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Among biological models, cell culture constitutes an important
paradigm that allows rapid examination of cell phenotype and
behavior. While cell cultures are classically grown on a 2D sub-
strate, the recent development of organoid technologies repre-
sents a paradigmatic shift in biological experimentation as they
pave the way for the reconstruction of minimalist organs in 3D.
Manipulating these 3D cell assemblies represents a considerable
challenge. While there is growing interest in studying the be-
havior of cells and organs in the space environment, manipulat-
ing 3D cultures in microgravity remains a challenge. But with
cellular research underway aboard the International Space Sta-
tion (ISS), optimizing techniques for handling 3D cellular as-
semblies is essential. Here, in order to cultivate 3D models of
spheroids in microgravity, we developed and used an acoustic
bioreactor to trap levitating cellular organoids in a liquid cell
culture medium. Indeed, in a Bulk Acoustic Wave (BAW) res-
onator, spherical objects, such as cells, can be maintained in an
equilibrium position, inside a resonant cavity, away from the
walls. In the acoustic levitation plane, gravity is counterbal-
anced by the acoustic radiation force (ARF) making it possible
to maintain an object even in weightlessness. A dedicated setup
was designed and built to perform live calcium imaging dur-
ing parabolic flights. During a parabolic flight campaign, we
were able to monitor the calcium activity of 3D neural networks
trapped in an acoustic field during changes in gravity during
different parabolas. Our results clearly indicate a change in cal-
cium activity associated with variations in gravity.

Microgravity | Hypergravity | Neuronal activity | Cell spheroids | neurons
Acoustic Levitation | Acoustic trap
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Introduction

Microgravity impairs physiology and health of the astronauts.
When living on the International Space Station (ISS), many
physiological changes are observed, such as bone density
loss, muscle atrophy, cardiovascular and hemodynamic al-
terations, metabolic changes, endocrine disorders, and sleep
irregularities. It also causes vestibular and ocular struc-
tural dysfunction induced by increased intracranial and intra-
ocular pressure, leading to SANS (Spaceflight-associated
neuroocular syndrome) (1, 2). While, these result from pro-
longed exposure to microgravity and body fluids reshuffle,
most of the syndromes are reversible upon return on earth.
Yet, question are raised on the consequences of longer stay
and/or exposure to space radiations that may cause more pro-
longed deficits.

From a neurological perspective, medical studies of astro-
nauts have also shown that spaceflight has short-term (mo-
tion sickness, ventricular enlargement and local intracra-
nial pressure, vestibular dysfunction and SANS) that raises
fears about long-term effects on the brain (increased risk of
brain tumors, premature aging, accelerated neurodegenera-
tion) (3, 4). Extensive fMRI analysis of astronaut brain struc-
ture have recently suggested that astronauts experience subtle
but significant changes in the brain connectome (5). These
phenomena are either related to microgravity itself, via me-
chanical unloading, or to intracranial fluid redistribution, or
to space radiation.

With the growing interest in the space industry and prepa-
ration for long-term stays in the space environment, it is of
paramount importance to understand the mechanisms under-
lying space-specific physiological adaptations and to deter-
mine whether or not the space environment triggers patho-
physiological conditions.

While physiological studies provide valuable insight into the
broader effects of microgravity on organ systems, cellular
studies can help elucidate the underlying mechanisms driv-
ing these changes. However, conducting cellular studies in
microgravity poses significant challenges. Indeed, carrying
out these experiments in space require extensive planning,
specialized equipment and logistical coordination. Ground-
based methods range from experiments simulating micro-
gravity in the laboratory to specific environments creating
transient phases of microgravity, such as in rockets, drop tow-
ers or parabolic flights. They offer shorter experiment dura-
tions, ranging from a few seconds (drop towers, parabolic
flights) to a few minutes (rockets) (6). Experiments on the
International Space Station (ISS) or in automated space labo-
ratories such as Cube Sats offer the possibility of longer-term
studies, but require the development of dedicated tools allow-
ing the manipulation of living cells in a zero-G environment
(7, 8).

Although cell biology experiments are regularly carried out
in a constrained environment such as the ISS, they are limited
due to technical difficulties. Most cellular studies rely on the
use of a flat 2D environment, which allows observation by
microscopy. However, the evaluation of biological processes
in more complex models such as 3D organoid cultures is lim-
ited to analysis on Earth, before and after the stay in space.
Manipulating objects, including biological models, in micro-
gravity presents unique challenges and opportunities due to
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the lack of sedimentation that allows cell culture on Earth.
Indeed, in the absence of gravity, objects float in the environ-
ment and can drift at the slightest contact, thus complicating
precise positioning. Additionally, it is difficult to maintain
the orientation and position of tools and objects without a
stable reference point (6, 9).

To solve these problems, several methods have been pro-
posed, from trapping cells in bioactive gels (10) to magnetic
labeling of living cells allowing levitation in a paramagnetic
liquid cell culture medium (11). Acoustic levitation is an-
other technology allowing the manipulation and trapping of
microscopic objects such as cells or particles, without me-
chanical contact. It has already been used during parabolic
flights to study the self-propulsion of acoustically levitating
metal nanorods in microgravity (12). Acoustic levitation re-
lies on the creation of a stationary acoustic wave inside a res-
onant cavity, also called Bulk Acoustic Wave (BAW). Vari-
ations in acoustic pressure lead to the creation of an acous-
tic radiation force (ARF). The axial component of the ARF
pushes all suspended objects toward the acoustic pressure
nodes (minimum pressure regions) of the standing wave. Ob-
jects can then be trapped in pressure nodes, also called acous-
tic levitation planes, where they can be held for as long as
necessary in a stable position. The magnitude of this force
depends on the acoustic wave properties (frequency, ampli-
tude) as well as of the properties of the objects and the sur-
rounding environment (acoustic contrast). Objects are also
trapped radially by the transverse component of the ARF,
which is approximately ten times weaker than the axial com-
ponent (13). It has been demonstrated that BAW resonators
can be used to structure, levitate and culture mammalian cells
and enable the self-organization of large cellular spheroids
(14, 15), in a dynamic manner (16, 17) making acoustic levi-
tation an interesting alternative for manipulating and growing
cells in microgravity.

In this study, an original experimental setup was developed.
It includes a fluorescence microscope and an acoustofluidic
bioreactor allowing the levitation and trapping of large cel-
lular spheroids composed of active neurons. This new ex-
perimental platform has been validated by recording the neu-
ronal activity of acoustically trapped neuronal spheroids dur-
ing a parabolic flight (177th parabolic flight campaign funded
by the CNES). It demonstrates that acoustic levitation is a
powerful tool for trapping active living objects in a micro-
gravity environment, thereby enabling the microscopic study
of microgravity-induced variation in neuronal activity. The
experimental measurements indicate that the microgravity
environment modifies the calcium activity of neuronal net-
works. They also show that acoustic levitation could prove
to be a particularly interesting tool for all biological experi-
ments involving 3D cell cultures such as cellular spheroids or
organoids.

Results

Acoustic trapping in micro or hyper-gravity
Performing microscopy imaging during parabolic flights
presents unique challenges due to abrupt gravity changes and
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high noise and vibration generated by aircraft engines. These
conditions can interfere with such sensitive imaging equip-
ment and make the data collection difficult. In order to con-
sider live imaging of active cellular objects such as neuronal
spheroids in such a harsh environment, efficient and robust
trapping of the living cellular objects to be imaged is re-
quired. In microgravity, while traditional methods of holding
and manipulating delicate structures may fail, acoustic lev-
itation could prove an easy way to hold living objects in a
stable position in a liquid culture medium, allowing precise
observations and interventions without damaging the objects
by mechanical contacts. Indeed, the acoustic radiation force
should be able to counterbalance the weight of the object and
keep it in acoustic levitation in both micro- and hyper-gravity.
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Fig. 1. Sketch of the acoustic chip (A) Side view of the acoustofluidic chip show-
ing the standing acoustic wave inside the PDMS cavity. The typical frequency is
2 M H z, corresponding to an acoustic wavelength A\,. ~ 375 um. The axial
force F;m is 10 times stronger than the transverse force F:T. The acoustic wave
propagates in water and the reflector is a 1 mm thick glass slide. (B) Top view and
side view of the PDMS chip with the acoustic transducer on top.

The acoustofluidic chip consists of a PDMS (polydimethyl-
siloxane) body bonded to a microscope cover glass. The
PDMS material was chosen because it is biocompatible and
gas permeable, making it ideal for cell culture (18). It is also
transparent, allowing optical access, and is easy to process.
A 2 M H z ultrasonic transducer is in direct contact with the
PDMS body, closing the cylindrical cavity (Fig. 1). The mi-
croscope cover glass, facing the transducer, acts as an effi-
cient acoustic reflector and allows optical access to visualize
objects inside the resonant cavity using an inverted micro-
scope.

Two acoustofluidics chips and two different setups were used.
The firstis a 5 mm high multinode chip, which allows simple
observation from the side, allowing to easily track the objects
trapped under acoustic levitation. It will be used to validate
the acoustic trapping of large objects even during the changes
of gravity. The second is a 700 pm high single-node chip. It
allows an easy observation from under the chip and is well
adapted to fluorescence microscopy with an inverted micro-
scope.

The robustness of acoustic trapping was first tested using
large beads of diameter d,, = 300 pm, close to the dimension
of a cell spheroid. The multi-node acoustofluidic chip was
used with an acoustic frequency of 2 M Hz and a voltage
amplitude of 5 V. To describe the displacement of large
scale objects during a parabola the displacements of beads
in acoustic levitation, in ten different levitation planes, were
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recorded in the X/Z plane, in the reference frame of the
plane. A typical result is shown in Fig. 2. The Fig. 2A
shows the full trajectory of a bead during gravity changes
and the evolution of the corresponding X and Z position
as a function of time. The first observation is that the dis-
placements along the Z direction are ten times smaller than
along the X direction. This result is confirmed when looking
at the averaged maximal displacements for ten different
particles shown in Fig. 2B. The maximum displacement
along the X axis is at most a third of the diameter of the
bead while it is less than 3% of the bead diameter for the
Z displacement. This result can be explained by the fact
that the axial component of the ARF is indeed one order of
magnitude larger than its transverse component. It confirms
that the acoustic trapping is indeed strong enough and can
maintain large objects in acoustic levitation even during the
hyper-gravity phase.

These results confirm that the acoustofluidic chip can indeed
be used to levitate and trap even large cell spheroids and
should subsequently enable live recording of fluorescence
microscopy of living cell spheroids.

Monitoring calcium activity of spheroids

Calcium imaging is a valuable technique for studying the
influence of gravity variations on a neural network during
parabolic flights. This method is particularly useful because
it can capture rapid changes in neuronal activity, typically
in ten seconds or less, making it ideal for the brief grav-
ity phases of these flights. Calcium imaging tracks fluo-
rescence fluctuations of many neurons simultaneously, with
typical signal frequencies around a few Hertz (20). It also
allows live video recording for later offline analysis. For
this parabolic flight campaign, the effect of microgravity was
studied on neuronal spheroids derived from a hippocampal
neural progenitor grown under differentiating conditions in
non-adherent cell culture plates. This neuronal progenitors
spontaneously self-organize into spheres containing approxi-
mately 70% of hippocampal neurons among which 25% are
GABAergic neurons, and 30% of astrocytes (Fig. 3). The
typical diameter of a spheroid is about 200 ym. These 3D
networks were selected because they allow the observation of
spontaneous and synchronized calcium transients, providing
information on the overall behavior of the spheroids without
requiring external stimulation.

During two flights , the calcium activity of 20 active
spheroids from 2 different cultures (i.e. different mice) was
imaged and recorded. Fig. 4B shows a typical snapshot of
a spheroid in acoustic levitation as monitored with the flu-
orescence microscope during the parabola. Each recording
of a spheroid contains two parabolas, it starts 50 s before
the onset of the first parabolas, i.e. before the hypergravity
phase (1.8 g), and ends when the aircraft returns to 1 g, at
the end of the second parabola. Each parabola consisted
of approximately 30 s of hypergravity followed by 22 s of
microgravity and finally ending with 30 s of hypergravity.
Thus, each recording lasted approximately 300 s. The time
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evolution of the three components of the acceleration of the
plane over two parabolas are plotted in the upper graph in
Fig. 4A. The corresponding time evolution of calcic activity
of a spheroid is shown in the two lower graphs in Fig. 4A.
Throughout the campaign, approximately 15 min of calcium
activity of primary hippocampal neurons was recorded in
microgravity and more than 30 min in hypergravity.

Influence of gravity changes on calcium activity of
spheroids in acoustic levitation during parabolic flights
The activity of the spheroids was recorded during the three
gravity phases (standard gravity, hypergravity and micrograv-
ity). The bursting period was extracted for all gravity phases
during 20 parabolas. The mean values and the distribution
of the activity periods are plotted as violins in Fig. 5. It
varies from 5.49 + 3.51s in 1g to 4.75+ 3.34s in 1.8¢g and
3.16 £+ 2.56s in Og. The first observation is that hypergravity
does not induce a significant variation of the bursting period,
only a small reduction of the mean period. On the contrary,
microgravity causes a significant decrease of the mean burst-
ing period. Moreover, the dispersion of the bursting periods
is also reduced.

These first experiments demonstrate that acoustic levitation
allows efficient trapping and rapid imaging of live neuronal
spheroids during a 3-hour parabolic flight. Our results clearly
show that mature neuronal networks respond specifically to
microgravity by accelerating their internal rhythms.

Changes in neuronal activity due to microgravity has been
postulated to be caused by modification of membrane vis-
cosity and/or excitability (21). Changes in neuronal activ-
ity due to microgravity has been postulated to be caused
by modification of membrane viscosity and/or excitability
(21). We therefore wondered whether increasing neuronal
spheroids excitability trough 4-Amino Pyridine treatment, a
non-selective voltage-dependent K T channel blocker, would
modify microgravity induced change in activity.

In a second set of experiments, 15 DIV hippocampal
spheroids treated with 50 M 4-aminopyridine (4-AP) were
studied. As shown in Fig. 6, hippocampal spheroids exhib-
ited faster bursting activity during the 1g phase compared to
untreated spheroids. This is an expected result since it has
been previously described that 4-AP significantly increases
the bursting activity of 3D networks (22).

In comparison with the untreated spheroids (Fig. 5), the hy-
pergravity phase modify the bursting period of the 4-AP-
treated spheroids compared to the 1g phase (Fig. 6). Strik-
ingly, the microgravity phases led to a specific and dramatic
decrease in the bursting period of the spheroids. We also ob-
served a significant modification of the envelope of the violin
distribution. Indeed the activity at 1g is slower than at Og
where it seems to reach a threshold at short period (which is
for the fastest 4 times slower than the acquisition speed which
seems to indicate that it is a plateau linked to the spheroid and
not to the acquisition). The activity at 1.8g seems to be bi-
modal, with both average response times of 1g and Og.

It has been shown that neural network oscillations occur
through the fine-tuning of the excitatory/inhibitory balance,
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Fig. 2. Description of acoustic trapping (A) Typical trajectory, in the X/Z plane, of a 300..m bead trapped in acoustic levitation during a parabola. The two secondary
graphs show the corresponding time evolution of the position of the bead along these axes. Positions were recorded using a DinoLite digital camera. Images were then
processed using a Python code to track the position using the OpenCuv library (19). The color gradient is indicative of the progression of time. Each picture is a view of the
bead at an extreme position along the X axis. (B) Maximum displacement on both X (107 £ 8 4m) and Z axis (7.72 & 2.62pm) for ten 300m beads trapped in acoustic
levitation during a parabola. Red square is the mean value while orange bar is the median. The lines correspond to the first and third quartiles.

Fig. 3. Production of neuronal spheroids Immunostaining of a section of atypical
15 DIV hippocampal neuron spheroid grown for the flight campaign. A) staining of
cell Nuclei (DAPI blue), Neuronal Dendrites (MAP2, green) and Astrocytes (GFAP,
Red), B) staining of cell Nuclei (DAPI blue), Neuronal Dendrites (MAP2, green) and
GABAergic neurons. (Gad67,magenta.) Both scale bars are 50 pm.

a process that occurs through a percolation scenario (23).
The result is that at the time of sampling, some spheroids
are spontaneously active while others are not. In our case,
some of the 4-AP-treated spheroids showed bursting only at
the beginning, in the 1g and 1.8¢ phases. Strikingly, in these
cases, the spheroids woke up only during the microgravity
phase. Two typical time-series of calcium activity variations
during the three phases of gravity are shown in Fig. 6 where
the first one represents an always active spheroid while the
second only burst in microgravity.

Taken together our data strongly suggest that 3D neuronal
spheroids specifically react to microgravity changes in a very
specific manner presumably trough changes in intrinsic ex-
citability of neurons.

Discussion

With the advances in deep space exploration technologies and
the increase in manned space missions, space biotechnolo-
gies play an increasingly important role, both to develop sus-
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tainable and efficient methods to increase the well-being of
astronauts during space missions and to develop new tech-
nologies inaccessible on Earth (24, 25). In this context, the
development of techniques for manipulating living cells, such
as acoustic levitation, makes it possible to consider studies
on the effects of spaceflight conditions on biological objects
that are very difficult to study in microgravity. We have thus
developed and validated an experimental device that allows
the capture and trapping of 3D living objects, reminiscent
of organoids, using acoustic tweezers, thus enabling live dy-
namic imaging of a rapid biological response. Here are some
key interests and potential advantages of using acoustic levi-
tation for space bioproduction.

As the manipulation of 3D cellular spheroids and organoids
in weightlessness becomes a necessity (26), the present study
demonstrates that acoustic waves allow a very efficient trap-
ping of large living objects (hundreds of pm) as they have al-
ready been used to trap nanorods in microgravity (12). Only
a few experimental methods allow to manipulate 3D cellular
objects in microgravity while allowing their observation. Be-
sides hydrogel trapping and/or microfluidic constraint, mag-
netic levitation has been proposed as an interesting alternative
since it allows to move cells in all 3 directions (11). However,
magnetic levitation requires the magnetization of cells by la-
beling with nanoparticles and the use of paramagnetic cell
culture media, a process that can be problematic for long-
term studies (27, 28). In this context, acoustic levitation ap-
pears to be a promising alternative strategy, as it requires no
cell labeling, no modification of the culture medium, and no
mechanical contact.

Acoustic levitation is a promising tool for bioconstruction in
space. It is based on the creation of a standing wave pattern
leading to an acoustic radiation pressure field which, with-
out contact, acts on all objects suspended in a fluid medium.
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Fig. 4. Activity of primary hippocampal neurons during parabolic flights. (A1) Acceleration on the three different axis in g (earth gravity 9.81m.s’2), during two
parabolas plotted with respect to time. (A2) Typical fluorescent signal from calcic activity of neurons imaged during a parabola, DF'/F = %ﬁ;m where F'(t) is
the intensity of the spheroid for a given time and F,,, the mean intensity value of the field of view. This value is then normalized by the standard deviation. The orange line
represents the threshold value for a spike, which is defined as an amount that is two times the standard deviation. B) Typical view of a 15-days-old hippocampal spheroid
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Fig. 5. Calcium activity of neurospheres imaged during a parabola. Violin plots
for comparison of firing period from hippocampal neurospheres, for each of the
three phases of gravity. Mann-Whitney-Wilcoxon test two-sided were used (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

The acoustic forces act on particles by grouping and trap-
ping them in disk-shaped layers (29, 30), located at the dif-
ferent pressure nodes of a resonant cylindrical cavity (31). It
has already been used to form and culture cell spheroids of
MSCs (Mesenchymatous Stromal Cells) or hepatocytes for
several days (14, 15). Once acoustically levitated, objects
(cell sheets, spheroids) can be further manipulated by varia-
tions in the magnitude of the force or by changing the dis-
tance between the acoustic pressure nodes (16, 17, 32, 33).

Acoustic levitation has been shown to maintain floating
spheroids in a scaffold-free environment with precise con-
trol of axial position, enabling long-term, fast, inverted, flu-
orescent imaging of active neural spheroids. Significant, but
limited, lateral movements of the spheroids were neverthe-
less observed during parabolic flights. These are caused by
the acceleration of the X axis of the plane during the exe-
cution of the parabolas, and by the fact that the transverse
AREF is 2 orders of magnitude smaller than the axial com-
ponent of the ARF. However, this did not prevent calcium
analysis of the spheroids as tracking algorithms can easily
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Fig. 6. Calcium activity of neurospheres treated with 4-AP imaged during
a parabola. (A) Two typical fluorescent signals from neurons treated with 4-
AP imaged during three consecutive parabolas, the first one is continuously ac-
tive whereas the second is only active during the microgravity phase. DF/F =
W where F'(t) is the intensity of the spheroid for a given time and
F'm the mean intensity value of the field of view, plotting as a function of standard
deviation. In purple is the acceleration along the z axis plot as a function of the
earth gravity (a.(g)). (B) Violin plots of hippocampal neurospheres activity for each
of the three phases of gravity. Mann-Whitney-Wilcoxon test two-sided were used
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). The dotted line
represents the spike detection threshold.

cope with that issue. It is important to note that drift in
the levitation plane is limited to the specific conditions of
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parabolic flights during which hypergravity phases alternate
with microgravity phases and is not supposed to occurs in
constant Og/microgravity environments such as the one ob-
served in ISS. Importantly, the trapping efficiency can be eas-
ily controlled by changing the ARF amplitude. While this
can mitigate the drift of objects in the levitation plane during
parabolic flights, it could also be an interesting tool to mod-
ify the forces around levitating spheroids, simulate the vari-
ation of g in microgravity environments, and/or implement
dynamic control of mechanical forces in cell culture experi-
ments. In the present study, a simple, low-power, broadband
piezoelectric transducer was used. Piezoelectric transducer
arrays could be implemented in multiple directions, allow-
ing for even more precise control of cells/spheroids in a 3D
environment (34).

The use of these 3D cellular spheroids/organoids handling
platforms makes it possible to study new, formerly inacces-
sible biological objects such as neuronal spheroids to mimic
brain activity. Neuronal connectivity and brain activity are
highly dynamic and interconnected processes, requiring de-
tailed studies to understand how microgravity and space con-
ditions impact the complex functions of neuron networks.
This understanding is essential for addressing the effects of
spaceflight on the nervous system. At the cellular level, mi-
crogravity has been consistently showed to directly affect
cells, leading to fast modifications in their cytoskeleton and
changes in the physical properties of their membranes but
only a few experiments have been conducted until now (35—
38).

In this study, a decrease in the period of spontaneous activ-
ity of neuronal oscillations was observed during variations in
gravity. The time between spikes is specifically reduced in
microgravity compared to 1 g and 1.8 g. These results appar-
ently contrast with a previous study which showed a tendency
to decrease the firing of hippocampal neurons cultured in 2D
networks during the Og and 1.8¢ phases(39). Yet the experi-
ment was designed to study the impact of altered gravity on
single, unconnected, immature neurons. It showed that only a
subset of cells showed a reduction in their firing rate, while a
separate silent population began to burst, providing evidence
that the effect of microgravity on the neuronal subpopulation
could be twofold. . Here, we leveraged the use of neuronal
spheroids that have specific advantages over immature brain
organoids. Indeed, neuronal spheroids were fully mature and
exhibited highly coordinated network activity, a result of their
intrinsic excitatory/inhibitory balance (40).

Furthermore, the presented results are consistent with other
experiments using measurements of activities of mature
human iPSC-derived neurons with Micro-Electrode Array
(MEA) recording platforms that indicated a slight increase
in the frequency of network bursting during the Og and 1.8¢
phases in a drop tower configuration (41). These results sug-
gest that microgravity can have subtle effects on a single cell
that result in entire networks adapting toward hyperactivity.
The presented results show that promoting network hyperex-
citability with a K™ channel blocker results in a dramatic in-
crease in rapid bursting events, particularly during Og phases,
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suggesting that microgravity has subtle but significant effects
on cell membrane polarization. Although the molecular play-
ers mediating this effect remain elusive, a plausible expla-
nation could be that microgravity induced changes in mem-
brane tension and/or fluidity, leading to limited activation of
ion channels in neuronal membranes, a process revealed by
pharmacological hyperexcitability. Indeed, membrane defor-
mation can modify the function of mechanoreceptors, some
of which participate in membrane polarization (42).

Indeed, it is known that a single mechanical indentation lo-
calized in the p/N range can cause a local and transient cal-
cium response in (43) cells. It is therefore tempting to specu-
late that microgravity triggers sub threshold activation of ion
mechanoreceptors, which, in conjunction with 4-AP, leads to
rapid depolarization. An alternative but not exclusive hypoth-
esis being that the microgravity phase modifies the probabil-
ity of presynaptic glutamate release or the content of postsy-
naptic glutamatergic receptors. Indeed, although this has not
been formally tested in a real microgravity environment, arti-
ficial gravity experiments have shown changes in glutamater-
gic pathways (44-46). Finally, the spheroids having been
observed under acoustic trapping, the ultrasound itself could
participate in the observed effects. Indeed, low intensity ul-
trasound is known to modulate neuronal excitability through
the activation of ionic mechanoreceptors (47, 48) and com-
mon molecular signals could theoretically be involved in an
alteration of gravity and/or effects biological ultrasound (49).

The intrinsically constrained experimental environment of
parabolic flight represents an important challenge for study-
ing the precise molecular and cellular mechanisms under-
lying the subtle effect of microgravity on the excitability
of neuronal membranes and how networks self -adapt to
these modifications. Further research at higher throughput
is needed to address this challenge.

With a growing need to study the consequences of the space
environment on human physiology and to design new means
to ensure survival in space, including bioproduction in space,
manipulation of complex cellular systems in a microgravity
environment becomes an important issue. Therefore, experi-
mental tools to manipulate and interrogate 3D structures such
as organoids are needed (50). Thanks to their excellent bio-
compatibility and versatility, acoustic approaches are promis-
ing tools for contactless dynamic manipulation of living cells
on Earth and in space (14, 15, 51). Thanks to the fine tuning
of parameters at the origin of the ARF, such as the acoustic
frequency, or the use of networks of transducers to control
the spatial organization of the acoustic field, the manufactur-
ing and manipulation of complex 3D cellular assemblies are
possible (52, 53). By levitating these biological samples in a
liquid medium, it is possible to observe their behaviors and
interactions without the influence of gravity, thus providing
valuable information for space biology experiments carried
out aboard platforms such as the International Space Station
(ISS) (11). This technique can address some of the unique
challenges associated with cell culture, bioproduction or tis-
sue engineering in microgravity and harsh extraterrestrial en-
vironments.
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Materials and Methods

A. Acoustofluidic setup. The micro chip were composed
of a PDMS (Polydimethylsiloxane) layer bonded on top of
a microscope cover-glass and further connected to a mono-
element ultrasonic transducer. The design of the microfluidic
chips was coded on a brass mold generated with a micro-
milling machine. To fabricate the chips, a mixture of PDMS
elastomer and curing agent in a ratio of 9:1 was degassed
under vacuum to remove air bubbles. The PDMS mixture
was then poured onto a mold and baked for 4 hours at 70°C.
The PDMS microfluidic chips were peeled off from the mold,
and the PDMS surface was cleaned with adhesive tape. The
PDMS buffers were then stuck on glass slides, previously
cleaned with isopropanol as well as using a plasma cleaner
(power 100%, 0.6 mBar in O2, Diener Electronic). The
chamber was immediately filled with distilled water main-
taining the hydrophilicity of glass and PDMS acquired dur-
ing plasma treatment. Finally, the microfluidic chips were
sterilized under UV for 30 min.

The geometry of the PDMS chip is designed to allow inser-
tion of the ultrasonic transducer on top of the PDMS body.
The transducer closes the acoustofluidic cavity. One side
of the resonant cavity is the ultrasound emitter, while on
the other side the microscope cover plate acts as an effec-
tive acoustic reflector and allows optical access. The over-
all acoustic resonant cavity is simple and effective. Ultra-
sound waves were generated by a transducer driven by an
arbitrary waveform generator (Handyscope HS5 from Tiepie
Engineering, Sneek, The Netherlands) monitored by a com-
puter. Each output of the signal generators fed two ultrasonic
transducers (2 M Hz SignalProcessing, Savigny, Switzer-
land) with a sinusoidal waveform of amplitude 5V}, and fre-
quency 2 M H z. The acoustic wave parameters were chosen
to optimize the levitation process while avoiding unwanted
phenomena such as acoustic streaming.

B. Cell culture of Hippocampal spheroids. Hippocam-
pal neuronal cultures were generated from E18 SWISS
mouse embryos by building upon standard cell-culture tech-
niques, as follows. SWISS pregnant mice were purchased
from Janvier (Le Genest Saint Isle, France). Animal care
was conducted in accordance with standard ethical guide-
lines. The cell culture preparation was done in the Neuro-
centre Magendie laboratory in Bordeaux. Hippocampi were
micro-dissected from E18 embryos with all steps performed
in cold Gey’s Balanced Saline Solution (Sigma G9779). Dis-
sected structures were digested with papain (50 U/mL, Sigma
76220) in DMEM (Thermofisher 31966 021). After papain
inactivation with FBS (100 U/mL, GE Healthcare), struc-
tures were mechanically dissociated with a pipette (plastic
tip 1 mm diameter) in presence of DNAse type IV (20U/mL,
Sigma D5025). Cells viability was determined by Trypan
Blue exclusion assay. The resulting cells were centrifuged 7
man at 800 rpm and the pellet was resuspended in the culture
medium containing DMEM, 10% FBS, 2% B27, 0.5mM Glu-
tamate and 1% Penicillin/Streptomycin (Gibco®) at a con-
centration of 20 million cells/mL. Cells were seeded in mi-
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crowells of U-shaped low adhesion plates (Nunclon Sphera,
Thermofischer). All cell cultures were kept in an incubator at
37°C and 5% CO2. Spheroids were cultured 14 days before
transfering to the Novespace biological facility laboratory for
the 3 days of the flight campaign. The typical diameter of the
spheroids obtained was around 200 pm.

C. Calcium Imaging. The calcium dye Fluo4-AM was ob-
tained from ThermoFisher Scientific® (ref F14201). It
was dissolved in dimethyl sulfoxide (DMSO) in a ratio of
1 19/ 1L to obtain a stock solution of 1 mM. This stock solu-
tion was frozen in 2 pL aliquots. Ca®™ free wash buffer was
made according to previous protocols and the stock solution
of Fluo4-AM was added in order to load the cells with a fi-
nal concentration of approximately 2 M. Before the flights
or classical on-ground experiments, spheroids were chosen,
loaded in a microfluidic chip with Fluo 4 AM and incu-
bated at 37°C and 5% COx for 25 min. Spheroids were then
placed in culture medium (brainphy) with 50 of bicucu-
line (Sigma-Aldrich ref 505875). For the 4-AP treatments,
spheroids were similarly treated with 50u M of 4-AP.
Finally, after sealing the inlet and outlet reservoirs with a
PDMS membrane to mitigate fluid movement during flight,
the chips were transported in a closed box (to protect the
cells from light as well as temperature variations ) On board
the plane. The equipment is described in the results section
below, the exposure time was 20 ms every 50 ms. The
activity recorded was purely spontaneous for all measure-
ments. For analysis, the signal is normalized using DF/F =
w where F'(t) is the spheroid intensity for a given
time and F,, the average value of the intensity of the field of
vision. From this normalized signal, only values exceeding
2 times the standard deviation are counted as bursts. Aver-
age firing and burst rates were extracted. Bursting is a phe-
nomenon observed in neurons and is characterized by a brief
increase in signal followed by a longer return to the initial
point. The Mann—Whitney U test was used for statistical
analysis. All analyzes and plots were generated using Python
routines.

Fig. 7. 3D view of the experimental box (Rack 2). Inside a sealed Zarges box,
we installed a Zeiss inverted microscope with a motorized stage. A stage incuba-
tor from TOKAI HIT was used to ensure a well-controlled environment for the cell
cultures during the flights. The fluorescence images were recorded using a Hama-
mastu Orca Fusion camera.
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D. Experimental setup adapted to Zero-G flights. To
perform the calcium imaging experiments in the Airbus Zero-
G aircraft, a previously modified setup dedicated to calcium
imaging of living cells was used (39). In short, the setup is
made up of three modules. The main new constraints of the
device were linked to the manipulation and observation of liv-
ing cells by fluorescence microscopy in a very confined envi-
ronment. A monitoring rack was designed to allow control of
key experimental parameters and rapid data acquisition with
two computers, each recording images from different experi-
ments. The experimental setup (Fig. 7) was designed to fit in
a sealed Zarges box for safety reasons. Acoustically levitat-
ing particles and cells were studied using a fully automated
Zeiss Axiobserver inverted microscope equipped with a stage
incubator (Tokai Hit), an LED array (Coolled pE 4000) and
equipped with a Hamamastu Orca Fusion CMOS camera.
Aggregates of particles or cells can be observed with small
DinoLite cameras placed on a 3D printed mount. This allows
the behavior of acoustically levitating spheroids or beads to
be observed from the side.
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