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Abstract

The culture of human induced pluripotent stem cells (hiPSCs) at large-scale becomes feasible with
the aid of scalable suspension setups in continuously stirred tank reactors (CSTRs). Suspension cul-
tures of hiPSCs are characterized by the self-aggregation of single cells into macroscopic cell aggre-
gates that increase in size over time. The development of these free-floating aggregates is dependent
on the culture vessel and thus represents a novel process parameter that is of particular interest for
hiPSC suspension culture scaling. Further, aggregates surpassing a critical size are prone to spon-
taneous differentiation or cell viability loss. In this regard, and, for the first time, a hiPSC-specific
suspension culture unit was developed that utilizes in situ microscope imaging to monitor and to
characterize hiPSC aggregation in one specific CSTR setup to a statistically significant degree while
omitting the need for error-prone and time-intensive sampling. For this purpose, a small-scale CSTR
system was designed and fabricated by fused deposition modeling (FDM) using an in-house 3D-
printer. To provide a suitable cell culture environment for the CSTR system and in situ microscope,
a custom-built incubator was constructed to accommodate all culture vessels and process control
devices. Prior to manufacture, the CSTR design was characterized in silico for standard engineering
parameters such as the specific power input, mixing time, and shear stress using computational fluid
dynamics (CFD) simulations. The established computational model was successfully validated by
comparing CFD-derived mixing time data to manual measurements. Proof for system functionality
was provided in the context of long-term expansion (4 passages) of hiPSCs. Thereby, hiPSC aggregate
size development was successfully tracked by in situ imaging of CSTR suspensions and subsequent
automated image processing. Further, the suitability of the developed hiPSC culture unit was proven
by demonstrating the preservation of CSTR-cultured hiPSC pluripotency on RNA level by qRT-PCR

and PluriTest, and on protein level by flow cytometry.






Zusammenfassung

Die Vermehrung von humanen induzierten pluripotenten Stammzellen (hiPSCs) im Indus-
triemalistab wird durch skalierbare Bioprozesse in aktiv durchmischten Riihrkessel-Bioreaktoren
(CSTRs) ermoglicht. Hierbei zeichnet sich das Wachstum von hiPSCs durch die charakteristische
Bildung von sphiroidischen Zellaggregaten aus, deren Durchmesser sich im Laufe der Kultivierung
vergrollert. Die Agglomeration von hiPSCs ist sowohl abhédngig vom Grad der Durchmischung als
auch vom jeweiligen Kulturgefa, und stellt somit einen wichtigen Prozessparameter dar, welcher
wihrend der Prozessskalierung bertiicksichtigt werden muss. Weiterhin weisen hiPSCs in Aggregaten,
welche eine kritische GroBe tiberschreiten, eine erhhte Wahrscheinlichkeit auf, ihre Pluripotenz zu
verlieren oder hinsichtlich ihrer Viabilitdt beeintrdchtigt zu werden. Auf Grundlage dessen wurde
im Rahmen dieser Arbeit eine Plattform fiir die Durchfithrung von hiPSCs-Suspensionskulturen en-
twickelt, welche die zerstérungsfreie Uberwachung des hiPSC-Aggregatwachstums in Echtzeit durch
den Einsatz von in situ-Mikroskopie ermdglicht. Neben den eigens entworfenen Bioreaktoren,
welche zum Grof3teil aus 3D-gedruckten Komponenten bestehen, wurde eine Peripherie in Form
eines Inkubator-Prototyps entwickelt und konstruiert, welcher die Unterbringung der Bioreaktoren,
der Systemkomponenten zur Erzeugung von Zellkulturbedingungen sowie einer in situ-Mikroskop-
Spezialanfertigung gewdhrleistet. Als Ausgangspunkt der Entwicklung des CSTR Systems diente ein
Stromungssimulationsmodell, welches dazu verwendet wurde, prozesstechnische Kennzahlen zu er-
mitteln um das CSTR System hinsichtlich des spezifischen Leistungseintrags, der Mischzeit und der
Scherbelastung zu charakterisieren. Das erstellte Simulationsmodell wurde zudem erfolgreich an-
hand eines Messdatenabgleichs der Mischzeit hinsichtlich seiner Aussagekraft validiert. Des Weit-
eren wurde die Funktionsfihigkeit des gesamten Systems durch Langzeitversuche belegt. Hierbei
wurden hiPSCs in den entwickelten Bioreaktoren iiber einen Zeitraum von vier Passagen expandiert
und das Aggregatwachstum mittels in situ-Mikroskopie in Kombination mit einer automatisierten
Bildauswertung beschrieben. Uberdies hinaus wurde die Qualitit der kultivierten hiPSCs hinsichtlich
ihrer Differenzierungskapazitdt durch den Nachweis von Pluripotenzmarkern auf RNA (qQRT-PCR und

PluriTest) sowie Proteinebene (Durchflusszytometrie) untersucht.
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Nomenclature

3D three-dimensional
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Chapter 1

Introduction

1.1 Stem cells - a brief overview

Stem cells are characterized by the cardinal properties of self-renewal for the life span of each in-
dividual, and their capability to differentiate into various tissue lineages [128, 141, 2]. Because of
these unique features, stem cells are of crucial importance for maintaining tissue homeostasis and
for tissue repair after injury [132, 137]. More importantly, stem cells have caused a paradigm shift
of conventional medicine by opening the doors for cell-based therapies in several human diseases
like ischemic heart disease, dopaminergic neuron replacement in Parkinson disease, and the regen-
eration of insulin-producing cells for the treatment of type 1 diabetes [150, 85, 176]. Stem cells are
categorized according to their differentiation potential as totipotent, multipotent, and pluripotent
stem cells. Totipotent cells are capable of forming all cell types of multi-cellular organisms such as
the human body, and therefore inherit the greatest differentiation and regeneration potential. How-
ever, the only cells that are truly considered totipotent are embryonic cells within the first couple of
cell divisions after fertilization [39, 28]. Multipotent cells show the ability to give rise to other cell
types but are limited in their ability to differentiate. Their specialization potential is commonly con-
fined to a specific cell lineage, e.g. connective tissue such as bone, cartilage, and adipose tissues [79],
or cells that support hematopoiesis [149]. In contrast, pluripotent stem cells demonstrate long-term
proliferation potential and show the ability to contribute to cell types of any of the three germ layers,

i.e. endoderm, mesoderm, or ectoderm [23, 121, 143].

1.1.1 Adult stem cells

Adult stem cells are unspecialized, multipotent entities with the main role to maintain and repair
the tissue in which they are found [133]. They are located in various spaces among differentiated
cells in a tissue or organ throughout the body, commonly referred to as stem cell niches [136]. The

stem cell niche is the complex in vivo microenvironment within which stem cells are sheltered from



differentiation stimuli or apoptotic stimuli [104]. As a direct consequence of this interaction, stem
cells are maintained in a quiescent state, induced to self-renewal, or commit to a more specialized
entity [41]. Stem cell niches have been been outlined for many tissue types e.g. the hematopoietic
stem cell niche in the bone marrow [20], the hair follicle epidermal stem cell niche [172, 83], and the

intestinal stem cell niche [168], to name a few.

1.1.2 Human embryonic stem cells

The embryo of mammals is characterized by high developmental plasticity and proliferative capacity,
and has traditionally been the preferred source for the isolation of stem cells [14]. Embryonic stem
cells (ESCs) are considered pluripotent due to their capability to develop into progenies of the em-
bryonic germ layers in vitro [63]. The successful isolation and propagation of ESCs from early mouse
embryos has been reported more than 30 years ago [95]. More importantly, knowledge gained from
these experiments paved the way for the isolation and in vitro culture of human embryonic stem cells
(hESCs) [171]. Human embryonic stem cells are derived from blastocysts in cleavage stage human
embryos produced by in vitro fertilization. In principle, with the establishment of robust cell culture
protocols that ensure unlimited proliferation and maintenance of cell “stemness”, hESCs serve as an
unlimited source of any cell type in the body [189, 144]. Therefore, hESCs represent the starting point
for generating in vitro models for use in drug discovery, and cell-based therapies to treat impairments
like Parkinson disease, spinal cord injury, and juvenile diabetes [140, 171]. Despite their unique po-
tential, ESC-based therapies remain controversial. For instance, a major concern that severely limits
the use of ESCs in tissue replacement is the immune response that has been observed against differ-
entiated and undifferentiated cells following allotransplantation into immunocompetent organisms
[163, 35, 118, 121]. Further, the harvest of ESCs from human embryos and their later use as cell reser-
voir gave rise to serious ethical concerns, thereby limiting the widespread use of hESCs in clinical
applications [46]. In an attempt to provide remedy to these ethical and practical limitations, the re-
induction of the pluripotent state in somatic cells by direct reprogramming gave rise to a novel stem

cell type, commonly referred to as induced pluripotent stem cell (iPSC) [165].

1.1.3 Human induced pluripotent stem cells

Human induced pluripotent stem cells (hiPSCs) were first generated by Yamanaka and co-workers by
directly reprogramming the nuclei of differentiated adult fibroblasts from the facial dermis of a 36-
year-old Caucasian woman to obtain ESC-like, pluripotent cells [192]. At this time, the reprogram-
ming of human somatic cells has been achieved by the transduction of the quadruplet of transcrip-
tion factors OCT3/4, SOX-2, c-Myc, and KLF4 by a combination of lentiviral and ecotropic retroviral
vectors [165, 195]. Upon the introduction of these factors, cells begin to bypass apoptosis and cell
senescence, lose somatic cell characteristics, and undergo a metabolic shift for faster energy gen-

eration [166]. These emerging induced pluripotent cells further showed comparable differentiation



potential to that of human embryonic stem cells, and additionally, were marked by a robust prolif-
eration and high telomerase activity [165]. The first advantage over hESCs that comes to mind is the
chance to generate autogenic disease models and tissue replacement therapies. The critical aspect of
immune rejection is thereby overcome if pluripotent stem cells are directly derived from the patients’
somatic cells [48]. An additional ambition is to take advantage of the proliferative and developmental
potential that hiPSCs offer. In contrast to hESCs, unprecedented access to differentiated cells that

make up the human body is feasible while alleviating ethical controversies.

1.2 Biomarkers for hiPSC pluripotency

The testing of cell pluripotency maintenance is a vital task during stem cell culture. In this sense, a
common approach is to characterize the genomic profile of specific marker genes and their progenies
that indicate cell pluripotency. In doing so, the overall stem cell quality is ensured and cell differenti-
ation is possible. The most prominent markers for stem cell pluripotency are the transcription factors
NANOG, OCT3/4, and SOX-2.

NANOG

NANOG is a highly divergent DNA-binding protein that is commonly found in mammalian pluripo-
tent cells and developing germ cells [21]. Its deletion was shown to cause early embryonic lethality
and therefore NANOG is considered essential for early embryonic development [103]. NANOG is ex-
pressed in pluripotent ESCs, iPSCs, and in the developing germ-line of mammals, where constitutive
expression is responsible for autonomous self-renewal [21, 103, 191]. The presence of NANOG is con-
sidered a hallmark of pluripotent cells both in vivo and in vitro, and thereby offers a robust marker
for the pluripotent nature of cells. Consequently, the loss of NANOG expression represents an early
indication for cell differentiation [22]. Interestingly, NANOG is not part of the transcription factor
quartet that was used in the initial reprogramming of human fibroblasts [165, 192, 182]. Still, due to
its core position in the transcriptional network of pluripotency, the selection for endogenous NANOG

expression allows for the isolation of fully pluripotent stem cells [121].

OCT3/4

OCT3/4 is a transcription factor that was identified as a novel OCT family protein. In particular, the
expression of OCT3/4 has been reported in pluripotent stem cells such as ESCs and germ cells alike
[120, 145, 193]. In ESCs, OCT3/4 was found to often bind in partnership with SOX-2, among others
[131]. In the absence of OCT3/4, embryo development is severely affected, ultimately leading to the
death of embryos in utero [111]. Beyond that, the later suppression of OCT3/4 via RNA interference

(RNAI) resulted in the spontaneous differentiation in human embryonic cells [198]. Then again, the



up-regulation of OCT3/4 expression above the endogenous level lead to the induction of endoderm
lineage commitment in ESCs [115]. These data conclusively indicate that OCT3/4 plays an essential

role in embryonic development and the maintenance of pluripotent nature of ESCs.

SOX-2

The SOX family has been shown to play key roles during neatrly all stages of mammalian development
[66, 111, 7]. Furthermore, proteins of the SOX transcription factor family, in general, regulate their
target genes by associating with specific partner factors. For instance, SOX-2 was found to partner
with the pluripotency-indicating transcription factor OCT3/4 [142, 196]. Therefore, the duet of SOX-2
and OCT3/4 mark the pluripotent lineage of the early embryo and is required for the generation of
iPS cells. In a similar manner as with OCT3/4, the deletion of SOX-2 gave way to spontaneous dif-
ferentiation in ESCs [96]. Therefore, SOX-2, like OCT3/4, is a crucial factor for the stabilization of

pluripotency.

1.3 Pluripotent stem cells in tissue engineering applications

The field of tissue engineering (TE) focuses on creating tissue-like arrangements from functional, dif-
ferentiated cells in vitro. These constructs rely on the combination of cells and scaffolds for physical
support to closely mimic the respective in vivo environment in the human body [76]. The overall aim
of TE is to develop biological substitutes of tissues that are used for disease modeling, pharmaceu-
tical compound testing, tissue regeneration therapies, and toxicology screening. A common issue in
TE applications, however, is to secure a source for functional mature cells that maintain the appropri-
ate phenotype and perform the required biological functions in the TE-construct. In early TE efforts,
primary cells have been isolated from donor tissue and propagated for use on scaffolds [184, 135, 92].
Primary cells are still routinely in use for some TE applications [169, 97], however, yields and prolifera-
tion rates tend to be low and for some phenotypes, e.g. spinal cord neurons, harvesting from a patient
or donor is not an option. As an alternative to primary cells from donors, the use of stem cells provides
a virtually inexhaustible cell source for theoretically all lineages. Due to the scarce availability and
immunological incompatibility of adult stem cells and embryonic stem cells, the generation of iPSCs
from various somatic cell types provided a significant boost to the TE community, and the number of
reports on tissue constructs that rely on iPSC technology has been increasing rapidly [127, 173, 93].
For example, tissue models of the heart, the liver, and the blood-brain barrier have been described
recently [13, 138, 4, 167]. On a larger scope, previous animal model studies also successfully evaluated
the potential of hiPSCs and their progenies for tissue regeneration in cell deficiency scenarios such as

spinal cord injury, type I diabetes, and Parkinson disease [47, 125, 116].

One of the major challenges that hinders the large-scale implementation in clinical stem cell therapy

is the lack of long-term studies to evaluate the tumorigenic risk by genetic mutations in iPSC-derived



tissue grafts [78, 119]. Still, a first clinical trial reported the successful generation of autogenic hiPSC-
derived retinal pigment epithelial cells and the transplantation thereof into a patient suffering from
neovascular age-related macular degeneration. One year after surgery, the transplanted tissue graft
remained intact and showed no sign of tumorigenicity [94], thereby confirming the promising poten-

tial of iPSC technology.

ESCs Adult stem cells iPSC

« / \

Extended cell culture

Cell therapy

Figure 1.1: Sources of stem cells for research and tissue engineering purposes. The use of embryonic
stem cells (ESCs) is viewed as ethically questionable and cell sources are scarce. Equally, the isolation
and in vitro maintenance of adult stem cells outside of their niche is challenging. The reprogramming
of sampled adult somatic cells facilitates the generation of induced pluripotent stem cells (iPSCs) that
are expanded ex vivo and used for disease modeling and patient-specific cell therapy. Image modified
from [124].

While a few million hiPSCs are adequate to perform research, significantly greater amounts in the
order of 10% — 10'? undifferentiated stem cells are required to generate sufficient quantities of differ-
entiated progenies for clinical applications and regenerative purposes [86, 156]. For instance, 1—2-10°
cardiomyocytes are needed to replace damaged cardiac tissue after myocardial infarction [57, 110].
Likewise, approximately 1.3-10% insulin-producing beta cells are necessary for insulin independence
of a 70-kg patient after islet transplantation [87]. Therefore, the choice of culture system is largely
dictated by the intended use and application. In this context, the propagation of hiPSCs in vitro is
routinely performed as monolayer cultures to create amounts that are sufficient for research pur-
poses. If the main focus, however, is put on the accumulation of hiPSC biomass, undifferentiated

hiPSCs are expanded in suspension cultures.



1.4 hiPSC culture strategies

1.4.1 Lab-scale maintenance of hiPSC monolayer cultures

Conventional culture of iPSCs is based on the expansion of adherent cell monolayers to generate
cell amounts for routine use. Maintenance culture is commonly performed using polystyrene tissue
culture lab-ware for cell expansion, comprising multi-well plates, T-flasks, and Petri dishes of vari-
ous sizes. Cell proliferation is typically characterized by propagating colonies that merge into larger
monolayer patches over the culture duration (fig. 1.2). Besides the advantage of convenient handling
during media addition or aspiration, two-dimensional cell layer culture offers equal nutrient supply

to all cells while providing optimal visual microscopic accessibility.

A vital component of hiPSC culture is the provision of suitable cell adhesion matrices with sur-
face functionalization to promote E- and N- cadherin-based cell adhesion and cell self-renewal. In
this sense, cell culture lab-ware is coated with protein-hydrogel combinations based on structure
molecules that serve as in vitro basement membrane matrix, e.g. collagen, fibrin, or vitronectin
[51]. To mimic the complexities of the natural habitat of human embryonic stem cells (hESCs),
an arrangement of appropriate extracellular matrix (ECM) molecules and growth factors is inte-
grated into the hydrogel coating. The required protein extract is derived from Englebreth-Holm-
Swarm (EHS) tumors produced in mice, and commonly referred to as Matrigel™, EHS matrix™,
or Geltrex'M[67, 189, 177]. As stem cell applications are sensitive to culture irregularities through
batch-to-batch variations of media supplements, efforts were made to characterize the inherent com-
positional complexity of Matrigel™ protein extracts. For instance, in a recent proteomic analysis of
Matrigel™, a total of 1851 unique proteins were identified next to the main components laminin,
56 %; collagen IV, 31 %; entactin, 8 % and several growth factors (bFGE EGE IGF-1, TGF-3, etc.)[68].
However, the same investigation also revealed that only 53 % batch-to-batch similarity in proteins
was given [51]. As a consequence, and with the aim to provide for reproducible cell culture condi-
tions under minimal batch-to-batch variations, efforts are currently made to replace Matrigel™ by

chemically defined synthetic hydrogel matrices [109, 32].

Still, Matrigel™ is the current convention for many applications and represents the gold-standard
substrate for the expansion of undifferentiated human stem cells [167, 36, 91]. The intrinsic het-
erogenous composition, however, is widely accepted on behalf of the cost-effectiveness of Matrigel ™
basement membrane preparations compared to chemically defined laminin or vitronectin hydrogels
[80, 75]. Matrigel™ cell adhesion is primarily conducted via its ECM bulk components laminin and
collagen [189]. Collagen harnesses its fibril structures to bind to the integrin o231 membrane receptor
domain [59]. Cell attachment to laminin on the other hand is mediated by integrins «131, «2f31, a3031,
a6P1, and o731 [53, 178]. Both human embryonic and induced pluripotent stem cell lines facilitate

cell adhesion by the expression of a5, a6, oV, 31, and 35 integrin transmembrane subunits.



Figure 1.2: Propagation of IMR 90-4 hiPSCs monolayer colonies cultured in mTeSR™]1 medium on
Matrigel™ coating. Cell proliferation is characterized by the formation of cell colonies with sharp
leading edges. Early colony development is recognizable 24 h after seeding. Cell monolayer clusters
reach 95 % confluency after 144 h of culture. Scale bar = 500 um.

When culture on Matrigel ™ matrices is performed, the proliferation of self-renewing hiPSCs is char-
acterized by rapidly propagating cell colonies. To describe the monolayer growth behavior more
precisely, several studies provided a wide range of doubling times of 18 h up to 60 h [151, 99, 190].
Detailed investigations on proliferation kinetics eventually revealed that the diversity between prolif-

eration rates is closely linked to increasing cell senescence on the one hand [129], and to the initial



cell seeding density on the other hand [187]. Several biotechnology companies developed specific
stem cell culture media that meet the demanding, complex compositions required for maintaining
undifferentiated embryonic stem cells and induced pluripotent stem cells, mTeSR™1 being the most
prominent. In contrast to attachment matrix compositions, culture media rely on serum-free, defined
formulations that allow for feeder-free maintenance stem cell culture. Next to a DMEM/F12 base, key
components comprise human serum albumin, vitamins, antioxidants, trace minerals, specific lipids,
y-aminobutyric acid (GABA), pipecolic acid and cloned growth factors such as recombinant human
basic fibroblast growth factor (rh bFGF) and recombinant human transforming growth factor 3 (rh
TGFp), amongst a wide range of other biochemical substances [90]. During passaging, cell adhe-
sion is segregated by the application of Accutase®, a proteolytic and collagenolytic enzyme solution.
Accutase® conveys the natural enzymatic activity of trypsin and collagenase at the same time, which
allows its formulation to contain much lower enzyme concentrations. As a consequence, the use of

®

Accutase™ is considered less cytotoxic and more gentle during cell detachment, while preserving high

dissociation effectiveness [8].

Figure 1.3: Unwanted, spontaneous differentiation of IMR 90-4 colonies during monolayer main-
tenance culture. Red arrows indicate regions of cells undergoing undirected differentiation. Green
arrows mark cell colonies exhibiting normal hiPSC phenotype. Scale bar = 200 um.

The spontaneous, unwanted loss of pluripotency in iPSCs is a gradual event that may occur during
culture. The corresponding initiating factors, however, are largely unknown [105]. Yet, a diversity of

reasons is believed to trigger iPSCs to exit the pluripotent state and undergo spontaneous differen-



tiation. For instance, physical cues such as temperature or shear stress [10, 82], chemical induction
through the availability of growth factors [16, 98], altered cell metabolism [105], and when grown to
confluence [171] are aspects that have been reported to lead to spontaneous differentiation in vitro.
To provide an example, a characteristic change in phenotype of hiPSC monolayer-colonies is shown
in figure 1.3. As a consequence, hiPSC cultures that undergo unwanted differentiation during mono-
layer or suspension culture become unusable for further cell expansion and differentiation endeav-
ors. Therefore, extra care is crucial during iPSC handling, and a robust incubation environment is

imperative.

Taken together, the use of standard labware such as T- or shake flasks is adequate for small-scale
studies and routine use in research. However, in order to obtain cell numbers that are necessary for
clinical applications and tissue regeneration ventures, hiPSCs are cultured as three dimensional (3D)

scalable cell suspensions [153].

1.4.2 Scalable hiPSC suspension culture in bioreactors

In the absence of a suitable matrix or scaffold, hiPSC proliferation in suspension is characterized by
self-aggregation, and, as a result, the formation of macroscopic spheroids that increase in volume
over time [49]. Reports hint that the increased expression of cell-cell attachment proteins E- and N-
cadherin plays an important role in the orchestration of the aggregation process. While stem cells that
undergo early differentiation are marked by a down-regulation of cell attachment proteins, enriched
cadherin levels have been reported for agglomerated stem cells in aggregates. Therefore, the proba-
bility of suspended cells with increased E-cad levels to adhere and agglomerate is enhanced. Apart
from that, non-aggregated cells are commonly observed to die off quickly [158, 29]. Cell aggregation
is further promoted by the agglomeration of two or more free-floating aggregates (fig. 1.4). As a con-
sequence of unhindered aggregation, nutrient and oxygen concentration gradients may occur and
affect cell layers in the spheroid centre. Likewise, the removal of metabolic waste products is unbal-
anced, ultimately leading to cell starvation, undirected differentiation, and necrotic aggregate cores
[3, 45]. More importantly, the size of aggregates was shown to have an impact on the subsequent
differentiation outcome [9, 18]. Many factors were shown to influence the aggregation behavior in
stem cell suspension cultures, e.g. the single cell inoculation density, or the degree of fluid agita-
tion in shaken cultures or actively stirred vessels [148]. The balancing of these aggregation-driving
factors is delicate, and mismanagement may quickly lead to over-aggregation and subsequent aggre-
gate clumping (fig. 1.5). As mentioned above, and, in the particular case of extensive cell massing,
it is more difficult for cytokines and nutrients to penetrate the aggregates which results in increased

undirected differentiation, decreased cell proliferation, and ultimately to culture failure [24].
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Figure 1.4: Static suspension culture of IMR 90-4 hiPSC in mTeSR™3D medium. Aggregation of single
cells leads to the formation of spheroid-shaped aggregates of increasing size. Yellow arrows indicate
the merge of two aggregates into larger entities. Aggregates emerging from the unification of multiple
single aggregates are highlighted by red arrows. Magnifications are shown in the bottom right. Scale
bar = 500 um.

When conducted in a well-defined manner, the format of aggregate-based hiPSC suspension culture
offers striking advantages over conventional monolayer culture. For instance, the need for extracel-
lular matrix components that are characterized by high batch-to-batch variations is omitted, thereby

paving the way for defined culture conditions that are compliant with good manufacturing practice
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(GMP) [64]. Consequently, suspension cultures provide a more homogeneous culture environment,
thus decreasing the risk of culture variability [155]. Further, hiPSC suspension bioprocesses are highly
prone to automation through controlled liquid handling, which, from an economic point of view, al-
lows for reduced labor costs and increased process reproducibility [4, 155]. In this sense, hiPSC sus-
pension cultures have been shown to be the format-of-choice for generating hiPSC quantities that

reach the required biomass scope necessary for clinical applications [202, 112, 65].

Figure 1.5: Development of oversized IMR 90-4 hiPSC clumps in static 2 ml suspension cultures in
six well plates. (A) Interconnection of smaller aggregates in close proximity. (B) Merge of larger ag-
gregates into a bulky hiPSC patch. (C) Further converging leads to large, irregularly shaped hiPSC
clumps. Scale bar = 1000 pum.

As soon as a bioprocess is successfully established at preliminary small-scale level, a straightforward
scale-up to greater culture volumes becomes feasible. Here, a common approach is to start off in
small vessels comprising Petri dishes, multi-well plates, or spinner flasks and then transit to continu-
ously stirred tank reactors (CSTRs) of increasing working volumes. CSTRs represent the key element
in any biopharmaceutical production process, and have been the gold standard of the pharmaceu-
tical industry for many decades [27]. Besides their scalability, further advantages include the pos-
sibility of full process control and automated instrumentation of physical process parameters such

as pH and dissolved oxygen, which ultimately contributes to reproducible and robust bioprocesses.
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Still, despite the mentioned benefits of scalable suspension cultures, it deserves mentioning that, in
contrast to adherent monolayer cultures, a homogenous aggregate hiPSC population is desirable for
clinical and industrial applications [30]. On that score, hiPSC aggregation under suspension culture

conditions represents an important process parameter that demands specific monitoring.

1.5 CSTR characterization

Next to cell line and cell culture medium, the bioreactor vessel represents the principal starting point
for process optimization [88]. Bioprocesses are commonly described by traditional bioengineering
parameters that are specific for the current bioreactor vessel and process setup. The investigation
of these parameters is necessary to identify key parameters that may need adjustment in terms of
process optimization. More importantly, the detailed description of these engineering parameters
allows to compare the performance of various bioreactor sizes, which is essential for process trans-
fer in bioreactor scaling studies [11, 44]. Parameters that describe the bioprocess at hand commonly
include the flow regime, the maximum fluid velocity, the mixing time, and the specific power input.
The determination of a bioreactor’s engineering parameters is traditionally performed by experimen-
tal methods. However, some parameters may be derived from numeric methods, such as compu-
tational fluid dynamics simulations. Thereby, in silico bioreactor models are evaluated prior to the

actual production stage, which offers more efficient bioreactor design at the development stage.

1.5.1 Fluid flow regime in CSTRs

The fluid flow regime in a stirred bioreactor is described by the Reynolds number Ng,, which is de-
rived from the ratio of the inertial forces to the viscous forces in the fluid flow. Therefore, the Reynolds

number is a function of fluid-specific parameters and the bioreactor geometry. It is defined by

pND?

Nge = (1.1)

where p is the fluid density (kg m™3), N is the stirrer rotational speed (s™!), D is the stirrer diameter
(m) and p is the dynamic viscosity of the fluid (Pa s). In principle, three main flow conditions are
distinguished: the laminar, transient, and the turbulent flow regime. In stirred vessels, laminar fluid
flow is considered for Ny, < 10, while a fully developed turbulent flow is achieved above a critical

Reynolds number of Ng, > 10 41130, 114, 159].

Stirrers are categorized according to their characteristic flow field that is promoted while the fluid is
agitated. In principle, two major stirrer types are commonly used for stirred vessels in the biopro-
cessing field: radial flow and axial flow stirrers. The most prominent examples are Rushton turbines

(radial flow) and marine impellers (axial flow). Their typical flow field patterns are promoted in the
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presence of baffles. Baffles are lean, flat paddles that are attached to the inner wall of a stirred tank.

Their width commonly varies between 1/12 to 1/10 of the tank diameter.

A B
baffling baffling
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Figure 1.6: Flow patterns for common stirrer types. (A) Marine stirrers show axial flow circulation. (B)
Radial flow is induced by Rushton turbine stirrers. Baffles enhance the pumping capacity of stirrers
by preventing the formation of swirl flow by guiding the fluid in the vertical direction. Image modified
from Zlokarnik et al. [200].
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In the absence of baffles, the fluid flow pattern is characterized by unhindered, homogeneous swirl
flow around the stirrer shaft. In this case, the field velocity components in the axial and radial direc-
tions are very small, thereby reducing the mixing efficiency [69]. Hence, the use of baffles prevents
the formation of swirl flow patterns and thus promotes top to bottom fluid pumping. In baffled tanks
equipped with Rushton turbines, the main flow is horizontally directed from the stirrer towards the

vessel wall. For marine impellers, the flow is directed vertically upwards or downwards [113] (fig. 1.6).

1.5.2 Maximum fluid velocity

In a stirred vessel, the maximum fluid velocity u,,4, is equal to the tip speed of the rotating stirrer.
This parameter is dictated by the diameter of the stirrer and the corresponding rotation speed. The

maximum introduced fluid velocity is calculated according to

Umax =2TTTf (1.2)

where r is the stirrer radius (m), and f is the rotation frequency (s .
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1.5.3 Power input

The specific power input P/V; (W m™®) describes the electrical energy that is drawn from the mo-
tor by the rotating stirrer to agitate the bulk fluid of the bioreactor. It is one of the most important
process parameters for the operation of stirred tank vessels [88]. In addition, mixing operations such
as particle suspension, fluid homogenization are directly correlated to the specific power input. It is
evaluated by a function of the vessel geometry, stirrer configuration, the rotational speed N (s!), the
stirrer diameter D (m), the density of the medium p (kg m™), and the dimensionless Newton power

number N,. The power P consumption (W) is calculated according to

P=pN3D°Np. (1.3)

The dimensionless Newton power number N, represents a stirrer-specific scalar, which may further
depend on the bioreactor geometry, stirrer design, vessel baffling, and the Reynolds number Ng,
[146]. When plotted as a function of N, the progression of the Newton power number N, gives the
stirrer-specific power curve (fig. 1.7). Power curves can be used to visualize the dependency of the
Newton power number on the current flow regime type, i.e. laminar, transition, and turbulent flow.
For the laminar region (N g, < 10), the Newton power number N, is characterized by linear decay. Dur-
ing the transition from laminar to a turbulent flow regime (10 < Ng, < 10%), the Newton power num-
ber varies continuously according to the stirrer type. As the Reynolds number exceeds 10%, the flow
regime becomes fully turbulent. In this region, the power curve reaches a quasi-constant N, value,
indicating that the power function becomes independent of the Reynolds number. The plateaued
value for V), that is attained in the turbulent flow regime is confined to the used combination of stir-
rer type and vessel geometry. More importantly, the specific power input P/V}, as well as the N, value
are key characteristics that describe the bioreactor system and thus are of high interest for bioreactor

scaling endeavors.
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Figure 1.7: Power number for common stirrer types versus Reynolds number [146].

1.5.4 Computational fluid dynamics

Computational fluid dynamics simulations are one of the most effective techniques for the mathe-
matical prediction of local and time-dependent flow field velocities, species concentration gradients,
energy dissipation, and shear stress [52, 89]. The principal application of CFD in bioprocessing in-
cludes the characterization of bioreactors in the pre-, and/or the post-production phase. CFD ap-
proaches are typically performed in three work steps: pre-processing, processing, and post-processing.
During the pre-processing, a model geometry is created in silico. This is either done in the CFD soft-
ware directly, or more complex computer-aided design (CAD) files are generated with the help of
advanced design tools. Furthermore, the geometry is assigned with the required physics for fluid
dynamics and boundary conditions. Boundary conditions represent an essential component of the

computational model as they are used to confine the model. Boundary conditions direct motion of
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flow by prescribing the value of a variable at the boundary, e.g. the flow velocity is set to zero at walls
(u = 0). Lastly, the model geometry is subdivided into a finite number of control elements, which is
commonly referred to as “meshing”. During the processing step, the selected governing equations are
solved. Finally, during the post-processing, the obtained solution from the processing step is visual-
ized and data extraction is facilitated. CFD studies typically rely on the solving of equations for the
conservation of mass and momentum balance, known as the Navier-Stokes equation and the con-
tinuity equation. The Navier-Stokes equation is derived from Newton’s second law of motion which
states that the change of momentum of a body with mass m (kg) traveling at velocity v (m s™!) is di-

rectly proportional to the applied force F (N) according to

dv _

—=F 1.4
Sy (14

In the case of an incompressible Newtonian fluid, the Navier-Stokes equation for stationary fluid flow

(d/dt=0) is expressed as

p(u-Vu):—Vp+uV2u+F (1.5)

in which u is the fluid velocity (m s, p is the fluid pressure (Pa), p the fluid density (kg m3), uis
the fluid dynamic viscosity (Pa s), and F describes acting volume forces (N m™) e.g. gravity force.
Analogous to eq. 1.4, the left side of the equation describes the body mass, which is replaced by the
fluid density p, and the direction of flow. The right side of the equation represents the sum of acting
forces, i.e. pressure force Vp, internal force uV2u, and external force F. The Navier-Stokes equation

is solved together with the continuity equation for incompressible fluids

pV-u=0 (1.6)

where the Navier-Stokes equation represent the balance for the conservation of momentum, while

the continuity equation solves for the conservation of mass.

As the flow velocity increases, the flow regime enters the transition phase and further becomes tur-
bulent. Turbulent flows are characterized by the formation of small eddies that lead to spatial and
temporal velocity oscillations. The progression of the flow regime in dependency of the Reynolds

number Np, is shown in fig. 1.8 A.
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Figure 1.8: Flow regime in developing turbulent flow. (A) The flow velocity profile for laminar, tran-
sient, and turbulent flow is indicated as function of the wall distance u(y). (B) The turbulent flow
velocity is averaged by introducing the average flow velocity ii and the corresponding temporal oscil-
lations term u'. Figure modified from [161].

From an economical point of view, the exact computation of these velocity fluctuations is unreason-
able due to the immense computational effort that is required. Therefore, in order to approximate
the altered velocity field in turbulent flow, the Navier-Stokes equations are extended by substitution

of the flow variables for velocity u and pressure p by time-averaged formulations

u=a+u'; p=p+p 1.7

in order to account for the velocity and pressure fluctuations. In this case, @ and p represent the time
averaged variables for the flow velocity and pressure, and u' and p’ are introduced to describe the
deviation from that average with #/ = 0 and p’ = 0 (fig. 1.8 B). This operation is commonly referred
to as Reynolds averaging. Transferring the time-averaged flow variables for velocity and pressure into

the Navier-Stokes equation, the Reynolds-Averaged Navier-Stokes (RANS) formulation is

pV- =0 (1.8)

p(i-Vii)=-Vp+Vi+F (1.9)

Therein, the Reynolds stress tensor T describes the proportion of inertial viscous forces acting in tur-
bulent fluid flow [62]. It is calculated as a function of the eddy viscosity y; (Pa s) and the turbulent
kinetic energy k (m? s72) according to

2
7=+ V- pk. (1.10)

By averaging the flow variables, the RANS equations contain more unknowns than equations. There-

fore, to solve for the Reynolds stress tensor, the turbulent eddy viscosity y; is calculated with the help
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of turbulence models that introduce additional transport equations. In most industrial applications,

two-equation models are used. The most prominent of these models is the k-¢ turbulence model.

k-¢ turbulence model

Aspects that render the strength of the k-€ turbulence model favorable lie in its robustness and com-
parably low computational memory usage. Next to solving for flow mass and momentum balance,

the k-¢ turbulence model solves for the turbulent viscosity i, according to

k2
He=pCu— (1.11)

with the characteristic turbulence model parameters turbulent kinetic energy k, turbulent dissipation
g, and the model constant C,. In order to solve for the turbulence parameters, additional transport

equations are introduced as

p(ﬁ-V)sz((%)Vk)+pk—pe (1.12)
k

(i-V)e=V ((ﬂ)v)Jrc €~ Cap’ (1.13)
plu €= 0. € elkpk €2pk .

with the model constants C, C¢2, 0k, and g¢. The k-¢ turbulence model performs well to compute
flow fields in the bulk fluid domain where turbulent flow is assumed. The flow in the viscous sublayer
close to walls, however, is dominated by friction forces which leads to the deceleration of the flow
velocity to u(y) = 0 (fig. 1.9). Since the flow close to walls can not be assumed turbulent, the k-
¢ model relies on wall functions that approximate the true flow field close to walls. This approach
therefore leads to notably faster computations because a high detail resolution of the viscous sublayer
is omitted. On the downside, the viscous sublayer and buffer layer at walls is not accurately simulated,

which is an acceptable trade if the flow at walls is of lesser interest.
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Figure 1.9: True flow velocity profile u(y) and wall function v(y) in dependency on the wall distance
y in turbulent flow. The k-¢ turbulence model uses wall functions to describe flow in the viscous
sublayer and buffer layer region 8. Modified from [161].

Low-Reynolds k-¢ turbulence model

In contrast to the standard k-¢ turbulence model, the Low-Reynolds k-¢ turbulence model does not
use wall functions and thus provides a very accurate description of the fluid flow in the viscous sub-
layer and the buffer layer close to walls. As a consequence, the deployment of the Low-Reynolds k-¢
model requires very high mesh resolutions close to boundaries to correctly model the transition of
laminar flow at the wall to turbulent flow in the free-stream flow region (fig. 1.9). Therefore, the use
of this model is linked to considerably elevated computational efforts compared to the standard k-¢
model. The Low-Reynolds k-¢ turbulence model is commonly used to compute forces that occur in
close proximity to boundaries, e.g. lift and drag forces, and is useful to accurately evaluate wall shear

stress.
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1.6 Aim of study

The successful propagation of hiPSCs in stirred tank systems has been reported by several work
groups around the globe, thereby paving the way for scalable bioprocesses that will provide sufficient
cell numbers for clinical applications. However, a notable variation concerning the size of hiPSC ag-
gregates is reported, indicating that the aggregation process is strongly culture biased by the culture
strategy. The size development of hiPSC aggregates is a critical process parameter that is of high in-
terest for bioprocess scaling endeavors, and little attention has been paid to this aspect, although
implications on cell health and differentiation outcome have been reported. In this sense, the prime
objective of this study is the development of a tool to monitor the aggregation of hiPSC in suspension
cultures. To achieve this goal, a CSTR-based platform that provides for an appropriate culture periph-
ery for the expansion of hiPSCs is designed and constructed. Therein, a stationary in situ microscope
is used to perform imaging of hiPSC aggregates during suspension culture in a non-destructive man-
ner. From the sampled images, the size distribution of hiPSC aggregates is derived by automated im-
age processing. A second objective is to characterize the developed CSTR design in silico. Therefore,
a computational model of the CSTR system is developed to derive engineering parameters i.e. power
input, shear stress, and mixing time. In doing so, the foundation for bioreactor scaling in future hiPSC
experiments is established. A third objective is to provide evidence for system functionality in regard
to the expansion of hiPSC in custom-built CSTRs. Therefore, the differentiation capacity of aggregate-

cultured hiPSCs is investigated by evaluating the expression of pluripotency-specific biomarkers.
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Chapter 2

Materials & Methods

2.1 Materials

2.1.1 Antibodies

Antibody Working Dilution = Manufacturer

Mouse OCT3/4 human isoform A PE 1:50 BD Biosciences, Heidelberg,
Germany

Rat SOX-2 Alexa Fluor® 488 Conjugate  1:50 eBioscience, Frankfurt, Germany

Rabbit NANOG D73G4 XP® mAb 1:50 Cell Signaling Technology;,

Alexa Fluor® 647 Conjugate Cambridge, UK

Mouse IgG1 kappa isotype control PE ~ 1:50 BD Biosciences, Heidelberg,
Germany

Rat IgG2a kappa isotype control Alexa  1:50 eBioscience, Frankfurt, Germany

Fluor® 488 Conjugate

Rabbit DA1E mAb IgG XP® Alexa 1:100 Cell Signaling Technology,

Fluor® 647 Conjugate Cambridge, UK

2.1.2 Buffers & solutions
Buffer Composition
FACS buffer PBS’, 1 % FCS, 2 mM EDTA
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2.1.3 Cell culture media & serums

Medium

Manufacturer

DMEM/F12 without glutamine

ThermoFisher Scientific, Schwerte, Germany

Knock-out serum

ThermoFisher Scientific, Schwerte, Germany

FCS

Bio & Sell, Feucht, Germany

PBS”

2.1.4 Chemicals

Chemical

ThermoFisher Scientific, Schwerte, Germany

Manufacturer

Accutase® solution

Sigma-Aldrich GmbH, Munich, Germany

Descosept AF Dr. Schumacher GmbH, Malsfeld, Germany

GCDR Stemcell Technologies, Inc., Cologne,
Germany

Reagent A100 ChemoMetec, Allerod, Denmark

Reagent B ChemoMetec, Allerod, Denmark

DMSO Sigma-Aldrich GmbH, Munich, Germany

EDTA Sigma-Aldrich GmbH, Munich, Germany

Y-27632 dihydrochloride

Tocris Bioscience, Bristol, UK

Matrigel™

2.1.5 Consumables

Consumable

Corning, Kaiserslautern, Germany

Manufacturer

10-ml serological pipette

Greiner bio-one, Frickenhausen, Germany




10-ml syringe LuerLok

BD Biosciences, Heidelberg, Germany

25-ml serological pipette

Greiner bio-one, Frickenhausen, Germany

37-um Reversible Strainer, Small

Stemcell Technologies, Inc., Cologne,

Germany

37-um Reversible Strainer, Large

Stemcell Technologies, Inc., Cologne,

Germany

5-ml serological pipette

Greiner bio-one, Frickenhausen, Germany

50-ml serological pipette

Greiner bio-one, Frickenhausen, Germany

96-well cell culture plate

Greiner bio-one, Frickenhausen, Germany

96-well TC plate white PS F-bottom y-clear

Greiner bio-one, Frickenhausen, Germany

A35 microtome blades

Feather Safety Razor Co. Ltd., Osaka, Japan

Cell Scraper 16 cm

Sarstedt, Niimbrecht, Germany

Cell Scraper 24 cm

TPP Trasadingen, Switzerland

CellStar Tubes 15 ml

Greiner bio-one, Frickenhausen, Germany

CellStar Tubes 50 ml

Greiner bio-one, Frickenhausen, Germany

CellStrainer Nylon 40 um

BD Biosciences, Heidelberg, Germany

Cover glasses 24 x 24 mm

ThermoFisher Scientific, Schwerte, Germany

Cover slips 24 x 60 mm

ThermoFisher Scientific, Schwerte, Germany

Cryo.S 2 ml yellow Greiner bio-one, Frickenhausen, Germany
EASYstrainer 100 pm Greiner bio-one, Frickenhausen, Germany
EASYstrainer 40 pm Greiner bio-one, Frickenhausen, Germany
EASYstrainer 70 pm Greiner bio-one, Frickenhausen, Germany

Nucleocounter Vial Cassettes

ChemoMetec, Allerod, Denmark

Nunc Delta 24-well dish

ThermoFisher Scientific, Schwerte, Germany

Nunc Delta 48-well dish

ThermoFisher Scientific, Schwerte, Germany

Nunc Delta 6-well dish

ThermoFisher Scientific, Schwerte, Germany

Pasteur pipette 125 mm

Brand GmbH & Co. KG, Wertheim, Germany

SafeSeal Reaction tube 1.5 ml

Sarstedt, Niimbrecht, Germany

SafeSeal Reaction tube 2 ml
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2.1.6 Hardware

Hardware Manufacturer
Vacuboy Hand Operator Integra, Zizers, Switzerland
Waterbath Hartenstein, Wiirzburg, Germany

Neubauer Hemocytometer Improved

Hartenstein, Wiirzburg, Germany

Eppendorf Research Plus pipette 0.5 - 1000 pl

Eppendorf AG, Hamburg, Germany

Eppendorf Research Plus 8 channel pipette 10
- 100 pl

Eppendorf AG, Hamburg, Germany

Nucleocounter NC-200 automated cell

counter

ChemoMetec, Allerod, Denmark

FACS Accuri C6 plus flow cytometer

BD Biosciences, Heidelberg, Germany

Cedex Bio Analyzer

Roche Diagnostics, Mannheim, Germany

EVOS XL Cell Imaging System

ThermoFisher Scientific, Schwerte, Germany

In situ microscope imaging unit

Opto GmbH, Grifelfing, Germany

CFX96 Touch™ Real-Time PCR System

2.1.7 SPS control system components

Component

Biorad, Munich, Germany

All system components were derived from Siemens AG, Erlangen, Germany.

Description

6ES7132-6BF00-0BAO

digital output module

6ES7135-6HD00-0BA1

analog output module

6ES7132-6HD00-0BB1

relay module

6ES7134-6JD00-0CA1

analog input module

6ES7134-6HD00-0BA1

analog input module

6ES7510-1DJ01-0AB0O

SIMATIC ET 200SP CPU

6EP1333-2BA20

SITOP PSU100S 24V power supply

6EP1321-5BA20

SITOP PSU100C 12V power supply

6SL3210-5FB10-4UF1

SINAMICS V90 PN power converter

1FL6034-2AF21-1AA1

SIMOTICS S-1FL6 servo drive
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2.1.8 Kits

Kit Manufacturer

LDH Bio Cedex Bio Analyzer Test kit Roche Diagnostics, Mannheim, Germany

Glucose Cedex Bio Analyzer Test kit Roche Diagnostics, Mannheim, Germany

Lactate Cedex Bio Analyzer Test kit Roche Diagnostics, Mannheim, Germany

Ala-GIn Cedex Bio Analyzer Test kit Roche Diagnostics, Mannheim, Germany

NHj3 Cedex Bio Analyzer Test kit Roche Diagnostics, Mannheim, Germany

RNeasy Micro or Mini Kit Quiagen, Hilden, Germany

iScript™ cDNA Synthesis Kit Biorad, Munich, Germany

SsoFast™ EvaGreen® Supermix Biorad, Munich, Germany

mTeSR™1 Stemcell Technologies, Inc., Cologne,
Germany

mTeSR™3D Stemcell Technologies, Inc., Cologne,
Germany

2.1.9 Software

Software Manufacturer Application

OriginLab 9.0 OriginLab, Northampton, MA, USA  General statistics

Prism 6 GraphPad, LaJolla, CA, USA General statistics

Image] National Institutes of Health, USA Western blot

quantification

Comsol Multiphysics 5.1-5.4 Comsol GmbH, Gottingen, Finite elements method
Germany simulations

Microsoft Excel 2010 Microsoft Corporation General data analysis

SolidWorks 2015 Dassault Systemes, Computer aided design

Vélizy-Villacoublay, France
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2.2 Methods

2.2.1 General cell culture methods

All hiPSC maintenance cultures were kept in standard lab incubators (Heraeus, Germany) at 37 °C, 5 %
CO; and 95 % atmosphere humidity. Cell culture medium, washing solutions, and enzyme solutions
were pre-warmed to 37 °C prior to use. If not stated otherwise, all centrifugation steps were performed
at 200 g for 5 min at room temperature. All experiments were performed using the IMR 90-4 hiPS cell
line (WiCell, USA). This hiPSC line was derived from IMR 90 fetal lung fibroblasts of a 16 week old
female Caucasian fetus by viral transduction of a combination of OCT3/4, SOX-2, NANOG, and LIN28
genes. IMR 90-4 hiPSCs have a normal karyotype, demonstrate telomerase activity and express ESC

surface markers.

Freezing of hiPSCs for long term storage

Long-term storage of hiPSC was accomplished by liquid nitrogen cryoconservation. Cells were de-
tached from underlying matrices by Accutase® (Sigma-Aldrich, Germany) treatment for 5 min at
37 °C. Following, cell suspensions were spun at 300 g for 5 min and Accutase® solution was aspi-
rated from the cell pellet. In order to reduce hiPS cell damage during freezing, the cell pellet was
resuspended in Knock-out serum containing 10 % dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at a
cell concentration of 1-10° cells ml™!. Batches of 1 ml cell suspension were evenly distributed among
cryoconservation vials. Cells were stored in freezing containers at -80 °C overnight before being trans-

ferred to liquid nitrogen storage tanks.

Thawing of hiPSCs for culture inoculation

Cells were extracted from liquid nitrogen storage tanks and the content of each vial was combined
with 9 ml pre-warmed mTeSR™1 (Stemcell Technologies, Germany) in a 50-ml centrifuge tube. Cell
pellets were dissolved by gently inverting the centrifuge tubes several times. To separate cells from
DMSO-containing freezing medium, thawed cells were collected by spinning at 300 g for 5 min at
room temperature. Medium supernatant was aspirated and cell pellets were resuspended in freshly

prepared mTeSR™ 1 supplemented with 10 uM Y-27632 dihydrochloride (Tocris Bioscience, UK).

2.2.2 Monolayer culture of hiPSCs
Coating of cell culture multi-well plates

To provide a suitable matrix for IMR 90-4 monolayer cultures, Nunclon™Delta multi-well plates
(ThermoFisher Scientific, Germany) were coated with Matrige]™ red GF (Corning, Germany). Dur-

ing preparation, coating solutions were kept at 4 °C in DMEM/F-12 (ThermoFisher Scientific) without
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L-glutamine (ThermoFisher Scientific) to prevent curing. The coating solution was applied to culture
surfaces at a final Matrigel™ concentration of 8.5 ug cm™ and incubated for 1 h at room tempera-
ture. After coating was complete, DMEM/F-12 medium was aspirated and plates were ready for cell

seeding.

Monolayer cell culture

IMR 90-4 monolayer cultures were started by plating single cells at 2.5-10* cells cm™ in mTeSR™1
supplemented with 10 uM Y-27632 dihydrochloride on Matrigel™ plates. After 24 h, cell culture
medium was replaced by mTeSR™1 medium without Y-27632 dihydrochloride. From there on,
mTeSR™1 medium was routinely replaced every 24 h. Monolayer cultures were passaged when 75 %
confluency was reached. Therefore, cell colonies were washed in phosphate buffered saline (PBS-,
ThermoFisher Scientific) and subsequently incubated in Accutase® solution for 6 min to detach cell
colonies and generate single cell suspensions. During enzyme incubation, cells were kept at 37 °C
in a standard lab incubator. Following incubation, detached cells were collected in 15-ml or 50-ml
centrifuge tubes, respectively, and spun for 3 min at 200 g. Accutase® solution was aspirated and
cell pellets were resuspended in mTeSR™1 culture medium. Cell concentrations were determined by
trypan blue staining (0.4 vol%, Sigma-Aldrich) using a Neubauer improved hemocytometer (Sigma-
Aldrich). Lastly, IMR 90-4 single cells were re-seeded on Matrigel™ at 1:3 — 1:16 ratios in mTeSR™ 1
supplemented with 10 uM Y-27632 dihydrochloride.

2.2.3 Suspension culture of hiPSCs
Preparation and maintenance of well plate suspension cultures

Small-scale IMR 90-4 hiPSC suspension cultures were performed in low adhesion cell culture Nun-
clon™Delta six-well plates. In contrast to monolayer cultures, the plates used for spheroid suspen-
sion culture of hiPSC remained uncoated. Suspension cultures were started from adherent IMR 90-
4 maintenance colonies cultured on Matrigel™-coated six-well plates. Briefly, mTeSR™1 culture
medium was aspirated and cells were washed with PBS". Subsequently, PBS™ was replaced by 1 ml
of pre-warmed gentle cell dissociation reagent (GCDR, Stemcell Technologies) per well to detach the
colonies from the underlying matrix. Thereafter, plates were incubated at 37 °C for 5 min. Following
incubation, GCDR was aspirated and replaced by 1 ml of freshly prepared mTeSR™3D seed medium
(Stemcell Technologies) supplemented with 10 uM Y-27632 dihydrochloride. hiPSC colonies were
carefully detached from the culture plate surface using a cell scraper (Sarstedt, Germany). To generate
homogeneously-sized clumps, the colony suspension was gently passed through a 37-um reversible
strainer (Stemcell Technologies) using a 25-ml serological pipette. To determine the cell concentra-
tion and/or cell viability, a kit for automated cell count was used. Therein, a sample was taken from

the clump suspension and treated with Reagent 100A plus Reagent B (ChemoMetec, Denmark) as
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suggested by the manufacturer. Cell counting was performed using a NC-200 automated cell counter
(ChemoMetec). Following, hiPSCs were seeded as clumps at 1-10° cells ml™! to 1-10° cells ml''in
1 ml culture medium per well. mTeSR™3D medium-based suspension cultures were performed in a
3-day fed-batch manner in which spent medium was only removed prior to passaging. Therefore, for
three days after seeding, mTeSR™3D feed medium was added daily (112 pl feed medium to 1 ml seed

medium) to replenish nutrients and growth factors.

Continuously stirred tank reactor suspension cultures

Prior to bioreactor cultivations, self-adhesive sensor spots for dissolved oxygen and pH monitoring
(Presens, Germany) were attached to the inside walls of the bioreactor glass vessels. A single-use air
filter (Sartorius, Germany) was used to allow gas exchange between the incubator atmosphere and
the bioreactor headspace. After assembly, bioreactors were sterilized by plasma treatment. Bioreac-
tors were inoculated with clumps prepared as described in section 2.2.3 at seeding concentrations
corresponding to 3-10° cells ml'! in 62.5 ml mTeSR™3D seed medium supplemented with 10 uM
Y-27632 dihydrochloride. During culture, 500 pl samples were taken every 24 h for off-line metabolite
concentration and lactate dehydroxygenase (LDH) activity measurements using a Cedex Bio analyzer
(Roche Custom Biotech, Germany). Nutrients and growth factors were replenished daily by adding
7 ml of mTeSR™3D feed medium to each bioreactor culture for three days following inoculation.
Visual tracking of hiPSC aggregate sizes was accomplished by circulating cell suspension through a
glass flow chamber located in the field of vision of a custom-made imaging unit (Opto GmbH, Ger-
many) inside the incubator. Therefore, cell suspensions were bypassed from and to bioreactor vessels
using a stationary mounted roller pump (Spetec, Germany) as shown in fig. 3.6 on page 45. Cell sus-
pensions were circulated for 2 min every 24 h. In-flow images were taken every three seconds and

automatically processed at-line by a tailored image analysis algorithm (Image]J, USA).

Passaging of suspension cultures

In order to prevent overgrowth, hiPSC aggregates were dissociated into small clumps on day 4 follow-
ing inoculation. Therefore, freely floating aggregates were separated from non-viable single cells by
filtering the aggregate suspensions using a 37-um reversible strainer. By doing so, aggregates larger
than 37 ym were collected on the strainer surface while cell debris was discarded. Subsequently, ag-
gregates were transferred to a centrifuge tube and resuspended in 10 ml of pre-warmed GCDR to
gently macerate the aggregate structures for 5 min. After incubation, cells were spun at 100 g for
3 min and the supernatant was aspirated. Finally, aggregates were dissociated by gently taking up
the aggregate pellet in 10 ml of freshly prepared mTeSR™3D seed medium supplemented with 10
MM Y-27632 dihydrochloride and slowly passing the aggregate suspension through the same 37-pm
reversible strainer. Lastly, cell concentrations were determined as described in section 2.2.3 and cul-

tivation vessels were re-seeded with hiPSC clumps at the desired cell density.
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2.2.4 Flow cytometry

Flow cytometry was performed to investigate hiPSC pluripotency marker expression and thus to
demonstrate the pluripotent nature of IMR 90-4 cells. Single cell suspensions were prepared by
Accutase® treatment of monolayer and spheroid cultures, respectively. All following steps were per-
formed at 4 °C. In total, 2-10° cells were stained per marker. All centrifugation steps were performed at
250 g and 4 °C. Briefly, cells were washed two times in BD Perm/Wash™ Buffer (BD Biosciences, Ger-
many). After, samples were stained with antibodies priming for transcription factors OCT3/4, SOX-2
and NANOG for 30 min. For marker expression analysis, cells were incubated with PE mouse anti-
OCT3/4 (1:50; Human Isoform A, BD Biosciences), rat anti-SOX-2 (1:50; Alexa Fluor® 488 Conjugate,
eBioscience, UK) and NANOG (D73G4) XP® Rabbit mAb (1:50; Alexa Fluor® 647 Conjugate, Cell Sig-
naling Technology, Germany). Isotype control samples were stained with with PE mouse IgG1 kappa
isotype control (1:50; BD Biosciences), rat IgG2a kappa isotype control Alexa Fluor® 488 Conjugate
(1:50; eBioscience) and Rabbit (DA1E) mAb IgG XP® Alexa Fluor® Conjugate 647 (1:100; Cell Signal-
ing Technology). Following antibody incubation, cells were washed two times in BD Perm/Wash™
Buffer (BD Biosciences) followed by one washing step in FACS buffer (PBS, 1 % FCS (Bio & Sell), 2 mM
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich)). Cells were analyzed using a BD FACS Accuri

C6 plus flow cytometer (BD Biosciences).

2.2.5 Real time qRT-PCR

RNA isolation was performed using the RNeasy Micro or Mini Kit (Qiagen, Germany). cDNA was
synthesized using the iScript™ cDNA Synthesis Kit (Biorad, Germany). qRT-PCR was performed on
the CFX96 Touch™ Real-Time PCR Detection System (Biorad) using SsoFast™ EvaGreen® Supermix
(Biorad). For calculation of gene expression, the 2-*~Ct method was used with hRPL6 and hRPL4 as
reference genes. Reactions were performed in duplicates at 60 °C annealing temperature. Further

detail on the used primers is provided in tab. 2.10.
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Table 2.10: Primer sequences used for real time qRT-PCR.

Primer name Orientation Sequence
hRPL6 Fw 5-ATTCCCGATCTGCCATGTATTC-3*
REV 5-TACCGCCGTTCTTGTCACC-3’
hRPL4 FW 5-GCCTGCTGTATTCAAGGCTC-3’
REV 5 -GGTTGGTGCAAACATTCGGC-3’
hOCT4 FwW 5-CCTCACTTCACTGCACTGTA-3’
REV 5-CAGGTTTTCTTTCCCTAGCT-3’
hSOX-2 FW 5-CCCAGCAGACTTCACATGT-3’
REV 5-CCTCCCATTTCCCTCGTTTT-3’
hNANOG Fw 5’-CCAAAT TCTCCTGCCAGTGAC-3’
REV 5 -CACGTGGTTTCCAAACAAGAAA-3’

2.2.6 PluriTest analysis

For PluriTest analysis, RNA was isolated from hiPSC samples using the RNeasy Mini Kit (Qiagen) with
an optional on-column DNase Digestion step (RNase-Free DNase Set, Qiagen). For microarray analy-
sis, 200 - 500 ng of total RNA were amplified and biotinylated using the TargetAmp™ - Nano Labeling
Kit for Illumina® Expression BeadChip® (Epicentre®, Illumina, USA). Concentration of Biotin-aRNA
was measured with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific) and the concentration of each
sample was adjusted to 150 ng ul"!. A total of 750 ng of Biotin-aRNA were used for hybridization with
the HumanHT12v4-Expression BeadChip™ (Illumina) and hybridization was performed at 58 °C for
16-20 h. After hybridization, BeadChips were washed and stained according to the manufacturer’s
standard protocol. BeadChips were scanned using the iScan instrument from Illumina®. Raw data
(*.idat files) were submitted to PluriTest analysis (www.pluritest.org). PluriTest results were normal-

ized using a published script (https://github.com/pluritest/pluritestCompared.git) [108].

2.2.7 Measurement of metabolite concentrations

Metabolite concentrations were measured using a Cedex Bio Analyzer with appropriate kits. Metabo-
lites of interest included glucose, lactate, lactate dehydrogenase, ammonia, and alanine-glutamine
(AQ) amino acid dimer concentrations. Samples of 100 pl were taken from suspension cultures and
spun at 300 g for 2 min. From the supernatant, a final sample volume of 75 pul was transferred to
suitable Cedex cuvettes and measurements were performed according to the manufacturer’s instruc-

tions.

30



2.2.8 Cytotoxicity assay

Stainless-steel is commonly the material of choice that makes up most of conventional, reusable
bioreactors and storage vessels in the pharmaceutical and food industry. In contrast, the bioreactor
components used in this study were largely made from polylactic acid (PLA) as well as other materials.
Several options were evaluated for the milled stirrer geometry: stainless steel, polyether ether ketone
(PEEK), and polyoxymethylene (POM-C). For this reason, cytotoxicity assays were performed in order
to investigate potentially harmful effects by material leaching on hiPSC health. Therefore, a sample of
each material was sterilized by plasma treatment as described in 2.2.13, and soaked in 10 ml of freshly
prepared mTeSR™3D seed medium at 37 °C for 24 h. After incubation, the tested material samples
and the incubation medium were aseptically separated. The incubated medium was subsequently
used to start 1 ml hiPSC static suspension cultures in Nunclon™Delta six-well plates at 3-10° cells
ml! as described in section 2.2.3. Subsequently, suspension cultures were incubated at 37 °C for 24 h
in standard cell culture incubators. Cytotoxic effects were assessed on the basis of cell viability. In
this sense, the quantity of available adenosine triphosphate (ATP) in each sample was measured by
CellTiter GLO® luminescence assay following the manufacturer’s instructions (Promega, Germany).
In this respect, cells from each sample were washed and resuspended in 500 pl PBS". Following, equal
volumes of cell suspension and CellTiter GLO® reagent were mixed. The cell suspension was then
transferred to a flat bottom non-binding 96-well plate (Greiner, Germany). For each sample, 200 pl

triplicates were measured using an Infinite M200 micro-plate reader (Tecan, Germany).

2.2.9 Incubator-prototype construction

The incubator-protoype was designed using CAD software Solidworks (Dassault Systemes, Germany)
in combination with a library package of aluminum profiles, sealings, and panels (Item GmbH, Ger-
many). For construction, the parts list was extracted from the CAD file and the required parts were
obtained from the manufacturer (Item GmbH). The components were subsequently cut to size and
manually assembled. Following, system components for process control were installed (Siemens AG,
Germany). Lastly, a custom-built in situ microscope (Opto GmbH) was fit into the incubator. Details

on the used SPS components are provided in section 2.1.7.

2.2.10 Automated image processing

Imaging was achieved by using an image acquisition software provided by the microscope manufac-
turer (Opto GmbH). Automated image analysis was achieved by generating Image]J-based image pro-
cessing algorithms. The image processing was adapted to each imaging unit in use. For this purpose,
two algorithms were established and used on images taken by either a digital inverse lab microscope
(EVOS XL Cell Imaging System, ThermoFisher Scientific) and the custom-built in situ microscope,

respectively. Algorithm sequences are presented in supplementary sections 5.1 and 5.2 on page 102.
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2.2.11 Computational fluid dynamics simulations

Computational fluid dynamics simulations were performed to mathematically characterize the de-
veloped bioreactor design. Aspects of interest involved the flow field that is generated by the stirrer
geometry, occurring shear stress during performance, calculation of the stirrer power number, and to
estimate the mixing time as a function of the stirring speed. An overview of the study sequences and

utilized turbulence models is provided in fig. 2.5 on page 37.

In a first step, a three dimensional computer model of the bioreactor was established. For this pur-
pose, the CAD geometry of the bioreactor fluid domain was generated using Solidworks. To perform
fluid dynamics simulations, the model files were subsequently imported into Comsol Multiphysics
(Comsol Multiphysics GmbH, Germany) and the “rotating machinery - turbulent flow”- module was
applied to the model. Next, material parameters of the fluid model were adjusted to closely match

mTeSR™ medium fluid properties as described by Appelt and co-workers [5] and shown in tab. 2.11.

Table 2.11: Parameters used for computational fluid dynamics simulations

Parameter name Value Unit Description

NO 0.33...8 s7! stirrer rotational speed

Da 3.35-1072 m stirrer diameter

rho_u 9.93-1072 kg m™3 mTeSR™1] density at 37 °C

Re_mu 0.765 mPa s mTeSR™1 dynamic viscosity at 37 °C

In accordance with experimental conditions, the fluid temperature was set to 37 °C. Following,
boundary conditions required for CFD simulations were defined as shown in fig. 2.1. Briefly, a ro-
tating domain comprising the stirrer outline was defined to specify the stirrer agitation region. A
“symmetry” boundary condition was applied to the fluid domain liquid/air interface to indicate an
opening to the ambient vicinity that forces zero velocity in vertical position of the surface. The fluid
domain shell and stirrer surface was specified as “wall” boundary, indicating that the relative velocity
is considered zero on all solid/liquid interfaces. Finally, the bioreactor baffles were defined as “inte-
rior wall” boundaries. Lastly, a pressure point constraint was defined at the model surface boundary

to dictate ambient pressure conditions.
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»Ssymmetry”

rotating domain

Linterior wall”

Figure 2.1: Computational fluid dynamics model setup. (A) The center section of the model com-
prising the stirrer outline was defined as rotating domain. (B) A symmetry boundary condition was
specified for the liquid surface. (C) Remaining boundaries received no-slip wall conditions. (D) Sub-
merged baffles were accounted for by introducing 2D-shapes with interior wall boundary conditions.

Mesh refinement study

CFD simulations can be performed at any desired degree of detail. However, it is important to rec-
ognize that high detail levels entail significantly increased computation efforts. Consequently, a rea-
sonable computation resolution is evaluated prior to launching large-scale simulations. In this sense,
a stationary flow field simulation at 120 revolutions per minute (RPM) was performed under varying
mesh preset resolutions ranging from “extra coarse” to “extra fine”. From the results, the derived value

for the maximum flow velocity was extracted and compared to a reference value calculated by eq. 1.2.
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Flow velocity field simulation

For flow velocity field simulations, a stationary solution was computed for a range of stirring speeds
from 20 to 600 RPM. Therefore, Comsol’s built-in “k-¢ turbulent flow” module was utilized to solve
the Reynolds-averaged formulation of the Navier-Stokes equations (RANS). The corresponding pre-
set model constants for turbulence fluid flow were used as C¢; = 1.44, C.2 = 1.92, C, = 0.09, o, = 1.0,
oe = 1.3, Von Karman constant Ky = 0.41, and wall roughness B = 5.2. Solver convergence was im-
proved by utilizing “viscosity ramping” as described by Egger and co-workers [37]. The underlying
idea of this technique is to solve the problem for higher fluid viscosities and using the solutions as
initial conditions for subsequent computations at lower viscosities. Eventually, the actual solution
is computed by gradually approximating the final fluid viscosity. In Comsol, auxiliary sweeps are
performed to put this technique into practice. Briefly, the fluid dynamic viscosity was subsequently
multiplied by the numerical auxiliary factor visc_fac. For a first iteration of the solution, a value of
visc_fac =100 was defined. Following, stepwise approaches of the final steady-state solution were
performed while progressively lowering the auxiliary factor to a final value of visc_fac = 1. Station-
ary solutions provided a good estimation of the flow field and pressure distribution. More impor-

tantly, they represented the starting point for a range of more detailed CFD simulations (fig. 2.5).

Shear stress estimation

The shear stress that is generated by the stirrer while moving through the bulk fluid was estimated by
performing a two-step CFD analysis. First, the stationary solution of the flow field was used to provide
initial values for a more detailed resolution of the fluid flow near walls. For this purpose, a subsequent
simulation utilizing the Low-Reynolds k-¢ turbulence model was performed in a second step. In con-
trast to the standard k-¢ turbulence model, the Low-Reynolds k-¢ turbulence model renounces the
use of wall functions and thus provides a more accurate solution of the fluid velocity profile within

the boundary layers close to walls.

For turbulent flow, the shear stress 7 (Pa) that is generated in the bioreactor bulk fluid was calculated

as function of the wall distance y according to

T =1,(Y) +7:() 2.1)

where 7, is the shear stress due to viscous effects and 7, is the shear stress caused by turbulence.
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With the fluid viscosity u (Pa s) and the flow velocity u (m s!), the shear stress terms can further be

expressed as

Ty = 2t (2.2)
Vy_l’tay .
and
ey = 0% = Ckzaa 2.3
ty—/vttay—p ueay- .

The term for shear stress due to turbulence further comprises the turbulent eddy viscosity u; (Pa s),
fluid density p (kg m3), turbulent kinetic energy k (m? s2), turbulent dissipation rate e (m? s%), and
the Reynolds-averaged fluid velocity @ (m s™'). The corresponding syntax expressions for the shear

stress equations used by Comsol Multiphysics are noted in table 5.1 in the supplementary section.

Calculation of the Newton power number Np

The Newton power number Np describes the power input of the stirrer onto the bulk fluid and is
an important characteristic for bioreactor scaling. The power number was calculated according to
equation 1.3 by deriving the stirrer power draw P from the computational model of the bioreactor
flow regime. Therefore, analogous to shear stress calculations, two-step simulations were performed
that comprised the computation of the flow field by subsequently using the k-¢ turbulence model and

the Low-Reynolds k-¢ turbulence model.

Figure 2.2: The stirrer power number was calculated by integrating the power draw over the stirrer
surface.

All model parameters that were used are listed in table 5.2 in the supplementary section. Briefly, the

area of the submerged stirrer surface was defined as shown in fig. 2.2 and the total torque per area was
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computed by integration of the stress tensor on the stirrer surface. Finally, the Newton power number
Np was calculated according to eq. 2.2 on the previous page for both baffled and unbaffled agitation

setups across a range of increasing stirring speeds and plotted over the stirrer Reynolds number Nge.

Mixing time computation

To model the mixing time ¢, of the bioreactor setup, a tracer substance was virtually injected into the
fluid body during mixing. The tracer substance concentration was subsequently tracked and calcu-
lated for a matrix of evenly spread points over an estimated time span of mixing. The computation
of the mixing time was accomplished by performing a three-step-simulation as outlined in fig. 2.5.
First, the stationary solution of the flow field for various stirrer velocities was obtained by using the
k- turbulence model. In a second simulation, the obtained solutions from the stationary flow field
served as initial values for time-dependent studies that calculated the flow field in 0.15 s time steps

for a total time span of 60 s.
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Figure 2.3: In silico tracer injection setup. (A) The injection of a tracer substance was modeled by
defining a point mass source within the fluid domain. At this point, the tracer substance was virtually
added to the vessel load while stirring. (B) The tracer substance injection was realized by defining a
gaussian function f(t) for the tracer concentration at the point mass source at tipject = 3 S.

In a third simulation, Comsol’s “transport of diluted species” module was used to define a tracer sub-
stance (diffusion coefficient D, = 1-10~% m? s’!; turbulent Schmidt number Scy = 1). The injection of
the tracer substance was accomplished by defining a point mass source (fig. 2.3 A) at which the tracer

concentration ¢ was prescribed by a gaussian function (u s = 3 and o ¢ = 0.25) (fig. 2.3 B).

36



Figure 2.4: A regular grid point matrix was defined across the computational model to acquire time-
dependent tracer concentration curves during mixing.

In order to study the spreading of the tracer in the stirred vessel, a regular point matrix was gener-
ated to extensively cover the agitated fluid domain (fig. 2.4). Subsequently, the tracer concentration
was plotted for each point in the matrix as a function of time. The mixing process was considered
complete as soon as the tracer concentrations for all points had converged to a steady concentration

value within a confidence interval of 90 % and 95 % of the final concentration, respectively.

time dependent solution of
diluted species transport

! !

velocity field shear stress power number Np mixing time

Figure 2.5: Overview of CFD study sequences and turbulence models. The stationary solution of the
fluid flow regime as accounted for by the k — ¢ turbulence model was utilized as starting point for a
variety of subsequent, more purposive simulations.
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2.2.12 Manual mixing time measurements

The mixing time of miniature stirred tank reactors was visually determined by colorization method.
Bioreactors were filled with 100 ml of Millipore water under non-sterile conditions. Stirring was ac-
tivated and the flow field was allowed to develop for 2 min. Thereafter, 200 pl of phenol red (Sigma-
Aldrich) solution (5 vol% in 20 vol% ethanol) was swiftly added through one of the bioreactor ports
located in the bioreactor lid. The mixing process was captured on video at all times. Measurements
were performed in triplicates for each stirrer agitation speed. Subsequently, the video footage was

used to identify the time span until homogenous dye distribution was accomplished.

2.2.13 Plasma sterilization of bioreactor components

Bioreactors were sterilized by VH,0, plasma sterilization method. First, the plasma chamber (Pico
Plasma System, Diener electronics, Germany) was heated by a 15 min plasma process using a 100 kHz
generator and pure oxygen gas (500 W, 0.3 mbar, 12 sccm O,). After the first plasma process, the biore-
actors wrapped in Stericlin® see-through reels made of paper and film (Stericlin, VP Group, Germany)
were inserted into the heated chamber, together with a metal vessel containing 1.5 ml of 60 % H20,
(ThermoFisher Scientific). In order to vaporize the H,O,, the chamber was subsequently evacuated
to a pressure of 1.0 mbar. The reactors remained in this environment of vaporized H,O; for 90 min,
followed by a further evacuation step to 0.4 mbar and a second plasma process with the remaining
H,0, vapor as process gas (4 min, 200 W). Finally, a third plasma process using pure oxygen as pro-
cess gas was carried out to remove the remaining H,O, from the chamber (10 min, 400 W, 12 sccm

02).

2.2.14 Statistical analysis

Flow cytometry and qRT-PCR data was investigated for statistical deviations using a one-way ANOVA
employing Fisher’s least significant difference test. For computational modeling-derived mixing
times, a One-sample t-test was performed. The investigation of substrate concentration deviations
was done using unpaired Student’s t-tests. A p-value < 0.05 was considered significant with n = 3 for
all experiments. All statistical analysis was performed using GraphPad Prism 6 (GraphPad Software

Inc., USA).
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Chapter 3

Results

3.1 hiPSC-specific culture platform

3.1.1 Incubator system

A versatile platform was designed and constructed to ensures reproducible hiPSC suspension culture
performance. Additional requirements that were addressed involved the implementation of process
automation and process parameter monitoring. The core of the resultant hiPSC-specific culture plat-
form comprised an all-in-one incubator prototype that was spatially subdivided into three compart-
ments. For an overview, an initial concept drawing is provided in figure 3.1. The resulting device was
composed of (1) an incubated space to accommodate CSTRs, motor drive connection cables, and a
peristaltic pump for liquid handling of cell suspensions; (2) a cabinet for placing the in situ imag-
ing unit; and (3) an additional cabinet to accommodate the required measurement equipment and
SIMATIC ET 200SP SPS control system components. The incubator was manually assembled from

aluminum profiles and panel elements as shown in fig. 3.2.

For incubator operation, a standard 230 volts AC supply and pressurized CO, inlet were required.
The incubation compartment provided standard cell culture conditions of 37 °C and a 5 % CO- at-
mosphere for culture medium pH stabilization. To maintain these conditions, CO, and temperature
sensors were installed to regulate the incubation atmosphere through SPS control (fig. 3.3). A total
of four heating foils were attached to the rear panel and the base plate of the incubation chamber
to ensure sufficient heat influx for stable cell culture conditions. Fans were installed to either side of
the incubation chamber to enhance airflow circulation to promote homogenous heat distribution. In

contrast to standard lab incubators, the humidity was kept at room atmosphere niveau.
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Figure 3.1: Design drawing of a tailor-made incubator prototype for housing multiple small-scale
stirred tank bioreactors for hiPSC suspension cultures. A custom-built in situ microscope unit is ac-
commodated below the incubation cabinet to facilitate real-time imaging of hiPSC suspension cul-
tures. Equipment for process data measurement and acquisition is located within the SPS control
cabinet at the rear of the incubation space. Atmosphere composition and liquid handling is con-
trolled via human machine interface operating panel.
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Monitoring of dissolved oxygen and pH in suspension bioreactors was accomplished by implement-
ing hardware for optical sensor spot-based measurements (Presens). To achieve real-time imaging
of hiPSC aggregation during suspension culture, a custom-built in situ microscope (fig. 3.4) was
mounted in the lower cabinet beneath the incubation chamber. The microscope lens was extended
into the incubation area and thereby allowed for image acquisition of hiPSC suspension samples.

Further details on in situ microscope operation are provided in section 3.1.2 on page 43.

Figure 3.2: A tailor-made incubator system was constructed to provide appropriate culture condi-
tions for hiPSC suspension cultures. In addition, the incubator system contains all equipment nec-
essary for automated process control and monitoring. Suspension culture vessels were placed freely
within the incubated space (1). The incubator atmosphere, liquid-handling devices, stirrer agitation
speed and data management was accessed via human machine interface (2). The process control
equipment and sensor transmitters were located in the rear compartment of the incubator (3). The
in situ imaging microscope was incorporated into the lower cabinet beneath the incubation area (4).

The incubator was designed to operate up to three vessels of adjustable size simultaneously. Bioreac-
tors were placed freely inside the incubation chamber and were subsequently connected to the avail-
able motor drives. In a similar fashion, dissolved oxygen transmitter cables were available for each

CSTR in use. A schematic overview of the process control elements is provided in fig. 3.6. Device
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operation was managed via human-machine interface (HMI) that was installed into the front panel
of the incubator. The HMI was used to set the atmosphere temperature, CO, content, and peristaltic
pump operation for in situ imaging. An at-line laptop computer was used to log pH and dissolved

oxygen measurement data, set the motor speed for all bioreactors, and to store in situ microscope

images.

Figure 3.3: The incubator was designed to operate multiple miniature stirred tank vessels in parallel.
Therefore, motor power cables were available to run three reactors simultaneously (1). Equally, op-
tical oxygen measurement and pH measurement was available for each bioreactor in operation (2).
The incubator atmosphere was set to 37 °C and 5 % CO> with the aid of temperature (3) and CO» (4)
sensors. The incubation chamber was tempered by heating foils attached to the rear panel of the in-
cubator (5). Fans (6) to either side of the incubation compartment ensured constant air circulation.
Online imaging of cell aggregates was achieved by passing a cell suspension sample from the reac-
tors across an in situ microscope prototype (7). Stirred tank reactors (8) were placed freely inside the
incubator.
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3.1.2 Insitu microscope operation and image acquisition

The incubator prototype was equipped with a peristaltic pump that facilitated automated liquid han-
dling. For in situimaging, the pump was used to transport hiPSC cell suspension samples from CSTRs
to the built-in in situ microscope for in-flow hiPSC aggregate monitoring. Therefore, manual sam-
pling was omitted and reproducible data acquisition was possible by evading user-biased handling
errors. Further, the use of in situ imaging minimized the risk of contamination during sample pipet-
ting. The in situ microscope harnessed dark-field illumination to generate high contrast black/white

images of hiPSC suspensions. The pre-manufacturing schematic is provided in figure 3.4.

flow chamber

light ring )
mounting level

220,13

mirror

aperture

CCD camera

Figure 3.4: Schematic of the incubator’s built-in dark-field in situ imaging unit. During operation,
the flow chamber was mounted between the mirror and the light ring. The light emitted by the LEDs
passed through the flow chamber and was reflected by the mirror back towards the lens within the
light ring center.

To allow for in-flow bypass imaging, a flow chamber was placed between the flow chamber mounting
level and the microscope lens. A glass tube with a flow channel width of 2 mm was found to be the
most simple and, at the same time, the most suitable flow chamber design. The glass tube was held

in place with a customizable, 3D-printed clamp (fig. 3.5).
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Figure 3.5: Custom-built in situ microscope. The glass tube flow chamber (1) was positioned over the

microscope lens (2) by a 3D-printed clamp (3). For depiction purposes, the mirror on top of the flow
chamber mounting level (4) was removed.

Sample illumination was provided by a light-emitting diode (LED) light ring that surrounded the mi-
croscope lens. The light was guided towards the flow chamber and passed through the sample. After,
the light hit a mirror that was placed face-down on top of the flow chamber mounting level. The light
was subsequently reflected and passed the sample a second time before entering the microscope lens.
A charge-coupled device (CCD) sensor based-camera was used for image acquisition. For hiPSC sus-
pension culture experiments, in sifu imaging was performed for 2 min every 24 h at a sampling flow
velocity in the range of 1.5 cm s!. To avoid cell massing inside the silicone hoses that were used
for circulating cell suspensions, the flow direction of the pump was inverted in order to empty the

hoses and transfer the sampled cell suspension back to the bulk of the bioreactors after each imaging
session.
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Figure 3.6: Outline of the cell suspension bypass circulation for in situ imaging. Cell suspensions
were sampled from bioreactors by a built-in peristaltic pump and lead through a flow chamber above
the microscope lens. Images are acquired via CCD camera while cell suspensions were in flow. An
at-line computer was used for image processing, stirrer speed control, and pH and oxygen measure-
ment recording. The incubation atmosphere and pump settings were controlled via human-machine
interface.

3.2 Image processing

To obtain information on aggregate growth, image processing algorithms were developed to facilitate
automated data extraction. The algorithms were tailored to the image format output of the custom-
built in situ microscope and EVOS digital lab microscope, respectively. Algorithm programming was
performed using a standard version of the open-source image processing package Fiji (Image]J). The
processing sequences for the generated algorithms are outlined in the figures below. Image analysis
was performed in a batch-wise manner on every day of CSTR culture. Therefore, the images that
were obtained during daily in situ imaging sessions were loaded into the algorithm and aggregate size
distribution parameters were calculated for the specific stack of images. The corresponding Image]J

syntax is available in the supplementary section 5.1 and 5.2.
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EVOS image processing sequence

—

Prompt for image source directory

v

Get the file list with n positions

v
v

Open image from file list at position n

Image has .tif

Create directory to store processed images

Select results window

extension?

Calibrate pixel/distance scale

v

Convert image to 8-bit

v

Run ,,median”

v

Run ,unsharp mask“

v

Run ,,gamma“

v

Run ,subtract background”

v

Run ,,Enhance contrast”

v

Run ,,auto threshold”

v

Set background colour to white

v

Create rectangle to hide scale bar

v

Run ,fill“

v

Deselect all

v

Run ,,analyse paricles”

v

Close processed image

\ 4

l

Summarize results

l

Create data distribution diagram

Figure 3.7: Algorithm sequence used for processing of EVOS lab microscope images.
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In situ microscope image processing sequence

Prompt for image source directory

v

Get the file list with n positions

v

Create directory to store processed images

v

—»  Open image from file list at position n

Image has

- Select results window

-png
extension?

Calibrate pixel/distance scale

v

Convert image to 8-bit

v

Run ,,median”

v

Run ,unsharp mask”

v

Run ,,gamma“

v

Run ,subtract background”

v

Run ,,Enhance contrast”

v

Run ,,auto threshold”

v

Set background colour to white

v

Convert image to ,binary”

v

Run ,watershed”

v

Run ,analyse particles”

v

Save processed image in folder

v

— Close processed image

l

Summarize results

l

Create data distribution diagram

Figure 3.8: Algorithm sequence used for processing of in situ microscope images.
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3.3 Custom-built stirred tank reactor development

3.3.1 Design aspects

The culture of suspended hiPSC aggregates differs in many ways from the culture of bacterial or mam-
malian single cell suspensions that are common in industrial applications. Due to their recognized
sensitivity to shear stress, their characteristic tendency to rapidly form inseparable aggregate clusters
on prolonged contact, and their distinctive sedimentation affinity represent challenges for the design
of scalable suspension culture vessels. Since commercially available bench-top CSTR systems are
commonly laid out for the culture of single cell bioprocesses, a tailored CSTR system that is specific
for the culture of aggregating hiPSCs was developed. Therein, several considerations concerning the

bioreactor geometry outline and subsequent manufacturing were addressed.
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Figure 3.9: Schematic description of bioreactor design aspect ratios. Bioreactor vessels were designed
for operating hiPSC fed-batch suspension cultures starting from 65 ml (h) and ending with 86 ml
(hmay). For maximum surface aeration, a slenderness ratio of h/ Dg = 1 was chosen. For enhanced
uplift flow, the stirrer diameter was set to d = 2/3Dp and positioned at clearance level h¢c = d/10.

The prime objective was to generate a culture vessel that would avoid massing and subsequent
clumping of settled aggregates. Therefore, in a first step, a suitable vessel shape and stirrer design
that would lead to pronounced uplift flow was identified to keep hiPSC aggregates suspended. In or-

der to prevent aggregate sedimentation at the vessel bottom, the stirrer clearance was setto h¢c = d/10
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in order to minimize the dead zone beneath the stirrer’s center point. The contact angles and shape
of the stirrer wings was modified from a previously published design by Jirout and co-workers [58].
The overall stirrer diameter was set to d = 2/3Dp. To enhance the pumping capacity of the stirrer, four
baffles were installed to promote the formation of a vertical flow pattern. The corresponding baffle
width was set to wj, = D/10. A round-bottom shape was chosen for the culture vessel to avoid local
accumulation of hiPSC aggregates in the bottom corners of cylindrical vessels. The slenderness of
the bioreactor vessel was defined f; = h/Dp = 1. Considering the round-bottom shape of the culture
vessel, the resulting working volume was V; = 62.5 ml at the beginning of all fed-batch bioprocesses.
A full model illustration of the bioreactor assembly is shown in fig. 3.10. The corresponding design

aspect ratio details are summarized in tab. 3.1.

Table 3.1: Bioreactor design aspect ratios

filling height h Vil A 5-1072m
air/liquid interface A D%n/ 4 2-1073m?
slenderness fs h/Dpg 1

max. slenderness f's max Rimax!Dp 4/3

stirrer diameter d 3.2-107%2m
stirrer/vessel diameter d/Dg 2/3

stirrer clearance hcld 0.1

baffle width wy, Dg/10 5-1073m

During bioreactor manufacture, efforts were made to minimize the total number of components for
easy bioreactor handling. The larger bioreactor components comprising the base plate, the glass
holder ring, and the bioreactor lid, were subsequently produced from PLA by using an in-house fused
deposition modeling 3D-printer (Leapfrog, Netherlands). The fabrication process of the required 3D-
printed components for one bioreactor was accomplished within 4 h. The glass vessel was hand-
crafted by a local glassblower (Glaspunkt, Germany). Customary thread rods were used to stack the
glass holder ring and reactor lid. A shaft seal (Trelleborg, Sweden) was installed to shield the biore-
actor interior from ambient contamination sources. To stabilize the rotating shaft, a ball bearing was
placed above the shaft seal and secured by a shaft retainer. The shaft itself and the stirrer geometry
were machined from stainless steel and PEEK, respectively (GT Labortechnik, Germany). Standard
lab ware spatulas were manually trimmed and shaped to be used as baffles. To provide gas exchange,
ports were installed in the lid component to allow for the placement of air filters via luer-lock con-
nectors. In a similar fashion, rubber gaskets were customized to fit glass riser pipes for cell suspen-
sion liquid handling. Finally, optical sensor spots for pH and dissolved oxygen measurement were

attached to the inside of the glass vessel.
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Figure 3.10: Custom-made continuously stirred tank reactor. Most parts enclosing the culture glass
vessel (1) were produced by in-house fused deposition modeling fabrication (3D-printing). All reac-
tors were equipped with optical oxygen sensor spots (2) and pH sensor spots (3) that were attached
to the inside of the glass wall. A motor was mounted onto the flange (4) to drive the stirrer. The ro-
tating shaft is stabilized by a stainless steel ball-bearing (5). Sterile conditions inside the vessel were
ensured by a shaft seal (6) that was placed below the ball-bearing. A total of four baffles (7) were in-
stalled to enhance the impeller pumping capacity. Luer-lock ports in the lid (8) provided head-space
gas exchange with the surrounding atmosphere of the incubator through air filters and also allowed
fluid removal and fluid addition by riser pipes.

3.3.2 Fabrication material testing

Next to materials that are routinely used for bioreactor vessel construction in the biopharmaceutical
and food production environment such as stainless steel (S/S) and PEEK, less costly materials com-
prising POM-C and PLA were tested for toxic effects caused by leaching on hiPSCs during culture.
The cytotoxicity testing of PLA was of particular interest as it is a commonly used material in fused
deposition modeling (3D-printing) applications. During suspension culture, the medium was in di-
rect contact primarily with the CSTR stirrer and the glass vessel. Since glass is commonly considered
inert and non-cytotoxic, it was not included in the material testing. The cell suspension was open to
the inside of the bioreactor lid and thus was considered to be in indirect contact with the respective
material. Therefore, material testings for S/S, PEEK, POM-C, and PLA were performed to investigate

potential damping effects on hiPSC viability. The obtained data on cell viability after incubation in
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material-contaminated culture medium is shown in fig. 3.11. All data was compared to positive con-
trol measurements of cells growing in standard mTeSR™3D medium. For negative control samples,
hiPSC were cultured in 10 % of SDS. Additionally, control samples that were cultured in freshly pre-
pared mTeSR™3D medium without the addition of 10 uM Y-27632 dihydrochloride were measured
for cell viability to exclude the effect of Y-27632 dihydrochloride adhering to material surfaces and

thus losing efficacy.
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Figure 3.11: Cytotoxicity testing of potential bioreactor construction materials. (n =3, p < 0.05)

As expected, cell viability was significantly decreased in hiPSC suspension samples that were cultured
in either 10 % SDS and in mTeSR™3D medium without Y-27632 dihydrochloride supplementation,
respectively. Equally predictable, medium incubated with S/S and PEEK showed no negative effect on
cell viability. In the same manner, cell viability of hiPSC that were cultured in PLA-incubated medium
showed no significant deviation from positive control samples. Interestingly, a significant drop of cell

viability in hiPSC samples that were cultured in POM-C-incubated medium was observed.

3.4 CSTR engineering parameter characterization

The characterization of stirred bioreactors is vital in order to determine the engineering parameters
that ultimately describe the bioprocess. Further, detailed knowledge of process parameters allows for
straightforward bioprocesses to be transferred to greater or lower volume scales by keeping selected
parameters constant. In this study, the majority of process engineering parameters were evaluated by
establishing a computational model of the CSTR design that was used during hiPSC suspension cul-
ture experiments. When performing CFD simulations, a first step is to determine the fluid flow regime
- laminar or turbulent - that applies for the selected fluid flow environment. Therefore, the Reynolds
number N, was evaluated to characterize the flow regime according to eq. 1.1. The simulations that

were established covered stirring velocities between 20 RPM and 120 RPM. For the calculation of the
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respective Ng, values, the fluid dynamic properties of the stem cell culture medium mTeSR™1 were
setto p = 9.93-10? kgm™ and pu = 7.65-107* Pa s according to Appelt et al. [4]. With the stirrer diameter
D=3.2-10"?m, the Reynolds numbers were calculated as Nge20 rpy = 440 and Npe,120 rrm = 2650.
In accordance with the information provided in section 1.5.1, a transient flow regime applies for stir-
ring velocities between 20 and 120 RPM. Since a laminar flow regime could be excluded, a turbulent

flow regime was assumed for all CFD simulations.

3.4.1 CFD model mesh refinement study

The accuracy of any computational fluid dynamics model largely depends on the applied mesh res-
olution. However, high resolution meshes come at the price of greatly increased computation effort,
and as a result, extended computation times. Therefore, as part of the pre-processing, mesh refine-
ment studies help to determine the appropriate mesh resolution that offers an acceptable compro-
mise between the accuracy of the computation readout and the invested computation time. To es-
tablish a mesh refinement study, flow field simulations were performed for mixing at 120 RPM while
varying the mesh resolution presets from “extra coarse” to “extra fine” as shown in fig. 3.12. In or-
der to evaluate the model accuracy, the simulated maximum flow velocity at the stirrer wing tips was

compared to the true value u,,,, derived from eq. 1.2.
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A Extra coarse B Coarse

C Fine D Extra fine

Figure 3.12: Mesh refinement study. Meshes with extra coarse to extra fine (A-D) element size res-
olutions were applied to the model geometry and the accuracy of the computation outcomes was
compared. The rotational speed of the stirrer domain was set to 120 RPM in all cases.

With the stirrer radius of r = 1.68- 1072 m and the rotational velocity of f = 120 RPM, the maximum

! was calculated. The maximum flow velocities that

fluid velocity reference value of 1,4 =0.211 m s
were derived from flow simulations are presented in tab. 3.2. Additionally, details on the amount of
mesh elements and the corresponding solution times that were required for the solving at the indi-

cated mesh resolution are provided.

53



Table 3.2: Mesh refinement study summary

Mesh No. of elements Solution time Derived Deviation from
resolution maximum fluid real solution
velocity
extra coarse 0.065-10° 1 h 8 min 0.189 m s 10.4 %
coarse 0.620-10° 4 h 22 min 0.20l ms! 4.7 %
fine 3.37-108 24 h 42 min 0.219ms’! 3.8%
extra fine 18.6-10° 144 h 4 min 0.217ms’! 3.1%

For the lowest mesh resolution, the fluid computation was achieved within approximately one hour.
The derived maximum fluid velocity was found to deviate from the real solution of #,;,4, = 0.211 ms!
by 10.4 %. For increased mesh resolutions, the computation time increased considerably due to the
increasing number of mesh elements. For the “coarse” mesh resolution, the flow field simulation was
obtained after around 4.5 h and provided a deviation of 4.7 % from the real maximum fluid velocity.
For “fine” and “extra fine” mesh resolutions, the computation time escalated to approximately 24 h
and 144 h, respectively. The derived maximum fluid velocity values diverged from the true value by

3.8% and 3.1 %.

3.4.2 Stirrer pumping capacity

The effect of baffling was investigated by computing the flow velocity field for baffled and unbaffled
CSTR setups. With the aim of generating sufficient uplift flow to prevent aggregate sedimentation,
the focus of the investigation was on the velocity field in the positive z-direction. The resulting flow
field magnitude for the investigated CSTR setups is depicted in fig. 3.13 and indicated by color range.
For both cases, the agitation velocity was set to 75 RPM. The computations revealed homogenous z-
directional flow velocity magnitudes in the range of 2.75-1073 m s™! for unbaffled mixing (fig. 3.13 A).

Further on, swirl flow was detected as denoted by arrows (fig. 3.13 B).
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Figure 3.13: Computational fluid dynamics-based comparison of the fluid flow pattern in baffled and
unbaffled bioreactor setups promoted by stirring at 75 RPM. (A) The calculated flow field in unbaf-
fled bioreactors revealed a uniform velocity distribution in the xz-plane. (B) Swirl flow was detected
in the xy-plane. (C) The use of baffles lead to inhomogeneous flow velocities in the xz-plane. (D)
Simultaneously, the formation of turbulences in the xy-plane was observed. Black arrows indicate
direction of flow. The arrow length is proportional to the fluid flow velocity in the xz-plane and is syn-
chronized among subfigures. The velocity magnitude in the positive z-vector direction is indicated
by color range and is synchronized between both baffled and unbaffled mixing setups.

On the other hand, swirl flow was suppressed in the baffled flow regime (fig. 3.13 D). Instead of swirl,
the fluid was redirected in the z-direction, which is indicated by elevated z-flow velocity magnitudes
at the vessel walls (fig. 3.13 C and D). In average, a z-directional flow magnitude 0of9.3-1073 m s™! was

obtained for the baffled CSTR setup.
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3.4.3 Shear stress estimation

For an accurate shear stress evaluation, viscous and turbulent effects that contribute to the total shear
stress during mixing were considered according to eq. 2.1 on page 34. The shear stress pattern pre-
sented in fig. 3.14 was generated by stirring at 75 RPM. As indicated by color range, an average shear
stress of 4.5 - 1072 Pa was derived. In addition, shear stress peak levels of 1.4-10~! Pa were calculated

for regions that were characterized by considerable flow velocity gradients.

A Pa B Pa
0.14 ' 0.14
0.12 0.12
0.10 0.10
0.08 0.08
0.06 0.06
0.04 0.04
0.02 0.02
0 0

¢ Pa D
0.14 T 0147

7 0.12 1 ]

[%]
0.12 ¢ 0.10-
0.10 2 i .

5 0.08 .
0.08 < 0.064 -
0.06 B 0.041 o

3 0.02+ .
0.04 @ n "

] ] ] 1 L L} 1

0.02 20 40 60 80 100 120 140
0 agitation velocity [RPM]

Figure 3.14: Shear stress estimation by fluid dynamics simulations. (A-C) Shear stress pattern caused
by stirring at 75 RPM. Elevated shear stress was generated at the stirrer wing tips and close to the
baffle surfaces. (D) Occurring average shear stress as a function of the stirring speed.

For instance, elevated shear stress levels were calculated for fast moving stirrer sections, e.g. the wing
tips (fig. 3.14 A, white arrows). Further flow velocity gradients occurred at the glass vessel bottom
where the fluid was accelerated in the upward direction (fig. 3.14 B, black arrow), and at the baffle
surfaces (fig. 3.14 C, black arrows). In contrast, low shear stress in the range of 5- 1073 Pa was cal-
culated for less troubled fluid sections, which made up the larger part of the bulk fluid. To obtain
information on the shear stress magnitude development, further simulations were performed and
the average shearing was calculated for a range of stirring speeds (fig. 3.14 D). Here, a non-linear

progression of the average shear stress was obtained for the investigated stirrer speed range.
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3.4.4 Newton power number and specific power input

The dimensionless Newton power number Np is one of the key characteristics of stirred bioreactors.
To determine the Newton power number, CFD simulations were performed to estimate the power
draw that is inflicted on the stirrer drive performance by the inertia of the bulk fluid mass. Based on
the derived in silico data, the power number was computed for a range of stirring velocities for baffled
and unbaffled mixing setups as shown in fig. 3.15. In accordance with common practice, the Newton

power number Np was plotted over the Reynolds number Ng,.
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Figure 3.15: Computational fluid dynamics-derived power curves for baffled and unbaffled mixing.

The resulting Newton power number curves started at approximately Npre.<2 = 60 for baffled and
unbaffled mixing. A linear decline of both Newton power number progressions down to a value of
Np =9 was obtained for the laminar range 2 < Ng, < 10. After, the Newton power number for un-
baffled mixing reached a steady-state value of Npynpaffiea = 0.55 for Ng, > 5000. In contrast, the
baffled agitation setup was characterized by a considerably higher stationary Newton power num-
ber of Nppaffiea = 1.6. Since CSTR experiments were performed at 75 RPM, a Reynolds number of
Npge = 1650 was derived according to eq. 1.1. By using the CFD-derived power curve for baffled mixing
from fig. 3.15, a corresponding Newton power number of Nppre=1650 = 1.5 was obtained. Following,
the calculation of the specific power input was possible. According to equation 1.3, a volume-specific

power input of P/V; = 1.32 W m™3 was calculated for baffled mixing at 75 RPM.
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3.4.5 Mixing time
Manual mixing time measurements

The mixing time was visually determined for increasing stirrer speeds for baffled and unbaffled biore-
actor setups. Therefore, the bulk fluid was stained by injecting a phenol red solution to the bioreactor
during agitation. Shortly after the injection, a two-phased spreading of the injected dye was visually
detectable as shown in fig. 3.16. Although the phenol red solution was injected through one of the
ports in the bioreactor lid, the spreading of the dye was observed to progress significantly faster in the
lower section of the bioreactor close to the stirrer wings. The agitation was maintained until the dye
was evenly dissolved in the bulk fluid. For slow mixing at 20 RPM, a time span of approximately 52 s
was necessary to achieve homogenous spreading of the phenol red dye. At higher mixing speed, the

blending times decreased as outlined in figure 3.17.

A

Figure 3.16: Visual determination of bioreactor mixing times through dye injection for (A) unbaffled
and (B) baffled bioreactor configurations.
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Interestingly, the impact of the stirring speed on the mixing time lessened when stirring at 60 RPM or
higher. From there on, mixing times in the range of 16 s were observed for stirring velocities between
60 RPM and 120 RPM. Another observation showed that the mixing times did not vary significantly

between the baffled and unbaffled bioreactor configuration.
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Figure 3.17: Mixing times in baffled and unbaffled bioreactors. (n =3, p <0.05)

CFD-derived mixing time

In order to evaluate the overall robustness and accuracy of the computational model, the mixing
time was simulated for the same stirrer speed range with the aim to compare the in silico read-out to
manual measurements. Since the results that were obtained from phenol red stainings indicated no
significant variation between baffled and unbaffled mixing setups, the CFD-mixing time simulations

were restricted to the baffled agitation setup.

CFD-mixing times were obtained by performing time-dependent mixing studies. A tracer substance
injection was modeled by defining a point mass source as shown in fig. 2.3. The progression of the
tracer concentration was subsequently computed for a time span of 60 s for each stirring speed. The
tracer concentration was monitored for multiple probes of a defined point array (fig. 2.4). For each
measurement probe, the tracer substance concentration was plotted over the mixing time. The time
points for 90 % and 95 % of mixing completion were obtained by defining confidence intervals as

shown in fig. 3.18. The final concentration of the tracer substance was set to Csracer,;—oc0 = 1 mol m=,
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Figure 3.18: CFD-derived mixing time estimation in baffled bioreactor setups. A point matrix was
used to track the concentration of a tracer substance at homogeneously distributed points across the
bioreactor fluid over time. The tracer substance injection was initiated at time point tipject = 3 .
The resulting array of concentration curves converged towards the final concentration of 1 mol m™3.
Intervals of confidence were defined and the corresponding time points t;, 9o and t,, 95 indicated 90 %
and 95 % mixing process completion.

The progression of the tracer concentration distribution for a stirring speed range covering 20 -
120 RPM is provided in fig. 3.19. The array of curves for each stirring velocity was characterized
by peak concentrations in the range of 15— 20 mol m™ shortly after tracer injection for all stirring
speeds. The convergence behavior, however, was observed to vary between stirring scenarios. For
stirring speeds in the lower segment of 20 RPM and 40 RPM, the convergence towards the final con-
centration appeared stagnantly compared to higher stirring speeds. Here, a mixing completion of
90 % was reached at time points ¢ = 48 s and t = 33 s. Convergence at higher stirrer settings was ob-
served to occur more timely. For instance, 90 % convergence was reached at ¢ = 22.5 s for a simulated
stirring regime of 60 RPM and ¢ = 18.75 s for 80 RPM. Even more intense stirring resulted in computed
mixing times of ¢ = 17.25 s and ¢ = 14.7 s for 100 RPM and 120 RPM, respectively. A detailed resume

of the obtained mixing times for 90 % and 95 % mixing completion is provided in tab. 3.3.
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Figure 3.19: Tracer concentration curves for increasing mixing speed. The concentration of a tracer
substance was mathematically modeled for an array of evenly distributed measurement points in the
bioreactor fluid domain during agitation of the bulk fluid. Each curve within an array represents one
measurement point. (A-F) Time-dependent tracer concentration progressions were compute for a
total mixing time of 60 s (x-axis) at increasing agitation velocities in steps of 20 RPM.
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Table 3.3: Mixing times derived from computational fluid dynamics simulations.

Stirrer speed (RPM) Mixing time (s) Mixing time (s)
90 % confidence interval 95 % confidence interval
20 48.45 54.6
40 33.6 37.5
60 22.5 26.25
80 18.75 21.75
100 17.25 19.95
120 14.7 16.5

Comparison of measurement data and simulated mixing times

Following CFD modeling of the 90 % and 95 % mixing confidence interval, the obtained data sets
were compared to phenol red injection measurements. The corresponding mixing times were plotted
for the investigated stirring speed range of 20 RPM - 120 RPM. Matching of CFD data and manual
measurements delivered a non-linear mixing time decline with increasing stirring speed. With few
exceptions, the manually measured time points did not vary significantly from CFD-derived mixing
times. For a stirring speed of 60 RPM, the simulated mixing time for both 90 % and 95 % mixing
completion were significantly longer compared to the manual measurement. Similarly, the time point

for 95 % mixing completion at 100 RPM varied from the manual measurement to a significant extent.
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Figure 3.20: Comparison of manual and CFD-derived bioreactor mixing times for baffled mixing.
Manual measurements were obtained from phenol red staining of the bioreactor bulk fluid for a range
of mixing speeds. The data was matched versus mixing times derived from computational fluid dy-
namics simulations at 90 % and 95 % mixing completion. (n =3, p < 0.05 for manual measurements)
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3.5 Suspension culture of hiPSC

3.5.1 Evaluation of hiPSC seeding densities

Prior to CSTR experiments, a range of seeding concentrations were tested at 1 ml well plate format
(fig. 3.21). With the aim to identify a suitable seeding density that results in optimal medium usage
at small-scale, cell concentrations from 1-10° cells ml™! to 10-10° cells ml"! were evaluated. For all
seeding concentrations, the consumption of glucose was determined as read-out parameter. There-
fore, glucose concentrations were measured every 24 h for each sample as described in section 2.2.7.

The measurements were performed for the duration of one cell passaging cycle.
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Figure 3.21: Glucose concentration in hiPSC 1 ml cultures at increasing cell seeding densities. The
concentration of glucose reached a plateau independently of the seeding concentration (red slashed
line). (n=3)

The initial glucose concentration at the beginning of the suspension culture was stable at approx-
imately 2.8 g I'! for all seeding concentrations. On day 1, variations between the investigated cul-
tures were observed and progressively lower glucose concentrations were measured for samples that
were inoculated with increasing cell densities. In particular, the highest seeding density plateaued at
1.1 gl'!(slashed red line in fig. 3.21) on day 2. On day 3, well plate suspension cultures that were inoc-
ulated with 4-10° cells ml™! and higher also reached the plateau concentration. Eventually, all but the
two lowest seeding densities were observed to stagnate at 1.1 g1"!. Conclusively, the obtained data
provided a first impression of media consumption for a range of seeding densities for static cultures
at a small-scale. More importantly, the information obtained served as starting point to evaluate a
suitable CSTR seeding density. In this regard, a seeding density of 3.5-10° cells ml™' was chosen for

subsequent CSTR experiments.
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3.5.2 Peristaltic pump-induced liquid handling allows for safe transport of hiPSC sus-

pensions

Lactate dehydrogenase (LDH) is an oxidoreductase enzyme that is, when secreted by cells, commonly
associated to cell damage and loss of cell viability. Since any liquid handling device induces shear
forces on the transported liquid, a close investigation of pump-induced cell stress was performed
prior to CSTR experiments. Therefore, 20 ml static hiPSC suspension cultures were inoculated as
described in section 2.2.3 and maintained for 4 days. Every 24 h, the cell suspensions were circulated
as shown in fig. 3.6 and LDH levels were measured from 200 pl samples. On the last day of culture,
cells were harvested and viability was measured by automated nucleo-staining as described in section
2.2.3.
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Figure 3.22: Suspension culture samples were investigated for lactate dehydroxynase (LDH) activ-
ity (A) and cell viability (B) to convey potential cell damage caused by the peristaltic pump during
circulation. (n=3, p<0.05)

Measurements of LDH levels revealed increasing enzyme activity over the culture duration in both
circulated and control suspension culture. Shortly after inoculation, LDH levels of approximately
15 U I''were detected, and signals increased to peak levels in the order of 105 U 1! on day 4. Statistical
analysis indicated no variation between circulated and control suspension cultures at all times (fig.
3.22 A). The assessment of the cell viability showed that the amount of viable cells had dropped to
about 65 % in both circulated and control suspension cultures on the final day of the experiment.
Similarly to LDH activity data, no significant difference was detected (fig. 3.22 B), indicating that the

peristaltic pump was fit for cell suspension handling.
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The formation of hiPSC aggregates in CSTR suspension cultures was tracked by the custom-built
microscope, a liquid handling bypass was connected to each CSTR in operation. During cell suspen-
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Automated at-line image processing of suspension culture images provided aggregate

size distributions. (A) In-flow images were captured by in situ microscopy for at-line image analysis.

(B) The average aggregate diameter y and its standard deviation c were obtained as numerical data

readout to characterize aggregate development in detail. Red arrow indicates direction of flow.
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In addition, images of control suspension cultures in well plates were acquired by using a digital lab
microscope. In this case, manual imaging was accomplished within 3 min on average and provided
a total of approximately 100 counts per image. Following image acquisition, statistical parameters
that described the aggregate size distribution were derived by automated image analysis. In this con-
text, the average aggregate diameter u together with the average diameter’s standard deviation c were

identified as suitable parameters to characterize the formation of aggregates (fig. 3.23, bottom).
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Figure 3.24: Characterization of aggregate formation during suspension culture. The automated
imaging of CSTR cultures and manual imaging of static control suspension cultures provided a de-
tailed characterization of the aggregation behavior of hiPSCs by plotting (A) the average aggregate
diameter u and (B) standard deviation ¢ as a function of culture duration. (error bars indicate mean
+ SD from n = 3 experiments)

Plotting of the mean aggregate diameter u revealed recurring size increases throughout each pas-
sage (fig. 3.24 A). For CSTR and static suspension control cultures, a starting size of approximately
50 um was observed for aggregates in every passage. From there on, aggregate size development was

detected to vary between culture formats. For CSTR cultures, mean aggregate diameters of approxi-
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mately 120 um were detected 24 h after re-seeding. Towards the end of each passage, mean aggregate
diameters were no greater than 260 pm. Static suspension control cultures, on the other hand, showed
lower aggregate diameters from day 1 onwards. Here, mean aggregate diameters were consistently
smaller by 50 - 90 um compared to CSTR cultured aggregates. In accordance with this observation,
end-point aggregate sizes increased to about 150 um. To assess aggregate size uniformity, the mean
diameter’s standard deviation ¢ was investigated as additional size distribution parameter (fig. 3.24
B). Starting at approximately 5 pm for suspension control and CSTR setups, the average standard de-
viation o increased to 75 um for CSTR cultures during passage 1 and 2. However, throughout the third
and fourth passage, notably higher deviations were detected. Here, the standard deviation resulted
in end-point measurements in the range of 100 um. Static control cultures showed comparably lower
end-point deviation values of approximately 60 um during all passages. However, data did not deviate

significantly.

In order to investigate a potential effect of altered cell health on hiPSC aggregation, LDH measure-
ments were performed and compared between suspension culture setups. Here, as shown in fig.
3.25, comparable or decreased LDH activity levels were detected for CSTR cultures and suspension

controls at all times.
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Figure 3.25: Lactate dehydrogenase (LDH) activity in bioreactor and static control hiPSC suspension
cultures. (n=3)

More precisely, LDH levels of control suspension cultures reached peak levels of 120 U 1! - 180 U
I'! on days 4, 8, 12, and 16. LDH activity was subsequently reduced by the removal of non-viable
cells from the suspension culture during passaging. For CSTR cultures, slightly lower LDH levels were
measured that increased to a maximum of 90 U I'1- 120 U 1"'on passaging days. These observations

indicate that hiPSC proliferation is not affected by the CSTR system.
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3.5.4 CSTR-cultured hiPSC express pluripotency markers

Changing cell culture conditions that are commonly used for pluripotent stem cells is often associ-
ated to the loss of pluripotency and spontaneous differentiation. To provide evidence for pluripo-
tent stem cell qualities after CSTR suspension culture, the expression of the key pluripotency mark-
ers OCT3/4, SOX-2 and NANOG was evaluated by qRT-PCR and flow cytometry. Therefore, CSTR-
cultured hiPSC were compared to the starter culture in mTeSR™1, a monolayer control culture in

mTeSR™1, and a static suspension control culture in 1 ml of mTeSR™3D in multi-well plates.
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Figure 3.26: IMR 90-4 hiPSCs preserve a pluripotency-associated protein phenotype throughout four
passaging cycles. (A) Flow cytometry and (B) real time qRT-PCR analysis of monolayer cultures, sus-
pension control cultures, and CSTR suspension cultures revealed consistent expression of pluripo-
tency transcription factors for all modes of culture. (n=3)

On protein level, flow cytometry data revealed the robust expression of pluripotency-associated tran-

scription factors in the monolayer control culture and in both suspension culture formats. More pre-
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cisely, similar levels were obtained for the monolayer control, suspension control, and CSTR-cultured
hiPSCs compared to the starter culture, indicating that the CSTR system is capable of upholding the
pluripotent state of hiPSC (fig. 3.26 A). On the transcription level, a consistent expression of all inves-
tigated pluripotency-associated marker genes was detected. As shown in fig. 3.26 B, CSTR-cultured
hiPSCs showed equal OCT3/4, SOX-2 and NANOG gene expression compared to the expression pro-

files of controls and starter culture.

Pluripotency characteristics of hiPSCs in the different culture conditions were additionally assessed
by using an unbiased bioinformatics assay termed PluriTest. In doing so, a global transcriptomic
assessment of pluripotency was achieved by computing transcriptomic raw data (query) against an
empirical model generated from hundreds of pluripotent and non-pluripotent cells and tissues. The
output characteristics of the PluriTest algorithm were Pluripotency and Novelty scores. If criteria for
both scores were met, the sampled cells were considered pluripotent. A summary of the data is shown
in fig. 3.27. The data that was obtained form PluriTest analysis indicated that all samples pass both

Pluripotency and Novelty score criteria.
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Figure 3.27: Plurilest results from HT12v4 arrays. (A) PluriTest data was normalized to hESC H9
cultured in E8 medium and TeSR™ medium. The background encoded an empirical density map in-
dicating areas of high Pluripotency/low Novelty scores (red) and high Novelty/low Pluripotency scores
(blue) at thresholds for Pluripotency (20, horizontal) and Novelty (1.67, vertical). Scores were indi-
cated with dashed lines. All samples passed both Pluripotency and Novelty score criteria. (B) Magni-
fication of PluriTest results from (A). (n = 3)

3.5.5 hiPSC show metabolic activity during CSTR culture

The transition of adherently-cultured hiPSCs to the 3D environment of a stirred vessel is often linked
to cellular toxicity. To investigate potential effects in this sense, the metabolic activity of hiPSC cul-

tures was assessed by at-line analysis of culture medium supernatant samples in order to investigate
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hiPSC health during CSTR culture. In this regard, recurring metabolite concentration patterns for
glucose, lactate, glutamine, and ammonia were detected, indicating functional carbon metabolism
throughout all passages. The concentration of carbon source substances glucose and glutamine was
observed to remain above 1 gI'! and 1.2 mM, respectively, implying sufficient energy sources in both
CSTR and suspension control culture formats (fig. 3.28 A and C). For the corresponding waste prod-

ucts, lactate and ammonia, peak concentrations of approximately 1.5 g1'! and 2.5 mM were detected
(fig. 3.28 B and D).
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Figure 3.28: Metabolite concentrations in hiPSC suspension cultures in bioreactors and static well
plate suspension control cultures. At-line analysis of culture medium supernatants provided moni-
toring of (A) glucose, (B) lactose, (C) glutamine, and (D) ammonia metabolic activity. (n=3)

During bioreactor runs, dissolved oxygen content and pH levels were measured by using optical sen-
sor spots. Dissolved oxygen levels remained above anoxia conditions at all times and were restored to
ambient oxygen content of 20 % through medium change on passaging days (fig. 3.29 A). Regarding
the culture medium pH level, measurements were done for bioreactor cultures only. In this case, pH

values were in the range of 6.8 at their lowest, and approximately 7.2 immediately after passaging (fig.
3.29 B).

70



A B
25-
7.4+
< 20+
e 7.2
e
gi 15 - .
< - /- "
< 10- S
s 6.84
3 54
%]
S5 6.6=
O | ] | | | | T | | | | ] | | 1 L L L] L 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
time [d] time [d]

Figure 3.29: Physical process parameter monitoring in hiPSC suspension cultures performed in

CSTRs. (A) Measurements of dissolved oxygen concentrations and (B) pH levels were obtained by
non-invasive optical sensor spots. (n =3)
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Chapter 4

Discussion

4.1 Tailored platform for hiPSC suspension cultures

4.1.1 Incubator prototype

The prime objective of this study was the expansion of high quality hiPSCs that robustly exhibit a
pluripotent nature. At the same time, hiPSC-specific process monitoring was necessary to pave the
way for reproducible and scalable bioprocesses. With this aim in mind, a tailored incubator proto-
type was constructed to provide for an appropriate periphery for CSTR-based hiPSC culture, along-
side with the necessary monitoring equipment for process characterization. The main purpose of the
incubator was to generate optimal cell culture conditions in the atmosphere surrounding the CSTRs.
By choosing a CSTR-in-incubator approach, the installation of CSTR-bound temperature probes and
control actuators for each CSTR was redundant, thereby facilitating the use of the incubator for vari-
ous CSTR sizes in future studies. In the same vein, each CSTR vessel was equipped with sensor spots
for pH and dissolved oxygen measurements to allow for the monitoring of additional physical param-
eters. Here again, the considerable benefit of sensor spots lies in the independency from vessel size
and shape. More precisely, the same sensor spots may be installed in miniature cultivation vessels
as were used in this study, but as well in larger-scale models [134, 180, 34]. Since the correspond-
ing transmitter cables ran freely in the incubation area, the simultaneous pH and dissolved oxygen
monitoring in three small-scale vessels was possible. In the same manner, three motor drives were
available and may be mounted onto CSTR designs of various working volumes. Another strength of
the developed suspension culture platform is the incubator’s capability to perform automated liquid
handling. For instance, sampling of hiPSC suspensions from and to CSTRs was performed during
hiPSC aggregate monitoring without the need for manual intervention. Yet, the implication of auto-
mated liquid handling may be extended further in future CSTR studies. For instance, the automated
addition of mTeSR™3D feed medium is feasible. Prior to this installment, a refrigerated storage cab-

inet for cell culture media and feed medium batches in the rear cabinet of the incubator is necessary.
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4.1.2 Rapid manufacture and optimization of CSTR designs

In order to lay the foundation for rapid suspension culture scaling and vessel flexibility, the majority
of the CSTR components were fabricated by in-house 3D-printing (fig. 3.10). However, some compo-
nents such as the glass vessel, the agitation shaft, and the impeller were crafted by other means. For
instance, the impeller had to be milled as the printing resolution of the 3D-printer was insufficient to
meet the amount of detail that was required for the impeller blade curvatures and the surface texture.
Therefore, a variety of materials that are typically used in milling were tested in regard to their cy-
totoxic nature prior to manufacture (fig. 3.11). Here, an unexpected cytotoxic environment towards
hiPSC proliferation was caused by POM-C, which is inconsistent with its use in medical engineer-
ing applications [170]. The toxic effect, however, is likely to be caused by leaching of formaldehyde
monomers into the cell culture medium [73]. Another plausible explanation is the binding and de-
pletion of growth factors from the medium. However, viability measurements that were performed
immediately after inoculation indicated a rapid effect of POM-C-contaminated medium on hiPSC vi-
ability, which favors the leaching of formaldehyde as a likely reason for cytotoxicity (data not shown).
In the end, PEEK was chosen for crafting the impeller geometries, which was mainly owed to its forth-

coming workability compared to stainless steel.

For a proof-of-concept, the overall suitability of the suspension culture platform was demonstrated
for one specific CSTR model. Thereby, the handcrafted glass vessels that were used ultimately dic-
tated the overall bioreactor scale at this state. However, in the future, full bioreactor models that rely
on 3D-printed components to an even greater extent are thinkable. In this context, high-resolution
3D-printing strategies that are based on stereolithography (SLA) are likely to play a major role.
Thereby, the proportion of non-printed hardware parts such as glass components is further reduced.
In addition, the fabrication process is completed within a few hours, which strengthens the role of

3D-printing technologies for rapid CSTR design and subsequent fabrication.

4.1.3 Sterilization of 3D-printed PLA components

Currently, a major drawback of PLA 3D-printed bioreactors is their sensitivity to thermoplastic de-
formation during hot-steam sterilization. As a solution to this, a variety of heat-resistant filaments
are available for FDM-based 3D printing. Here, different polymers such as PEEK or PPSU are used
instead of PLA, to name a few. The deployment of these thermally stable materials, however, dra-
matically increases the fabrication costs of 3D printed components. Nevertheless, several alterna-
tive options are available to provide reliable decontamination at considerably low temperatures, e.g.
gamma irradiation or ethylene oxide gas sterilization. The application of irradiation, however, needs
careful consideration, as the irradiation will alter the polymer structure of PLA [117]. Therefore, the
application of multiple irradiation cycles is questionable. The use of ethylene oxide for gas steriliza-

tion is the gold standard procedure to disinfect heat-sensitive hardware components [100]. Yet, the
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fact that residual ethylene oxide species need to be removed after the sterilization process render this
technique a time-consuming one. Conclusively, the use of plasma sterilization as was performed in
this study proved both a reliable and time-efficient sterilization method. Thereby, the sterilization
of CSTRs was achieved at peak temperatures of approximately 40-50 °C within 90 min, thus evading
thermoplastic deformation. Also, the reactive hydrogen peroxide species disintegrated into oxygen
and hydrogen at the end of the plasma process. Consequently, the sterilized CSTRs were ready to use

immediately after the sterilization process and no removal of residual species was required.

4.1.4 Computational model validation

The characterization of the flow field magnitude and orientation in a stirred vessel is commonly in-
vestigated by applying laser Doppler anemometry (LDA) [56, 179] or particle image velocimetry (PIV)
[162, 175]. Although these experimental methods are reliable, they are at the same time not eco-
nomically sustainable to characterize the complete 3D fluid flow within a typical bioreactor [61]. In
contrast, CFD simulations offer a comparably fast and economical approximation of the physical en-
vironment in CSTR systems. As a result, the characterization of stirred bioreactor systems by CFD
simulations has been progressing swiftly, thereby becoming an appreciated tool that facilitates out-
lining of bioreactor scaling studies in silico [61, 89, 181]. Analogous to this, a computational model
was established to characterize the developed CSTR system for information on the occurring shear

stress and the specific power input.

In a first step, the model accuracy was assessed by performing mesh refinement studies. The idea
behind the stepwise increase of the mesh resolution is to balance the accuracy of the computation
result versus the required solving time (tab. 3.2). At this point, it is common to define an accuracy
corridor that is acceptable for the computation read-out parameter. For example, the larger portion
of CFD simulations that were performed in the course of this study were run at mesh resolutions that,
by default, held an accuracy deviation of 3.8 % to 4.7 % of the real solution. Although more precise
computations were feasible, the necessary computation times were not acceptable from an economic

point of view.

To validate the overall credibility of the developed CFD model, mixing time simulations were per-
formed and compared to experimental data (fig. 3.20). For the majority of biopharmaceutical pro-
cesses, a mix of 95 % homogeneity is assumed as an adequate mixing performance [42, 160]. There-
fore, the confidence interval for the CFD-derived mixing time was adjusted accordingly (fig. 3.18).
With few exceptions, the CFD-derived mixing times correlated to the experimental data with no sig-
nificant deviations. In detail, the only variations that reached significance were obtained for mixing
times that lead to 90 % and 95 % mixing homogeneity at 60 RPM, and 95 % mixing homogeneity at
100 RPM. Considering the general appearance of the data, a slight offset profile of the simulated mix-
ing times from the experimental data was recognizable. However, it deserves mentioning that the

experimental procedure of mixing time determination is highly experimentator-biased. Because the
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measurement is primarily based on visual judgment, a reasonable step is to include multiple exper-
imenters to analyze the mixing time footage. Still, taking into account the complexity of the mixing
time simulation, the developed computational model proved to be well purposive of describing the
fluid dynamic environment in the CSTR. Thus, the established CFD model was found appropriate to
derive engineering parameters that were essential to closely characterize the developed CSTR system

in silico.

4.1.5 Bioreactor characterization

The knowledge of a bioreactor’s physical parameters is necessary to evaluate the suitability of any
CSTR design for the specific bioprocess task. Those engineering characteristics commonly include,
amongst others, the maximum fluid velocity, mixing time, specific power input, and shear stress.

Therefore, a detailed characterization of the used cultivation system is vital for process scaling [60].

Power input

The power input describes the energy transfer of the stirrer into the cell culture medium and corre-
lates with the ability to suspense particles and mixing behavior of bioreactors. In consequence, con-
clusions about the impeller configuration efficiency is possible [201]. In order to describe the power
input, the Newton power number Np is required. The determination of Np is commonly done by
measuring the torque on the stirrer shaft during mixing [17]. Therefore, special torque sensors have
been developed and are routinely used for production fermenters in the pharmaceutical industry
[88]. As an alternative, the use of CFD provides a robust starting point to give a good approximation of
experimental data without the need to procure any sensor equipment. In this sense, a computational
model was used to calculate Np for 0.5 < Ng, < 3-10* in baffled and unbaffled agitation setups in or-
der to convey the power input for the developed CSTR system. In fully developed turbulent flow, the
power number is generally constant for a given impeller type, number of impellers, the off-bottom
clearance h., and the impeller to tank diameter ratio d/Dp [6]. Referring to the results in section
3.4.4, Np values of 1.6 for baffled and 0.55 for unbaffled setups for Ng, = 10* were obtained. The re-
sults show that the use of baffles strongly elevates mixing efficiency, which is also shown by flow field
simulations in section 3.13. Thereby, the Newton power number is tripled in baffled agitation setups,
which is in accord with observations described in the literature [70]. The specific power input P/Vy
is a commonly used scale-up criterion in bioprocessing, and therefore a thorough characterization is
vital. For baffled mixing at 75 RPM, the obtained power input was calculated and revealed a specific
input of P/V; = 1.32 W m™. This value, however, is lower compared to power input values that are
common for mammalian cell culture. Here, power input values in the range of 10 to 250 W m™3 have
been reported [88]. The comparably low power input for the CSTR system is mainly caused by the low

rotating frequency of the stirrer. To be more precise, a maximum fluid velocity of 1,5, = 0.125 m s’}
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was obtained according to eq. 1.2. This value falls below the critical maximum fluid velocities of 1.0
and 2.0 m s™! that is commonly not exceeded in mammalian bioprocesses due to shear sensitivity
[38, 40, 72]. Interestingly, the resulting power input and maximum fluid velocity that were gener-
ated in this study were sufficient to suspense hiPSC aggregates and to prevent aggregate settling and
subsequent clumping. This is likely due to the baffles that were incorporated into the CSTR system,

which led to upward directed flow even for low impeller agitation speed.

Mixing time

The mixing time describes the time that is needed to completely blend a solution after the occurrence
of a compound concentration or temperature gradient. These gradients in the culture medium have
been reported to show negative effects on cell growth and protein expression [77]. Therefore, the mix-
ing time represents one of the prime criteria for the characterization of bioreactors. The distribution
of compound concentrations depends on multiple issues, such as CSTR geometrical layout, number
of impellers, and power consumption [70]. In the industrial environment, various methods are estab-
lished for the characterization of the mixing time. The most commonly applied methods comprise
colorimetric, conductivity, and pH measurements [88, 101, 12]. To realize mixing time measurements
that rely on the colorization of the bioreactor bulk fluid, optical accessibility is required. For window-
less steel tank bioreactor systems, the measurement of conductivity or pH is performed. Therefore,
an electrolyte or acidic solution is added to the fluid inside the bioreactor and the conductivity or
pH value convergence is monitored by built-in sensors. The drawback of these methods lies in the
alteration of the fluid flow pattern by the installed sensor probes. Additionally, the detection of dead
zones becomes impossible as measurements are only obtained for the location of the conductivity
or pH probe. Increasing the number of probes therefore might increase accuracy, however, complex
sensor setups are not practical for small-scale bioreactors. In order to evaluate the mixing efficiency
of the newly developed CSTR system, the mixing time was determined by colorization of the bulk
fluid through the injection of a dye at increasing mixing speed (fig. 3.17). In this regard, mixing times
were observed to remain below 60 s for even the slowest mixing rate. The average mixing time at
moderate stirring was observed to be in the range of 15 s, which is sufficient to avoid effects on the

cell growth in mammalian cell culture systems [77].

Shear stress

Due to the mechanical sensitivity of mammalian cells and the associated influence of shear stress,
the effect of hydrodynamic forces on cell proliferation needs to be considered in order to ensure con-
sistent product quality [194, 26]. In the delicate case of stem cells, fluid shear stress is further linked
to affecting the expression of pluripotency markers and germ specification to the mesodermal, en-
dodermal, and ectodermal lineages [186, 82]. To avoid compromising the overall cell quality, under-

standing these forces is essential to keep local shear stress in a range that cells can tolerate. In actively
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aerated bioreactor vessels, the major proportion of shear stress is commonly caused by the rupture
of bubbles that arise from the sparger [126]. In contrast, the CSTR system that was used in this study
relies on passive aeration via head space gas exchange. Thereby, the shear stress that is caused by
sparging is successfully omitted while the ingress of sufficient oxygen is ensured (fig. 3.29 A). Instead,
the dominant source for shear stress, however, is the stirrer blades moving through the bulk liquid as
was shown with the help of CFD simulations (fig. 3.14). As a result, the application of 4.5-1072 Pa
that was in average generated by the agitation organ did not affect the pluripotent nature of IMR 90-
4 cells which was demonstrated by PluriTest (fig. 3.27). However, it deserves mentioning that the
application of shear stress during cell differentiation has been reported to play an important role by
actively influencing the efficiency of lineage commitment in various stem cell lines [186, 1, 154, 164].
However, without the possibility of CFD simulations, the quantification of shear stress is a challeng-
ing task. Still, these findings suggest that fluid shear stress is an important characteristic that requires

thorough quantification in order to pave the way for reproducible investigations in the future.

4.2 Advanced hiPSC bioprocess characterization through real-time mon-

itoring of cell aggregation

In comparison to single cell suspension cultures, the size distribution of cell clusters is a process
parameter that is confined to aggregate-forming species. For aggregates of 300 um and greater, a
necrotic microenvironment may appear, possibly due to oxygen, nutrient and metabolic byproduct
limitations as was reported for ESC and neural stem cell (NSC) lines [188, 152], and/or spontaneous
differentiation in regions close to the aggregate core [153]. Therefore, a main challenge of hiPSC sus-
pension culture is the need to monitor the size of aggregates. The data that was obtained from in
situ imaging showed that the developed CSTR system promoted the steady formation of aggregates
at recurring size profiles (fig. 3.24). In average, hiPSC aggregates grew to spheroids of approximately
250 um in diameter on passaging days. On the one hand, the obtained average maximum size of
250 um indicated that the agitation setup was capable of preventing excessive aggregate clumping
as shown in fig. 1.5. More importantly, the findings confirmed the postulation that aggregate de-
velopment is highly dependent on the suspension culture vessel and the agitation setup [148]. This
is exemplified when comparing the aggregate sizes in CSTR cultures and static control suspension
cultures, for which notably lower end-point aggregate sizes of 180 um were observed (fig. 3.24). The
deviations between culture formats in regard to average aggregate diameter p and standard deviation
o were largely owed to the increased probability of aggregates to merge into larger species in agitated
cell suspensions. This, however, is further dependent on multiple factors such as the seeding density,
impeller design, and agitation speed [158, 122, 81]. To offer a remedy to this challenge, the developed
imaging device is independent of culture vessel dimensions due to its bypass-design, thus rendering

it applicable for future scaling studies in bioreactors of various sizes and agitation setups.
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The investigation of potential harm that might be inflicted onto hiPSC aggregates during liquid han-
dling was a vital aspect to address. In this regard, the data that was obtained through the assessment
of cell viability in combination with LDH activity measurements provided evidence for the suitability
of the liquid handling procedure (fig. 3.22). Conclusively, and, as a further aspect to guarantee process
reproducibility, manual sampling steps were successfully omitted. More importantly, by maintaining
a closed-system-setup, the risk of contamination that would arise from manual sampling was thereby

successfully evaded.

Another strength of the developed imaging system is the comparably high rate of aggregate count-
ing. Referring to studies that were performed by others, aggregate size development was commonly
investigated by imaging of manually drawn bioreactor samples. In doing so, considerably lower ag-
gregate counts in the range of a few hundreds were obtained per measurement, which eventually
had a notable impact on measurement accuracy [71, 74]. Additionally, sampled cells were discarded
after analysis. In contrast, the technology that was developed in the context of this study delivered
data at statistical relevance while omitting cell loss due to sampling. During operation, the suspen-
sion culture platform was able to generate data on aggregate formation at a rate of approximately
1000 aggregates per minute. Finally, the high-contrast black/white images that were generated by the
dark-field mode of the in situ microscope were easily analyzed by the tailored algorithm. Hereby, a
detection rate of approximately 90 % was achieved, which qualified the algorithm for reliable, high

throughput aggregate size monitoring.

4.3 Energy metabolism of hiPSC aggregates

A detailed characterization of aggregate size development is also of essential interest to interpret en-
ergy metabolism and cell health in aggregate cultures. For instance, the activity of LDH enzymes was
observed to be consistently higher in CSTR cultures at the beginning of each passage, indicating that
cells were more prone to lysis in agitated environments after re-seeding (fig. 3.25). In the end, how-
ever, LDH activity was greater in static suspension control cultures towards passaging days. Consider-
ing the observation that hiPSC self-aggregation was enhanced in CSTR culture, the data consequently
suggest that aggregation protected hiPSCs from cell lysis. One possibility to clarify this observation is
to investigate cell apoptosis by e.g. flow cytometry analysis of phosphatidylserine by fluorochrome-

labeled annexin V. From this data, a more detailed evaluation of cell health is possible.

The analysis of metabolites in CSTR and suspension control cultures showed that cell proliferation
was increased in non-agitated culture setups at first. This was demonstrated by the comparably rapid
consumption of glucose in the medium of static cultures during the first passage (fig. 3.28). This
effect, however, was diminished throughout the following passaging cycles, and glucose uptake was
synchronized between the two culture formats. In fact, significant variations between CSTR and static

cultures were detected solely on day 2. The same development was observed for the formation of lac-

78



tate, where significantly higher concentrations were detected on days 2-4. The data thereby suggested
that hiPSCs had fully adapted to the agitated culture environment and shear stress in a CSTR follow-
ing the first passage.

In order to fully capture the metabolic profile, a precise knowledge on the current viable cell density is
necessary. The acquisition of reliable cell count data for aggregated hiPSCs, however, is challenging.
One reason for this is that, in contrast to single cell suspensions, sampling from an aggregate suspen-
sion culture is highly prone to falsifications due to the uneven distribution of biomass in the culture
vessel. Therefore, cell yield was evaluated only at the end of each passage when the entire culture
vessel would be harvested (data not shown). Still, a substantial portion of cultured cells were lost dur-
ing the passaging procedure. More precisely, considerable amounts of cells remained clogged on the
cell strainer during the dissociation step described in section 2.2.3. Thereby, the actual cell yield was
dramatically reduced to an unknown extent. For future studies, a single cell-based passaging strategy
will greatly increase manual handling of hiPSC suspensions [158]. In addition, it deserves mentioning
that the aggregate size does not necessarily correlate to the number of cells that reside within. This is

mainly caused by irregularly shaped cavities that are commonly found within aggregates [33].

Nevertheless, the data provided in fig. 3.28 further indicates that neither of the bulk carbon sources,
glucose and glutamine, was depleted on passaging days. This observation implied that cell growth
limitation did not occur as a consequence of energy source availability. A possible reason for the
stagnation of cell proliferation is the accumulation of metabolic waste products. For instance, the
concentration of lactate in suspension control cultures slightly surpassed the critical level of 1.3 g1
(15mM) that has been reported to impair cell proliferation and productivity in hiPSCs [50]. This is rec-
ognizable by the lactate concentration plateaus towards the end of each passage (fig. 3.28). For CSTR
cultures on the other hand, maximum lactate concentrations of about 1.2 g I''were reached, thereby
evading the proliferation-inhibiting environment. The acidification of the cell culture medium by the
accumulation of lactate is believed to limit cell growth by lowering the pH [185]. While some reports
showed that the pH is one of the critical factors of decreased cell growth [174], other studies postulate
that the accumulation of lactate delayed iPSC growth even under pH control [50]. Consequently, en-
hancinglactate removal from cell culture media by perfusion systems will be key strategies for achiev-
ing high cell densities while omitting effects on cell proliferation and pluripotency [25]. Glutamine
is the other major energy substrate that provides for more than half of the cell energy metabolism in
mammalian cell culture [102, 139, 199]. Besides its role as energy source, glutamine is a precursor
for nucleic acid synthesis, and apoptosis is induced upon glutamine depletion [197, 147]. The cor-
responding waste product, ammonia, accumulates during batch cultures and has been shown to be
significantly growth inhibitory to cells in culture [19]. The inhibitory effect, however, is highly depen-
dent on the cell type and cell line in culture [123, 31]. For hiPSC batch cultures, ammonia-derived
proliferation impairment was reported at concentrations above 5 mM [25]. By implication, the am-
monia concentrations of 2-2.5 mM that were obtained for hiPSC suspension cultures performed in

this study represent rather low ammonia levels and were unlikely to compromise cell growth.
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As mentioned above, the availability of energy metabolites was not a limiting factor for cell prolifer-
ation. However, the cell culture medium that was used in this study was composed of a multitude
of substances that, upon depletion, may have caused cell proliferation arrest. A list of biochemi-
cal compounds that were used in the medium was provided by Ludwig et al. [90]. Therefore, the
depletion of a single or several substances poses another possible explanation for the stagnation of
hiPSC growth. Compounds that were likely to cause this effect included the supplemented growth
factors (e.g. GABA, pipecolic acid, bFGE or TGF-3) and/or amino acids. To further investigate this as-
sumption, enzyme-linked immunosorbent assay (ELISA) measurements of growth factors and high

performance liquid chromatography (HPLC) analysis of amino acids are necessary.

4.4 Validation of hiPSC culture platform system functionality

To provide evidence for the suspension culture platform functionality, a range of biomarkers was sub-
sequently investigated to verify the pluripotent nature of CSTR-cultured hiPSCs. In this regard, hiPSC
identity was successfully demonstrated by mRNA quantification of the key pluripotency marker genes
OCT3/4, SOX-2, and NANOG [84] as well as by PluriTest analysis (fig. 3.27). Further, the translation of
marker genes was investigated by performing flow cytometry analysis on the protein level. As shown
in figure 3.26, CSTR-cultured cells showed consistent gene expression patterns for OC73/4, SOX-2,
and NANOG compared to standard monolayer control cultures. In addition, flow cytometry data
revealed the robust protein expression of OCT3/4, SOX-2 and NANOG in CSTR-hiPSCs after four pas-

saging cycles.

The data was further strengthened by the confirmation of cell pluripotency by the mRNA-matching
assay termed PluriTest [106]. The PluriTest relies on a bioinformatic approach that was initially de-
veloped to replace the teratoma assay. Until recently, the teratoma assay has remained the assay
of choice to demonstrate pluripotency of stem cells in vivo [43]. For producing teratomas, undif-
ferentiated hiPSCs are injected into immunocompromised mice, commonly sub-cutaneous, intra-
muscular, under the capsule of the kidney, or into the spinal chord [55, 183, 15]. Throughout the
resultant tumor formation, the animals need to be continuously monitored until the tumor is re-
moved for analysis. Besides the arising ethical questions, teratoma assays are time-consuming and
laborious, and take up to four months until the mature teratomas are excised out of the animals to
be assessed for the presence of cells from the three germ layers by immunofluorescence staining. In

addition, the standardization of animal-based assays remains a considerable challenge [107, 157].

In contrast, PluriTest is a purely data-driven, microarray-based approach to rapidly assess the
pluripotent nature of hiPSC in vitro cultures . PluriTest predicts stem cell pluripotency by match-
ing the transcriptome of the investigated sample against an empirical model that has been generated
from a large dataset of gene expression profiles of pluripotent and non-pluripotent somatic cells and

tissues. The assay not only indicates cell pluripotency, but it also reveals contamination by differen-
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tiated cells, and genomic and epigenomic abnormalities that alter gene expression patterns as found
in e.g. germ cell tumor cell lines [54]. The output characteristics of the PluriTest algorithm are two
summary scores. The first summary score is the pluripotency score that indicates the pluripotency of
the cell sample based on the similarity of its gene expression signature to gene expression profiles of
validated pluripotent stem cell lines from the database. The second summary score is a novelty score
that detects the presence of conspicuous gene expression patterns. In order to pass the PluriTest,
a designated pluripotent cell line is characterized by simultaneously exhibiting a high pluripotency
and a low-novelty score, which was shown for all CSTR and control samples (fig. 3.27). Consequently,
the outcome of the combined gene and protein analysis robustly substantiated the suitability of the

developed CSTR system to maintain the pluripotent state of suspension hiPSCs in the long term.
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4.5 Conclusion & Outlook

The unique properties of human pluripotent stem cells have contributed to their growing signifi-
cance in fields such as regenerative medicine, disease modeling, and drug discovery. To face the in-
creasing demand for robust and reproducible hiPSC bioprocesses, a variety of engineering tools such
as CAD, CFD simulations, and 3D-printing, were utilized to develop, construct, and characterize a
highly versatile, CSTR-based hiPSC suspension culture platform that facilitated the characterization
of hiPSC aggregation in real-time through the deployment of in situ microscopy. The functionality of
the developed hiPSC culture system was successfully validated by confirming the maintenance of the
pluripotent cell state on transcript and protein level following four passaging cycles. In this matter,
the expression of key pluripotency markers was successfully confirmed by qRT-PCR and flow cytom-
etry. In addition, the PluriTest algorithm was used to compare the genetic similarity of CSTR-cultured
hiPSC to a large reference dataset of pluripotent hESCs. The positive PluriTest results ultimately sub-
stantiate the robust system functionality. Taken together, the combination of the developed CSTR
system and tailored incubator prototype is a valuable tool for the robust expansion of high quality
stem cells that simultaneously offers advanced characterization of aggregation in hiPSC suspension

bioprocesses.

In a next step, it would be interesting to investigate the aggregation behavior of other stem cell types
and cell lines that are derived from either murine or human origin e.g. ESCs, MSCs. Also, a full three-
germ-layer differentiation profile of these cell types, including IMR 90-4 iPSCs, is of great interest. In
this regard, the study of the impact of aggregate size on differentiation potential and efficiency is facil -
itated by the developed ISM system. To decrease manual labour, the automation of the ISM imaging
procedure is possible. Therefore, the ISM will require external triggers from the incubator’s SPS sys-
tem. Likewise, the automated addition of feeding substrate is possible and will be a valuable asset for
future CSTR experiments. To allow for a more economical use of culture medium, the fabrication of
even smaller CSTR systems is easy to implement according to the engineering parameters guideline
presented in section 3.4. In this sense, the generated CSTR CAD design is rapidly down-scaled and
component manufacture is feasible at negligible expense. Here, alternative 3D printing techniques
are readily available (e.g. SLA) to omit the use of manually crafted parts such as the glass vessel or stir-
rer. Likewise, hiPSC expansion runs may be conducted in printed CSTR designs of increasing scales

to increase the culture volume and thus hiPSC yield as needed.
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Chapter 5
Supplementary

EVOS Algorithm syntax

Algorithm 5.1 Image processing algorithm used for images acquired by digital inverted lab micro-
scope.

run("Set Scale...", "distance=446 known=1000 unit=um");
run("8—bit");

run("Median..." , "radius=10");

run ("Unsharp Mask...", "radius=10 mask=0.50");
run("Gamma..." , "value=0.50");

run (" Subtract Background...", "rolling=150 light");
run ("Enhance Contrast...", "saturated=0,01 normalize");

run ("Auto Threshold", "method=Default");

setOption (" BlackBackground", false);

run ("Make Binary");

makeRectangle (1556, 1178, 492, 156);

setForegroundColor (255, 255, 255);

run(" Fill", "slice");

run(" Select None");

selectWindow ("del 25 dl.tif");

run("Analyze Particles...", "size=2000-3140000 circularity=0.80-1.00
show=Outlines display exclude include summarize");
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ISM Algorithm syntax

Algorithm 5.2 Image processing algorithm used for images acquired by custom-built in situ micro-
scope.

run("Set Scale...", "distance=100 known=586 unit=um");
run("8-bit");

run("Median..." , "radius=3");

run ("Unsharp Mask...", "radius=5 mask=0.50");

run ("Gamma..." , "value=1.25");

run (" Subtract Background...", "rolling=12");

run ("Enhance Contrast...", "saturated=1.2 normalize");

run ("Auto Threshold", "method=Default white");

setOption (" BlackBackground", false);

run ("Make Binary");

run (" Watershed ") ;

run (" Analyze Particles...", "size=2000.00-3140000.00 circularity=0.80-1.00
show=0utlines display exclude include summarize");

Comsol syntax
Table 5.1: Comsol syntax expressions

Name Comsol syntax expression Unit
flow velocity spf.U ms!
viscous shear stress spf.sr*spf.mu Pa
turbulent shear stress spf.sr*spf.muT Pa
tracer concentration C mol m™
guassian function gpl(t[1/s]) -

Table 5.2: Variables used for stirrer power number computations
Variable name  Comsol syntax Unit Description
tau_rw x*(spf.T_stressy)-y*(spf.T_stressx) Nm'! Torque per area
P rw tau_rw*rotl.alphat W m2 Power draw per area
NRe Danr2*N0*rho_u/Re_mu - stirrer Reynolds number
Np intopl(P_rw)/(NOA3*DaA5*rho_u) - stirrer power number
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