets the stage for more details and 

realistic investigations in-flight. Formation of biofilms under altered gravity conditions has been 

investigated using several model systems over the last two decades [13–18]. The results of these 

studies imply that biofilms are growing differently in absence of normal gravity with some 

indicating the increased ability of pathogens to form biofilms. Examples of the observed changes 

include altered motility, better adhesion, thicker biofilm structures, and increased production of 

EPS [13,19–21]. Nevertheless, the studies are still sparse and some results are controversial due to 

the complexities of the in-flight experiments and microgravity simulation on Earth, in particular 

due to the long timescale required for biofilm nucleation and development under controlled 

conditions. 

 

Effects of biofilms on materials 

The growth of biofilms on material surfaces could have detrimental effect to both structural 

and functional properties of the materials [22]. For example, bio-corrosion in well studied 

phenomenon and can lead to pitting and crack formation in materials such as stainless steel [23] 

and aluminum [24] which are commonly used in space applications. Presence of biofilms can 

induce cathodic reactions on the metal surfaces that consume hydrogen and produce sulfate 

precipitates, or lead to generation of acidic conditions that erode the metal [25]. Bio-degradation 

is also an issue for plastic materials. Microbial depolymerases produced within biofilms can erode 

plastic materials [26].  

Biofilms can also lead to functional changes of materials. An example is polyimides that 

are used widely in sensitive electronic applications such as controls and communications 

equipment where they are used as insulating materials. Biofilm formation can drastically alter the 
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dielectric properties of polyimide insulator films and can even lead to short-circuiting [26]. 

Another example of functional degradation is hydrodynamic blockages caused by biofilms formed 

in tubing and valves, that can either lead to increased pressure build-ups or improper sealing 

leading to equipment failure. Thus, control and mitigation of biofilms is essential. 

 

Effects of low-temperature gas plasmas on surfaces and their interactions with biofilms 

Low-temperature plasmas (LPT) can be generally defined as partially 

ionized plasmas with chemically reactive environment. LTP affects material surfaces in a 

multitude of ways depending on the surface material, plasma composition, plasma type, and 

treatment duration. For the purpose of biological applications, the plasmas used are typically 

“cold”, i.e. at or near room temperature, and non-arcing. Thus, for cold plasmas, the effect on 

surfaces is predominately chemical based.  

For soft materials such as polymers, LTP has been shown to increase the hydrophobicity 

or hydrophilicity of the surface. The plasma can modify the surface mechanical roughness and the 

chemical composition through three main pathways: functionalization, polymerization, and 

etching [27]. Functionalization is when the plasma adds new chemical groups to the material 

surface. The most common examples are fluorine (e.g. with SF6 of CF4 plasma) and hydrocarbons 

to improve hydrophobicity of a surface. Polymerization is where the plasma changes the surface 

chemistry of the material itself, without necessarily adding new species. For example, the 

hydrophilicity of polymer surfaces can be improved by increasing the number of C=O double 

bonds via plasma excitation [28]. Lastly, even cold plasma can etch surfaces and thus typically 

reduce the surface roughness. High aspect ratio micron or smaller features will generate high local 

electric fields which will cause high currents to collect and thus ablate or melt those features. One 

of the fields where plasma polymer surface modification has seen great interest is drug delivery, 

where the “dry” treatments by plasma are useful as they can modify just the surface properties, 

without changing the bulk structure [29]. For hard surfaces like metals, LTPs have primarily been 

studied for improving bonding with adhesives or in between layers such as with additive 

manufacturing. The plasma can remove the oxide layer on the metal surface and increase the 

surface free energy.  

Due to these extensive and diverse changes that can be induced by low-temperature 

plasmas in different surfaces, the LTP effects were tested and applied to modify microbe-surface 

interactions. It has been shown that polymeric and metal surfaces can be pretreated to reduce or 

increase bacterial adhesion, that is the essential first step for any biofilm formation [30–33]. These 

effects are yet to be tested in microgravity environments that are known to alter multiple related 

physiological properties of microbial cells [19,34,35]. Therefore, LTP can potentially be useful for 

diverse approaches for reduction of biofilm formation and can be tested as a “microbial 

prophylactic” treatment for some of the high-traffic or moist surfaces at the crewed build 

environments in space (such as ISS or Moon settlement). 

 

Biofilms elimination by low-temperature gas plasmas 

It has been shown that LTP can successfully eliminate planktonic microbial cultures of 

diverse microbes. This included broad range of gram-negative bacteria (Escherichia coli, 

Pseudomonas aeruginosa, Salmonella spp, etc), gram-positive bacteria (Staphylococcus aureus, 

Bacillus subtilis, Listeria monocytogenes, Enterococcus faecalis, Weissella confusa, etc.) and 
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fungi (Cryptococcus and Candida spp) [36–43]. Interestingly, LPTs were also effective in 

eliminating highly resistant bacterial endospores of B. subtilis, Bacillus cereus, Bacillus 

pumilus, Bacillus atrophaeus, and Geobacillus stearothermophilus [44–46]. This bactericidal 

action is attributed to the collective effect of chemical constituents such as hydroxyl radical, 

peroxynitrate, nitrate, hydrogen peroxide, and others as well as physical constituents including 

ultraviolet, electric fields, charged particles generated by plasma [39,47]. Following the success of 

treating bacteria in suspension, multiple studies started assessing how well cold plasma can reduce 

survival of bacteria in biofilm structures or inhibit biofilm growth. The results of those studies 

indicate that different plasma setups work well to achieve strong reduction of viable cell counts in 

surface biofilms as confirmed by colony forming units plating (CFU) or live/dead staining 

microscopy methods. While biofilms of different species have different degrees of susceptibility, 

reduction of live cells was shown for such divergent organisms as S. aureus, E. coli, B. subtilis, 

W. confusa, E. faecalis, P. aeruginosa and others, and these include clinically relevant pathogens 

and environmentally important species. The range of species include many organisms that were 

identified in the ISS-derived bacterial isolations and in compositional surveys of spacecraft 

microbial communities [3,4,9]. There are initial studies that compare susceptibility of surface 

biofilms at different stages of their formation: pre-biofilm state of recently adhered cells to formed 

mature biofilms [40]. 

As mentioned above, most biofilms found in built and natural environments are mixed, 

polymicrobial biofilms often resulting in more robust and protected environment in such biofilms. 

Nevertheless, several studies address effects of cold plasmas on polymicrobial biofilms. For 

example, dental plaque models with Streptococcus mutans, Streptococcus sanguinis and 

Streptococcus gordonii mixtures [48] show significant but not complete reduction in biofilm 

viability (reviewed in Rao et al., 2020). Reassuringly the LTP effects are being seeing on biofilms 

grown on diverse surface materials that include semi-solid and solid; porous and non-porous 

surfaces. 

Furthermore, LTP can “inactivate” fungal and dental biofilms.  However, close reading 

and examination of data suggest that viability is greatly reduced but not zero and that physical 

presence of the biofilm may not be eliminated.  It is unclear whether absence of mechanical 

disruption of the biofilm layer and leftover biomaterials continue affecting surface properties and 

processes (such as biocorrosion or hydrodynamic characteristics change). 

Many current methods of biofilm disruption rely on mechanical or biochemical dispersion 

of biofilm communities. These methods can be a double-edged sword allowing a high number of 

viable bacteria to  disperse into  the  new environments [50]. Upon incomplete biofilm disruption 

and cell killing, the residual biofilm can serve as an easier adhesion surface. It was shown in 

analyses of dental biofilms that partly disrupted biofilms regrow with a faster rate in comparison 

with de novo biofilm formation [51].  

 

Use of low-temperature plasmas in microgravity environments 

There are multiple currently employed at ISS disinfection protocols and some of those 

might be unattainable for long-duration missions without consistent ground support and resupply. 

Therefore, renewable methods for sterilization and sanitation are required. LTP might in theory 

serve as a “renewable” strategy but the energy costs are still unknown. In addition to this, 

successful use of LTPs for mitigation of microgravity biofilms in the ISS may depend on several 
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variables including compatibility, penetration, and toxicity.  First, are materials to be plasma-

treated compatible with such treatment?  Does plasma treatment alter or damage the properties of 

the material being treated?  Does such alteration or damage in turn alter the function of the material 

in question? 

Second, will the plasma penetrate into all the nooks, crannies, and crevices of biofilm-

contaminated electronic equipment, radiators, etc.?  Liquid biocides may not penetrate well due to 

issues such as viscosity and surface tension, but plasmas may be expected to have more gas-like 

behavior and device-contact-free.  Length, shape, and spreading of the plasma plume also might 

be important. While in this work we mainly discussed biofilms formed by different or mixed 

microorganisms, we have to mention that biofilms differ strongly based on what surfaces they 

form. In addition to obvious differences based on surface material’s type and architecture, it is 

often overlooked that biofilms formed on dry, moist, or submerged surfaces vary drastically as 

well. Therefore, application of cold temperature plasma should be mainly considered for solid/air, 

semi-solid/air interfaces, while other methods might be more efficient for solid/liquid and semi-

solid/liquid biofilms.  

Third, will frequent and repeated operator exposure to plasma-generated toxic free radicals, 

UV radiation, etc., be a problem?  It might be expected that biofilm mitigation on the ISS would 

involve frequent plasma treatment over large surface areas.  Does plasma treatment at least 

partially vaporize biofilms?  If so, are the vaporization products toxic or allergenic?  Should 

protective gear be considered?  There are several projects underway testing the potential LTP for 

disinfection of ISS-grown food plants and for sterilization of astronauts and equipment in a so-

called ‘sterilization shower’[52–55]. The results of these ongoing studies will contribute to 

understanding the safety questions around using plasma in the closed environment of a spacecraft. 

So far, a study showed that cold argon plasma is not toxic for primary normal human dermal 

keratinocytes and primary normal human dermal fibroblasts and does not increase mutagenesis 

rate in tested V79 Chinese hamster cell line [56,57]. Moreover, some novel studies appear to 

describe that cold plasma might have positive effects on multicellular organisms and initial data 

show speeding up the seed germination and wound healing [57–59]. While extensive basic or 

clinical studies are still lacking, it seems promising as no strong adverse effects yet reported for 

current suggested uses. Fortunately, additional investigation of these problem areas can be done in 

a terrestrial environment. 

Cold gas plasmas have already been  used for decontamination of spacecraft equipment on  

Earth and in studies in flight, therefore, it is likely that it is feasible to obtain at least some low  

temperature  gas plasmas during a  spaceflight [52,53].  Several LTP generating devices were 

created for proposed commercial use for different applications including some portable versions 

down to about a foot in their longest dimension. This opens up the possibility to do in-flight or 

perhaps even in CubeSats format experiments to address the feasibility of use of LTP for biofilm 

mitigation in microgravity [60,61].  

 

Conclusions 

As microgravity biofilms are disruptive to the existing and planned space missions, 

research on novel strategies of biofilm growth prevention and biofilm disruption is needed. With 

the high promise that low-temperature gas plasmas showed for disinfecting and biofilm 
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elimination tests under normal gravity, we need to test the behavior and efficiency of this treatment 

in the conditions of a space flight.  

  



Low-temperature gas plasmas for microgravity biofilm mitigation 

 8 

References: 

 

1.  Checinska A, Probst AJ, Vaishampayan P, White JR, Kumar D, Stepanov VG, et al. 

Microbiomes of the dust particles collected from the International Space Station and 

Spacecraft Assembly Facilities. Microbiome. 2015;3: 50. doi:10.1186/S40168-015-0116-3 

2.  Singh N, Wood J, Karouia F, Enkateswaran K, NK S, JM W, et al. Succession and 

persistence of microbial communities and antimicrobial resistance genes associated with 

International Space Station environmental surfaces. Microbiome. 2018;6. 

doi:10.1186/S40168-018-0585-2 

3.  Venkateswaran K, Vaishampayan P, Cisneros J, Pierson D, Rogers S, Perry J. 

International Space Station environmental microbiome - microbial inventories of ISS filter 

debris. Appl Microbiol Biotechnol. 2014;98: 6453–6466. doi:10.1007/S00253-014-5650-6 

4.  Checinska Sielaff A, Urbaniak C, Mohan GBM, Stepanov VG, Tran Q, Wood JM, et al. 

Characterization of the total and viable bacterial and fungal communities associated with 

the International Space Station surfaces. Microbiome. 2019;7. doi:10.1186/S40168-019-

0666-X 

5.  Gu J-D, Roman M, Esselman T, Mitchell R. The role of microbial biofilms in 

deterioration of space station candidate materials. Int Biodeterior Biodegradation. 

1998;41: 25–33. doi:10.1016/S0964-8305(98)80005-X 

6.  O’Toole G, Kaplan HB, Kolter R. Biofilm Formation as Microbial Development. 

http://dx.doi.org/101146/annurev.micro54149. 2003;54: 49–79. 

doi:10.1146/ANNUREV.MICRO.54.1.49 

7.  Achinas S, Charalampogiannis N, Euverink GJW. A Brief Recap of Microbial Adhesion 

and Biofilms. Appl Sci 2019, Vol 9, Page 2801. 2019;9: 2801. doi:10.3390/APP9142801 

8.  Zhou L, Zhang Y, Ge Y, Zhu X, Pan J. Regulatory Mechanisms and Promising 

Applications of Quorum Sensing-Inhibiting Agents in Control of Bacterial Biofilm 

Formation. Front Microbiol. 2020;0: 2558. doi:10.3389/FMICB.2020.589640 

9.  NK S, JM W, F K, K V. Succession and persistence of microbial communities and 

antimicrobial resistance genes associated with International Space Station environmental 

surfaces. Microbiome. 2018;6. doi:10.1186/S40168-018-0585-2 

10.  Danko D, Mohan GBM, Sierra MA, Rucker M, Singh NK, Regberg AB, et al. 

Characterization of Spacesuit Associated Microbial Communities and Their Implications 

for NASA Missions. Front Microbiol. 2021;12. doi:10.3389/FMICB.2021.608478 

11.  Vaishampayan A, Grohmann E. Review Multi-resistant biofilm-forming pathogens on the 

International Space Station. 2019 [cited 31 Oct 2021]. doi:10.1007/s12038-019-9929-8 

12.  Yang J, Barrila J, Mark Ott C, King O, Bruce R, McLean RJC, et al. Longitudinal 

characterization of multispecies microbial populations recovered from spaceflight potable 

water. npj Biofilms Microbiomes 2021 71. 2021;7: 1–12. doi:10.1038/s41522-021-00240-

5 

13.  Kim W, Tengra FK, Young Z, Shong J, Marchand N, Chan HK, et al. Spaceflight 

Promotes Biofilm Formation by Pseudomonas aeruginosa. PLoS One. 2013;8: e62437. 



Low-temperature gas plasmas for microgravity biofilm mitigation 

 9 

doi:10.1371/JOURNAL.PONE.0062437 

14.  McLean RJC, Cassanto JM, Barnes MB, Koo JH. Bacterial biofilm formation under 

microgravity conditions. FEMS Microbiol Lett. 2001;195: 115–119. doi:10.1111/J.1574-

6968.2001.TB10507.X 

15.  Searles S, Woolley C, Petersen R, Hyman L, Nielsen-Preiss S. Modeled microgravity 

increases filamentation, biofilm formation, phenotypic switching, and antimicrobial 

resistance in Candida albicans. Astrobiology. 2011;11: 825–836. 

doi:10.1089/AST.2011.0664 

16.  Zea L, Nisar Z, Rubin P, Cortesão M, Luo J, McBride SA, et al. Design of a spaceflight 

biofilm experiment. Acta Astronaut. 2018;148: 294. 

doi:10.1016/J.ACTAASTRO.2018.04.039 

17.  Wang D, Bai P, Zhang B, Su X, Jiang X, Fang T, et al. Decreased biofilm formation in 

Proteus mirabilis after short-term exposure to a simulated microgravity environment. Braz 

J Microbiol. 2021 [cited 1 Nov 2021]. doi:10.1007/S42770-021-00588-Y 

18.  Orsini S, Lewis A, Rice K. Investigation of simulated microgravity effects on 

Streptococcus mutans physiology and global gene expression. NPJ microgravity. 2017;3. 

doi:10.1038/S41526-016-0006-4 

19.  Acres JM, Youngapelian MJ, Nadeau J. The influence of spaceflight and simulated 

microgravity on bacterial motility and chemotaxis. npj Microgravity 2021 71. 2021;7: 1–

11. doi:10.1038/s41526-021-00135-x 

20.  Rosenzweig J. Spaceflight and modeled microgravity effects on microbial growth and 

virulence. Appl Microbiol Biotechnol. 2010;85: 885–891. doi:10.1007/s00253-009-2237-

8 

21.  Mauclaire L, Egli M, L M, M E. Effect of simulated microgravity on growth and 

production of exopolymeric substances of Micrococcus luteus space and earth isolates. 

FEMS Immunol Med Microbiol. 2010;59: 350–356. doi:10.1111/J.1574-

695X.2010.00683.X 

22.  Beech IB. Corrosion of technical materials in the presence of biofilms—current 

understanding and state-of-the art methods of study. Int Biodeterior Biodegradation. 

2004;53: 177–183. doi:10.1016/S0964-8305(03)00092-1 

23.  Tran TTT, Kannoorpatti K, Padovan A, Thennadil S. A study of bacteria adhesion and 

microbial corrosion on different stainless steels in environment containing Desulfovibrio 

vulgaris. R Soc Open Sci. 2021;8. doi:10.1098/rsos.201577 

24.  Nelson V V., Maria OT, Mamiè S V., C.Maritza P. Microbiologically Influenced 

Corrosion in Aluminium Alloys 7075 and 2024. Alum Alloy - Recent Trends Process 

Charact Mech Behav Appl. 2017 [cited 31 Oct 2021]. doi:10.5772/INTECHOPEN.70735 

25.  Kip N, van Veen JA. The dual role of microbes in corrosion. ISME J 2015 93. 2014;9: 

542–551. doi:10.1038/ismej.2014.169 

26.  Gu JD. Microbiological deterioration and degradation of synthetic polymeric materials: 

recent research advances. Int Biodeterior Biodegradation. 2003;52: 69–91. 

doi:10.1016/S0964-8305(02)00177-4 



Low-temperature gas plasmas for microgravity biofilm mitigation 

 10 

27.  Dimitrakellis P, Gogolides E. Hydrophobic and superhydrophobic surfaces fabricated 

using atmospheric pressure cold plasma technology: A review. Adv Colloid Interface Sci. 

2018;254: 1–21. doi:10.1016/J.CIS.2018.03.009 

28.  Lai J, Sunderland B, Xue J, Yan S, Zhao W, Folkard M, et al. Study on hydrophilicity of 

polymer surfaces improved by plasma treatment. Appl Surf Sci. 2006;252: 3375–3379. 

doi:10.1016/J.APSUSC.2005.05.038 

29.  Petlin DG, Tverdokhlebov SI, Anissimov YG. Plasma treatment as an efficient tool for 

controlled drug release from polymeric materials: A review. J Control Release. 2017;266: 

57–74. doi:10.1016/J.JCONREL.2017.09.023 

30.  Jacobs T, Morent R, De Geyter N, Dubruel P, Leys C. Plasma Surface Modification of 

Biomedical Polymers: Influence on Cell-Material Interaction. Plasma Chem Plasma 

Process 2012 325. 2012;32: 1039–1073. doi:10.1007/S11090-012-9394-8 

31.  Benčina M, Resnik M, Starič P, Junkar I. Use of Plasma Technologies for Antibacterial 

Surface Properties of Metals. Mol 2021, Vol 26, Page 1418. 2021;26: 1418. 

doi:10.3390/MOLECULES26051418 

32.  Liguori A, Cochis A, Stancampiano A, Laurita R, Azzimonti B, Sorrentino R, et al. Cold 

atmospheric plasma treatment affects early bacterial adhesion and decontamination of soft 

reline palatal obturators. Clin Plasma Med. 2017;7–8: 36–45. 

doi:10.1016/J.CPME.2017.08.001 

33.  Lee M-J, Kwon J-S, Jiang HB, Choi EH, Park G, Kim K-M. The antibacterial effect of 

non-thermal atmospheric pressure plasma treatment of titanium surfaces according to the 

bacterial wall structure. Sci Reports 2019 91. 2019;9: 1–13. doi:10.1038/s41598-019-

39414-9 

34.  Huang B, Li D-GG, Huang Y, Liu C-TT. Effects of spaceflight and simulated 

microgravity on microbial growth and secondary metabolism. May 14, 2018 pp. 1–14. 

Available: https://mmrjournal.biomedcentral.com/articles/10.1186/s40779-018-0162-9 

35.  Zea L, Prasad N, Levy SE, Stodieck L, Jones A, Shrestha S, et al. A molecular genetic 

basis explaining altered bacterial behavior in space. PLoS One. 2016;11: e0164359. 

doi:10.1371/journal.pone.0164359 

36.  Alkawareek MY, Algwari QT, Laverty G, Gorman SP, Graham WG. Eradication of 

Pseudomonas aeruginosa Biofilms by Atmospheric Pressure Non-Thermal Plasma. PLoS 

One. 2012;7: 44289. doi:10.1371/journal.pone.0044289 

37.  Ghimire B, Szili EJ, Patenall BL, Lamichhane P, Gaur N, Robson AJ, et al. Enhancement 

of hydrogen peroxide production from an atmospheric pressure argon plasma jet and 

implications to the antibacterial activity of plasma activated water. Plasma Sources Sci 

Technol. 2021;30: 035009. doi:10.1088/1361-6595/ABE0C9 

38.  Maisch T, Shimizu T, Li Y-F, Heinlin J, Karrer S, Morfill G, et al. Decolonisation of 

MRSA, S. aureus and E. coli by Cold-Atmospheric Plasma Using a Porcine Skin Model 

In Vitro. PLoS One. 2012;7: e34610. doi:10.1371/JOURNAL.PONE.0034610 

39.  Nicol MJ, Brubaker TR, Honish BJ, Simmons AN, Kazemi A, Geissel MA, et al. 

Antibacterial effects of low-temperature plasma generated by atmospheric-pressure 

plasma jet are mediated by reactive oxygen species. Sci Reports 2020 101. 2020;10: 1–11. 



Low-temperature gas plasmas for microgravity biofilm mitigation 

 11 

doi:10.1038/s41598-020-59652-6 

40.  Theinkom F, Singer L, Cieplik F, Cantzler S, Weilemann H, Cantzler M, et al. 

Antibacterial efficacy of cold atmospheric plasma against Enterococcus faecalis 

planktonic cultures and biofilms in vitro. PLoS One. 2019;14: e0223925. 

doi:10.1371/JOURNAL.PONE.0223925 

41.  Delben JA, Zago CE, Tyhovych N, Duarte S, Vergani CE. Effect of Atmospheric-Pressure 

Cold Plasma on Pathogenic Oral Biofilms and In Vitro Reconstituted Oral Epithelium. 

PLoS One. 2016;11: e0155427. doi:10.1371/JOURNAL.PONE.0155427 

42.  Marchal F, Robert H, Merbahi N, Fontagné-Faucher C, Yousfi M, Romain CE, et al. 

Inactivation of Gram-positive biofilms by low-temperature plasma jet at atmospheric 

pressure. J Phys D Appl Phys. 2012;45: 345202. doi:10.1088/0022-3727/45/34/345202 

43.  Maisch T, Shimizu T, Isbary G, Heinlin J, Karrer S, Klämpfl T, et al. Contact-free 

inactivation of Candida albicans biofilms by cold atmospheric air plasma. Appl Environ 

Microbiol. 2012;78: 4242–4247. doi:10.1128/AEM.07235-11 

44.  Klämpfl T, Isbary G, Shimizu T, Li Y, Zimmermann J, Stolz W, et al. Cold atmospheric 

air plasma sterilization against spores and other microorganisms of clinical interest. Appl 

Environ Microbiol. 2012;78: 5077–5082. doi:10.1128/AEM.00583-12 

45.  Lee K, Paek KH, Ju WT, Lee Y. Sterilization of bacteria, yeast, and bacterial endospores 

by atmospheric-pressure cold plasma using helium and oxygen. J Microbiol. 2006;44: 

269–275.  

46.  van Bokhorst-van de Veen H, Xie H, Esveld E, Abee T, Mastwijk H, Nierop Groot M. 

Inactivation of chemical and heat-resistant spores of Bacillus and Geobacillus by nitrogen 

cold atmospheric plasma evokes distinct changes in morphology and integrity of spores. 

Food Microbiol. 2015;45: 26–33. doi:10.1016/J.FM.2014.03.018 

47.  Gilmore B, Flynn P, O’Brien S, Hickok N, Freeman T, Bourke P, et al. Cold Plasmas for 

Biofilm Control: Opportunities and Challenges. Trends Biotechnol. 2018;36: 627–638. 

doi:10.1016/J.TIBTECH.2018.03.007 

48.  Figueira LW, Panariello BHD, Koga-Ito CY, Duarte S. Low-Temperature Plasma as an 

Approach for Inhibiting a Multi-Species Cariogenic Biofilm. Appl Sci 2021, Vol 11, Page 

570. 2021;11: 570. doi:10.3390/APP11020570 

49.  Rao Y, Shang W, Yang Y, Zhou R, Rao X. Fighting Mixed-Species Microbial Biofilms 

With Cold Atmospheric Plasma. Front Microbiol. 2020;11: 1000. 

doi:10.3389/FMICB.2020.01000 

50.  Wille J, Coenye T. Biofilm dispersion: The key to biofilm eradication or opening 

Pandora’s box? Biofilm. 2020;2: 100027. doi:10.1016/J.BIOFLM.2020.100027 

51.  Kolenbrander PE, London J. Adhere today, here tomorrow: oral bacterial adherence. J 

Bacteriol. 1993;175: 3247–3252. doi:10.1128/JB.175.11.3247-3252.1993 

52.  Huber P, Khrapak S, Lipaev A, Molotkov V, Fortov V, Ivlev A, et al. Complex Plasma 

Research on the International Space Station. 2015.  

53.  Müller M, Shimizu T, Binder S, Rettberg P, Zimmermann JL, Morfill GE, et al. Plasma 

afterglow circulation apparatus for decontamination of spacecraft equipment. AIP Adv. 



Low-temperature gas plasmas for microgravity biofilm mitigation 

 12 

2018;8: 105013. doi:10.1063/1.5040303 

54.  Gandhiraman RP, Beeler D, Meyyappan M, Khare BN. LOW TEMPERATURE 

ATMOSPHERIC PRESSURE PLASMA STERILIZATION SHOWER. International 

Workshop on Instrumentation for Planetary Missions. 2012.  

55.  Hintze PE, Franco C, Hummerick ME, Maloney PR, Spencer LE, Franco C, et al. 

Evaluation of Low-Pressure Cold Plasma for Disinfection for ISS Grown Produce and 

Metallic Instrumentation. International Conference on Environmental Systems. 2017.  

56.  Maisch T, Bosserhoff A, Unger P, Heider J, Shimizu T, Zimmermann J, et al. 

Investigation of toxicity and mutagenicity of cold atmospheric argon plasma. Environ Mol 

Mutagen. 2017;58: 172–177. doi:10.1002/EM.22086 

57.  Cui HS, Cho YS, Joo SY, Mun CH, Seo CH, Kim J-B. Wound Healing Potential of Low 

Temperature Plasma in Human Primary Epidermal Keratinocytes. Tissue Eng Regen Med. 

2019;16: 585. doi:10.1007/S13770-019-00215-W 

58.  Ohta T. Plasma in Agriculture. Cold Plasma Food Agric Fundam Appl. 2016; 205–221. 

doi:10.1016/B978-0-12-801365-6.00008-1 

59.  Tamošiūnė I, Gelvonauskienė D, Haimi P, Mildažienė V, Koga K, Shiratani M, et al. Cold 

Plasma Treatment of Sunflower Seeds Modulates Plant-Associated Microbiome and 

Stimulates Root and Lateral Organ Growth. Front Plant Sci. 2020;0: 1347. 

doi:10.3389/FPLS.2020.568924 

60.  Toorian A, Diaz K, Lee S. The CubeSat approach to space access. IEEE Aerosp Conf 

Proc. 2008. doi:10.1109/AERO.2008.4526293 

61.  Matin AC, Wang JH, Keyhan M, Singh R, Benoit M, Parra MP, et al. Payload hardware 

and experimental protocol development to enable future testing of the effect of space 

microgravity on the resistance to gentamicin of uropathogenic Escherichia coli and its σ s 

-deficient mutant. Life Sci Sp Res. 2017;15: 1–10. doi:10.1016/j.lssr.2017.05.001 

 

 

 


