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Three-dimensional dynamic suspension is becoming an effective cell culture method for a wide range of
bioprocesses, with an increasing number of bioreactors proposed for this purpose. The complex hydrody-
namics establishing within these devices affects bioprocess outcomes and efficiency, and usually expen-
sive in vitro trial-and-error experiments are needed to properly set the working parameters.
Here we propose a methodology to define a priori the hydrodynamic working parameters of a dynamic

suspension bioreactor, selected as a test case because of the complex hydrodynamics characterizing its
operating condition. A combination of computational and analytical approaches was applied to generate
operational guideline graphs for defining a priori specific working parameters. In detail, 43 simulations
were performed under pulsed flow regime to characterize advective transport within the device depend-
ing on different operative conditions, i.e., culture medium flow rate and its duty cycle, cultured particle
diameter, and initial particle suspension volume. The operational guideline graphs were then used to set
specific hydrodynamic working parameters for an in vitro proof-of-principle test, where human induced
pluripotent stem cell (hiPSC) aggregates were cultured for 24 h within the bioreactor. The in vitro findings
showed that, under the selected pulsed flow regime, sedimentation was avoided, hiPSC aggregate
circularity and viability were preserved, and culture heterogeneity was reduced, thus confirming the
appropriateness of the a priori method. This methodology has the potential to be adaptable to other
dynamic suspension devices to support experimental studies by providing in silico-based a priori
knowledge, useful to limit costs and to optimize culture bioprocesses.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decades, dynamic suspension culture has proven to
be beneficial in promoting cell proliferation and in maintaining cell
functionality in vitro (Godara et al., 2008; Rodrigues et al., 2011).
Compared to conventional two-dimensional (2D) culture,
three-dimensional (3D) dynamic suspension allows for the
spatial 3D growth of cells/constructs, with or without the use of
synthetic microcarriers (Kropp et al., 2017). Moreover, when
culture encompasses proper dynamic suspension and mixing, this
approach (1) minimizes the formation of gradients, (2) enhances
oxygen and nutrients transport, and (3) prevents sedimentation
of cultured cells/constructs (Cherry, 1993; Zweigerdt, 2009). Opti-
mized culture conditions guarantee efficient, space- and labour-
effective processes, finally resulting in more financially sustainable
procedures (dos Santos et al., 2013; Kumar and Starly, 2015;
Warnock and Al-Rubeai, 2006). Nowadays, dynamic suspension
culture is mostly performed by stirred tank bioreactors, especially
employed for scalable cell production and stem cell differentiation
(Abecasis et al., 2017; Kempf et al., 2014; Olmer et al., 2012).
However, several challenges remain to be addressed in case of cells
highly sensitive to the surrounding chemico-physical environment,
such as the human pluripotent stem cells (hPSCs). For instance, the
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presence of the impeller in combination with the position of the
analytical probes and the imposed agitation rate can induce com-
plex hydrodynamics within stirred tank bioreactors, resulting in
localized areas of turbulence and detrimental shear stresses
(Rodrigues et al., 2011). Indeed, in case of hPSCs, non-
physiological shear stresses can affect cell viability and growth
(Leung et al., 2011; Olmer et al., 2012; Zweigerdt et al., 2011)
and disrupt the sensitive equilibrium of pluripotent proliferation
versus differentiation, eventually inducing undesired culture
heterogeneity (Schroeder et al., 2005; Zweigerdt, 2009;
Zweigerdt et al., 2011). Thus, to assure cell viability, proliferation,
and/or stemness preservation, the fluid dynamics establishing
within these devices should be strictly controlled (Gupta et al.,
2016; Ismadi et al., 2014; Kinney et al., 2011). In recent years,
experimental and computational methods have been adopted to
characterize the fluid dynamics inside bioreactors, boosting the
progress in bioreactor technologies, and reducing the use of trial-
and-error approaches for bioprocess optimization (Guilak et al.,
2014; Kaiser et al., 2012; Sucosky et al., 2004; Pennella et al.,
2012; Williams et al., 2017; Wu et al., 2014; Zhao et al., 2018).
The need for a comprehensive characterization of transport phe-
nomena within bioreactors has encouraged the development of
culture devices with more controllable and defined flow features
(Dusting et al., 2006; Singh et al., 2005; Thouas et al., 2007). In par-
allel, computational approaches have become essential not only in
supporting the bioreactor design, but also in optimizing the entire
bioprocess, virtually monitoring physical and chemical quantities
that are otherwise difficult to measure (Consolo et al., 2009;
Consolo et al., 2012). In this context, a versatile bioreactor for
dynamic suspension culture, characterized by the absence of rotat-
ing components and tunable ultralow-to-moderate shear stress
conditions within the culture chamber, was recently proposed
and applied (Massai et al., 2016; Rosellini et al., 2018). The fact that
the practical use of most culture devices cannot be established a
priori, and that diverging needs related to the specific cell/con-
struct culture strategy could lead to an overall loss of efficiency,
makes this bioreactor a paradigmatic example of the complexity
in properly managing dynamic suspension devices for tissue engi-
neering and regenerative medicine applications.

In this study we propose a methodology, based on the combina-
tion of in silico and analytical approaches, which uses quantitative
analyses of hydrodynamics in a dynamic suspension bioreactor for
Fig. 1. Dynamic suspension bioreactor. (A) Schematic draw of the bioreactor set-up. (B) 3
CC BY).
defining a priori its hydrodynamic working parameters. The pro-
posed methodology led to the definition of operational guideline
graphs for the bioreactor use. An explanatory proof-of-principle
test was carried out by culturing aggregates of human induced
pluripotent stem cells (hiPSCs) within the bioreactor, whose
hydrodynamic working conditions were identified through the
operational guideline graphs without performing preliminary
in vitro tests. The general nature of the proposed methodology
makes it adaptable to other dynamic suspension devices for sup-
porting experimental studies, limiting costs, and ultimately opti-
mizing bioprocesses.

2. Materials and methods

2.1. Dynamic suspension bioreactor

An impeller-free dynamic suspension bioreactor was consid-
ered as a test case, because of the complex hydrodynamics charac-
terizing its operating condition (Massai et al., 2016). The bioreactor
is made of a culture chamber connected to a closed-loop recircula-
tion circuit (Fig. 1A), to be located within a standard incubator
(37 �C, 5% CO2, 85–90% humidity). Briefly, the functioning of the
bioreactor is based on the recirculation of the culture medium
inside the culture chamber, under laminar flow regime. The pres-
ence of a check valve and of a filter confines suspended particles
inside the culture chamber (Fig. 1B). The establishment of buoyant
vortices within the culture chamber guarantees the dynamic sus-
pension and mixing of cells/aggregates, in the following referred
to as particles, under ultralow-to-moderate shear stress conditions
(Massai et al., 2016). A non-stationary flow regime based on peri-
odic, pulsed flow waveforms was developed in this study both to
assure particle suspension and to avoid prolonged contact of the
particles with the filter and possible consequent adhesion.

2.2. Pulsed functioning mode definition

A square flow rate waveform (Fig. 2A) of time duration
T = Ton + Toff was imposed at the inflow section of the culture cham-
ber. More in detail: (1) Ton is the time duration of the phase of the
working cycle when the pump pushes the medium, the check valve
opens, and particles are lifted up by hydrodynamic forces within
the culture chamber (Fig. 2B); (2) Toff is the time duration of the
Dmodel of the bioreactor culture chamber (adapted fromMassai et al., 2016, license



Fig. 2. Pulsed functioning mode. (A) Diagram of ideal pulsed flow rate waveform of
period T = Ton + Toff. (B) Schematic of the particle cloud distribution within the
culture chamber depending on time instant: when the pump is switched on, the
check valve opens, the medium flows through the culture chamber, and particles
are lifted up by hydrodynamic forces, while when the pump is switched off the flow
stops, the check valve closes, and particles undergo free-fall motion due to gravity
force. (C) Diagram of the distance d(t) between the filter and the suspension cloud
at the generic time point t: switching off the pump, the particle cloud undergoes
free-fall motion and the original distance d(t0) from the filter is re-established. The
variation of the distance d(t) during an entire cycle is calculated as x.
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phase of the working cycle when the pump is switched off and
there is no net flow through the culture chamber, the check valve
is closed, and particles undergo free-fall motion due to gravity
Fig. 3. Methodology workflow. Two-phase computational model of the fluid dynamics de
device and calculating the distance d(t) between the filter and the suspension cloud a
analytical calculation of the time interval Toff, using Stokes terminal velocity formulation
operational guideline graphs useful for setting up the pulsed waveforms for in vitro exp
force (Fig. 2B). Assuming a homogeneous distribution of particles
forming a suspension cloud at time t0, the quantity x is defined as:

x ¼ d t0 þ Tonð Þ � dðt0Þ ð1Þ
where d(t) is the distance between the filter and the particle sus-
pension cloud at the generic time point t (Fig. 2C). Technically, x
represents the variation of the distance (along the vertical axis of
the chamber) between the particle cloud and the filter located at
the upper part of the culture chamber at the end of time interval
Ton. When the pump is switched on at time t0, the distance d
between the suspension cloud and the filter progressively dimin-
ishes, reaching its minimum value at time t0 + Ton. Switching off
the pump, the hydrodynamic forces vanish and the gravity force
causes the free-fall motion of the particles. The time duration Toff
of the free fall motion phase can be properly set to restore the par-
ticle cloud distance from the filter up to the original value, so that d
(t0) = d(t0 + Ton + Toff), contemporarily avoiding particle sedimenta-
tion at the bottom of the chamber.

Following the methodological flowchart of Fig. 3, a two-phase
computational model (described below) of the hydrodynamics
developing within the culture chamber was used to explore the
working conditions of the device. With this approach, the distance
d(t) can be calculated along the time interval Ton starting from an
initial distance d(t0), as well as quantity x, according to Eq. (1).
The results of the computational simulations were then combined
with the analytical calculation of the time interval Toff, describing
the particle free-fall motion phase within the range x, using Stokes
terminal velocity formulation. The combination of the computa-
tional and analytical results allowed for the quick and broad deter-
mination of the variations of d(t) as a function of Ton and Toff values.
Therefore, it was possible to generate operational guideline graphs
useful for setting up the in vitro experiments.

2.3. Computational model

Here the same numerical approach proposed elsewhere
(Consolo et al., 2009; Consolo et al., 2012; Massai et al., 2016)
veloping within the culture chamber allows exploring the working conditions of the
long the time interval Ton. The computational results are then combined with the
. The combination of computational and analytical results leads to the generation of
eriments.



Table 1
Simulated conditions.

flow rate
(mL/min)

particle diameter (mm) initial particle suspension
volume (mL)

30 10, 25, 50, 100 10, 25, 40
50 10, 25, 50, 100 10, 25, 40
70 10, 25, 50, 100 10, 25, 40
100 10, 25, 50, 100 10, 25, 40
100 180 10
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was adopted, and a total number of 43 simulations was carried out.
The final aim was to investigate the large variety of possible parti-
cle transport patterns obtainable within the bioreactor combining
different conditions in terms of (1) imposed flow rate (30, 50, 70,
100 mL/min, with Reynolds numbers ranging from 12 to 35), (2)
particle diameter (10, 25, 50, 100, 180 lm), and (3) initial particle
suspension volume (10, 25, 40 mL), where different initial volumes
imply different initial values of the distance d(t0) (Fig. S2). All sim-
ulated conditions are summarized in Table 1.

Taking advantage of the shape of the culture chamber, axial-
symmetric time-dependent numerical simulations were carried
out using a finite-volume commercial code (FLUENT, ANSYS Inc.,
PA, USA). The fluid domain was discretized with 6.5 � 103 quadri-
lateral cells. The Eulerian-based two-phase flow model, known as
the Eulerian–Eulerian model, was implemented to simulate the
concomitant, interacting presence of culture medium (primary
phase) and suspended particles (secondary phase). Exhaustive
details can be found in Supplementary Material. Finally, additional
simulations were performed to investigate the transport of dis-
solved oxygen within the culture chamber (details on the compu-
tational settings are provided in Supplementary Material).

2.4. Particle free-fall motion and analytical formulation

The time interval Toff is governed by the free fall of suspended
particles. The high dilution conditions and the low Stokes numbers
here investigated, representative of realistic culture conditions,
allowed the analytical calculation of free-falling particle motion
when the pump is switched off. Under the simulated conditions,
the free-fall terminal velocity v!ff of a single particle could be
expressed by the dynamic balance of the Stokes drag force, the
Archimedes buoyancy force, and the particle weight force, result-
ing in:

v!ff ¼
2ðqp � qmedÞR2

9lmed
g! ð2Þ

where qp and qmed are particle and medium density, respectively,
mmed is the medium dynamic viscosity, R is the particle radius, and
g! is the gravitational acceleration. Applying the methodological
flowchart (Fig. 3), the simulation of different time intervals Ton
allowed obtaining a range of x values as an output, then used to
estimate the corresponding range of time interval Toff needed to
complete the working cycle as follows:

Toff ¼ x
v ff

ð3Þ

This integrated approach was applied to all the combinations of
flow rates, particle diameters, and initial particle suspension vol-
umes listed in Table 1, thus generating operational guideline
graphs for a broad range of possible applications.

2.5. In silico and in vitro test benching

In a perspective of future application of the applied dynamic
culture device for hiPSC expansion, the combination of the compu-
tational and analytical approaches was applied to obtain opera-
tional guideline graphs useful for a hiPSC in vitro proof-of-
concept experiment. An in silico experiment was performed where
hiPSC aggregates were modelled as spherical particles with an
average diameter of 180 lm, imposing an initial particle suspen-
sion volume of 10 mL at volume fraction (VF) equal to
2.5 � 10�2%. Based on this setting, the operating conditions assur-
ing dynamic suspension (imposed flow rate = 100 mL/min,
Ton = 15 s, Toff = 45 s) were identified according to the operational
graphs.

The effectiveness of the in silico approach in properly defining
culture conditions was verified in vitro. Pre-formed hiPSC aggre-
gates (average diameter = 180 ± 18 lm, culture protocol details in
Supplementary Material) were inoculated within the bioreactor
at an equivalent cell density of 0.8 � 106 cell/mL. The aggregates
were kept in dynamic suspension within the bioreactor for 24 h,
at the same operating conditions set for the in silico test (flow
rate = 100 mL/min, Ton = 15 s, Toff = 45 s). As negative control, hiPSC
aggregates were kept in dynamic suspension under continuous
flow (flow rate = 100 mL/min). After 24 h, aggregates were
harvested from the bioreactor (1) for viable-cell counting and
live/dead assays (details in Supplementary Material), and (2) for
assessing the preservation of their morphological features by the
acquisition of light microscope images (Axio Vert.A1 microscope,
Axiovision 8.4 software, Zeiss, USA). Moreover, sedimentation
assessment was performed (details in Supplementary Material).
Since aggregate size and the degree of aggregate homo- vs.
hetero-geneity have been shown to substantially alter lineage
differentiation and process efficiency (Zweigerdt, 2009), the aggre-
gate circularity was quantified as a measure of aggregate fusion
(fused aggregates tend to lose spherical shape), and aggregate
diameters were measured in order to evaluate aggregate size dis-
tributions (ImageJ, NIH, USA). Experimental data are presented as
mean ± standard deviation.
3. Results

3.1. Identification of pulsatile culture conditions

The computational approach allowed characterizing the fluid
dynamics resulting from the interaction among the particle cloud,
the culture chamber geometry and the pump operation. As
explanatory outcome, Fig. 4 shows the contour plots of the time
evolution of the particle VF imposing a Ton of 15 s for a simulated
case (particle diameter = 180 lm, flow rate = 100 mL/min, initial
particle suspension volume = 10 mL). During Ton, the particle cloud
is gradually lifted up towards the filter by hydrodynamic forces,
thus the distance d(t) between the particle cloud and the filter
decreases while the variation x(t) of that distance increases
(Fig. 4). For the sake of completeness, the results of the same sim-
ulated case extended to a time duration of 75 s are presented in
Supplementary Material (Fig. S5).

For each simulated Ton, the calculation of distance d(t) and x(t),
and the combination of computational results with the analytical
calculations of the free-fall time interval Toff allowed the construc-
tion of operational guideline graphs. In particular, Fig. 5A shows
the operational guideline graph for simulated particles (average
diameter = 180 lm, applied flow rate = 100 mL/min, initial particle
suspension volume = 10 mL). On the operational guideline graph,
the initial distance d(t0) of the particle cloud from the filter is
approximately equal to 18 mm (on the right y axis in Fig. 5A),
and the particle cloud collides with the filter (i.e., d = 0) when Ton
is equal to 16 s (on the x axis in Fig. 5A). Therefore, in order to
avoid collisions of the particle cloud with the filter, a Ton value
equal to 15 s was selected. This choice allowed guaranteeing a
minimum distance between the particle cloud and the filter d



Fig. 4. Computational contour plots of the time evolution of the particle VF within the culture chamber, imposing a Ton of 15 s, a particle diameter of 180 lm, a flow rate of
100 mL/min, and an initial particle suspension volume of 10 mL.

Fig. 5. In silico results of the hiPSC explanatory test (particle diameter = 180 lm, flow rate = 100 mL/min, initial particle suspension volume = 10 mL). (A) Operational
guideline graph used for setting up the computational pulsed working conditions. (B) Pulsed flow rate waveform resulting from the operational guideline graph, and
successively applied as inlet boundary condition for the simulation of three working cycles. (C) Computational contour plots of the VF distribution of the particle cloud within
the culture chamber at the end of Ton, and at the end of the working cycle. (D) Probability density function (PDF) showing the distribution of the shear stress values
experienced by the particle cloud when the pump is on.
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(t = 15 s) equal to 1 mm (on the right y axis in Fig. 5A), correspond-
ing to a variation x(t = 15 s) equal to 17 mm. Eventually, the value
of the time interval Toff assuring suspension in the chamber was
obtained (45 s, on the left y axis in Fig. 5A). Additional examples
of operational graphs, resulting from simulations carried out with
settings reported in Table 1, are presented in Supplementary
Material.

Once the pulsatile culture conditions were identified using the
operational guideline graph (Fig. 5A), the pulsed flow waveform
(Fig. 5B) was imposed in the computational model. The
simulations, modeling suspended hiPSC aggregates, constituted
an a priori evaluation of the effectiveness of the identified alterna-
tion of flow-driven transport and free-fall motion in assuring
unpacked suspension within the culture chamber (Fig. 5C). The
simulations confirmed that: (1) at the end of time interval Ton,
an almost uniform VF distribution (around the prescribed initial
value of 2.5 � 10�2%) was guaranteed; (2) only a marginal pack-
ing phenomenon was observed at the end of the working cycle,
occupying a very limited region at the bottom of the culture
chamber (with VF values up to 4%, but involving approximately
only the 0.4% of the cultured particles); (3) suspended particles
experienced very low shear stress levels (the observed 90th per-
centile value of the shear stress distribution within the culture
chamber was approximately equal to 10 mPa when the pump
was switched on, Fig. 5D); (4) imposing an initial fully anoxic
condition within the culture chamber, dissolved oxygen was
almost completely replenished after 780 s (Supplementary Mate-
rial, Movie S1).
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3.2. In vitro cell culture verification test

To confirm the effectiveness of the proposed methodology, pre-
formed hiPSC aggregates (Fig. 6A) were cultured within the biore-
actor adopting the conditions identified using the operational
guideline graph (Ton = 15 s, Toff = 45 s, pulsation period = 60 s at
100 mL/min). After 24 h of pulsed dynamic culture the bioreactor
was stopped and no sedimentation was detected. The imposition
of the pulsed flow strategy resulted in a final viable-cell density
equal to 1 � 106 cell/mL. Light microscopy images display that
aggregates cultured under pulsatile flow maintained their spheri-
cal morphology (Fig. 6B), with correspondent circularity index
equal to 0.74 ± 0.14, comparable with aggregates inoculated at
time t0 (0.76 ± 0.13, Fig. 6C). In terms of size homogeneity, the
probability density function (PDF) of the aggregate diameters
(Fig. 6D) shows that aggregates cultured under pulsatile condition
were characterized by a narrow distribution of their diameters,
with few fused aggregates and an average diameter equal to
176 ± 29 lm, comparable with aggregates dimension at inocula-
tion (average diameter = 180 ± 18 lm).

As further indirect confirmation of the proper suspension condi-
tions guaranteed by the pulsed mode, an additional in vitro test
was performed imposing a continuous flow rate (100 mL/min).
This flow regime led to a final viable-cell density of approximately
0.76 � 106 cell/mL. Harvested hiPSC aggregates presented amor-
phous morphology (Fig. 6B), with circularity index equal to
0.50 ± 0.17 (Fig. 6C), and were characterized by a larger diameter
distribution, with diameter values higher than 300 lm (probably
due to coalescent aggregates) and an average diameter equal to
183 ± 68 lm (Fig. 6D).
Fig. 6. In vitro results of the hiPSC explanatory test. (A) Light microscopy image of pre-fo
(B) Light microscopy images of hiPSC aggregates harvested after 24 h of pulsed or contin
hiPSC aggregates calculated at day 0, day 1 after 24 h of pulsed flow culture within the b
PDF distributions of the hiPSC aggregate diameters calculated at day 0, day 1 after 24 h o
culture within the bioreactor.
4. Discussion

In recent years, 3D dynamic suspension culture has been
demonstrated to be an effective alternative to standard monolayer
culture for several applications (Amit et al., 2010; Baghbaderani
et al., 2008; Chimenti et al., 2017; Kempf et al., 2014; Rosellini
et al., 2018), and different dynamic culture devices have been pro-
posed for this purpose (Gerecht-Nir et al., 2004; Kropp et al., 2017).
A crucial contribution towards a comprehensive knowledge of the
dynamic culture environment could come from computational
modelling, which is becoming a powerful investigation methodol-
ogy for an efficient tuning of the operational culture parameters,
minimizing the number of in vitro-setup experiments, thus over-
coming time-consuming and expensive trial-and-error approaches
for the definition of the optimal bioprocess conditions (Cioffi et al.,
2006; Hutmacher and Singh, 2008; Martin et al., 2004; Lyons et al.,
2016; Massai et al., 2014). The aim of this work was to propose a
robust methodology, based on the combination of computational
and analytical approaches, to define a priori the hydrodynamic
working parameters of a culture device (Massai et al., 2016) used
as paradigmatic example of dynamic suspension bioreactor.

A total number of 43 simulations was run to characterize the
advective transport within the device depending on imposed flow
rate, particle diameter, and initial particle suspension volume
(Table 1). In particular, to avoid particle sedimentation and particle
adhesion to the filter, non-stationary flow protocols based on
pulsed flow rate waveforms were imposed. The pulsed mode
allowed generating particle dynamic suspension by (1) advective
particle transport, when the pump is on the developing flow struc-
tures transport the particles, and (2) free-fall particle motion, when
rmed hiPSC aggregates at day 0, before bioreactor inoculation (scale bar = 200 mm).
uous flow culture within the bioreactor (scale bar = 200 mm). (C) Circularity index of
ioreactor, and day 1 after 24 h of continuous flow culture within the bioreactor. (D)
f pulsed flow culture within the bioreactor, and day 1 after 24 h of continuous flow
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the pump is off only gravitational force acts upon the particles
(Fig. 2).

From in silico data and for each simulated time interval Ton dur-
ing which the pump works, the distance d(t) between the particle
cloud and the filter and its variation x(t) were calculated. By com-
bining these results with the analytical calculations of the free-fall
time interval Toff, and imposing highly diluted particle suspensions,
43 different combinations and relative operational guideline
graphs were obtained. The computational approach allowed for
an a priori investigation of the effect of input parameters (i.e., flow
rate, flow rate waveform, working cycle duration, particle suspen-
sion conditions).

To verify the proposed methodology, we performed an in vitro
proof-of-principle test culturing hiPSC aggregates for 24 h within
the bioreactor. By using the relative operational guideline graph
(particle diameter = 180 lm, flow rate = 100 mL/min, initial parti-
cle suspension volume = 10 mL, Fig. 5A), the pulsatile working con-
ditions were identified (Ton = 15 s, Toff = 45 s, pulsation
period = 60 s, Fig. 5B), and adopted both for the in silico simulation
and for the in vitro test. Simulations showed that, within the cul-
ture chamber, the imposed pulsed flow rate: (1) maintained a uni-
form and diluted distribution of particles (Fig. 5C); (2) avoided
sedimentation regions (Fig. 5C); (3) guaranteed low shear stress
levels (Fig. 5D); (4) ensured an efficient, mainly advection-driven
transport of dissolved oxygen (Supplementary Material, Movie
S1). These results were corroborated by the in vitro explanatory
test, in which the identified pulsed flow regime avoided hiPSC
aggregate sedimentation and, under low-shear stress conditions,
preserved hiPSC viability (see Supplementary Material) and aggre-
gate circularity (Fig. 6C), with a narrow distribution of their diam-
eters (Fig. 6D). In the perspective of dynamic culture devices for
pluripotent stem cell expansion, the pulsed working conditions
identified by the operational graph enabled modulating and con-
trolling hiPSC agglomeration kinetics, avoiding culture heterogene-
ity that can affect maintenance of pluripotency and interfere with
lineage-specific differentiation, thwarting process reproducibility
and efficiency (Zweigerdt, 2009; Massai et al., 2017). Conversely,
when the bioreactor was run imposing a continuous flow rate (as
negative control), agglomeration was promoted and bigger, amor-
phous and heterogeneous hiPSC aggregates were harvested (Fig. 6C
and D).

In this study, the in silico model was based on defined assump-
tions which could influence the simulation outcomes. Firstly, we
considered spherical non-deformable particles with constant
diameter, both for the in silico and analytical calculations. How-
ever, in the in vitro applications, suspended particles can be char-
acterized by variable diameters and/or irregular shapes (Kumar
and Starly, 2015; Wu et al., 2014). In parallel, the inhomogeneity
of particle diameters could determine different timing in the
free-fall motion, causing a more complex behavior of the particle
cloud. Nevertheless, these assumptions were reasonable for hiPSC
culture, characterized by regular, rounded shape, and tight diame-
ter distribution. Moreover, the model does not take into account
cell proliferation and aggregation, however these are events with
time scales of days, while the presented model was designed to
describe the early stage of the culture and to provide the working
conditions to be set for the explanatory in vitro test. Lastly, the
duration of the in vitro test was 24 h, the minimum time for a first
and quick readout of the maintenance of optimal viability, size and
morphology of the hiPSC aggregates (Zweigerdt et al., 2011).
Longer culture periods would be useful to investigate the effect
of the pulsed flow on hiPSC aggregates in terms of proliferation
and pluripotency maintenance, but this falls outside of the work
aims.

In conclusion, the systematic application of a combined
computational-analytical approach allowed for the a priori defini-
tion of a wide range of hydrodynamic working conditions for the
adopted bioreactor. The herein proposed methodology, potentially
adaptable to other dynamic suspension devices, could consistently
support experimental studies by providing an in silico-based a
priori knowledge useful to limit costs and to ultimately optimize
complex dynamic culture bioprocesses.
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