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Abstract Human mesenchymal stem cells (hMSCs) are a valuable source of cells
for clinical applications (e.g., treatment of acute myocardial infarction or inflamma-
tory diseases), especially in the field of regenerative medicine. However, for autol-
ogous (patient-specific) and allogeneic (off-the-shelf) hMSC-based therapies,
in vitro expansion is necessary prior to the clinical application in order to achieve
the required cell numbers. Safe, reproducible, and economic in vitro expansion of
hMSC:s for autologous and allogeneic therapies can be problematic because the cell
material is restricted and the cells are sensitive to environmental changes. It is
beneficial to collect detailed information on the hydrodynamic conditions and cell
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growth behavior in a bioreactor system, in order to develop a so called “Digital
Twin” of the cultivation system and expansion process. Numerical methods, such as
computational fluid dynamics (CFD) which has become widely used in the biotech
industry for studying local characteristics within bioreactors or kinetic growth
modelling, provide possible solutions for such tasks.

In this review, we will present the current state-of-the-art for the in vitro expan-
sion of hMSCs. Different numerical tools, including numerical fluid flow simula-
tions and cell growth modelling approaches for hMSCs, will be presented. In
addition, a case study demonstrating the applicability of CFD and kinetic growth
modelling for the development of an MC-based hMSC process will be shown.
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CC Collagen-coated

CFD Computational fluid dynamics
DMEM Dulbecco’s Modified Eagle Medium
DSP Downstream processing

ECM Extracellular matrix
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bFGF Basic fibroblast growth factor 53
FBS Fetal bovine serum 54
GMP Good manufacturing practice 55
hASC Human adipose tissue-derived stromal/stem cells 56
hBM-MSC Human bone marrow-derived mesenchymal stem cells 57
hMSCs Human mesenchymal stem cells 58
hPL Human platelet lysate 59
HGF Hepatocyte growth factor 60
HSB Hemispherical-bottom bioreactor 61
LDA Laser Doppler anemometry 62
LES Large eddy simulation 63
oaMEM Modified Eagle Medium 64
MC Microcarrier 65
MCB Master cell bank 66
MRF Moving reference frame 67
OTR Oxygen transfer rate 68
PIV Particle image velocimetry 69
PS Polystyrene-based 70
RB Round-bottom bioreactor 71
RMSD Root mean square deviation 72
SIMPLE Semi-implicit method for pressure-linked equations 73
SM Sliding mesh 74
SU Single use 75
UCM Umbilical cord-derived mesenchymal stem cells 76
USP Upstream processing 77
VEGF Vascular endothelial growth factor 78
VOF Volume of fluid 79
WCB Working cell bank 80
Latin Symbols 81
Amn (mmol/L) Ammonium concentration 82
Doy (m2/s) Oxygen diffusivity 83
Dy (m) Vessel diameter 84
EF Expansion factor 85
F(N) Force 86
Glc (mmol/L) Glucose concentration 87
h/Hy Geometrical ratio between a certain height and the liquid 8s
height
hg/Dg Geometrical ratio between impeller installation height and 89
the vessel diameter (= off-bottom clearance)
H; (m) Liquid height 90
H;/D Geometrical ratio between liquid height and vessel 91
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Specific ammonium production rate (growth-independent)
Specific lactate production rate (growth-independent)
Specific ammonium production rate (growth-dependent)

Specific glucose consumption rate

Specific lactate production rate (growth-dependent)

Reynolds number

Dimensionless radial coordinates

Contact time

Particle circulation times
Doubling time of cell population
Lag or cell adaption time
Particle residence time

Impeller tip speed

Velocity vector in x-direction

Minimal working volume

Maximum working volume

Velocity vector in y-direction

Velocity vector in z-direction

Cell concentration on surface
Maximum cell concentration on surface
Cell concentration in suspension

Cell concentration of viable cells (Xg,, + Xj4)
Lactate yield per glucose equivalent
Yield coefficient/cells per mmol oxygen

Greek Symbols

a Cell adaption phase coefficient

Ayc MC volume fraction

SGic Step response in glucose balance to avoid negative glucose values

(6Gie =0o0r 1)

nz (Pas) Dynamic viscosity of the liquid
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n Mathematical constant (= 3.1415)
pr. (kg/m®)  Density of the liquid

T,, (Pa) Local normal stress

7,; (Pa) Local shear stress

u (1/d) Specific growth rate

Umax (1/d)  Maximum specific growth rata

1 Introduction

The successful development and application of cell-based therapies have the poten-
tial to treat a number of currently incurable diseases and to improve patient care. It is
therefore not surprising that cell-based therapies have become increasingly impor-
tant in the field of regenerative medicine, as the expected revenue for 2020 of up to
US$ 6.09 billion indicates [1]. Special attention in the field of regenerative medicine
is currently being paid to human mesenchymal stem cells (hMSCs). This is unsur-
prising due to their existence in postnatal tissues (e.g., adipose tissue, bone marrow,
the umbilical cord), their high proliferation potential, and their immunosuppressive,
immunoregulating, migrating, and trophic properties and low ethical concerns. At
the beginning of 2020, 41 clinical trials involving hMSCs were registered (www.
clinicaltrials.gov). In addition to the large number of currently ongoing clinical
studies, 17 hMSC-based products have received marketing authorization to date
(see Table 1), demonstrating the need for reproducible and robust cell processing
methods. Product manufacturing takes place mainly with mesenchymal stem cells
derived from human bone marrow (hBM-MSC; 11 products), followed by adipose
tissue-derived stem cells (hASCs; 5 products).

In general, hMSC-based therapies can be broadly divided into two categories:
patient-specific therapies (autologous) and off-the-shelf therapies (allogeneic). From
an economic point of view, the allogeneic therapy approach seems to be the most
attractive option at present [2, 3]. However, independent of the therapy approach, an
in vitro expansion of hMSCs is required to deliver an effective therapeutic dose (1-5
million hMSCs/kg body weight [4—6]). The intention of the in vitro expansion step is
to manufacture a sufficient number of hMSCs under good manufacturing practice
(GMP) conditions and in a cost-effective manner. It is clear that in vitro manufactur-
ing of hMSCs is often difficult because the cells, which are the product, are directly
isolated from body tissue and are genetically unstable in vitro (e.g., cellular senes-
cence) [7]. In addition, significant differences in the cell yield, the proliferation rate,
and the differentiation potential have been found between different donors, as well as
for different ages of donor and health conditions [8—10]. Apart from the biological
variability of the cell material, hMSCs are also sensitive to environmental changes
and chemical and physical stresses [11, 12]. As a result, all these aspects place high
demands on the in vitro cell expansion process. MSC manufacturing is characterized
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Medicinal
product Company Therapy/cell type | Indication Market
Allostem AlloSource Allogeneic ASC Bone regeneration USA
Alofisel TiGenix- Allogeneic ASC Anal fistula in Crohn’s EU
Takeda disease
AstroStem Biostar Autologous ASC | Alzheimer’s disease Japan
aJointStem Biostar Autologous ASC | Degenerative arthritis Japan
Cartistem Medipost Allogeneic UCM | Degenerative arthritis Korea
Cupistem Anterogen Allogeneic ASC Anal fistula in Crohn’s Korea
disease
Grafix Osiris Allogeneic Soft tissue defects USA
Therapeutics BM-MSC
HearticellGram- | FCB Autologous Acute myocardial Korea
AMI PharmiCell BM-MSC infarction
Neuronata-R Corestem Allogeneic Amyotrophic lateral Korea
BM-MSC sclerosis
OsteoCel NuVasive Allogeneic Spinal bone regeneration | USA
BM-MSC
OvationOS Osiris Allogeneic Bone regeneration USA
Therapeutics BM-MSC
Prochymal Osiris Allogeneic Acute graft vs. host Canada
Therapeutics BM-MSC disease
Stemirac NIPRO Corp Autologous Spinal cord injury Japan
BM-MSC
Stempeucel Stempeutics Allogeneic Critical limb ischemia India
BM-MSC
TemCell JCR Pharm. Allogeneic Acute graft vs. Host Japan
BM-MSC disease
Trinity Elite Orthofix Allogeneic Bone regeneration USA
BM-MSC
Trinity Evolution | Orthofix Allogeneic Bone regeneration USA
BM-MSC

by different manufacturing steps covering upstream processing (USP), downstream
processing (DSP), formulation, and fill and finish operations. Typical USP opera-
tions are the manufacturing of the Master Cell Bank (MCB) and Working Cell Bank
(WCB), seed cell production, and cell expansion at L-scale. DSP operations include
cell harvest, cell separation, washing as well as concentration procedures, and
medium exchange. Different economic studies have demonstrated that the USP,
and in particular the hMSC expansion, represents the main cost driver when exam-
ining the whole manufacturing process [3, 13, 14]. To reduce the number of
experiments and to increase the process knowledge during either the design and
development or the optimization phase, virtual representations of the hMSC pro-
duction process, so called “Digital Twins,” are helpful. These virtual models allow
an approximation of real process conditions, a fact that is particularly important for
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the production of cell therapeutics, as, among other things, cell material (in an
autologous approach) may vary between batches. Process conditions must, there-
fore, be adapted to the biological starting material, increasing the complexity of the
production process. Here application of a “Digital Twin,” which combines biochem-
ical engineering data of the cultivation system with a mathematical model of the cell
growth, is beneficial, as it tests different process conditions in silico and subse-
quently proposes optimal parameter combinations for the hMSC production process.

2 In Vitro Expansion Approaches: Current Situation

For the clinical application of hMSCs, the in vitro expansion of the cells represents
an important step. Although recent studies have shown the difference in cell yield
depending on the hMSC source (e.g., bone marrow vs. adipose tissue), the required
therapeutic dose (1-5 million hMSCs/kg body weight) makes in vitro expansion
mandatory independent on the hMSC-type. Therefore, different systems and culti-
vation strategies have been developed over the years for the expansion of hMSCs,
which will be presented and discussed in the following sections.

2.1 Planar Approach (2D Cultures)

hMSCs are typically isolated by their capacity to adhere to plastic surfaces. There-
fore, the simplest way to expand hMSCs is the usage of plastic vessels, such as
T-flask or stacked plate systems, which allow for the expansion of the cells at
laboratory and pilot plant production scale for early-phase clinical trials [15]. Planar
expansion approaches in normal cell culture flasks (e.g., T-flasks) represent a cost-
efficient and easy-to-operate solution. Maximum cell densities for hMSCs from the
human bone marrow, the adipose tissue, and the umbilical cord have been reported
in the literature in the range of 0.05 to 1.0 X 10° cells/cm? (PDL 2.8-7.4) for T-flask
cultures performed with serum-containing and serum-free cell culture medium (see
Table 2). Maximum cell densities for CellSTACK cultures were even reported in the
range of 2.5 t0 4.2 x 10 cells/em” (=1.59-2.67 x 10” cells) using hMSCs from the
bone marrow.

However, scale-up of such an hMSC expansion process would require a large
number of cell culture flasks, which is by any means neither economic nor ecologic.
Moreover, handling of multiple flasks in parallel is very labor and cost intensive
(increased facility footprint) and may result in high flask-to-flask variabilities. In
addition, the risk of contamination (e.g., bacteria, mycoplasma) is increased due to
the large number of open manipulations. Alternatives to the normal cell culture
flasks are stacked-plate or multi-tray culture systems, such as cell factories, which
significantly increase the efficiency of the cultivation step by using several layers per
cultivation system (up to 40-layer systems available). Thus, the absolute cell number
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Table 2 Overview of hMSC expansions in different static, planar cultivation systems

MSC 2D cultivation

type system Culture medium Cell density PDL Ref.

hBM- T-flasks (Greiner) | aMEM + 15 % FBS | 0.05-0.6 x 10° cells/ |5.6 + [10]

MSC cm? 1.8
T-flask Corning stemgro 1.0 x 10° cells/em® | 4-5 [16]
(CellBIND) hMSC
CellSTACK-5 DMEM/aMEM + 0.4-0.9 x 10° cells/ |n/a [6]

hPL cm?

CellSTACK-10 BD Mosaic SFM 2.5 x 10° cells/em® | n/a [17]
CellSTACK-10 DMEM + 10 % FBS |4.2 x 10° cells/cm”® | n/a [17]
Nunc Cell Fac- o&MEM + 10 % FBS | 1.8 x 10> cells/cm> 4.9 [18]
tory-4

hASC T-flasks (Corning) | UrSuppe SFM 0.7 x 10° cells/cm? 2.8-3.2 | [19]

UCM T-flask (Sarstedt) | DMEM + 10 % FCS | 0.5 x 10° cells/em® | 4.9 [20]
CellSTACK-5 DMEM/aMEM + 1.6-1.8 x 10° cells/  |n/a (6]

hPL cm?
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Fig. 1 Schematic representation of biochemical and physical parameters, which have an influence
on planar hMSC cultures

per cultivation is significantly increased. Maximum cell densities have been reported
in the literature in the range of 0.4 to 4.2 x 10° cells/cm” for hMSCs expanded in 5-
and 10-layer multi-tray systems with serum-containing and serum-free cell culture
medium (see Table 2). Due to the static nature of the multi-tray systems, there is
always the risk of gradients in pH and pO, levels in the liquid phase, possibly
introducing heterogeneities that affect cell growth and quality (see Fig. la, b).
Moreover, the lack of sensors in the systems does not allow the maintenance of
optimal set points for some physiochemical parameters (e.g., pH and pO,), resulting
in fluctuating conditions for the cells. The multi-tray systems are also not fully
closed, meaning that open manipulations are routinely performed, which require
clean room facilities and a class-A laminar flow hood for each manipulation.
Interestingly, to date the main reviews on hMSC clinical trials specify that clinical
grade cells have mainly been expanded in static 2D systems [6, 15,21, 22]. However,
in terms of GMP requirements, alternative procedures and cultivation systems, like
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the spheroid- or microcarrier-based expansion in stirred SU bioreactors, are said to
be the platforms for future cell therapeutic productions (see Sect. 2.2).

2.2 Dynamic Approach (3D Cultures)

As mentioned in Sect. 2.1, hMSCs are typically expanded under adherent conditions
as a monolayer in 2D culture systems. However, isolation and growth of hMSCs on
rigid tissue culture plastic have been described as promoting spreading of cells rich
in actin-myosin stress fibers [23, 24]. Indeed, the static 2D culture systems represent
an artificial environment which significantly differs from those of the MSC in vivo
niche. Therefore, different efforts have been made over the years to establish
dynamic 3D culture systems working with spheroids (see Sect. 2.2.1) or
microcarriers (MCs, see Sect. 2.2.2). In dynamic bioreactor systems (stirred, wave-
mixed, orbitally shaken, hollow fiber and fixed bed types), the culture medium is
continuously agitated to provide a uniform environment, preventing the formation of
physiochemical gradients and improving mass and heat transfer. Special attention is
currently being paid to single-use (SU) versions, which significantly improve patient
safety [25]. Even though different studies have recently shown the applicability of
SU systems for MC-based hMSC production processes, challenges still exist.

For this reason, it makes sense to characterize the different bioreactor systems
using appropriate process engineering and cell cultivation technique methods prior
to usage or during process development, simultaneously assisting in the develop-
ment of a “Digital Twin.” Several studies have been published that provide engi-
neering parameters relating to mixing time, oxygen mass transfer, and power input
for various SU bioreactor types. However, when considering the heterogeneous
distribution of MCs, spheroids and hydrodynamics, and a detailed analysis of the
fluid flow pattern, the MC distribution and the cell growth become worthwhile.
Numerical methods, such as computational fluid dynamics (CFD) and kinetic
growth models, are complementary methods to the experimental investigations
and increase the process knowledge of hMSC production methods. Thus, numerical
models can be used to support process development and scale-up.

2.2.1 Growth in Spheroids

hMSCs are often expanded in stirred SU bioreactors as self-assembling cell aggre-
gates or spheroids that mimic the in situ conditions. Thus, compared to 2D mono-
layer cultures, 3D structures consisting of multiple cell-to-cell contact points are
obtained. However, due to their heterogeneous nature, spheroids have been more
successfully employed to study complex 3D cell structures and cell differentiation
[26] than for hMSC mass expansion in stirred SU bioreactors, as indicated by the
limited number of publications in this area (see Table 3).
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Table 3 Bioreactors operated with spheroids

MSC
type Bioreactor system N Medium Seeding D, Ref.
hBM- 100 mL Techne 30 oMEM+15% 0.2 x 10° cells/ | 135 pm | [27]
MSC spinner rpm FBS mL
125 mL Shake flask 80 SFM medium 1 x 10° cells/ n/a [28]
rpm mL
125 mL Paddle 80 PPRF-msc6 0.5 x 10° cells/ | 218 pm | [29]
bioreactor rpm mL
hASC 100 mL BellCo 70 oMEM+10% 6 x 10° cells/ 350 um | [30]
spinner rpm FBS mL

The main motivation for growing hMSCs as spheroids is to avoid the use of
exogenous support materials, like scaffolds or MCs. Due to the absence of the
exogenous support material, the cells are allowed to arrange themselves similar to
living tissues [22, 31]. Cells self-assemble and interact under natural forces, permit-
ting them to generate their own extracellular matrix (ECM), which serves as support
for the cells to survive in suspension and to mimic the cell-to-cell and cell-to-matrix
signaling networks [32, 33]. Investigations by Edmonson et al. [34] have shown that
the cell morphology of hMSCs derived from spheroid cultures is comparable to
those in bodily tissues. In addition, Caron et al. [35] have demonstrated that a stable
hMSCs phenotype is retained in spheroid-based cultures, at least when only the
minimum definition of an hMSC is considered [36, 37]. A study by Cheng et al. [38]
highlighted that spheroid-derived hASCs exhibited lower cell senescence and a high
secretion of angiogenic growth factors (e.g., HGF, VEGF), which was found to be
beneficial for wound healing applications. Interestingly, several studies with
hBM-MSCs have found that the 3D structure of the spheroids leads to higher yields
of secreted immunomodulatory paracrine and anti-inflammatory factors (i.e., TSG-6,
stanniocalcin-1, prostaglandin E2) [39, 40], although this was highly dependent on
the cell culture medium formulation [41, 42]. The cell culture medium and its
formulation play a critical role in spheroid-based hMSC expansions. For example,
Zimmermann and McDevitt [41] found that hBM-MSCs expanded in serum-free cell
culture medium displayed a reduced expression of prostaglandin E2, indoleamine
2,3-dioxygenase, transforming growth factor-f1, and interleukin-6 when compared
with spheroids cultured in serum-containing cell culture medium. Since the cells are
forced to aggregate to form spheroids, the medium must also contain adhesive
molecules (e.g., laminins, integrins, E-cadherin, vitronectin) to facilitate cell-to-
cell attachment [43]. However, for GMP-compliant hMSC productions, these
recombinant human proteins represent a strong cost driver, which makes large-
scale manufacturing expensive [44]. In addition to biochemical parameters, physical
or process engineering parameters have a strong effect on the spheroid culture (see
Fig. 2).

For example, oxygen tension has been shown to play a fundamental role in the
spheroid formation. Spheroids generated in hypoxic conditions (2% O,) produced
higher amounts of ECM components (i.e., fibronectin, laminin, elastin) and higher
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Fig. 2 Schematic representation of biochemical and physical parameters that have an influence on
hMSC spheroid cultures

amounts of growth factors (i.e., VEGF, bFGF) [45]. Therefore, spheroids are
effective for the tuning of specific cell features but limited in terms of cell prolifer-
ation. Bartosh et al. [39] have shown that proliferation-related genes are
downregulated in hMSCs upon aggregation. Thus, maximum cell densities in
spheroid-based cultures are limited to a certain spheroid size and to the number of
spheroids formed in the bioreactor, which limits their applicability for the hMSC
mass expansion. Moreover, large spheroids are exposed to diffusional limitations
(e.g., oxygen and nutrients), which is a major drawback in high cell density cultures.
Different studies have highlighted that spheroids exceeding 200-300 pm tend to
induce apoptosis or even undesired spontaneous differentiation due to nutrient or
oxygen limitations in the core of the spheroids [46—48]. Indeed, the size of the
spheroids can be controlled to a certain level by the fluid flow regime in a stirred
bioreactor, but this strategy provides another level of complexity, since spheroid
breakage procedures need to be introduced throughout the process. Various studies
have shown that the hydrodynamic stresses, the fluid velocities, and the Kolmogorov
length scale are very heterogeneously distributed in stirred bioreactors [12, 49, 50],
which may limit their effect on the spheroid size. Thus, spheroids are exposed to
fluctuating hydrodynamic stresses. Novel bioreactor designs are required that
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provide homogenous shear stress levels for the formation and regulation of the
spheroid sizes. Such bioreactor development or design studies can be supported by
numerical models that allow for optimization of the fluid flow regarding these issues
(i.e., homogenous hydrodynamic stress distribution).

2.2.2 Growth on Microcarriers

In order to overcome the limitations of the 2D culture systems, in 1967 van Wezel
[51] developed the concept of MC-based cultivation systems. In these systems, the
cells are expanded on the surface of small solid particles suspended in the cell culture
medium by slow agitation. The MC-based expansion represents a unit operation in
which both monolayer and suspension cultures are brought together. The MC
surface is available for cell growth, while the mobility of MCs in the medium
generates a homogeneity that is similar to the suspension environment used in
traditional mammalian submerged cultures [52]. Thus, MC-based expansion sys-
tems offer the following advantages:

1. A high surface to volume ratio, which can be further increased by increasing the
MC concentration

2. A homogenous environment that allows various process parameters (e.g., pH,
pO,, substrates and metabolites) to be both monitored and controlled

3. A possible scale-up of the MC-based expansion process within a suitable biore-
actor series

4. Functionalization of the MC surface to improve cell attachment and in terms of
hMSC:s to retain a high “stemness”

Different MCs, which are usually spherical, have been tested or even developed
over the years for the expansion of hMSCs (see Table 4). The MC types differ
greatly in size (90-380 pm), core material (e.g., polystyrene, cellulose, dextran,
gelatin), and surface coating (e.g., collagen, fibronectin, laminin, vitronectin). An
overview of commercially available MCs, including their material properties, can be
found in different reviews [15, 52, 53]. The core material and surface coating affect
not only the MC settlement and cell growth but also the impeller speed which is
required to hold the MCs in suspension and to guarantee sufficient mass transfer.
Rafiq et al. [54] and Leber et al. [55] screened different MC types in small-scale
bioreactors for hMSCs under predefined impeller speeds (N;; = N;;). Both found
significant differences in cell attachment, cell growth, glucose consumption, and
metabolite production depending on the MC type. They found that hBM-MSC grow
best on collagen-coated MCs from Solohill and Synthemax II and ProNectin F MCs
from Corning, something which comes as no surprise since these MCs are coated
with collagen and fibronectin, respectively. Both coatings are components of the
extracellular matrix, including the arginyl-glycyl-aspartic acid sequence which is
well-known to promote cell attachment and cell growth of fastidious cells [56]. Dif-
ferent studies have shown that the planar structure, including the material stiffness,
nanotopography, and local curvature, can impact cell proliferation, maintenance of
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Fig. 3 Schematic representation of biochemical and physical parameters that have an influence on
MC-based hMSC cultures

phenotype, and differentiation [57, 58]. Thus, many efforts are being made to
develop GMP-grade biodegradable MCs. In general, cell attachment follows a
Poisson distribution, where cell-to-MC ratios of one, two, or three result in theoret-
ical probabilities of unoccupied MCs of 0.365, 0.135, and 0.05, respectively
[59, 60]. Thus, theoretical cell densities for inoculation are in the range of between
3 and 5 cells per MC. After the cell attachment phase (4-20 h) under static or
intermitted stirred conditions, every MC should have the same number of cells
attached to its surface. However, in practice, this is not the case. As investigations
by Ferrari et al. [61] have shown, suboptimal cell seeding results in the early
formation of MC-cell aggregates that impair cell growth and characteristics (see
Fig. 3). In addition, large MC-cell aggregates increase the risk of apoptotic cells due
to the limited diffusivity of oxygen and nutrients into these aggregates. In fact, the
impeller speed can be used to a certain extent to control such MC-cell aggregates, but
the hydrodynamic stresses required for this task may also affect the cell growth and
quality, especially of the outer cells. To minimize this risk, reliable models of the
culture systems (“Digital Twins”) are necessary.

In addition to the selection of a suitable MC, the cell culture medium and its
formulation also play a key role in the success of a MC-based cultivation. Many of
the conventional culture media used for the expansion of hMSCs are defined basal
media such as DMEM or a-MEM, which have to be supplemented with additives
such as (I) proteins that mediate adhesion to the MC surface, (II) lipids for cellular
anabolic purpose, and (II) growth factors and hormones to stimulate cellular
proliferation and phenotype maintenance (see Table 4). Even though the disadvan-
tages of serum are well-known, a lot of the hMSC cell culture media additionally
contain 5-10% FBS. The highest cell densities generated in serum-containing
medium (10% FBS) have been reported in the range of 0.14—0.65 x 10° cells/mL

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388



389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

415
416

417
418
419
420
421
422
423
424
425
426

V. Jossen et al.

for cultivations in stirred bioreactors up to benchtop scale. Schirmaier et al. [62] and
Lawson et al. [63] reported maximum cell densities of up to 0.3 x 10° cells/mL for
cultivations in stirred bioreactors at pilot scale with a cell culture medium
supplemented with 10% hPL or 5% FBS. Jossen et al. [11] even reported maximum
peak cell densities of up to 1.25 x 10° cells/mL for hMSCs from the adipose tissue in
spinner flask cultures with 5% FBS. A proven alternative to FBS is human platelet
lysate (5—-15%). However, there is still a controversial discussion about whether the
cells retain their immunomodulatory properties and their full differentiation capa-
bilities [64—66]. Moreover, there is still a risk of human pathogens and their
components being poorly characterized. Therefore, there is a high level of interest
in serum- and xeno-free, chemically defined cell culture media. Various formula-
tions are now available on the market (e.g., Mesencult-XF, MSCGM-CD,
StemMACS MSC XF, etc.). The careful selection and supplementation of the XF
basal medium with suitable growth factors and hormones are important, especially
when working with MCs in stirred bioreactors. Special attention has to be paid to cell
attachment efficiency and shear stress sensitivity. It is an established fact that the
maximum cell densities (0.04—0.40 x 10° cells/mL) and expansion factors that have
been achieved in stirred bioreactors with xeno- and serum-free cell culture media are
still lower than those achieved in serum-containing medium (see Table 4). Heathman
et al. [67] reported a maximum cell density of 0.31 x 10° cells/mL and an expansion
factor of 10 within 6 days of using PRIME-XV SF medium in a 100 mL BellCo
spinner flask. Carmelo et al. [68] even achieved a maximum cell density of up to
0.36 x 10° cells/mL but a slightly lower maximum expansion factor of 8 with the
StemPro MSC medium. Maximum cell densities of between 0.04 and
0.40 x 10° cells/mL were reported for the ATCC and MSCGM-CD medium in
the BioBLU 0.3c and BioBLU 5c bioreactor systems.

3 Computational Fluid Dynamics as a Modern Tool
for Bioreactor Characterization

Numerical methods, such as CFD, are widely used in the biotech industry to
investigate local properties (e.g., flow velocities, shear stresses) in bioreactors and
offer an alternative to experimental measurements (e.g.,, particle image velocimetry
(PIV), laser Doppler anemometry (LDA)), which are often time-consuming and
expensive. Thus, it is unsurprising that CFD is also a valuable tool for the charac-
terization of bioreactor systems used for the production of cell therapeutics. In the
following section, a short overview of the basic principle of CFD and various
investigations described in the literature are presented. In addition, a case study
will be discussed that demonstrates the use of CFD for the characterization of two
spinner flask types used for the MC-based hMSC expansion.
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3.1 Modelling Approaches

The prediction of the fluid flow is based on solving mass, momentum, and energy
conservation equations. This concept includes balances of accumulation, net inflow
from convection and diffusion, and volumetric production within an infinitesimally
small volume element. For most of the bioprocesses performed in the biotech
industry, isothermal conditions (i.e., T & const.) can be assumed. As a result, the
energy balance can be neglected. The mass and momentum equations for incom-
pressible Newtonian media, which includes cell culture media, can be written as

shown in Eq. (1) (Continuity equation) and Eq. (2) (Momentum equation).
ap —
=+ V- ( ) =0 1
5,V (pu Q)
37 +V'(puu)+Vp—VT—pg+F:O (2)
Based on the balancing concept and the spatial discretization of the fluid domain,

local and time-dependent data (e.g., velocity gradients, hydrodynamic stress) can be
calculated and used for the bioreactor design, the bioreactor characterization, and the
process development. Thus, it is unsurprising that different modelling approaches
are described in the literature for the CFD-based characterization of bioreactors used
for the expansion of hMSCs (see Table 5). For example, Nienow et al. [71, 77],
Kaiser et al. [50], Berry et al. [77], and Schirmaier et al. [62] performed single-phase
simulations in the ambr 15, the disposable Corning spinner flask, the UniVessel SU
2L, and the BIOSTAT STR 50L based on a Reynolds-averaged Navier-Stokes
(RANS) approach in order to derive the fluid flow pattern and the hydrodynamic
stresses acting under different process conditions. The RANS approach simplifies the
formulation of the instantaneous velocities u by the sum of time-averaged velocities
7 and their fluctuations u’, which reduces the computational efforts due to a lower
grid resolution. In contrast, Collignon et al. [79] used a large eddy simulation (LES)
approach, which only resolves macroscopic eddies, for the fluid flow characteriza-
tion of a 250 mL mini-bioreactor, and their results were found to be in accordance
with experimental data. Detailed information about the different numerical models
can be found in high-grade textbooks [78—80]. The single-phase simulations do not
provide information about the MC distribution and their dynamics in the system. As
a result, Delafosse et al. [81], Kaiser et al. [50], and Jossen et al. [11, 12] used a
Euler-Euler approach in which the MCs were considered as secondary phase.
However, this approach does not include discrete formulation of the particle phase
and, therefore, only provides information for the entire phase. For this reason, Liovic
et al. [82], Jossen et al. [12], and Delafosse et al. [83] described the use of a Euler-
Lagrange approach which provides a discrete particle formulation and the tracking
of individual particles in the bioreactor. Thus, they calculated the circulation and
residence times as well as the hydrodynamic stresses acting on individual particles
and used this information for process development and characterization.
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Table 5 Overview of studies dealing with CFD in order to characterize bioreactor systems for the
expansion of hMSCs

Simulation
type Bioreactor system Title Ref.
Single-phase | ambr 15 “The physical characterisation of a microscale | [71, 84]
(RANS) parallel bioreactor platform with an industrial
CHO cell line expressing an IgG4” and “Agi-
tation conditions for the culture and detach-
ment of hMSCs from microcarriers in multiple
bioreactor platforms”
125 mL Corning “Fluid flow and cell proliferation of mesen- [50]
spinner chymal adipose-derived stem cells in small-
scale, stirred, single-use bioreactors”
125 mL Corning “Characterisation of stresses on microcarriers | [77]
spinner in stirred bioreactor”
UniVessel SU 2L “Scale-up of adipose tissue-derived mesen- [62]
and BIOSTAT STR | chymal stem cell production in stirred single-
50L use bioreactors under low-serum conditions”
Single-phase | 250 mL mini “Large-Eddy Simulations of microcarrier [85]
(LES) bioreactor exposure to potentially damaging eddies
inside mini-bioreactors”
Multi-phase 125 mL Corning “Fluid flow and cell proliferation of mesen- [50]
(Euler-Euler) | spinner chymal adipose-derived stem cells in small-
scale, stirred, single-use bioreactors”
UniVessel SU 2L “Modification and qualification of a stirred [74]
single-use bioreactor for the improved expan-
sion of human mesenchymal stem cells at
benchtop scale”
1.12 L HSB “Revisiting the determination of hydrome- [81]
bioreactor chanical stresses encountered by microcarriers
in stem cell culture bioreactors”
Multi-phase 125/500 mL “Growth behavior of human adipose tissue- [12]
(Euler- Corning spinner derived stromal/stem cells at small scale:
Lagrange) Numerical and experimental investigations”
125 mL Corning “Fluid flow and stresses on microcarriers in [82]
spinner spinner flask bioreactors”
20L RB bioreactor | “Euler-Lagrange approach to model hetero- [83]
geneities in stirred tank bioreactors — compar-
ison to experimental flow characterization and
particle tracking”

3.2 Advanced Fluid Flow Characterization of Small-Scale
Spinner Flasks: A Case Study

In recent years, various publications in the scientific literature have demonstrated the
applicability of stirred SU bioreactors for the in vitro expansion of hMSCs. How-
ever, the in vitro expansion processes that provide clinically relevant cell numbers
were developed with cell culture media containing 10-20% FBS. The FBS made the
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cells more robust and protected against the various stresses (e.g., hydrodynamic
stresses, physiochemical stresses, etc.) that occur during the in vitro expansion [86—
88]. The focus of this case study is on the biochemical engineering characterization
of the Corning spinner flasks (SP100 and SP300) with numerical methods (single-
and multi-phase CFD simulations). Special emphasis is placed on the suspension
criteria (N,;, and Ny;) which are investigated for their use in MC-based hMSC
expansions. The case study aims to highlight the use of CFD for the prediction of
biochemical engineering parameters and the establishment of a “Digital Twin” to
replicate real cultivation systems in silico. For this purpose, multi-phase simulations
with a continuum and discrete particle approach were performed, and time-
dependent hydrodynamic stresses were derived, based on the transient fluid flow.

3.2.1 Reactor Geometries and Model Approaches

The disposable Corning®™ spinner flasks (Corning, USA) were commercially avail-
able in two different sizes (125 and 500 mL; see Fig. 4). The rigid culture containers
were made from polycarbonate and were delivered pre-sterilized. The spinner flasks
were equipped with two angled side ports and a 70 mm or 100 mm top cap. The side
ports were used for gas exchange (O,, CO,) in a standard cell culture incubator.

The main geometrical features of the two spinner flasks are summarized in
Table 6. For all numerical investigations, the working volumes were 100 mL
(SP100) and 300 mL (SP300), resulting in H;/D ratios of 0.64 and 0.60, respec-
tively. Both spinner flasks were equipped with a paddle-like impeller consisting of a
blade and a magnetic bar. The impellers were directly mounted on the vessel lid and
were magnetically driven.

The fluid domain was modelled based on the geometrical data. Subdomains were
defined around the impellers in order to implement the impeller rotation using a
moving reference frame (MRF) or sliding mesh (SM) approach. In general, unstruc-
tured meshes consisting of tetrahedral elements (SP100 = 712,060 CV, SP300 =

(a) (b)

o | 8

5 503 —— "
a5 03

Fig. 4 Small-scale SU Corning spinner flasks (125 and 500 mL) [89]. (a) Technical drawings with
the main geometrical dimensions (mm). (b) Picture of the spinner flasks
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Table 6 Overview of main geometrical features of the two Corning spinner flasks

125 mL Corning spinner (SP100) 500 mL Corning spinner (SP300)
Vinin mL 25 50
Vinax mL 100 300
Dy mm 64 87
Hy pax mm 41 52
dr mm 41 50
hgp mm 8 8
H;/Dr - 0.65 0.60
dr/Dr - 0.65 0.58
hg/Dr - 0.13 0.09
2,073,079 CV) were used. In addition, a boundary layer along the vessel walls was

implemented to improve the resolution of effects close to the vessel walls. The CFD
simulations were performed using the ANSYS Fluent finite volume solver. The
implemented pressure-based solver, with an absolute velocity formulation, was
used for all simulations. The walls were treated as non-slip boundaries with standard
wall functions. The liquid surfaces were treated as symmetry planes, with the fluid
velocities normal to the face set to zero. The MCs were implemented in the
simulations using (I) a Euler-Euler granular model or (II) a Euler-Lagrange
approach with discrete particle modelling and tracking. In general, water (p;, =
993 kg/m’, 5, = 0.6913 mPa s at 37°C) and the MC beads (d,, yean = 169 pm, p, =
1,026 kg/m®) were considered in the models. The initialization of the MCs was
carried out either with settled beads (directly at the reactor bottom oc up to 0.63) or
with beads that were homogenously distributed over the entire fluid domain. SIM-
PLE (semi-implicit method for pressure-linked equations) and phase-coupled SIM-
PLE algorithms were used for pressure-velocity coupling in the single- and multi-
phase models. All simulations were run in parallel and solved on a computational
cluster (up to 16 Intel Xeno® E5-2630 v4 CPU’s @ 2.2 GHz, 64 GB RAM).

3.2.2 Results from Single-Phase Modelling

As shown in Fig. 5a, b, the steady-state fluid flow profiles in the two spinner flask
types were similar due to their comparable geometrical ratios. In both cases, the
highest fluid velocities occurred at the edges of the impeller blades and in the
impeller wake. The maximum fluid velocities were slightly higher (<5%) than the
theoretical u,;,, which could mainly be attributed to numerical uncertainties. How-
ever, the observations are in agreement with literature data for disk stirrers. For
example, Stoots et al. [90] and Wollny [91] demonstrated that the peak tangential
velocities in the impeller wake can be up to =~ 1.4 (experimental) and ~ 1.5
(numeric) times higher than the impeller speed. An area with relatively weak fluid
velocities (u/u,;;, < 0.1) was generated directly below the impeller (/R 4= 0.3) in both
systems. Thus, this area represented a critical zone for MC sedimentation. The
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Fig. 5 Steady-state fluid flow inside the SP100 and SP300 [89]. The fluid flow pattern is presented
in the vertical mid-plane for N;,-criterion (SP100 = 49 rpm (a), SP300 = 41 rpm (b)) as a
combined vector and contour plot

observed MC transport from the outer part of the vessel to the vessel center was
mainly driven by the induced secondary flow. Similar findings were also reported by
Berry etal. [77], Liovic et al. [82], and Venkat et al. [92] in other types of small-scale
spinner flasks.

In addition to the stationary fluid flow, the time-dependent behavior of the fluid
velocities was simulated for both systems. Compared to the stationary flow field, the
occurrence of vortices at the back of the impeller blades becomes visible. According
to the definition of turbulence, these vortices occur stochastically and follow the
main fluid flow convectively. Similar findings were also reported by Ismadi et al.
[93] by means of PIV measurements of small-scale spinner flasks with a slightly
different impeller geometry (dg/D = 0.88). The fluctuations in the fluid velocities
also become visible when analyzing the fluid velocities at different positions near the
impeller (see Fig. 6). It is obvious that after a certain number of stirrer rotations, a
“quasi-periodic” fluid movement was obtained. However, the fluctuations in the
lower part of the vessel were higher compared to those near the fluid surface. This
was not surprising because of the location of the impeller bar which periodically
crossed the different areas. Thus, higher fluid velocity gradients occurred in the
lower part of the spinner flasks and increased the local turbulences. However,
depending on the strength of the velocity gradients, an effect on the cells may be
possible. Berry et al. [77] showed that higher fluid velocity fluctuations can result in
local hydrodynamic stresses (10 °=10"" Pa) for the cells in small-scale spinner
flasks which are up to three times higher.

Since a number of mathematical assumptions were used for the CFD modelling,
stereoscopic PIV measurements were performed to verify the CFD-predicted fluid
flow pattern (see Fig. 7). A detailed description of the experimental setup and
procedure for stereoscopic PIV measurements can be found in Jossen et al.
[12]. For a quantitative comparison of the individual velocity components, the
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Dimensionless velocity u/utip [-]

0 2 4 6 8 10
Number of stirrer rotations N-t [-]

Fig. 6 Time-dependent courses of the fluid velocities at eight different locations within the SP100
[89]. (a) Schematic representation of the different locations within the SP100 (= 49 rpm N,;,,). (b)
Dimensionless fluid velocity at the different positions during stirrer rotation
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Fig. 7 CFD model verification by experimental PIV measurements in the SP100 and
SP300 [89]. Quantitative comparison of CFD-predicted and PIV-measured fluid velocity compo-

nents (#, v, w) in the SP100 (a) and SP300 (b)

CFD-predicted and PIV-measured data were compared along dimensionless radial
coordinates (0.5-1.0 r/R) at an axial position of //H; = 0.1. The comparison of the
velocity components in the SP100 revealed only minor differences for v (up to
7.5%) and w (up to 8.7%). However, the CFD velocity profiles were well captured,
and the overall agreement of PIV and CFD was satisfactory, with findings consistent
with those of Kaiser et al. [S0]. A comparison of the fluid velocities in the SP100 was
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only possible for 7/R between 0.50 and 0.82 due to the pronounced curve of the
vessel surface. The differences between CFD and PIV can be accounted for by
measurement uncertainties based on optical phenomena (light refraction and distor-
tion) and the restricted measurement accuracy directly at the edges of the impeller
bar (pixel resolution of the camera chip). Thus, direct comparison to the fluid
velocities in direct proximity to the impeller is difficult. All three velocity compo-
nents in the SP300 were well captured by the PIV measurements. The greatest
differences (7.9-15%) were found for u between 1/R 0.70 and 0.85. Hence, it can
be concluded that the single-phase CFD model provides reliable fluid flow pre-
dictions in both spinner flask types.

3.2.3 Results from Multi-phase Modelling
Oxygen Mass Transfer

Oxygen represents a critical parameter in the cultivation of human cells because it is
essential for mitochondrial respiration and oxidative phosphorylation. Hence, the
determination of the oxygen mass transfer (OTR) represents an important aspect.
However, many of the small-scale bioreactor systems frequently used for the
expansion of hMSCs are not equipped with oxygen sensors, which makes it impos-
sible to experimentally determine the oxygen transfer. In such cases, multi-phase
CFD simulations can be used to estimate the oxygen mass transfer coefficient (k;a),
which is shown in the following representative for the SP100.

The multi-phase VOF approach, which takes the headspace into account, was
used for the prediction of the k;a in the spinner flasks. Figure 8 (a) shows the
stationary fluid flow pattern (N = 49 rpm) obtained from the multi-phase VOF
model, without significant differences to that derived from the single-phase simula-
tions (see Sect. 3.2.2). This conformity between the single and multi-phase simula-
tions was due to the fact that the transport equations for mass and momentum were
corrected only at the phase boundary where both the liquid and the gaseous phase
were within the control volume. Since only low impeller speeds (<120 rpm) were
used in the SP100, marginal changes in the fluid surface with relative low interac-
tions between the liquid and gaseous phases occurred. As a result, the multi-phase
VOF model also provided reliable predictions for the fluid flow as well as the fluid
surface.

The calculation of the k;a value by means of CFD is usually performed in
surface-aerated systems using Higbie’s penetration model. In this approach, the
mass transport is modelled by surface renewal, whereby a characteristic contact
time between fluid elements and the phase boundary is calculated (see Eq. (3)).
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Fig. 8 Fluid flow pattern (a) derived from multi-phase CFD simulation and simulated cell growth
(g02) based on data from CFD simulation (b)

Eq. (5)).

kp=2-

Do»

Tt

3)

Since the fluid flow in the SP100 was mainly tangentially oriented, the contact
time was calculated based on the sum of the fluid velocities (w/o the axial component
V) and the mean perimeter of the vessel (see Eq. (4)).

T
-2

te =

dp

-2

u +w

4)

The specific interface area (a) was defined according to Zhang et al. [94] as the
area with a liquid volume fraction of a; = 0.5 divided by the total liquid volume (see

Using this model approach, k;a values of between 2.6 and 4.2 h~! were predicted

Ag—05

Vi

(5)

for impeller speeds between 49 and 120 rpm (= uy;;, 0.10-0.26 m/s). Compared to

experimentally measured k;a values (2.6—4.3 hfl), which were measured in a SP100

specially equipped with an optical pO, sensor, only minor differences were found.
Consequently, the multi-phase CFD model provided reliable predictions about the
oxygen mass transfer in the spinner flasks, especially due to the moderate fluid flow
conditions and the surface aeration.

Under

consideration

of

the

specific

oxygen

consumption

rate

(0.22-2.5 x 10~"7 mol/cell/s [89, 95, 96]) or a corresponding yield coefficient for
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hMSCs in combination with the oxygen mass transfer, cell growth can be calculated
based on the oxygen consumption during the hMSC expansion process (see Eq. (6)).

dx .
d];IC = kLa (6‘02 - Coz) ' YX/02 (6)

An example of such an oxygen-dependent growth simulation, which was
performed with MATLAB, is shown in Fig. 8b. It is recognizable that the cell
density can be simulated based on the current oxygen concentration in the SP100
with a satisfactory accuracy. A good correlation (RMSD = 0.05) was obtained
between the simulated and the experimental cell density which was measured offline
at the beginning and end of the cultivation.

Microcarrier Distribution Based on a Euler-Euler Granular Approach

In MC-based hMSC expansion processes, the sufficient suspension of the MCs is an
important aspect since a fully suspended state is desired [96-98]. However, since
hMSCs are sensitive to hydrodynamic stresses [99-105], the impeller speed and
corresponding power input are limited to a certain level, depending on the MC
concentration. Therefore, the characterization of the MC-distribution and the deri-
vation of the acting hydrodynamic stresses are important. One possible numeric
approach to obtain these data is the use of a Euler-Euler granular model in which the
two phases are considered as interpenetrating continua. Therefore, mass and momen-
tum are treated individually for each phase. Figure 9 shows an example of the
volume-weighted frequency distribution of the dimensionless MC solid fractions
(0/eqn) 1n the two spinner flasks for a MC solid fraction of 0.1% and for the
suspension criterion Ny;,, (SP100 = 49 rpm, SP300 = 41 rpm). As expected, the
highest MC volume fractions were, in both cases, found directly below the impeller
in the weak mixing zone (/R £ 0.3; see also Sect. 3.2.2). This observation is not
surprising because of the definition of the Ny;,. The spatial position of the
CFD-predicted deposits agreed well with those made by Kaiser et al. [50]. They
also showed a good correlation of their data with experimental observations, which
demonstrates the applicability of the Euler-Euler granular model for the prediction
of the MC distribution in bioreactors. The CFD-derived volume-weighted frequency
distribution of the dimensionless MC volume fractions showed comparable MC
homogeneity for the two spinner flask types (see Fig. 9c). The fronting of the
distributions clearly indicates zones with low MC volume fractions. These zones
were mainly determined near the fluid surface, representing the sedimentation
boundary. The similar conditions at the vessel bottom can mainly be explained by
the same off-bottom clearance (hg = 8 mm), whereas the MC distribution over the
entire vessel volume is mostly affected by the dg/D ratio. The results from the two
spinner flasks demonstrate that the Euler-Euler granular model provides reliable
predictions for MC distribution. However, due to the continuum formulation of the
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Fig. 9 Contour plots of the dimensionless MC volume fraction (a, b) and volume-weighted
frequency distribution (c) at Ny, (SP100 = 49 rpm, SP300 = 41 rpm)

model, information on individual particles and their circulation and residence times
in different high shear zones cannot be obtained.

Microcarrier Tracking Based on a Euler-Lagrange Approach

Euler-Lagrange simulations allow the spatial distribution of discrete MC patrticles to
be derived. Based on this information, the circulation time (z.;,), the residence time
(t,.5.), and the hydrodynamic stresses acting on the particles can be calculated. Data
from such an Euler-Lagrange simulation is shown representatively in the following
figure for the SP100. Figure 10a, b shows an example of the fluctuating forces acting
on individual MCs during impeller motion. It is obvious that the acting forces
fluctuated in the order of 100. Thus, each particle has its own history in terms of
hydrodynamic stress, which means that some particles are exposed to a certain
hydrodynamic stress level longer and/or more often than others. Compared to the
Euler-Euler granular approach, which allows volume-weighted data to be derived,
the Euler-Lagrange approach gives a discrete description per MC.

The particle data can further be processed to derive the force distribution for
specific locations or to calculate the circulation and residence times. For this
purpose, the two spinner flask types were vertically divided into four zones (AA/
H; =~ 0.25). Figure 11 exemplifies the SP100, showing the force distribution in the
four defined spinner segments. It is obvious that logarithmic normal distributions
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Fig. 10 Force acting on the MCs during the impeller motion. Time-dependent force diagrams are
shown representatively for two individual particles in the SP100 (N = 49 rpm)

were obtained where highest forces occurred in the lowest segment. Thus, cells on
MCs were more stressed in the lowest spinner segment. This observation was also
supported by the fact that the highest probability of the presence of MCs was in the
lowest spinner segment. However, the effects of the hydrodynamic stresses in the
different zones depended heavily on the particle circulation and residence times,
demonstrating the dynamics and complexity of the systems. For this reason, circu-
lation times and residence times were calculated for each individual spinner segment
based on the particle tracking data and were subsequently averaged over the four
segments (see Table 7). As expected, the circulation times (2.7-11.5 s) decreased
proportionally to the residence times (0.74-4.94 s) as the impeller speed was
increased. Interestingly, the proportionality constants for the SP100 (= 0.54) and
the SP300 (=0.49) were quite similar. This observation can be ascribed to the
comparable fluid flow conditions. The calculated mean forces were inversely pro-
portional to the circulation and residence times. This finding is not unexpected since
the specific power input, which can be calculated based on the torque acting on the
impeller during the CFD simulation, increased by approximately the 3rd power in
both spinner flask types. Interestingly, the mean values of particle forces did not
change significantly between the lower impeller speeds (N < Ny;,) and the two
suspension criteria, even though the circulation and residence times decreased by up
to 50%. Impeller speeds exceeding N,;, and N; resulted in a slight decrease of the
circulation times, although the related particle forces increased by exponents of
0.07-0.12 in respect of the resulting specific power input.

Comparable observations for the specific power input are also possible when
considering the local normal and shear stresses, which can be calculated according to
Wollny [91]. The volume-weighted mean values of the local normal and shear
stresses were in a comparable range in both spinner flask types for impeller speeds
between Nj;, and Ny;. Consequently, comparable conditions in terms of hydrody-
namic stresses can be expected for cultivations in the resulting specific power input
range of 0.3—1.1 W/m>. Another popular method for evaluating hydrodynamic stress
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Fig. 11 Force distributions in the different spinner segments

is based on the Kolmogorov length scale, which can be calculated from CFD
simulations. While cells in suspension are assumed to only be affected by turbulent
eddies of comparable size, those growing on the surface of an MC appear to be more
shear sensitive. Croughan et al. [106] found that cell damage became significant
when the smallest turbulent eddies were approximately two-thirds of the size of an
MC. However, to apply Kolmogorov’s theory, the fluid flow must be very turbulent
(Re > 10%. The flow in the two-spinner flasks can be described as moderately
turbulent. However, the calculated maximum dissipation rates were higher by a
factor of two in the impeller swept volume than in the bulk. As expected, the smallest
turbulent eddies were found for the highest tested impeller speeds, with values
between 30 and 47 pm. In terms of the suspension criteria, the minimum values
were predicted between 60 and 76 pm, which is much lower than the proposed
two-thirds MC size. In contrast, the volume-weighted mean values were slightly
higher than the MC size, which demonstrated that only a small proportion of the
turbulent eddies are comparable in size to the MCs. This lowers the risk that the MCs
might come into contact with these detrimental eddies. However, this fact also
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Table 7 Overview of the main biochemical engineering parameters derived from the CFD
simulations

N utip PV Leir. tres. ll(a) Tnt(h) Tnn(b) F(C) [10-
[rpm] |[m/s] |Re (W/m'l |[s] |[(s] |[um] |[[107*Pa] |[10>Pa] |°N]
Corning 125 mL spinner (SP100)

25 0.05 715 0.07 115 |49 130/ 2.72/79 0.79/43 0.75
530

49 0.11 1,402 |0.63 6.5 |24 |66/ 5.39/169 1.15/108 0.85

Ny 228

60 0.13 1,717 | 1.12 6.0 |19 |60/ 6.62/211 1.32/138 0.91

Ny; 191

120 0.26 3,434 |7.56 40 |09 |30/ 12.91/437 | 2.24/301 1.82
111

Corning 500 mL spinner (SP300)

20 0.05 841 0.05 10.0 |4.2 136/ 2.04/214 0.30/138 0.83
546

41 0.11 1,724 |0.33 62 |26 |76/ 4.00/481 0.69/362 0.89

Ny 295

52 0.14 2,186 |0.61 59 |1.6 |66/ 5.00/679 0.87/473 1.04

Ny, 282

100 0.26 4,204 |3.70 27 107 |47 9.26/ 1.70/872 2.10
181 1,350

*Volume -weighted minimum/mean values of turbulent Kolmogorov length scale
®Local shear (z,,) and normal (z,,) stress for volume-weighted mean/maximum values
“Mean values of acting particle force weighted by number

depends heavily on the resulting circulation and residence times of the MCs. In both
cases, the mean volume-weighted values for the highest tested impeller speeds were
much closer to the detrimental theoretical value of 141 pm. Even though such eddies
occurred at the suspension criteria, the frequency with which the MCs were exposed
to such eddies was much lower due to the lower circulation times and residence
times.

3.2.4 Linking of CFD-Derived Data with Cultivation Studies

In order to link the CFD-derived engineering data with cell biological aspects,
cultivation studies in the two spinner flask types at different impeller speeds were
performed. The results of the cultivation studies with hMSCs from the adipose tissue
are summarized in Table 8. It is obvious that the different hydrodynamic stress levels
have a significant effect on the cell growth in both spinner flask types. Highest living
cell densities were achieved, of up to 1.68 £ 0.36 x 10° cells/cm® (= 6.25 +
0.35 x 10° cells/mL, EF 56) and 2.46 + 0.16 x 10° cells/cm® (= 8.77 + 0.66 x 10°
cells/mL, EF 81), in the SP100 and SP300 when working at Ny;, < N < Ny; (SP100
= 49-63 rpm, SP300 = 41-52 rpm). The peak living cell densities in the SP300
were on average up to 40% higher than those in the SP100. Although the two spinner
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Table 8 Summary of cultivation results with hMSCs from the adipose tissue in the SP100 and
SP300

N Living Xopax [10° u gcic [pmol/ | qrae [pmol/ | Gapmn [pmol/

[rpm] | cells/cm?] EF [[d7"1 |t;[d] |cell/d] cell/d] cell/d]

Corning 125 mL spinner (SP100)

25 1.05 £ 0.06 350 064+ |11+ |[132+23 [207+27 |88+03
0.0 0.1

49 1.67 £ 0.12 556 |07+ |10+ [106+16 |352+19 [61+04

Ny 0.0 0.0

60 1.68 + 0.36 560 107+ |09+ [98+08 [303+1.0 |62+03

Ny; 0.1 0.1

120 | 0.60 & 0.04 201 |05+ |15+ [350+16 |888+52 [165+03
0.1 0.4

Corning 500 mL spinner (SP300)

20 1.36 £ 0.57 452 |05+ |13+ |21.0+09 [286+99 |147402
0.1 0.1

41 2.46 £ 0.16 819 [07+ [10+ |[155+06 |406+1.8 [10.6+0.5

Ny 0.0 0.0

52 243 + 0.66 81.1 [07+ [10+ |[11.8+12 |353+33 [9.7+04

Ny, 0.0 0.0

100 |1.2540.29 418 |05+ |13+ |208+98 [886+21 |190+14
0.1 0.0

flask types had comparable geometrical ratios, the hydrodynamic stresses in the
SP100 were higher at the suspension criteria. In fact, the absolute hydrodynamic
stresses over time were higher due to the lower circulation times, which increase the
risk that the cells on the MCs are more frequently exposed to detrimental stresses. At
the same time, the residence times, and therefore also the exposure times, of the MCs
to the hydrodynamic stresses were shorter, as the multi-phase simulations have
indicated. In both cases, the peak cell densities were in the same range as cell
densities measured in planar static cultures at maximum confluency (=~ 2.9 x 10°
cells/cm?), in which the cells were expanded in parallel. This result indicates that the
cells cultivated at N,;, < N < N,; are mainly restricted by the available growth
surface. In contrast, significant lower cell densities were achieved at lower and
higher impeller speeds. A peak living cell density of 1.05 4 0.06 x 10° cells/cm”
(=4.49 £ 0.06 x 10° cells/mL, EF 35) and 1.36 £ 0.57 x 10> cells/cm?® (= 4.48 +
0.57 x 10° cells/mL, EF 45) was determined for the SP100 and SP300 at 25 rpm and
20 rpm, respectively. These peak cell densities are up to 84% lower than those at
N7, < N < Ny;. This observation may have been caused by the higher amount of
sedimented MCs and the increased MC-cell aggregate formation (see also [12]). The
viability of the cells on the MCs was always >99%. This was not surprising as dead
cells detach from the MC surface. Thus, the increase in dead cells in the supernatant
depends on the cell detachment from the MC surface and the die-off of cell in the
supernatant.
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Fig. 12 Dependency of the specific growth rate on the CFD-derived specific power input (a) and
the Kolmogorov length scale (b) [89]. Data from other SU bioreactors were obtained from the
literature: UniVessel SU 2L [62, 74], UniVessel SU 2L modified [74], Mobius CellReady 3L
[89, 108], BIOSTAT STR 50 L [62, 89], BIOSTAT RM 2L [11], Mobius CellReady 3L [63], ambr
15 [109], 100 mL BellCo spinner [109], 250 mL DASbox bioreactor [73]

By considering gg,., it becomes clear that the lowest values were obtained for
impeller speeds in the range of Ny;, < N < N; in both cases. This is due to the
efficient metabolization of glucose under these hydrodynamic conditions. The
calculated values for the hMSCs correspond to those determined by Rafiq et al.
[54] and Heathmann et al. [107] in different cell culture media. The highest gg.
(21-35 pmol/cell/d) were found at the highest impeller speeds. The relationship
between the gg,- and the specific power input can be expressed by a statistical,
logarithmic function of 3rd order. Similar correlations were also found for ¢; . and
qamn- However, such statistical correlations are only valid for the investigated P/V
range. Values of up to 193% and 170% higher than those in the spinner flasks at Ny,
and Ny; were determined for gz, and gu,,, at the highest impeller speeds. These
higher values indicated that the cells are more stressed at higher impeller speeds as a
result of the higher hydrodynamic stresses. The different correlations obtained were
used as initial parameters for the cell growth modelling (see Sect. 4.2).

Figure 12a, b shows the relationship between the overall mean specific growth
rate and the specific power input and Kolmogorov length scale, respectively. The
parabolic curve profile of the specific growth rate shows optimal cell growth for Ny;,
<N < N,,. For specific power inputs between 0.33 and 1.12 W/m®, maximum u
between 0.70 and 0.74 d~' were achieved. This function also correlates well with
literature data from other SU bioreactors. Similar relationships to the specific power
input were also established for the Kolmogorov length scale, where a linear relation
was found. Thus, CFD-derived hydrodynamic stress data can be used to find
correlations between biochemical engineering and cell cultivation aspects and to
define optimum cultivation conditions for MC-based hMSC expansion processes.
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4 Mathematical Growth Modelling of MC-Based hMSC
Expansions

The development of mathematical growth models to describe or predict hMSC
growth is gaining in importance. This is not surprising since the cell material is
often limited and isolated directly from the patient. Thus, the prediction of the cell
growth depending on patient data (e.g., age, health status) is an important aspect,
especially for autologous therapies. The following section gives a brief overview of
different growth models described in the literature for the expansion of hMSCs. In
addition, a case study is presented and discussed, which presents an unstructured,
segregated growth model for the expansion of hMSCs on MCs.

4.1 Modelling Approaches

Table 9 gives an overview of publications describing different model approaches for
the simulation of the hMSC growth. For example, Higuera et al. [110], Dos Santos
etal. [111], and Jossen et al. [12] used kinetic growth models based on Monod-type
kinetics. Higuera et al. focused in its formulation only on the substrate/metabolite
inhibition, whereas Dos Santos and Jossen et al. introduced terms that considered
cell contact inhibition. All models allowed the hMSC cell growth and substrate

Table 9 Overview of hMSC growth models described in the literature

Model type Title Ref.
Monod-type “Quantifying in vitro growth and metabolism kinetics of human [110]
kinetic models mesenchymal stem cells using a mathematical model”
“Ex-vivo expansion of human mesenchymal stem cells: a more [111]
effective cell proliferation kinetics and metabolism under hypoxia”
“Growth behavior of human adipose tissue-derived stromal/stem [12]
cells at small scale: numerical and experimental investigations”
Population bal- “Population balance modelling of stem cell culture in 3D suspen- | [112]
ance models sion bioreactors”

“Experimental analysis and modelling of bone marrow mesenchy- | [113]
mal stem cells proliferation”

“A mathematical framework to study the effects of growth factor [114]
influences on fracture healing”

“Modelling of in vitro mesenchymal stem cell cultivation, [115]
chondrogenesis and osteogenesis”
Cellular automa- “Population dynamics of mesenchymal stromal cells during culture | [116]
ton models expansion”
“Expansion of adipose mesenchymal stromal cells is affected by [117]

human platelet lysate and plating density”

Cell-based podia “Spatial organization of mesenchymal stem cells in vitro — results | [118]
model from a new individual cell-based model with podia”
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consumption to be described based on the experimental setup investigated. In
contrast to the Monod-type models, Bartolini et al. [112], Mancuso et al. [113],
Bailon-Plaza et al. [114], and Geris et al. [115] used population balance models. For
example, Bailon-Plaza et al. [114] included different cell populations in their model
in order to describe not only hMSC proliferation but also chondrogenic and osteo-
genic differentiation. However, all models included parameters strongly influenced
by various biological aspects. A discrete formulation of the cells was given by
Schellenberg et al. [116] and Cholewa et al. [117], who both used cellular automaton
models to describe the hMSC cell growth. However, these models did not include a
metabolic description of substrate consumption and metabolite production, which
can have an inhibitory effect on the cell growth. Hoffmann et al. [118] developed an
individual cell-based model with podia, which is able to quantitatively describe the
spatio-temporal organization of MSC culture. They modelled discrete cells and
considered their orientation on a planar surface. Hence, the model considers the
effects of contact inhibition and the organization and orientation of the cell mono-
layer. However, the model does also not reflect the metabolization of different
substrates or the production of inhibitory metabolites.

4.2 Kinetic Growth Model for the MC-Based hMSC
Expansion: A Case Study

Based on theoretical considerations, an unstructured, segregated, simplistic growth
model was developed for the MC-based hMSC expansion in the SP100 and SP300.
Theoretically, the entire expansion process can be divided into four steps: ((I) cell
sedimentation and initial attachment, (IT) cell spreading and migration, (II[) mitotic
cell division, and (IV) cell growth arrest due to contact or substrate inhibition),
which partially ran in parallel. The general concept of the growth model and the
factors that influence the MC-based culture are shown in Fig. 13. During the
cultivation period, the formation of MC-cell aggregates is promoted due to the
increasing number of cells per bead and periodic particle interactions. The rate of
the MC-cell aggregate formation is influenced by the frequency and strength of the
hydrodynamic stresses. However, the rate of MC-cell aggregate formation was not
considered in the current version of the MC-based growth model because the
aggregation process is very complex and depends on many physical and biological
parameters. Due to the fact that hMSC growth is anchorage-dependent, possible
formation of spheroids in the suspension was not considered in the model. This
simplification was justified since no spheroid formation was observed in the
MC-based expansions. Thus, it can be assumed that cells in suspension do not
contribute to an increase in the overall cell number, with cell growth restricted to
the MC surface. To define the starting conditions, it was assumed that initial cell
attachment took place during the cell attachment phase, which can be described by
the attachment constant k,. After the cells had attached themselves to the MC
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Fig. 13 Schematic representation of different phases and influencing factors during the MC-based
expansion of hMSCs. The MC-based expansion can be divided into four phases: (I) cell sedimen-
tation/attachment, (II) cell spreading/migration, (IIT) mitotic cell division, (IV) MC-cell aggregate
formation and cell growth arrest, with some running in parallel

surface, a short cell adaption phase was considered before the cells began to
proliferate.
The cell adaption phase was considered by introducing the coefficient o (see

Eq. (M),

tﬂ
a(t) = T (7)

where 7, defined the lag time or adaption time and the point at which a(z) is half of the
maximum. The exponent n affects the slope of f{a(?)). If n = 1, a(t) is described by
Michaelis-Menten kinetics. Otherwise, a sigmoidal curve is obtained that becomes
steeper as n increases. Both variables can be obtained from experimental growth
studies.

The specific cell growth rate (1) was calculated based on Monod-type kinetics.
Hence, glucose (Glc), lactate (Lac), ammonium (Amn), and the available growth
surface (X,,..) were considered to be influencing factors (see Eq. (8)). However,
investigations indicated that cell growth restriction based on maximum available
growth surface does not follow a normal Monod-type kinetic. This fact can mainly
be ascribed to cell migration during cell growth. Thus, the effect of the growth
surface restriction term becomes more significant towards the end of the cell growth
phase. For this reason, the exponent n was also introduced in Eq. (8).

- . GZC X KLac . KAmn X Xmaxn - XAn (8)
H = Hmax Kaie + Gl K + Lac Kamn + Amn Xonax"

The cell number on the MC surface (X,) increased through mitotic cell division
and the attachment of cell from the suspension (see Eq. (9)). However, this increase
in cell number was affected by the detachment of hMSCs from the planar growth
surface, which was accounted for by the detachment constant (-k ;).
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dX
= Xatka

Xonax" — Xa"
( ;( n A ) “Xsus — Kaer - Xa (9)

However, the detachment constant —k,, is strongly affected by hydrodynamic
forces and is therefore variable for different specific power inputs. As mentioned
previously, cell growth in the suspension is negligible, and, therefore, changes in cell
concentration will only be affected by attachment to or detachment from the MC
surface (see Eq. (10)).

dX Sus
dt

(Xmaxn - XAn)

- kdet 'XA - kat : X 7
max

* Xsus (10)

Contrary to the growth restriction based on the specific growth rate, glucose
consumption was only limited by the glucose concentration itself (see Eq. (11)).
Consequently, glucose consumption was the result of the glucose uptake by the
mitotic cells and the maintenance metabolism of mitotic and non-mitotic cells (Xy).
A step response (Jg,.) was implemented in Eq. (11) to avoid negative glucose
concentrations.

dGlc o L . . (Xmaxn _XAn)

ar Y. YH X

- X4 — mgie  Ogie - Xy (11)

X
Gle

L-glutamine (GIn) consumption was not considered in this model since metabolic
measurements from the experiment indicated that Gln is not a limiting factor.
Moreover, UltraGlutamine (L-alanyl-L-glutamine) is used in most stem cell culture
medium for which the model was developed and had undergone a series of complex
degradation steps (i.e., (I) cleavage by extracellular peptidases and (II) degradation

of free L-glutamine or absorption into the cells and metabolization). The production
of lactate (Lac) and ammonium (Amn) was accounted for by Eqgs. (12) and (13).
dLac
TZqLac.XA.a+pLac.XV (12)
dAmn
dr :qun.XA'aJ'_pAmn'XV (13)

The validity of the unstructured, segregated growth model was tested for
MC-based hMSC expansions in the SP100 and SP300 (each n = 3), which were
performed at Ny;, (SP100 = 49 rpm, SP300 = 41 rpm). All growth-related simula-
tions were performed with MATLAB 2019b (MathWorks Inc.) where the model
equations were solved using the odel5s solver (Intel Core i-7 CPU @ 2.6 GHz,
32 GB RAM). Table 10 shows the parameters and the initial values for the growth
simulations which were derived from experimental cultivation studies.

Figure 14 shows the measured values and simulated timelines for the cell density
(a, c), as well as the substrate and metabolites (b, d). The simulated timelines show
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t10.1 Table 10 Cell growth-dependent parameters used for the simulations of the MC-based hMSC cell
growth in the SP100 and SP300
t10.2 Parameter Values Parameter Values
t10.3  fax 1/d 0.64-0.68 Lac mmol/L 0.0
t10.4  Amn mmol/L 0.0 Gamn mmol/cell/d 6-19
t10.5 Glc mmol/L 30.5 qGic mmol/cell/d 9.8-35
t10.6 kg 1/d 0.4-1.0 Grac mmol/cell/d 20-89
t10.7 kg 1/d 0.003-0.009 1 d 1.5-1.9
t10.8 K mmol/L 8-10 X4 cells/mL 0
t10.9 Kgi mmol/L 0.4 Xsus cells/mL 10,800
t10.10 Kjqy mmol/L 35-50
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Fig. 14 Comparison of experimental (symbols) and simulated (line) data for cell density (a, ¢) and
substrate/metabolites (b, d). The growth simulations were performed for the SP100 (a, b) and

SP300 (c, d)
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pleasing overall correlation with the values measured experimentally and demon-
strate the applicability of the unstructured, segregated growth model. By using
determined growth parameters from cultivation studies, the cell growth, glucose
consumption, lactate production, and ammonium production could be proficiently
approximated. The greatest deviations in cell density were in the range of 3-20% for
the cells in suspension and 4-24% for the cells on the MCs. The glucose, lactate, and
ammonium timelines also correspond to this pattern, even though the specific
substrate consumption and metabolite production rates were prone to errors. How-
ever, the models provide reliable predictions for the MC-based hMSC growth in the
two spinner flask types.

5 Conclusions and Outlook

In this review, the current state of the art of the in vitro expansion of hMSC and the
use of numerical tools to support the development of MC-based hMSCs expansions
as well as the establishment of “Digital Twins” have been presented. It has been
emphasized that different CFD model approaches are described in the scientific
literature which can be successfully applied for the characterization of SU bio-
reactors, especially for the process development of hMSC expansion processes.
The CFD case study presented clearly demonstrates that numerical models are
valuable tools for the biochemical engineering characterization of small-scale spin-
ner flasks, especially for the determination of parameters that are difficult to deter-
mine experimentally. A good correlation was always found between the parameters
predicted by the CFD and those measured experimentally. This observation was also
in agreement with the literature data. The Euler-Euler and Euler-Lagrange models
gave adequate predictions of the MC distributions within the spinner flask systems
and were correlated qualitatively with experimental observations. The Euler-
Lagrange approach allowed the calculation of particle histories due to its discrete
particle formulation, which can be combined with experimental cultivation studies.
Thus, Euler-Lagrange modelling should be favored in the future in order to derive
hydrodynamic stresses over time instead of volume-weighted data. The scientific
literature summarized also shows that different model approaches for the simulation
of the hMSC growth are available, even though only a few are applicable for the
MC-based growth simulation in a stirred bioreactor. The unstructured and segre-
gated growth model presented gives a good description of the MC-based hMSC
expansion process in the two spinner flask systems. Thus, MC-based hMSC cell
growth can be predicted. However, the further development of descriptive, or even
predictive, models for hMSCs will be important in the future for exact scheduling of
the preparation of the cell material and the subsequent autologous therapy.
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