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ABSTRACT

Biofilms are self-organized communities of microorganisms that are encased in an extracellular polymeric matrix and often found attached to surfaces. Biofilms are
widely present on Earth, often found in diverse and sometimes extreme environments. These microbial communities have been described as recalcitrant or protective
when facing adversity and environmental exposures. On the International Space Station, biofilms were found in human-inhabited environments on a multitude of
hardware surfaces. Moreover, studies have identified phenotypic and genetic changes in the microorganisms under microgravity conditions including changes in
microbe surface colonization and pathogenicity traits. Lack of consistent research in microgravity-grown biofilms can lead to deficient understanding of altered
microbial behavior in space. This could subsequently create problems in engineered systems or negatively impact human health on crewed spaceflights. It is
especially relevant to long-term and remote space missions that will lack resupply and service. Conversely, biofilms are also known to benefit plant growth and are
essential for human health (i.e., gut microbiome). Eventually, biofilms may be used to supply metabolic pathways that produce organic and inorganic components
useful to sustaining life on celestial bodies beyond Earth. This article will explore what is currently known about biofilms in space and will identify gaps in the
aerospace industry’s knowledge that should be filled in order to mitigate or to leverage biofilms to the advantage of spaceflight.

1. Introduction

Multiple biofilm studies in the spaceflight environment have been
reported in the past decade [1]. In 2010 and 2011, Space Shuttle Atlantis
flew biofilm studies of Pseudomonas and Staphylococcus spp via the
Micro-2 experiment, and the follow-on study Micro-2A [2] for the pur-
pose of characterizing biofilm and determining phenotypical micro-
gravitational effects. This study resulted in the description of
column-and-canopy microgravity biofilms, more than 10 years after
the first scientific study on biofilms under microgravity that flew on
Space Shuttle Discovery’s 25th flight [3]. Most recently, biology
spaceflight experiments have chosen to study transcriptomic changes,
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such as the study by the University of Colorado Boulder [4], which
focused on the gene expression changes caused by spaceflight in
Escherichia coli. Space agencies other than the National Aeronautics and
Space Administration (NASA), such as the European Space Agency
(ESA), have also shown interest in spaceflight biofilms. Surface mate-
rials, such as laser-patterned copper, steel, and brass, are to be studied
via the experiment BIOFILMS (Siems et al., 2022) at the International
Space Station (ISS). This study will focus on different material’s resis-
tance to biofilm under microgravity. Materials, biofilm phenotype, and
transcriptomic studies all take place under spaceflight conditions to
inform researchers and agencies on the best paths to mitigation, and on
the conditions that may affect biofilm development. The diversity of
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experimental designs, including a range of microorganisms and tran-
scriptomic targets, results in data gathering and analysis challenges. The
broad scope and directions in these studies—including different micro-
bial metabolisms, nutrient media, species, and methods—provide large
data sets, albeit with sparse information. These studies provide insight
into the impact of space environments on microorganisms, but we are
still challenged for a full understanding of the importance of biofilm in
space.

Microbial biofilms can exhibit resistance to harsh environments such
as UV radiation, varied pH levels, extreme temperatures, nutrient limi-
tation, starvation, high salinity, and pressurized environments (Yin et
at., 2019). Such flexibility in environmental tolerance represents an
issue in treating biofilm and building habitats that are less propense to
such biocontamination. On the other hand, some biofilms may be
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optimal for processing and engineering, as seen in sewage systems on
Earth containing biofilms that take part in biodegradation of organic
matter. However, these biofilms can also contain and transport antimi-
crobial resistance genes that may affect microbial processes as part of
wastewater treatments [5]. Beneficial biofilms can also be engineered
and applied in microbial fuel cells, bioremediation, and certain food
product bioprocesses [6-8].

Biofilm presence on surfaces can affect hardware and other mission-
critical materials, potentially leading to failures in industrial and clinical
systems [9,10]. In space systems, surfaces include water recycling
hardware, hatch locks, control panels, electrical connectors, oxygen
electrolysis blocks, thermal control system radiators, extravehicular
activity (EVA) suit headphones, and the navigation window [11,12].
These components are vital for supporting life in space due to their

Fig. 1. Schematic of areas that can come
into contact or sustain biofilm growth
during space habitation. (A) The Water
NAs A Processor Assembly is an important part in

S the production of potable water and urine
recycling for sustaining astronaut life. (B)
Showers/cleaning devices are used to sup-
port astronaut hygiene. (C) Medical kits are
carried on missions and medicine/medical
attention is an important operations and
mission planning. (D) Air conduits and
collection of humidity condensate are a part
of water and air system for life sustainabil-
ity. (E) In-situ resource utilization (ISRU)
will sustain production of needed materials
from resources found where the habitat is
situated. (F) Crop production in space en-
compasses the challenges of gathering the
necessary compounds and conditions to
grow nutritious food in space. Some plants
benefit from biofilm although some micro-
organisms may be considered an infectious
plant threat. (G) Food production and ship-
ment, similarly to food crops, require safety
measures and may benefit from in-situ pro-
duction of specific nutrients. (H) Walls in the
ISS have shown fungal growth before [13]
and considering interior/exterior walls that
may contain proliferating organisms is of
importance for maintenance of a habitat (I)
Urinals and full toilets are part of mission
planning and contain surfaces that get dirty
but also provide matter that can be reused
(J) Part of urinals, air, and water systems are
the individual components of Environmental
Control and Life Support Systems (ECLSS)
which contain hosing, heat exchangers, fil-
ters, and entire units with wet surfaces were
biofilms may thrive (K) Other dry or humid
surfaces may exist in the interior, especially
science  cabinets and  technological
equipment.
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ability to supply water, air, and crucial mission controls (see Fig. 1). Due
to the risk that biofilms represent to system performance, it is critical to
continue studies aimed at understanding the biofilm life cycle, physi-
ology, and effects on surfaces in addition to developing potential miti-
gation practices.

The pathogenesis of biofilms in space may directly affect astronaut
health and wellbeing. However, the effects of biofilms on health in
differing gravities are only partially understood due to the limitations of
microgravitational studies as well as the complexity of working with
biofilms composed of different species and describing their similarities
under varying conditions [14,15]. In contrast to system and health risks,
enhancing biofilms for food production (i.e., nutrient production/ex-
traction and plant microbiology) may enable more autonomous and
longer lasting space exploration [16-18]. With the proposed exploration
of the Moon and Mars, the Artemis missions, and potential new space
habitats, microbial monitoring and controls are sought for sustainable
space operations [19]. This article will explore the current research
about biofilms on wet and dry surfaces, the impact of microgravity on
virulence, and how this impacts astronaut health (see Fig. 1). Further-
more, we will discuss the opportunity to use biofilms as a potential
strategy in in-situ resource utilization and will explore if the fundamental
aspects that define biofilms on Earth are translatable to how biofilms
form and function in space.

2. Wet surfaces

Spaceflight hardware used during missions may have surfaces in
direct contact with liquids such as crew water and fuels, which put
surfaces at risk for microbial contamination, propagation and biofilm
formation. The study of this contamination is also a part of Planetary
Protection risk mitigation activities [20]. In other industries, materials
such as stainless steel and aluminum alloys, common fuel tank materials,
have been studied for susceptibility to abiotic and biotic corrosion [21,
22]. However, these conditions are not well understood in microgravity
or partial gravity. Constant wet surfaces that can be considered in
crewed missions are those related to the Water Recovery and Manage-
ment System in the ISS. This structure contains a Water Recovery System
(WRS) and produces potable water from urine that can be used for
drinking, cleaning, oxygen generation or payloads as required [23]. In
recent times, parts related to the WRS have been grounded due to bio-
film obstructions [11]. Such was the case of the filter for the External
Filter Assembly in 2011 (Weir et al., 2012) and the obstruction of a
solenoid valve in the Mostly Liquid Separator in 2009 [11]. Grounding
equipment for refurbishment entails receiving the equipment on Earth
and making sure that a replacement can be sent back to the space system
if needed. Such services can cause delays, increase mission costs, in some
cases risk crew safety and furthermore lack feasibility as missions in-
crease in duration and distance from Earth. In addition to water systems,
other liquid systems are challenged by biofilm. Biofilm contamination
has been observed in aircraft fuel tanks [24] and microbial contamina-
tion of propellants has been studied by NASA [20].

In the case of future space missions, especially those that cannot be
serviced due to mission distances, systems must be able to resist or limit
an influx of microorganisms and continue their intended function for
uninterrupted periods of time under varying conditions in space. Mul-
tiple efforts have been made to mitigate and treat biofilms in WPA
systems such as UV LED treatment in the wastewater tank and antimi-
crobial coatings [25-27]. However, research in space systems is chal-
lenged by a changing microbiome caused by rotating crew members
[28] and due to fluctuations of nutrients and inhibitory compounds in
wastewater that can influence survival of individual microbial species
[29]. Biofilm-related studies can contribute to the identification of
knowledge gaps in the way that biofilms are tested, the role of micro-
gravity in microbial behavioral, and how different species affect the
outcome of such results. Nevertheless, standardized methods of vali-
dating water biofilm technologies are needed to bridge gaps in varied
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testing control groups. Robust contamination control and system as-
sembly requirements can be part of the strategies for mitigating the
water system bioburden which is conducive to biofilm formation.

2.1. Knowledge gaps

a. Gravitational effects on biofilm formation. Life support systems
will be used in Moon and Mars habitats during deep space explora-
tion under varying gravity regimes. Therefore, multiple modes of
biofilm gravity systems and the impact on biofouling in wetted sys-
tems must be understood.

b. Microbial growth during system dormancy. Liquid systems in
future missions may not be in constant use and wetted surfaces may
stand stagnant or empty during system shutdown. Biofilm and con-
trol practices in systems prior to, during, and following system
dormancy have not been fully studied [12] and is a current area of
active research.

c. Contamination control and engineering requirements for bio-
film prevention. Space systems undergo manufacturing and as-
sembly procedures that can be modified to include contamination
control and human factor requirements. Such requirements for
spacecraft systems are not uncommon, but requirements for hard-
ware in water systems do not yet exist or have not been published.

d. Sensors, astronaut interface, and potential machine learning
(ML) for biofilm detection. If there are ongoing biofilm re-
quirements that span the entirety of a mission, biofilm monitoring
could enhance abilities to detect problems prior to system failure. As
monitoring is not yet autonomous, such systems would need an
interface for the astronauts to use. In the future, potential ML fea-
tures could help anticipate issues and alarm of any operational risks
or enable a more straightforward decision pipeline in case of failures
or failure anticipation.

3. Dry surfaces

Because biofilms generally thrive in continuously wet or moist con-
ditions, dry surfaces tend to represent an unfavorable environment for
biofilm formation. However, dry, hard, and nonporous surfaces on the
ISS can be intermittently damp due to fluctuating humidity levels and
frequent human contact during normal usage [30]. Currently on the ISS,
surface swabs are used to quantify surface-associated microorganisms
[31]. reported the top three most frequently isolated genera of bacteria
recovered were Micrococcus, Bacillus, and Staphylococcus. The top three
fungal genera recovered were Hyphomycetes, Aspergillus, and Penicillium
[31]. In other recent studies, different microorganisms seem to pre-
dominate but overall, the community has been shown to consist of
human-associated microorganisms, which can be transient or enduring
and consist of various types of bacteria and fungi [32-35]; UC Boulder
Space Biofilms, 2019, [36,37]. Furthermore, the community make up
can fluctuate with the crew make up [28]. As determined by a consensus
of NASA experts, the acceptable limit for surface-associated bacteria is
set at 10,000 CFU/100 cmz, and surface-associated fungi is set at 100
CFU/100 cm? [30,31]. For the purposes of this review, we focused on
dry biofilms formed on surfaces in the ISS, including ceilings, walls, and
other high-touch surfaces. Several studies have been conducted or are
currently underway that aim at understanding the characteristics and
implications of these biofilms [31,34,35].

While there are studies ongoing to understand the inherent science of
the biofilms aboard the ISS, it is critical that we understand how to
control them. This includes understanding how microorganisms become
deposited on surfaces, which is likely through means of direct contact
and air circulation since aerosol settling is not a factor in microgravity
[38]. There are also questions regarding the importance of the surface
material in the development and morphology of the dry biofilm [11]; UC
Boulder Space Biofilms, 2019; [39]. Once deposited, it needs to be
assessed how the ‘sticky’ matrix can hold the microorganisms in place.
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Furthermore, evaluation of how the biofilms can collect organic and
other materials as well as nutrients is important [11]. Possible detri-
mental impacts of biofilm growth have been identified, including (1)
microbially induced corrosion (MIC) or blockage of mechanical com-
ponents, (2) detriment to human health through infection or allergy
response, (3) potential to harbor pathogens to both humans and plants,
and (4) the development of antimicrobial resistance [39-41].

Given these risks of dry biofilms, measures are taken on the ISS to
manage biofilm growth. The ISS makes use of humidity and condensa-
tion controls, high efficiency particulate air (HEPA) filters, and clean-
able surfaces as well as precleaning materials sent to the ISS [30,34,42,
43]. Lastly, measures are taken to frequently clean the ISS using a va-
riety of methods [31] that in short include weekly or daily cleaning with
disinfecting wipes and vacuuming for larger debris [44]. In the context
of a biofilm, it is not always possible to distinguish between sanitization
(i.e., killing or inactivating cells) and surface cleaning (i.e., removing the
dried biofilm). Some chemistries and procedures kill viable cells but do
not remove the matrix (e.g., quaternary substances, most antimicrobial
surfaces), some remove the matrix but do not kill the cells (e.g., scrub-
bing with a microfiber cloth), and some do both (e.g., bleach). Given
that wipes are frequently employed on the ISS, it is presumed that this
provides mechanical removal of the dried biofilm, and thus is beneficial
in achieving both aims. Finally, precaution must always be taken to
consider the toxicity of the compounds used for cleaning, especially
when cleaning with volatiles within a closed system like the ISS [39].

While antimicrobial surfaces have been extensively explored as an
approach to control microbial contamination on hard, non-porous, and
high-touch surfaces in a hospital environment, the use of antimicrobial
surfaces has not yet been implemented on the ISS [39,45]. However,
studies by the European Space Agency (ESA) and Boeing are ongoing
aboard the ISS to assess the antimicrobial nature of materials for use in
future applications [46,47].

Given that we cannot assume that what is known about dried bio-
films on Earth translates to dried biofilms on the ISS, the following as-
sumptions on the knowledge gaps are made.

3.1. Knowledge gaps

a. Microbial surfaces. There is no data to answer how the unique
environment on the ISS impacts the development or prevalence of
dried biofilms. Additional studies are required to address how
microgravity impacts surface colonization and the matrix of dried
biofilms as well as biofilm responses to antimicrobial surfaces.

b. Long-term effects. Research is needed to determine how surface
communities change over time and if their survival mechanism is
through community structure and composition, lateral gene transfer,
or mutations. It is also of critical importance to understand evolu-
tionary biology in terms of partial gravity, increased radiation, and a
possibly altered chemical environment beyond low Earth orbit (LEO)
impact biofilm growth.

c. Medical surfaces. On-board sterilization protocols need to be
developed in the event that a surgical procedure is needed for a crew
member. This becomes a significant consideration in the future for
space travel beyond LEO. Surfaces for surgery and surfaces of im-
plants or of tools must also be considered with regards to cleaning
reusable medical devices.

4. Impact to astronaut health and other considerations

Biofilms are ubiquitous and play various roles in natural and human-
engineered environments. While not all biofilms raise concerns for
human health on Earth, they are generally known to have enhanced
chemical/drug resistance, persistence, and virulence [48]. In particular,
biofilms are often considered to be a serious threat for chronic infections
associated with drug resistance [49-55]. Biofilm matrices are composed
of biomolecules such as extracellular polysaccharides, nucleic acids,
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secreted proteins, and lipoproteins [56] and provide protection for the
biofilm communities from environmental stress (pH, osmolality, fluid
shear, antibiotics, etc. [57] or host immune cells [58]. It allows reduced
drug susceptibility and microbial persistence that can contribute to
long-term microbial adaptation and genomic modification over gener-
ations [54,59,60]. Numerous studies showed changes in microbial
properties with biofilm formation, which includes consistent expression
of efflux pumps, entering dormant states, shifting to alternative meta-
bolism, and stress responses that are directly or indirectly associated
with microbial virulence [53,55,57,61,62]. Thus, biofilms increase
infection risk and biofilm formation in human living environments can
negatively impact human health and performance, both in Earth &
non-Earth environments [49,50,54,63]. In addition, biofilms can clog
filtration systems or corrode system materials [64-66]. While mechan-
ical removal is an effective way to control biofilm formation on
easy-to-reach surfaces, it is not easy to apply to an isolated, semi-closed
or closed-loop environment such as spaceflights or human habitats
beyond Earth. Biofilms clogging filtration systems, corroding system
materials, or causing infection can be life-threatening for astronauts
relying on the life support systems for their survival [67,68].

Such adverse effects, particularly biofilms involving pathogens, are a
serious concern during a long-term space mission, and it is critical to
find effective ways to control the microbial load and biofilm formation
in the space environment for the success of long-term space missions far
from the Earth. Enhancing our understanding of biofilm formation,
survival, and changes adapting to non-Earth environments will improve
risk assessments of biofilms and mitigation strategies, leading to success
of the currently planned and future long-term missions. Here, we list
several aspects of biofilm formation that raise concerns for sustainability
of human health and life support systems: 1) increase in both tolerance
and resistance to some physical, chemical and biological treatments, or
to host immune response [55,60,61], 2) higher densities and decreased
cell-to-cell distance within biofilms can enhance horizontal gene trans-
fer (HGT) which in turn could lead to increased virulence and drug
resistance, 3) long-term microbial interactions within the biofilm com-
munity could promote evolutionary fitness within the population in the
given closed system [60].

Current studies show alterations in virulence-associated microbial
properties, gene expression, or biofilm formation in the spaceflight or
spaceflight analogue environment [69-72]. For example, Salmonella
spp. grown in the ISS showed upregulated gene expression associated
with biofilm formation such as wca/wza, ompA, fim genes and subse-
quent biofilm formation, as compared to synchronous ground control
[71]. Candida albicans, a commensal yeast and common causative agent
of fungal infection that was flown to the ISS showed enhanced cell ag-
gregation, an increase in cell growth, and resistance to the antifungal
Amphotericin B, as compared to terrestrial controls [73,74]. Moreover,
studies utilizing spaceflight analogue cell culture devices such as the
Rotating Wall vessel showed that Escherichia coli, Listeria monocytogenes,
Enterococcus faecalis, and Staphylococcus aureus strains altered patho-
genesis or virulence potential after being cultured in simulated space-
flight conditions [71,75,76].

However, some studies have not found definitive evidence suggest-
ing significant alterations in microbial virulence or antimicrobial char-
acteristics relevant to human health under space station conditions [77,
78] or found a reduced virulence potential of Yersinia pestis or S. aureus
rather than enhanced [79]; Castro et al., 2011). For example, Mora and
co-workers used metagenomic analysis and several physiological tests
including antibiotics susceptibility and heat-shock resistance test and
showed that the ISS microbial communities are highly similar to those
present in the ground-based environment [77]. The authors found that
microbial diversity, distribution, microbial genetic characteristics,
extreme tolerance, and antibiotics-resistance were not significantly
different as compared with ground controls, thus suggesting that the
genomic and physiological features of the ISS microbes may not impact
human health in ways different from those on Earth [77]. Also, some
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studies on US space shuttle missions [80] reported a shorter lag phase
and longer exponential phase in E. coli compared to ground control,
while other studies found no difference in both phases in E. coli affected
in spaceflight [81,82]. Nevertheless, there is a general consensus that
microgravity condition presents an intrinsic risk of biofouling and bio-
film formation due to reduced fluid dynamics in reduced gravity con-
ditions [83], thus impacting system material integrity and human health
and posing a potential risk to mission success [77,84,85]. Although
Mora et al. did not find a direct different genetic or functional capacity
between the ISS microbes and Earth microbes, the authors agreed with
microbial adaptations toward biofilm formation.

Biofilms in nature do not commonly exist as pure cultures, but rather,
as heterogeneous polymicrobial populations. Inter-kingdom biofilms
also exist, where bacteria, archaea, fungi, phages and other viruses co-
exist [86]. Interactions of mixed communities of microorganisms have
been shown to affect biofilm functional characteristics, including drug
resistance and morphology [87]; Burmglle et al., 2016; [85,88]. For
example, a recent study conducted dual- or multispecies biofilm for-
mation assays using six ISS potable water bacteria and showed that
robustness of community biofilm formation was influenced by syner-
gistic biofilm formation with different species such as Cupriavidus,
Chryseobacterium, and Ralstonia spp [89]. Interestingly, this work found
that predation by phage or predatory bacteria did not selectively remove
specific bacterial community members, suggesting emerging properties
of the multispecies biofilm community [89]. Indeed, Burmglle et al.
documented that multispecies biofilm led to emergent properties that
are triggered by bacterial social interactions and do so with the existence
of a plethora of different bacterial species together [90-94]. For
example, a study reported Pseudomonas aeruginosa-dependent induction
of the S. aureus virulence factors Panton-Valentine leukocidin and
a-hemolysin [95], and C. albicans-induced downregulation of CodY
resulted in enhanced biofilm formation and virulence by S. aureus [96].
It is clear that the function and behavior of polymicrobial biofilms is
highly complex and the characteristics of multispecies microbial com-
munity are not necessarily additive of those of the individual members.
Therefore, in order to effectively control polymicrobial biofilms, it will
be important to have mechanistic understanding of polymicrobial in-
teractions, properties of complex communities, and long-term adapta-
tion and evolution within the mixed-species community, [97]; Limoli
et al., 2017; Botelho, Grosso & Peixe, 2019; Frydenlund, 2016; Dam-
kiaer et al., 2013).

Conjugation, as well, can affect bacterial chemical/antimicrobial
sensitivities and growth [98,99]. De Boever and others have docu-
mented that plasmid conjugation can occur in microgravitational envi-
ronments [100]. This was initially documented during a single in-flight
experiment in which statistical data could not be analyzed due to the
ground control’s lack of transconjugant growth. Therefore, it remains
unclear whether the conjugation efficiency was altered compared to
efficiency of conjugation in ground controls. This prior study, as well as
metagenomic analysis of microbial communities on the ISS, showed that
plasmids were present as expected in other microbial communities in a
closed environment [84]; Venkateswaran et al., 2014). Moreover, even
plasmids present as free deoxyribonucleic acid (DNA) were shown to be
stable in launch conditions (Thiel, 2014). An extensive map of the mi-
crobial composition of the ISS surfaces and some crewmembers’
microbiomes has been compiled from various studies from 2014 to 2021
[40]; Danko et al., 2021; Morrison et al., 2021 [84]; Venkateswaran
et al., 2014). These compositional studies and characterization of ge-
nomes in ISS-derived microbial isolates indicate the presence of
drug-resistant, potentially pathogenic microorganisms. It also identifies
the locations of biofilms that can harbor those microorganisms such as
hard surfaces and air samples.

NASA has also identified increased immune dysregulation as a threat
to crew safety and mission success, and, as biofilms increase infection
risks and microgravity condition may alter microbial characteristics,
gene expressions, and biofilm formation [85]; Yi et al., 2016), biofilm
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may represent a risk to astronaut health. Therefore, as NASA shifts the
focus towards long-duration missions beyond LEO, it is imperative that
the altered host-microbe interactions brought on by
spaceflight-associated environmental factors are understood for mission
risk evaluation. Still under study, there are other factors such as how
reduced gravity affects biofilm structures, biomass, and properties
associated with drug resistance and virulence. Terrestrial-based simu-
lations of microgravity have been a case of debate as platform perfor-
mance of weightlessness is still a base for testing in itself [101].
Consequently, this could point to experiments with incomplete models
of the environmental stresses that bacteria, archaea, viruses, and fungi
experience during spaceflight. Additionally, the logistics of performing
experiments in space are challenging and may introduce confounding
variables, making results more difficult to interpret.

This combination of potentially altered biofilm formation, accumu-
lation of virulence and resistance traits, and decreased human immune
effectiveness during spaceflight is a concern for crew health on long-
duration missions. To mitigate this, further studies must be performed
to evaluate if the results and trends observed are reflective of the effects
of spaceflight conditions. This added level of knowledge will allow
NASA to assess and address risk more accurately in future missions and
programs.

4.1. Knowledge gaps

a. Increased virulence of pathogens in microgravity environment.
Metabolism and behavior of microorganisms is altered in response to
microgravity environments. However, the effects of a microgravity
on virulence and drug resistance warrant further investigation
(Simoes and Andre, 2021) and future studies should assess a diverse
range of pathogens to account for the variable strategies that
different microorganisms employ to adapt to different gravitational
conditions.

b. Effect of polymicrobial biofilms. Biofilms in nature most
commonly exist as complex microbial populations that interact with
neighboring cells. Ecological success within the polymicrobial com-
munity can change the community characteristics thus impacting
human health and space systems operation. An improved under-
standing of polymicrobial biofilms and how biofilm properties are
affected by the surrounding environment and community members
is needed.

c. Importance of horizontal gene transfer (HGT). While the mech-
anisms and regulation of HGT have been explored under normal
gravity, the effects of reduced gravity on such transfers are virtually
unknown. All major types of horizontal gene transfer are tightly
regulated (Frost, 2010; Lopatkin, 2016; Sysoeva, 2020) and are
affected by the metabolic state of the cells. It was shown previously
that bacterial physiology is altered upon gravity changes [4,102,
103]. Therefore, the efficiency of HGT might be strongly affected,
suggesting that commensal and pathogenic bacteria might have an
increased capacity to obtain drug- and metal-resistance genes.
Moreover, HGT in a biofilm environment is an actively developing
area of research. Thus far, it has been revealed that, even in Earth’s
gravity, numerous factors contribute to the apparent efficiency of
HGT in biofilms. It is unknown how these factors interplay in the
absence or reduction of gravity.

d. Effect of long-duration studies. While microbial interactions may
appear stable in short-term studies, their relationship may be more
dynamic in longer-term setting [97]; Limoli et al., 2017; Bithelo
et al, 2019). For example, a recent longitudinal study using
P. aeruginosa clinical isolates from cystic fibrosis patients suggested
that the long-term development of metabolic divergence contributed
to cooperative interspecies interactions that evolved over decades
(Frydenlund et al., 2016; Damkiaer, Molin & Jelsbak, 2013). Such
microbial dynamics and changes in the relationship among the
members within a biofilm community are critical to better
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understand the functions and long-term effects of microbial com-
munity in human habitats, both on Earth and in space. The ISS is a
good study platform for longitudinal experiments.

5. In-situ resource utilization (ISRU)

Although biofilm formation is often seen as a negative occurrence,
biofilms could potentially play a positive role in space travel through
their use in various in-situ resource utilization (ISRU) procedures. ‘Bio-
mining’ is the blanket term for the processes by which a biological
system (such as biofilm) extracts and recovers desired metals or other
resources from the environment including rock ores [104]. This process
can be divided into the more specific methods of bioleaching and
bio-oxidation, which are both currently in use on Earth [105]. When it
comes to extracting useful metals in space, biomining might be more
advantageous than traditional mining methods because it has lower
energy demands, less toxicity, and takes up less equipment area [106].
Bioleaching removes the target compound by oxidation or reduction
processes. ESA has conducted biomining studies aboard the ISS, finding
that gravitational conditions did not prevent effective bioleaching of
vanadium (an element of interest due to its strength and resistance to
corrosion) from basalt rock [107]. Two of the bacterial strains that were
used in the biomining bioprocess increased vanadium leaching up to
283% [108]. Data from this project, called BioRock, shows that bio-
mining “may be possible on a large scale in space,” which could enable
the extraction of the elements necessary to human survival outside of the
Earth [106].

Aside from biomining, biofilms can be utilized in space exploration
and ISRU through bioregenerative life-support systems [12,109]. For
example, some bacteria are involved in the production of methane, at
the same time, methane can serve as fuel for some propulsion systems, as
such cyanobacterial biofilms have been considered suitable candidates
for methane production and subsequent use as fuel (Keller et al., 2021).
In another example, Mars dust has been seen as a risk to crewed Mars
missions. Therefore, in a related study, an area of the Mars-like Mon-
golian desert sand was seeded with cyanobacteria. Within fifteen days, a
stable and wind-resistant crust that prevented the release of dust parti-
cles was produced [110]. Racks of these crusts could be used to filter air
by removing dust from the atmosphere as it passes through. Microbial
crusts and biofilms could also aid in extraterrestrial plant growth and
regolith-to-soil processes, aiding in both morale and survival for astro-
nauts [111]. The employment of microorganisms, often as biofilms, has
been proposed for the production and recovery of resources such as
oxygen, food, energy, and building materials, but also in biomining,
wastewater recycling and even terraforming [16,112-115]. For extra-
terrestrial food production, photosynthetic bacteria such as Arthrospira
platensis and Arthrospira maxima (together forming the nutrient-rich
supplement, spirulina), have been identified as a complimentary op-
tion to plant-based space farming [116]; Way et al., 2011).

Production of medicines on Mars to avoid degradation by radiation
and temperature variations will be imperative to preserving astronaut
health and safety [117]. Many pharmaceutical molecules can be pro-
duced efficiently on-demand using compact microbial bioreactors
[118-120]. The methylotrophic yeast Pichia pastoris could potentially be
a production host for medicines, metabolites, and materials on Mars due
to its metabolic versatility [113]. P. pastoris can grow on methanol,
derived from methane, which is a possible ISRU product on Mars ([112,
121]. Biomining and bioremediation for extraction of rare Earth ele-
ments, extraction of precious metals, and removal of perchlorate are also
important strategies for bio-ISRU. Several microorganisms have been
utilized in proof-of-concept experiments for biomining on Earth as well
as the proving-ground of the ISS [105-108,122-126]. In particular,
Acidithiobacillus ferroxidans, Cupriavidus metallidurans, Shewanella onei-
densis, and Sphingomonas desiccabilis are promising; most of these species
perform chemolithotrophic leaching. Due to the approaches mentioned
here, as well as many other potential applications, biofilms and
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microorganisms in general have potential value in space ISRU.
5.1. Knowledge gaps

a. Impact of external materials on Earth originating microorgan-
isms. As humans aim to return to the Moon and eventually travel to
Mars, it is inevitable that microorganisms will be delivered to these
surfaces. Thus, microbial associations and interactions with external
materials such as regolith, rocks, and minerals that are not terrestrial
should be explored to understand their effects on microbial growth.
Furthermore, it is unknown which influence microgravity and partial
gravity (present at the Moon or Mars) along with radiation beyond
LEO will have on microbial growth [38,125,127-129].

b. Mars In-situ Resource Utilization (ISRU). ISRU systems are
currently being developed to convert organic Martian resources into
chemical products useful to contemporary technologies. The Martian
atmosphere contains inorganic carbon and molecular nitrogen, but
the surface of the planet does not contain the same organic molecules
as Earth, which has presented a challenging problem [130]. With this
knowledge, the manufactured bioprocesses would need to perform
under the harsh conditions on Mars while also fitting the strict re-
quirements of space travel [130]. In addition, available materials,
efficiency, and quality are important factors when evaluating the
process and choice of microbial cell processes [130]. While some
bacteria have proven partially effective, it is still unknown what
combination of microorganisms would be best suited to the atmo-
spheric and surface conditions of Mars.

6. Biosensors

A recent review of biofilm control strategies for extended spaceflight
missions identified the need for biofilm detection and monitoring stra-
tegies within critical life-support systems such as water recovery, envi-
ronmental control, and life support [12]. Several questions were posed,
such as if planktonic and biofilm growth can be differentiated to better
inform control strategies and assess potential problems prior to system
failure.

Ideally, sensors for monitoring biofilms in spaceflight missions
would be real-time, non-invasive, robust, miniaturized, autonomous,
able to withstand extended missions, able to withstand dormancy, and
have low power needs [131]. reviewed the latest technology in 2020 for
detecting, imaging, and sensing of biofilms. They divided sensor systems
into three broad categories: optical, electrochemical, and mechanical
[131].

1. The optical systems included modified reflectance confocal micro-
scopy as well as a variety of spectroscopy systems including Raman,
Brillouin, fiber optic evanescent wave, and synchrotron radiation
Fourier transfer infrared spectroscopy methods (Yawata et al., 2010;
Mattana et al., 2017; Zhong et al., 2016; Keirsse et al., 2003; Holman
et al., 2009). While informative on molecular identity and quantifi-
cation, these methods are not suitable for spaceflight missions
because of the need for manual operation, size of the equipment
(bulky), extensive data collection (increased computer memory re-
quirements), and extensive need for data processing.

2. Electrochemical sensors measure the change in electric potential due
to chemical reactions, coupling a chemically selective layer to an
electrode, which acts as a transducer. For biofilm research, three
main electrochemical methods are often employed: a) electro-
chemical impedimetric systems that measure changes to the oppo-
sition of an electrochemical system to an alternating electrical
stimulus; b) potentiometric systems measure the electrochemical
potential between a reference electrode (defined potential under any
environmental conditions) and a working electrode, where the po-
tential depends on the growing biofilm under static conditions; c)
amperometric systems measure the oxidization and reduction
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processes of electroactive analytes such as biofilms (van Duuren
et al., 2017; Schott et al., 2019; Poma et al., 2020; Bruchmann et al.,
2015). These sensors have several advantages in that they are robust,
non-invasive, offer high sensitivity, have high selectivity, provide a
rapid response, have low power requirements, and may be minia-
turized using a micro-fabrication process.

3. Mechanical biofilm detection systems are based on microgravimetry,
measuring the amount of biofilm mass formed on piezoelectric films.
Several techniques have been employed in biofilm monitoring,
including the use of quartz crystal microbalances, quartz tuning
forks, and surface acoustic wave sensors (Ripa et al., 2020; Gula
et al., 2012; [132]. These sensors are low cost and offer real-time
data. However, their integration into spaceflight systems is chal-
lenging due to required crew interaction and low vibrational toler-
ance. This could also be the case with non-impedance-based sensors.

Electrochemical impedance spectroscopy sensors offer great promise
within the constraints of spaceflight, and they have been commonly used
for biofilm detection [131,133,134]. Impedance sensors can be micro-
fabricated using matured semiconductor technologies, resulting in the
precise manufacture of small (~ nm to pm feature sized), lightweight,
highly sensitive, minimally invasive sensors that require low power
(~<50 mW) to operate. The use of electrochemical impedance spec-
troscopy takes advantage of the complex behavior of biofilm growth and
attachment. It can also differentiate between free-floating (planktonic)
bacteria and biofilm growth, modeled as electrochemical phenomena
(see Fig. 2).

Furthermore, commercial impedance spectroscopy devices are
available such as xCELLigence RTCA (Agilent Technologies, Inc.),
DropSens (Metrohm DropSens, S. 1.), and Palmsens (Palmsens BV).
However, these have not yet been applied to spaceflight systems. Elec-
trochemical impedance sensor materials and geometries can be fabri-
cated with on-demand additive technologies such as 3D or inkjet
printing. This would allow crew members to fabricate new sensors on-
demand, requiring only the raw materials to be transported to space.

6.1. Knowledge gaps

a. Microgravity and radiation effects. Several challenges must be
overcome prior to the deployment of impedance-based biofilm
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sensors in critical water recovery and life-support systems. It is un-
known how these systems function in microgravity. Since electro-
chemical impedance measures biofilm surface interactions, the effect
of microgravity may not be an issue. Proposed timescales for
spaceflight operations vary from a few days to a few years, thus
landers, gateway stations, and spacecraft may be dormant for
extended time periods [135]. Therefore, the sensors must be robust
or exchanged at the end of their functional lifespan to remain
operational. On the other hand, effect of ultraviolet or gamma ra-
diation as a biofilm control strategy within water systems could
affect the sensors [136]. The systems should be investigated for any
photochemically-generated residual effects on measurements. Inte-
gration and material compatibility of spaceflight modules must be
addressed to ensure stable, long-term sensor operation. If biocides or
coatings are to be used, these must be tested with the sensors to
determine their potential impacts on resistance or capacitance of the
system in addition to corrosion and sensor degradation.

b. Crew interface. To minimize crew time, the sensors could be
included in a platform that supports autonomous monitoring. This
system would detect when a biofilm development threshold is
reached, notify the crew, deliver biocide, and exchange sensors.

c. Biosensors against microbial consortia. Most studies using elec-
trochemical impedance-based biofilm sensors have focused on pure
cultures of microorganisms. More environmentally relevant mixed-
consortia studies are needed to identify microbial interactions and
effects on impedance measurements. System-based monitoring could
be achieved by combining electrochemical impedance spectroscopy
measurements with other microfabricated sensors to detect reduc-
tion reactions, oxidation reactions, oxygen levels, and nutrient levels
within the system. This would provide enhanced warning if any of
these levels reach critical thresholds.

7. Path forward

NASA has a long history of utilizing research and ‘lessons learned’ to
improve methods, build upon current procedures, and produce models
to develop best practices. Rigorous scientific study, coupled with a
continual willingness to examine and improve, are critical to answer
important questions in biofilm research. Ultimately, this will provide the
best chance of success for long-duration space missions when it comes to
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Fig. 2. (A) Equivalent complex circuit model of an electrode-electrolyte electrochemical impedimetric cell containing microorganisms and biofilm. Bacteria
contribute to different mechanisms at the interface and bulk solution in an electrochemical cell. (B) bacteria in close contact with the surface contributing to the
double-layer capacitance. (C) extracellular polymeric substance (EPS) production contributing to the double-layer capacitance. (D) planktonic growth contributing to
the bulk solution resistance. (E) proteins and macromolecules adsorption onto the electrode surface contribute to changes in the double-layer capacitance (Image

Credit: Matt McGlennen, CBE).
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biofilm mitigation and the use of microbial sources to sustain life.
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