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Studying biofilms in a microgravity environment currently relies on one of two scenarios, collecting planktonic
aggregates in rotating wall vessels or performing experiments in the microgravity environment of space on the
International Space Station. While informative techniques, both have their limitations when studying surface-
attached microbial communities. A simulated microgravity biofilm reactor (SMBR) was developed to study
biofilms in microgravity, coupled with the integration of microfabricated sensors for internal system monitoring.
The establishment of simulated microgravity was demonstrated through computational fluid dynamic modelling
revealing low fluid shear stress conditions (<1 mPa) throughout the reactor and on the wall surface. Micro-
fabricated resistance temperature devices integrated in the reactor walls confirmed the capability for continuous
sensor measurements during operation with the ability to perform traditional microbiology analyses on the
sensor surface following an experiment. Microbiological analyses established that there were no significant
differences in biofilm growth between sensor and wall surfaces within the reactor. With the integration of
defined sampling surfaces, the SMBR allows for in-depth biofilm analysis in a repeatable and accessible manner
allowing for a greater understanding of the effects of microgravity on biofilm.

Microfabricated sensor

1. Introduction

Biofilms are defined as surface-adherent accumulations of microor-
ganisms embedded in an extracellular polymeric substance [1]. Biofilm
formation and dispersal can cause corrosion of surfaces and critical
blockage of pipes, ultimately affecting water quality, raising health
concerns, and leading to operational and mechanical failure. Such bio-
film related issues become particularly problematic where maintenance
is impractical due to limited resupply capabilities. One such example is
biofilm formation within the Environmental Control and Life Support
Systems (ECLSS) of the International Space Station (ISS) and the former
Russian Mir station; both setting an important precedent for the
pervasiveness of biofilms in manned spacecraft and the risk biofilms
may pose to the health of crew members and the spacecraft [2-4].
Currently, biofilm management on the ISS is achieved by biocide dosing,
periodic component replacement, and water testing [4-6]. While this is
a feasible approach for low Earth orbit (LEO) missions, there are several

limitations for future destinations. As mission durations increase and life
support systems experience dormant periods lasting months to years,
maintaining optimal performance is critical for the success of Mars and
Moon exploration.

Microgravity, a condition where the force of gravity is balanced by
inertial forces, is believed to significantly affect biological systems in
space environments [7,3]. While much needs to be learned about the
effects of microgravity on microbes, experiments on the ISS have sug-
gested that microgravity can affect microbial gene expression, cell
morphology, physiology, virulence, and biofilm formation [9-15]. For
instance, biofilm grown under microgravity conditions exhibited
increased viability, biomass, thickness, and antibiotic resistance
compared to normal Earth gravity controls [11,16]. Due to the logistical
limitations of research in space, ground-based analogs are necessary to
explore the effect of microgravity on biofilm.

The spaceflight environment is characterized by the reduction of
gravity, which prevents sedimentation or buoyancy-driven convection.
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Low shear modelled microgravity (LSMMG) has emerged as an analog to
emulate aspects of the microgravity environment experienced in space
(i.e., low fluid shear and non-unidirectional gravity) and can be gener-
ated using a 2D clinostat or rotating wall vessel (RWV) [17-20]. His-
torically, the fluid behavior of simulated microgravity has been defined
as fluid shear forces below 92 mPa [21]. These fluid shear levels were
originally established for mammalian cells; however, it is well known
that bacterial cells respond differently to shear [22]. More recently, low
shear in simulated microgravity environments has been redefined to be
1 mPa or less [23-25].

To address the non-unidirectional gravity of spaceflight, the RWV is
designed to best simulate the microgravity environment at the center of
rotation [3,26]. By rotating the reactor at a speed corresponding to the
terminal velocity of a particle, the particles will remain suspended. The
generally accepted range of rotation speeds for microbiology applica-
tions is 5-30 RPM; however, individual cells may aggregate. Larger
aggregates will drift to the wall of the reactor due to the combination of
forces acting on the aggregate (i.e. centrifugal, Coriolis, and buoyant
forces) [3,17,27]. Ultimately, the transition from a suspended particle to
a wall-fixed particle terminates the conventional model of the simulated
microgravity environment. As biofilms are typically considered
surface-attached colonies, understanding the environment at the wall of
the reactor is integral to the determination of biofilm response in
simulated microgravity. Considering two of the leading assumptions of
microgravity (i.e., low fluid shear and non-unidirectional gravity), an
extension of the simulated microgravity environment to the walls of the
reactor could be warranted for biofilm research.

Studying biofilms in space comes with a myriad of challenges. One
shortcoming of traditional microbiology for space applications is the
time delay in detecting contamination [28]. As detailed in sections
TX06.1.5 and TX06.4.1 of the 2020 NASA Technology Roadmap,
methods for microbial detection that limit required crew time and
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material usage are needed for future crewed space missions [29].
Promising solutions for the real-time detection of bacterial activity and
biofilm growth include optical imaging sensors, micro-interdigitated
electrode impedance sensors, and quartz crystal microbalance sensors
[30-32]. Due to the complexities of electrical component integration in
aqueous systems, sensors need to be integrated at the pipe walls to
minimize the introduction of flow patterns that may encourage biofilm
growth and to minimize hardware complexity [33].

To better understand and control biofilm proliferation in space, this
study developed a simulated microgravity biofilm reactor to investigate
biofilm monitoring tools in a space relevant environment. The objectives
of this study were to (i) develop a LSMMG reactor with sensor integra-
tion for continuous data collection, (i) model the low-shear fluid envi-
ronment inside the reactor to extend its application from planktonic to
surface-attached biofilm studies, (iii) validate biofilm formation in a
low shear fluid environment, and (iv) demonstrate sensor integration
and measurements.

2. Methods and materials
2.1. Vessel design and fabrication

A benchtop Simulated Microgravity Biofilm Reactor (SMBR) was
designed to grow biofilm on removable coupons and microfabricated
sensors. The SMBR consists of two components: the SMBR body and the
reactor base (Fig. 1). The reactor body consists of an 800 mL reaction
chamber comprised of two 150 mm sections of polycarbonate tubing
(2.75” 1.D. (69.85 mm), McMaster Carr #8585K38) with a metallic
coupon ring in the center and two metallic endcaps. The coupon ring
was machined out of 6061 aluminum bar stock and features eight
openings that house four microfabricated sensors and four biofilm
coupons (Fig. 2). Sensors and coupons are exposed to the media through

Fig. 1. CAD rendering of the Simulated Microgravity Biofilm Reactor (SMBR), with the main components indicated a) the centerline coupons, b) the sensor and
biofilm coupon housing, ¢) the electrical slip ring, and d) the DC gearmotor. Also shown are the inlet and outlet used for filling and emptying the reactor.
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Fig. 2. CAD rendering of machined 6061 aluminum coupon ring with inte-
grated sensors and biofilm coupons. The coupon/sensor integration assemblies
are composed of A) O-ring to accommeodate different coupon thicknesses, B)
biofilm coupon, C) silicone gasket for a watertight seal with the biofilm coupon,
D) biofilm coupon port, E) microfabricated sensor, F) silicone gasket for a
watertight seal with the sensor, G) sensor port, H) card reader slot, and I) in-
ternal view of the sensor and biofilm coupon ports.

holes measuring 5.8 x 8.5 mm and 10 mm in diameter respectively, with
a 1.27 mm recess (determined by manufacturing capabilities) (Fig. 2D
and G). The reactor endcaps were machined from 6061 aluminum stock
and achieve a watertight seal with the polycarbonate tubing using Buna-
N O-rings (Buna-B, McMaster Carr #9452K152).

The coupon ring is fitted with four sensors and four biofilm coupons
(0.1875” (4.76 mm) thick polypropylene, McMaster Carr #2898K12)
and a watertight seal is achieved using custom cut silicone gaskets
(0.01” (0.254 mm) thick, McMaster Carr #87315K61) and a 3D printed
clamp (Fig. 1b). To test biofilm formation in the center of the reactor an
additional set of six coupons is temporarily integrated along the
centerline of the reactor and secured to the endcaps to allow for
simultaneous rotation with the reactor body (Fig. 1a). A 150 mm long
section of aluminum pipe (17 (25.4 mm) 0.D.) is threaded into the
influent endeap to accommodate an electrical slip ring (Moflon MT2586-
P1210-VC) (Fig. 1c). Rotary joints (Mosmatic Rotary Union, DGV
Swivel, NPTM x NPTF, %" (6.35 mm)) are connected to the aluminum
pipe and the effluent endcap of the reactor to allow for fluid flow into the
reactor during filling and operation. Plastic threaded barb adapters are
used to connect the rotary joints to 4.8 mm LD. silicone tubing (Mas-
terflex #96400-25) at both the inlet and outlet (Fig. 1). Four threaded
rods run the length of the reactor body to fasten the coupon ring, pol-
yearbonate tubes, and endcaps together.

The reactor stand is assembled from aluminum T-slot rail (20 x 20
mm, McMaster Carr #5537T101) and supports the reactor at the rotary
joints to allow for continuous rotation. The electrical slip ring (Fig. 1¢) is
attached to the aluminum rod and the stationary cables are secured to
the reactor stand and then connected to the data logger (see temperature
data collection). The reactor is driven by a DC gearmotor (Midwest
Motion Products, #BL58-412D-24V GP52-100) via a timing belt (XL
Series, 3/8” width, McMaster Carr #260XL037US) (Fiz. 1d). A 60-tooth
pulley (McMaster Carr #57105K33) is mounted to the effluent endcap,
and a 30-tooth pulley (McMaster Carr #57105K25) is mounted on the
motor shaft. The pulley ratio and motor rating allow for obtainable
speeds from 1 to 24.8 RPM.

2.2. Computational fluid dynamics model of SMBR

The SMBR was modelled in the computational fluid dynamics (CFD)
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package Siemens Simcenter Star-CCM+ (v. 16.04.007) to estimate the
scale of intra-fluid and wall shear stresses. A laminar and unsteady
formulation was used to solve the coupled fluid equations. The SMBR
was simulated from the influent rotary joint to the effluent rotary joint
on the opposite end of the reactor with a constant angular velocity of
® = 24.8 RPM around its central axis. An additional length of 100 mm of
tubing was added to the fluid exit to account for the transition between
rotating and non-rotating boundaries. The influent and -effluent
boundaries were specified as walls to approximate the batch mode
conditions of the experiment without flow.

In the model, properties of water at room temperature were used,
and water was treated as an incompressible, single-phase, Newtonian
fluid. Gravity was not included, as it would only superimpose a hydro-
static pressure on top of the pressure gradient developed through rota-
tion for this setup; however, if a multi-species fluid and/or particles with
densities different than the carrying fluid are introduced, gravity would
need to be included. A second-order time discretization was used with a
time-step of 0.00667 s, resulting in 1° of rotation per time-step. Rigid-
body rotation (v = 07 + wrf + 0Z) was assumed for initial conditions to
reduce the runtime. The model was run for 16.9361 s (7 revolutions)
until the shear stress on the biofilm coupon and sensor surfaces reached
an asymptotic value.

The SMBR was simulated as the full 3D geometry and as a % sym-
metry model, split along the central axis to accommodate a mesh in-
dependence study [34]. A polyhedral mesh was generated within the
inlet and outlet tubing, within the SMBR body, and on the biofilm
coupon and sensor surfaces with an average element size of 500 pm, 150
pm, and 18.75 pm, respectively, for the most refined model. Addition-
ally, the biofilm coupon and sensor surfaces had two prismatic layers to
ensure uniform element thickness when calculating shear values. The
remaining wall surfaces in the model (i.e. the polycarbonate tubing and
coupon ring) had no additional mesh refinement. The total mesh count
for the final, quartered simulation was 14,543,993 elements and the
results presented are from this simulation. Reduced resolution simula-
tions were analyzed to determine the impact of the centerline coupons
on the bulk fluid velocity. The setup and results of these preliminary
simulations can be found in the supplemental materials.

2.3. Sensor fabrication

To test the reliability of sensor integration in the SMBR, resistance
temperature device (RTD) sensors on a multiparametric biosensor chip
were used (Fig. 2e). The biosensor fabrication has been described pre-
viously [31]. A subset of the sensors (N = 6) was calibrated by recording
resistance measurements of the RTDs at 15, 20, and 25 °C using a HIOKI
RM3544-01 Resistance Meter connected to a Linkam temperature stage
(Linkam Scientific Instruments #LTS420E-P). The thermal coefficient of
resistance and reference resistance for each sensor was calculated and
used to convert the sensor responses to temperature readings.

2.4. Cell culturing conditions

Ralstonia insidiosa, originally isolated from the International Space
Station (Boeing isolate 19-597-yn-2), was used for all biofilm related
experiments [35]. Cell culture enrichments were grown at 37 °C in 1X
Tryptic Soy Broth (TSB) while shaking at 150 RPM for 24 h. Subse-
quently, enrichments were harvested at 10,000xg for 5 min, washed
twice in phosphate-buffered saline (PBS), and transferred to 1:10X TSB.
Enrichments were harvested at an optical density of ODgyy = 0.008,
resulting in a starting cell concentration in the reactors of ~5.6 logg
CFUs (colony-forming units) mL L.

2.5. SMBR experiment

Biofilm accumulation at the center of the reactor (i.e., the historically
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accepted best approximation of microgravity) was compared to that at
the wall surface where the sensors and biofilm coupons are located.
Because the center coupons were integrated for biofilm comparison but
are not intended to be a permanent component of the reactor, they were
excluded from the CFD models presented herein. All SMBR components
(reactor body, tubing, connectors, coupons, sensors, and gaskets) were
autoclaved, followed by assembly in a Class II biological safety cabinet
(Supplemental Figure S1). The reactor body was filled with sterile 1:10X
TSB leaving no headspace and rotation was initiated (24.8 RPM). Once
rigid body rotation conditions existed throughout the SMBR (~10 min),
an 8 mL cell culture enrichment of R. insidiosa was injected aseptically
through an injection port in the inlet tubing. This was followed by 50 mL
of sterile 1:10X TSB to ensure the cells were predominantly located in
the reactor body. The reactor was then run in batch mode for 24 h at
ambient room temperature (22 + 2.5 °C). Experiments were run in
triplicate.

After 24 h of batch operation, the wall coupons and sensors were
aseptically removed from the reactor and placed into individual 50 mL
Falcon tubes containing 10 mL of 1X PBS solution and 10 pL of Tween 20
(0.1 % final concentration). A 1 mL sample of the bulk media was
collected from the center of the reactor following removal of the first
wall coupon. To retrieve the coupons from the centerline, the reactor
was drained, and the coupons were immediately removed and placed
into individual Falcon tubes. The Falcon tubes were vortexed for 1 min.
CFU enumeration was carried out using drop plating on Tryptic Soy agar
followed by incubation at 22 °C for 96 h.

The biofilm CFUs were normalized to the exposed surface area for
each sampling location and transformed to log densities. A linear mixed
effects model was applied to the biofilm data with a random effect for
the reactor and a fixed effect for the sampling location. A Tukey test with
90 % confidence intervals was used to test for equivalence of the mean
log densities with an equivalency margin of 0.5 log. Minitab v22 was
used for statistical analysis and MATLAB R2023a was used for plot
generation.

To visualize biofilm one center coupon, wall coupon, and sensor
were stained with Syto 9 green-fluorescent nucleic acid stain (0.3 % final
concentration) for 30 min and imaged with confocal laser scanning
microscopy (CLSM) using a Leica SP8 DIVE (488 nm excitation,
500-550 nm emission). Image Z-stacks were collected in 1 pm steps. The
3D structure was reconstructed from the CLSM images using IMARIS
software (9.8).

2.6. Temperature data collection

Temperature sensors in the coupon ring of the SMBR were connected
via the electrical slip ring to a Keithley DAQ6510 Data Acquisition/
Multimeter System with a Keithley 7711 Multiplexor card and pro-
grammed to log two-wire resistance measurements every 30 min.
Following the completion of the experiment, the resistance data were
transformed into temperature values using the thermal coefficient of
resistance and reference resistances of the sensors previously measured
(T= Trer+ 1/TCR * ((R— Ryep) /Rrep)). The average temperature recorded
by the microfabricated sensors was compared to the ambient air tem-
perature measured every 30 min with a HOBO MX100 Temperature
Data Logger.

3. Results
3.1. CFD simulation

Under steady state conditions, fluid in a cylinder that rotates around
its central axis should settle into rigid body motion, where the tangential
velocity increases linearly with the distance from the central axis (v; =
wr, with the expected velocity at the wall in the SBMR being 90.7 mm/s)
and the analytic solution results in zero intra-fluid shearing. However,
when simulated as steady, the reactor demonstrated strong, unsteady
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vortices at the outermost radii of the reactor that transitioned into
oscillatory waves between the coupon ring and both endcaps. The so-
lution instability occwred in the fully 3D and % simulations. A similar
phenomenon has been observed experimentally with translating bubble
rings [36]. Due to these instabilities, an unsteady formulation was
necessary.

While the large vortices seen in the steady solutions were no longer
observed in the unsteady formulation, the flow in the SMBR developed
small-scale velocity perturbations that increased in magnitude with
their radial position. Fig. 3 shows the axial component of the velocity
within the reactor, where small-scale mixing could be observed in the
outer radii. As seen, the axial components of the fluid velocity are quite
small and are, on average, 0.17 % of their local tangential components.
The maximum absolute error in the tangential velocity component was
0.0467 mm/s from the rigid-body velocity.

Deriving from small-scale velocity perturbations, the volume-
weighted average of fluid shear in the SMBR was 0.20 + 0.15 mPa. A
central core existed with the lowest fluid shear of 0.04 mPa that grew
nearly linearly to 0.30 mPa at the reactor wall. Shear stresses higher
than 1 mPa were only found at the periodic boundaries of the model in
0.7 % of the bulk fluid (Fig. 4). These higher shear stresses were, how-
ever, an artifact of the % symmetry reactor model created by introducing
false boundaries and are not representative of conditions within the
reactor, which remain <1 mPa.

The wall shear stress on the reactor surfaces also remained small (ie.,
<1 mPa). When the simulation reached a periodically steady solution,
the polycarbonate wall, coupons, and sensor surfaces had an average
shear stress of 0.29 & 0.31 mPa, 0.03 & 0.02 mPa, and 0.02 4+ 0.01 mPa,
respectively (Fig. 5). Maximum shear stress on the reactor walls, biofilm
coupons, and sensor surfaces were 24.9 mPa, 0.17 mPa, and 0.22 mPa,
respectively (Fig. 5). Addressing the artificially elevated shear stresses
induced by the % symmetry model, the shear stresses on 0.7 % of the
reactor’s walls were greater than 1 mPa (max. 24.9 mPa) along the
introduced symmetry plane of the model. These planes generated arte-
facts that are not representative of the fluid behavior on the vast ma-
jority (99.3 %) of the reactor walls. While it may be anticipated that a
dominant shear direction would develop on the surfaces due to the
constant rotation, no strong preference was observed on either the
sensor or biofilm coupon surfaces.

3.2. Biofilm growth and sensor integration in the SMBR

The average biofilm log,o densities were 6.2, 6.1, and 5.9 CFU/cm?
for the wall coupons, sensors, and center coupon surfaces, respectively
and were significantly statistically different (p = 0.015) (Fig. 6). How-
ever, after applying an equivalency margin of 0.5 log to account for
practical differences between biological replicates [37,35], the detected
differences of 0.3 log between locations and surface type were not sig-
nificant. Biofilms were imaged with confocal microscopy to confirm
attachment. Collectively, biofilm developed into dense spherical shapes
on the surfaces of the biofilm coupons and sensors (Fig. 7). The bulk
concentration following the 24hr incubation in the SMBR was found to
be 6.8 £ 0.07 log;o CFU mL™.

Successful sensor integration was validated by the integrated RTD
sensors. The electrical slip ring allowed for uninterrupted, continuous
measurements (Supplemental Figure S2). Small diurnal temperature
fluctuations in the lab as well as heat capacity differences between the
reactor, media, and ambient air contributed to deviations between the
RTD sensors and HOBO datalogger.

4, Discussion

A major challenge of the SMBR development was sensor integration.
The geometry of commercially available RWVs like the Synthecon RCC
and HARV [29], which are standard devices for microbial research in
LSMMG, only allow for limited sensor integration at the center of
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Velocity in Cyllndrlcal 1 f]lpped[AX|aI] (mmls)
<-0.15

Fig. 3. Output from CFD model overlaid with 3-dimensional outline of the SMBR and the locations of the sensors and biofilm coupons. The axial-component of
velocity (positive flow left to right) is shown in a cross-section of the SMBR at 16.9361 s. Small-scale mixing can be seen in the outer radii of the reactor.

F[wd Shear Stress (m Pa)
0.5

Fig. 4. SMBR Symmetry () CFD model results showing the magnitude of the
intra-fluid shear stress (mPa) within the SMBR on a plane across the coupon
ring and cutting through the middle of the a) sensor and b) coupon recesses.
Shear stress increases from the center of the reactor to the outer radii corre-
sponding with an increase in velocity from the center to the outer wall. Note the
increased shear at the symmetry boundaries which are an artifact of the model
setup and are not representative of the bulk fluid behavior.

rotation of the reactor [40]. For the integration of many compact com-
mercial electrochemical devices (pH, conductivity, temperature,
oxidative redox potential, etc.) that are not probe-type sensors, the
optimal location for integration is at the wall of the reactor to protect the
circuitry and to allow for uninterrupted electrical connection between
the sensor and the measurement device. Integration of sensors in-plane
with the wall of the reactor also reduces or eliminates stagnation zones
or interruption to the fluid flow. In the present study, a 12-channel
electrical slip ring was integrated at the reactor influent to allow for
continuous electrical connection during reactor operation, and the
successful operation of the slip ring/reactor combination was demon-
strated through RTD sensor measurements. While the reactor was
developed for biosensors, RTD sensors were integrated to demonstrate

proof of concept. Future biosensor integration requires understanding
the electrochemical characteristics of a given media [41], which was
beyond the scope of this study.

As our reactor design is substantially different from previously
simulated designs, fluid modeling was necessary for comparison.
LSMMG reactors like the HARV have circular internal cross-sections and
well-defined fluid behavior as demonstrated by Masiello et al. and
Nauman et al. [25,42]. Of particular interest in LSMMG reactors is the
fluid shear stress, as it has been shown to directly affect the behavior of
microorganisms [43,44]. A shear stress of 1 mPa was used as the limit for
the SMBR CFD models [43,45].

In non-agitated RWVs, deviations from rigid-body behavior resulting
in inereased fluid shear are the result of the small velocity perturbations
described previously. In the SMBR, the wall shear stress on 99.3 % of the
reactor surfaces is below 1 mPa, with the average shear stress
throughout the bulk media of the reactor being 0.20 mPa. Compara-
tively, in 10 mL and 50 mL HARV reactors, the maximum wall shear
stress was found to be approximately 0.10 mPa and 1.0 mPa, respec-
tively, at a rotation speed of 25 RPM [25,42]. Significantly higher shear
(50 mPa-350 mPa) in both the bulk fluid and at the walls has been re-
ported for the random positioning machine, an alternative simulated
microgravity reactor that targets only the vector averaging method of
simulated microgravity [46]. Caution is advised, however, when
comparing shear stress within the SMBR to models of existing LSMMG
reactors. Shear stress depends on the mesh resolution generated in the
CFD model, and the mesh characteristics at the walls in the previously
mentioned CFD models are unknown. Nonetheless, the modelled shear
stresses within the SMBR and particularly along the walls were well
below the shear stress that defines established LSMMG environments
[25,42].

Although the bulk fluid behavior of the SMBR followed the LSMMG
behavior depicted in previous CFD models (i.e., approximately rigid
body), the cavities of the biofilm coupons and sensors appear to have
reduced shear stresses compared to the bulk fluid of the reactor. While
flow over cavities can filter eddies reducing the turbulence in the cavity
[47], the media in the SMBR is essentially static when analyzed in a
rotating reference frame. Therefore, the reduction in fluid shear on the
biofilm coupons and sensor surfaces was attributed to local changes in
the element size instead of cavity filtering. The mesh elements in these
recesses are five times smaller than the elements in the bulk reactor



H.M. Ketteler et al

Biofilm 9 (2025) 100263

Wall Shear Stress Magnltude (mPa)
_"1 -

Fig. 5. CFD modelled output of instantaneous wall shear stress on the SMBR wall at 16.9361s. Wall shear stress is shown in detail on the a) polycarbonate reactor
wall, b) the sensor surface, and c) the biofilm coupon surface. The area-weighted average wall shear stress for the surfaces were 0.29 + 0.31 mPa, 0.02 + 0.01 mPa,
0.03 + 0.02 mPa, respectively. The difference in the mesh size by location can be seen by comparing image a to images b and c.

3.
2%

]

Biofilm Density
(log, ,CFU/cm?)
%] w I wm
I
I-.-'—.!
e

-

Center Coupon Sensor Wall Coupon

Fig. 6. Biofilm growth on coupons (logl0 CFU/cm2) within the SMBR. CFU
normalized to surface area for all three locations within the reactor over three
experiment replications. A linear mixed effects model was applied to the data
with an equivalency margin of 0.5 log. The average log,, CFU/cm? of the
sampling locations were 5.9, 6.1, and 6.2 for the center coupons, sensors, and
wall coupons, respectively. The individual samples are shown in black dots for
each sampling location and the standard deviation is indicated.

volume, and the mesh prism layer thickness on the biofilm coupon and
sensor surfaces is approximately 10 % of the average element size
throughout the reactor. These attributes are the expected source of the
roughly one-order-of-magnitude difference in reported shear values
between the bulk fluid behavior and the fluid in the recesses. Intra-fluid
and wall shear stresses are not a principal variable in CFD. Instead, the
simulation solves for the velocity in the mesh elements, and the shear
stress is calculated from the change in velocity across the neighboring
elements. Following this trajectory, demonstrated by the biofilm coupon
and sensor mesh results, the calculated shear stress will converge to an
asymptotic value as the element size decreases, which is the solution of

the CFD model (Supplemental Figure S$4). Similarly, local differences in
the maximum shear stress on the polycarbonate wall, biofilm coupons,
and sensor surfaces are best explained by element size (Fig. 4).

The continuous low shear environment that was achieved in the
SMBR allowed for the development of microbial biofilms at different
locations in the reactor. Biofilm enumerated on the coupon and sensor
surfaces were not statistically different between the locations (Fig. 6).
CLSM images of biofilm on all test surfaces showed the attachment of
spherical bacterial colonies (Fig. 7). If the center and wall environments
in the reactor had differed, as is commonly found for coupons in the
Center for Disease Control Biofilm Reactor, we would expect to see
either differences in cellular attachment, morphology or both, due to
differences in fluid behavior [38,42]. Spherical biofilm morphology has
previously been shown for eukaryotic cells grown under simulated
microgravity [49] and is an expected behavior for cellular aggregates in
RWVs [42]. Visualization of bacterial cell aggregates during additional
SMBR experiments also supported these morphological changes from
initial undefined cell clusters in the inoculum to spheroids in the bulk
effluent fluid after 24 h (Supplemental Figure $3). While there has been
limited biofilm research conducted in actual microgravity conditions (e.
g. on the ISS and space shuttles), one study described biofilm in a unique
column-and-canopy growth morphology with spheroid-like growth on
the surface forming the columns and a bacterial mat canopy following
incubation at 37 °C for 72 h [11]. The bacterial spheroids generated in
the present study could be the foundation of this unique morphology,
but longer experiments are needed to better understand if this can be
replicated in LSMMG.

Sampling of biofilm reactors repeatedly over time has posed signif-
icant challenges. To maintain a stable fluid environment in RWVs the
reactor cannot be stopped until the end of the experiment, which has
limited temporal sampling to the bulk media effluent. Previous biofilm
studies in LSSMG have looked at biofilm formation on gas exchange
membranes, glass beads, and cells aggregates formed in the bulk fluid in
a HARV [24,44], but these methods are also limited to bulk and
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Fig. 7. Biofilm growth in the SMBR. Confocal laser scanning microscopy images captured using a Leica SP8 DIVE from a) microfabricated sensor surface with gold
electrodes visible (inset depicts side profile of spheroid), b) coupon ring biofilm coupon, and c) center biofilm coupon. Cells are stained with green-flucrescent nucleic
acid stain, Syto 9. Biofilm accumulation on all three surfaces took the form of spherical cell clusters. Scale bars are 20 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

endpoint sampling. The integration of biosensors and biofilm coupons
within a RWV addresses this challenge and provides information about
biofilm development and accumulation during reactor operation.

5. Conclusions

While previous models suggest that the reactor wall should be
ignored in LSMMG simulations due to hypothesized greater stresses on
the particles and poor mass transport [23,42,50], both the CFD model
and CFU enumeration in this study demonstrate that the fluid environ-
ment at the walls does not differ significantly from the bulk fluid and can
serve as a representative surface for biofilm behavior in LSMMG. The
CFD analysis indicated very low shear throughout the reactor allowing
for a continuation of the LSMMG model from the center of the reactor to
the walls, where biofilm accumulation can be expected. The SMBR also
has a much larger volume than commercially available reactors, which
is beneficial for experiments that aim to understand flow in a more
realistic pipe environment in spacecraft. Through this study, it was
shown that custom microfabricated sensor data collection is continuous,
reliable and agrees with commercial sensors. Future work will continue
modeling the fluid environment within the SMBR, exploring microbial
detection with microfabricated biosensors, and optimizing rotation
speeds for longer experiments. The successful integration of micro-
fabricated sensors into an RWV is crucial towards understanding biofilm
dynamics in microgravity environments.
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