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ARTICLE INFO ABSTRACT

Keywords: Microorganisms’ natural ability to live as organized multicellular communities — also known as biofilms — pro-

Microgravity vides them with unique survival advantages. For instance, bacterial biofilms are protected against environmental

SBurfac‘f topology stresses thanks to their extracellular matrix, which could contribute to persistent infections after treatment with
acteria

antibiotics. Bacterial biofilms are also capable of strongly attaching to surfaces, where their metabolic by-
products could lead to surface material degradation. Furthermore, microgravity can alter biofilm behavior in
unexpected ways, making the presence of biofilms in space a risk for both astronauts and spaceflight hardware.
Despite the efforts to eliminate microorganism contamination from spacecraft surfaces, it is impossible to prevent
human-associated bacteria from eventually establishing biofilm surface colonization. Nevertheless, by under-
standing the changes that bacterial biofilms undergo in microgravity, it is possible to identify key differences and
pathways that could be targeted to significantly reduce biofilm formation. The bacterial component of Space
Biofilms project, performed on the International Space Station in early 2020, contributes to such understanding
by characterizing the morphology and gene expression of bacterial biofilms formed in microgravity with respect
to ground controls. Pseudomonas aeruginosa was used as model organism due to its relevance in biofilm studies
and its ability to cause urinary tract infections as an opportunistic pathogen. Biofilm formation was characterized
at one, two, and three days of incubation (37 °C) over six different materials. Materials reported in this
manuscript include catheter grade silicone, selected due to its medical relevance in hospital acquired infections,
catheter grade silicone with ultrashort pulsed direct laser interference patterning, included to test micro-
topographies as a potential biofilm control strategy, and cellulose membrane to replicate the column and canopy
structure previously reported from a microgravity study. We here present an overview of the biofilm
morphology, including 3D images of the biofilms to represent the distinctive morphology observed in each
material tested, and some of the key differences in biofilm thickness, mass, and surface area coverage. We also
present the impact of the surface microtopography in biofilm formation across materials, incubation time, and
gravitational conditions.

The Space Biofilms project (bacterial side) is supported by the National Aeronautics and Space Administration
under Grant No. 80NSSC17K0036 and 80NSSC21K1950.

Microscopy

to each other while embedded in a self-produced extracellular matrix
(EM) [1]. These multicellular communities are highly organized and
possess unique survival advantages such as increased tolerance to
environmental stress due to their protective EM [1-3].

Biofilms have increased antibiotic resistance, which worsens in-
fections and poses a threat to human health [4]. In fact, 60% of all

1. Introduction

Bacteria can live as two types of populations: planktonic bulks (free-
living) or biofilms. Biofilms — the most common type of bacterial pop-
ulation found in nature — are clusters of cells adhered to a surface and/or
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Acronyms/abbreviations

EM Extracellular Matrix

FPA Fluid Processing Apparatus

FDR False Discovery Rate

GAP Group Activation Packs

1SS International Space Station

mAUMg-hi Pi modified Artificial Urine Media supplemented
with glucose and high phosphate

PA14 P. aeruginosa UCBPP-PA14 strain

PBS Phosphate Buffered Saline

PFA Paraformaldehyde

PI Propidium Iodide

USP-DLIP Ultrashort Pulsed Direct Laser Interfering Patterning
UTIs Urinary Tract Infections

microbial infections and 80% of chronic infections have been associated
with biofilm formation [2,5], urinary tract infections (UTIs) being one of
them [6]. The most common predisposing factor to develop a UTI is the
use of catheters [7,8], usually made out of silicone. The inside and
surroundings of the catheter, which accumulate urine, are ideal places
for bacterial strains like Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa to form biofilms and subsequently establish a
UTI [9], in particular in immunosuppressed patients [10].

Spaceflight, with exposure to microgravity and other space stressors,
has shown to cause dysregulation in astronauts’ immune system [11,
12]. Furthermore, microgravity can alter bacterial [13-16] and biofilm
behavior in unexpected ways [17,18]. For example, biofilms of
P. aeruginosa PA14 grown on cellulose membrane were reported in one
study to present a column-and-canopy structure in microgravity, not
previously observed on Earth [19]. A combination of these microgravity
effects poses a risk to astronauts’ health and mission success. Despite the
efforts to eliminate microorganism contamination from spacecraft sur-
faces, it is impossible to prevent human-associated bacteria from even-
tually establishing biofilm surface colonization. Remarkably, the third
most likely reason for an emergency medical evacuation from the In-
ternational Space Station (ISS) is urosepsis [20], sepsis caused by a se-
vere UTL

Because bacteria will come with us in space exploration, on short- or
long-term missions, it is necessary to understand the changes that bac-
terial biofilms undergo in microgravity to potentially identify strategies
for biofilm control [21]. The bacterial component of the Space Biofilms
project, performed at the ISS contributes to such understanding by
characterizing the morphology and gene expression of P. aeruginosa
biofilms formed in microgravity with respect to ground controls. Bio-
films were grown for one, two, and three days of incubation (37 °C) over
six different materials. This manuscript presents the morphology results
for biofilms grown on catheter-grade silicone (included in this experi-
ment due to its medical relevance), catheter-grade silicone with ultra-
short pulsed direct laser interference patterning (USP-DLIP) (to test
microtopographies as a potential biofilm control strategy and their effect
on bacterial/surface interaction), and cellulose membrane (to replicate
the previously-reported column-and-canopy structure observed on bio-
films formed in microgravity).

2. Material and methods
2.1. Biofilm culture conditions

Biofilms of P. aeruginosa UCBPP-PA14 were grown at 37 °C in
anaerobic conditions: one set on Earth’s gravity and another, equivalent

set, in microgravity on ISS. The culture medium for biofilms grown on
the materials reported in this manuscript was a modified artificial urine
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medium supplemented with glucose and high phosphate (mAUMg-hi
Pi), a urine-like medium. The composition of mAUMg-hi Pi used in this
experiment is described in Ref. [22]), and was adapted from the original
recipe of Kim et al. [19,23].

2.2. Biofilm formation surface materials

Three materials were tested as biofilm formation surfaces: (i) silicone
(catheter grade Dow Corning, Cat. Q7-4840), (ii) the same silicone with
a 3 pm line-like periodic microtopography generated by USP-DLIP
(henceforth referred to as silicone DLIP), and (iii) cellulose membrane
(Millipore, Cat. GSWP01300). The DLIP pattern was applied utilizing a
femtosecond pulsed laser source (Spitfire XP by Spectra Physics, 100 fs
pulse duration, 800 nm wavelength) and a two-beam interference setup
further described in Ref. [24,24]). Pattern periodicity was adjusted to 3
pm to closely fit the size scale of single bacteria cells. Planar patterning
was achieved by scanning the surface in a lateral hatching distance of
57% at a fluence of 0.8 J/cm? and 1 kHz pulse rate, inducing a pattern
depth of approximately 700 nm [22]. Silicone was cut into 1 cm? cou-
pons and the four corners were trimmed to facilitate integration into the
spaceflight hardware. Silicone DLIP was cut into 0.635 cm? coupons (no
edge trimming needed). Both, silicone and silicone DLIP, were washed
with 1% liquinox (Alconox Inc, Cat. 1201) and sterilized by autoclaving
at 121 °C for 30 min. Cellulose membrane coupons came sterile in circles
of 1.4 cm diameter that were ready to use. For more details about
coupon preparation and integration into the hardware refer to the
detailed methodology on [22].

2.3. Sample preparation and experiment performance

The sample preparation and performance of the Space Biofilms
project, including the biofilms grown in mAUMg-hi Pi relevant to this
manuscript, are described in detail in Ref. [22]). In brief, ground and
spaceflight samples were prepared using BioServe Space Technologies’
Fluid Processing Apparatus (FPA) and Group Activation Packs (GAP)
hardware. Each FPA contained one sample and was launched in a
three-chamber configuration that allowed to have the sterile growth
medium and tested material coupon, the liquid bacterial inoculum in
stasis, and paraformaldehyde (PFA) as fixative, in a separate fashion.
Loaded FPAs were assembled into the GAPs, launched, and stowed on
ISS at 4 °C until experiment activation.

Assembled GAPs were either kept on Earth as ground controls or sent
to the ISS. Samples that went to the ISS, were taken out of cold stowage
for experiment activation. The activation happened when the first and
second chamber were mixed to introduce the bacteria into the culture
medium followed by incubation at 37 °C for 25, 48, or 72 h. After the
respective incubation time, termination of the experiment was per-
formed by mixing in the third chamber to fix the samples, followed by
transfer to cold stow at 4 °C until processing. Ground samples were
performed asynchronously, 2 h after flight samples, to ensure the
microgravity timeline was followed as closely as possible.

2.4. Morphology analysis

After the spaceflight samples returned to Earth, both sets (flight and
ground) were prepared for confocal microscopy, described in detail in
Flores et al. [25]. In brief, samples were retrieved from the FPAs, gently
washed with phosphate buffered saline (PBS), then nucleic acids were
stained with propidium iodide (PI) and lipids stained with FilmTracer
FM 1-43 Green Biofilm. The stained samples were imaged using a
confocal microscope and the micrographs were used to quantify biofilm
mass, thickness, and surface area coverage using the software COM-
STAT2 [26-28]. Automatic thresholding was used for the COMSTAT2
analysis of cellulose biofilms, but a manual threshold was input for sil-
icone samples. The manual threshold was obtained by calculating the
mean intensity value of the top layers of the biofilm and subtracting two
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standard deviations, this was done due to a lack of a clear end of in-
tensity signal of the biofilm over the silicone. Data was non-parametric
and statistically compared between groups using Dunn’s Test with
Bonferroni correction.

3. Results and discussion

P. aeruginosa biofilms can have different morphologies depending on
the surface upon which they grow. This, in turn, can influence their
physiology [29-31]. Different morphologies range from biofilms look-
ing as low density porous patches or amorphous mountains on stainless
steel [25,32], high density porous mats on plastic [33], an even slimy
bulks on silicone [34]. Results show that the surface materials (silicone
vs cellulose) and surface topography (silicone vs silicone DLIP) had an
effect on P. aeruginosa biofilm morphology and confirm that the effect is
maintained in microgravity.

A summary of the median values of biofilm mass, thickness, and
surface area coverage per material is listed in Table 1. In the following
subsections we will discuss the main morphologic characteristics of
these biofilms.

3.1. Silicone and silicone DLIP biofilms

On Earth, P. aeruginosa was capable of establishing biofilms on both
silicone and silicone DLIP. For both materials, biofilms looked like a mat
covering almost all surface for all days of incubation (Fig. 1). One sim-
ilarity between biofilms of silicone and silicone DLIP, is the presence of
mounts/bulks of high nucleic acid concentration that can rise several
micrometres above biofilm surface. This bulks seemed to be formed of
intertwined filaments and occasional P. aeruginosa cells. It is possible
that these nucleic acid structures are formed by lysis of small parts of the
biofilm cells, in preparation for vertical growth as the stalk of a
mushroom-shaped structure [35,36]. On the other hand, a key differ-
ence of silicone DLIP biofilms is the distinct repetitive linear pattern of
valleys and peaks that follows the same pattern as the microtopography
of the surface (Fig. 2). On silicone the biofilm mat looks mostly smooth
with small clumps of cells, giving it a mottled appearance. The biomass
and thickness of biofilms on silicone DLIP tend to decrease in time, while
for biofilms on silicone there is no clear trend. The biofilm thickness

Table 1

Median values of biofilm biomass, thickness, and surface area coverage per day
and material. Results are presented as median (IQR = Q3-Q1). Biomass, thick-
ness, and surface area coverage were calculated from 3D microscopy images
using COMSTAT2. n = 4 biological replicates each imaged in four fields of view.
*n = 3 biological replicates, each imaged in four fields of view.

Biomass (pmg/ Thickness (pm) Surface area

um?) coverage (%)
lg Hg lg ng lg Hg
Siliconeday 4.0 4.1 7.6 8.0(2.4) 99.6 99.3
1 2.4 (1.4 12.7)* 0.7)* (3.0)
Siliconeday 4.2 5.0 15.6 10.8 98.0 99.6
2 1.3) 1.6)* (6.4 (4.9)* (9.0) .1
Siliconeday 4.0 6.3 8.9 13.1 99.9 98.0
3 1.9) 4.1)* (3.9 a1.7)* (0.9) 7.7)*
DLIP day 1 5.1 3.1 12.9 7.2(1.9) 99.7 99.9
(4.1) 1.0) (8.9) 0.7) (0.5)
DLIP day 2 3.2 3.0 8.1 9.7 (6.0) 99.2 99.9
(1.8) 2.7)* (3.6) * 2.7) (0.2)*
DLIP day 3 3.1 3.6 7.4 9.2(5.9) 987 99.7
0.9 (1.9 (6.6)* (2.2)* 1.2)
Cellulose 3.6 3.7 9.0 8.5(3.5) 93.0 99.6
day 1 (2.5) (3.3)* (3.5 * (7.5) (2.0)*
Cellulose 3.4 1.3 7.4 6.0(2.7) 95.9 46.4
day 2 (2.2) 1.6) (3.8) (9.3) (58.7)
Cellulose 1.6 1.4 8.2 8.6 (7.0) 64.7 41.9
day 3 1.5+ (5.2 (6.4)* (40.7)* (82.6)

Biofilm 7 (2024) 100182

decrease on silicone DLIP could reflect a reduction in nutrient accessi-
bility/penetration in the biofilm structure [37,38] due to the
microtopography.

In microgravity, the particular morphology of biofilms as a function
of material (silicone and silicone DLIP) was equivalent to what was
observed on Earth (Fig. 1). Moreover, the surface of the material was
also completely covered with biofilm for all three days of incubation.
Despite the overall morphology being similar between biofilms grown
on different gravitational regimes, only microgravity biofilms had a
trend of increasing biomass (Fig. 3) and thickness (Fig. 4a) in time. This
may be indicative of a slow but steady growth that could potentially
become significant after 3 days of incubation; therefore, the process of
biofilm maturation at 72 h still seems to involve active growth in space
but not on Earth. Similar effects of microgravity were observed for
planktonic cells, as liquid cultures in spaceflight had a significant in-
crease in concentration compared to Earth (Appendix A). Additionally,
biofilms in microgravity on silicone DLIP, seemed to have less variability
in surface area coverage than on Earth (Fig. 4b), resulting in a slightly
more uniform coverage of all the surface in space. On the silicones, the
areas that did not have biofilm formation were focalized and resembled
holes in the biofilm mat (Appendix B). The formation of these holes
could be due to biofilm detachment events [39] or cell differentiation
through directed cell death [40]. Biofilms in microgravity could
potentially be experiencing less of these events when growing over sil-
icone DLIP.

There were only two significant differences observed in microgravity
biofilms, with respect to the matching Earth controls. The first one was a
46% reduction (p < 0.05) of biomass for 1-day old biofilms over silicone
DLIP in microgravity (Fig. 3). The second one was a 10% increase (p <
0.05) in biofilm surface area coverage for 2-day old biofilms over sili-
cone in microgravity (Fig. 4b). However, these differences were not
maintained in time as the biofilms grown in microgravity presented no
significant differences with respect to the ground controls at three days
of incubation for biomass, thickness, nor surface area coverage.

The selection of the line-like pattern used for silicone DLIP was based
on preliminary work that showed these pattern scales and geometries in
combination with bacterial morphology of E. coli K12 (very similar to
the tested Pseudomonas strain) appear to have an effect on bacteria/
surface interaction and trigger bacterial responses. Both pattern scale
(periodicity) as well as geometry (line-like) contribute to this effect [41,
42]. Thus, the line-like pattern was chosen to learn more about bacterial
interaction with surfaces and to test if the bacterial response would be
the same in a microgravity environment. Moreover, the line-like pattern
has shown potential of reducing bacterial adhesion on other materials
[41-43] and it was also tested as a potential biofilm control strategy. The
periodicity was aimed to be as close as possible to (or lower than) bac-
terial size, and 3 pm periodicity was the smallest achievable, at the
moment, without compromising the height of the structured pattern.
There was no significant and maintained difference between biofilms
grown on silicone vs silicone DLIP, but there were some temporary
changes. On the ground, the thickness of the biofilms on silicone DLIP
was reduced with respect to silicone biofilms at day 2 of incubation (p <
0.001). While in microgravity, surface area coverage increased on sili-
cone DLIP (p < 0.05) with respect to silicone on day 1 of incubation.
These differences are non-significant for day 3 of incubation.

Based on our results, the 3 pm periodic line-like patterned micro-
topography did not reduce P. aeruginosa biofilm formation on catheter
grade silicone compared to the smooth silicone. The line-like pattern
had an effect on the 3D biofilm morphology, but it is possible that the
microtopography did not reduce biofilm formation because the lines did
not have the appropriate periodicity. A previous experiment performed
by Guenther et al. reported that a 6 pm periodic line-like pattern
increased attachment of Staphylococcus epidermidis [44]. Since we saw
no increase or decrease in biofilm formation with 3 pm periodic line-like
pattern and increasing the distance between the lines of the pattern
could increase biofilm formation, more tests — preferably of smaller
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Silicone

a. 1 day

Earth’s gravity

Microgravity

2 days

Silicone DLIP

Earth’s gravity

Microgravity

2 days

Fig. 1. 3D volume view of representative 1, 2, or 3-day P. aeruginosa PA14 biofilms grown on Earth’s gravity and microgravity for a. silicone, and b. silicone DLIP.
Nucleic acids stained in red, and lipids stained in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

periodicities — are necessary to determine the optimal periodicity (if
any) that could reduce biofilm formation. Besides the periodicity of the
micropattern, the actual pattern could also be enhanced to have a better
biofilm reduction effect. Interestingly, a lamella-like surface pattern (a
combination of large lines with smaller perpendicular lines in between)
of 6-8 pm of periodicity between large lines and 2 pm periodicity be-
tween lamellas has been shown to reduce bacterial adhesion of Staphy-
lococcus aureus [44]. More testing is required to determine the effect on
P. aeruginosa biofilms growing on surfaces with microtopographies of
different periodicities and patterns. This is not straightforward as
microtopographies have shown multiple results in terms of reducing or
promoting biofilm formation. This is believed to be bacterial-strain-,
growth-media-, periodicity-, and microtopography-pattern-dependent
[42,45-48]. In our particular case, it does not seem to be gravity
dependent.

3.2. Cellulose membrane biofilms

We replicated the P. aeruginosa biofilm experiment conditions used
by Kim et al. [19] where the column-and-canopy structure was reported
for biofilms grown on cellulose membrane in microgravity. The
following were kept constant in between the two experiments.

- Bacterial strain (P. aeruginosa PA14)

- Incubation temperature (37 °C)

- Incubation duration (3 days)

- Launch medium (PBS)

- Growth medium (mAUMg-hi Pi)

- Hardware (BioServe’s FPAs and GAPs)

- Cellulose membrane (Millipore, Cat. GSWP01300)
- Paraformaldehyde final concentration (4%)

- Nucleic acid stain (Propidium iodide)

- Microgravity samples grown at ISS
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Fig. 2. Line-like microtopography of silicone DLIP coupons exhibiting 3 pm
periodicity and 700 nm depth in close relation to P. aeruginosa single bacterial
cell scale resulting from two-beam USP-DLIP. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Biofilm Mass

Gravity

: . B Fight

%5 1Y ; -l

DLIP-2
Material and Incubation Day

pm3/pum?

w
!

0

Silicone -1 Silicone-2 Silicone-3  DLIP-1 DLIP-3

Fig. 3. Biofilm mass of P. aeruginosa grown over silicone and silicone DLIP.
Data as a function of time and gravitational regime. Significant statistical
comparisons indicated with horizontal brackets (*p < 0.05). n = 3 or 4 bio-
logical replicates as specified in Table 1.

The only differences were a) ~ 3.5 x 10° CFU in the inoculum
compared to Kim et al. of ~ 3 x 10% CFU in the inoculum and b) the
addition of the second stain (FilmTracer FM 1-43 Green Biofilm) to tags
lipids. The column-and-canopy structure was not observed in our
microgravity samples. P. aeruginosa biofilms grown in microgravity, as
well as the Earth controls, grew as a thin layer of cells scattered through
the cellulose membrane with occasional microcolonies and mounts of
cells covered with lipids (Fig. 5). Even at three days of incubation, the
biofilms did not present the column-and-canopy structure. The differ-
ences observed in the dominance of nucleic acids/lipids was not
consistent throughout all samples of each condition. Biofilms grown
over cellulose membrane did not present any significant difference in
terms of biofilm mass, thickness, and surface area coverage for com-
parisons between microgravity conditions nor between incubation times
(Fig. 6).

Even though we replicated as close as possible the spaceflight
experiment where the column-and-canopy biofilm structure was
described, such structure was not observed in our biofilms. Neither did
microgravity induce increased PA14 biofilm formation when cultured in
mAUMg-hi Pi. Moreover, our 3-day-old biofilms were less robust
(biomass ~1.4 pm®/pm? and thickness ~8.6 pm) than those previously
reported (biomass ~5.0 me/me and thickness ~9.8 pm) [19]. It is
important to mention, that in contrast to Kim et al. results where no
change in planktonic cell concentration was observed [19], our samples’
planktonic cell culture had increased concentration (p < 0.01) in
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a. Biofilm Thickness
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Silicone -1 Silicone-2 Silicone-3 DLIP-1 ~ DLIP-2  DLIP-3
Material and Incubation Day
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b. Biofilm Surface Area Coverage

TR T
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. Gravity
B Flight
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X . $ Ground
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Silicone -1 Silicone-2 Silicone-3 DLIP-1  DLIP-2  DLIP-3
Material and Incubation Day

Fig. 4. Biofilm a. thickness and b. surface area coverage of P. aeruginosa grown
over silicone and silicone DLIP. Data as a function of time and gravitational
regime. Statistical significance indicated with horizontal brackets (black for
comparisons between silicone and silicone DLIP, blue for comparisons between
time points within each material, and dotted for comparisons between gravi-
tational regime). ***p < 0.001, **p < 0.01, *p < 0.05. n = 3 or 4 biological
replicates as specified in Table 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

microgravity with respect to Earth (Appendix A). This difference may
partially be due to the slightly higher concentration of the bacteria in
our initial inoculum.

It remains to be proven or disproven whether with more robust
biofilm growth the column-and-canopy structure could have been
replicated. However, it should also be considered that the vibrations
experienced during reentry and subsequent transport to the sample
processing facility, could have been a contributing factor to the column-
and-canopy structures reported by Kim et al. Such vibrations could have
provided enough shear force to cause the weakly attached areas of the
biofilms to detach, resulting in the observed structure ([49-51];
Stoodley, Lewandowski et al., 1999). Nonetheless, it is necessary to
perform more tests to characterize the column-and-canopy structure of
P. aeruginosa in microgravity and to elucidate the mechanisms behind it,
should this structure be replicated. If so, it may be preferable to assess
this morphology using multiple microscopy techniques, and gene
expression and proteomics analyses.

3.3. Microgravity effect on biofilm formation — a review

In our experiments, microgravity did not induce general form
changes (in terms of overall 3D structure) to the biofilms grown in
mAUMg-hi Pi nor in LB supplemented with potassium nitrate (results
reported in Ref. [25]). The same was true for the biofilms of P. aeruginosa
PAO1 in microgravity [17]. Nevertheless, when comparing our biofilm
results with all the previous spaceflight biofilm experiments, there
seems to be a high variability of microgravity effects, even within the
same bacterial strain (Table 2).

The biofilm data by itself gave no clear trend or insight on the effects
of microgravity on biofilm formation. However, the environment con-
tained not only biofilm cells but also planktonic cells; analysing the
balance of both is key to understand the changes as an overall system.
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Earth’s Gravity

Microgravity
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Fig. 5. 3D volume view of representative 1, 2, and 3-day P. aeruginosa PA14 biofilms grown on cellulose membrane. Images on first and second row represent
biofilms grown on Earth’s gravity and in microgravity, respectively. Nucleic acids stained in red, and lipids stained in green. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Biofilm mass, thickness, and surface area coverage of P. aeruginosa grown over cellulose. Data as a function of time and gravitational regime. No significant

statistical differences. n = 3 or 4 biological replicates as specified in Table 1.

Biofilms can have a lower metabolic activity [52] and lower growth rate
than planktonic cells [53,54]. Since the later are involved in the first step
of the biofilm formation process, planktonic cells have both an advan-
tage of time and metabolism, when it comes to consuming the nutrients
available in the environment, compared to the biofilm cells. Considering
the planktonic cells in the environment can help us understand the
microgravity effects on biofilms.

It is not possible to generalize the microgravity effect on biofilm
formation based solely on the results presented in this manuscript.
Especially, because previous experiments using the same strain and
conditions resulted in a different biofilm response (Table 2). To under-
stand the biofilm changes observed microgravity, the planktonic cell
density changes should also be considered. As an effort to explain the
different microgravity effects on biofilm formation (increase, decrease,
or no change with respect to ground controls) that have been reported
across experiments, regardless of the bacterial strain, the model of
planktonic cell nutrient-overtake is here proposed (Fig. 7) [55].

In this model, the expected effect of microgravity on biofilms (no
change, increases, or decreased formation) will depend on the available
nutrients in the media and the planktonic cell growth in microgravity
with respect to 1 g. For example, when in microgravity, if biofilms are
grown in nutrient rich media and the planktonic cells experience

increased growth with respect to 1 g; then the increased numbers of
planktonic cells would deplete the nutrients in the environment faster
than the number of planktonic cells at 1 g, limiting the nutrients avail-
able for the biofilms and resulting in decreased biofilm formation in
space. If the biofilms are grown in media with reduced nutrients and the
planktonic cell growth is only slightly increased in microgravity with
respect to 1 g, then the nutrient consumption by the planktonic cells will
only be slightly increased to that at 1 g and biofilms can still have enough
nutrients to achieve same growth as seen at 1 g and thus present “no
change” in microgravity. But if biofilms are grown in nutrient limited
conditions where planktonic cell growth is not increased in microgravity
with respect to 1 g, nutrients are not rapidly depleted, and biofilms
present increased formation in space [55]. This model works under two
assumptions. First, that the substratum does not provide nutrition;
otherwise, the depletion of the nutrients dissolved in the medium would
not be as limiting to biofilms and the cell distribution, biofilm structure,
and biofilm dynamics could be altered [56,57]. Second, that the starting
amount of nutrients in the medium is the total amount available for the
system, meaning that there is no further introduction of nutrients either
in a continuous or intermittent manner; otherwise this could influence
biofilm dynamics and structures in time [56,58-62].

The planktonic cell nutrient-overtake model proposes a continuous
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Table 2

Biofilm 7 (2024) 100182

Summary of results observed in previous and current biofilm experiments [17-19]. NC = no change. 1 = slight increased biofilm formation or planktonic cell con-
centration. 11 = moderate increased biofilm formation or planktonic cell concentration. | = = decreased biofilm formation or planktonic cell concentration. =

data not provided or analysis not done. *Experiments performed with gas exchange.

Bacterial strain Material surface 3D form in Microgravity effect on Medium and nutrient Microgravity effect on Reference
space biofilm availability planktonic
Pseudomonas aeruginosa Cellulose Column-and- " mAUMg-hi Pi NC for mAUMg-hi Pi [19,19,23])
PA14 WT canopy Reduced &
PA14 AmotABC NC 1 & 1 for mAUMg
PA14 ApilB Column-and- " mAUMg -
canopy Reduced
PA14 WT -gas* NC NC mAUMg -
PA14 AmotABC -gas* NC NC Reduced NC
Burkholderia cepacia SS316 NC ) Water NC [18,18])
Limited
NC 1 TSB "
High
Pseudomonas aeruginosa Polycarbonate NC NC R2A - [17,171)
PAO-1 membrane Reduced
Pseudomonas aeruginosa SS316 NC 1 LBK M [25,25])
PA14 pSS316 NC 1 Very high 1"
LIS NC 1 1
Pseudomonas aeruginosa Silicone NC NC mAUMg-hi Pi 1 This
PA14 Silicone DLIP NC NC Reduced 1 manuscript
Cellulose NC NC 1

Biofilmat 1 g

V2. 2N

Planktonic cells ——
Bacterial biofilm cells

Extracellular matrix —> 0

St

2

§=3

Expected biofilm in microgravity

Nutrient availability in culture medium at the start of experiment

No change

Slight increase

® O O—

Moderate increase

»
>

Planktonic cell growth in microgravity with respect to 1 g

Increased biofilm formation

Ve
4 C
U’c*;; %ﬂ Jossd

No biofilm change

Decreased biofilm formation

Fig. 7. The planktonic cell nutrient-overtake biofilm in microgravity model. This model explains the different effects that microgravity can have on biofilm growth
(increase, decrease, or no change) based on the planktonic cell growth in microgravity with respect to 1 g, which in turn is dependent on the initial nutrient
availability in the medium at experiment’s start. The more planktonic cells, the faster the depletion of the nutrients. Model assumptions: substratum does not provide
additional nutrition and there is no further introduction of nutrients after experiment start. Taken from Flores (2022) [55].

biofilm formation phenotype based on how fast planktonic cells over-
take the nutrients and deplete them and leads to the hypothesis that if
present in an environment of limitless nutrients, without depletion of
nutrients by planktonic cells, microgravity would increase biofilm for-
mation in all cases.

The model agrees with the data of two of the previous biofilm
spaceflight experiments, the experiment of [17] cannot be compared

due to lack of information on planktonic cell concentration. It is
important to mention that this model does not intend to be perfect, but
merely a steppingstone to understand the current results of biofilm
formation in microgravity. We acknowledge that there may be more key
factors at play in biofilm formation in microgravity and more tests are
needed to fully understand. We recommend investigators to develop an
experimental design/hardware that could provide a constant supply of
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nutrients — without the disruption of the microgravity environment — in
order to decipher how big biofilms could grow in near-limitless nutrient
conditions in space. Also, to test more rigorously the effect of micro-
gravity in biofilms when in presence of different concentrations of
planktonic cells, including motile and non-motile strains.

4. Conclusions

P. aeruginosa PA14 formed biofilms with different morphologies
based on the material surface (silicone, silicone DLIP, or cellulose
membrane) and said morphologies were not affected by microgravity.
P. aeruginosa biofilm structure on silicone DLIP followed the same
pattern as the line-like microtopography surface. The 3 pm line-like
periodic microtopography over catheter grade silicone did not reduce
biofilm formation in microgravity. The column-and-canopy structure
previously observed in microgravity was not observed in our experi-
ment. It is possible that the column-and-canopy structure requires a
minimal biofilm robustness, which was not achieved in our experiment
at 3 days of incubation.
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The planktonic cell culture of the biofilm samples was recovered and homogenized for quantification through spectrophotometry. Planktonic cell
concentration was higher in microgravity for all conditions when biofilms were grown in mAUMg-hi Pi medium (Fig. 8).

Planktonic Cell Concentration in mAUMg-hi Pi
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Fig. 8. Pseudomonas aeruginosa Planktonic cell final OD for samples of biofilm grown in mAUMg-hi Pi. Concentration of planktonic cells plotted as a function of time
(1, 2, and 3-day old biofilms) and gravitational condition. Statistical significance specified with horizontal brackets for differences between gravitational regimes
(black). DLIP = silicone DLIP. n = 4 biological replicates each with 4 technical replicates. Dunn’s test with Bonferroni correction **p < 0.01 and ***p < 0.005.

Appendix B. (PA14 biofilms on silicones have “holes” without biofilm)

Biofilms that grew over silicone and silicone DLIP covered almost 100% of the surface in all replicates and conditions. The areas that did not have
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biofilm were focalized “holes” within the biofilm (Fig. 9). These holes were observed on biofilms both grown on Earth and in microgravity, as well as in
samples from all incubation times (1, 2, or 3 days). Even though biofilms on all conditions could present these holes, not all imaged biofilm areas had
them.

a. Silicone

b. Silicone DLIP

Fig. 9. Biofilms of P. aeruginosa with “holes” (areas without biofilm formation). The 3D images represent biofilms grown over a. silicone and b. silicone DLIP for two
and one day of incubation, respectively. Nucleic acids stained in red, and lipids stained in green. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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