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Various perfusion bioreactor systems have been designed to improve cell culture with
three-dimensional porous scaffolds, and there is some evidence that fluid force improves
the osteogenic commitment of the progenitors. However, because of the unique design
concept and operational configuration of each study, the experimental setups of perfusion
bioreactor systems are not always compatible with other systems. To reconcile results
from different systems, the thorough optimization and validation of experimental
configuration are required in each system. In this study, optimal experimental
conditions for a perfusion bioreactor were explored in three steps. First, an in silico
modeling was performed using a scaffold geometry obtained by microCT and an
expedient geometry parameterized with porosity and permeability to assess the
accuracy of calculated fluid shear stress and computational time. Then, environmental
factors for cell culture were optimized, including the volume of the medium, bubble
suppression, and medium evaporation. Further, by combining the findings, it was
possible to determine the optimal flow rate at which cell growth was supported while
osteogenic differentiation was triggered. Here, we demonstrated that fluid shear stress up
to 15mPa was sufficient to induce osteogenesis, but cell growth was severely impacted by
the volume of perfused medium, the presence of air bubbles, and medium evaporation, all
of which are common concerns in perfusion bioreactor systems. This study emphasizes
the necessity of optimization of experimental variables, which may often be underreported
or overlooked, and indicates steps which can be taken to address issues common to
perfusion bioreactors for bone tissue engineering.
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INTRODUCTION

Critical sized bony defects have only a limited capacity for
spontaneous healing. Repair requires extensive surgical
intervention using autografts, allografts, xenografts or
alloplastic materials (Roddy et al., 2018). However, none of
the conventional clinical approaches has achieved the
complete repair of native anatomy and function. Tissue
engineering approaches, where multipotent cells are combined
with scaffold biomaterials to regenerate bone, first emerged in the
mid-1980s. Since then, there have been numerous in vitro and in
vivo studies and by 2020, around 150 clinical trials of cell-based
bone regenerative therapies had been registered by the U.S.
National Library of Medicine (Amini et al., 2012).
Mesenchymal stem/stromal cells (MCS) are among the most
widely used sources for bone regeneration. MSC are
abundantly available from various mesenchymal tissues such
as bone marrow, adipose tissue, umbilical cord, and dental
tissues (Marquez-Curtis et al., 2015). For scaffolding, three-
dimensional (3D) porous scaffolds are preferred, as they
mimic the structure of cancellous bone, stimulating MSC
towards the osteogenic lineage (Zhang et al., 2018).

A major disadvantage of 3D scaffolds is the low passive
diffusion-based mass transport of nutrients and gases, which
leads to uneven cell growth within the scaffolds (Rouwkema et al.,
2009). To overcome this disparity, various perfusion bioreactor
systems have been developed specifically for bone regeneration
(Rauh et al., 2011; Yeatts et al., 2013). Perfusion bioreactors
provide uniform nutrient supply within the scaffolds while
removing waste products, improving cell wellbeing (Rauh
et al., 2011). Furthermore, attempts have been made to
induce/promote osteogenesis by controlling the mechanical
stimulus exerted by fluid flow (Gaspar et al., 2012). In fact, in
recent years an increasing number of studies have reported the
positive effect of fluid flow on MSC growth and osteogenesis.
However, inconsistent results owing to system variation impede a
clear understanding of biological responses to the stimuli. This is
not only because experimental configuration such as bioreactor
design and flow characteristics varies significantly among
systems, but also because 3D dynamic cell culture involves
various technical challenges which are not encountered in
conventional cell culture protocols (Mandenius and
Mandenius, 2016). Consequently, each system is to be
operated under specific conditions. This is determined by a
series of optimization steps: estimation of the magnitude of
mechanical stimuli, conditioning of the culture environment
and determination of the optimal flow rate for osteogenic
differentiation. Nevertheless, environmental conditions applied
in dynamic systems seem to be underreported. Indeed, a general
caution has recently been issued, noting that a majority of cell
culture studies omitted to monitor, control, or report
environmental factors such as temperature, gas concentration
and medium conditions (Klein et al., 2021).

The first step would be to estimate a promising flow rate by
evaluating mechanical stimuli exerted by fluid flow. In the case
where a porous geometry is assumed to be isotropic throughout
the scaffold, shear stress can be corelated by the Kozeny-Carman

equation (Arramon and Nauman, 2001; Daish et al., 2017).
However, the equation requires an empirical constant which
depends on the geometry of pores, and it may not be suitable
for anisotropic and multiphasic porous scaffolds (Truscello et al.,
2012). The estimation of fluidics can be alternatively performed
by in silico modeling, where the flow of culture medium is
computationally reproduced in accordance with imported
geometry and assigned parameters. In bone tissue engineering,
using a scaffold with highly irregular pore geometry and
distribution, the high computational cost is a barrier to precise
simulation (Zhao et al., 2019). Ideally, a full scaffold geometry
acquired by microcomputed tomography (microCT) should be
used, but it may not always be feasible because of high
computational demand (Jungreuthmayer et al., 2009; Acosta
Santamaría et al., 2013). Alternatively, simplified geometry
with porous parameters may be employed as a porous
medium domain, despite lack of consensus as to its accuracy
and predictive power (Campos Marin and Lacroix, 2015). The
next step would be to optimize the culture environment.
Optimization and validation of each environmental factor are
required for successful operation. In conventional culture this
may not be given close attention. For example, a perfusion
bioreactor often requires a large volume of culture medium to
establish continuous flow. The optimal amount depends on the
number of vital cells on the scaffolds, and deficiency or excess
may cause inhibition of cell growth and paracrine signaling
(Schreivogel et al., 2019). Other environmental factors such as
temperature, humidity, and static pressure alter MSC behavior,
and this needs to be considered in designing systems. A stand-
alone bioreactor, namely a bioreactor designed not to be used in a
conventional incubator, often consists of complex electric
appliances such as various sensors, heating system, gas
ejectors, electric outlets and conductors in addition to pump
systems (Schuerlein et al., 2017). The installation of these
appliances is essential to condition the atmosphere, but highly
humid environment is likely to be incompatible with such
electrical systems (Rauh et al., 2011; Lane et al., 2014). A
major technical challenge is the suppression of air bubble
formation, which disturbs fluid flow and damages cells
(Sobolewski et al., 2012; Walls et al., 2017; Walsh et al., 2017).
Fluidic systems for bone tissue engineering tend to fulfil
conditions for bubble formation: highly porous geometry,
hydrophobic biomaterials, surfactant in the culture medium,
and medium agitation (Sung and Shuler, 2009; Piola et al.,
2013; Yu et al., 2017a; Yamada et al., 2021a). All these factors
influence cell behavior, and therefore represent uncertainties if
not addressed and correctly controlled. Once optimization is
completed, the effect of fluid flow on cell behavior may be tested.

The successful operation of perfusion bioreactors for tissue
engineering depends largely on the identification and
validation of proper culture conditions. Unfortunately,
despite an increasing number of studies on 3D dynamic cell
culture in bone tissue engineering, comparison of study results
is difficult, because each bioreactor system is operated with a
unique experimental configuration. Nevertheless, most
experimental issues which arise are common to all
perfusion bioreactors.
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To date, the literature in this field reveals the need for
thorough optimization of experimental variables in a perfusion
bioreactor. There is also a need to identify and address specific
challenges which may arise in using a perfusion bioreactor for 3D
dynamic culture. It is important that methods developed to
address these issues are readily transferable for application in
different bioreactors and can thus serve as general guidelines for
designing and setting up flow bioreactor systems. The aim of this
study was therefore to identify and optimize experimental
variables in a laminar flow bioreactor with an integrated
incubation system, by exploring basic cell culture conditions
which can be adjusted towards stable dynamic cell culture.
The study covers validation of the method applied to estimate
fluid effects, the optimization of environmental factors such as
medium volume, humidity control, air bubble suppression, and
the identification of optimal flow rate. The study was based on rat
bone marrow-derived mesenchymal stem/stromal cells (rBMSC),
seeded onto 3D polymeric scaffolds for osteogenic differentiation.

MATERIALS AND METHODS

rBMSC Isolation and Expansion
The study was approved by the Norwegian Animal Research
Authority (local approval number 20146866) and conducted in
compliance with the European Convention for the Protection of
Vertebrates used for Scientific Purposes.

rBMSC were isolated as previously described (Yassin et al.,
2015). rBMSC from the femurs of Lewis rats were maintained in
growth medium consisting of alpha minimum essential medium
(α-MEM: 22571-020, Gibco™, United States) supplemented with
1% penicillin and streptomycin (SV30010, HyClone,
United States) and 10% fetal bovine serum (FBS: 10270-106,
Gibco™, United States) at 37°C in 5% CO2 humidified
atmosphere. The characterization of rBMSC including the
expression of putative MSC markers and the ability of multi-
lineage differentiation was previously described (Yamada et al.,
2021a). rBMSC from the third to fifth passages were used in
the study.

3D Porous Scaffold Preparation and Cell
Seeding
3D microporous scaffolds (diameter 12 mm, thickness 1.2 mm)
were produced by a solvent casting technique as previously
described (Odelius et al., 2005; Yamada et al., 2021b). Briefly,
a solution of Poly (L-lactide-co-trimethylene carbonate) (LTMC)
(RESOMER. LT706 S, Evonik) in chloroform was mixed with
sodium chloride (NaCl) particles with a diameter of 90–600 µM
in Petri dishes and left with the lids on to allow gradual
evaporation of the chloroform. After complete evaporation,
the dried constructs were punched into 12 mm pieces and
washed thoroughly in distilled water to remove the remaining
NaCl particles. The scaffolds were then placed in 48-well plates
and exposed to ultraviolet radiation for 2 h, following to washing
with 70% ethanol for sterilization. Prior to cell seeding, the
scaffolds were pre-wetted in the growth medium for 24 h.

250,000 rBMSC were seeded per scaffold and incubated for
72 h before being transferred into the culture chamber of the
bioreactor.

MicroCT Scanning and Structural Analysis
of the Porous Scaffolds
The microstructure of the scaffolds was scanned by
microcomputed tomography (microCT) using a voltage of
40 kV and a current of 250 mA at 10 μm spatial resolution
(SkyScan 1172: Bruker-MicroCT, Kontich, Belgium). The
acquired geometry was exported in .stl file for further in silico
modeling.

Configuration of the Laminar Flow
Bioreactor
The laminar flow bioreactor was developed in the Fraunhofer
Institute for Silicate Research. It comprises peristaltic pumps and
an integrated incubator system, including a heating pad, electric
fans, hydropressure sensors, a CO2 sensor, and a temperature
sensor (Figure 1A). The standard components for dynamic cell
culture under perfusion are demonstrated in Figure 1B. The
culture chamber, made of stainless steel, was designed to
accommodate 3D scaffolds with a maximum diameter of
12 mm. The following sections present the experimental design
in detail, including descriptions of specific settings (i.e., tubing,
position of medium reservoir, scaffold placement). The perfusion
experiment was conducted at 37°C in 5% CO2 atmosphere.

In silico Modeling for Fluid Dynamics
Simulation
In order to make the microCT data applicable in the simulation, a
reference geometry was segmented from the .stl file, and a
hypothetical whole-scaffold geometry was then reconstructed
computationally, by assuming that the segmented geometry
represented the microstructure of the scaffold. Precisely, the
one fourth of the scanned geometry was repaired and then
mirrored to reconstruct a disk-shaped geometry due to a
substantial computational burden. Scanning defects such as
self-intersections, paper-thin regions, too-narrow edges
(i.e., edges smaller than defined minimum element size as
mentioned below), and holes were repaired using computer-
aided design (CAD) software, MeshLab ver. 2021.05 (Cignoni
et al., 2008), Blender ver. 2.92 (Blender, 2021), and Rhino 7
(Robert McNeel & Associates, United States). In silico modeling
was undertaken in the COMSOL Multiphysics version 5.6
(COMSOL AB, Sweden). Briefly, a simplified geometry was
designed with a cylindrical disc with a diameter of 12 mm,
which was defined as a porous domain. For the porous
domain, porosity was measured by microCT analysis, and
permeability was obtained as described previously by
measuring pressure drop over cylindrical scaffolds and
applying the Darcy’s law (Ramani-Mohan et al., 2018). The
microCT geometry was imported as a solid object. A domain
comprising a stack of six scaffolds was then placed in a cylindrical
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fluid path with a diameter of 12.5 mm, where fully developed flow
at either 0.8, 1.6, or 3.2 ml/min was prescribed. It was assumed
that fluid flow within scaffolds could be laminar flow because of
extremely low flow velocity. Assigned fluid was defined as
incompressible Newtonian fluid with the viscosity of water at
37°C (i.e., 0.6913 mPa·s) and density 997 kg/m3. Non-slip
boundary conditions were enforced at the solid walls. For
computation, the geometries were then meshed into linier
tetrahedron elements using a physics-controlled mesh module
with prescribed mesh resolution “Finer” where the maximum
element size, minimum element size, maximum element growth
rate, curvature factor, and resolution of narrow regions were
defined as 0.429 mm, 0.0464 mm, 1.1, 0.4, 0.9, respectively.
Finally, computation was performed by the stationary solver.

A laminar flow was defined by the Navier-Stokes equation as
follows:

ρ(u. )u � .[−pI + K] + F

ρ .u � 0

K � µ( u + ( u)T)

where ρ, u, I, p, µ, and F, denote fluid density, fluid velocity,
identity vector, pressure, dynamic viscosity, and volume force.
For the porous domain used in the simplified geometry, the Darcy
flow model was used with Darcy-Brinkman equation as follows:

1
εp

ρ(u2. ∇)u 1
εp

� ∇. [ − pI + K] −⎛⎝µκ−1 + Qm

ε2p
⎞⎠ u + F

ρ ∇.u � Qm

K � µ
1
εp

( ∇u + ( ∇u)T) − 2
3
µ
1
εp
(∇.u)I

F � 0, Qm � 0

where εp, κ, and Qm denote porosity, permeability, and mass
souse. The effect of gravity was not included for simplification. It
was modeled by assuming zero mass source and zero volume
force due to low fluid viscosity and Reynolds number below 1
(data not shown). Shear stress τ was then computed as previously
described using the equation (Egger et al., 2017):

τ � µ
zµ
zn

FIGURE 1 | Configuration of perfusion bioreactor used in the present study. (A) The bioreactor comprises a controlling/monitoring part (left) and an integrated
incubator part (right). The integrated part is designed to maintain the desired temperature and gas concentration for cell culture. (B) A medium reservoir and culture
chamber where scaffolds are placed are connected by silicon tubes. The flow velocity is controlled by a peristaltic pump.
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where n indicates the x-, y-, and z-direction. Shear stress was
presented using volume and surface area in the simplified and in
the microCT approach, respectively.

Quantification of Double Strand DNA
Samples were collected in 0.1% Triton X-100, and the cell lysate
was obtained by three freeze-thaw cycles. Double strand DNA
(dsDNA) was quantified using Quant-iT™ PicoGreen™ dsDNA
Assay Kit (P7589, Thermo Fisher Scientific, United States) in
accordance with the manufacturer’s protocol. The fluorescence
intensity was measured at Ex/Em = 480/520 nm using a
microplate reader (VLBL00D0, ThermoFisher Scientific,
Finland).

Quantification of Alkaline Phosphatase
Activity
The cell lysate, which was obtained by freeze-thaw cycles, was
incubated with P-nitrophenyl phosphate (20-106, Sigma-Aldrich,
Germany) for 15 min at room temperature. Absorbance was
measured at 405 nm using the microplate reader. ALP activity
was normalized by the amount of dsDNA in the samples.

Immunofluorescent Staining and Confocal
Microscopy
Samples were fixed in 4% paraformaldehyde (PFA) for 15 min
at room temperature and permeabilized in 0.1% Triton X-100
in PBS (PBSTx) for 15 min at room temperature. Nonspecific
binding was blocked with 20% goat serum (G6767, Sigma,
United States) in 0.1% Tween-20 in PBS (PBSTw) for 60 min at
room temperature. The samples were then incubated with
anti-Ki67 monoclonal antibody conjugated with eFluor 660
(50-5698-82, Thermo Fisher Scientific, United States)
overnight at 4°C. Filamentous actin (F-actin) and nuclei
were counterstained with Phalloidin Alexa Fluor 488 (1:250;
A12379, Thermo Fisher Scientific, United States) and 4′,6-
diamidino-2-phenylindole (DAPI, 1:5000; 62247, Thermo
Fisher Scientific, United States) for 60 min at room
temperature, followed by washing five times, for 5 min each,
with PBSTw. The samples were mounted in ProLong™ Gold
antifade reagent (P36939; Thermo Fisher Scientific,
United States). Z-Stack images were acquired by confocal
microscopy (TCS SP8; Leica, Germany) and the
multichannel images were processed with Fiji/ImageJ
(Schindelin et al., 2012). All images in the study were
presented as maximum projection z-stack images of 100 µm
thickness.

Live/Dead Staining
For Live/Dead staining, a Live/Dead Cell Viability Kit was used
in accordance with the manufacturer’s protocol. Briefly, the
samples were washed with Dulbecco’s phosphate-buffered
saline (DPBS; 14190-144, Gibco™, United States) 3 times
and incubated with 2 µM calcein AM and 4 μM Ethidium
homodimer-1 for 30 min at room temperature. The samples
were then visualized by confocal microscopy.

Reverse Transcription Quantitative
Polymerase Chain Reaction
Samples for gene expression assay were snap-frozen in liquid
nitrogen and stored at −80°C. Total RNA was extracted using a
Maxwell® 16 Cell LEV Total RNA Purification Kit (AS1280;
Promega, United States) in accordance with the
manufacturer’s protocol. Reverse transcription was then
undertaken using a High-Capacity cDNA reverse
Transcription Kit (4368814; Applied Biosystems,
United States). RT-qPCR was performed with the StepOne™
real-time PCR system (4376357, Applied Biosystems,
United States) with TaqMan™ Gene Expression Assay
(4331182, Thermo Fisher Scientific, United States). The
primers used were Runt-related transcription factor 2
(RUNX2, Rn01512298_m1, Thermo Fisher Scientific,
United States), Osterix (Rn01761789 m1, Thermo Fisher
Scientific, United States), and Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Rn01749022 g, Thermo Fisher
Scientific, United States). The amplification was performed as
follows: initial denaturation at 95°C for 20 s followed by 40 cycles
at 95°C for 1 s and 60°C for 20 s. Relative gene expression was
calculated by the ΔΔCt method, normalized by the endogenous
control, GAPDH (Livak and Schmittgen, 2001). The data are
presented as a mean value ± standard error (s.e.m) of three
replicates.

Alizarin Red S Staining and Quantification
Samples were fixed in 4% PFA for 40 min and washed three times
in Milli-Q® water. The samples were then incubated with 0.1%
Alizarin Red S staining (A5533; Sigma-Aldrich, United States) for
20 min at room temperature, followed by thorough washing with
Milli-Q® water. For quantification, the dye was extracted in
100 mM cetylpyridium chloride overnight at room
temperature. Absorbance was measured at 540 nm using the
microplate reader.

Evaluation of the Effect of Growth Medium
Volume on Cell Growth
To evaluate the effect of medium volume on cell growth on a 2D
mono-surface and the 3D porous scaffolds, cell growth was
evaluated in different volumes of growth medium. For 2D
experiments, rBMSC were seeded into wells of 12-well plates
at the standard initial seeding density of 5,000 cells/cm2. For
testing, the cells were separated into three different groups,
according to the volume of growth medium: 0.76 ml, the
lowest limit of the manufacturer’s recommendation, 1.52 ml,
and 3.04 ml, which corresponded to 0.04 µl/cell, 0.08 µl/cells,
and 0.16 µl/cells, respectively, at the time of seeding. After 3
and 7 days of incubation at 37°C in 5% CO2 humidified
atmosphere, the cells were trypsinised, stained with 0.4%
Trypan Blue (T10282, Thermo Fisher Scientific,
United States), and analyzed by the Countess 2 Automated
Cell Counter (Thermo Fisher Scientifics, United States).
Likewise, the optimal ratio of cell-to-medium volumes was
evaluated on the 3D scaffolds where 250,000 cells were seeded.
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According to a previous report, the seeding efficiency was
estimated to be 50% (Yamada et al., 2021b), and therefore,
125,000 cells were considered to have attached to the scaffold
initially. Five scaffolds, corresponding to 625,000 cells, were then
incubated with the growth medium at medium-to-cell ratios of
either 0.04 µl/cell (i.e., 25 ml), 0.08 µl/cell (i.e., 50 ml), or 0.16 µl/
cell (i.e., 100 ml) at 37°C in 5% CO2 humidified atmosphere. The
medium was refreshed every 72 h. Cell growth was analyzed on
days 3 and 7 by quantification of dsDNA.

Evaluation of the Effect of Humidification on
Cell Growth and Viability
To measure medium evaporation during perfusion in the
bioreactor, 25 ml of the growth medium was perfused at
0.8 ml/min, 5 ml/min and 10 ml/min at 37°C in 5% CO2

environment. During perfusion, the ventilation filter was
subjected to either environmental humidity, or humidity
enhanced by a water bath (open humidification), or an
additional water flask connected to the medium reservoir
through a ventilation filter (closed humidification). Gas
exchange took place through a ventilation filter attached on
the medium reservoir and on the water flask for
humidification in the open and closed configuration,
respectively. As a control, 25 ml medium was placed statically.
Glucose concentration was calculated based on the original
concentration and the volume loss of the growth medium.
Using growth medium perfused at 10 ml/min for 72 h with
and without humidification, rBMSC were incubated at 37°C in
5% CO2 humidified atmosphere for a further 72 h in 12-well
plates at an initial seeding density of 5,000 cells/cm2, or on the
scaffolds. Cell growth and viability on the mono-surface were
assessed by the Countess 2 Automated Cell Counter (Thermo
Fisher Scientifics, United States) and on the scaffolds by Live/
Dead staining.

Evaluation of the Effect of Air Bubbles on
Cell Growth and Osteogenic Properties
A dynamic culture system was established by connecting silicon
tubes through the medium reservoir, the peristaltic pump, and
the culture chamber where six scaffolds with rBMSC were placed.
25 ml of the growth medium was perfused at 0.8 ml/min
(i.e., 3 rpm in the system) at 37°C in 5% CO2 environment.
The medium was refreshed every 72 h. The medium reservoir was
either placed at the same level as the culture chamber or
approximately 30 cm higher than the chamber, to apply an
additional 20 mmHg hydrostatic pressure. After 3 days of
perfusion culture, cell growth was evaluated by
immunofluorescence with a proliferation marker, Ki67, and
quantification of dsDNA.

Evaluation of Differential Flow Rate and
Osteogenic Differentiation
To determine the optimal flow rate for cell growth and osteogenic
induction, multiple flow rates were compared. Using the

previously determined optimal conditions, the bioreactor
was humidified by a water bath and 20 mmHg hydrostatic
pressure was applied to the culture chamber. Six scaffolds with
rBMSC were placed in the culture chamber, and 25 ml of the
growth medium was perfused at 0.8 ml/min (i.e., 3 rpm),
1.6 ml/min (i.e., 6 rpm), or 3.2 ml/min (12 rpm) for 8 h or
24 h per day at 37°C, 5% CO2 in a humidified environment.
After 7 days of perfusion culture, cell morphology was assessed
by immunofluorescence staining. Further analysis was
performed on 0.8 ml/min perfusion for 8 h a day. Cell
distribution in the first, third, and sixth scaffolds from the
inlet was visualized by 0.5% Crystal Violet on day 7.
Osteogenic differentiation was assessed by RT-qPCR,
Alizarin Red S staining and ALP activity compared to the
static culture conditions.

Statistics
All data are represented as mean ± standard error of mean
(SEM) unless stated otherwise (sample size: n = 5, except for RT-
qPCR n = 3). Statistical analysis was performed using SPSS
Statistics version 25 (IBM, United States). For pairwise
comparison of 2 groups, data were evaluated by Student’s
t-test. For multiple comparison, data were evaluated by one-
way ANOVA followed by Bonferroni’s multiple comparison
test. A p value <0.05 was considered statistically significant.

RESULTS

Simplified yet Parameterized Geometry as a
Substitute for High-Resolution Geometry
Obtained From microCT
Usually, the magnitude of flow effect on cells is expressed as
fluid shear stress. Fluid dynamics simulation was therefore
undertaken to estimate shear stress exerted on the scaffold
surfaces (i.e., the cells on the scaffold). Conventionally, a
simplified geometry parameterized with porosity and
permeability is adopted to reduce the computational burden.
Therefore, the present study compared such a methodology and
whole scaffold geometry, obtained by microCT, to validate
predictive power and computational cost (Figure 2A).
Despite the same predefined mesh resolution, minimum
element size in microCT geometry was notably smaller, and
the number of elements comprising the geometry reached
nearly one hundred million, while the simplified geometry
comprised fewer than 600,000 elements (Figure 2B; Table 1).
This resulted in significantly longer free meshing time in the
microCT geometry. Likewise, the enormous number of degrees
of freedom solved for accounted for substantially longer
computation time in the microCT geometry. Both models
confirmed that fluid permeated the scaffold domains and
showed comparable velocity fields (mean velocity: simplified,
0.15 mm/s; microCT, 0.12 mm/s). Highest flow velocity was
estimated along with the wall of fluid column in the
microCT model (Figure 2C). This tendency was correlated
with the higher shear stress at the peripheral than at the core
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parts (Figure 2D). In the simplified model, the magnitude of
shear stress was more averaged within the scaffold domain.
However, the microCT geometry tended to fluctuate more and
this was assumed to be due to its geometrical specificity. The
estimated values of shear stress varied between the models:
the mean and maximum value of shear stress were 0.70 and
3.00 mPa in the simplified geometry and 0.87 and 10.28 mPa
in the microCT geometry, respectively (Figure 2E). Despite
the difference between the approaches, the frequent
distribution of the magnitude of shear stress showed
similar trend, converging into the range below 5 mPa
(Figure 2F). This suggests that appropriately
parameterized geometry may be used to calculate shear
stress in an averaged manner but not be suitable for the
evaluation of spatial characteristics.

Optimization of Medium Volume Required
for Optimal Cell Growth in 2D and 3D
Culture
The necessary and sufficient volume of culture medium allows
cells to elicit their active kinetics from a paracrine effect while
diluting waste products. In most studies, a medium-to-cell ratio is
not well described and not standardized. To determine the
optimal volume of culture medium for the bioreactor system,
rBMSC were cultured for 7 days in different volumes of culture
medium, on 2D mono-surfaces and on 3D porous scaffolds
(Figure 3A). On the 2D surface, rBMSC maintained high
viability of approximately 98% on days 3 and 7, regardless of
medium volume (Figure 3B). Cell density on day 3 was slightly
lower in the 0.16 µl/cell group, but there was no statistical
significance (Figure 3C). On day 7, cell density increased as

FIGURE 2 | Comparative validation of different modeling methods in fluid dynamics simulation. (A) A three-dimensional porous scaffold was modeled by different
methods. For the simplified geometry approach, the scaffold was assigned as a porous domain parameterized with porosity and permeability. For the microCT geometry
approach, an acellular scaffold was scanned by microCT, and the geometry was imported as a .stl file in CAD software. (B) The reconstructed geometry was then
meshed for computation. The element size of simplified geometry was significantly smaller than that of the microCT geometry. (C) At a flow rate of 0.8 ml/minutes,
medium permeated uniformly inside the scaffolds at flow velocities ranging from nearly 0 to 0.5 mm/second in both models. (D) Estimatedmagnitude of shear stress was
more patterned in the expedient geometry than in the microCT geometry. The microCT geometry offered more locally specific variation. (E) Estimated mean and
minimum but not maximum shear stress in the simplified approach was compatible with the microCT approach. (F) The distribution of shear stress magnitude shows
monophasic peak around 0.5–1 mPa both in the simplified and microCT approaches.
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TABLE 1 | Parameters for meshing and computation in the in silico modeling.

Simplified geometry microCT geometry

Meshing
Predefined mesh resolution Finer
Minimum element size (mm) 0.0464
Maximum element size (mm) 0.429
Maximum element growth rate 1.1
Curvature factor 0.4
Resolution of narrow regions 0.9

Actual mesh resolution
Minimum element size (mm) 0.072428 0.013097
Maximum element size (mm) 0.4242 0.2669

Number of element 569570 83848571
Free meshing time 31 s 1 h 30 min 1 s

Computation
Degrees of freedom solved for 203209 45218141
Computation time 1 min 52 s 28 h 15 min 54 s
RAM/Processor used 32 GB RAM 2.9 GHz 6 core Intel Core i9

FIGURE 3 |Growth of rBMSC in culture medium at different medium-to-cell ratios. (A)Medium-to-cell ratios of 0.04, 0.08, and 0.16 µm/cell at the point of seeding
were tested on 2Dmono-surface and 3D porous scaffolds. (B)Cells seeded on the mono-surface maintained high viability regardless of medium-to-cell ratio. (C)On the
mono-surface, cell growth was enhanced at a medium-to-cell ratio of 0.04 µl/cell compared to 0.08 and 0.16 µl/cell on day 3, but the tendency was reversed on day 7
when the cell density approached confluence. (D)On 3D porous scaffolds, quantification of double-strand DNA (dsDNA) indicated that the medium ratio of 0.04 µl/
cell yielded the highest dsDNA on day 3, but medium ratios of 0.08 and 0.16 µl/cell yielded higher dsDNA on day 7. *p < 0.05, ***p < 0.001.
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FIGURE 4 | Effect of culture medium loss during perfusion and humidification. (A) Operational configuration for the evaluation of medium loss and humidification.
(B) Illustration of the experimental flow. Culture medium, which was perfused with and without humidification for 72 h, was collected and transferred into cell culture
plates where growth of rBMSC on 2D mono-surface and 3D porous scaffolds was observed. (C) Evaporation of culture medium occurred in a velocity dependent
manner. Humidification with a water bath and a water flask connection effectively prevented evaporation. (D) Medium evaporation led to the condensation of
medium components (e.g., glucose), disrupting osmotic balance. (E,F) On the 2D mono-surface, cell viability and growth of rBMSC incubated in the perfused medium
without humidification deteriorated significantly. (G–I) Fluorescence images of Live/Dead staining showed that rBMSC incubated in the perfused medium without
humidification significantly increased the ratio of dead cells, resulting in low cell density and viability on 3D porous scaffolds. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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the medium volume increased, and accelerated cell growth was
observed in the 0.08 and 0.16 µl/cell groups (0.04 µl/cell vs.
0.16 µl/cell, p = 0.00002; 0.08 µl/cell vs. 0.16 µl/cell, p = 0.012).
A similar tendency, although not statistically significant, was
found in the 3D porous scaffolds (Figure 3D). The lowest
medium volume seemed advantageous for initial cell growth
by day 3, but the higher medium-to-cell ratios promoted cell
proliferation by day 7, when the cells were nearly confluent on the
scaffold.

Minimizing Medium Evaporation During
Perfusion Improved Cell Growth and
Viability
For optimal cell growth, gas exchange is required. Therefore,
although perfusion systems are mostly “closed” by tubing, the
medium has contact with the atmosphere through ventilation
filters, where evaporation takes place. Ideally, the atmosphere
needs to be humidified, but most electronic devices such as
pumps and sensors are incompatible with high humidity.
Therefore, the impact of non-humidified conditions as well
as different humidification methods on cell kinetics was
evaluated during dynamic culture. Firstly, loss of medium
was measured in the bioreactor system during perfusion at
different flow rates, with and without humidification, and then
the cellular response to perfused medium under such
conditions was evaluated (Figures 4A,B). It was confirmed
that without humidification nearly 10% of the growth medium
evaporated within the first 24 h of perfusion and an amount of
medium loss was positively associated with flow rate
(Figure 4C). Humidification significantly suppressed
evaporation. Notably, using a water bath as the
conventional method (open humidification) and connection
of water-containing flasks to the ventilation filter on the
medium reservoir (closed humidification) reduced
evaporation equivalently. Medium evaporation theoretically
led to condensation, resulting in elevated content
concentration including a glucose level as represented
(static vs. open/closed humidification, p < 0.0001)
(Figure 4D). rBMSC were then incubated under standard
culture conditions (i.e., 95% relative humidity, 37°C, 5%
CO2) in the growth medium, which was perfused at 10 ml/
min for 72 h (either with or without humidification) on the 2D
surface and the 3D porous scaffolds. On the 2D surface, cell
viability was significantly affected in the condensed medium,
declining by approximately 20% compared to the humidified
environment (without vs. with open/closed humidification, p <
0.0001) (Figure 4E). Similarly, cell growth deteriorated in
medium perfused without humidification (without vs. with
open humidification, p = 0.0019; without vs. with closed
humidification, p = 0.00086) (Figure 4F). On the 3D
scaffolds, Live/Dead staining showed that open as well as
closed humidification effectively supported cell growth
while the condensed medium led to reduced cell growth
(without vs. with open humidification, p = 0.0041; without
vs. with closed humidification, p = 0.029) and viability

(without vs. with open humidification, p = 0.025; without
vs. with closed humidification, p = 0.011) (Figures 4G–I).

Suppression of Air Bubbles During
Perfusion is a Determinant of Cell Growth
and Osteogenic Properties
The formation of air bubbles is an acknowledged problem in
perfusion systems (Lochovsky et al., 2012; Kang et al., 2014), and
the system used in this study was no exception. Therefore,
according to Henry’s law, suppression of air bubble formation
was attempted by controlling static pressure (Figures 5A,A9).
When the medium reservoir was placed at the same level as the
culture chamber, air bubbles were generated rapidly within 3 h of
perfusion (Figures 5B,C). After 24 h of perfusion, airspace
dominated in the chamber, with the surfaces of fluid paths
mostly dried, although the medium permeated the scaffolds
with the help of capillary action (Figure 5D). When the
reservoir was vertically positioned 30 cm higher than the
culture chamber, however, the growth medium filled the
chamber space (Figures 5B9–D9). This corresponded to a
hydrostatic pressure of approximately 20 mmHg. In the
environment where air bubbles were formed, the cells
appeared to be less elongated and scattered and the expression
of a proliferation marker, Ki67, was significantly downregulated
(Figure 5E). Quantification revealed that approximately 30% of
rBMSC were proliferative without air bubbles, while only 12% of
the population expressed Ki67 (Figure 5F) (p = 0.041). The
quantification of dsDNA confirmed the adverse effect of air
bubble formation on cell growth, significantly suppressing cell
proliferation (p < 0.0001) (Figure 5G).

Optimal Flow Rate Triggers Osteogenic
Differentiation of rBMSC
MSC are exquisitely sensitive to mechano-environmental factors.
The response varies, depending on the magnitude and duration of
fluid stimulation (Maul et al., 2011; Lane et al., 2014). Initially, several
flow rates and perfusion time were tested, to determine conditions at
which cell growth was optimal: 25 ml of the growth medium was
perfused under humidification by a water bath in the bioreactor,
wherein 20mmHg hydrostatic pressure was applied to the culture
chamber (Figure 6A). Flow rates of 0.8 ml/min, 1.6 ml/min, and
3.2 ml/min were compared, corresponding to shear stress ranging
from nearly 0 to 13.1 mPa (mean 0.88 mPa, mode value 0.5–1mPa)
to 26.2 mPa (mean 1.76 mPa, mode value 1.0–1.5 mPa), and to
52.6 mPa (mean 3.51 mPa, mode value 2–3mPa), respectively, as
estimated by the in silico modeling (Figure 6B). Perfusion for 8 h a
day at 0.8 ml/min and 1.6 ml/min supported cell growth while
3.2 ml/min caused fragmentation of cytoskeletal structures
(Figure 6C). However, perfusion for 24 h was found to suppress
cell growth and in particular, perfusion at 1.6 ml/min induced cell
damage and apoptotic response. These experiments disclosed that in
the present system, perfusion for 8 h at 0.8 ml/min (mean 0.88 mPa,
mode value 0.5–1mPa) provided optimal fluidic stimulus. At the
flow magnitude, no noticeable differences in cell distribution were
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observed among the first, third, and sixth scaffolds from the inlet,
which is consistent with the observation by the computational model
(Figure 7A). rBMSC subjected to the fluid flow upregulated the key
osteogenic transcription factors, RUNX2 and Osterix, on days 7 and
14, while under static conditions the cells gradually lost the
osteogenic property (RUNX2, p = 0.23; Osterix, p = 0.032 on day
7; RUNX2, p = 0.049; Osterix, p = 0.007 on day 14) (Figure 7B).
Alizarin Red S staining confirmed that perfusion culture of rBMSC
resulted in calcium deposition, (Figure 7C), which became more
pronounced over time (p = 0.034 on day 21) (Figure D). This was
accompanied by an increase in ALP activity (p = 0.019 on day 3; p =
0.032 on day 7; p < 0.0001 on days 14 and 21) (Figure 7E).

DISCUSSION

The application of dynamic cell culture shows promise in bone
tissue engineering, in which a 3D porous scaffold is a critical

component of successful bone regeneration (Gaspar et al., 2012).
This is mainly because medium flow homogenizes gas and
nutrient concentrations within the scaffolds while removing
waste products, preventing the cells in the core part of the
structure from succumbing to deprivation of gases and
nutrients (Bergemann et al., 2015). Moreover, previous studies
on 2D systems have reported that MSC are mechanosensitive,
and appropriate fluidic shear stress may direct them towards the
osteogenic lineage (Holtorf et al., 2005; Yourek et al., 2010; Kim
et al., 2014; Becquart et al., 2016; Stavenschi et al., 2017; Tsai et al.,
2019; Dash et al., 2020). With reference to clinical translation, a
number of perfusion bioreactor systems have been developed and
tested using 3D porous scaffolds (Livak and Schmittgen, 2001;
Yourek et al., 2010; Maul et al., 2011; Kang et al., 2014; Kim et al.,
2014; Lane et al., 2014; Bergemann et al., 2015; Becquart et al.,
2016; Dash et al., 2020). However, due to the complexity of the 3D
culture system, each of the systems has unique features and
applies original experimental configurations. The conclusions

FIGURE 5 | Cell growth deterioration due to air bubbles and suppression. (A-B, A9-B9) Schematic illustrations and optical pictures of experimental configuration.
The elevation of the medium reservoir by 30 cm corresponded to 20 mmHg hydrostatic pressure. (C-D, C9-D9). With the experimental configuration, air bubbles were
vigorously generated, mostly due to hydrophobic porous scaffolds and medium agitation in the scaffold chamber. This was effectively prevented by the application of
hydrostatic pressure at 20 mmHg. (E,F) Immunofluorescence images and quantification of a proliferation marker, Ki67, showed that cell proliferation was
significantly affected under the environment with air bubbles. (G)Quantification of double strand DNA confirmed the inhibition of cell growth by air bubbles in the perfusion
system. Scale bar: 100 μm. *p < 0.05, ****p < 0.00001.
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drawn from various studies are therefore inconsistent and
sometimes contradictory. This hinders cross-study comparison
of different systems and the development of further optimized
systems. Therefore, the aim of the present study was to identify
and validate inconsistencies, mainly associated with
environmental variables and then to optimize experimental
configuration in the perfusion bioreactor system for bone
tissue engineering.

Cell response to fluidic stimuli differs according to the
magnitude of shear stress exerted by fluid in motion (Yeatts

and Fisher, 2011). Despite the wide application of flow rate
(e.g., ml/minute) or pump speed (e.g., rpm) as parameters to
describe the characteristics of fluid stimuli, neither represents
the magnitude of flow to which the cells respond or can be used
to compare the results of different bioreactor systems unless
the flow rate/pump speed is correlated with the magnitude of
fluid force to the cells by mathematical models or
computational simulation (Sladkova and de Peppo, 2014).
To reduce uncertainty when comparing study results, the
accurate estimation of fluid shear stress serves as a common

FIGURE 6 | Differential cell response to fluid flow at 0.8, 1.6, and 3.2 ml/min. (A) Schematic illustration of experimental configuration. (B) Estimation of fluid shear
stress by in silico modeling using the microCT approach. The medium perfusion at 0.8, 1.6, and 3.2 ml/min in the present system exerted shear stress ranging from
nearly 0 to 10 mPa, nearly 0–21 mPa, and nearly 0–41 mPa, respectively. The histogram shows the mode value of shear stress distribution. (C) Fluorescence images of
rBMSC exposed to fluid flow. While the cells in the static control elongated homogeneously, those under perfusion tended to show more contracted morphology
and more filamentous activity. Flow rate at 0.8 and 1.6 ml/min for 8 h supported cell growth, whereas perfusion for 24 h a day inhibited cell proliferation or induced
apoptotic response (red arrows). A flow rate of 3.2 ml/min was found to fractionalize the cytoskeleton (yellow arrows). Scale bar: 100 µm.
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reference point. The magnitude of shear stress is determined
by local velocity. In contrast to 2D experimental settings,
where fluid motion is limited to the X-Y direction,
evaluation of fluid shear stress in 3D bioreactor systems
presents a major challenge. This is attributable primarily to
the geometry of porous scaffolds, in which local velocity varies
from one point to another and possibly from moment to
moment. Conventionally, the mathematical model applying
Kozeny-Carman equation has been used to analyze shear stress
within a homogeneous porous domain (Podichetty and
Madihally, 2014). For the analysis of spatial shear stress
distribution, an in silico modeling is a powerful alternative
for studying microfluidics in such a complex environment. It
allows fluid to be virtually traced within a given geometry and
fluid dynamics to be computed. The tool has been applied in
some tissue engineering studies, to examine microfluidics in
bioreactor systems (Geris et al., 2016). In most cases, in silico
modeling was performed using a simplified geometry (e.g., a
cylinder), idealized by parameterization to reduce the

computational burden (Zhao et al., 2019; Ramani-Mohan
et al., 2018; Egger et al., 2017; Nokhbatolfoghahaei et al.,
2020; Pereira et al., 2021; Melke et al., 2020).
Parameterization with porosity and permeability allows the
geometry to be considered as a porous domain to which Darcy
flow model may be applied. This approach could be used even
if a scaffold consists of several domains as long as each domain
possesses a homogeneous structure. Alternatively, a CAD
geometry in the case of, e.g., 3D printed scaffolds, or a
geometry acquired by microCT may be used as more
accurate methods where Navier-Stokes equation may be
applied by assuming that a liquid property is defined as an
incompressible Newtonian fluid (Figure 8). The present study
indicates that the simplified approach may capture the
averaged characteristics of fluid dynamics within the porous
domains, but it does not resolve the velocity field in detail
because the model does not include the geometrical
information of pores. Indeed, the velocity within the porous
domains is expressed as the Darcy velocity. This indicates that

FIGURE 7 | Osteogenic differentiation induced solely by fluid stimuli at 0.8 ml/min. (A) Crystal violet staining showed, as expected from the computational
simulation, that the cells were uniformly distributed throughout the stack of scaffolds, regardless of the distance from the inlet. Scale bar: 500 µm (B) RT-qPCR showed
the upregulation of key transcription factors for osteogenesis, RUNX2 and osterix, on days 7 and 14 under perfusion while the cells gradually lost the osteogenic property
in the static environment. Baseline stands for 24 h after cell seeding on the scaffold (C,D) Alizarin red S staining confirmed the formation of mineralized deposit on
the scaffolds subjected to perfusion for 21 days. Scale bar: (grey) 1 mm, (black) 100 µm (E) Perfusion culture led to the activation of alkaline phosphatase activity on days
14 and 21. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the velocity within the porous domains is expected to be
uniform compared to the velocity within the pores in the
detailed model, and the gradients associated with the Darcy
velocity are likely to be computed smaller than the
counterpart. Therefore, the simplified approach can only
compute shear stress in an average sense expediently and is
not suited for spatial estimation in detail. This highlights the
superiority of the microCT approach where actual shear stress
within the pores is explicitly resolved. The microCT-based
modeling revealed great spatial variations in estimated shear
stress. This suggests that cell response within the scaffold
constructs is likely to be heterogeneous. In other words, it
would be recommendable that biological events in a 3D
perfusion system is explained by the range and frequency of
shear stress distribution, but not just by the mean. For
visualization of local shear stress distribution, microCT
geometry is advantageous. This fact also emphasizes that
the microCT approach provides possibility to correlate
observed cell behavior with a magnitude of shear stress in a
single cell resolution, leading to more accurate investigation on
dynamic cell culture (Jungreuthmayer et al., 2009). However,
the considerably greater computational burden may be a major

disadvantage in the case where a complex or large scaffold
geometry is to be modeled for computation. In fact, a great
amount of time was often required, not only to analyze, but
also to repair and reconstruct microCT data to be compatible
with CAD and in silico modeling software (Acosta Santamaría
et al., 2013). It is acknowledged that simulation of fluid
dynamics using a full-scale scaffold is not always feasible,
depending on available hardware and model complexity
(Acosta Santamaría et al., 2013; Zhao et al., 2019). To
achieve a balance between predictive visualization and
computational cost, segmentation of region of interest
(ROI) from the whole scaffold geometry seems a valid
procedure for demonstrating representative shear
distribution (Lane et al., 2014; Sellgren and Ma, 2015; Daish
et al., 2017; Pasini et al., 2019). In short, the simplified method
is effective for estimating a range of shear stress with a minimal
computational burden when the porous property is properly
parameterized, but simulation with microCT geometry is
essential to gain insight into local fluctuations of fluid
dynamics. Noteworthily, in the study, the simulation was
performed using an acellular scaffold, and the values may
not necessarily represent later timepoints because of cell

FIGURE 8 | Schematic illustration of common methods for computational fluid dynamic simulation in scaffold-based perfusion cell culture. (A) Expedient culture
chamber design. Porous scaffolds were placed in the culture chamber and perfused at 1.5 ml/min. (B) The computational reproduction of scaffold geometry can be
undertaken using different methodologies, depending on the availability of hardware resources and feasibility. At its simplest, expedient geometry (e.g., a cylinder) may be
assigned as a porous domain where porous parameters are input. The generated mesh for such a geometry tends to be coarse, being less demanding
computationally. Alternatively, CAD data may be used when the scaffold is designed in CAD software (e.g., 3D printed scaffold). The mesh required for computation
tends to be finer than the simplified geometry, but regular. The highest predictive power may be expected when microCT data are imported to acquire the actual
geometry used in the study. Mesh generation and computation entail high computational time and costs. (C) The Darcy (-Brinkman) model may be applied to calculate
shear stress for porous domain, whereas laminar flow may be defined by the Navier-Stokes equation by assuming that culture medium is an incompressible
Newtonian fluid.
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growth and deposited extracellular matrix (Ramani-Mohan
et al., 2018; Nokhbatolfoghahaei et al., 2020). Furthermore, it
identified the fluid property of culture medium with water at
37°C, and therefore, further investigation is required for
culture medium specific dynamics in the perfusion systems.

Next, the volume of culture medium was optimized in the
present system. Perfusion bioreactors commonly consist of
medium reservoirs, tubes, and culture chambers. These hold
unique dimensions specifically adapted to each system and the
volume of medium required needs to be modified accordingly. In
general, a perfusion bioreactor requires a large volume to
establish continuous flow, but the amount needs to be
adjusted with reference to the vital cells on the scaffolds.
Therefore, cell growth was compared in different medium-to-
cell ratios, on 2D mono-surfaces and on 3D porous scaffolds.
Regardless of the medium-to-cell ratio, by day 7 cell viability was
maintained at nearly 98%. On both 2D and 3D cultures, 0.04 µl
per cell at seeding promoted greater cell proliferation than 0.08
and 0.16 µl per cell during the initial phase of culture. This trend
was reversed on day 7, when the cells approached confluence. In
the present study, 25 ml medium in the bioreactor, corresponding
to 0.04 µl per cell initially, was considered to be optimal because
cell proliferation was expected to be suppressed by fluid shear
stress (Yamada et al., 2021a). It is of interest to note that the
volume of culture medium influences not only cell growth but
also osteogenic differentiation. Previous studies using osteoblastic
cells showed that reduction of mineralization occurred in a
medium volume-dependent manner: the more medium used,
the less mineralization (Yoshimura et al., 2017). Furthermore,
Schreivogel et al. reported that mechanical stimuli in their
bioreactor increased the secretion of bone morphogenetic
protein 2 by MSC but did not induce activation of
downstream signaling in their original experimental
configuration. This discrepancy was solved simply by reducing
the volume of culture medium and increasing the number of cells,
indicating that the excessive use of culture medium dilutes
secreted factors and masks phenotypical amelioration
(Schreivogel et al., 2019). On 3D polymeric scaffolds, high
seeding density supports the osteogenic phenotype of BMSC
and enhances bone regeneration after transplantation (Yassin
et al., 2015). This may be convenient for perfusion systems where
a large volume of medium is required to maintain continuous
flow. Together, these results confirm the importance in dynamic
cell culture systems, of determining the optimal seeding density
and the minimum necessary medium volume, i.e., conditions
which do not cause nutrient depletion but allow the cells to
condition the medium by paracrine factors.

Humidity control is a key consideration during cell culture
because medium condensation disturbs the osmotic balance, and
the resulting high tonicity leads to cell dehydration (Triaud et al.,
2003; Chi et al., 2020). This study demonstrated that medium
perfusion without humidification concentrated medium
components taking glucose concentration as an example, and
the concentrated medium significantly affected cell viability and
growth. The concept of developing tissue engineering bioreactors
is mainly classified into systems installed in conventional
incubators and stand-alone bioreactor, i.e., which requires an

integrated incubation unit for environmental control (Li et al.,
2014). However, unlike a standard incubator, maintaining
humidity above 90% is not always agreeable in bioreactors
because a humidified environment may cause malfunction or
possibly irreparable damage to electrical components such as
sensors, pumps, electric sockets and conducting wires from a
long-term perspective. Admittedly, there seems a lack of
consideration with regards to humidification control in
previously developed systems. Furthermore, perfusion
accelerates the evaporation ratio in a velocity-dependent
manner (Handa et al., 1987; Sumino and Akiyama, 1987). The
present study also disclosed notable medium loss during
perfusion in the non-humidified condition, and this may
potentially be detrimental to cell viability and growth. The
placement of a water bath, as with a standard incubator,
prevented evaporation as expected. However, aqueous droplets
and moisture condensation were actually found on the surface of
the bioreactor. As an alternative, an additional flask containing
water was connected to the filter to humidify the local atmosphere
contacting the culture medium. This measure had a comparable
suppressive effect on evaporation, without increasing humidity
inside the bioreactor. This procedure may be applicable to most
bioreactor systems, to improve the culture environment under
conditions in which a water bath may not be feasible.

Air bubble formation is a long-standing issue in fluidics
(Lochovsky et al., 2012; Kang et al., 2014). It impedes or
blocks fluid flow, and more importantly for bone tissue
engineering, air bubbles entrapped in microporous scaffolds
disrupt cell growth and migration to some extent, depending
on cell type and the size/number of bubbles (Podichetty and
Madihally, 2014; Bergemann et al., 2015). Bubbles are a
determinant of protein denaturation (Faustino et al., 2009): a
gas-liquid interface in form irreversibly alters the
superorganization of protein molecules by absorbing and
forming aggregates, which may result in loss of biological
activity. This happens particularly to proteins with high
surface activity (Clarkson et al., 1999). It is reported that
approximately 10% of proteins in bovine serum albumin were
denatured when the proteins were absorbed to and desorbed from
air bubbles (Clarkson et al., 1999). The use of perfusion
bioreactors for bone tissue engineering exacerbates conditions
conducive to bubble formation. Culture medium is normally
supplemented with serum/proteins as nutrient sources, acting
as surfactants (Faustino et al., 2009). Surfactants lower the surface
tension, facilitating the formation of bubbles in the presence of
agitation and stabilizing them. Microporous scaffolds of synthetic
polymers, which are preferred in bone tissue engineering for their
mechanical strength, formability, biocompatibility and
biodegradability, exacerbate the problem because of their high
porosity and hydrophobicity (Gunatillake and Adhikari, 2003).
When fluid flow encounters micropores, stirring may trigger
bubble formation, particularly on hydrophobic materials,
which absorb gasses and form thin air layers on the surfaces
(Hanwright et al., 2005; Lee et al., 2005; Yu et al., 2017b; Yao et al.,
2020). It has been shown that using a bubble trap effectively
removes large bubbles from the circulation and prevents them
from entering the culture chambers, but the trap neither prevents
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bubble formation nor removes bubbles trapped in the scaffold
micropores (Li et al., 2014; Schuerlein et al., 2017). Alternatively,
a complex tubing strategy is needed to control flow paths to
isolate bubbles from the main stream (Bhaskar et al., 2018).
Therefore, preventive measures of air bubble formation should be
prioritized. In the present system, the formation of air bubbles
was so extreme that rBMSC were severely affected. For total
prevention, a simple yet rigorous step was taken: namely,
elevation of the medium reservoir by 30 cm to apply
approximately 20 mmHg (equivalent to 2.7 kPa) hydrostatic
pressure onto the culture chamber. This was based on Henry’s
law, which governs gas solubility in liquid: at a given temperature,
gas solubility is proportional to static pressure (Kang et al., 2007).
It was shown that a slight increase in static pressure decreased gas
release in the culture chambers, which created a bubble-free
environment. The degree of pressure required may depend on
experimental settings, including material selection, scaffold
geometry, and flow characteristics. Previous studies have
suggested that BMSC undergo osteogenic differentiation under
high static pressure ranging from 10 to 100 kPa (Huang et al.,
2015; Zhao et al., 2015; Stavenschi et al., 2018). In the present
setting, where 2.7 kPa was sufficient to eliminate bubbles
completely, its effect on osteogenesis would be negligible
although the present study did not evaluate the effect solely.
Nevertheless, the strategy of supressing bubbles by applying a
static pressure may interact favorably with osteogenic activity
given that continuity is commonly observed in biological events.

Finally, the optimization of flow rate for the purpose of bone
tissue engineering was explored by testing relatively low-level
shear force. The reasons were twofold: not only is cell fate fine-
tuned by mechanical stimuli, but also the results should be
relevant to clinical translation. In other words, cells which are
maintained in a perfusion bioreactor should be also supported
during integration at the recipient site in the absence of the robust
perfusion provided in bioreactors. In the present study, we tested
a subphysiological level of perfusion, which reportedly initiated
osteogenic differentiation on 2D surfaces (Coughlin and Niebur,
2012; Gao et al., 2014; Kim et al., 2014). rBMSC were sensitive
enough to distinguish 0.8 ml/min (i.e., shear stress: maximum
13.1 mPa, mean 0.88 mPa, mode value 0.5–1 mPa), 1.6 ml/min
(i.e., maximum 26.2 mPa, mean 1.76 mPa, mode value
1.0–1.5 mPa), and 3.2 ml/min (i.e., maximum 52.6 mPa, mean
3.51 mPa, mode value 2–3 mPa), and the cells responded
differently. Even at the low levels of fluid stimuli, cell
proliferation was either delayed or suppressed. Perfusion for
8 h at 0.8 ml/min was found to be compatible with the cell
growth and viability, maintaining intact the morphology of the
cells and cell-to-cell integration. The finding agrees with a
previous report using an osteoblastic cell line, MC3T3-E1, in
which shear stress above 1 mPa suppressed cell growth on a 3D
scaffold (Cartmell et al., 2003).

In 2D perfusion settings, MSC as well as osteoblasts seem
tolerant of high shear stress over 3 Pa and respond to the
stimuli by upregulating the expression of osteogenic markers
(McAllister et al., 2000; Jiang et al., 2002; Yourek et al., 2010;
Mai et al., 2013; Lim et al., 2014; Liu et al., 2015; Yu et al.,
2017c). However, the cells are reportedly more vulnerable to

shear stress in 3D environment, and a sub-pascal level of shear
stress sufficiently stimulates the osteogenicity without
deteriorating general cell health (Porter et al., 2005; Gaspar
et al., 2012). Previous studies using 3D dynamic culture
systems showed that extremely low shear stress ranging
from 5 to 10 mPa shear stress for 16 days increased the
calcium deposition by rBMSC under the presence of
osteogenic supplement (Sikavitsas et al., 2003; Sikavitsas
et al., 2005). The promotion of osteogenesis by a low shear
stress magnitude was also reported with human BMSC on
various scaffold materials (Grayson et al., 2008; Li et al., 2009).

In our experimental setting, shear stress ranging from
nearly 0 to up to 15 mPa (mode value 0.5–1.0 mPa) allowed
rBMSC to upregulate the key transcription factors for
osteogenesis, RUNX2 and Osterix, even in the absence of
osteogenic chemical supplements. Osteogenic differentiation
was confirmed by enhanced calcium deposition and ALP
activity. Therefore, with the scaffold geometry, material
selection, and cell type in the present study, it was
concluded that this level of shear stress was optimal for
balancing the induction of osteogenesis and the growth of
rBMSC. Nevertheless, the optimal magnitude of fluid stimuli
would differ according to cell types (e.g., species, donor sites,
individual variations) and scaffold properties (e.g., micro-, and
macro-geometry, surface chemistry, size). Biological responses
may therefore differ, even if the same flow rate is applied. This
underlines the importance of flow optimization and its
challenges when in future clinical translation, scaffolds are
custom-designed and loaded with patient-specific cells (Roseti
et al., 2017).

CONCLUSION

In bone tissue engineering, bioreactors are intended to support
growth and targeted differentiation of stem/progenitor cells.
There is a wide range of bioreactor systems in use, each with
unique features. Moreover, dynamic cell culture inevitably
involves parametric deviations from conventional static
culture, which may mask or exaggerate effects of interest.
As a previous study confirmed, exact comparative studies
can probably be done only by using an identical
“standardized” system under the same conditions
(Israelowitz et al., 2012). However, some optimized
parameters would be transferable to other systems and
study designs. The present study explored some of basic but
crucial optimization steps, namely the computational
estimation of fluid force, the determination of culture
medium volume, humidification, the strategy of air bubble
suppression, and the identification of optimal fluid shear stress
magnitude. The accurate estimation of fluid forces acts as a
platform for understanding biological behaviors, while
optimizing culture environmental factors contributes to
stabilized and reproducible experiments. The thorough
validation, optimization, and detailed description facilitate
the further development of bioreactor applications in bone
tissue engineering.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 81194216

Yamada et al. Optimization of Perfusion Bioreactor Operation

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Norwegian
Animal Research Authority (local approval number 20146866).

AUTHOR CONTRIBUTIONS

SY, MY, KM, TS, and JH conceived and planned the experiments.
TS and JH developed a bioreactor system. SY and MY carried out
the experiments. SY, MY, KM, TS, and JH contributed to the
interpretation of the results. SY and JH took the lead in writing
the manuscript. All authors provided critical feedback and helped
shape the research, analysis and manuscript.

FUNDING

This work was supported by Trond Mohn Foundation, Norway
(BFS-2018-TMT10). APC was covered by publication fund by the
University of Bergen.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the TrondMohn Foundation
(Grant No. BFS2018TMT10) for financial support of this study.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.811942/
full#supplementary-material

REFERENCES

Acosta Santamaría, V. A., Malvè, M., Duizabo, A., Mena Tobar, A., Gallego Ferrer,
G., García Aznar, J. M., et al. (2013). Computational Methodology to Determine
Fluid Related Parameters of Non Regular Three-Dimensional Scaffolds. Ann.
Biomed. Eng. 41, 2367–2380. doi:10.1007/s10439-013-0849-8

Amini, A. R., Laurencin, C. T., and Nukavarapu, S. P. (2012). Bone Tissue
Engineering: Recent Advances and Challenges. Crit. Rev. Biomed. Eng. 40,
363–408. doi:10.1615/CritRevBiomedEng.v40.i5.10

Arramon, Y. P., and Nauman, E. A. (2001). “The Intrinsic Permeability of
Cancellous Bone,” in Bone Mechanics Handbook. Second Edition.

Becquart, P., Cruel, M., Cruel, M., Hoc, T., Sudre, L., Pernelle, K., et al. (2016).
Human Mesenchymal Stem Cell Responses to Hydrostatic Pressure and Shear
Stress. eCM 31, 160–173. doi:10.22203/ecm.v031a11

Bergemann, C., Elter, P., Lange, R., Weißmann, V., Hansmann, H., Klinkenberg,
E.-D., et al. (2015). Cellular Nutrition in Complex Three-Dimensional
Scaffolds: A Comparison between Experiments and Computer Simulations.
Int. J. Biomater. 2015, 1–12. doi:10.1155/2015/584362

Bhaskar, B., Owen, R., Bahmaee, H., Rao, P. S., and Reilly, G. C. (2018). Design and
Assessment of a Dynamic Perfusion Bioreactor for Large Bone Tissue
Engineering Scaffolds. Appl. Biochem. Biotechnol. 185, 555–563. doi:10.1007/
s12010-017-2671-5

Blender (2021). Blender Online Community Blender - a 3D Modelling and
Rendering Package. Available online: http://www.blender.org.

Campos Marin, A., and Lacroix, D. (2015). The Inter-sample Structural Variability
of Regular Tissue-Engineered Scaffolds Significantly Affects the
Micromechanical Local Cell Environment. Interf. Focus. 5, 20140097. doi:10.
1098/rsfs.2014.0097

Cartmell, S. H., Porter, B. D., García, A. J., and Guldberg, R. E. (2003). “Effects of
Medium Perfusion Rate on Cell-Seeded Three-Dimensional Bone Constructs In
Vitro,” in Proceedings of the Tissue Engineering. 9. doi:10.1089/
10763270360728107

Chi, H.-J., Park, J.-S., Yoo, C.-S., Kwak, S.-J., Son, H.-J., Kim, S.-G., et al. (2020).
Effect of Evaporation-Induced Osmotic Changes in Culture media in a Dry-
type Incubator on Clinical Outcomes in In Vitro Fertilization-Embryo Transfer
Cycles. Clin. Exp. Reprod. Med. 47, 284–292. doi:10.5653/cerm.2020.03552

Cignoni, P., Callieri, M., Corsini, M., Dellepiane, M., Ganovelli, F., and Ranzuglia,
G. (2008). “MeshLab: An Open-Source Mesh Processing Tool,” in Proceedings
of the 6th Eurographics Italian Chapter Conference 2008 - Proceedings.

Clarkson, J. R., Cui, Z. F., and Darton, R. C. (1999). Protein Denaturation in Foam.
J. Colloid Interf. Sci. 215, 333–338. doi:10.1006/jcis.1999.6256

Coughlin, T. R., and Niebur, G. L. (2012). Fluid Shear Stress in Trabecular Bone
Marrow Due to Low-Magnitude High-Frequency Vibration. J. Biomech. 45,
2222–2229. doi:10.1016/j.jbiomech.2012.06.020

Daish, C., Blanchard, R., Gulati, K., Losic, D., Findlay, D., Harvie, D. J. E., et al.
(2017). Estimation of Anisotropic Permeability in Trabecular Bone Based on
microCT Imaging and Pore-Scale Fluid Dynamics Simulations. Bone Rep. 6,
129–139. doi:10.1016/j.bonr.2016.12.002

Dash, S. K., Sharma, V., Verma, R. S., and Das, S. K. (2020). Low Intermittent Flow
Promotes Rat Mesenchymal Stem Cell Differentiation in Logarithmic Fluid
Shear Device. Biomicrofluidics 14, 054107. doi:10.1063/5.0024437

Egger, D., Fischer, M., Clementi, A., Ribitsch, V., Hansmann, J., and Kasper, C.
(2017). Development and Characterization of a Parallelizable Perfusion
Bioreactor for 3D Cell Culture. Bioengineering 4, 51. doi:10.3390/
bioengineering4020051

Faustino, C. M. C., Calado, A. R. T., and Garcia-Rio, L. (2009). Gemini
Surfactant−Protein Interactions: Effect of pH, Temperature, and Surfactant
Stereochemistry. Biomacromolecules 10, 2508–2514. doi:10.1021/bm9004723

Gao, X., Zhang, X., Xu, H., Zhou, B.,Wen,W., and Qin, J. (2014). Regulation of Cell
Migration and Osteogenic Differentiation in Mesenchymal Stem Cells under
Extremely Low Fluidic Shear Stress. Biomicrofluidics 8, 052008. doi:10.1063/1.
4896557

Gaspar, D. A., Gomide, V., and Monteiro, F. J. (2012). The Role of Perfusion
Bioreactors in Bone Tissue Engineering. Biomatter 2, 167–175. doi:10.4161/
biom.22170

Geris, L., Guyot, Y., Schrooten, J., and Papantoniou, I. (2016). In Silico regenerative
Medicine: How Computational Tools Allow Regulatory and Financial
Challenges to Be Addressed in a Volatile Market. Interf. Focus. 6, 20150105.
doi:10.1098/rsfs.2015.0105

Grayson, W. L., Bhumiratana, S., Cannizzaro, C., Chao, P.-H. G., Lennon, D. P.,
Caplan, A. I., et al. (2008). Effects of Initial Seeding Density and Fluid Perfusion
Rate on Formation of Tissue-Engineered Bone. Tissue Eng. A 14, 1809–1820.
doi:10.1089/ten.tea.2007.0255

Gunatillake, P., and Adhikari, R. (2003). Biodegradable Synthetic Polymers for
Tissue Engineering. eCM 5, 1–16. discussion 16. doi:10.22203/ecm.v005a01

Handa, A., Emery, A. N., and Spier, R. E. (1987). On the Evaluation of Gas-Liquid
Interfacial Effects on Hybridoma Viability in Bubble Column Bioreactors. Dev.
Biol. Stand. 66, 241–253.

Hanwright, J., Zhou, J., Evans, G. M., and Galvin, K. P. (2005). Influence of
Surfactant on Gas Bubble Stability. Langmuir 21, 4912–4920. doi:10.1021/
la0502894

Holtorf, H. L., Jansen, J. A., and Mikos, A. G. (2005). Flow Perfusion Culture
Induces the Osteoblastic Differentiation of Marrow Stromal Cell-Scaffold

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 81194217

Yamada et al. Optimization of Perfusion Bioreactor Operation

https://www.frontiersin.org/articles/10.3389/fbioe.2022.811942/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.811942/full#supplementary-material
https://doi.org/10.1007/s10439-013-0849-8
https://doi.org/10.1615/CritRevBiomedEng.v40.i5.10
https://doi.org/10.22203/ecm.v031a11
https://doi.org/10.1155/2015/584362
https://doi.org/10.1007/s12010-017-2671-5
https://doi.org/10.1007/s12010-017-2671-5
http://www.blender.org
https://doi.org/10.1098/rsfs.2014.0097
https://doi.org/10.1098/rsfs.2014.0097
https://doi.org/10.1089/10763270360728107
https://doi.org/10.1089/10763270360728107
https://doi.org/10.5653/cerm.2020.03552
https://doi.org/10.1006/jcis.1999.6256
https://doi.org/10.1016/j.jbiomech.2012.06.020
https://doi.org/10.1016/j.bonr.2016.12.002
https://doi.org/10.1063/5.0024437
https://doi.org/10.3390/bioengineering4020051
https://doi.org/10.3390/bioengineering4020051
https://doi.org/10.1021/bm9004723
https://doi.org/10.1063/1.4896557
https://doi.org/10.1063/1.4896557
https://doi.org/10.4161/biom.22170
https://doi.org/10.4161/biom.22170
https://doi.org/10.1098/rsfs.2015.0105
https://doi.org/10.1089/ten.tea.2007.0255
https://doi.org/10.22203/ecm.v005a01
https://doi.org/10.1021/la0502894
https://doi.org/10.1021/la0502894
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Constructs in the Absence of Dexamethasone. J. Biomed. Mater. Res. 72A,
326–334. doi:10.1002/jbm.a.30251

Huang, L., Cai, X., Li, H., Xie, Q., Zhang, M., and Yang, C. (2015). The Effects of
Static Pressure on Chondrogenic and Osteogenic Differentiation in Condylar
Chondrocytes from Temporomandibular Joint. Arch. Oral Biol. 60, 622–630.
doi:10.1016/j.archoralbio.2015.01.003

Israelowitz, M., Weyand, B., Rizvi, S., Vogt, P., and von Schroeder, H. (2012).
Development of a Laminar Flow Bioreactor by Computational Fluid Dynamics.
J. Healthc. Eng. 3, 455–476. doi:10.1260/2040-2295.3.3.455

Jiang, G.-L., White, C. R., Stevens, H. Y., and Frangos, J. A. (2002). Temporal
Gradients in Shear Stimulate Osteoblastic Proliferation via ERK1/2 and
Retinoblastoma Protein. Am. J. Physiology-Endocrinology Metab. 283,
E383–E389. doi:10.1152/ajpendo.00547.2001

Jungreuthmayer, C., Jaasma, M. J., Al-Munajjed, A. A., Zanghellini, J., Kelly, D. J.,
and O’Brien, F. J. (2009). Deformation Simulation of Cells Seeded on a
Collagen-GAG Scaffold in a Flow Perfusion Bioreactor Using a Sequential
3D CFD-Elastostatics Model. Med. Eng. Phys. 31, 420–427. doi:10.1016/j.
medengphy.2008.11.003

Kang, J. H., Kim, Y. C., and Park, J.-K. (2007). Analysis of Pressure-Driven Air
Bubble Elimination in aMicrofluidic Device. Lab. Chip 8, 176–178. doi:10.1039/
b712672g

Kang, Y. J., Yeom, E., Seo, E., and Lee, S.-J. (2014). Bubble-free and Pulse-free Fluid
Delivery into Microfluidic Devices. Biomicrofluidics 8, 014102. doi:10.1063/1.
4863355

Kim, K. M., Choi, Y. J., Hwang, J.-H., Kim, A. R., Cho, H. J., Hwang, E. S., et al.
(2014). Shear Stress Induced by an Interstitial Level of Slow Flow Increases the
Osteogenic Differentiation of Mesenchymal Stem Cells through TAZ
Activation. PLoS One 9, e92427. doi:10.1371/journal.pone.0092427

Klein, S. G., Alsolami, S. M., Steckbauer, A., Arossa, S., Parry, A. J., Ramos
Mandujano, G., et al. (2021). A Prevalent Neglect of Environmental Control
in Mammalian Cell Culture Calls for Best Practices. Nat. Biomed. Eng. 5,
787–792. doi:10.1038/s41551-021-00775-0

Lane, S. W., Williams, D. A., and Watt, F. M. (2014). Modulating the Stem Cell
Niche for Tissue Regeneration. Nat. Biotechnol. 32, 795–803. doi:10.1038/nbt.
2978

Lee, J., Kentish, S., and Ashokkumar, M. (2005). Effect of Surfactants on the Rate of
Growth of an Air Bubble by Rectified Diffusion. J. Phys. Chem. B 109,
14595–14598. doi:10.1021/jp051758d

Li, D.-Q., Li, M., Liu, P.-L., Zhang, Y.-K., Lu, J.-X., and Li, J.-M. (2014). Improved
Repair of Bone Defects with Prevascularized Tissue-Engineered Bones
Constructed in a Perfusion Bioreactor. Orthopedics 37, 685–690. doi:10.
3928/01477447-20140924-06

Li, D., Tang, T., Lu, J., and Dai, K. (2009). Effects of Flow Shear Stress and Mass
Transport on the Construction of a Large-Scale Tissue-Engineered Bone in a
Perfusion Bioreactor. Tissue Eng. Part A 15, 2773–2783. doi:10.1089/ten.tea.
2008.0540

Lim, K. T., Hexiu, J., Kim, J., Seonwoo, H., Choung, P.-H., and Chung, J. H. (2014).
Synergistic Effects of Orbital Shear Stress onIn VitroGrowth and Osteogenic
Differentiation of Human Alveolar Bone-Derived Mesenchymal Stem Cells.
Biomed. Res. Int. 2014, 1–18. doi:10.1155/2014/316803

Liu, Y.-S., Liu, Y.-A., Huang, C.-J., Yen, M.-H., Tseng, C.-T., Chien, S., et al. (2015).
Mechanosensitive TRPM7 Mediates Shear Stress and Modulates Osteogenic
Differentiation of Mesenchymal Stromal Cells through Osterix Pathway. Sci.
Rep. 5, 16522. doi:10.1038/srep16522

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression
Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods
25, 402–408. doi:10.1006/meth.2001.1262

Lochovsky, C., Yasotharan, S., and Günther, A. (2012). Bubbles No More: In-Plane
Trapping and Removal of Bubbles in Microfluidic Devices. Lab. Chip 12,
595–601. doi:10.1039/C1LC20817A

Mai, Z., Peng, Z., Wu, S., Zhang, J., Chen, L., Liang, H., et al. (2013). Single Bout
Short Duration Fluid Shear Stress Induces Osteogenic Differentiation of
MC3T3-E1 Cells via Integrin β1 and BMP2 Signaling Cross-Talk. PLoS One
8, e61600. doi:10.1371/journal.pone.0061600

Mandenius, C. F. (2016). Editor C.-F. Mandenius (Weinheim, Germany:
Wiley-VCH Verlag GmbH & Co. KGaA). 53; ISBN 9783527683369.
Bioreactors: Design, Operation and Novel Applications.

Marquez-Curtis, L. A., Janowska-Wieczorek, A., McGann, L. E., and Elliott, J. A.
W. (2015). Mesenchymal Stromal Cells Derived from Various Tissues:
Biological, Clinical and Cryopreservation Aspects. Cryobiology 71, 181–197.
doi:10.1016/j.cryobiol.2015.07.003

Maul, T. M., Chew, D. W., Nieponice, A., and Vorp, D. A. (2011). Mechanical
Stimuli Differentially Control Stem Cell Behavior: Morphology, Proliferation,
and Differentiation. Biomech. Model. Mechanobiol. 10, 939–953. doi:10.1007/
s10237-010-0285-8

McAllister, T. N., Du, T., and Frangos, J. A. (2000). Fluid Shear Stress Stimulates
Prostaglandin and Nitric Oxide Release in Bone Marrow-Derived
Preosteoclast-like Cells. Biochem. Biophysical Res. Commun. 270, 643–648.
doi:10.1006/bbrc.2000.2467

Melke, J., Zhao, F., Ito, K., and Hofmann, S. (2020). Orbital Seeding of
Mesenchymal Stromal Cells Increases Osteogenic Differentiation and Bone-
like Tissue Formation. J. Orthop. Res. 38, 1228–1237. doi:10.1002/jor.24583

Nokhbatolfoghahaei, H., Bohlouli, M., Adavi, K., Paknejad, Z., Rezai Rad, M.,
khani, M. M., et al. (2020). Computational Modeling of media Flow through
Perfusion-Based Bioreactors for Bone Tissue Engineering. Proc. Inst. Mech.
Eng. H 234, 1397–1408. doi:10.1177/0954411920944039

Odelius, K., Plikk, P., and Albertsson, A.-C. (2005). Elastomeric Hydrolyzable
Porous Scaffolds: Copolymers of Aliphatic Polyesters and a Polyether−ester.
Biomacromolecules 6, 2718–2725. doi:10.1021/bm050190b

Pasini, A., Lovecchio, J., Ferretti, G., and Giordano, E. (2019). Medium Perfusion
Flow Improves Osteogenic Commitment of Human Stromal Cells. Stem Cell
Int. 2019, 1–10. doi:10.1155/2019/1304194

Pereira, A. R., Lipphaus, A., Ergin, M., Salehi, S., Gehweiler, D., Rudert, M., et al.
(2021). Modeling of the Human Bone Environment: Mechanical Stimuli Guide
Mesenchymal Stem Cell-Extracellular Matrix Interactions. Materials 14, 4431.
doi:10.3390/ma14164431

Piola, M., Soncini, M., Cantini, M., Sadr, N., Ferrario, G., and Fiore, G. B. (2013).
Design and Functional Testing of a Multichamber Perfusion Platform for
Three-Dimensional Scaffolds. Scientific World J. 2013, 1–9. doi:10.1155/2013/
123974

Podichetty, J. T., and Madihally, S. V. (2014). Modeling of Porous Scaffold
Deformation Induced by Medium Perfusion. J. Biomed. Mater. Res. 102,
737–748. doi:10.1002/jbm.b.33054

Porter, B., Zauel, R., Stockman, H., Guldberg, R., and Fyhrie, D. (2005). 3-D
Computational Modeling of media Flow through Scaffolds in a Perfusion
Bioreactor. J. Biomech. 38, 543–549. doi:10.1016/j.jbiomech.2004.04.011

Ramani-Mohan, R. K., Schwedhelm, I., Finne-Wistrand, A., Krug, M., Schwarz, T.,
Jakob, F., et al. (2018). Deformation Strain Is the Main Physical Driver for
Skeletal Precursors to Undergo Osteogenesis in Earlier Stages of Osteogenic
Cell Maturation. J. Tissue Eng. Regen. Med. 12, e1474–e1479. doi:10.1002/term.
2565

Rauh, J., Milan, F., Günther, K.-P., and Stiehler, M. (2011). Bioreactor Systems for
Bone Tissue Engineering. Tissue Eng. B: Rev. 17, 263–280. doi:10.1089/ten.TEB.
2010.0612

Roddy, E., DeBaun, M. R., Daoud-Gray, A., Yang, Y. P., and Gardner, M. J. (2018).
Treatment of Critical-Sized Bone Defects: Clinical and Tissue Engineering
Perspectives. Eur. J. Orthop. Surg. Traumatol. 28, 351–362. doi:10.1007/s00590-
017-2063-0

Roseti, L., Parisi, V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., et al.
(2017). Scaffolds for Bone Tissue Engineering: State of the Art and New
Perspectives. Mater. Sci. Eng. C 78, 1246–1262. doi:10.1016/j.msec.2017.05.017

Rouwkema, J., Koopman, B. F. J. M., Blitterswijk, C. A. V., Dhert, W. J. A., and
Malda, J. (2009). Supply of Nutrients to Cells in Engineered Tissues. Biotechnol.
Genet. Eng. Rev. 26, 163–178. doi:10.5661/bger-26-163

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an Open-Source Platform for Biological-Image Analysis. Nat.
Methods 9, 676–682. doi:10.1038/nmeth.2019.Fiji

Schreivogel, S., Kuchibhotla, V., Knaus, P., Duda, G. N., and Petersen, A. (2019).
Load-induced Osteogenic Differentiation of Mesenchymal Stromal Cells Is
Caused by Mechano-regulated Autocrine Signaling. J. Tissue Eng. Regen. Med.
13, 1992–2008. doi:10.1002/term.2948

Schuerlein, S., Schwarz, T., Krziminski, S., Gätzner, S., Hoppensack, A.,
Schwedhelm, I., et al. (2017). A Versatile Modular Bioreactor Platform for
Tissue Engineering. Biotechnol. J. 12, 1600326. doi:10.1002/biot.201600326

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 81194218

Yamada et al. Optimization of Perfusion Bioreactor Operation

https://doi.org/10.1002/jbm.a.30251
https://doi.org/10.1016/j.archoralbio.2015.01.003
https://doi.org/10.1260/2040-2295.3.3.455
https://doi.org/10.1152/ajpendo.00547.2001
https://doi.org/10.1016/j.medengphy.2008.11.003
https://doi.org/10.1016/j.medengphy.2008.11.003
https://doi.org/10.1039/b712672g
https://doi.org/10.1039/b712672g
https://doi.org/10.1063/1.4863355
https://doi.org/10.1063/1.4863355
https://doi.org/10.1371/journal.pone.0092427
https://doi.org/10.1038/s41551-021-00775-0
https://doi.org/10.1038/nbt.2978
https://doi.org/10.1038/nbt.2978
https://doi.org/10.1021/jp051758d
https://doi.org/10.3928/01477447-20140924-06
https://doi.org/10.3928/01477447-20140924-06
https://doi.org/10.1089/ten.tea.2008.0540
https://doi.org/10.1089/ten.tea.2008.0540
https://doi.org/10.1155/2014/316803
https://doi.org/10.1038/srep16522
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1039/C1LC20817A
https://doi.org/10.1371/journal.pone.0061600
https://doi.org/10.1016/j.cryobiol.2015.07.003
https://doi.org/10.1007/s10237-010-0285-8
https://doi.org/10.1007/s10237-010-0285-8
https://doi.org/10.1006/bbrc.2000.2467
https://doi.org/10.1002/jor.24583
https://doi.org/10.1177/0954411920944039
https://doi.org/10.1021/bm050190b
https://doi.org/10.1155/2019/1304194
https://doi.org/10.3390/ma14164431
https://doi.org/10.1155/2013/123974
https://doi.org/10.1155/2013/123974
https://doi.org/10.1002/jbm.b.33054
https://doi.org/10.1016/j.jbiomech.2004.04.011
https://doi.org/10.1002/term.2565
https://doi.org/10.1002/term.2565
https://doi.org/10.1089/ten.TEB.2010.0612
https://doi.org/10.1089/ten.TEB.2010.0612
https://doi.org/10.1007/s00590-017-2063-0
https://doi.org/10.1007/s00590-017-2063-0
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.5661/bger-26-163
https://doi.org/10.1038/nmeth.2019.Fiji
https://doi.org/10.1002/term.2948
https://doi.org/10.1002/biot.201600326
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Sellgren, K. L., and Ma, T. (2015). Effects of Flow Configuration on Bone Tissue
Engineering Using Human Mesenchymal Stem Cells in 3D Chitosan
Composite Scaffolds. J. Biomed. Mater. Res. 103, 2509–2520. doi:10.1002/
jbm.a.35386

Sikavitsas, V. I., Bancroft, G. N., Lemoine, J. J., Liebschner, M. A., Dauner, M., and
Mikos, A. G. (2005). Flow Perfusion Enhances the Calcified Matrix Deposition
of Marrow Stromal Cells in Biodegradable Nonwoven Fiber Mesh Scaffolds.
Ann. Biomed. Eng. 33, 63–70. doi:10.1007/s10439-005-8963-x

Sikavitsas, V. I., Bancroft, G. N., Holtorf, H. L., Jansen, J. A., and Mikos, A. G.
(2003). Mineralized Matrix Deposition by Marrow Stromal Osteoblasts in 3D
Perfusion Culture Increases with Increasing Fluid Shear Forces. Proc. Natl.
Acad. Sci. 100, 14683–14688. doi:10.1073/pnas.2434367100

Sladkova, M., and de Peppo, G. (2014). Bioreactor Systems for Human Bone Tissue
Engineering. Processes 2, 494–525. doi:10.3390/pr2020494

Sobolewski, P., Kandel, J., and Eckmann, D. M. (2012). Air Bubble Contact with
Endothelial Cells Causes a Calcium-independent Loss in Mitochondrial
Membrane Potential. PLoS One 7, e47254. doi:10.1371/journal.pone.0047254

Stavenschi, E., Corrigan, M. A., Johnson, G. P., Riffault, M., and Hoey, D. A. (2018).
Physiological Cyclic Hydrostatic Pressure Induces Osteogenic Lineage
Commitment of Human Bone Marrow Stem Cells: a Systematic Study. Stem
Cel Res. Ther. 9, 276. doi:10.1186/s13287-018-1025-8

Stavenschi, E., Labour, M.-N., and Hoey, D. A. (2017). Oscillatory Fluid Flow
Induces the Osteogenic Lineage Commitment of Mesenchymal Stem Cells: The
Effect of Shear Stress Magnitude, Frequency, and Duration. J. Biomech. 55,
99–106. doi:10.1016/j.jbiomech.2017.02.002

Sumino, Y., and Akiyama, S.-i. (1987). Measurement of the Evaporation Rate of
Liquid in a Shaking Flask. J. Ferment. Technology 65, 291–294. doi:10.1016/
0385-6380(87)90090-2

Sung, J. H., and Shuler, M. L. (2009). Prevention of Air Bubble Formation in a
Microfluidic Perfusion Cell Culture System Using a Microscale Bubble Trap.
Biomed. Microdevices 11, 731–738. doi:10.1007/s10544-009-9286-8

Triaud, F., Clenet, D.-H., Cariou, Y., Le Neel, T., Morin, D., and Truchaud, A.
(2003). Evaluation of Automated Cell Culture Incubators. JALA: J. Assoc. Lab.
Automation 8, 82–86. doi:10.1016/s1535-5535(03)00018-2

Truscello, S., Kerckhofs, G., Van Bael, S., Pyka, G., Schrooten, J., and Van
Oosterwyck, H. (2012). Prediction of Permeability of Regular Scaffolds for
Skeletal Tissue Engineering: A Combined Computational and Experimental
Study. Acta Biomater. 8, 1648–1658. doi:10.1016/j.actbio.2011.12.021

Tsai, H.-H., Yang, K.-C., Wu, M.-H., Chen, J.-C., and Tseng, C.-L. (2019). The
Effects of Different Dynamic Culture Systems on Cell Proliferation and
Osteogenic Differentiation in Human Mesenchymal Stem Cells. Ijms 20,
4024. doi:10.3390/ijms20164024

Walls, P. L. L., McRae, O., Natarajan, V., Johnson, C., Antoniou, C., and Bird, J. C.
(2017). Quantifying the Potential for Bursting Bubbles to Damage Suspended
Cells. Sci. Rep. 7, 15102. doi:10.1038/s41598-017-14531-5

Walsh, C., Ovenden, N., Stride, E., and Cheema, U. (2017). Quantification of Cell-
Bubble Interactions in a 3D Engineered Tissue Phantom. Sci. Rep. 7, 6331.
doi:10.1038/s41598-017-06678-y

Yamada, S., Yassin,M.A., Schwarz, T., Hansmann, J., andMustafa, K. (2021). Induction
of Osteogenic Differentiation of BoneMarrow Stromal Cells on 3D Polyester-Based
Scaffolds Solely by Subphysiological Fluidic Stimulation in a Laminar Flow
Bioreactor. J. Tissue Eng. 12, 204173142110193. doi:10.1177/20417314211019375

Yamada, S., Yassin, M. A., Weigel, T., Schmitz, T., Hansmann, J., and Mustafa, K.
(2021). Surface Activation with Oxygen Plasma Promotes Osteogenesis with
Enhanced Extracellular Matrix Formation in Three-dimensional Microporous
Scaffolds. J. Biomed. Mater. Res. 109, 1560–1574. doi:10.1002/jbm.a.37151

Yao,M., Tijing, L. D., Naidu, G., Kim, S.-H.,Matsuyama, H., Fane, A. G., et al. (2020). A
Review of Membrane Wettability for the Treatment of saline Water Deploying
Membrane Distillation. Desalination 479, 114312. doi:10.1016/j.desal.2020.114312

Yassin, M. A., Leknes, K. N., Pedersen, T. O., Xing, Z., Sun, Y., Lie, S. A., et al.
(2015). Cell Seeding Density Is a Critical Determinant for Copolymer
Scaffolds-induced Bone Regeneration. J. Biomed. Mater. Res. 103,
3649–3658. doi:10.1002/jbm.a.35505

Yeatts, A. B., Choquette, D. T., and Fisher, J. P. (2013). Bioreactors to Influence
Stem Cell Fate: Augmentation of Mesenchymal Stem Cell Signaling
Pathways via Dynamic Culture Systems. Biochim. Biophys. Acta (Bba) -
Gen. Subjects 1830, 2470–2480. doi:10.1016/j.bbagen.2012.06.007

Yeatts, A. B., and Fisher, J. P. (2011). Bone Tissue Engineering Bioreactors:
Dynamic Culture and the Influence of Shear Stress. Bone 48, 171–181.
doi:10.1016/j.bone.2010.09.138

Yoshimura, Y., Kikuiri, T., Hasegawa, T., Matsuno, M., Minamikawa, H.,
Deyama, Y., et al. (2017). HowMuch Medium Do You Use for Cell Culture?
Medium Volume Influences Mineralization and Osteoclastogenesis In
Vitro. Mol. Med. Rep. 16, 429–434. doi:10.3892/mmr.2017.6611

Yourek, G., McCormick, S. M., Mao, J. J., and Reilly, G. C. (2010). Shear Stress
Induces Osteogenic Differentiation of Human Mesenchymal Stem Cells.
Regenerative Med. 5, 713–724. doi:10.2217/rme.10.60

Yu, C., Zhang, P., Wang, J., and Jiang, L. (2017). Superwettability of Gas
Bubbles and its Application: From Bioinspiration to Advanced Materials.
Adv. Mater. 29, 1703053. doi:10.1002/adma.201703053

Yu, F., Deng, R., Hao Tong, W., Huan, L., Chan Way, N., IslamBadhan, A.,
et al. (2017). A Perfusion Incubator Liver Chip for 3D Cell Culture with
Application on Chronic Hepatotoxicity Testing. Sci. Rep. 7, 14528. doi:10.
1038/s41598-017-13848-5

Yu, L., Ma, X., Sun, J., Tong, J., Shi, L., Sun, L., et al. (2017). Fluid Shear Stress
Induces Osteoblast Differentiation and Arrests the Cell Cycle at the G0
Phase via the ERK1/2 Pathway.Mol. Med. Rep. 16, 8699–8708. doi:10.3892/
mmr.2017.7720

Zhang, K., Fan, Y., Dunne, N., and Li, X. (2018). Effect of Microporosity on
Scaffolds for Bone Tissue Engineering. Regen. Biomater. 5, 115–124. doi:10.
1093/rb/rby001

Zhao, F., Melke, J., Ito, K., van Rietbergen, B., and Hofmann, S. (2019). A
Multiscale Computational Fluid Dynamics Approach to Simulate the
Micro-fluidic Environment within a Tissue Engineering Scaffold with
Highly Irregular Pore Geometry. Biomech. Model. Mechanobiol. 18,
1965–1977. doi:10.1007/s10237-019-01188-4

Zhao, Y.-H., Lv, X., Liu, Y.-L., Zhao, Y., Li, Q., Chen, Y.-J., et al. (2015).
Hydrostatic Pressure Promotes the Proliferation and Osteogenic/
chondrogenic Differentiation of Mesenchymal Stem Cells: The Roles of
RhoA and Rac1. Stem Cel Res. 14, 283–296. doi:10.1016/j.scr.2015.02.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yamada, Yassin, Schwarz, Mustafa and Hansmann. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 81194219

Yamada et al. Optimization of Perfusion Bioreactor Operation

https://doi.org/10.1002/jbm.a.35386
https://doi.org/10.1002/jbm.a.35386
https://doi.org/10.1007/s10439-005-8963-x
https://doi.org/10.1073/pnas.2434367100
https://doi.org/10.3390/pr2020494
https://doi.org/10.1371/journal.pone.0047254
https://doi.org/10.1186/s13287-018-1025-8
https://doi.org/10.1016/j.jbiomech.2017.02.002
https://doi.org/10.1016/0385-6380(87)90090-2
https://doi.org/10.1016/0385-6380(87)90090-2
https://doi.org/10.1007/s10544-009-9286-8
https://doi.org/10.1016/s1535-5535(03)00018-2
https://doi.org/10.1016/j.actbio.2011.12.021
https://doi.org/10.3390/ijms20164024
https://doi.org/10.1038/s41598-017-14531-5
https://doi.org/10.1038/s41598-017-06678-y
https://doi.org/10.1177/20417314211019375
https://doi.org/10.1002/jbm.a.37151
https://doi.org/10.1016/j.desal.2020.114312
https://doi.org/10.1002/jbm.a.35505
https://doi.org/10.1016/j.bbagen.2012.06.007
https://doi.org/10.1016/j.bone.2010.09.138
https://doi.org/10.3892/mmr.2017.6611
https://doi.org/10.2217/rme.10.60
https://doi.org/10.1002/adma.201703053
https://doi.org/10.1038/s41598-017-13848-5
https://doi.org/10.1038/s41598-017-13848-5
https://doi.org/10.3892/mmr.2017.7720
https://doi.org/10.3892/mmr.2017.7720
https://doi.org/10.1093/rb/rby001
https://doi.org/10.1093/rb/rby001
https://doi.org/10.1007/s10237-019-01188-4
https://doi.org/10.1016/j.scr.2015.02.006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Optimization and Validation of a Custom-Designed Perfusion Bioreactor for Bone Tissue Engineering: Flow Assessment and Opti ...
	Introduction
	Materials and Methods
	rBMSC Isolation and Expansion
	3D Porous Scaffold Preparation and Cell Seeding
	MicroCT Scanning and Structural Analysis of the Porous Scaffolds
	Configuration of the Laminar Flow Bioreactor
	In silico Modeling for Fluid Dynamics Simulation
	Quantification of Double Strand DNA
	Quantification of Alkaline Phosphatase Activity
	Immunofluorescent Staining and Confocal Microscopy
	Live/Dead Staining
	Reverse Transcription Quantitative Polymerase Chain Reaction
	Alizarin Red S Staining and Quantification
	Evaluation of the Effect of Growth Medium Volume on Cell Growth
	Evaluation of the Effect of Humidification on Cell Growth and Viability
	Evaluation of the Effect of Air Bubbles on Cell Growth and Osteogenic Properties
	Evaluation of Differential Flow Rate and Osteogenic Differentiation
	Statistics

	Results
	Simplified yet Parameterized Geometry as a Substitute for High-Resolution Geometry Obtained From microCT
	Optimization of Medium Volume Required for Optimal Cell Growth in 2D and 3D Culture
	Minimizing Medium Evaporation During Perfusion Improved Cell Growth and Viability
	Suppression of Air Bubbles During Perfusion is a Determinant of Cell Growth and Osteogenic Properties
	Optimal Flow Rate Triggers Osteogenic Differentiation of rBMSC

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


