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Cell therapies, where living cells are used as therapeutic agents, either
to regenerate tissues affected by disease or to act as delivery agents
for secreted factors, are commonly based on the action of stem cells
or their differentiated progeny. These cells also have great potential
for drug discovery, providing access to inaccessible patient-specific cell
types. However, stem cells, which are the most important ‘raw materi-
al’ for these applications, have to be expanded in vitro to generate the
high quantities of cells that are expected to be required. Decades of re-
search and application of bioreactor engineering concepts have provided
a solid foundation for use of advanced culture technologies for stem cell
manufacturing. The particular challenges of producing high quantities of
functional cells are discussed here as well as innovative approaches and
technologies that may revolutionize the field.
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predictable way, while ensuring the

safety and functionality of the prod-

The generation of large numbers
of stem cells and derivatives is a

prerequisite for the successful use
of these cells for cell therapies, dis-
ease modeling and drug discovery
[1-3]. As stem cell-based therapies
start to enter clinical trials, the need
for robust methods and consistent
processes capable of providing the
necessary quantities of cells in a

:%0

uct, becomes clear [4,5]. Currently,
stem cell culture is performed most-
ly using planar culture platforms,
such as tissue culture plates and
T-flasks (Figure 1A), where cells are
cultured without agitation and are
routinely passaged whenever they
have no more available area to grow.
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This culture setup is relatively easy
to implement and works well in a
small scale. The generation of larger
cell quantities requires scaling-out,
by increasing the number of plates,
which quickly becomes impracti-
cable in terms of manual labor and
incubator space, besides presenting
high risks of contamination or fail-
ure [6]. Multi-tray flasks, which are
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—» FIGURE 1

A Planar culture platforms

v~ Easy to implement

X Inefficient mixing

X Scale-up is not straightforward

X Lack of in-line monitoring and control

Initial steps of stem cell manufacturing process development.

X High risk of contamination and failure
X Intensive manual labour
X Do not recapitulate physiological conditions

B Spinner flasks/shake flasks

v~ Monitoring and control of the culture
v~ Automated operation

v~ Easier scale-up

v Ideal for DoE

X Expensive equipment

The typical workflow is represented from static culture plates to small-scale vessels and alternative miniaturized bioreactors are also
depicted. The advantages and drawbacks of these systems are highlighted.

C Miniaturized bioreactors

essentially T-flasks with multiple
culture layers, can be convenient for
this scale-out approach but may lead
to limitations in heat and oxygen
transfer to the middle layers, pos-
sibly resulting in a heterogeneous
final product [7]. The use of auto-
mated platforms for cell culture,
which can hold and manipulate
large quantities of flasks with min-
imal user input, is seen as a strategy
to overcome the limitations associ-
ated with scaling-out planar culture
platforms and work in this direction
was performed using platforms such
as the CompacT SelecT™ system
(Sartorius Stedim) [8]. However,
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even with automation, 2D culture
has the problem of not correctly re-
producing the iz vivo environment
[9], ultimately affecting cell fate as
well as the growth rate or viability.
The transition to a 3D culture par-
adigm has been performed using
mostly two different approaches:
microcarriers and cell aggregates
[2,10-12]. Bioreactors constitute
the ideal platform for 3D culture
of stem cells and can be used with
both these culture formats [13]. Be-
sides allowing to culture the cells in
an agitated environment, these ves-
sels are commonly equipped with
probes to monitor and control the




culture environment, for instance,
in terms of temperature, pH and
dissolved oxygen [13]. As a result of
extensive research and practice with
microorganism and mammalian cell
cultivation for the production of
biopharmaceuticals, there is a solid
know-how in the area of bioreactor
engineering which is now being ap-
plied to the manufacturing of stem
cell-based products [14,15]. How-
ever, the particular characteristics
of these bioprocesses are leading to
development of new technological
solutions that will be discussed here.

INNOVATIVE BIOREACTOR
CONFIGURATIONS

Stirred-tank bioreactors are the
most common bioreactor type
used in the biotechnology indus-
try. These bioreactors are typically
made of glass or stainless steel and
are equipped with a mechanical
impeller to provide agitation and
to maintain cells in suspension.
The culture parameters (e.g., tem-
perature, pH, dissolved oxygen)
are constantly monitored by probes
installed in the vessel, and can be
maintained within a working range
through the action of an automated
controller. Working volumes can go
from milliliters, in bench-top biore-
actors, to thousands of liters in large
bioreactors. There are multiple ex-
amples of the application of stirred
bioreactors for stem cell culture, ei-
ther culturing cells on microcarriers
or as aggregates [16-20].

The development of a stem cell
production process starts with the
optimization of culture conditions,
envisaging the generation of a high
cell concentration in a short time.
This optimization can be achieved
by using different combinations of,

among others, culture media, agi-
tation speeds, seeding densities or
feeding strategies. However, a sig-
nificant constraint for this optimi-
zation is the prohibitive cost of cul-
ture medium, due to the presence
of expensive growth factors or cy-
tokines, associated with a high fre-
quency of culture medium renewal
— in some cases close to daily 100%
medium renewal — which limits the
number of conditions to test. The
mixing mechanism in stirred tank
bioreactors is also not ideal for stem
cells, which are more sensitive to
shear stress than bacteria and, par-
ticularly in the case of cell manu-
facturing processes, cell integrity is
fundamental for the final product
quality. We will next describe inno-
vative solutions that address these
issues and that may re-invent stem
cell culture in bioreactors.

Miniaturized bioreactors

A common strategy to overcome
the constraints of the initial steps
of process development described
above consists in the use of small-
scale vessels, like spinner flasks or
shake flasks (Figure 1B), to mini-
mize culture medium requirements.
However, these vessels are typically
not equipped with probes for cul-
ture monitoring or control and are
agitated using magnetic bars, or or-
bital shakers, which do not mimic
the impellers of higher scale biore-
actors. More sophisticated, fully in-
strumented small-scale bioreactors
have been introduced, such as the
DASbox (Eppendorf) [21] or ambr
250 (Sartorius Stedim) [22] which
closely mimic larger scale bioreac-
tors, in terms of impeller geometry
and control of culture conditions,
allowing them to work in a 100-250
mL scale. A smaller scale system, the
ambr 15 (Sartorius Stedim) [23], is
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also available, as a high-throughput
automated workstation which al-
lows simultaneous culture of up to
48 individually controlled vessels
with working volumes as low as 10—
15 mL. The possibility of testing
multiple conditions in parallel in
a cost-effective way (using reduced
working volumes), with minimal
operator-associated  variability s
therefore a valuable tool for process
development. In fact, a process for
human Mesenchymal Stem Cell
(hMSC) expansion, optimized us-
ing the ambr 15, was shown to have
identical performance in a higher
scale [23], which confirms the valid-
ity of this approach. These systems
are also particularly interesting en-
visaging the implementation of a
Quality by Design (QbD) strategy
[24], a paradigm that is changing
the industrial production of bio-
pharmaceutical products [25].

The first steps to the design of a
process under QbD guidelines re-
quires the identification of critical
quality attributes (CQA) and the
critical process parameters that in-
fluence them. In the case of stem cell
manufacturing, it is important to
identify the most important process
parameters (e.g., agitation speed,
seeding density, etc.) and to under-
stand their impact on the final prod-
uct, establishing the range where it is
possible to operate without affecting
the CQA. The use of tools like De-
sign of Experiments (DoE) allow to
run multivariate experiments, where
different process parameters are var-
ied simultaneously, elucidating the
interactions between those param-
eters and establishing the condi-
tions for optimal culture outcomes
[26,27]. To provide statistically sig-
nificant results, a high number of
experimental conditions have to be
tested with an appropriate number
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of replicates. Miniaturized biore-
actor systems, like those described
above, can run multiple vessels in
parallel, varying and controlling the
culture conditions individually, to
generate data that allows to define
response surfaces correlating param-
eter variation with quality outcomes
[14]. As the process understanding
increases, as well as the general stem
cell biology knowledge, this rather
empirical approach can be replaced
with mechanistic models [24] that
also correlate information about
gene expression or metabolism
with the CQA. Given the inherent
variability associated with cellu-
lar systems, the use of automated
small-scale bioreactors for process
optimization allows to standardize
operations performed during cul-
ture that are sources of experimental
error (e.g., manual sampling or cell
counting), improving the reproduc-
ibility and speeding up process de-
velopment (Figure 1C).

Alternative mixing
mechanisms

Stirred-tank bioreactors (Figure 2A)
have been the most common choice
for the dynamic culture of stem cells
but, as there are concerns regarding
the high and heterogeneous levels of
shear stress in these vessels, alterna-
tive bioreactor configurations, with
different agitation concepts, may be
beneficial for the field [6,28].

A new bioreactor type, the Verti-
cal-Wheel bioreactor (PBS Biotech)
[29], has been recently introduced,
with an innovative agitation mech-
anism designed to promote efficient
mixing with minimum power in-
put, which can be advantageous
for shear-sensitive cells (Figure 2B)
[29]. This bioreactor has a U-shaped
bottom and is equipped with a
large vertical impeller, resulting in
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homogenous and gentle particle
suspension, as well as a high mass
transfer rate, under low agitation
speeds. The Vertical-Wheel biore-
actors were developed as single-use
vessels, envisaging compliance with
current Good Manufacturing Prac-
tices (cGMP), and are available in
different volumetric scales. Min-
iaturized versions of these reactors
(100-500 mL of working volume)
can be used, as described above, for

modelling

process development — although

Optimized with computational

D Prototype bioreactors

these vessels are not instrumented.
Above the 3 L model, and up to 80
L, the bioreactors allow automat-

v~ Designed for specific applications

v

Recent technology, more detailed X Difficult monitoring of cell growth ) Scalability

characterization still required

ed control of the culture and con-
sistent mixing performance across
the scales. However, since the Ver-
tical-Wheel bioreactor technolo-
gy is relatively new, more detailed
engineering studies regarding fluid
dynamics or mass transfer are still
necessary for the complete charac-
terization of the system. Neverthe-

(Quantum CES)

less, successful use of this bioreac-
tor for hMSC [30] and hiPSC [31]

expansion using microcarriers has

v Single-use (cGMP compliant)

C Hollow-fiber bioreactors
v Without impeller

v Laminar flow

been reported and thus this should
be also a promising technology for
stem cell culture using other for-
mats or cell types.

Stirred-tank bioreactors and Ver-
tical-Wheel bioreactors generate
fluid motion by the action of an
impeller that, through its rotation,
provides the dynamic environment
that enhances culture medium mix-
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B Vertical-Wheel bioreactors
\/Single-use (cGMP compliant)

X

ing and particle suspension. How-
ever, other bioreactor geometries
are available which generate mix-
. . . . EEEE|E| 5
ing without a mechanical impel- 5| H
ler. Hollow-fiber bioreactors [32],

where anchorage-dependent cells

are cultured attached to the fibers
while culture medium is perfused
continuously, in a way that resem-

A Stirred-tank bioreactors
v Existent know-how

v~ Scalability
X High shear

bles the human circulatory system,

Stirred tank bioreactors (A) are the most common large-scale culture system for animal cells, including stem cells. Alternative bioreactor systems are shown including: (B) Vertical-Wheel bioreactors,

(C) hollow-fiber bioreactors and (D) prototype bioreactors. The advantages and drawbacks of these systems are highlighted.

Common bioreactor systems for the large-scale culture of animal cells.

—» FIGURE 2

are a low-shear stress alternative to
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Towards the next generation of stem cell expansion technologies.

—» FIGURE 3
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Quality by
Design

New monitoring

technologies

Culture medium

Stem cell culture
perfusion

as 3D aggregates

‘Advanced

)

microcarriers

Recent developments, including the production of ‘advanced microcarriers’ (e.g., stimuli-responsive, dissolvable, with tunable physical properties), stem cell culture as 3D aggregates, perfusion of

culture medium, new monitoring technologies (e.g., Raman spectroscopy) or the adoption of Quality by Design are expected to greatly move the field forward.
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stirred bioreactors (Figure 2C). The
Quantum Cell Expansion System
(Terumo BCT) is a closed-system,
automated hollow-fiber bioreactor
that has been recently used for the
expansion of hMSC [33,34] as well
as neural stem cells (NSC) [35].
These studies present promising re-
sults but aspects such as monitoring
of cell morphology or growth are
still not straightforward with hol-
low-fiber bioreactors and can be the
object of future research.

An interesting alternative geome-
try, conceived specifically to provide
a laminar flow regime, while avoid-
ing the presence of impellers/rotat-
ing components, was described by
Massai and colleagues [36]. The bio-
reactor consists of a stainless steel
base, a culture chamber and a lid.
The continuous and closed-loop cir-
culation of medium in the culture
chamber leads to the generation of
buoyant vortices for particle (e.g.,
microcarriers or cell aggregates)
suspension under low-to-moder-
ate shear stress, depending on the
flow rate. The shape of the culture
chamber was conceived and further
improved using in silico models,
in order to achieve optimized per-
formance. Although the culture of
stem cells was not reported, the au-
thors show proof-of-concept of the
application of this bioreactor with
cancer cell spheroids. This study
illustrates the design of innovative
prototype bioreactor configurations
for mammalian cell culture (Figure
2D), through computational model-
ing, prototyping and experimental
validation, which may be an in-
teresting solution, in particular for
stem cell differentiation bioprocess-
es that may require tunable levels of
shear to maintain cell viability but
also, in some cases, to stimulate dif-
ferentiation [37].




NEW STRATEGIES &
TECHNOLOGIES FOR
STEM CELL CULTURE

The bioreactor configurations de-
scribed above have the potential
to take stem cell manufacturing
to a next level. Nevertheless, new
approaches and strategies for im-
proved cell culture performance
combined with cutting-edge tech-
nologies for monitoring of the cul-
ture parameters and also for cell re-
covery/downstream processing are
equally important. In this section,
we will discuss the benefits and bot-
tlenecks of different culture formats
(microcarriers vs cell aggregates)
and review how recent scientific and
technological advances may lead to
the development of ‘advanced mi-
crocarriers, to alternative culture
medium feeding strategies (perfu-
sion) and also to new devices for
culture monitoring that may impact
the field of stem cell bioprocessing
(Figure 3).

Development of ‘advanced
microcarriers’

The transition of stem cell culture
from static 2D plates to a 3D format
is often performed using microcar-
riers, which are particles (100-300
pm of diameter) to which cells ad-
here and grow, usually coated with
extracellular matrix substrates [38].
The surface-to-volume ratio of mi-
crocarriers is much higher than in
planar platforms and the available
surface area for the cells to grow can
easily be increased by adding more
microcarriers. Keeping the microcar-
riers in suspension in stirred bioreac-
tors requires high agitation speeds,
which may damage the cells not only
directly by the shear forces but also
due to the bead-to-bead collisions.
Also, the cells have to be harvested
from the microcarriers at the end of

the culture. Indeed, the most com-
monly used microcarriers are poly-
styrene microspheres and, to meet
the regulatory and safety demands
for the presence of particulates, the
microcarriers have to be efficiently
removed from the final product [39].
The subsequent use of the cells ex-
panded using this method therefore
requires two downstream operations:
detaching the cells from the micro-
carriers and a separation step to re-
move the microcarriers from the cell
suspension. Innovative approaches
have been reported to address these
challenging stages. Similarly to what
happens in culture plates, proteolytic
enzymes are frequently used to de-
tach cells from microcarriers. How-
ever, the action of these enzymes
may be detrimental for cell viability.
The use of microcarriers made, or
coated, with stimuli-responsive bio-
materials is a promising alternative
strategy [40]. Stimuli-responsive ma-
terials change their chemical or phys-
ical properties in response to external
environmental changes. The coating
of microcarriers with poly N-isopro-
pylacrylamide (pNIPAAm), a ther-
moresponsive polymer [41], allows
cell detachment by decreasing the
temperature under 32 °C, allowing
to harvest the cells without proteases
which may damage cell membrane
proteins [42,43]. This approach has
been successfully reported in the
literature with Chinese Hamster
Ovary (CHO) cells [44] and also
with hMSC [45]. Polymers sensi-
tive to other stimuli like pH, light,
ultrasounds and electric or magnetic
fields are also available with interest-
ing properties for microcarrier pro-
duction [40] but their use with stem
cells has not been reported. How-
ever, although more efficient cell
detachment can be obtained using
these polymers, it remains necessary
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to remove the microcarriers from the
final product. This separation pro-
cess can be performed by filtration
using cell strainers, in small-scale
processes, or using, for instance, tan-
gential flow filtration systems, when
moving to larger scales [39]. These
operations may result in cell losses/
decreased viability and increase the
complexity of the process. The pro-
duction of microcarriers made of
biomaterials, such as hydrogels that
can be dissolved enzymatically or by
other means, with minimal harm to
the cells, may also bring many ad-
vantages to the downstream process-
ing stage and a commercial product
with these characteristics has recent-
ly been introduced by Corning. Be-
sides these bioprocessing aspects, the
manipulation of the physical prop-
erties of the microcarriers is also in-
teresting to modulate stem cell fate.
Many studies describe the impact of
mechanical cues on stem cell prolif-
eration and differentiation (reviewed
in [46]) and the use of microcarri-
ers made of materials with different
properties in terms of elasticity or to-
pography may be a promising strate-
gy for stem cell manufacturing [47].
Moreover, the microcarriers can be
used as agents for controlled delivery
of growth factors or small molecules,
enhancing, for instance, differentia-
tion efliciency [48].

Stem cell culture as 3D
aggregates

A viable alternative to the use of
microcarriers is growing the cells as
self-organized spherical aggregates
[11,22]. In contrast to microcarri-
er-based culture there is no need for
external particles and/or matrices
and, importantly, at the end of cul-
ture, the cells can be harvested di-
rectly, without the need to be sepa-
rated from the particles, simplifying

DOI: 10.18609/cgti.2018.076

the process and avoiding cell losses.
Stem cell aggregates can also be
used to generate organoids, which
are cellular structures that replicate,
in a simplified way, the structural
and functional features of a specific
organ [49].

Despite these advantages, aggre-
gate culture may present limitations
in terms of diffusion to the centre
of the aggregates when they grow
above 200-300 pum [50] and hetero-
geneity in aggregate size may lead to
inconsistent results. These problems
can be avoided if aggregate size is
controlled either through frequent
passaging (every 3—4 days), by ad-
justing the stirring rate or by chem-
ical-based methods, as described in
a recent publication [51]. Although
aggregate culture is sometimes dif-
ficult to implement, in particular
using bioreactors, encouraging ad-
vances have been recently reported
either with hMSC [52] or hiPSC
[21,53] and, in the future, inter-
esting developments are expected
regarding organoid culture in biore-
actors [49,54].

Culture medium perfusion

In most of reported cases of stem
cell culture in bioreactors, culture
medium feeding is performed, sim-
ilarly to what happens in static cul-
ture, using the so-called ‘repeated
batch’ scheme [6], which consists
of replacing a fraction or the whole
volume of culture medium in reg-
ular time intervals. This method-
ology, however, may lead to signif-
icant oscillations in culture medium
composition (e.g., nutrients, toxic
metabolites, cell-secreted factors)
and also in terms of pH or dissolved
oxygen. Recent studies demonstrate
the benefit of using perfusion of
culture medium as a way to improve
stem cell expansion [20,21,53,55].




Perfusion consists in the continu-
ous addition of fresh medium and
removal of spent medium while the
cells are retained inside the bioreac-
tor, leading to a more stable culture
environment. However, while some
bioreactor configurations depend
on perfusion to operate (e.g., hol-
low-fiber bioreactors), the imple-
mentation of this feeding strategy
with other bioreactors may be tech-
nically demanding, requiring cell
retention devices and the availabil-
ity of feeding and harvesting ports,
which can be particularly complex
when using simple devices, such as
spinner flasks. However, the culture
of hiPSC in instrumented small-
scale stirred bioreactors using perfu-
sion was implemented and reported
to result in a 47% higher cell yield
when compared with repeated batch

[21], highlighting the advantage of

adopting this more physiological
feeding strategy, which may be an
additional way to better mimic the
in vivo stem cell microenvironment.

Monitoring technology

As mentioned above, bioreactors
are equipped with probes that allow
monitoring of the culture environ-
ment. However, the probes used
are mostly able to measure conven-
tional physicochemical factors (e.g.,
temperature, pH, dissolved oxygen)
and therefore, the ability to mea-
sure other more specific culture pa-
rameters (concentration of glucose
or lactate and cell density) or even
to characterize the cell population
(e.g., undifferentiated stem cells vs
differentiated cells) in real time are
not frequently used — or not avail-
able at all — and may be import-
ant to further improve the culture

EXPERT INSIGHT

—» TABLE 1

types.

DASbox

(w/ perfusion) hiPSC
ambr 15 hMSC
Vertical-Wheel

(PBS 3) hMsC
Vertical-Wheel .
(PBS 0.1) P

Quantum CES

Quantum CES hMSC
Quantum CES hNSC
Spinner flask

(w/ pNIPAAmM hMSC
microcarriers)

Stirred bloreactor hiPSC
(w/ perfusion)
Vertical-Wheel

(PBS 0.1 w/

pNIPAAmM A

microcarriers)

Human periosteum-de-
rived stem cells

2.85 +0.34 x10¢
1.51 £ 0.06 x10°
3 x10°

1.21 +0.02 x10¢

N/A

N/A
N/A

~5x10°

3.9 +0.2 x10°¢

~1.1 x10°

Summary of maximum cell quantities obtained with different bioreactors and stem cell

Bioreactor Cell type Maximum cell density | Total cells Ref.
(cells/mL) harvested

3.56 £0.43 x108
2.27 £ 0.09 x10¢
6.6 x108

9.68 + 0.16 x10’

3.71 x108

2.40 x108
2-3 x10°

~ 1.5 x10¢

7.8 0.4 x108

~ 6.6 x10°

(21]
(23]
(30]

(31]

(33]

(34]
(35]

[45]

(53]

[67]

N/A: Not applicable.
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performance and reduce batch-to-
batch variability.

The concentration of nutrients
(e.g., glucose) and metabolites (e.g.,
lactate) during bioreactor culture
is often measured off-line and the
results are not used for automat-
ed feedback control of the culture.
Methods for measurement of glu-
cose or lactate concentrations, using
spectroscopic analysis [56] are avail-
able and, as an example, mid-infra-
red (MIR) spectroscopy has been
used to analyze the supernatants of
hMSC cultures on microcarriers [57]
and could be in the future used for
real-time optimization of medium
feeding to bioreactors. Other spec-
troscopic methods such as Raman or
2D-fluorescence were also used for
the same purposes with mammalian
cell lines and could, in principle, be
also used with stem cells [58].

The possibility to have online
measurement of other stem cell
specific parameters would greatly
increase the knowledge about the
process and potentially facilitate the
adoption of QbD [24]. A method for
tracking stem cell growth on micro-
carriers, using an optical system, has
been developed for automated and
operator-independent measurement
of cell viability, confluence and cell
distribution [59]. Dielectric spectros-
copy has also been used for viable
cell quantification on microcarriers
with encouraging results [60]. The
characterization of the cells generat-
ed in the process, however, involves
assays that often require sacrificing
cell samples and lengthy protocols,
such as transcriptional/proteomic
profiling or functional assays (e.g.,
differentiation potential, iz vivo
transplantation), which are not suit-
able for real-time monitoring of bi-
oprocesses. Alternative assays that
can give indications of cell identity/

DOI: 10.18609/cgti.2018.076

quality in real time are therefore
necessary. Raman spectroscopy has
been used to non-invasively measure
molecular properties of stem cells
during differentiation in vitro [61]
as this label-free technique allows to
monitor time-dependent molecular
changes in live cells, providing infor-
mation about cell phenotype, with-
out affecting cell viability. Examples
of the use of Raman spectroscopy
include the ability to identify and
distinguish NSC and NSC-derived
glial cells [62], monitoring cardiac
differentiation of human embryon-
ic stem cells [63] and, more recently,
for the discrimination of atrial and
ventricular cardiomyocytes derived
from pluripotent stem cells [64]. The
possibility to integrate these tech-
niques in bioreactor systems will
be a huge step forward towards the
manufacturing of high-quality stem
cell-based products. Although online
monitoring of stem cell/differentiat-
ed progeny properties is not yet pos-
sible, the use of Raman spectroscopy
for evaluation of the maturity of car-
diomyocytes derived from hiPSC in
bioreactors has been described [65]
and in forthcoming years we may
see the emergence of groundbreak-
ing devices for stem cell bioprocess
monitoring,.

TRANSLATIONAL INSIGHT

The success of stem cell-based ther-
apies or, in a shorter-term, the use
of stem cells in drug discovery and/
or toxicity evaluation, will greatly
depend on the availability of tech-
nologies for efhcient and reliable
cell manufacturing. Recent advances
are opening new doors that will be
crucial to overcome many challenges
that still exist in the field. Currently,
many steps of process optimization




are performed in small-scale culture
vessels, which are difficult to moni-
tor and control. Miniaturized biore-
actors, as discussed above, allow the
performance of high-throughput ex-
periments, in order to establish the
optimal ranges of culture parame-
ters, in a vessel geometry that can be
translated to larger scale bioreactors.
The use of these bioreactors also may
lead to more reproducible experi-
mental outcomes and the detailed
process data collected can be used
to implement QbD strategies [24].
The availability of online monitoring
technologies, for important parame-
ters for stem cell culture, is expected
to lead, as well, to tighter control of
the bioreactor culture performance
and to improved outcomes. Agi-
tation/mixing paradigms are also
evolving to take into account the re-
quirements of stem cell cultivation.
Traditional stirred bioreactors have
been used for stem cell culture but
there are concerns about the possibil-
ity of shear-induced cell death or dif-
ferentiation [66]. Different strategies
have been used to design bioreactors
with low-shear environments and it
is predicted that new bioreactor ge-
ometries (as illustrated in [36]) can
be introduced in the future using
computational fluid dynamics mod-
eling and the current availability of
3D printing equipment may facil-
itate even more the construction of
new prototypes that can after be val-
idated experimentally.

The inventive combination of
some of the different bioprocessing
approaches here described may also
be a way of targeting culture chal-
lenges, as exemplified in a recent
work where hMSC aggregates were
obtained by combining pre-ex-
pansion on pNIPAAm-coated mi-
crocarriers, followed by tempera-
ture-induced cell detachment and

aggregate formation using Verti-
cal-Wheel bioreactors [67]. Most of
the current bioreactor technology
has been developed envisaging the
production of high concentrations
of proteins and not high concen-
trations of functional, living cells.
The methodologies here described,
including the use of new bioreac-
tors, different culture modes (‘ad-
vanced microcarriers’, aggregates),
feeding strategies (perfusion) or
monitoring devices, were already
able to generate relatively high
cell densities (Table 1). Further de-
velopments of these technologies,
together with new fundamental
biology knowledge, will allow the
design of new stem cell-oriented
bioprocesses, which will take the
field into the next generation of
stem cell culture.
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