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Abstract

Clinostats and Random Positioning Machines (RPMs) are valuable devices for microgravity simulations in order to study
fundamental gravity-dependent mechanisms on ground and in preparation for space flights. Both devices have different modes
of operation, which have to be carefully considered and comprehensively discussed with respect to their potential impact on the
quality of (simulated) microgravity. Here, we used the well-studied oxidative burst reaction of the immune cell (macrophage)
model system, in order to compare clinorotation with random positioning. The RPM was used in a clinorotation mode, rotating
the sample with 60 rpm around the horizontal axis and in the “random speed mode” (2-10 rpm) with and without random
direction, thus, two axes rotating either bi- or unidirectionally. The production of Reactive Oxygen Species (ROS) during
oxidative burst of the macrophages was visualized by the luminescence luminol assay. During clinorotation the cells responded
with a reduction of the ROS production which is fully in line with earlier studies (clinostat, parabolic flight). In contrast, the
exposure to the two random positioning modes showed that the oxidative burst response during RPM-exposure differs signif-
icantly from that observed during clinorotation, i.e. a jittering, more variant form of ROS production. We can conclude from our
work, that the RPM is not suitable in its real random mode (with and without random direction; 2-10 rpm) to simulate the
conditions of microgravity for the chosen system. We recommend that investigators using microgravity simulators should
carefully choose the device and mode of operation specifically for their cellular system of interest.
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Introduction

To maintain human health during space flight, great effort
has been made in the past years to study the effects of
altered gravity on the immune system (Choukér and
Ullrich 2016). In preparation of experiments to be per-
formed in microgravity and to increase the knowledge un-
der normal gravity conditions, scientists design micrograv-
ity simulators (ground-based facilities) on which they ex-
pose their model system and study their question of inter-
est. However, in order to validate the simulation approach,
access to experiments in real microgravity are necessary,
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but rare, especially those with identical set-ups as on
ground in order to perform a perfect comparison.

Space immunology studies have focused on the influence
of altered gravity on macrophages due to their role in immune
response. Reactive Oxygen Species (ROS) are produced dur-
ing their oxidative burst reaction, as the immunological first-
line of defense and this is an easily measurable parameter of
the immune response, therefore, perfectly suited for a space
experiment. Several investigators have used chemo-
luminescence assays to quantify the amount of produced
ROS in different cell types, in order to ascertain the influence
of gravity on this crucial host-defense mechanism. Huber
et al. (20006) established the methodology of luminol measure-
ment in rodent alveolar macrophages, whereas Unruh et al.
(2016) used the same assay to measure the ROS production in
blue mussel hemocytes.

Immune cells produce ROS in terms of host-defense and
the assay nicely demonstrates the activity and capability of the
cells to fullfill their main duty i.e. clearance of the body after
pathogen infection. This method has been adapted and
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improved in order to have a biomarker of immune cell activity
under microgravity conditions (Adrian et al. 2013). Horn and
colleagues developed a clinostat, capable of simulating micro-
gravity on ground and in combination with a photomultiplier
tube (PMT) to measure online the light emitted by the cells
which is corresponding to the amount of ROS production
(Horn et al. 2011). This breakthrough enabled real time mea-
surements of ROS production in immune cells under altered
gravity conditions and provided the ideal preparation for the
TRIPLE LUX A & B space experiments (Thiel et al. 2017,
Ullrich et al. 2017; Unruh et al. 2016). Adrian et al. (2013)
utilized the photomultiplier clinostat (PMT-clinostat) (Horn
et al. 2011) to study the influence of simulated microgravity
(clinorotation) on the ROS production. Furthermore, investi-
gations included the application of hypergravity on a short-
arm centrifuge as well as parabolic flight studies (Adrian et al.
2013; Brungs et al. 2015, 2016b). It was shown that the
ground-based approaches using a clinostat as well as a centri-
fuge are excellent tools to simulate the conditions during a
parabolic flight as the response was similar to the observed
ROS production during parabolic flight (Brungs et al. 2016b).
Several studies (Adrian et al. 2013; Brungs et al. 2015, 2016b)
depicted the influence of altered gravity on the ROS
production in alveolar macrophages and demonstrated that
ROS production is a gravity-dependent process: microgravity
revealed a decreased amount of ROS after cell stimulation,
whereas hypergravity increased the production of radicals.
Notably, the experiments were performed with the PMT-
clinostat and verified in real microgravity by exposure to
parabolic flights (Adrian et al. 2013). The reaction of cells,
in terms of the ROS production, is very fast and the under-
lying mechanisms remains to be studied, although, most
likely the gravisensitivity remains within the phosphoryla-
tion of the crucial tyrosine kinase Syk (Brungs et al. 2015)
or another fast responding process like the reorganization of
the cytoskeleton or the Rho GTPase activity (Thiel et al.
2017). Taken together, these studies demonstrated that the
pathogen-induced ROS production is a gravity-dependent
process.

The aim of this study was to compare two different devices
for microgravity simulation, the Random Positioning
Machine (RPM) and the clinostat, with this well-studied assay.
Clinostats rely on the principle of keeping the sample (cells)
evenly suspended by constantly rotating the system to dimin-
ish sedimentation. The Random Positioning Machine is also
used as a microgravity simulator, but is based on a different
principle as compared to the 2D clinostat: the sample is rotated
randomly around two axes of rotation, thereby the sample is
continuously reoriented and - from the samples point of view -
the gravity trajectory is averaged over time to nearly zero
(Mesland 1996; Brungs et al. 2016a). Until today, there is a
number of literature available including studies with different
microgravity simulators, ranging from free-fall machines,
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rotating-wall vessels, Random Positioning Machines to
slow- and fast-rotating 2D/3D-clinostats (see review of
Brungs et al. 2016a). Although clinostats have a long-lasting
history and were validated for several model organisms,
Random Positioning Machines gained popularity. High vol-
umes of cell cultures and bulky containers are proposed to be
used on the RPM, in contrast to small volumes and diameters
suggested for 2D clinostats. Furthermore, more recently,
RPMs have been successfully applied for tissue engineering
studies, for example production of scaffold-free cartilage
spheroids of thyroid cells and human chondrocytes (Grimm
et al. 2014; Aleshcheva et al. 2016; Warnke et al. 2016).
Several authors have stated that the best microgravity simula-
tor has to be identified for each model system individually,
depending on e.g. its sensitivity to accelerations and mechan-
ical stress and cultivation conditions (Herranz et al. 2013).
Therefore, there is a huge demand for comparative studies.
Even more, since recent studies point out that random posi-
tioning results in the induction of fluid shear forces, which
may affect the exposed cells and mask gravity-related effects
(Wiiest et al. 2015, 2017). Using the dinoflagellate Pyrocystis
noctiluca and its capacity to act as bioassay for mechanical
stress, Hauslage and coworkers visualized the shear forces
induced by random positioning in contrast to clinorotation
(Hauslage et al. 2017).

The macrophage test-system has been successfully
employed on clinostats, centrifuges, parabolic flights and dur-
ing space flight, thus, providing a robust test-assay, demon-
strating online kinetics of ROS production as a marker for
cellular activity and stress response. In the here presented
study, we directly compared ROS production of macrophages,
triggered by opsonized zymosan (yeast) particles, under dif-
ferent conditions - 2D-clinorotation as well as random posi-
tioning. This approach will increase our knowledge on the
differences of these two kinds of simulation principles and
support experimenters in choosing and discussing an appro-
priate method. Our overall goal is to provide information on
the usability of microgravity simulators and to help investiga-
tors to design their experiments using ground-based facilities.

Materials and Methods
Cell Cultivation and Luminol-Assay

All experiments were carried out in the same design as done
previously (Horn et al. 2011; Adrian et al. 2013; Brungs et al.
2015, 2016b). Briefly, the alveolar macrophage cell line
NR8383 (passages <5) was used for all experiments. Cells
were cultivated under 95% relative humidity, 5% CO2 at
37 °C in Ham’s F12 (Biochrom), supplemented with 10%
fetal calf serum (Biochrom) and 1% Antibiotic Penicillin-
Streptomycin (Biochrom), 0.1% 2-Mercaptoethanol (Gibco).
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Medium was changed every 2—-3 days. For each test assay 7 x
10°/ml of cells in suspension was mixed in 1 ml cuvette (di-
ameter of 4 mm) with horse radish peroxidase (500 units/ml,
Merck) and 10 mM luminol (AppliChem) in Borat buffer. To
activate the cells, 100 pg/ml of opsonized zymosan (Sigma)
was added and the measurement immediately started. The
opsonized zymosan was prepared according to Allen (1986)
and it was used as it initiates a strong oxidative burst in mac-
rophages. Zymosan is phagocytosed by the cells and reactive
oxygen species are produced, which, in turn, oxidize the
added luminol solution. The conformational changes in the
oxidized luminol results in the emittance of light, which can
be measured/ amplified by a photon counting head equipped
with a photomultiplier tube. For a non-activated control ex-
periment, 10 pl of phosphate buffered saline (PBS; Biochrom)
were added instead of zymosan. The PBS is only added to
adhere to the procedure of adding a stimulus to the cells.
PBS does not activate the cells. The measurement of ROS
after addition of PBS (instead of zymosan) is the background
ROS production; therefore this measurement can be seen as a
negative control for the experimental set-up. Stressed cells or a
high cell passage will show more background luminescence;
therefore, this PBS control is very valuable as it indicates that
the response is specific to the activation of the cells with
Zymosan.

2D Clinostat and Random Positioning Machine -
Modes of Operation

2D clinostats consist of a horizontally rotating sample cuvette,
around one axis of rotation, with a small diameter and a rotat-
ing speed of 60 rpm (Briegleb 1992). This rotation keeps the
cells in suspension, as sedimentation is avoided and the grav-
ity vector is continuously randomized (Brungs et al. 2016a).
2D clinostats are used for simulating microgravity for small
biosystems such as cells, unicellular organisms, mussels, fish
and others (Brungs et al. 2016a; Unruh et al. 2016).

Here, we used the “Desktop RPM” from Dutch Space
(Leiden, Netherlands) as a 2D clinostat. The RPM consists
of two frames which are positioned perpendicular to each
other and can be rotated separately in several modes of oper-
ation. All experiments were performed on this kind of ma-
chine, however used in different modes: isolated rotation of
the inner frame at 60 rpm, keeping the cell cuvette in a hori-
zontal position. The cells were kept in a small cylindrical tube
(cell culture volume ~1 ml; diameter 4 mm, length 3.5 cm) and
rotated in a horizontal position.

For 3D real random mode, samples are mounted on the
inner frame and rotated around the two axes with randomly
changing rotational speed and directions, with a speed varying
between 2 and 85 rpm. In the present study two modes of
operation were used: 1. The “real random speed”, where both
frames operate at a maximum speed of 10 rpm each at the

same time in a constant direction. 2. The “real random speed”
mode combined with “random direction” mode, in which both
rotating frames are randomly changing the direction at a speed
of maximum 10 rpm. The Desktop-RPM was located inside a
cell culture incubator for all experiments.

The experimental set-up - implemented onto the inner
frame of the RPM - was identical to the lately published hard-
ware, described by Hauslage et al. (2017) (Fig. 1). The light
emitted by the cells was measured by a digital photon
counting head equipped with a photomultiplier tube
(Hamamatsu, H7155). To reduce the amount of counted pho-
tons in a ratio of 4:1 and to amplify the electrical pulses a
74HC193 binary counter was implemented between the
PMT and the Arduino Nano system. Obtained values were
recorded by an Arduino program and saved on SD memory
card as csv file. To perform a high rate counting of the
Arduino up to 5 MHz the FreqCounter library from Martin
Nawrath from the Academy of Media Arts Cologne was used.
The experiments were started with the addition of the

a b

Fig. 1 The Random Positioning Machine set-up: a rotation of the inner
axis as a clinostat with a speed of 60 rpm. b rotation of both axes with
different speed and direction (real random mode with/without random
direction). ¢ The RPM set-up with the photomultiplier tube for
bioluminescence measurements. Red lines indicate the different axes of
rotation. Figure taken from Hauslage et al. 2017 with permission from the
author
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oxidative burst-initiating zymosan and the measurements
lasted for 45 min, as this time frame is sufficient to record
the major ROS production process. Experiments were repeat-
ed at least 6 times and the figures shown in the results section
are representative for several experiments.

Force Calculations

In order to compare the clinostat mode with the random posi-
tioning mode, we calculated the peak (worst case) centrifugal
force acting on a cell, assuming that the distance of a cell is
maximal from the center of rotation.

The peak centrifugal acceleration applied to the system
during clinorotation at 60 rpm was calculated according to
Wiiest et al. (2015) by using the formula

a:wz*r

= ~0.08 g(constant value due to constant speed and direction of rotation)

With w being the rotation velocity (60 rpm; 6.283 rad/s)
and r the inner radius of the cuvette in meters (0.002 m).

For RPM modes the force calculation is more difficult, be-
cause there are two frames rotated and the speed and direction is
changed during the mode of operation. As an approximation we
used 2.41, a number derived from calculation of the farthest
position of the sample during rotation (see Wiiest et al. 2014)
and assuming both frames rotate constantly with a maximum
speed of 10 rpm (~1.05 rad/s) and a maximum radius from the
center of rotation of 0.0175 m (length of cuvette is 3.5 cm):

o= 2.41*w?*r

= ~0.05 g(achieved over time due to random changes in speed and direction)

Results

In order to proof that the RPM is usable also as a clinostat, we
rotated the inner frame of the RPM with 60 rpm around its
horizontal axis with the cell cuvette in the center of rotation,
comparable to common 2D clinostats. Figure 2 shows the
ROS production during one representative experiment of sev-
eral runs (N = 6) using the RPM in the 2D clinostat mode. The
ROS production, after stimulation with opsonized zymosan, is
decreased during the clinorotation with its characteristic
pattern: the ROS production under clinorotation is approxi-
mately 75% lower than the corresponding 1 g curve. Cells
were used from different cell batches (passages) which results
in a differing maximal luminescence and a high variation in
the measured relative light units. The figures show the mea-
surements from one batch and are representing measurements
from several batches of cells. Furthermore, we performed con-
trol experiments using phosphate buffered saline (PBS) (instead
of zymosan) as a negative control to see if vibrations etc. can
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induce a stress-related ROS production: The control experiment
showed clearly that no ROS production was occurring.

Many investigators (Grimm et al. 2014; Hauslage et al. 2017,
Wiest et al. 2017) used the RPM in the mode “real random
speed” with and without “random direction” at a speed ranging
between 2 and 10 rppm. We applied this operational program and
monitored cellular ROS production visualized by the oxidation
of luminol. A clear difference was stated compared to the pattern
obtained in the clinostat experiments. In Fig. 3 it is shown how
the RPM mode “real random speed” without “random direction”
(unidirectional operation) produces very jittering curves with a
high noise level. The same applies for the use of the real random
mode with random direction as the mode produces jittering
curves (Fig. 4). Taken together, RPM measurements significantly
differ from the clinostat results: The cells produce (in total) less
ROS during the exposure to random positioning (compared to
1 g control), but not as low as during clinorotation. Furthermore,
a smooth curve as it is known from clinorotation was not detect-
able. Both RPM modes cause jittering ROS signals i.e. a more
variant form of luminescence of higher and lower photon emis-
sions, which is directly corresponding to the ROS production of
the macrophages during the oxidative burst reaction. We used
PBS instead of zymosan as a negative control, to elucidate
whether the cells respond to the RPM modes with stress-
induced ROS production, but hardly any ROS production oc-
curred (compare Figs. 2 and 3).

Discussion

The aim of this study was to validate the usability of the RPM
as a microgravity simulator for this specific cellular assay,
which had been studied before using the PMT 2D clinostat
technology (Hom et al. 2011). Before using the RPM modes
of operation we set the speed of rotation of a single (inner)
frame to 60 rpm to have the same configuration as on a com-
mon clinostat. This was the perfect control experiment, as it
provided the almost identical set-up to the RPM experiments
itself. Rotating both frames of the RPM induces vibrations as
shown by Krause et al. (2018). As a consequence, for
clinorotation we used the inner frame which induces less vi-
bration than the outer one. The data show that the ROS pro-
duction is reduced in the 2D clinorotation mode, which is
identical to the earlier finding using a PMT 2D clinostat
(Horn et al. 2011; Adrian et al. 2013; Brungs et al. 2015).
This experiment shows that the RPM device is in principle
usable as a clinostat in case of macrophages, considering the
sample is placed exactly in the center of the rotating axis and
at a speed of 60 rpm. Furthermore, vibrations itself do not
seem to induce any stress-related ROS production in macro-
phages — at least in a completely filled 1 ml sample cuvette - as
the control measurements with the by PBS non-activated cells
did not show any response.
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0 2
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Fig. 2 2D clinorotation achieved on a Random Positioning Machine by
just rotating one frame in a constant and fast mode (60 rpm) reduces the
ROS production of NR8383 macrophages after stimulation with
100 pg/ml opsonized zymosan (grey) compared to the stationary 1 g

Both random RPM modes render the luminescence signal
emitted by the cell, which significantly differs from the results
of clinorotation. For the first time, such jittering, random ROS
production has been observed using a microgravity simulator.
Although the ROS curve maximum is lower than the respective
1 g control, random positioning does not provide a smooth curve
and a drop in luminescence as shown during clinorotation.

Macrophages Respond to Random Positioning

Our findings do not indicate a difference between RPM modes
with unilateral direction compared to random direction. Thus,

300000

30

35 40 45

control (red). The production of reactive oxygen species was visualized
with the luminol-assay and a photomultiplier tube during clinorotation.
Shown are individual measurements as representatives of several
repetitions

we conclude that the macrophages are not influenced by the
sudden changes in the direction when applying real random
direction mode, but are influenced by random positioning it-
self. Our calculations show that the random positioning in-
duced less centrifugal acceleration (0.05 g) compared to the
clinorotation mode (0.08 g). Nevertheless, the cells respond
with a completely different luminescence signal during ran-
dom positioning compared to clinorotation. Here, we postu-
late that the cells are sensitive to the rotation of both frames
together with the sudden change of direction of the rotation,
although the theoretically resulting centrifugal force is lower
than during clinorotation.
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Fig. 3 RPM Real random speed mode at max. 10 rpm (“RPM RRM
10rpm™; grey) using 2 rotating frames at the same time renders the ROS
production of NR8383 macrophages after stimulation with 100 pg/ml
zymosan compared to the 1 g control (red). The non-activated cells
(zymosan replaced by PBS; “negative control”) did not show any ROS
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activity (blue). The production of reactive oxygen species was visualized
with the luminol-assay and a photomultiplier tube during random
positioning. Individual measurements are shown as representatives of
several repetitions
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Fig. 4 RPM real random speed mode with random direction at max.
10 rpm (“RPM RRM RD 10rpm”; grey) renders the ROS production of
NR8383 macrophages after stimulation with 100 pg/ml opsonized
zymosan compared to the 1 g control (red). The non-activated cells
(zymosan replaced by PBS; “negative control”) did not show any ROS

The principle of the RPM is to average the gravitational
load to almost zero over time, meaning that mathematically
zero gravity can be reached by running the RPM for a long
period of time (which was calculated to be theoretically
around 0.05 g). Nevertheless, the actual gravity vector of all
three dimensions varies between -1 g and + 1 g, which may
influence the macrophages of the cell line NR8383. This cell
line is known for its sensitivity to altered gravity as results
from ROS measurements during parabolic flights showed
that the cells respond to altered gravity/ changing gravity
conditions within a few seconds (Adrian et al. 2013), indi-
cating that this specific bioassay is capable of responding to
changes in real-time. During the Triple Lux A experiment
executed in the Columbus ISS facility Biolab, the macro-
phages responded to a sudden change from 1 gto 0 g with a
sudden drop in luminescence, together with a fast adapta-
tion to the microgravity environment within 42 s (Thiel
etal. 2017).

Cells May Respond to Shear Forces During Random
Positioning

In 2017, Wiiest et al. (2017) modeled the shear stress
occurring in the RPM during rotating of both frames
with constant and equal velocity. Although their model
included adherent cells in a bulky volume of a T75 cell
culture flask - a set-up distinct from ours - we can
conclude that the RPM induces shear forces. As shear
forces on an RPM are most prominent in bulky con-
tainers with corners, we tried to keep the shear forces
low, by using a cylindrical 1 ml sample cuvette
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activity (blue). The production of reactive oxygen species was visualized
with the luminol-assay and a photomultiplier tube during random
positioning. Individual measurements are shown as representatives of
several repetitions

identical to the set-up in clinostat experiments,
completely and bubble-free filled. The physical stimula-
tion by shear forces may be sufficient to induce an
altered ROS production in macrophages in case the cells
were activated with a pathogen (zymosan) to trigger the
oxidative burst pathway. It has been shown before, that
the RPM can induce shear stress to unicellular organ-
isms: The dinoflagellate Pyrocystis noctiluca was ex-
posed to the identical experimental set-up showing a
response to the shear forces during random positioning
(Hauslage et al. 2017). As the presence of shear forces
during RPM exposure were validated by computer sim-
ulations and using dinoflagellates as a reporter system
(Hauslage et al. 2017; Wiiest et al. 2017) we can con-
clude that the observed jittering luminescence and there-
fore radical production on the RPM operated in the
mode random speed (2- 10 rpm) may be because of a
sensitivity to shear forces. Notably, using PBS as a con-
trol “stimulant” we could not see any random ROS
production of the cells which indicates that the jittering
ROS production on the RPM after stimulation of zymo-
san is specific for the oxidative burst pathway.

Nevertheless, the underlying mechanism of this shear-
stress sensitivity of the macrophages remains elusive. The
involvement of the key tyrosine kinase Syk (Brungs et al.
2015) may play a role in the gravisensitivity of the cells,
however, it is also proposed that the cytoskeleton and
NADPH oxidase and/or Rho GTPases may be involved
(Thiel et al. 2017). We can speculate that these crucial
proteins in ROS production pathway may also be affected
by the conditions during random positioning.



Microgravity Sci. Technol. (2019) 31:223-230

229

Although the production of luminescence in this mac-
rophages system is different from the one occurring in
Pyrocystis noctiluca, macrophages and dinoflagellates
have something in common: in both systems, the origin
of luminescence (radicals) is located at an organelle
membrane. As Hauslage and colleagues proposed, altered
gravity impacts the membrane fluidity, and, most likely,
the signaling processes occurring on the membrane,
resulting in altered luminescence in dinoflagellates
(Hauslage et al. 2017) a phenomenon which could also
be the reason for changed ROS production observed in
macrophages.

Conclusions and Recommendations Using
the RPM

Without the knowledge of the underlying mechanisms on
how the change of gravity and/or shear-forces results in a
change in the radical production, the here shown result can-
not be fully interpreted. Nevertheless, the main purpose of
this study was to use a well-studied model system in order
to analyze the capabilities of the Random Positioning
Machine as a microgravity simulator. We can conclude
from our work, that the RPM is not suitable in its real ran-
dom mode (with and without random direction; 2-10 rpm)
to simulate the conditions of microgravity for the chosen
system, as we were not able to reproduce the clinostat and
parabolic flight results with the random positioning modes
of the RPM. However, in its 2D clinostat mode, i.e. rotating
the sample horizontally around just one axis with 60 rpm,
the RPM can provide the same conditions as the previously
validated PMT-clinostat (Horn et al. 2011). This has been
also demonstrated in the case of statolith displacement in
the rhizoid of Chara (Krause et al. 2018). Here, 2D
clinorotation revealed comparable results as in real micro-
gravity and thus an appropriate simulation. The additional
rotation axis in 3D real random mode had no further advan-
tage toward the 2D clinorotation with respect to the selected
experimental parameters, but induced further vibrations
(Krause et al. 2018).

Investigators using the RPM shall keep the volume of the
sample container low and keep it in the center of rotation, in
order to minimize shear force effects and gradients of accel-
erations. If applicable, users should make use of the clinostat
mode (60 rpm, one axis of rotation) of the RPM in comparison
to random positioning. Taken together, investigators shall
carefully choose the microgravity simulator and try to com-
pare RPM, clinostat and real microgravity (e.g. space flight)
whenever possible, in order to validate the respective ground-
based analogue and to avoid the induction of non-gravitational
effects.
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