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Extended-duration human spaceflight necessitates a better understanding of the physiological
impacts of microgravity. While the ground-based microgravity simulations identified low intensity
vibration (LIV) as a possible countermeasure, how cells may respond to LIV under real microgravity
remain unexplored. In this way, adaptation of LIV bioreactors for space remains limited, resulting in a
significant gap in microgravity research. In this study, we introduce an LIV bioreactor designed
specifically for the usage in the International Space Station. Our research covers the bioreactor’s
design process and evaluation of the short-term viability of cells encapsulated in hydrogel-laden 3D
printed scaffolds under 0.7 g, 90 Hz LIV. An LIV bioreactor compatible with the operation requirements
of space missions provides a robust platform to study cellular effects of LIV under real microgravity
conditions.

In the last decade both private and public sectors have made substantial
efforts to expand the boundaries of human presence beyond Earth1–9. In
order to ensure the continued viability of long-term spaceflight, it is
critical to address the physiological challenges that arise from micro-
gravity as mission duration and reach increase2,4,9,10. Due to loss of
gravitational loads and increased radiation, microgravity poses a unique
challenge to astronaut health affecting many systems, including muscu-
loskeletal, cardiovascular, nervous as well as excretory and reproductive
systems11,12. In this way, microgravity affects many organs including
kidneys13 to muscles and bones, necessitating innovative solutions to
mitigate these effects10,14–17.

To combat the effects of microgravity, astronauts aboard the Inter-
national Space Station (ISS) undergo rigorous exercise regimens. A recent
study showed that despite 600min/week of exercise, astronauts18 experience
continual strength deconditioning in. A major recipient of the reduced
loading environment are the muscles and bones, which relies on continual
mechanical input to maintain tissue homeostasis. Data from high and low
volume exercise regimens show that astronauts continue to lose bone and
muscle during spaceflight19. With longer, space missions ahead, counter-
measures that may supplement exercise regimens are needed to protect
musculoskeletal health.

Low-Intensity Vibration (LIV) is a low impact (<2 g where g is the
Earth’s gravitationalfield, 9.8m/s2) but relatively high frequency (30-500Hz)
mechanical regime developed to emulate the power spectrum of muscle
contractility during exercise20. Application of LIV has been shown to be
effective in preclinical and clinical studies. Animal studies demonstrate that
LIV increases trabecular bone density and volume21, enhance bone stiffness
and strength22, and to slow bone loss caused by disuse23. Further, LIV
enhanced muscle contractility24, strength25, and cross-sectional area26,
showing that LIV signals are anabolic to skeletal muscle. Further, clinical
studies support the beneficial effects of LIV in bone27 and muscle28–30.
Importantly, when LIV was applied in conjunction with other training
regimens was beneficial to muscle activation31. As well, concurrent applica-
tion of resistance exercise and LIV in a hind limb unloading model showed
interactive effects of LIV and exercise on bone, indicating that these two
modalities can be used together for a bigger benefit32.

Cell level studies indicate that LIV increases the osteogenic differ-
entiation in osteoblasts and mesenchymal stem cells16,33,34 (MSCs). When
applied in the context of simulated microgravity LIV not only restores
MSC proliferation35 but also restores the mechanosignaling capacity
allowing cells to respond better at subsequent mechanical challenges36.
While these studies highlight the potential benefits of LIV, there are no
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LIV platforms used for space applications. Deployment of such tech-
nology specifically designed for space applications, particularly those
meeting the standards of the ISS are required to test the effects of LIV
under real microgravity conditions.

Vibrational bioreactors intended for use in space, particularly aboard
the ISS, come with unique challenges to ensure safety, reliability, and
compatibility. As astronauts have limited time and must manage multiple
tasks, the bioreactor should feature automated functionality to minimize
astronaut time. For these needs we utilized the CubeLab 9U module
(Supplementary Fig. 1), provided by Space Tango, which offers a standar-
dized platform for microgravity experiments2,37, allowing for a secure and
controlled setting for our bioreactor. With this design selection, our design
had to conform to the CubeLab Interface Control Document (ICD)38

standards, ensuring compatibility with the ISS’s operational environment.
To ensure compliance with the CubeLab 9U module’s requirements, our
bioreactor was designed to be compact and lightweight, adhering to the
CubeLab’s mass limit of 19.8 lbs (9.0 kg). For the delivery of vibrational
stimuli,we selected thepiezoelectric actuator (P-841.30, Physik Instrumente
(PI), Karlsruhe, Germany) and its closed-loop controller (E-610.S0, Physik
Instrumente (PI), Karlsruhe, Germany). Additionally, the thermal envir-
onment specified by the ICD necessitates maintaining ambient tempera-
tures around 30 degrees Celsius (oC) under active cooling. Therefore, we
characterized the temperature profile of our bioreactor while inside the
CubeLabwithout active cooling to ensure that ambient temperatures do not
rise above the capabilities of the cooling equipment of the CubeLab system.
Due to space constraints, bioreactor will be launched with other experi-
ments and bioreactor operation should not affect other system due to
structural vibrations or unwanted resonances. These components were
tasked with providing LIV at 90Hz with a 0.7 g peak to peak (1 g = 9.81m/
s2) acceleration, an LIV regime selected based on previous studies demon-
strating their effectiveness in promoting osteogenic differentiation under
microgravity conditions35,36. In a precursor study within our laboratory, we
developed a 3D bone analog scaffold utilizing gyroid shapes to mimic the
complex architecture of bone tissue39.While our long-term goal is to test the
effects of LIV under real microgravity conditions, for the current bioreactor

design, we used these scaffolds to evaluate the media change protocols and
the short-term acute toxicity of LIV delivery via our new platform.

In summary,we sought to design thefirst LIVbioreactor tailored to the
space environment, making it a valuable tool for ongoing and future
research in space biology.

Results
Linear guide selection
We first selected an appropriate linear guide to facilitate precise one-axis
acceleration, crucial for the bioreactor’s performance. This selection process
was informedby evaluatingmultiple linear guides against our design criteria
of consistent 1-axis LIV delivery. The vibration experiment results (Fig. 1)
confirmed the SchneebergerNKL 2-95 linear guide’s superior performance,
with a 95.47% and 52.60% more consistent y-axis acceleration than the N
preloaded prism carriage and the custom-built laboratory guide, respec-
tively. The Schneeberger guidemaintained a stable acceleration profile with
lower mean values (X: 0.031 g, Y: 0.704 g, Z: 0.018 g) and standard devia-
tions (X: ±0.000 g, Y: ±0.005 g, Z: ±0.006 g), indicating its precise control
over vibrational input. The Schneeberger NKL 2-95 guide also exhibited the
lowest Coefficient of Variation (CV) in the Y-axis (0.71%), confirming its
better consistency in performance compared to the N preloaded prism
carriage (5.07%) and the custom-built laboratory guide (1.61%). In com-
parison, the N preloaded prism carriage showed higher variability, parti-
cularly in the x-axis (0.473 g ± 0.024) and z-axis (0.133 g ± 0.008), while the
laboratory guide usingMisumi roller guides presented intermediate stability
(X: 0.089 g ± 0.007,Y: 0.684 g ± 0.011,Z: 0.071 g ± 0.000).All guidesmet the
experimental requirement of 0.7 g peak to peak acceleration in the y-axis,
demonstrating their adequacy for the intended vibrational studies.

Thermal Profile in the Cubelab Environment
We conducted a thermal analysis to ensure that the bioreactor operation
stayed within operational parameter of the CubeLab 9U system. The tem-
perature profile (Fig. 2) of the CubeLab environment was recorded in both
“Open” and “Enclosed” states to seewhat effect the enclosure hadduring the
25-min LIV period. Temperature data were recorded every second from

Fig. 1 | Comparison of peak-to-peak accelerations for three different linear
guides under 90 Hz, 0.7 g peak-to-peak vibration. The guides tested were an
N-Prism linear guide, a Schneeberger linear guide, and a Misumi linear guide. Box
and violin plots represent the distribution of peak-to-peak accelerations in the X, Y,

and Z axes over a 20-min test period. The Schneeberger guide demonstrated the
most consistent performance, with a peak-to-peak acceleration of 0.7 g in the Y-axis
and minimal vibration translation to the X and Z axes.
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three locations, ambient 1, ambient 2 and controller as indicated in Fig. 1a.
Ambient 1 and Ambient 2 temperatures were compared between Enclosed
and Open conditions (Fig. 1b). For these tests, we pooled the date from two
different payloads (400 and 1100 g), to simulate the expected operational
weight range (Fig. 1c).

A paired t-test analysis revealed a significant difference in the tem-
perature profiles between the “Open” and “Enclosed” configurations. For
ambient 1, the results showed a small increase in temperature when the
CubeLab was enclosed, with a mean difference of 0.59 °C between the two
conditions (p < 0.0001). Despite this increase, the temperatures remained
stable, with ambient 1 averaging 23 ± 0.72 °C in the “Open” configuration
and 25 ± 0.65 °C in the “Enclosed” configuration.

Similarly, for ambient 2, the paired t-test indicated a statistically sig-
nificant difference between the “Open” and “Enclosed” conditions
(p < 0.0001), though the mean difference was smaller at −0.065 °C. In the

“Open” configuration, ambient 2 stabilized at 24 ± 0.60 °C, while in the
“Enclosed” configuration, it reached 26 ± 0.58 °C. Importantly, even in the
“Enclosed” configuration, the temperatures remained within acceptable
limits, suggesting that passive heat dissipation mechanisms were sufficient
to maintain a safe operational environment for the duration of the experi-
ments. No changes in controller temperature was found.

Vibration characterization
We next conducted a vibrational analysis of the bioreactor’s behavior using
both COMSOL simulations and experimental testing to ensure that the
applied vibrations were within the operational parameters. Experimental
characterization of the bioreactor’s vibrational dynamics, supplemented by
COMSOL simulations, confirmed operational stability across the frequency
spectrum. The simulations indicated no resonant frequencies within the
operational range, with the first mode of vibration occurring at 929Hz

Fig. 2 |Differential heating effects on the vibrational bioreactor and surrounding
environment. a Photograph of the CubeLab in the open configuration, highlighting
the vibrational actuator, controller, Schneeberger NKL 2-95 slide, and the base
holding the bioreactor. Arrows indicate the the placement of thermocouples at
CubeLab ambient 1(CubeLab amb1) and CubeLab ambient 2 (CubeLab amb2).
b Box plots comparing ambient temperatures at CubeLab amb1 and amb2 for open

and enclosed conditions, illustrating the impact of the CubeLab’s cover on internal
temperature stability. c Time-temperature plots showing the temperature profiles
over 25 min for 400 g and 1100 g payloads under both open and enclosed conditions.
Despite significant heat generation from the controller, ambient temperatures
remain within safe range for cell viability.
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(Fig. 3), thus minimizing the risk of resonance interference. Experimental
tests validated the simulation, demonstrating effective vibrational isolation
at operational frequencies, with X/Y and Z/Y acceleration ratios remaining
below 0.13 frequencies lower than 300Hz. As frequency increased, a
corresponding rise in these ratios was observed, suggesting higher trans-
ference of vibration to non-targeted axes. Tables 1 and 2 encapsulates these
findings.

Cell viability in scaffold-hydrogels
To validate the bioreactor’s compatibility with cellular studies, we performed
tetrazolium salt (XTT) and Live/Dead assays to confirm that the bioreactor
design did not adversely affect short-term cell viability. TheXTTassay results
indicated no significant difference in metabolic activity between the vibrated
(+LIV) (p = 0.9973) and non-vibrated (-LIV) (p > 0.9999) samples from day
1 (D1) today4 (D4) showingnoadverse effects ofLIVon thecell viability. For
a more direct observation of cell viability, Live/Dead imaging was employed.
The imaging results, presented in Fig. 4c-f and (Supplementary Fig. 6),
visually demonstrate the proportion of live (green) to dead (red) cells,
providing a qualitative assessment that LIV does not increase cell death.

Diffusion Study
Diffusion of nutrients are critical for cell viability40. Our current CubeWell
design holds 8mL of media. Since media change happens by pushing new

Fig. 3 | Vibrational analysis of the bioreactor usingCOMSOLMultiphysics. aThe
bioreactor assembly with components materials assigned. b The applied mesh
ensuring resolution for accurate mode shape determination. c Roller boundary

conditions are applied to simulate linear guide constraints. dThe first mode shape at
950.24 Hz, demonstrating primary deformation.

Table 1 | Acceleration ratio in each non-targeted axes to the
acceleration of target direction, highlighting the relative
distribution of vibrational energy across all axes

Frequency (Hz) X/Y Z/Y

60 0.06 0.06

70 0.06 0.13

80 0.06 0.13

85 0.06 0.13

90 0.06 0.13

95 0.06 0.10

110 0.06 0.13

130 0.06 0.13

150 0.06 0.10

200 0.13 0.16

250 0.13 0.16

300 0.13 0.19

500 0.14 0.19

The bioreactor was subjected to vibration of 0.3 g peak-to-peak across the entire 60 Hz to 500 Hz
frequency range. Error analysis was not performed for this characterization study as it focuses on
the vibration characterization rather than statistical variability.

Table 2 | Acceleration ratio in each non-targeted axes to the
acceleration of target direction, highlighting the relative
distribution of vibrational energy across all axes

Frequency (Hz) X/Y Z/Y

80 0.06 0.09

85 0.06 0.09

90 0.06 0.09

95 0.055 0.09

110 0.07 0.09

130 0.09 0.09

150 0.06 0.10

The bioreactor was subjected to vibration of 0.7 g peak-to-peak limited to frequencies between
80 Hz and 150 Hz due to system constraints.
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media into the chamber, 100% media change cannot be achieved without
pumpingmore than 8mLmedia. This is not ideal due toweight and volume
limitations of the CubeLab system. For this reason our media change pro-
tocol was set to a 60% media change (5mL) followed by a recirculation
protocol to ensure adequate nutrient diffusion. Therefore, we quantified the
media exchange within the CubeWells via COMSOL simulations and
experiments.

The diffusion characteristics within the CubeWells (Supplementary
Fig. 7) were initially modeled using COMSOL simulations to establish an
efficient media exchange protocol. According to the simulations illustrated
in Fig. 5b and c, it was seen that by employing a pumping rate of 1mL/min,
approximately 80% of the volume of CubeWell would be occupied by fresh
media during a span of 3min. This rate of media replacement would result
in new media reaching to entire well by the 5-min mark. These findings
informed the operational parameters for themedia pump in subsequent in-
vitro validation experiments. Our media change parameters exert minimal
fluid shear, using 1mL/min fluid flow rate we estimated fluid shear around
samples to be less than 0.1 dyn/cm2 (0.01 Pa). Osteocytes are mechan-
osensitive cells that respond to fluid shear stress as low as 0.5Pa41. As our
fluid shear was at least an order of magnitude lower, we assumed no effect.

In practice, the diffusion regime for the in-vitro experiment, visualized
in Fig. 5a, involved a 5-min media pumping phase at the same flow rate,
followed by a 15-min recirculation period. The high-speed camera mon-
itoring revealed a consistent media distribution pattern (Fig. 5d, e), with a
notable 55-second delay in reaching the center, bottom-left, and bottom-
right locations compared to the simulation. Despite this delay, at the end of
recirculation, all the samples received adequate fresh media.

Discussion
The selection of the linear guide was critical for the bioreactor’s perfor-
mance. Our results indicated that the SchneebergerNKL 2-95 linear guide

provided consistent one-axis acceleration, crucial for minimizing dis-
turbances during vibration. Thermal characterizationwithin theCubeLab
environment demonstrated that the system could sustain a stable tem-
perature profile,with variationswithin±0.80 °Cover a 25-minoperational
period. This indicates that the bioreactor’s thermal management is ade-
quate for the tested operational conditions. The simulations provided
theoretical assurance that the bioreactor’s design avoids resonant fre-
quencies within the operational range, with the first resonant mode pre-
dicted at 929 Hz and experimentally measured ratio of non-targeted to
targeted axis accelerations remained below 15% under 300Hz suggesting
that targeted operation frequency of 90 Hz was safe. We also confirmed
that LIV did not adversely affected cell viability during a 4-day period.
Finally, we confirmed that automated media change protocol resulted in
uniform cell nourishment.

In conclusion, this study presented and tested performance of a new
LIV bioreactor designed for ISS studies. The research focused on validating
the bioreactor’s mechanical and biological performance, ensuring its com-
patibility with the unique requirements of space missions. We expect that
this bioreactorwouldprovide a robust platform to study effectsof LIVunder
real microgravity conditions.

Methods
Experimental setup of the LIV bioreactor
A custom amplifier circuit was designed with a Sallen-Key42 second-order
lowpassfilter topology (SupplementaryFig. 2).Thefilterwas tuned to isolate
a 90Hz sine wave from amodulated PWMsignal, removing the extraneous
frequencies. This process produced a clean sine wave to drive the piezo-
electric actuator, providing the precise vibrational stimulus required for the
biological experiments.

For all the characterization tests of the vibration bioreactor, a standard
laboratory signal generator was used to deliver the input signals. The

Fig. 4 | Analysis of stem cell viability and metabolic activity in SLA-printed
scaffolds. This figure presents the results of a 4-day experiment investigating the
survival and metabolic activity of stem cells grown in SLA-printed scaffolds (blue
arrows). aMetabolic activity wasmeasured using an XTT assay at day 1 (mean = 1.4,
SD = 0.23) and at day 4 (mean = 1.5, SD = 0.19), showing a slight increase over time

despite high standard deviations due to a small sample size (n = 4 per group).
Analysis showed no significance between groups and days. Concurrently, (c–f) Live/
Dead staining and imaging highlighted a predominance of viable (green) cells over
dead ones (red), reinforcing the potential for successful cell growth within these
scaffolds.
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developed signal source was specifically utilized during the payload ver-
ification test (PVT) at Space Tango to ensure its functionality under
operational conditions. All testing was conducted in a closed-loop control
configuration where the actuator was strain-controlled. In this setup, the
controller maintained the vibration at the specified voltage input from the
signal source, rather than directly controlling for acceleration conditions.
This approach allowed the actuator to consistently follow the input signal,
delivering precise vibrational stimuli according to the designed strain
parameters.

Linear guide selection
To select a linear guide capable of delivering precise one-axis acceleration,
we conducted performance evaluations on three different models. Using
LabVIEW software, we measured the acceleration profiles of each guide
with a MEMSIC CXL04GP3 accelerometer (Supplementary Fig. 3). The
guides were tested for their ability to sustain a 0.7 g peak-to-peak accel-
eration at a frequency of 90Hz over a 20-min duration. The objectivewas to
identify a guide that would restrict vibrations to the intended axis, ensuring
accurate delivery of mechanical stimuli to the samples. The tested guides

Fig. 5 | Diffusion study of custom well plate for cell culture. a For most efficient
volume change, a 5-min pump followed by a 15 min. recirculation is implemented in
themedia change regimen for the real experiment. bCOMSOL simulation depicting
media concentration profile and its (c) quantitative analysis. Note: Only three curves
are visible due to the overlap of the top left and top right, aswell as the bottom left and

bottom right curves, which exhibit identical diffusion dynamics. d Real experiment
replicating theCOMSOL simulation using dye as newmedia for visualization and (e)
intensity values of the real experiment showcasing the concentration gradient within
the 5 min. pump and 15 min. recirculation in highlighted region.
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(Fig. 1) included: a custom-built roller-based guide (SS2EB, Misumi,
Schaumburg, IL), known for smooth motion; a low-maintenance plastic
linear guide (N Prism Preloaded, Igus Inc., Rumford, RI); and a Schnee-
berger roller-based linear guide (NKL 2-95, Schneeberger Inc.,
Woburn, MA).

Thermal characterization of the LIV bioreactor
The thermal performance of the LIV bioreactor was evaluated to determine
its suitability for sustaining biological experiments within the CubeLab
module. The fully assembled bioreactor, including the piezoelectric actua-
tor, closed-loop controller, and the selected linear guide-Schneeberger NKL
2-95, was installed inside the CubeLab. Thermocouples (Type K) were
positioned: directly inside the controller housing, above the actuator,
adjacent to the biological sample area, and within the external ambient
environment of the CubeLab (Fig. 2 and Supplementary Fig. 4).

LabVIEW software with the NI 9211 DAQ card (National Instru-
ments, Austin, TX, USA) was utilized for both control of the vibrational
input anddata acquisitionof the thermal output. The systemwas testedwith
two different payload conditions, 400 grams and 1100 grams, to simulate
varying experimental loads. The operational test consisted of a 25-min
vibration cycle at 0.7 g peak-to-peak acceleration and a frequency of 90 Hz.

Thermal characterization was conducted under two distinct CubeLab
configurations: an “Open” setup with the top cover removed and an
“Enclosed” setup where the module was entirely sealed. These tests were
performed without the integration of active cooling systems to assess the
bioreactor’s inherent thermal management capabilities under operational
conditions. Data collected during these tests were analyzed to understand
the thermal dynamics of the system, with particular attention to the tem-
perature stability and heat dissipation efficiency in both “Open” and
“Enclosed” states.

Determination of vibration characteristics of the bioreactor
Thevibrational characteristics of ourbioreactorwere analyzed throughboth
simulation and experimental testing. In the simulation phase, COMSOL
was used to study the system’s dynamics. A detailed CAD model of the
bioreactor, which included the base, actuator, linear guide, and payload
holder, was integrated into the simulation environment. Notably, for sim-
plification and a conservative approach in our analysis, the material for the
piezoelectric actuator was assumed to be the same as its housing—standard
stainless steel. This assumption allowed us to focus on the primary vibration
modes crucial for the bioreactor’s functionality inmicrogravity, without the
complexities of modeling the piezoelectric properties.

Amesh convergence studywas conducted to ensure the accuracy of the
simulation results. The fine mesh configuration used in the manuscript
consisted of 74,166 elements with a maximum element size of 0.0168,
yielding a first eigenfrequency of 950.24Hz. To verify the reliability of this
mesh, a finer mesh consisting of 212,917 elements was also tested, resulting
in afirst eigenfrequencyof 944.75 Hz.Theminimal differencebetween these
results (less than 1%) confirmed that the fine mesh was sufficient for cap-
turing the key vibrational dynamics, providing a good balance between
computational efficiency and accuracy.

This setup, which mirrored real-world constraints and was executed
with a standardmesh configuration, provided a robust and efficientmethod
to assess the vibrational dynamics of the bioreactor.

Concurrently, experimental tests were conducted to validate the
simulation results and further understand the bioreactor’s vibrational
behavior. The systemwas subjected to vibrations at a targeted 0.4 g peak-to-
peak acceleration across a frequency range of 50–500Hz, with finer incre-
ments around the critical 90Hz range. Subsequent tests aimed for a 0.7 g
peak-to-peak vibration; however, due to the actuator’s constraints, only at
frequencies from80Hz to 150Hz. Results were presented in Tables 1 and 2.

Determination of short-term scaffold viability
Cell viability on stereolithography (SLA)-printed scaffolds made from
Formlabs BioMed Clear resin was assessed using XTT assays for

quantitative analysis and Live/Dead imaging for qualitative evaluation. The
resin was selected for its precision in creating complex structures. Scaffolds
were integratedwithin a hydrogel to improve the biomimetic quality for cell
culture studies. The study employed both vibrated and non-vibrated sam-
ples as experimental and control groups (+LIV/−LIV), respectively. Each
week’s samples (n = 4/week for 2 weeks) were biological replicates, with
fresh samples prepared for the subsequent week following the identical
protocol as the initial week.

In order to prepare the scaffolds, murine mesenchymal stem cells
(MSCs) were encapsulated within a hydrogel43 composed of Thiolated
Hyaluronic Acid (HA) (AdvancedBiomatrix, #GS22F), functionalizedwith
specific amino sequences: PQ(GGGPQ ↓ IWGQGKconcentratedat 44.973
mgs/mL) and RGD (GRGDS concentrated at 73.7mgs/mL) with a volume
ratio of 4 HA:1 RGD: 1PQ. The encapsulated cells then were seeded into
hydrogels containing gyroid-shaped scaffolds as previoulsy reported39.
Scaffolds were generated using 25% bone volume, corresponding to bone
volumes of 8 week old male C57BL/6 J mice44. Gyroid geometries repre-
senting trabecular structures were generated using the equation:
sinðxÞ cosðyÞ þ sinðyÞ cosðzÞ þ sinðzÞ cosðxÞ<t, where t is a constant line-
arly related to the percent volumes45. For 25%, the t scaling value used was
−0.752. Scaffold models were generated usingMathMod v8.0 and scaled to
final dimensions of 5mm x 5mm x 5mm. These scaffolds were fabricated
using the BioMed Clear resin and were SLA printed using a Form 2 printer
(Supplementary Fig. 5).

Post-seeding, the scaffold-hydrogels were transferred to a 96-well plate
containing the osteogenicmedia (α-MEM, supplemented with 10%FBS (v/
v), 100U/mL penicillin, 100 µg/mL streptomycin, 50ug/ml Ascorbic Acid,
and 10mMbeta-glycerophosphate). The entire setup then was placed in an
incubator. A distinct vibration regime was implemented, wherein the
samples were subjected to a consistent vibration of 0.7 g peak-to-peak at
90Hz for 20min. This vibration was administered twice daily, with a 2-h
interval between each session.

On the first and fourth day, an XTT assay was performed to assess cell
viability. The assay utilized two primary reagents: an electron mediator
solution and the XTT developer reagent (Cayman Chemical, #10010200).
Following the manufacturer’s protocol, the samples were incubated for
approximately 2 h at 37 °C. The absorbance of the assay wells then was
measured using amicrotiter plate reader, capturing values between 400 and
500 nm wavelengths.

On the fifth day, live/dead imaging was conducted. The cells were
stained using Calcein AM (green) to identify live cells, Propidium Iodide
(red) to mark dead cells, and Hoechst 33342 (blue) for nuclear staining
according to the manufacturer’s specifications (EMDMillipore #CBA415).
The stained samples were visualized under a fluorescence microscope.
While no quantitative datawas extracted from these images, they provided a
visual representation of the ratio between live and dead cells, offering
insights into cell health and viability.

Diffusion dynamics within the CubeWells
To ensure consistent cell culture conditions within the custom-designed
CubeWells by Space Tango, a diffusion study was conducted. Initial tests
verified theCubeWells’ structural integrity through a visual leak assessment.
Herewe evaluated the efficiency of aminiaturized pump in introducingnew
media into the CubeWell and to confirm uniformmedia distribution across
the well. This was achieved through both COMSOL simulations and real-
time camera observations.

To predict the diffusion dynamics within the custom-designed Cube-
Well system, amultiphysics simulationwas conducted usingCOMSOL.The
study combined two primary modules: Laminar Flow and Transport of
Diluted Species. The Laminar Flow module was employed to simulate the
fluid flow into the CubeWell, while the Transport of Diluted Speciesmodule
was used to visualize the influx of newmedia, set at a concentration of 1mol/
m3.The simulationwas constrainedbydefining the inlet at the top andoutlet
at the bottom of the CubeWell (Fig. 5b), along with the boundary walls,
ensuring a realistic representation of the media exchange process.
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For experimental validation of theCOMSOL, theCubeWells were pre-
filled with 8mL of water. Within this environment, SLA-printed scaffolds
made fromBioMedClear resinwere introduced.These scaffolds,measuring
5x5x5mm, were encapsulated in hydrogels (Fig. 4b), mimicking the cellular
constructs intended for subsequent cell culture experiments.To simulate the
introduction of fresh media, a mixture of water and Royal Blue Icing color
dye (Wilton, #17111150) was prepared. This simulated medium then
pumped into the CubeWell at a consistent rate of 1mL/min. The entire
process of media exchange, including the diffusion of the dye and fluid
movement within the CubeWells, was captured using a high-speed camera
(PhotronFASTCAMMINIUX50) set at 1000 fps. This recording spanned a
duration of 5min, providing a detailed visual account of the diffusion
dynamics. Post-recording, the captured footage was analyzed to quantify
diffusion within the CubeWell system. Five distinct locations within the
CubeWellwere selected for this analysis. At these points, the intensity values
of the dye were measured over time, offering a quantitative perspective on
the diffusion rates and patterns.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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