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Introduction

In the decades since humans first went to
space, there has been growing interest in utilizing
microgravity to improve our understanding in many
scientific fields (1). Applied fields have included
evolutionary development, cell mechanics and protein
crystallization (2-4). The scientific potential is
undeniable; more than 1500 experiments have been
conducted on the International Space Station (ISS)
over the past 15+ years, resulting in over 60
publications (5). The number of microgravity-related
parents has grown steadily over the past thirty years as
well (6).

Microgravity offers an unprecedented
opportunity for the isolation of gravity as an
experimental variable to elucidate cellular pathways,
behaviors and attributes otherwise inaccessible that
might be applied to benefit areas such as drug
development, disease studies and tissue engineering.
Among the most notable observations, in terms of
impact on human health, is that expressions of
metastatic markers were reduced in several kinds of
cancer cell lines upon exposure to microgravity (7, 8).
However, it is not yet known if the overall
metastatic/cancerous potential of these cells in vivo is
decreased. Understanding the mechanisms/pathways
behind such changes could lead to discovery of new
therapeutic signaling pathways and their potential
targets for delaying or preventing cancer metastasis.

Performing experiments in microgravity,
such as aboard the ISS, is a long, expensive and
challenging process. Thus, the foundation for those
ventures is typically laid using Earth-based simulation
methods. These include the Random Positioning
Machine (RPM), parabolic flight and, of interest here,
the Rotary Cell Culture System (RCCS) developed by
NASA and produced by Synthecon™, shown in
Figure 1 (9). The horizontally-oriented High Aspect
Ratio Vessels (HARVS) create a low-shear stress
environment for three-dimensional (3D) culture of
cells, producing cell aggregates called spheroids (10).
3D cell culture is becoming an increasingly prominent
tool for tumor biology, among other fields, as
spheroids are commonly used as tumor models for
breast cancer, among others (11), and are specifically
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Figure 1. The RCCS and its schematic of operations. A)
The main body of the RCCS with the controller (bottom
box) and three HARVs attached to the rotating bases. B,C)
The two main components of the HARV, both the front
with syringe fill ports and culture area (B) and the back
with a silicone membrane for oxygen exchange (C). D) A
suspension of cells is placed in the HARV and will either
form spheroids over time if rotated (E) or the cells will
pool at the bottom and not form spheroids if the rotation
is absent (F).

a crucial part of transcoelomic metastasis in ovarian
cancer (12). Examples of cancer spheroids formed in
the RCCS are shown in Figure 2, showing both round
and irregular morphologies for different cell lines.
The forces acting on cells/spheroids within
HARVs have been analyzed mathematically before
but most studies focused on specific assumed
parameters, typically rotation speed and aggregate size
(13). The Computational Fluid Dynamics (CFD)
module and Particle Tracing module of COMSOL®
Multiphysics can be used to analyze the shear stresses
produced in HARVs and model the positions of
spheroids within them. It is important, however, to
account for different cell types forming spheroids of
varying sizes, which will behave differently under
identical rotating conditions due to their greater mass
and surface area. To resolve this, the shear stress will
be adjusted by modifying the rotation speed and the
viscosity of the culture media. This will help maintain
the consistency of simulated microgravity experiments




across different cell types, improving the quality and
consistency of simulated microgravity experiments.

MDA-MB-231

Figure 2. Representative images of spheroids generated
in the RCCS at a cell density of 1x10° cells/mL over 72
hrs with a ramped rotation of 15-25 rpm. This includes
both breast cancer (MCF-7 and MDA-MB-231) and
ovarian cancer cell lines (ES-2, OVCA420, and
OVCAA433). Scale Bar: 400 um.

Governing Equations

For incompressible, single phase flow under
laminar conditions, and following the Navier-Stokes
equation, the velocity of the fluid was determined
using the following equations:

Equation 1

pu-VYu= V-[—pl + p(Vu+ (Vu)h)]
+F + pg
pV-(u)=0

Shear stress over the area of the HARV was
calculated by averaging the shear stress in the x,y and
z directions using the following equation:

Equation 2 (14)

WSS = \/szy + 12, + 12y,

The nomenclature section lists the symbols used in
these equations.

Methods

Two types of simulation studies were
conducted — A single phase flow study under laminar
conditions for the flow of media with the HARV and
a particle tracing study to monitor the trajectory of
spheroids under the flow of media. All simulations
used a physics-controlled mesh with normal element
size.

Single Phase Flow (spf)

Spf studies under laminar conditions were
run with using cell media as the fluid within a HARV.
The size of the HARV was constant so the variables
were the rotating speed and the viscosity of the media.
The HARV used here has a 10 mL volume with a
diameter of 4.5 cm and a height of 0.63 cm. Cell
culture media in its base formulation has a density and
viscosity nearly identical to water. The viscosity can
be easily altered by adding serum or a polymer
additive. Starting values of viscosity and density of
media at 37 °C are 0.69 cP and 0.9933 g/cm?
respectively. Based on Equation 1, increasing the
viscosity will decrease the velocity of the spheroids
and thus decrease the shear stress. The viscosity will
be hypothetically altered using methyl cellulose, a
readily-available and biocompatible polymer already
used for such experiments as aiding spheroid
formation in hanging drops (15).

The chosen rotation speeds for the RCCS
were 15 and 25 rpm, representing both typical speeds
in the literature (16, 17) and our own optimization
experiments. A rotating domain was defined in the
clockwise direction along the z-axis to mimic the
horizontal orientation of HARVs on the RCCS.
Simulation results included both velocity distributions
and shear stress calculations based on the above
equation. This was repeated for 3 different viscosity
values: 0.75 cP (mimicking complete growth media
with serum (18), 1.0 cP and 1.25 cP (mimicking
methyl cellulose concentrations of 0.5% and 0.625%
respectively).

Particle Tracing

Particle sizes were chosen based on both
spheroids we have generated in the RCCS and in the
range of what has been previously published (19). The
particle mass was calculated based on the volume of
the spheroid and an assumed density of 1.04 g/cm3,
similar to previous studies (20).



Cell Culture

Breast cancer cell lines MCF-7 and MDA-
MB-231 were grown in Dulbecco’s Modified Eagle
Medium (DMEM). Ovarian cancer cell lines
OVCA420 and OVCAA433, as well as the non-cancer
NOSEO007, were maintained in RPMI 1640 media
while ES-2 cells were maintained in McCoy’s 5A
(modified) media. Each media formulation was
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. All cells were grown in an
incubator at 37°C and under a 5% CO, and 95% air
atmosphere. Cell passaging was performed every 2-3
days using 0.05% trypsin/EDTA. Cells were passaged
no more than 6 times after thawing.

Simulation of Microgravity using the RCCS

Cells were passaged as described above and
seeded in 10 mL HARVs at a final density of 1 x10°
cells/mL. The volume was adjusted to completely fill
the vessel and remove all air bubbles using syringes.
Air bubbles were also removed as needed over the
culture period. HARVs were rotated on the RCCS
with a starting rotation of 15 rpm. This was increased
by 5 rpm every 24 hrs up to a speed of 25 rpm to
account for the increase in spheroid size (9). After 72
hours the spheroids were collected by gentle
pipetting. If culturing proceeded beyond 72 hrs,
roughly two-thirds of the media was exchanged at 72
hrs and every 48 hrs thereafter while the rotation was
kept constant at 25 rpm. All spheroid images were
taken on an eVOSfl AMG LED-based fluorescent
microscope and size measurements were taken using
ImageJ.

Results

Initial CFD simulations were run to measure
the base fluid shear stress with no particles present.
Typical speeds for the RCCS range from 10-30 rpm
(21). The spheroids shown in Figure 2 were generated
as described above with a ramped rotation rate. The
simulations in Figure 3 show a difference of about one
order of magnitude in the shear stress going from 15
rpm to 25 rpm. This assumes a fluid viscosity of 0.75
cP, consistent with complete cell growth media. The
values (~104-10° dPa) fall within the range of
physiological shear stresses, which can vary from
below 0.1 dPa to above 10 (22).

With baseline parameters established particle
tracing experiments were run using particle radii of 50,
100 and 200 pm, covering a wide size range of
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Figure 3. Baseline fluid shear stress at the top of a
HARYV at 15 (A) and 25 rpm (B). The highest shear
stress is at the edges of the HARV. C) Cross-sectional
slices of shear stress distribution at 15 rpm. D) Fluid

shear stress in the middle of the HARV.

spheroids. Figure 4 shows that at 15 rpm the smallest
particles are pushed to the edges of the HARV while
the 100 um and 200 um particles are continuously
suspended in the middle of the HARV, rotating as
expected under the balance of Coriolis, centrifugal and
a reduced gravitational force (23). At 25 rpm the
results for the 50 and 200 pum particles are nearly
identical in positioning but the 100 um particles have
moved closer to the edges of the HARV and away
from the center. This suggests the higher rotation
speed is pushing the spheroids tend towards the high
stress area of the HARV edges.
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Figure 4. Particle Tracing of Spheroids at 15 (A) and
25 rpm (B). Particles were 50 (blue), 100 (green) and
200 (red) um in radius. In both cases the smallest
spheroids are readily deflected to the outer edges of the
HARVs while the larger, heavier particles tend towards
the middle.

If experiments across various spheroid sizes
are to be consistent, the spheroids must be encouraged
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Figure 5. The effects of constant rotation speed on
MCF-7 spheroid formation. A) Spheroid formed under
ramped rotating conditions (5 rpm every 24 hrs, starting
from 15 rpm up to 25 rpm) for 72 hrs. B) Spheroids
formed under constant 15 rpm for 72 hrs have nearly
identical morphology to ramped rotation. C) Spheroids
formed under constant 25 rpm for 72 hrs show irregular,
misshapen morphology. Scale bar: 1000 pm.

to follow similar patterns of flow as deviations can
alter behavior. The effects of increased shear stress on
spheroid formation are shown in Figure 5, where
MCEF-7 spheroids were formed under constant speeds
of 15 and 25 rpm. While the 15 rpm spheroids are quite
similar to those formed under the previously-described
ramped speed the spheroid morphology becomes more
irreqular at 25 rpm compared to normal MCF-7
spheroids (24). It is possible that these spheroids are
forming more quickly and becoming larger faster
under 25 rpm, and their morphology alters under
prolonged exposure to high shear stress past the initial
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Figure 6. Spheroid size increases for long-term RCCS
culture. MCF-7 were spheroids formed under
established rotating conditions for A) 72 hrs and B) 168
hrs. Scale Bar: 1000 um. C) The average spheroid
diameter rises from 672 pm to 906 pm. Error bars
represent standard deviation, p value < 103,

spheroid formation.  Another example is when
experiments are long-term, and the longer
proliferation time causes an increase in spheroid size.
Figure 6 shows this size change for MCF-7 spheroids
cultured for 168 hrs instead of 72 hrs. This can create
an unintended increase in shear stress over the course
of the experiment and skew the results.

While changing the rotation speed is the
simplest way to affect the shear stress it is limited by
the conditions for simulating microgravity. As
mentioned earlier, there must be balance between the
Coriolis and centrifugal forces. An alternate way to
alter the shear stress without compromising this
balance is to increase the viscosity of the media. This
is a common practice in various cell culture
techniques, including for spheroid formation in
hanging drop methods, where the viscosity is
modulated by the addition of biopolymers such as
methyl cellulose and dextran (15). These do not reduce
viability or dramatically alter cell behavior, making
them ideal choices for such experiments. New baseline
fluid shear stress simulations were run using two
increased values of viscosity: 1.0 cP and 1.25 cP. The
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Figure 7. The Effects of Viscosity on Shear Stress. A)
CFD simulations of shear stresses at both 15 rpm and 25
rpm for both 1.0 and 1.25 cP at the top of the HARV.
The range of maximum shear stress is graphed in B.
There is comparatively little difference between the two
viscosities as opposed to the two rotation speeds.




change in the max shear stress is graphed in Figure 7,
showing that while the difference between 15 and 25
rpm the difference in shear stress is still an order of
magnitude, there is noticeably less difference between
the two viscosities at either speed. As a follow-up,
particle tracing experiments were repeated under these
increased viscosities and Figure 8 shows how the 100
um particles see a decrease in their relative distance
from the center of the HARV, keeping their position
closer to what is seen at 15 rpm.
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Figure 8. The Effects of Viscosity on Spheroid Position.
A) Particle tracing simulations of spheroid position at
both 15 rpm and 25 rpm for both 1.0 and 1.25 P. The
relative distance from the center at 25 rpm is quantified
in B. The differences between positions of 50 and 200
pum spheroids are minor but for 100 um the deviation
from the middle at 25 rpm is considerably restored by
increasing the viscosity.

Conclusions

Microgravity has enormous potential to
enhance our understanding in many areas of biology.
The development of such experiments utilizing
spheroids for studies on a platform such as the ISS can
depend on the consistency and dependability of
simulated microgravity  experiments. CFD
experiments show the low shear stress within HARV's
and particle tracing models how the spheroids behave

under that shear stress. This also illustrates how under
higher rotation speeds spheroids of certain sizes may
drift away from the low-shear stress center of the
HARYV, and RCCS experiments reinforce how such
deviations can affect spheroid properties. However,
they also show how modulating the media viscosity
could lead to improved consistency of experiments
over various sizes of spheroids as the spheroids are no
longer pushed towards the higher-stress edges of the
HARV.

None of the conditions tested here improved
the spheroid position/shear stress experienced by the
smallest particles. Microgravity conditions tend to
promote the formation of large spheroids, some above
1 mm in diameter (25), so this is not expected to be a
significant concern. If smaller spheroids are needed,
though, there are ways to address this by using higher
methyl cellulose concentrations or higher-diameter
HARVSs to create more low-shear stress areas.

Further simulations will model a time-course
of the change in spheroid position in the first 72 hrs. It
is during this time that individual cells aggregate and
proliferate, increasing in size rapidly. This will
continue into the long-term culture where the spheroid
size continues to increase. Additionally, RCCS
experiments and subsequent spheroid characterization
using methyl cellulose-supplemented media will
verify and complement the simulation data. All of
these studies will be further applied to spheroids of
other cell types, expanding on the versatility of the
RCCS as an on-ground microgravity simulator and its
ability to create physiologically-relevant shear stress.
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Nomenclature

p Fluid density

g Acceleration due to gravity
u Flow velocity

p Dynamic viscosity

F External force

T Shear stress

WSS Wall shear stress
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