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ABSTRACT

The survival and adaptability of microorganisms in space have profound implications for astrobiology,
planetary protection, and the success of long-duration space missions. Among various extraterrestrial stressors,
plasma, comprising ionized gases found in solar wind, cosmic radiation, and magnetospheric environments
represents a significant yet underexplored factor influencing microbial behavior. This paper investigates the
effects of both natural and artificial plasma environments on microorganisms in space, focusing on
physiological, genetic, and biochemical responses. The research highlights plasma-induced oxidative stress,
DNA damage, and membrane disruption, which can impair microbial viability or induce adaptive mechanisms.
Special attention is given to extremophiles such as Deinococcus radiodurans and Bacillus subtilis, which
exhibit remarkable resistance to plasma and radiation, making them valuable models for astrobiological
studies. Further, the paper explores the role of plasma in prebiotic chemistry and the hypothesis of panspermia,
where plasma-driven mechanisms could facilitate interplanetary microbial transfer. From a technological
perspective, plasma applications in spacecraft sterilization, waste treatment, and bioreactor design are
discussed as essential tools for maintaining microbial control and supporting life support systems. The study
concludes by addressing the ethical and scientific challenges of studying plasma—microbe interactions and
calls for interdisciplinary efforts to deepen our understanding. Ultimately, this research contributes to the
broader quest of uncovering life's potential beyond Earth while enhancing the safety and sustainability of
human space exploration.

Keywords: Plasma—Microbe Interactions, Space Microbiology, Astrobiology, Microbial Survival in Space,
Plasma Sterilization, Panspermia Theory

INTRODUCTION

The environment of outer space presents a unique combination of extreme physical and chemical conditions
that significantly differ from those on Earth. These include vacuum, intense cosmic radiation, microgravity,
and plasma-rich regions shaped by the interaction of solar wind and magnetic fields. Together, these factors
pose significant challenges to biological systems, especially microorganisms, which are among the simplest
yet most resilient forms of life (Horneck et al., 2010). Among these space-specific stressors, the effects of
plasma, ionized gas composed of free electrons and ions, on microorganisms remain relatively underexplored
compared to radiation and microgravity.

The space environment, particularly in low Earth orbit (LEO), is characterized by a near-total vacuum, where
atmospheric pressure is extremely low, leading to rapid desiccation of unprotected cells. Further, ionizing
radiation from galactic cosmic rays (GCRs) and solar particle events (SPEs) poses constant oxidative and
mutagenic stress on DNA and cellular components (Nicholson et al., 2000). Microgravity, another key feature
of the space environment, influences cellular processes such as gene expression, cell signaling, and biofilm
formation (Taylor, 2015). In addition, charged particle-rich plasma generated naturally by solar activity or
artificially through spacecraft systems represents a fourth and significant space factor, capable of interacting
with biological surfaces and altering cellular integrity (Shimizu et al., 2011).
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Understanding how microorganisms respond to these stressors is essential not only for ensuring the health and
safety of astronauts, but also for addressing key questions in astrobiology. Microorganisms can colonize
spacecraft surfaces, form resistant biofilms, and pose risks to closed-loop life support systems. Simultaneously,
they are indispensable to space missions for their roles in nutrient recycling, oxygen generation, and waste
decomposition functions critical to long-duration missions (Yamaguchi et al., 2014). Moreover, microbial
behaviour in space offers insights into the boundaries of life and informs the search for extraterrestrial
biosignatures.

Microorganisms also play a central role in planetary protection protocols. Forward contamination, the transport
of Earth-based microbes to other celestial bodies can compromise the integrity of life-detection missions.
Similarly, backward contamination, the unintentional return of extraterrestrial microbes to Earth raises
concerns about biosafety concerns (Rummel et al., 2014). Therefore, studying microbial responses to plasma is
vital to developing effective sterilization methods for spacecraft and payloads.

The interaction between plasma and microbial cells involves complex physical and biochemical mechanisms.
Plasma generates reactive oxygen and nitrogen species (ROS/RNS), ultraviolet photons, and charged particles
that can cause oxidative damage to DNA, proteins, and membranes (Laroussi, 2005). Cold atmospheric
plasmas (CAPs), a non-thermal form of plasma, have already shown efficacy in microbial inactivation in
laboratory settings. However, how these mechanisms operate in space plasma conditions, often under vacuum,
low temperatures, and microgravity requires further investigation.

Despite increasing interest in plasma medicine and plasma biosystem interactions on Earth, few studies have
focused on how microorganisms behave under the combined conditions of plasma and space (Mendis et al.,
2000). Extremophiles like D. radiodurans and B. subtilis, which demonstrate resistance to radiation and
desiccation, have been used in simulated plasma experiments, suggesting that plasma may influence microbial
survivability and mutagenesis in ways that are both destructive and adaptive (Horneck et al., 2001). This is
especially relevant to the theory of panspermia, the hypothesis that life can be transported across space via
meteoroids or dust grains. Plasma environments might either shield, or degrade microbial hitchhikers,
influencing the plausibility of interplanetary life transfer.

This paper aims to critically examine the effects of plasma on microorganisms in space, exploring both
naturally occurring and artificial plasma sources. It integrates data from space missions, laboratory
simulations, and theoretical models to assess how plasma affects microbial survival, mutation, and
functionality. Further, the study discusses the broader implications of these interactions in astrobiology,
planetary protection, and the design of sustainable space habitats. By identifying both the threats and utilities
posed by plasma to microbial life, the research contributes to the dual goals of ensuring human safety in space
and enhancing our understanding of life's resilience in the cosmos.

Space Plasma Environment

Plasma, often referred to as the fourth state of matter, is a ubiquitous component of the space environment.
Comprising ionized gases with freely moving electrons and ions, plasma is present throughout the cosmos
from the solar corona and interstellar medium to planetary magnetospheres and the interplanetary space
between celestial bodies (Bagenal, 2013). Understanding the various forms and behaviors of plasma in space is
essential for assessing its potential effects on biological systems, especially microorganisms exposed during
space missions. This section outlines the key characteristics of space plasma, its sources near and within
spacecraft environments, and its interactions with spacecraft materials and microbial colonies.

Characteristics of Space Plasma

The plasma encountered in space can be broadly categorized based on its origin. One of the most prominent
sources is the solar wind, a continuous stream of charged particles, primarily protons and electrons, ejected
from the Sun’s outer atmosphere. Traveling at speeds ranging from 300 to 800 km/s, solar wind plasma carries
with it magnetic fields, giving rise to a complex and dynamic interplanetary magnetic field (Zurbuchen, 2007).
When this stream encounters a planetary magnetic field, it forms a magnetosphere, a region dominated by the
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planet's magnetic field where plasma dynamics are influenced by magnetic reconnection, charged particle
trapping, and field-aligned currents (Kivelson & Russell, 1995).

Another major contributor to the space plasma environment is cosmic rays, which are high-energy protons and
atomic nuclei originating from outside the solar system. Although cosmic rays are not strictly plasma, they
interact with and modulate plasma populations in space, particularly in the heliosphere, where they contribute
to the overall radiation environment (Spillantini et al., 2007). Within magnetospheres, magnetospheric plasma
can exhibit high degrees of anisotropy and energy variation. This plasma is often shaped by interactions
between solar wind and the planetary magnetic field, giving rise to features such as the Van Allen radiation
belts, plasma sheets, and auroral zones.

Natural Plasma Sources in Space Missions

In the context of human spaceflight, natural plasma sources are encountered in a variety of locations. On the
International Space Station (ISS), the orbital path traverses through regions influenced by both solar and
geomagnetic activity. The ISS often passes through the South Atlantic Anomaly, a zone of high radiation and
plasma density that can affect both hardware and biological experiments onboard (Reitz, 2008). Plasma
environments also exist around the Moon, where the lack of a global magnetic field allows the solar wind to
interact directly with the lunar surface, producing secondary plasmas from regolith—particle interactions
(Farrell et al., 2007).

On planetary surfaces, particularly those with weak or absent magnetic fields like Mars, plasma can directly
impinge on the atmosphere and surface, stripping away volatiles and creating conditions of high radiation and
low pressure (Dubinin et al., 2006). In interplanetary space, spacecraft are constantly immersed in plasma from
the solar wind and may also encounter plasma shocks, turbulence, and reconnection regions that vary based on
solar activity and location within the heliosphere (Schwenn, 2006).

Types of Plasma

Space plasmas can be broadly categorized into thermal (equilibrium) and non-thermal (non-equilibrium)
plasmas. Thermal plasmas, typically found in stars or very hot regions, consist of particles in local
thermodynamic equilibrium, with ion and electron temperatures nearly equal. These are not commonly
encountered by spacecraft. In contrast, non-thermal plasmas such as those in the solar wind, or artificial
spacecraft-generated plasmas feature electrons with significantly higher energy than ions, and often exhibit
anisotropic velocity distributions (Chen, 2016).

A critical feature of many space plasmas is their magnetization, i.e., their interaction with magnetic fields.
Magnetized plasmas exhibit behaviours such as cyclotron motion, magnetic mirroring, and field-aligned
transport, which influence how particles are distributed and move in space. These effects can modulate the
exposure and shielding that microorganisms experience on spacecraft surfaces, especially in polar or equatorial
orbital regimes (Kivelson & Russell, 1995).

Interaction of Plasma with Spacecraft and Microbial Biofilms

When plasma interacts with spacecraft, it can induce surface charging, erosion, and changes in material
properties. More importantly for bio-experiments, these interactions can affect microbial colonies, especially
biofilms that form on spacecraft surfaces and instruments. Plasma-induced surface charging can generate
localized electric fields that influence microbial adhesion and ion exchange processes (Hoffman et al., 2017).
Furthermore, exposure to reactive species in plasma, such as oxygen radicals, UV photons, and ion
bombardment can lead to oxidative damage of microbial membranes, proteins, and nucleic acids, affecting
their viability (Laroussi, 2005).

Experiments conducted on Earth with CAP have demonstrated its effectiveness in sterilizing surfaces by
damaging bacterial cell walls and DNA without significant thermal effects (Graves, 2014). In space, plasma
conditions vary greatly, but similar principles apply. For instance, biofilms exposed on the ISS or on external
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spacecraft platforms (e.g., EXPOSE-E on ESA missions) have shown varying survival rates depending on
shielding, exposure duration, and microbial species (Horneck et al., 2010). Understanding plasma biofilm
interactions in these contexts is critical for both life support systems and planetary protection protocols.

Additionally, plasma can affect electrochemical gradients and nutrient diffusion within microbial communities,
potentially altering their metabolic activity. This is especially relevant for bioreactors and bioregenerative life
support systems where microorganisms are employed for air purification, or waste recycling (Yamaguchi et
al., 2014). Long-term exposure to plasma in microgravity may result in unforeseen genetic adaptations or
biofilm fortification, complicating sterilization strategies.

Microorganisms in Space: Known Effects

Microorganisms are remarkably resilient life forms, capable of surviving and thriving in extreme
environments. Space represents one of the most challenging environments for life, combining microgravity,
vacuum, radiation, desiccation, and temperature fluctuations. Studying microbial behaviour in such conditions
is essential not only for ensuring crew health and mission success, but also for understanding the potential for
life beyond Earth. This section reviews the known effects of space travel on microbial physiology and
genetics, insights from key spaceflight experiments, microbial resistance to space-induced stressors, and the
significance of biofilm formation in space habitats.

Effects of Space Travel on Microbial Physiology and Genetics

Exposure to the space environment has been shown to induce profound changes in microbial physiology and
genetics. Spaceflight conditions, particularly microgravity and ionizing radiation, influence microbial growth,
morphology, metabolism, and gene expression. Studies have demonstrated altered growth rates, increased
virulence, and changes in antibiotic resistance in several bacterial strains exposed to microgravity (Taylor,
2015). For example, Salmonella enterica exhibited increased virulence after spaceflight, with changes in gene
regulation related to stress responses and pathogenesis (Nickerson et al., 2004). Similarly, Escherichia coli and
Pseudomonas aeruginosa have displayed modifications in biofilm structure, enhanced growth kinetics, and
shifts in metabolic pathways under microgravity conditions (Kim et al., 2013).

At the genetic level, space exposure can result in DNA damage, increased mutation rates, and activation of
stress response genes. The radiation environment, especially outside Earth’s magnetosphere, can cause single
and double-strand breaks in microbial DNA, prompting cellular repair mechanisms or adaptive mutations
(Horneck et al., 2010). Moreover, transcriptomic studies have revealed significant shifts in gene expression
related to oxidative stress, membrane transport, and DNA repair in bacteria exposed to long-duration space
missions (Wilson et al., 2007).

Studies from ISS, Biosat, and EXPOSE Experiments

Multiple spaceflight experiments have contributed to our understanding of microbial responses to the space
environment. The ISS has served as a platform for diverse microbial experiments. The Microgravity Science
Glovebox and other payloads have facilitated studies on microbial growth, biofilm formation, and
antimicrobial resistance in microgravity (Pierson, 2001).

The Biosatellite (Biosat) missions in the 1960s and 1970s provided early insights into space microbiology.
They revealed that microbial growth kinetics could be altered by space conditions and that spore-forming
bacteria such as B. subtilis retained viability post-flight (Bucker et al., 1970). More recent insights have come
from the EXPOSE platform, mounted outside the European Columbus module of the ISS. EXPOSE
experiments subjected microbial communities to the full brunt of space conditions including cosmic radiation,
vacuum, and temperature extremes. Organisms such as D. radiodurans and fungal spores like Aspergillus and
Penicillium species demonstrated remarkable survival rates, often attributed to efficient DNA repair and
protective pigmentation (Sancho et al., 2007).

Page 1015 www.rsisinternational.org


https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (1JRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XI1 Issue IV April 2025

%, 3
3
“ RSIS ¥

Microbial Resistance and Adaptation to Stress

Microorganisms employ several strategies to resist and adapt to space-induced stressors. Radiation resistance
is particularly important in space, where exposure to high-energy cosmic rays and solar radiation is
unavoidable. Species like D. radiodurans survive intense radiation by efficiently repairing DNA damage
through recombination and antioxidative defenses (Slade & Radman, 2011).

Desiccation resistance is another key trait, especially for organisms exposed to the vacuum of space. Many
spores and extremophiles can enter anhydrobiotic states, halting metabolic processes and enhancing survival
during long-term exposure (Potts, 1994). In microgravity, changes in fluid dynamics and shear forces affect
nutrient diffusion and waste removal, altering microbial metabolism. Studies show that under these conditions,
bacteria can exhibit increased tolerance to antibiotics and oxidative stress (Klaus & Howard, 2006).

Biofilm Formation and Relevance in Space Habitats

Biofilm formation is a major concern in space habitats due to its implications for both crew health and
spacecraft maintenance. Biofilms are structured microbial communities embedded in a self-produced
extracellular matrix that confers resistance to environmental stressors and antimicrobial agents. In
microgravity, biofilms tend to form faster, become thicker, and display altered architecture compared to those
on Earth (Lynch et al., 2006).

On the ISS, microbial biofilms have been found on surfaces such as water systems, air filters, and even
scientific equipment. These biofilms pose risks of clogging, corrosion, and contamination. More critically,
pathogenic bacteria in biofilms become more difficult to eradicate, increasing the risk of infections in
immunocompromised astronauts. For instance, the NASA-funded study on P. aeruginosa showed that space-
exposed biofilms had higher biomass and structural complexity, making them more resistant to antibiotics
(Kim et al., 2013).

Understanding the behaviour of biofilms in space is essential for developing countermeasures, including
surface coatings, antimicrobial materials, and environmental control systems. These strategies are crucial for
long-term missions, such as Mars expeditions, where microbial contamination can jeopardize both health and
mission success.

Plasma—Microbe Interactions: Experimental Studies

Plasma—microbe interactions have garnered significant attention in recent years due to their implications for
both astrobiology and the development of sterilization technologies for space missions. Ground-based plasma
experiments offer a controlled environment to simulate the complex and harsh conditions of outer space,
allowing researchers to investigate microbial responses and survival strategies. These studies are crucial for
evaluating the risks of planetary contamination and for developing effective microbial control systems aboard
spacecraft.

One of the primary applications of plasma technology in microbiology is plasma sterilization. Various forms of
plasma, particularly CAP, have demonstrated potent antimicrobial effects. CAP operates at near room
temperature and is rich in ROS, RNS, UV photons, and charged particles that collectively inactivate
microorganisms (Fridman et al., 2008). Studies have shown that CAP can effectively kill a wide range of
pathogens, including bacterial spores, fungi, and viruses, without causing thermal damage to heat-sensitive
materials (Laroussi, 2005).

High-temperature plasmas, on the other hand, are less commonly used for microbial studies due to their

destructive thermal effects, which can char or incinerate biological samples. However, they offer insights into
extreme sterilization scenarios and the limits of microbial survival. For instance, high-temperature plasma jets
have been used to study the resistance of bacterial endospores, which are among the most resilient forms of life
(Moisan et al., 2001).
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The bacterium B. subtilis has often been used as a model organism in plasma studies due to its well-
characterized genome and ability to form endospores. In one study, CAP exposure led to significant reductions
in B. subtilis colony-forming units, with evidence of DNA fragmentation and cell membrane disruption
observed via electron microscopy (Joshi et al., 2011). The presence of ROS such as 0zone, hydrogen peroxide,
and hydroxyl radicals contributed to lipid peroxidation and protein oxidation, ultimately leading to cell death.

Similarly, D. radiodurans, a bacterium known for its extraordinary resistance to ionizing radiation and
desiccation, has been used to assess plasma-induced stress responses. In experiments simulating Martian
atmospheric plasma conditions, D. radiodurans exhibited DNA damage and oxidative stress markers, although
its DNA repair mechanisms allowed for partial recovery post-treatment (Baqué et al., 2013). The bacterium's
resilience highlights the need for more robust sterilization techniques for planetary protection.

The mechanism of microbial inactivation by plasma is multifaceted. One of the primary effects is DNA
damage caused by UV photons and ROS. Oxidative stress, resulting from ROS and RNS, leads to the
formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a biomarker of oxidative DNA damage (Oehmigen et
al., 2010). Additionally, plasma disrupts cell membranes through lipid oxidation, creating pores and
compromising cell integrity. Proteomic and transcriptomic analyses of plasma-treated microbes have revealed
the downregulation of essential metabolic pathways and upregulation of stress response genes, providing
molecular insights into survival mechanisms (Sharma et al., 2009).

Cold plasma has also been explored for its antiviral effects. Enveloped and non-enveloped viruses have shown
varying degrees of susceptibility to CAP, with envelope disruption and nucleic acid oxidation as key
mechanisms of inactivation. For example, studies on bacteriophages have demonstrated significant reductions
in viral infectivity following plasma treatment, making CAP a promising tool for viral decontamination in
space habitats (Daeschlein et al., 2012).

Ground-based experiments simulating space plasma conditions, such as vacuum ultraviolet (VUV) radiation
and low-pressure ionized gases, have further validated the efficacy of plasma for microbial inactivation. These
setups mimic the plasma environments found in low Earth orbit and interplanetary space, enabling researchers
to test the resilience of microorganisms under combined stressors. Results have shown that even resilient
strains like B. pumilus SAFR-032, isolated from spacecraft assembly facilities, can be significantly inactivated
by plasma exposure (Newcombe et al., 2005).

A critical aspect of plasma—microbe interaction studies is the distinction between direct and indirect effects.
Direct effects involve immediate contact between the plasma plume and microbial cells, while indirect effects
are mediated by long-lived reactive species that diffuse through the medium. Studies have shown that both
effects contribute to microbial inactivation, but the balance depends on plasma parameters such as gas
composition, power input, and exposure duration (Lu et al., 2014).

The versatility of plasma technology allows for customization based on the target microorganism and
application. For example, dielectric barrier discharge (DBD) plasma devices are effective for surface
sterilization, while plasma jets are better suited for localized treatments. These devices are being miniaturized
and integrated into portable systems for use aboard spacecraft and planetary rovers, offering on-site
sterilization capabilities.

Despite its efficacy, plasma technology must be applied with caution to avoid collateral damage to spacecraft
materials or human tissues. Ongoing research focuses on optimizing plasma parameters to maximize microbial
inactivation while preserving material integrity. Additionally, safety protocols are being developed to regulate
the use of plasma in inhabited space environments.

Implications for Astrobiology

The study of plasma—microbe interactions hold profound implications for astrobiology, a field concerned with
the origin, evolution, distribution, and future of life in the universe. One of the most compelling aspects of
astrobiology is the resilience of extremophiles, organisms that thrive in extreme environments to space
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conditions, including exposure to plasma. Research has shown that certain extremophilic microorganisms,
such as D. radiodurans and B. subtilis, can survive plasma exposure under controlled experimental conditions,
often due to robust DNA repair mechanisms and protective cellular components (Pavlov et al., 2006; Moeller
et al., 2012). These findings suggest that extremophiles might endure the plasma-rich environments of space,
raising questions about the potential for life beyond Earth.

The concept of panspermia, the hypothesis that life can be transported across space via meteoroids, comets, or
interplanetary dust gains traction when considering the protective capabilities of microbial biofilms and spores.
Plasma exposure during atmospheric entry or interplanetary transit can act both as a barrier and as a selective
pressure. While high-energy plasma might sterilize surfaces, shielding within dust particles or meteoroids
could protect microbial spores from complete destruction (Mileikowsky et al., 2000). Experimental
simulations have demonstrated that microbes embedded within rock or shielded by micrometeoroids can
potentially survive space travel (Nicholson et al., 2000).

Understanding plasma’s effects is also vital for planetary protection, a policy framework aimed at preventing
forward and backward contamination. Forward contamination refers to the inadvertent transfer of Earth-
originating organisms to other celestial bodies, which could jeopardize the integrity of astrobiological studies.
Backward contamination involves the risk of alien microbes affecting Earth’s biosphere upon sample return
missions. Plasma sterilization is being explored as a non-thermal method to decontaminate spacecraft surfaces
and scientific equipment without damaging sensitive materials (Shintani et al., 2010). This method, involving
CAP, offers the advantage of effectively neutralizing a wide range of pathogens at ambient temperatures,
making it particularly suitable for delicate instruments used in astrobiology missions.

Further, plasma might play a key role in prebiotic chemistry, the study of chemical processes that preceded the
emergence of life. Simulated experiments under space-like plasma conditions have led to the formation of
complex organic molecules such as amino acids, nucleobases, and sugars from simple gases like methane,
ammonia, and water vapor (Miller & Urey, 1959; Kobayashi et al., 2001). These molecules are essential
building blocks for life, suggesting that plasma processes in interstellar clouds or on early Earth could have
contributed to abiogenesis. The interaction of energetic plasma with planetary atmospheres and surfaces might
drive synthesis pathways that lead to molecular complexity, a crucial requirement for the emergence of life.

Additionally, plasma conditions in planetary ionospheres and magnetospheres such as those observed around
Mars, Europa, or Titan could influence surface and subsurface habitability. For instance, plasma-induced
radiation could modify surface chemistry, create reactive oxygen species, or generate transient energy sources
that might support microbial metabolism or prebiotic reactions (Nordheim et al., 2018). As space agencies gear
up for missions to Europa Clipper, Enceladus, and Mars Sample Return, understanding these plasma-mediated
phenomena becomes increasingly relevant.

The implications of plasma—microbe interactions span several crucial aspects of astrobiology. From informing
planetary protection protocols and advancing sterilization methods to supporting theories of panspermia and
prebiotic chemistry, plasma research enhances our understanding of life’s potential resilience and adaptability
in space. It also sheds light on the broader cosmic context in which life may arise, survive, and evolve, thereby
deepening the scope of scientific inquiry in the search for life beyond Earth.

Applications in Space Missions

Plasma technologies have emerged as promising tools for supporting various aspects of space missions,
particularly in enhancing spacecraft hygiene, resource recycling, and microbial management. As human
exploration ventures into deep space with missions to Mars and beyond, the integration of plasma-based
systems is becoming increasingly relevant for maintaining crew health and mission sustainability.

One of the foremost applications of plasma in space missions is spacecraft and instrument sterilization. Unlike
conventional thermal or chemical sterilization, plasma-based sterilization offers a non-destructive,
environmentally friendly approach that is highly effective against a wide range of microorganisms, including
bacterial spores and viruses (Shintani et al., 2010). CAP systems generate reactive oxygen and nitrogen species
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that interact with microbial cell membranes, leading to cell lysis and DNA damage without harming sensitive
spacecraft materials. This is particularly critical in planetary protection efforts, where the objective is to
prevent forward contamination of celestial bodies such as Mars or Europa (Yano et al., 2012).

In long-duration missions, such as those on the ISS or future lunar habitats, recycling and waste treatment are
vital to reduce payload and reliance on resupply missions. Plasma arc systems have been explored for their
ability to treat solid waste, converting organic materials into syngas and inorganic matter into vitrified slag
(Levchenko et al., 2018). Such high-temperature plasmas can decompose complex waste while sterilizing
biological contaminants, making them ideal for closed-loop life support systems. Furthermore, plasma-based
water purification systems are under investigation for removing microbial and chemical contaminants from
recycled water. CAP and DBD plasma systems can degrade organic pollutants, kill pathogens, and oxidize
biofilms, offering an efficient and compact method for maintaining potable water quality in space habitats
(Thagard et al., 2014).

Another emerging application involves plasma-enabled bioreactors for bioprocessing and resource
regeneration. In long-term missions, plasma-treated surfaces and environments can influence microbial
behaviour, potentially enhancing fermentation efficiency or preventing unwanted biofilm formation. Studies
suggest that CAP can modulate microbial metabolism and gene expression, which may be harnessed to
optimize the production of biochemicals, pharmaceuticals, or food in situ (Knori et al., 2019). Integrating
plasma systems into bioreactors could help control microbial populations, mitigate contamination, and promote
desired biosynthetic pathways, critical for maintaining health and morale during deep space travel.

Microbial monitoring and containment are also enhanced by plasma technologies. Onboard microbial
monitoring is essential for assessing air and surface contamination levels to prevent infection or material
degradation. Real-time monitoring systems, combined with plasma sterilization units, could enable automated
detection and disinfection cycles. Plasma sensors and microfluidic devices have shown promise in detecting
microbial presence through impedance measurements or fluorescence-based assays (Kim et al., 2015). Such
systems, coupled with automated CAP disinfection modules, could form the backbone of an integrated
microbial control strategy.

Plasma applications in space missions are multifaceted ranging from sterilization and recycling to microbial
containment and bioengineering. These technologies offer high efficiency, scalability, and compatibility with
space environments, making them indispensable tools for future human exploration. As space missions grow
longer and more autonomous, the role of plasma will likely expand, contributing to sustainable and safe
extraterrestrial living conditions.

CHALLENGES AND FUTURE DIRECTIONS

Despite the promising applications of plasma technologies in space environments, several challenges remain
that must be addressed to fully realize their potential. One of the primary limitations is the inadequacy of
current plasma exposure models. Many laboratory studies simulate plasma conditions under simplified or
idealized parameters, which may not accurately represent the dynamic and complex plasma environments
encountered in space, such as those influenced by solar wind, cosmic radiation, and magnetospheric
interactions (Keidar et al., 2018). These models often fail to account for variables such as fluctuating plasma
density, temperature, and electromagnetic fields, thereby limiting their applicability to real-world scenarios.

Moreover, most studies to date are of short duration, often conducted over minutes or hours. However,
microorganisms on spacecraft and habitats will be exposed to plasma for extended periods, potentially months
or years. Therefore, long-duration in situ studies are essential to evaluate cumulative effects, such as genetic
mutations, long-term biofilm behavior, and potential adaptive responses of microbial communities (Horneck et
al., 2010). Establishing plasma experiment platforms aboard the ISS or upcoming lunar and Martian bases
would provide critical insights into these long-term interactions.

Another critical challenge is the development of biocompatible plasma technologies. While CAP is generally
considered safe for biomedical applications, its effects on human-associated microbiota, cellular health, and
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spacecraft materials over extended periods require thorough investigation (Bruggeman et al., 2016).
Technologies must be refined to strike a balance between effective microbial inactivation and preserving the
integrity of living systems and sensitive electronics aboard spacecratft.

The future of plasma—microbe research also lies in robust interdisciplinary collaboration. Combining expertise
in plasma physics, microbiology, materials science, and space engineering is essential for designing
experiments that simulate realistic space environments and interpret the results in meaningful biological
contexts (Fridman, 2008). For instance, microbial geneticists can identify specific mutations induced by
plasma, while plasma physicists can fine-tune exposure parameters to control biological effects.

Additionally, emerging tools such as omics technologies (genomics, proteomics, metabolomics) and Al-driven
data analytics can enhance our understanding of plasma-induced stress responses in microorganisms.
Integrating these tools into plasma research will offer detailed mechanistic insights and help identify
biomarkers of microbial adaptation or damage.

Finally, international cooperation among space agencies, research institutions, and private space enterprises is
vital to foster data sharing, technology standardization, and the development of comprehensive biosecurity and
planetary protection protocols. As space exploration ventures farther from Earth, our ability to harness plasma
technology safely and effectively will be crucial for the success and sustainability of human missions.

CONCLUSIONS

The study of plasma effects on microorganisms in space is integral to understanding the biological challenges
faced by life forms beyond Earth. As space exploration progresses, understanding how plasma, a fundamental
component of space environments interacts with microbial life becomes increasingly important.
Microorganisms, which are among the most resilient organisms on Earth, may not only survive, but also adapt
and evolve in response to plasma exposure in space. Plasma’s ability to generate reactive species such as ions
and free radicals can induce cellular damage, affecting DNA integrity, membrane stability, and overall
microbial physiology. These interactions offer valuable insights into microbial survival mechanisms in
extreme environments, shedding light on potential pathways for life’s persistence in outer space.

For space missions, the implications are far-reaching. Understanding microbial behaviour under plasma
exposure can influence spacecraft sterilization strategies, safeguard astronaut health by preventing microbial
contamination, and support the development of bio-regenerative life support systems that rely on
microorganisms for recycling waste and producing oxygen. Plasma-based technologies offer promising
applications in sterilization and environmental control, potentially transforming space exploration by providing
efficient, non-toxic solutions for long-duration missions.

Looking ahead, future research on plasma microbe interactions holds significant potential for astrobiology.
Studying extremophiles and their adaptability under plasma conditions could provide clues to the existence of
life in other parts of the universe, especially on planets or moons with plasma-rich atmospheres or radiation
belts, such as Mars or Europa. Interdisciplinary collaborations combining plasma physics, microbiology, and
space science will be essential for developing bio-compatible plasma technologies that support sustainable life
in space and further our understanding of the origins of life.
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