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An Air Bubble-Isolating Rotating Wall Vessel Bioreactor
for Improved Spheroid/Organoid Formation

Michael A. Phelan, MS, Anthony L. Gianforcaro, MS, Jonathan A. Gerstenhaber, PhD, and Peter I. Lelkes, PhD

Rotating wall vessel (RWV) bioreactors have been used to produce cell spheroids and organoids at a faster rate
than in other bioreactor devices and with higher structural and functional fidelity. One of the limitations of
traditional RWV systems is the well-documented tendency for air bubble formation during operation. The
presence of these bubbles negates key features of the RWV environment, such as zero headspace, low-shear,
and simulated microgravity. In this article, we describe the design, construction, and testing of a novel RWV
capable of constantly removing air bubbles from the system without interfering with the fluid dynamics that
produce optimized cell culture conditions. We modeled this capacity using computational fluid dynamics and
then validated the model with alginate beads and spheroid cultures of A549 human lung adenocarcinoma cells.
The areas of spheroids assembled from A549 cells in the novel bioreactor in the presence of air bubbles were an
order of magnitude larger than in conventional bioreactors when bubbles were present. Our results demonstrate
the ability of the novel design to remove and isolate bubbles while avoiding damage to spheroid assembly, as
observed in conventional RWV bioreactors in the presence of bubbles. We anticipate that the novel design will
increase experimental reproducibility and consistency when using RWV bioreactors.

Keywords: air bubble, computational fluid dynamics (CFD), high aspect ratio vessel (HARV), organoid,
rotating wall vessel (RWV), modeled microgravity

Impact Statement

The rotating wall vessel (RWV) bioreactor is a powerful tool for the generation of sizeable, faster-growing organoids.
However, the ideal, low-shear, modeled microgravity environment in the RWV is frequently disrupted by the formation of
bubbles, a critical but understated failure mode. To address this, we have designed and fabricated a novel, modified RWV
bioreactor capable of continuously removing bubbles while providing optimal fluid dynamics. We validated the capacity of
this device with computational and empirical studies. We anticipate that our novel bioreactor will be more consistent and
easier to use and may fill a unique and unmet niche in the burgeoning field of organoids.

Introduction

Organoids and spheroids in rotating
wall vessel bioreactors

Two-dimensional (2D) cell culture, the gold standard of
in vitro biology for nearly a century, has been used in vir-
tually every major discovery in cell biology. However, in-
creasing understanding of the complexity of biological
systems has led to heightened awareness of the importance
of model systems that more closely replicate the true three-
dimensional (3D) environment of living tissues.1 While
extensive progress has been made in engineered 3D scaf-

folds, organ recellularization, and bioprinting, recent studies
demonstrate the unique potential of self-assembling spher-
oids and organoids for discoveries in disease modeling, drug
discovery, and a host of other biomedical applications.2

Although several protocols exist for the generation and
maintenance of spheroids and organoids, such as sponta-
neous self-assembly in nonadherent cell culture plates3 or
the hanging drop method,4 culturing cells in the rotating
wall vessel (RWV) bioreactor, with its improved nutrient
exchange, yields consistent formation of organoids with
superior morphology and unique, organotypic gene expres-
sion.5–11 The RWV bioreactor works by slowly rotating a
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liquid-filled cylinder on its axis, gently dragging the fluid, and
any particles in it, in perfect circular paths. While alternate
systems, like stirred-tank bioreactors, are also being used and
optimized for organoid generation with high mass transfer,12

the RWV, with its lack of impellors or agitators, produces a
lower shear, lower turbulence environment, reducing po-
tential damage to forming tissues.13 This unique environ-
ment continues to provide high mass transfer associated
with increased metabolic activity,14 altered differentiation
with increased nutrient availability,15 modulation of plur-
ipotency markers such as Oct4 linked to glycolytic enzymes
such as pyruvate kinases,16 and differentiation associated
with higher oxygen concentration17 both with pluripotent and
multipotent cells mediated through hypoxia-inducible fac-
tor,18–21 In conjunction with high mass transfer, the low-shear
environment of the RWV can improve culture condition of
particular tissue types by eliminating detrimental shear
effects, such as those driving cells toward a hematopoietic
fate,22 inducing caspase-mediated apoptosis in some cell
types,23 damaging delicate organoid substructures such as
photoreceptor cilia,24 affecting cell metabolism,25 or sim-
ply failing to support the critical, low-shear biophysical
environment required for certain types of differentiation.26

Recently, DiStefano et al. demonstrated that the tissue-like
assembly of murine retinal organoids cultured into a tissue-
like assembly with properly organized photoreceptor cells
occurred significantly faster and the nascent organoids were
significantly larger than in static cultures. Faster genera-
tion of larger, high-fidelity organoids in the RWV may
facilitate the dissemination of these organoids for high-
throughput tissue analysis in drug discovery and person-
alized medicine.27,28

Bubble formation in the RWV bioreactor and its impact

Initially developed by NASA in the 1980s, RWVs were
originally designed to safely shuttle cells into space as sci-
entists endeavored to discover the biological effects of mi-
crogravity and space radiation. However, it was quickly
discovered that the RWV was also capable of supporting the
formation of complex, 3D, tissue-like structures of high fi-
delity and relevance to biomedical research on the ground.29

Given that the low-shear, microgravity-simulating effect
of the RWV relies on a circular, solid-body fluid path along
its interior perimeter, the RWV requires a ‘‘zero headspace’’
condition, literally a continuous interface between the fluid
and the wall with no air gap.29,30 When this interface is
disrupted due to the presence of a bubble, buoyancy con-
tinually pushes the bubble to the highest point of the system
despite the rotation of the device. The presence of a bubble
at this locale interrupts the fluid path, adding turbulence and
fluid shear stress, as the fluid is deflected around the bubble.
Bubbles are easily formed because each RWV bioreactor
has a gas exchange system for cellular respiration and for
balancing the cell culture media pH with incubator CO2.
When the incubator environment has insufficiently high
humidity (below 100%), negative pressure can form as
water vapor diffuses away from the bioreactor, inevitably
causing dissolved gases to precipitate out, forming un-
wanted bubbles. The need to remove bubbles from the RWV
system before and/or during use is widely discussed in lit-
erature,7,10,30–36 including a description of the issue in RWV

bioreactors in low-Earth orbit.37 While the significance of
failing to remove bubbles or an analysis of the change in
shear due to the presence of a bubble is not widely dis-
cussed, it has been reported on occasion that bubble for-
mation in the RWV may disrupt cell aggregation, decrease
cell viability, and harm differentiation, subsequently harm-
ing organoid formation.7,35,38,39 Similarly, the literature is
scant on providing a consistent way of preventing bubble
formation.

Some authors suggest a sufficiently high humidity incu-
bator (several water pans used simultaneously) will prevent
bubble formation.30 However, with the need to open the
incubator for media changes or removal of samples at dif-
ferent time points, this becomes difficult to maintain in
practice, resulting in the frequent formation of small bubbles
within 24–48 h, which in turn can act as nucleation points
for large bubble growth. Over longer time points, such as
those required for organoid differentiation, bubble formation
is inevitable. Nascent bubbles formed during extended
culture can be removed manually by ‘‘alternating between
driving plungers’’ of media-filled syringes.10 However,
even short-term exposure to bubble-associated shear stress
may be detrimental; genetic expression can be influenced
by only minutes of exposure to elevated shear stress.40 With
the increasing use of RWV bioreactor technology for orga-
noid research, there is a need for an improved system capable
of reproducibly neutralizing the impact of incidental bubbles
by automatically removing them as they are formed.

In this study, we designed and implemented a modifi-
cation to the high aspect ratio vessel (HARV)-type RWV,
a low-volume version of the RWV, which resulted in the
effective capture and removal of bubbles. Comparison be-
tween the modified and standard bioreactors showed sim-
ilarities in both fluid dynamics and in the generation of
organoids under ideal, nonbubble conditions. While the for-
mation of spheroids/organoids was impaired in conventional
RWVs in the presence of a bubble, it was fully maintained in
the modified design.

Materials and Methods

Bioreactor design, modeling, and computational
fluid dynamics

Potential bubble-segregating designs were drawn in 2D in
AutoCAD 2018 software (Autodesk, Mill Valley, CA). The
final design opted for a main body, similar to that of existing
RWV bioreactors, with an additional thin, exterior, con-
centric channel running along *80% of the total perimeter
and connected to the main body by a thin entrance. Con-
ceptually, our design relies on buoyancy to continuously
direct air bubbles out of the main volume into the channel.
Additionally, a port added to the end of the channel aides in
filling and emptying and can be used to remove bubbles
during operation, ensuring long-term bubble-free culture.
The volumes and dimensions of the main body were based
on existing disposable 10 mL HARV models (Synthecon,
Inc., Houston, TX), whereas the channel was given an ad-
ditional volume of *3 mL.

Computational fluid dynamics (CFD) was employed to
numerically evaluate the fluid dynamics of the new design.
The ‘‘Fluent’’ software package (ANSYS 19.2; Ansys, Inc.,
Canonsburg, PA) was used to model fluid behavior in both
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the novel design and the existing 10 mL HARV-type RWV
in a 3D environment with and without an added water vapor
bubble. Unless noted otherwise, added bubbles were of a
radius of 2 mm for a volume of *330mL. Additional details
are described in Supplementary Figure S1.

Bioreactor fabrication

The bubble-capturing bioreactors (BCBs) were designed
to be leak proof, noncytotoxic, sterilizable, and gas perme-
able for cellular respiration/pH control. Additionally, sepa-
rate ‘‘control’’ RWVs using identical materials were
constructed emulating the existing HARV-type RWV bio-
reactors. The two designs are referred to as ‘‘novel’’ or
‘‘BCB’’ and ‘‘standard’’ or ‘‘HARV-type,’’ respectively
(Fig. 1A, D show their finished construction respectively).

All systems were primarily constructed from 3/16¢¢ cast
acrylic ACRYLITE� (Evonik Industries, Essen, Germany)
and cut on a VLS 6.60 laser cutting table (Universal Laser

Systems, Scottsdale, AZ). A gas-permeable membrane was
produced by laminating a sheet of Tegaderm� (3M, Ma-
plewood, MN), a known watertight, gas-permeable poly-
mer, onto a flexible nylon mesh with a 300 mm pore size
(McMaster-Carr, Elmhurst, IL) and tightly compressing
under a vice overnight to ensure bonding.41 The nylon mesh-
backed Tegaderm was then laser cut to match the size and
bolt holes of the acrylic pieces. Finally, a 0.5 mm-thick heat-
resistant silicone sheet (Laimeisi Silicone Co., Ltd., Shenz-
hen, China) was laser cut to match the shape of the central
acrylic ring and to act as a compressible leak-resistant gasket.
Stopcocks and Luer closures (McMaster-Carr) were added to
enable filling. Additional information on the bioreactor fab-
rication can be found in Supplementary Figure S2.

Alginate bead fluid dynamics validation

To validate the predicted motion of spheroids in the
bioreactors, we used low-density calcium alginate beads

FIG. 1. Fabrication and Modeling of the Novel and Standard Bioreactor. (A) A fully assembled novel bioreactor. (B, C) A
front-viewed 3D model of stable fluid velocity vectors in a novel design bioreactor without bubbles and with, respectively.
The bubble highlighted by the arrow is trapped in the channel without disrupting the velocity gradient in the main chamber.
(D) A fully assembled standard bioreactor. (E, F) A front-viewed 3D model of stable fluid velocity vectors in a standard
design bioreactor without bubbles and with, respectively. Note the significant increase in fluid velocity (exceeding the
velocity scale by *10-fold, see text) after encountering the bubble (arrow). (G–J) Photographs of the movement of an
actual bubble (arrow) in the novel design highlighted by colored liquid. (G, H) Bubble entering the channel. (I, J) A bubble
moving through the channel to the back wall. All scale bars are 2.5 cm. 3D, three-dimensional. Color images are available
online.
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(*2 mm in diameter). Approximately two dozen beads were
loaded into both types of bioreactors with and without added
air bubbles (*500 mL) to replicate ideal and failure con-
ditions and rotated at 25 rpm, a speed required for larger
aggregates,42 until each system had achieved stable fluid
dynamics, as inferred from reduced motion relative to any
fixed position on the device. Motion and velocities of the
beads at the exterior perimeter of the systems were captured,
as previously described,7 using a tripod-mounted GoPro
camera (GoPro, Inc., San Mateo, CA) at a rate of 60 frames
per second. The captured images were subsequently analyzed
using ImageJ43 Manual Tracking plugin. Particle velocity
relative to bubbles and fixed locations on the bioreactor
was calculated iteratively over the course of 1 s. Shear in the
absence of bubbles was calculated according to Ramirez
et al.,44 describing fluid shear on small particles in an RWV
bioreactor, as shown in Equation 1,

s¼l � VF �VPj j= a (1)

where s is fluid shear stress, l is the dynamic viscosity of
water a 25�C, VF is the calculated velocity of the water at
the particle’s radial position if the fluid was acting as a solid
body, VP is the observed velocity of the particle, and a is the
radius of the particle.44 Because the VF where the fluid
encounters the bubble cannot be calculated, the traditional
fluid shear formula, Equation 2, was used when a particle
interacted with a bubble,

s¼l � dx =dy (2)

where dx is the change in distance (velocity) and dy is the
difference in location.44 Thus, dx=dy is the velocity gradient
developed in the fluid between the wall and the particle.
This was repeated for a dose-dependent evaluation of shear
and circular fit45 for bubbles ranging from 0 to 500 mL in the
standard bioreactor.

In line with the example of Ramirez et al., we used
Equations 1 and 2, fully cognizant that these are substantial
simplifications of the more complex 3D Navier–Stokes
equation, the governing equation of motion in fluids.46–48

All shear values determined from the above equations are
reported in dynes/cm2.

Cell culture for morphological assessment

For cell culture, a new sterilization and conditioning
protocol based on an existing HARV protocol was devel-
oped and tested.7 This modified protocol is described fur-
ther in the Supplementary Data. To assess the morphology
of the cell-based organoids/spheroids generated in the
RWV under ideal conditions, we paradigmatically used
A549 human lung cancer cells (ATCC, Manassas, VA) that
have been described extensively in tumor spheroid publica-
tions.49–51 Three milliliters of complete Dulbecco’s Modified
Eagle Medium (DMEM) were added to each bioreactor, fol-
lowed by 1 mL of cell suspension at 1 · 106 cells/mL. The
systems were then completely filled with media using 20 mL
syringes (BD, Franklin Lakes, NJ) and carefully checked to
ensure no bubbles were present. For the novel design, the
filling was performed through the valve at the terminal end of

the channel. Once cells were added, care was taken to ensure
the entrance to the channel was located at the top to prevent
cells incidentally entering the channel. Each bioreactor was
then mounted on a 4RCCS system (Synthecon, Inc.), placed
inside an incubator (37�C), and run at 10 rpm, a typical speed
for cultures starting as single-cell suspensions in the RWV.7

After 72 h, the main volume of each bioreactor was collected
into 15-mL conical centrifuge tubes (Corning, Corning, NY).
Cells and aggregates were sedimented over 5 min and then
collected with 1000mL pipettes. Any standard design HARV
bioreactor, which exhibited bubble formation, was excluded
from these results so that the impact of bubble formation
could be tested under more controlled conditions. Bubbles
did also form in the novel BCB design, however, the design
performed as intended and no bubbles were observed in the
main volume of the BCB in any of our experiments.

In a separate set of studies, air bubbles were intentionally
introduced to both the novel and standard bioreactors before
culture to evaluate the effects of bubble formation on A549
aggregate formation and spheroid morphology. The above
cell culture steps were followed precisely, including the
complete filling of the bioreactors with media and removal
of air bubbles. Subsequently, an air-filled 1-mL syringe
(BD) was attached to one stopcock while an empty 1-mL
syringe was attached to the other. Approximately 300mL of
air was added to each bioreactor to simulate a moderate-to-
severe bubble failure. The bioreactors were then operated
under precisely the same conditions as the ideal group. The
two groups will be referred to as ‘‘without bubble’’ and
‘‘with bubble,’’ respectively. The cell experiment conditions
are listed in Supplementary Table S1.

Imaging and evaluation

For both the with bubble and without bubble groups, the
morphology of the ensuing organoids/spheroids was evaluated
by standard image analysis of phase-contrast micrographs. At
the end of each culture, the contents of each bioreactor were
collected, as described above. Using this method, virtually all
aggregates and single cells were collected, which was con-
firmed by visualizing the supernatant. After sedimentation,
300mL of spheroid-containing media was collected from the
bottom of the tubes and gently transferred to the 14-mm
centers of 35-mm glass-bottom Petri dishes (P35G-1.5-14-C;
MatTek, Ashland, MA). At least 10 random images per ali-
quot were taken at 10 · magnification of all available spher-
oids, aggregates, or individual cells. Images were exported to
ImageJ, all identifiable spheroids were manually outlined, and
data were recorded on each image for area and circularity.
Further information on determining the circularity of the
spheroids is provided in the Supplementary Data. Aggregates
stained for fluorescent live/dead imaging were placed on poly-
L-lysine-coated MatTek dishes and treated sequentially with
3mM Calcein AM (Molecular Probes, Eugene, OR) and 3mM
Propidium Iodide (Molecular Probes) for 30 min each and
rinsed three times with phosphate-buffered saline before im-
aging with an FSX100 Fluorescent Microscope (Olympus Life
Science, Waltham, MA).

Novel design failure mode analysis

One possible limitation of this device is the probability of
cells entering the channel before the establishment of solid-
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body rotation. To evaluate the probability of this occurrence,
human dermal fibroblasts (HDFBs from ATCC) were cul-
tured in complete DMEM (Gibco), as described previous-
ly.52 One hundred thousand HDFBs were added to each of
the bioreactors and incubated on the 4RCCS at 10 rpm for
24 h. HDFBs were selected due to their tendency not to form
aggregates, thus reducing error due to changing sedimen-
tation rates. After 24 h, the media in the main volume and
the channel volume were collected into separate conical
tubes through the main and the channel ports, respectively,
spun down, and resuspended in 1 mL of media. Cell counting
was then performed three times on each sample and averages
were taken of the totals.

Statistics

Unless stated otherwise, a minimum of three independent
experiments (n = 3) were performed for each parameter
tested. The calculated areas of the organoids/spheroids are
presented as medians – the standard deviation of the medi-
ans. Circularity and cell count values are shown as aver-
ages – the standard deviation of the averages. Significance
was evaluated with a two-tailed student t-test and results
were considered significant with a p-value less than 0.05
after post hoc correction using the Bonferroni method.

Results

Design, modeling, and CFD

Figure 1 shows the design of the novel bioreactor and the
results of a CFD analysis, comparing the standard and novel
designs under ideal and nonideal (i.e., in the presence of
a bubble) conditions. Panels B, C, E, and F show CFD-
modeled fluid velocity vectors of the 3D systems viewed
from the front. Figure 1B and C model the novel bioreactor
design without and with a bubble (as indicated by each
arrow), respectively. Figure 1E and F model the standard
design without and with a bubble, respectively. Comparison
of Figure 1E and F shows that the introduction of a bubble to
a standard RWV bioreactor system yields a large high-
velocity zone around the bubble that deforms the classic
RWV circular fluid paths and creates a noticeable low-
velocity eddy directly behind the bubble. For the sake of
comparison between the various images, the fluid velocity
vector scale bars for all CFD images are shown from 0 to
0.03 m/s. Notably, the red oblong area shown below the
bubble in Figure 1F significantly exceeds this range with
maximum values in excess of 0.25 m/s. Comparing the re-
sults of Figure 1B and C to those of Figure 1F and E
demonstrates the expected physical behavior of the novel
design. The results of either condition of the novel design
show circular fluid velocity paths that are remarkably sim-
ilar to that of the standard design under ideal, bubble-free
conditions. Figure 1G and H demonstrate how a bubble is
captured through the channel entrance and Figure 1I and J
show that the bubbles move toward the back wall of the
channel as the novel bioreactor rotates.

Alginate bead fluid dynamics validation

Figure 2 shows the change in the position of a single
alginate bead over 1 s of rotation of the novel (Fig. 2A, C)
and the standard bioreactor (Fig. 2B, D), with and without

bubbles, after each system had reached equilibrium. The red
dots represent the position of that one particle every 1/20th
of a second (Fig. 2A–D). Shear stress values calculated from
Equation 1 are shown in Figure 2E and F. Notably, the
deflection of the path of the bead in Figure 2D (standard
bioreactor with bubble) indicates the fluid dynamic disrup-
tion in the RWV by a single bubble and very closely re-
sembles the shape of the fluid velocity vectors in Figure 1F.
Although initially the path appears similar to the other three
conditions, as soon as the particle interacts with the bubble,
it slows, is deflected off of its course, and then accelerated
into a new position. This altered movement destroys the
condition of whole-body rotation/microgravity simulation
due to the disruption of the circular fluid path, while also
increasing the maximum shear force as much as fivefold
(Fig. 2F). The particle paths in Figure 2A–C closely re-
semble one another, indicating that the BCB maintains the
ideal conditions of zero headspace/whole-body rotation by
effectively removing the intentionally introduced bubble.
Figure 2E and F demonstrate the insignificant differences in
both average and maximum shear experienced in the above
three ‘‘ideal’’ conditions. Although a bubble is not readily
visible in Figure 2C, it is present at the back of the channel
(red arrow) and is of the same size as the one in Figure 2D.
Figure 2G shows the calculated maximum shear stress of the
standard HARV design seeded with bubbles ranging from
25 to 500mL. All shear results are listed in Supplementary
Table S2. The circular residuals resulting from path dis-
ruption for various bubble sizes are shown in Supplementary
Figure S3. The path disruption images indicate that particles
may spend upward of 25% of their cycle in an abnormal
shear state.

Cell culture

Shown in Figure 3 are representative micrographs of
A549 spheroid cultures from each of the four conditions
described above for 72 h. Figure 3A and B are representative
of typical spheroids from the novel and standard bioreactor
without air bubbles, whereas Figure 3D and E show the
results from BCB and HARV bioreactors initialized with an
air bubble. The images in Figure 3A, B, D shows similar
results in terms of spheroid size and circularity. By contrast,
only either small aggregates or single cells were found in the
standard bioreactor in the presence of bubbles (Fig. 3E).
Figure 3C and F show fluorescent live/dead staining of ag-
gregates/cells taken from the novel and standard bioreactors,
respectively, when seeded with bubbles. The spheroids ta-
ken from the novel bioreactor demonstrate a healthy, live
exterior with a ‘‘dying core,’’ consistently mirroring the
anoxic and subsequently necrotic core of spheroids, as
previously demonstrated by others in the RWV.9 As sum-
marized in Figure 3G, introduction of a bubble reduced
spheroid area by *10 · in a standard bioreactor, but not in
the novel design. Interestingly, the circularity of the spher-
oids was unaffected between the four groups, regardless of
condition or spheroid size (Fig. 3H). Of note, *40% of all
experiments performed in the standard design without a
bubble were rejected due to bubbles forming during opera-
tion. In our experiments, the BCB design captured and
permanently segregated all bubbles within a single rotation
after startup.
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We also collected the contents of the channels from the
novel design bioreactors. While there were generally little to
no aggregates nor single cells present, on occasion, a few
very large spheroids (typically >500mm) were found. Phase-
contrast microscopy images of typical aggregates found in

the BCB channel (Fig. 4C), demonstrate the large, aniso-
tropic characteristics of aggregates captured in the channel.
This may indicate a tendency for larger spheroids to irre-
versibly enter the channel only once their sedimentation
rates exceed the maximum velocity of the rotating media.

FIG. 2. Alginate bead shear
modeling. (A–D) The position
of alginate beads over 1 s marked
every 1/20th of a second in RWV
bioreactors rotating counterclock-
wise under the four conditions de-
fined in the text. The bubble is
shown by the red arrows in (C, D).
(E) The average fluid shear stress
experienced by the beads over the
course of the path. The shear stress
in the novel design with bubbles is
not significantly different from that
in the first two instances. (F) The
maximum shear stress experienced
by the beads during the observed
path. (G) Maximum shear values
observed in the standard bioreactor
with increasing bubble size. Shear
stress measurements are detailed in
the text. All scale bars are 2.5 cm.
*Significant at p < 0.05. NS, not
significant; RWV, rotating wall
vessel. Color images are available
online.
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Novel design failure mode analysis

Figure 4 depicts the analysis of the potential failure mode
of the novel bioreactor, that is, of cells irreversibly entering
the channel irreversibly (Fig. 4A). To assess this possibility,
HDFBs were seeded into the main volume and cultured for
24 h, before harvesting and counting the cells to determine
the totals in, respectively, the main and channel volumes. As
shown in Figure 4B, less than 2% of all cells entered the
channel over the course of 24 h.

Discussion

The aim of this study was to design a modified RWV,
capable of producing the same low-shear, microgravity-

simulating environment as a typical RWV, while capturing
and removing nascent bubbles, thus maintaining the zero
headspace condition, critical to organoid formation. Based
on the results shown in Figure 1, we hypothesized that both
the standard and novel bioreactor designs would produce
similar organoids under bubble-free conditions. However,
when a bubble was introduced, organoid formation would be
significantly disrupted in the standard bioreactor, while no
difference would be observed in the novel BCB. The results
in Figures 2 and 3 indeed demonstrate that the modified
RWV can produce and maintain the required zero headspace
conditions, while actively removing bubbles and producing
large spheroids/organoids, like traditional RWV devices
under optimal, bubble-free conditions.

FIG. 3. A549 cell culture results for spheroid morphology after 72 h. (A) Spheroid formation in the novel design with no
bubble present. (B) Spheroid formation in the standard design with no bubble present. (C) Calcein AM/Propidium Iodide
staining of a spheroid from the novel design with a bubble present. (D) Spheroid formation in the novel design with a bubble
present. (E) Spheroid formation in the standard design with a bubble present. (F) Calcein AM/Propidium Iodide staining of
a spheroid from the standard design with a bubble present. (G) Combined quantified results for spheroid areas for each of
the above conditions taken as the average of medians, for details, see text. (H) Combined quantified results for spheroid
circularity taken as an average of averages of independent triplicate data, for details, see text. Scale bars for (A, B, D, E) are
200 mm, scale bars for C and F are 100mm. *Significant at p < 0.05. NS, not significant. Color images are available online.
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Although the equations used to calculate shear in the algi-
nate bead systems are substantial simplifications, the average
experimental values of *0.04 dynes/cm2, under ideal condi-
tions, very closely approximated the previously published ideal
range of *0.044 dynes/cm2 under zero headspace condi-
tions.46 By contrast, in the presence of a bubble (Fig. 2D), the
maximum fluid shear stress increases *10-fold relative to the
average to 0.4 dynes/cm2. This order-of-magnitude increase
appears to be sufficient to disrupt aggregate formation, but
may not yet ensure cell damage, which reportedly requires
0.92 dynes/cm2.53 When taken contextually with Figure 3E,
the appearance of single cells and very small aggregates in-
dicates that spheroid formation was disrupted as a result of
increased shear forces. By contrast, the similarity (Fig. 3G, H)
in aggregate sizes in the novel design with and without bubbles
indicates that this novel technology achieved its intended goal
of reducing the impact of bubbles on aggregate formation. In
our use, bubbles did not grow sufficiently large as to overfill
the channel or reenter the system over the course of 72 h.
However, should this issue arise with longer-term culture,
bubbles can be easily removed from the channel through its
Luer port with a simple syringe during operation. Our results
demonstrate that the BCB design may combine enhanced re-
producibility of organoid generation with improved ease of use
and a decreased likelihood of experiment failure. Although the
probability of channel capture may increase as spheroids grow
and sedimentation rates change, this issue can be resolved by
increasing the rotational speed of the device.

Our cell culture results, taken in conjunction with the shear
values obtained with even small bubbles (Fig. 2G), demon-
strate that the prevention of bubble formation is important for
the outcome and reproducibility of experiments using the
RWV, yet, it is seemingly underreported in the literature.30

Because bubble formation is frequent, and its prevention is
anecdotal at best, researchers are likely to collect results from
RWVs that may intermittently form bubbles (e.g., overnight),
not realizing that such an experiment may be compromised. It
is one of our intentions that the novel BCB design may be
able to prevent false-positive/negative results and increase the
reproducibility of the system.

While under ideal conditions the calculated shear stresses
and the observed cell spheroid sizes were statistically indis-
tinguishable between the ‘‘standard without bubble’’ group and

either of the ‘‘novel’’ groups, there are distinct differences
between the standard and novel designs. As described in Fig-
ure 4, there is a probability of a small subpopulation of the cells
irreversibly entering the novel channel during initialization.
However, after initialization, channel capture is only likely to
occur if the cells or aggregates tend to drift toward the exterior
perimeter of the main volume, with the probability of that
tendency increasing if the rotational velocity is incorrect, as
seen with the abnormally large aggregates seen in Figure 4C. In
the standard system, a device set to the incorrect speed would
still contain all its cell contents. In the novel system, if an
incorrect rotational speed is set, aggregates would tend to be
captured in the channel, thus providing tangible early feedback
that the system settings are inadequate, allowing the speed to be
increased as aggregates grow. In a standard system, particles
interacting with the wall may be thrown off their circular path,
thus negating the modeled microgravity (whole-body rotation,
zero headspace) environment. However, these cells would still
be collected together with the contents of the entire bioreactor,
potentially skewing mechanistic analyses, such as global gene
expression profiling in the wake of organoid assembly and
differentiation. In the novel system, cells in the channel volume
can easily be collected separately and discarded from those in
the main volume, ensuring the cells tested are only the ones that
did not tend toward the wall, decreasing skew and increasing
the consistency of results.

In summary, we engineered and tested a modification to
the traditional HARV-type RWV bioreactor, which results
in the effective capture and removal of bubbles. In this ar-
ticle, we compared the modified BCB and standard HARV
bioreactors side by side and found similarities in both fluid
dynamics and in the ability to generate sizeable cancer
spheroids in the absence of bubbles. However, in the pres-
ence of a bubble, the spheroid/organoid formation is im-
paired in conventional RWVs, while it is fully maintained in
the modified design. We anticipate that the novel design will
increase experimental reproducibility and consistency when
using these kinds of rotatory bioreactors.
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