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Kurzfassung

Mesenchymale Stammzellen (MSCs) werden als vielversprechenster Kandidat fiir zellbasierte
Therapien und Tissue Engineering Produkte angesehen. Sie stellen eine unkomplizierte und
ethisch unbedenkliche Quelle multipotenter Stammzellen mit grofer Proliferations- und Differen-
zierungskapazitit dar. Fiir die Anwendung in zellbasierten Therapien miissen MSCs isoliert und
in vitro expandiert oder in Tissue Engineering Prozessen auf dreidimensionale (3D) Matrizes
angesiedelt und differenziert werden. Anschliefend konnen solche 3D Strukturen als Implantat
oder in vitro Modell in der Forschung dienen. Generell wird die in vitro Kultivierung auf zwei-
dimensionalen Kunststoffoberflichen unter statischen Bedingungen durchgefiihrt, welches nicht
die natiirliche Umgebung der Stammzellen représentiert. Tatsichlich wurde gezeigt, dass sich
das Verhalten von Zellen signifikant dndert, wenn physiologiche Bedingungen wie 3D Struk-
turen, mechanische Belastung oder geeignete Sauerstoffkonzentrationen eingefiihrt werden. Um
die Vorhersagbarkeit von Forschung fiir die Anwendung in klinischen Versuchen zu verbessern,
scheint es daher wiinschenswert physiologische Bedingungen zu implementieren.

Diese Arbeit prisentiert deshalb Ansétze fiir die Implementierung von physiologischen Bedin-
gungen wahrend der Isolation, Expansion und Differenzierung von MSCs. Die Isolation aus dem
Fettgewebe durch Explantkultivierung wurde verglichen mit der Isolation durch enzymatischen
Aufschluss und die resultierenden Zellen hinsichtlich ihrer Stammzelleigenschaften iiberpriift.
Dariiber hinaus zeigt ein neu entwickelter Ansatz die Expansion von MSCs als Aggregate ohne
Tragerstrukturen in einem Riihrkesselreaktor. Abschliefsend wird ein Konzept fiir die Charak-
terisierung und die Erzeugung einer mechanischen Umgebung fiir die osteogene Differenzierung
von MSCs in einem Perfusionsreaktor vorgestellt. Dafiir wurden die genutzten 3D Matrizes und
die Fluidik des Reaktors charakterisiert. Anschliefsend wurde ein neuer Inkubator mit integri-
erten, nicht-invasiven Drucksensoren genutzt, um mechanische Parameter zu optimieren. In allen
Schritten der Kultivierung wurden zusétzlich reduzierte Sauerstoffbedingungen getestet.

Die vorliegenden Ergebnisse zeigen einerseits, dass physiologische Bedingungen niitzliche Ef-
fekte auslosen, andererseits betonen sie die Wichtigkeit gewissenhafter und umfassender Charak-
terisierung relevanter Kultivierungsparameter, um physiologische Bedingungen zu definieren,
erzeugen und zu kontrollieren. Die vorgestellten Konzepte fiir die Implementierung von physiolo-
gischen Bedingungen wihrend des gesamten Kultivierungsprozesses zeigen Relevanz im Kontext

translationaler Forschung.

Schlagworter: Mesenchymale Stammzellen, 3D, dynamische Kultivierung, physiologische

Bedingungen, Hypoxie.
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Abstract

Mesenchymal stem cells (MSCs) are still considered as the primary candidate for cell-based
therapies and tissue engineering products in Regenerative Medicine (RM). They are easily
accessible and ethically unobjectionable multipotent stem cells with remarkable properties such
as high proliferation and differentiation capacity or the secretion of trophic factors involved in
wound healing. For cell-based therapies MSCs are isolated from various tissues and expanded
in wvitro before they are applied to a patient. For tissue engineered products cells are seeded on
three-dimensional (3D) matrices after expansion and then differentiated into a specific lineage.
Those cell-seeded constructs are then used for transplantation or as in vitro models. In general,
all steps of in witro cell culture are traditionally carried out on two-dimensional (2D) plastic
surfaces in a static conditions which does not represent the physiologic environment that cells are
exposed to in vivo. In fact, the implementation of physiologic conditions, such as 3D scaffolds,
mechanical forces or suitable oxygen concentrations were shown to influence cellular behavior
significantly. Thus, in order to improve the predictability of basic research for clinical trials, the
implementation of physiologic conditions seems desirable.

Therefore, this work presents approaches and considerations for the implementation of physio-
logic conditions in the isolation, expansion and differentiation of mesenchymal stem cells (MSCs).
The isolation of adipose derived MSCs by explant culture is compared to the traditional isola-
tion by enzymatic digestion and the resulting cells were characterized towards their stem cell
properties. Also, a novel approach for the expansion of MSCs was developed. For this, cells were
cultivated as scaffold-free 3D aggregates in a continuously stirred tank reactor. Finally, a con-
cept for the characterization and control of the mechanical environment in a perfused bioreactor
for osteogenic differentiation of MSCs is presented. For this, the 3D matrices and the behavior
of fluid elements in the bioreactor were characterized. Subsequently, a novel incubator system
with integrated non-invasive pressure sensors was harnessed to screen and optimize mechani-
cal conditions. Additionally, reduced oxygen concentrations were implemented in all phases of
cultivation.

On the one side, the presented results point out beneficial effects of physiologic conditions,
on the other side it underlines the importance of diligent and comprehensive characterization of
relevant cultivation parameters in order to define, generate and control physiologic conditions.
These concepts for the implementation of physiologic conditions throughout the entire in wvitro

cultivation of MSC are highly fundamental to improve translational research.

Keywords: Mesenchymal stem cells, 3D, dynamic cultivation, physiologic conditions, hy-

poxia.
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1 Introduction

1.1 Motivation

The market for regenerative medicine is rapidly growing worldwide with a stunning estimated
compounded annual growth rate of up to 70 % for stem cell-based therapies [1]. Furthermore,
within the field of regenerative medicine the vast amount of companies is related to cell-based
therapies and tissue engineering. Although it stated that embryonic stem cells (ESCs) and in-
duced pluripotent stem cells (iPSCs) have great potential in the field of regenerative medicine
they are still far away from clinical application due to ethical and safety concerns. Therefore,
mesenchymal stem cells (MSCs) are still considered as the primary candidate for stem cell-based
therapies and tissue engineering products. Nevertheless, regulatory frameworks in the US or
Europe are demanding and product development requires careful considerations on the later
manufacturing and approval process from the beginning of basic research throughout clinical
trials. Although the number of clinical trials where MSCs are involved is increasing with ap-
proximately 250 ongoing trials (clinicaltrials.gov, May '17) most of the tested therapies fail to
show therapeutic benefits. Thus, translational research needs to be improved to increase success
in clinical trials. For this, researchers, clinicians and manufacturer need to be closely connected
and work hand in hand on the one side. On the other side, results from basic research need
to be more predictable for in vivo human trials which requires in depth knowledge on relevant
biological parameters and how to mimic them in vitro. However, in the case of MSCs, traditional
two-dimensional (2D) static cell culture on plastic surfaces do not represent the in vivo situation.

To generate a physiologic environment that represents the natural conditions of human MSCs
numerous parameters need to be considered. Three dimensional (3D) biomaterials made of ce-
ramics, synthetic polymers or natural polymers mimic the natural enrivonment and thus have
detrimental influence on cellular behavior like tissue generation or differentiation [2]. Cell-seeded
scaffolds are then used for in witro models or to replace damaged tissue in vivo. Moreover,
mechanical forces such as compression, tension, fluid shear and hydrostatic pressure can be
harnessed to exert mechanical loading on cells and induce mechanotransductive effects such as
differentiation into a specific lineage or enhanced matrix mineralization [3]. Other parameters
such as medium composition, xeno-free serum supplements and oxygen concentration can also
contribute to generate more in vivo-like culture conditions. Implementation of these parame-
ters was shown to trigger #n vivo behavior of MSCs comprising many effects such as increased
proliferation, induction of or enhanced differentiation into specific lineages, elevated secretion of
anti-inflammatory factors but also increased survival rate of cells in vivo [2-4].

Bioreactors were traditionally developed to carry out reproducible, automated bioprocesses

and to ensure proper control over relevant cultivation parameters during cultivation. However,
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for the generation of tissue engineered products the implementation of physiologic conditions
with regards to the mechanical environment became crucial. Therefore, numerous bioreactors
for the exertion of the above mentioned mechanical forces have been developed within the last two
decades [5, 6]. Still, quantitative methods for the online measurement of forces in bioreactors as
well as for the automated control and application remain to be developed. Besides the application
of mechanical forces, agitation, stirring or perfusion in bioreactors enhanced mass transfer which
is critical for nutrient and oxygen supply into 3D scaffolds. Mass transfer, fluid dynamics and
scaffold properties are closely related and therefore extensive characterization of the bioreactor
and the 3D scaffold are required to gain knowledge and control over the bioprocess. X-ray
computed microtomography and other novel imaging techniques are used to determine porosity,
pore size, interconnectivity and the macroscopic structure of a scaffold |2, 7]. Together with
computational fluid dynamicss (CFDs) this data can be used to predict the fluid characteristics,
such as flow velocity profile and streamlines of fluid elements in the bioreactor but also to simulate
the mechanical environment, such as shear rates, wall shear stress and hydrostatic pressure that
cells on the scaffold are exposed to.

A typical tissue engineering process comprises the isolation, expansion and differentiation of
MSCs towards a specific lineage in order to generate a functional tissue construct for transplan-
tation or for use in an in vitro model. Furthermore, for cell-based therapies rapid expansion of
MSCs while maintaining their stem cell properties is required. Therefore, the implementation of

physiologic conditions in all steps of stem cell cultivation seems desirable.

1.2 Aims

The present work focuses on the implementation of physiologic conditions for the in wvitro culti-
vation of human MSCs with regards to isolation procedures, expansion and osteogenic differen-

tiation (Figure 1.1).

First, the isolation of MSCs from adipose tissue by explant culture is presented and compared

with the traditional isolation by enzymatic digestion.

Second, the cultivation of scaffold-free 3D MSC aggregates is characterized and approaches

for the upscale of this method are presented.

Third, a concept on how to define and generate a physiologic mechanical environment for

osteogenic differentiation is presented.

In all steps of cultivation a reduced oxygen concentration of 5% O9 was implemented and
compared with ambient oxygen concentration of 21 % Og. Furthermore, the three dimensional

cultivation in dynamic bioreactor systems is emphasized.
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Figure 1.1: The graphical abstract depicts concepts for the implementation of physiologic condi-
tions during major steps of in vitro human mesenchymal stem cells (MSCs). For the therapeutic
application of MSCs in cell-based therapies the three major steps of stem cell isolation, in vitro
expansion and differentiation (in tissue engineering approaches) need to be conducted. The inner
circle depicts crucial factors that contribute to the generation of a physiologic environment in vitro.
For the experimental work of this thesis these factors were considered and implemented for the
isolation, expansion and differentiation of human MSCs.



2 Theoretical Background

2.1 Regenerative Medicine - Where Are We?

The beginnings of Regenerative Medicine (RM) can be pinpointed back to the late 70’s where
first discoveries on artificial skin paved the way to far more advanced research and commercial-
ization of RM products. Since then, hopes were risen and promises given and after an enormous
development it is time to evaluate the current status and future prospects of RM.

Today the field of RM comprises cell-based therapies, gene therapies, biologics and small
molecules, tissue engineering approaches and utilization of stem cells for drug discovery, toxicity
testing and disease modeling with the aim of replacing damaged tissue, activating the body’s
own healing response or delivering molecular and gene therapies to targets. Cell and tissue banks
as well as service companies are making more than half of the involved enterprises. Regarding
therapeutic related companies the largest group provides cell-based therapies followed by tissue
engineering products.

By 2017 the global market of RM products is estimated to reach a US$24.7 billion while
the orthopedic branch alone will reach US$10.3 billion with a compounded annual growth rate
(CAGR) of 12.2% between 2013 2019 [8]. The Asia-Pacific market is assumed to display the
highest CAGR with 18.1%. The annual data report 2016 from the "Alliance for Regenerative
Medicine" counts more than 770 RM related companies worldwide with North America repre-
senting about 50 % of it and Europe and Israel 27 % (see). Likewise, the number clinical trials
increases drastically. In 2016 worldwide 804 clinical trials were reported of which 238 were re-
ported from Europe, which displays an increase of 21 % compared to 2015 with 631 reported
trials [9].

i WORLDWIDE CLINICAL TRIALS IN
. 219 55 REGENERATIVE MEDICINES
3 9 9 x:'r:ri“ 1 2 2 Asia
1 Afrika 8 0 4 (192in2015)
(376in 2015)

1 South Clinical trials underwav by

America 1 ﬁ:;}rzae"aala&n J year-end 2016 (63in 2015)
772 REGENERATIVE MEDICINE 21 % growth over 2015

COMPANIES WORLDWIDE

Figure 2.1: Worldwide companies and clinical trials in the field of Regenerative Medicine from
2016. Data obtained from [9].
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Three stages of living cell product development have been observed in the field of RM: (a) vac-
cines, blood transfusions and stem cell transplantations, (b) bioengineered skin and chondrocyte-
based therapies, (c¢) chimeric antigen receptor (CAR) T cells for cancer therapy and other dis-
eases [10]. The CAGR of stem cell-based therapies is estimated 70 % from US$5 million in 2012
to US$9 billion in 2025 [1|. Indeed, many products are currently in Phase III trials such as
MSC-100-1V, mesenchymal stem cell preparation developed for acute pediatric graft-versus-host
disease (GvHD), MPC-150-IM, a mesenchymal precursor cell preparation to treat chronic heart
failure or MPC-06-ID (also mesenchymal precursor) for treatment of lower back pain due to
degeneration of spinal discs. After stunning success in cancer therapy of CAR T cells in clinical
trials [11] (i.e. the treatment of lymphoblastic leukemia [12]) it is likely that the market for RM
will grow even more.

Still, considering the paradagim "from bench to bedside", people from all fields of RM notice
a serious gap between bench and bedside. Indeed, to improve and foster product development
and clinical outcome, translational research was recently covered in several expert reviews [10,
13-16] and discussed on international conferences (i.e. "ATMP 2015 - Issues and challenges from
bench to bedside" Tutzingen, Germany or TERMIS World Congress 2015, Boston, USA). As a
result, Fernandez-Moure proposes the current paradigm "from bench to bedside" needs to change
to "from the bedside to bench and back" [13].

Ronfard et al. defined five drivers for research in RM: manufacturing, reimbursement, mul-
ticompetence collaborations, regulatory compliance and clinical trials [10]. Although manufac-
turing and reimbursement issues are important they are more relevant in later stages of product
development and not of primary concern for researchers. Multicompetence collaborations are
valuable but need to be elaborated and strengthened before research is conducted. However, the
later two, regulatory compliance and clinical trials, are issues that researchers should take into
account from the very beginning. Many ideas, approaches and promising results are or cannot
be pursued further since they are conceptually incompatible with the approval for clinical trials.
Also Gardner et al. come to the conclusion that regulation and clinical trials are very specific
challenges of RM and therefore people on all levels need more clarification and information on
these topics.

To avoid those so called "valleys of death" where the development of a product comes to halt,
prior considerations regarding the national regulations on the "research-level" are crucial. In the
following section the regulatory framework of Europe will be outlined and considerations on how

basic research can be conducted to increase the translation to clinical trials are discussed.

2.1.1 Europe’s regulatory framework

In Europe medicinal products are regulated by the European Medicines Agency (EMA). Before
a product enters the approval process it must be assigned to one of the following categories:
medicinal product, advanced therapy medicinal product (ATMP), medical device or combined
ATMP. Their definitions and related EU directives are depicted in Table 2.1. Most products
that are developed in the field of RM fall into the category of (combined) ATMPs which are
subdivided into somatic cell therapies, gene therapies or tissue engineered products. Since late

2008, the approval and market authorization process is regulated by Regulation (EC) 1394 /2007.
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Since then the evaluation, authorization and follow-up is supervised by the Committee for Ad-
vanced Therapies (CAT). The classification which is defined by the mode of action (MOA) of the
product finally determines which path of approval a product needs to take [17, 18|. For example,
if a product consisting of human tissue or cells (viable or non-viable) is only minimally manipu-
lated and intended for homologous use (as defined by the EMA in their recent reflection paper
on ATMPs [19]) it is not regulated by the ATMP regulation but only by the European Union
Tissue and Cells Directives (EUTCD). In contrast, expansion of cells or enzymatic digestion
during cell isolation, is already considered as substantial manipulation and is thus regulated by
(EC) 1394/2007. Furthermore, other directives may also apply. ATMPs must be manufactured
according to good manufacturing process (GMP) guidelines (directive 2003/94/EC). Also, if hu-
man tissue and cells are involved the EUTCD which regulate the donation, procurement, testing,
processing, preservation, storage and distribution of tissue and cells across Europe applies (direc-
tive 2004/23/EC, 2006/17/EC and 2006/86 /EC). Clinical trials must be planned and performed
according to good clinical practice (GCP) guidelines (2001/20/EC). The interplay and overlap
of applicable directives is depicted in Figure 2.2.

CHMP, authorisation,

MEDICINAL PRODUCTS FOR HUMAN USE

[am]

=

" Tecicl Dt 2004 /23 EC Teicl Dt

= EU TISSUE AND CELLS DIRECTIVE

2]

=
REGULATION 141/ 2000 2003/ 94 / EC
Orphan medicinal products GMP
REGULATION 726 / 2004 2001/83/EC 2002/ 98/ EC

Blood components

B h igil
S pharmacovigilance
(am]
o
[a
o
—
<C REGULATION 668 / 2009 2003/ 63/ EC
= Certification Amending 2001/ 83 with
= respect to ATMPs
o
[}
= REGULATION 1394 / 2007
ATMPS
93/ 42/ EEC 2009/ 120/ EC

Amending 2001 / 83 with
respect to ATMPs

Medical devices

90/385/EC
Active implantable
medical devices

Figure 2.2: Overlap and interplay of EU directives that apply for the approval of ATMPs. The
directives comprise handling with tissues and cells, the regulatory framework for medicinal products
and ATMPs and handling in the clinic. Modified from [21].

Together, these guidelines and regulations ensure safety and traceability of RM products that
want to enter the european market. However, since December 2008, when the ATMP regulation
came into force, only 8 products have been approved by the EMA with Zalmoxis, an ez vivo
genetically engineered cell therapy for the treatment of GvHD after hematopoietic stem cell
transplantation, from MolMed being the most recent (see Table 2.2).

To overcome the challenges of successful approval and market authorization early decisions
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Table 2.1: Definitions of the different classifications of medicinal products as defined by the EMA
(modified from [20]).

Classification Definition

Medicinal product (i) Any substance or combination of substances presented as having
properties for treating or preventing disease in human beings or (ii)
any substance or combination of substances which may be used in or
administered to human beings either with a view to restoring, correct-
ing or modifying physiological functions by exerting a pharmacological,
immunological or metabolic action, or to making a medical diagnosis.
(Directive 2001/83/EC, Article 1.2)

ATMP Consists of either: (i) a gene therapy medicinal product as defined in
Part IV of Annex I to Directive 2001/83/EC or (ii) a somatic cell ther-
apy medicinal product as defined in Part IV of Annex I to Directive
2001/83/EC or (iii) a tissue engineered product as defined in (1[d] [EC]
No. 1394/2007)

Combined ATMP  Must incorporate, (i) as an integral part of the product, one or more
medical devices within the meaning of Article 1(2)(a) of Directive
93/42/EEC or (ii) one or more active implantable medical devices within
the meaning of Article 1(2)(c) of Directive 90/385/EEC and (i)its cel-
lular or tissue part must contain viable cells or tissues, or (ii) its cellular
or tissue part containing nonviable cells or tissues must be liable to act
upon the human body with action that can be considered as primary to
that of the devices referred to (2001/83/EC) or tissue engineered product
(1[d] [EC] No. 1394,/2007)

Medical device Any instrument or other article to be used in human beings for the pur-
pose of (i) diagnosis, prevention, monitoring, treatment or alleviation of
disease or compensation for an injury or handicap or (ii) investigation,
replacement or modification of the anatomy or of a physiological process
or (iii) control of conception, and which does not achieve its principal
intended action in or on the human body by pharmacological, immuno-
logical or metabolic means, but which may be assisted in its function by
such means (Directive 93/42/EEC, article 1.2[a]) 90/385/EEC

on important issues will be of tremendous benefit. Researchers and investors need to clarify
in advance whether there is a true "clinical pull" to conduct the following steps in research
and translation and early classification of the product will help to make considerations on the
requirements of the later approval and manufacturing process. Still, the pre-clinical data must be
robust and promising in order to apply for approval for clinical trials. Therefore, considerations

on the very basic research level may improve the later translation process.

2.1.2 Translational research

The translation of results from basic research to clinical application has always been difficult. In
general, about 85 % of therapies fail in phase I or II clinical trials and only half of products that
enter phase III trials are then approved [23]. Besides the fact that some products are just not
effective in a statistical significant number of human beings, possible sources of failure during

clinical trial but also basic research exist. Translational research comprises at least five phases
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Table 2.2: Approved ATMPs since 2009. CT = cell therapy, GT = gene therapy, TEP = tissue
engineered product. Marketing authorization % withdrawn or x suspended. Data obtained from
[22].

Product, Type year Treatment Company

ChondroCelect, TEP 2009 Autologous Chondrocytes for repair of TiGenix %
single symptomatic cartilage defects of the
femoral condyle of the knee

Glybera, GT 2012 Human lipoprotein lipase in a vector for UniQUre
treatment of lipoprotein lipase deficiency
ind adults

Maci, TEP 2013  Autologous cultured chondrocytes for re-  Vericel Corp. *
pair of symptomatic cartilage defects of
the knee.

Provenge, CT 2013  Autologous CD54+ cells for treatment of Dendreon Corp. *
prostate cancer

Holoclar, TEP 2015  Autologous corneal epithelial cells for re- Chiesi
pair of damaged corneal surface in pa-
tients with limbal stem cell deficiency

Imlygic, GT 2015 Genetically modified oncolytic herpes Amgen
virus for the local treatment of unre-
sectable lesions in patients with melanoma

Strimvelis, GT 2016 Autologous CD34+ cells to treat se- GSK
vere combined immunodeficiency due to
adenosine deaminase deficiency

Zalmoxis, GT 2016  Genetically modified allogeneic T cells for  MolMed
the treatment of GvHD after hematopoi-
etic stem cell transplantation

which means four "translations" in between and all of them need to be successful to ensure
proper outcome (Figure 2.3). Researches, clinicians, health care and industry need to work
hand in hand but do not speak the same language. Especially in the area of ATMPs, several
uncertainties are present. Tissues or cells are fragile and thus require a complex, yet suitable
and safe infrastructure. Furthermore, the production of the demanded quantities for phase ITI
trials often require a more advanced manufacturing process already. Additionally, therapeutically
beneficial effects observed in the lab are often not present in first human trials and thus projects
come to a halt very early. To overcome the hurdles of early translational research, pre-clinical
science might take into account regulatory standards and the later manufacturing process.

The GLP standards for example require to record lot numbers, store all raw data, choose
significant controls and the develoment and use of standard operating procedures (SOPs) is
mandatory. These standards ensure reliable data that would also pass later safety or risk as-
sessments. Also, approaching the regulatory authorities might be beneficial in an early stage of
development since authorities’ advice will help align routine work to the required standards.

Research in the field of ATMPs relies on basic products or raw materials which should be con-

sidered carefully keeping in mind later approval procedures. For example the use of xenogeneic
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SCIENCE RESEARCH " HUMANS ~— PATIENTS
PRECLINICAL AND PROOF OF CONCEPT PHASE 2 CLINICAL TRIALS
ANIMAL STUDIES PHASE 1 CLINICAL TRIALS PHASE 3 CLINICAL TRIALS

DEFINING MECHANISMS, NEW METHODS OF CONTROLLED STUDIES
TARGETS AND LEAD DIAGNOSIS, TREATMENT LEADING TO
MOLECULES AND PREVENTION EFFECTIVE CARE

TRANSITION FROM BASIC SCIENCE TO HUMAN STUDIES

CRITICAL PATH RESEARCH

Figure 2.3: Translational research comprises five different phases depicted as TO — T4 where TO

T2 comprises translation from basic research to clinical trials and T3/T4 comprise follow up
studies. Each phase is defined by distinct challenges and moreover need to communicate with the
prior and advancing phase; modified from [13].

compounds such as fetal bovine serum (FBS) might complicate the later approval process. Fur-
thermore, xenogeneic compounds might cause non-physiologic reactions that are not predictable
for later in vivo testing. The approval status of every single component that comes into contact
with the product needs to be assessed.

To increase the predictability of pre-clincal studies proper models for in wvitro testing are
of tremendous importance. These models must be relevant from a regulatory perspective and
robust with regards to safety, efficacy, purity and dose response. Owing to advances in three
dimensional cell cultivation and dynamic cultivation systems in vitro models are getting better
and thus more predictable for clinical outcome [24-26].

In contrast, to the production of traditional (bio)pharmaceuticals, ATMPs are always based
on the use of cells or tissue. Therefore, maintaining the quality from the isolation through the
manufacturing process to delivery of the product is different and challenging. The determination
and characterization of crucial process parameters is fundamental to gain understanding and
comprehensive control. There are peripheral subprocesses such as reagent preparation, cryop-
reservation, cell sources or starting materials and the core process that is again subdivided, i.e.
in expansion, differentiation, product formulation and logistics of a tissue engineering process.
It is tremendously important to determine and characterize relevant process parameter to un-
derstand each process step so that the extent of variations remains within required limits [27].
New technologies for process characterization or online monitoring, such as novel imaging tech-
niques or process-modeling algorithms, are emerging and will enable for complicated processes.
However, the process is also dependent on the understanding of cellular response to a specific
environment. The extracellular conditions that build the artificial environment of cells during
a manufacturing process affects potency and safety of cells [28]. During isolation or expansion

of cells the culture conditions might select for specific subtypes resulting in altered potency of
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these cells. Also keeping cells undifferentiated or guide their differentiation into only one specific
cell type depends on the macro- and microenvironment. Therefore, novel bioreator systems for
expansion and differentiation of cells that provide comprehensive control on process parameters

and thus the cell properties are required [29].

2.2 Adipose Mesenchymal Stem Cells in Regenerative Medicine

Although human embryonic stem cells (ESCs) offer great promise to the field of RM they are
not approved for clinical application due to ethical concerns and safety issues [30]. Also, iPSCs
raised hopes since the simple yet effective process of reprogramming adult cells from almost every
source gave rise to a seemingly endless source of pluripotent cells [31]. However, iPSCs are not
genetically stable and therefore are still not considered for clinical application [32]. Therefore, the
primary and most promising candidate for therapeutic stem cell therapies are currently human
mesenchymal stem cells (MSCs).

MSCs comprise a heterogeneous cell population that is derived from the mesenchyme (em-
bryonic connective tissue). They are mostly isolated from bone marrow [33], adipose tissue [34],
umbilical chord [35, 36|, dental tissue [37] and the amniotic membrane [38] but are also present in
a variety of other tissues such as tendon [39], ligaments [40] or skin [41]. Minimal criteria for the
characterization of MSCs were defined in a position paper from 2009 by the International Society
for Cellular Therapy and since then they are defined by plastic adherence, trilineage differen-
tiation (adipogenic, chondrogenic, osteogenic) and a specific surface marker expression profile
(positive for CD105, CD73, and CD90 and negative for CD14, CD19, CD34, CD45, and HLA-
DR) [42]. The regenerative potential of MSCs is not limited to their high in witro proliferation
potential and their ability to differentiate into adipocytes, chondrocytes, osteoblasts. Research
from the last decade reported also in vitro differentiation to neurons [43], cardiomyocytes [44]
and corneal epithelial cells [45] as well as effects strongly related to injury repair. These are
migration to injury sites [46], immunomodulatory and anti-inflammatory properties mediated
by cellular cross talk or secretion of trophic factors [47|, angiogenesis [48] and anti-scarring ef-
fects [49]. However, the regenerative potential of MSCs seems to be dependent on donor age,
sex and tissue origin [50]. For example bone marrow derived MSCs display a higher osteogenic
differentiation potential than umbilical chord derived MSCs [51]. These findings confirm the
heterogeneous character of MSCs and indicate that specific subpopulations are more prominent
in specific tissues than others. Also differing cultivation conditions might select for, and thus

enrich or diminish, specific subpopulations in isolated MSCs.

The experimental work in this thesis was exclusively conducted with human adipose derived
mesenchymal stem cells (ASCs). They are easily isolated by mechanical dissociation or enzy-
matic digestion of resected adipose tissue or lipoaspirates, as discussed later in chapter 3, and
display similar properties as bone marrow derived MSCs which are still considered as the gold
standard for clinical application. However, characterization of these cells still lacks accuracy
and uniformity which probably contributes to heterogeneity of terms used for this population

such as preadipocytes, pericytes, stromal vascular fraction (SVF) cells, adipose derived adult
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stem cells/stromal cells, adipose mesenchymal stem cells or processed lipoaspirate cells. In this
work the term adipose derived mesenchymal stem cell (ASC) is used interchangeably for this
population as proposed by the international Fat Applied Technology Society [52].

Directly after isolation of ASCs the population is not only characterized by mesenchymal
markers but also endothelial markers CD31 and C144 and hematopoietic markers CD11, CD14,
CD45, CD86 and HLA-DR were reported in small percentages [53, 54|. However, the population
is enriched by cells expressing mesenchymal markers over passages. Detailed definition and func-
tional characterization of subpopulations that express different sets of non-typical MSC markers
besides the typical MSC markers is a fast advancing field. Effects of distinct subpopulations were
studied in vitro and in vivo [55]. For example ASC populations selected for CD34", commonly
referred to as a hematopoietic marker, displayed increased proliferation compared to CD34" cells.
Furthermore, CD34" cells display increased adipogenic and osteogenic differentiation compared
to CD34™" cells [56]. CD34" /CD90" cells displayed endothelial differentiation and formation of
capillary structures with high VEGF formation [57]. A population selected for CD271, a nerve
growth factor receptor, was reported to differentiate not only into adipocytes, chondrocytes and
osteocytes but also into neuronal cells compared to CD271" cells [58]. Also, populations en-
riched for CD105" cells display an increased chondrogenic differentiation potential [59]. In fact,
selection for distinct subpopulations with distinct properties might enable for more advanced
therapeutic approaches in RM as current in vivo studies (mostly carried out in mice) report
beneficial effects on fat graft retention [60], osteogenic differentiation [61] or liver function [62].
However, authors also conclude that effects may not be predictable for application in human and
moreover, since subpopulations display only small percentages of the total ASC population, the
observed effects might not justify the effort for isolation and selection procedures [61, 63].

Regarding the clinical applications of ASC, by the time of writing a search for "adipose
mesenchymal stem cells" at clinicaltrials.gov resulted in 109 worldwide ongoing studies related
to musculoskeletal, metabolic, cardiac, neurological and other diseases. Completed studies report
the application of ASCs in reconstructive surgery where they are thought to increase retention
and integration of fat grafts [64, 65| but also orthopedic applications have been reported where
ASCs were used to treat osteoarthritis, meniscus tear, osteonecrosis or tendon injuries [66] and

authors report great clinical potential.

2.3 Physiologic Conditions in MSC Cultivation

Traditional cultivation conditions like the cultivation of MSCs on 2D plastic surfaces in a static
environment, such as given with a standard T-flask, well-plate or petri dish are far away from
representing the natural, physiologic environment of these cells. Research from the last decade
proved without any doubt that when biological, chemical, physical and mechanical cues are
adjusted to mimic the physiologic environment, cellular behavior changes dramatically. The
biological context comprises cell-cell contacts, cell-extracellular matrix (ECM) contacts as well
as the ECM itself. Chemical cues embrace growth factors, cytokines, nutrients, salts and toxic
compounds. Physical cues are temperature, partial gas pressures or viscosity and mechanical

cues describe the environment generated by physical forces, such as shear, pressure or tension.
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To mimic the physiologic environment myriads of three-dimensional (3D) matrices from differ-
ent materials and of different shape and geometry have been developed together with various
bioreactor systems for the application of mechanical forces. The implementation of physiologic
conditions is thought to increase the predictability of in vitro testing for in vivo trials and there-
fore to reduce animal testing. In the following section the most relevant parameters for the

experimental work of this thesis, their effects on cellular behavior and engineered solutions are

described.

2.3.1 The Third Dimension

Expanding the cellular in vitro environment by a third dimension adds immensely to the gener-
ation of a physiologic environment. To extend cellular growth to the third dimension supportive
structures, also called scaffolds or matrices, have been engineered from numerous materials. How-
ever the vast amount consist of ceramics (like tri-calcium phosphate or hydroxyapatite), synthetic
polymers (like polystyrene, poly-L-lactic acid or polyglycolic acid) or natural polymers (such as
collagen, alginate or silk), each having different physicochemical properties, architecture and
biodegradability [67|. Inherent material characteristics such as porosity, pore size and distribu-
tion, surface-to-volume ratio, mechanical characteristics and surface chemistry have an influence
on cellular behavior. Cell attachment, migration, proliferation and differentiation were shown to
be impacted by material characteristics. In return, 3D cultivation has a remarkable impact on
the outcome of drug screening, cel shape, cell-cell and cell-lECM interactions [68, 69]. Obviously,
every material has its own advantages and disadvantages and must be therefore chosen to fit the
respective biological requirements. Ceramics are porous structures with high stiffness and thus
suitable for bone tissue engineering approaches whereas softer, fibrous or gel-like matrices are
more suitable for mimicking a skin, cartilage or tendon environment. To combine the best of
different materials, composites containing two or more materials are gaining interest. Exemplary,
the effects of the architecture and mechanical cues of porous materials on the biological response

will be covered in the following.

Porous materials In a recent review article Gariboldi and Best propose four hierarchically
scaled levels of abstraction for porous materials to allow for "independent variation of parame-
ters that give rise to all possible architectures” [2] (see Figure 2.4). These levels comprise the
surface topography, the pore size and shape, the interconnectivity of pores and the macroscopic
arrangement of them. The surface topography comprises roughness and microporosity, that is the
presence of pores with diameters < 10 um. Surface topography has been reported to have impact
on cell attachment, ingrowth, proliferation, protein synthesis and alkaline phosphatase (ALP)
activity, however with conflicting results [70 72]. In fact, it is challenging to evaluate the isolated
effects of surface topography on cellular behavior. Still, more thorough characterization in terms
of geometry and topography might help conduct more reproducible studies.

The pore size and shape define the curvature which cells on the surface sense. Rumpler et
al. demonstrated that radii much larger than the cells have an impact on cellular behavior. For
example tissue generation was found to be proportional to the surface curvature [73]|. A following

study conducted with MSCs confirmed and found narrower pores to increase tissue generation
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[74]. Also, cell attachment, migration speed and morphology are affected by the curvature [75].
Furthermore, the pore shape itself influences the cellular behavior. For example M3T3 cells
on scaffolds with a parallelogram pore shape displayed higher ALP activity than scaffold with
other shapes [76]. Again, it is challenging to determine the isolated effect of pore size, porosity
and interconnectivity since they are to some extent dependent on each other. Also, altering
the pore size while keeping porosity might result in altered mechanical characteristics of the
scaffold which again affect cellular behavior. A curvature driven mathematical model by Bidan
et al. successfully described and predicted tissue growth in a porous scaffold [77, 78|. It was
further improved to describe the growth on convex vs. concave surfaces and thus incorporate
effects of surface stress and tensile forces exerted by actin anad myosin [79]. Computational
models might help to choose in advance specific geometric properties to generate a physiologic
environment. The effect of pore size on in wvitro cartilage or bone generation is discussed in
detail by Perez and Mestres [7]. They demonstrate that pore size of scaffolds have effects on
proliferation and differentiation of progenitor cells and that the optimal pore size needs to be
figured out for each individual cultivation process. For this, they propose gradient scaffolds to be
effective for screening the optimal pore size. For example, ASCs displayed enhanced chondrogenic
differentiation but lower proliferation at the highest pore size (400 pm) [80].

The interconnection of pores together with the pore size and shape determines the perme-
ability of the matrix and thus is a crucial factor for cellular ingrowth but also nutrient supply
and waste removal. Tt is defined by the pore size, interconnection size and shape (also referred
to as tortuosity). Pores might be open, closed (disconnected) or blind-ended and thus contribute
differently to the biological response. The size of interconnection was shown to influence cellu-
lar ingrowth of osteoblasts and chondrocytes [81, 82| but also the chondrogenic differentiation
of MSCs [83]. Still, giving values of parameters like pore size and porosity is not sufficient to
describe the interconnectivity of a scaffold and thus recent studies aim to better characterize
and quantify this aspect of a scaffold. Ashworth, Best, and Cameron adapted the concept of

percolation from geological research and introduce the percolation diameter which describes the
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largest sphere that can travel through an infinitely large porous structure [84] (see Figure 2.5).
In a following study they demonstrated the independence of interconnectivity and pore size and
the relevance of a scaffold’s percolation diameter for the extent of human fibroblast invasion into
the scaffold [85].
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Figure 2.5: The percolation diameter as a quantitative parameter for the characterization of the
interconnectivity of scaffolds. The maximum distance traveled in the z-direction ( L) for spheres with
different diameters (d) is plotted, allowing to infer the percolation diameter, d., the diameter of
the largest sphere that can percolate through an infinitely long scaffold (adapted from [85]).

The macroscopic arrangement of the porous network of a scaffold can be used to direct
biologic activity to specific parts of a scaffold. In this context, the pore network orientation,
architectural gradients or patterns play a major role. For example, bone anisotropy, as caused
by trabecula and osteonal orientation, is necessary for its biomechanical function and thus the
scaffolds for bone regeneration should also resemble anisotropic properties which is caused by
the macroscopic arrangement of pores. Tissues formed in isotropic scaffolds lack structural and
functional relationships with the native tissues [86]. MSCs were found to proliferate and differ-
entiate into osteoblasts on isotropic scaffolds [87]. However, studies that compare the isolated
effect of isotropic against anisotropic matrices remain to be carried out. Since different material
properties recruit different cell types, macroscopic gradiation can be used to variate mechanical
cues or interconnectivity and other properties to create tissue transitions or interfaces [88]. How-
ever, gradiated scaffolds were rather developed and tested for in vivo bone regeneration than for
3D cell culture 89, 90].

Stem cells reside in a broad range of tissues with highly differing mechanical properties such
as stiffness and elasticity which were shown to have an impact on differentiation of MSCs [91,
92]. In a 3D environment MSCs were shown to display increased adipogenic differentiation in
soft gels and in contrast increased osteogenic differentiation in stiffer gels [93]. Furthermore,
matrix stiffness regulates the cell shape [94] which was previously shown to be linked to lineage
commitment [95]. In general, cells seem to migrate to stiffer regions while still being influenced
by the stiffness of the former region. Therefore, Justin and Engler propose that stiffness vari-
ation and not stiffness alone might be an important regulator for MSC fate. Although it is
known that an interplay of cell shape, substrate stiffness and cytoskeletal tension owe to these

mechanotransductive effects, the exact mechanisms remain to be evaluated [94].

In conclusion, it is obvious that all parameters together comprise the scaffold’s effect on cel-

lular behavior an thus for each cultivation process the scaffold needs to be chosen individually.
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However natural derived scaffolds may represent the most physiologic environment. Decellular-
ized native ECM holds the promise of matching the biophysical requirements of host cells in
the case of transplantation [97] but were already used for tissue engineering approaches [98|.
Numerous methods for decellularization exist [99] but the harsh conditions that are required to
reduce disease transmission also impair preservation of bioactive molecules in the ECM. Also,
these kind of materials are limited in availability and may not be as standardizable as synthetic

materials.

Scaffold-free 3D cultivation Although biomaterials are necessary in most 3D cultivation
setups also scaffold-free approaches exist. The cultivation of cellular aggregates, often referred
to as spheroids, is used since decades in the field of embryonic stem cell research where it is
also referred to as organoid culture [100]. However, this approach gained more interest also in
the field of tumor research and tissue engineering where predictable 3D models that consist of
cellular aggregates were developed. Cultivation of MSC aggregates was formerly conducted in
the context of chondrogenic differentiation but is now used to study cellular behavior of MSCs.
Spontaneous formation of cellular aggregates from a single cell suspension can be achieved by
hanging drop culture or cultivation in cell-repellent cavities. Investigation of MSC aggregates re-
vealed dramatic changes in cellular behavior including changes in morphology, mechanophysical
properties and gene expression. Furthermore, enhanced anti-inflammatory [101], angiogenic and
tissue regenerative effects [102] were observed as well as enhanced differentiation [103], main-
tenance of stem cell properties and delayed replicative senescence [102, 104]|. Therefore, MSC
aggregates are considered to represent a more physiologic environment and are thus of increasing
clinical significance. In fact, in a recent review from 2017 Chimenti et al. state " We need to
consider the possibility that scaffold-free in vivo applications may represent a more physiological

approach for tissue regeneration" [105].
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Figure 2.6: The formation of cellular aggregates is thought to be a three-step process: in the
firs phase integrin-ECM contacts cause loose aggregate formation. After a delay phase in which E-
cadheherin is accumulated the aggregate experiences compaction. Since oxygen, nutrient and waste
gradients from the core to the aggregate surface exist, aggregates are composed of a necrotic core,
a layer of quiescent cells and a layer of proliferative cells on the surface. However, necrotic cores
only appear in aggregates with a diameter >500 pum in static cultivation conditions. Illustrations
adapted from [106].

Aggregate formation by spontaneous self-assembly of single cells is proposed to be three-step
process [106] (see Figure 2.6). Loose aggregate formation through ingetrin-ECM binding is, after
a delay phase, followed by compaction of the spheroid through enhanced cell-cell contacts via

cadherin binding. However, cellular aggregates are limited in their size since mass transfer is
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impaired and thus oxygen, nutrient and waste produt gradients build up over time. Therefore,
aggregates with a diameter >500 ym generally display a necrotic core region surrounded by a
layer of quiescent cells and an upper layer of proliferating cells [107]. MSC are usually cultivated
in static cultivation systems (hanging drop, microtiter plates) but recent studies also report
cultivation in dynamic systems such as spinner flasks or horizontal and orbital shaking platforms
[103, 108 110]. Notably, in these studies no necrotic areas have been observed indicating sufficient

mass transfer.

2.3.2 Mechanical Forces: a Necessary Burden

Research from the last decades revealed that MSCs are sensitive to mechanical forces. In fact,
the exertion of mechanical forces (mechanical loading) on cells causes a biological response which
is described by the term mechanotransduction. Mechanical forces are known to affect cellular
behavior in manifold ways and thus are a crucial factor in MSC cultivation. For example, differ-
entiation into specific lineages, proliferation and apoptosis are directly influenced by mechanical
loading [3]. The physiologic relevance of mechanical forces seems obvious since every tissue
is subject to motion and therefore to mechanical forces throughout all stages of development.
Although none of these forces can occur independently they are subdivided into three main
categories: compression, strain and shear forces while other forces like torsion, bending or hy-
drostatic pressure are derived from these. However, it is challenging to define which magnitude
of the respective force represents the in vivo situation since in vivo measurements are difficult
to carry out. Still, some data on in vivo forces exist and are summarized in Table 2.3. The
following section describes occurrence of compression, tension, shear and hydrostatic pressure in
the human body an their effects on MSC behavior.

Compression Compression is the application of an unixial force on two opposing points of a
certain material resulting in size reduction in at least one direction and is thus the opposite of
tension. Both are expressed in Pascal (Pa = kg-m~'-572 = N -m~2) but are also expressed
as strain € which is a dimensionless factor that describes the fractional change in length. In
the human body compression occurs mainly in bone and cartilage tissue of joints. Hodge et al.
estimate compression in the human hip joint to occur in the range of 10 — 20 MPa during normal
daily motion [111]. Compressive loading was mainly investigated with regards to chondrogenic
differentiation in the field of MSC research where it was overall found to promote differentiation.

First works on compression were carried out by Huang et al. who found that cyclic compres-
sive loading induced TGF-31 synthesis and promoted chondrogenesis of rabbit MSCs. Further
studies confirmed that compression increased chondrogenic gene expression in the absence of ex-
ogenous stimulation by other factors indicating that compression alone might be able to induce
chondrogenic differentiation [113-115]. Again, recent studies indicate that effects of compression
are in close relationship with properties of the surrounding matrix. For example, MSCs seeded
in fibrin hydrogels underwent myogenic differentiation in long-term culture but chondrogenic
differentiation when exposed to compressive loading [116]. Studies on the effect of compression

on osteogenic differentiation of MSCs are scarce. However, Horner et al. cultivated MSCs on
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electrospun 3D matrices and subjected them to 5, 10, 15 or 20 % strain ( ¢ = 0.05, 0.01, 0.15,
0.2) at 1 Hz for 2 h daily for 28 days in osteogenic medium. They found chondrogenic gene expres-
sion upregulated in a magnitude dependent manner with increasing strain whereas, in contrast,
osteogenic gene expression was downregulated with increasing strain. They conclude that differ-

entiation can be controlled by variations of the applied compression regime [117].

Tension As mentioned above tension is the opposing force to compression and therefore de-
scribes an axial pulling force on an object resulting in an increase of size. Thus, it is expressed
by the same unit (Pa or ). Tensile forces mainly occur in muscles, tendons and bones. Tendons
are thought to be subjected to one quarter of the ultimate tensile strenght (UTS), the magnitude
of tension where a tendon is disrupted, which is equal to approixmately 25 MPa [118]. Studies
on human tendon determined an UTS of 65 MPa for patellar tendon [119] and 100 MPa for the
tendon of the extensor digitorum longus (muscle of the lower extremity) [118|. Thus, the phys-
iologic range of tensile forces of human tendon may lie between 15 25 MPa for standard daily
movements. However, explosive and dynamic movements might exert loading near the UTS. For
bone the ultimate strenght of femur bone was found to be approximately 55 MPa [120].
Mechanical strain has been shown to affect ligamentous [121], osteogenic [122] and chon-
drogenic differentiation [123|. Cyclic tensile strain caused increased BMP-2 expression [124],
osteogenic gene expression [125] and matrix mineralization [126]. For example, Kearney et al.
report a fivefold increase in BMP-2 expression in MSCs after 14 days of stimulation (2.5%
uniaxial strain at a rate of 0.17Hz). Also, the induction of osteogenic differentiation without
additional osteogenic supplements was observed [128]. In a direct comparison of compressive and
tensile loading, compression activated chondrogenic gene expression whereas tension activated
osteogenic gene expression [129]. As for compression, the magnitude, frequency, duration, ap-
plication mode (continuous or intermittent) and total time span offer a multitude of variations

that might cause different mechanotransductive effects.

Fluid shear stress When a fluid flows over a solid surface fluid shear forces are exerted on this
surface. In a Newtonian fluid like water the shear stress is proportional to the shear rate which
describes the gradient of flow velocity that is perpendicular to the flow direction. Consequently,
fluid shear stress describes the deformation of a solid body where a force acts anti-parallel to its
surface. As with compression and tension a force is exerted on a surface and therefore fluid shear
stress (FSS) is also expressed by Pa. Another common unit to express FSS is dyne-cm™ which
equals 1073 Pa. In the human body FSS is present in every tissue since about 20 % of the body’s
mass consists of interstitial fluids which is constantly in motion with a speed of approximately 0.1
2 um-s! mostly due to osmotic and hydrostatic pressure differences [130]. In cartilage or bone
tissue it is driven by compressive forces that for example are exerted by walking or exercising.
Since shear forces cannot be measured directly the physiologic range is difficult to estimate
and calculations are often based on models. Therefore, only few data that describes physiologic

in vivo FSS conditions exist. The most relevant model for excitation of osteocytes which was
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developed by Weinbaum, Cowin, and Zeng estimates shear forces in the range of 0.8 — 3Pa [131].
However, it is known that MSCs are also affected by significantly lower shear forces. Many
studies report increased cell viability, matrix deposition and upregulation of differentiation genes
when stem cells were exposed to fluid shear stress. As much as the effect of compression and
hydrostatic pressure on chondrogenesis is investigated, the effect of fluid shear stress on the
osteogenic differentiation of stem cells is subject of current research. In 3D cultivation FSS was
observed to upregulate osteogenic genes like ALP [132, 133], different BMPs [134] or osteopontin
[135] and improve matrix deposition [136, 137|. Though, in 2D experiments other genes are
upregulated than in 3D. Also, in 3D experiments shear forces one order of magnitude lower than
predicted by Weinbaum et al. displayed higher viability and in contrast, higher shear stress often
resulted in cell detachment or apoptosis. Probably, geometric specifications and the arrangement
of cells on the respective structure (pores, fibrils, meshes) have a substantial impact on the actual
shear forces that are exerted on the cells as described in a detailed review by McCoy and O’Brien
[138].

Since the body is not always in motion and therefore it is unlikely that steady-state flow
and shear forces are always present the evaluation of intermittent and oscillatory flow has also
been investigated. In general, intermittent flow seems to enhance osteogenic differentiation but
results are not consistent. Increased expression of osteopontin [139], bone sialo protein [140]
and PGE2 [141] were observed in osteoblasts while collagen I [141], ALP [139] and COX-2
[142] were not affected by intermittent low (or no) flow conditions. Unfortunately, the majority
of studies only give information on flow velocity or the volumetric flow rate which does not
allow for a quantitative comparison of studies. However, CFD analysis together with x-ray
computed microtomography (microCT) data are getting more common and thus estimations on
the exerted FSS are made more frequently [137|. Besides osteogenic differentiation, FSS also

seems to promote cardiomyogenic differentiation of MSCs [143, 144].

Hydrostatic pressure hydrostatic pressure (HP) is a compressive force that is exerted by
a stationary fluid in a closed system. It depends on the density of the fluid, the gravitational
acceleration and height of the liquid column above a given point. Thus, for incompressible fluids
HP can be written as p = p- ¢ - h with p as the hydrostatic pressure, p the fluid density, g the
gravitational acceleration and & the height of the liquid column. Notably, HP is an isotropic force
acting uniformly with equal magnitude in all directions. Therefore, in contrast to compression,
tension and shear, HP is a non-deforming force. Since the entire human body is based on
the interplay of different fluids almost all cells experience hydrostatic pressure to some extent.
However, pressure varies significantly depending on tissue and location in the human body. The
interstitial fluid (0.27Pa) and cerebrospinal fluid (1.2kPa) exert pressure at the lower end of
the physiologic range [145, 146]. Blood pressure which is mainly experienced by endothelial
cells lies between 8 — 24kPa [147]. Osteocytes in the lacunar—canalicular pores of load-bearing
cortical bone experience a HP of ~ 270 kPa [148|. The upper end of the physiologic range is for
example found at the femoral head during exercise (~ 18 MPa) and is more than five orders of
magnitude higher than in the interstitial fluid [149]. Furthermore, due to compressive loading

and unloading during movement HP increases and decreases frequently with varying magnitude.
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Table 2.3: Characteristics of mechanical forces in the human body.

Mechanical force  Induction of Physiologic range Reference

Compression Chondrogenic differentiation 10 20 MPa [111]

Tension Osteogenic, chondrogenic, 15— 25MPa [118, 119,
ligament differentiation 154]

Hydorstatic pressure Chondrogenic differentiation 5 — 6 MPa average, up [111]
to 18 MPa peak loading
Fluid shear stress Osteogenic differentiation 0.8 3Pa [131]

For example the human walking frequency is approximately one stride per second (1 Hz) whereas
it can easily increase up to three strides per second (>3 Hz) or more during running. Therefore,
the physiologic pressure of a specific cell type depends substantially on the location in the body.

The effect of hydrostatic pressure on the differentiation of stem cells was and still is under
investigation, though more studies deal with the effect of chondrogenic rather than osteogenic
differentiation. Bone marrow stem cells constantly are subject to medullary pressure during bone
loading. Since they give rise to osteoblasts which are key players of the bone remodeling process
it seems reasonable that HP plays also an important role in the differentiation process. HP has
been found to increase osteogenic [150, 151] and chondrogenic [152, 153] differentiation in terms
of mineralization and gene expression although some studies did not observe any effect on stem
cell differentiation |94].

However, controversial results might be caused by the different experimental setups and
loading regimes. Since HP is not constant in the human body most studies apply not constant
but intermittent or cyclic pressure of different frequency and magnitude. Depending on the
research question some studies applied a pressure regime over the entire cultivation period while
other studies chose to apply pressure only once, i.e. at the beginning or end of the experiment.
Therefore, it remains unclear what pressure conditions result in either osteogenic or chondrogenic
differentiation of stem cells. Nevertheless, HP up to 10 MPa was found to increase chondrogenic
gene expression whereas high pressure of 20 — 50 MPa causes cell apoptosis, tissue disruption
and often a decrease in chondrogenic gene expression [94].

In general, three parameters can be altered when hydrostatic pressure is applied in cell
culture. First, the operation mode: it can be either constant, intermittent (pauses alternating
with periods of a specific pressure regime; not necessarily uniform) or cyclic (constant uniform
patter). It is also possible to apply a cyclic pattern in an intermittent pressure regime. Second,
the frequency: this is the rate of pressure increase per second. Usually this parameter is given in
the unit Hz, though other units may be used if longer intervals are applied. Third, the magnitude:
it defines the maximum pressure and thus the height of amplitude. If pressure is increased and
decreased steadily it constitutes a sinusoidal wave. Theoretically, it is also possible to alter the
rate of increase/decrease and thus the shape of the wave itself. Nevertheless, the majority of
studies were carried out at 0.5 — 1 Hz, for 1 — 4h per day, with a magnitude of 0.1 - 10 MPa for
a time-span of 14 — 21 days.
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2.3.3 Medium composition - the endless endeavor

To generate a physiologic environment also physicochemical parameters of the cultivation medium
as well as soluble factors need to be considered. Growth factors have great impact on prolifer-
ation, differentiation or senescence of cells. However, a multitude of growth factors exist and
finding the optimal composition is challenging. The most prominent growth factor families that
trigger cell proliferation (and therefore are used in standard cell culture media) are transforming
growth factors beta (TGF-(3), fibroblast growth factors (FGFs), platelet-derived growth factors
(PDGFs) and epithelium growth factor (EGF). These and a variety of other factors are usually
supplemented by addition of blood products, such as serum, platelet-rich plasma (PRP) and
platelet lysate. Traditionally, fetal bovine serum (FBS) has been used in cell culture. However,
due to the risk of immunogenic reactions and zoonotic infections FBS should not be used in the
context of cell-based therapies. Moreover, FBS was shown to underly lot-to-lot inconsistency and
its preparation has ever raised ethical concerns [155]. Consequently, the use of human serum (HS)
was established for the cultivation of MSCs [156]. Since basal media have to be supplemented
with a comparably high amount of 10% HS the use of human platelet lysate (HPL) as an al-
ternative was investigated. HPL has been proposed to be a more physiologic alternative than
other blood derived products [155, 157]. In general, platelets are irregular shaped, non-nucleated
bodies and are found in the blood at a concentration of 1.5 — 4:105 /ml. They are involved in the
formation of blood clots, blood vessels and wound healing by secretion of growth factors [158]. In
fact, a wide array of growth factors was identified in HPL and their concentration is significantly
higher than in FBS or PRP [155, 159, 160]| (see Table 2.4). Therefore, HPL is usually applied
at a concentration of 2.5 5% which results in comparable proliferation observed at 10 % HS or
even 20 % FBS [161]. GMP-grade HPL was shown to increase chromosomal stability of MSCs
compared to FBS and to exhibit a high lot-to-lot consistency.

Table 2.4: Content of growth factors in different blood derived sera. All values are approximations
and given in ng/ml [159, 160, 162].

Growth factor Function FBS PRP HPL

PDGF-AB proliferation, wound healing  n.n. 160 50 300

PDGF-BB proliferation, wound healing  n.n. 0.6 10 — 30

PDGF-AA proliferation, wound healing  n.n. 0.6 1 10

TGF-51 tissue differentiation, home- 12 70 50 — 300
ostasis, repair

VEGF cell recruitment for neovas- n.n. - 5-20
cularization

EGF growth and tissue repair n.n. 0.3 0.5 20

IGF1 proliferation 110 0.06 50— 200

Also, the concentration of glucose as the source of energy impacts cellular proliferation and
replicative senescence. Several studies demonstrated increased proliferation and reduced replica-
tive senescence of MSCs at low glucose conditions (usually 1g/1) compared to high glucose
conditions (4 — 6g/1) [163-165|. The addition of glutamine in a stable form was also found to

increase proliferation.
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Although these data indicate trends for optimizing media towards physiologic conditions,
other factors like the concentration of amino acids, salts or minerals are crucial as well. Further
research on the physiologic level on these could contribute to the development of physiologic,

chemically defined cell culture media.

2.3.4 Oxygen: Keeping the Finger On the Switch

Conventional in vitro cell culture is usually performed under ambient or so called “normoxic”
oxygen concentrations (21 % Os). Since the average oxygen concentration in human tissues varies
between 2 and 15 % depending on the vascularization of the tissue or organ and its metabolic
activity, conventional cell culture techniques do not reflect the physiological environment of
MSC [166-168]. High concentrations of oxygen can lead to oxidative stress via the production of
reactive oxygen species (ROS) that can damage lipids, proteins and DNA [169]. Thus, lowering
the oxygen concentration is thought to reduce stress caused by ROS. The effect of hypoxia
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Figure 2.7: Effects of short- and long-term hypoxia on MSC behavior (adapted from [170]).

on MSC is certainly dependent on several parameters, including the degree of experimental
hypoxia, the source of MSC and the presence or absence of cell culture media supplements [170].
Nevertheless, increased proliferation [171-173|, delayed replicative senescence [174], prolonged
genetic stability [175], altered differentiation capacity [176] and altered glucose metabolism [177]
are the most prominent effects obeserved in MSCs under hypoxic conditions.

However, different effects were observed in short-term (< 72h) compared to long-term (> 4 days)
exposure to reduced oxygen concentrations (see Figure 2.7). Short-term exposure seems to
provoke cell damage and apoptosis, while under long-term exposure cells adapt to hypoxia by
switching their metabolism to anaerobic glycolysis which in turn contributes to maintenance
of an undifferentiated multipotent state [170]. Also, adipogenic and osteogenic differentiation

seems to be impaired by hypoxic conditions whereas chondrogenic differentiation is promoted.
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Obviously, implementation of reduced oxygen conditions seems favorable in the context of stem

cell expansion or to guide differentiation into specific lineages.

2.3.5 The physiologic toolbox

Table 2.5 gives a conclusive overview of the above mentioned factors that need to be considered for
the generation of a physiologic environment. Since every cultivation process demands different
prerequisites the choice of the matrix, mechanical loading or medium composition is always
different. However, research from the last two decades elucidated many aspects and nowadays
prior considerations may help to start with suitable initial conditions.

Table 2.5: Crucial factors for the implementation of physiologic conditions in the cultivation of
MSCs.

Factor Effects References

3D cultivation

Microtopography Microporosity: cellular ingrowth?; proliferation |, protein [70-72]
synthesis |, ALP activity |. Roughness: cell adhesion?,
proliferation

Curvature & pore size increasing curvature: tissue generationf; pore size influences [73, 74, 80]
proliferation and differentiation

Interconnectivity impacts cellular ingrowth and differentiation [83, 85]

Macroscopic arrangement  isotropy: theoretically lacks structural and functional rela-  [86]
tionships with the native tissues and thus should be avoided;
studies on isotropy vs. anisotropy are required

Stiffness & elasticity low stiffness: aidpogenesist; high stiffness: osteogenesis?; in-  [93, 94|
fluences cell shape and lineage commitment

Scaffold-free (aggregate) affects morphology, mechanophysical properties and gene ex-  [101, 102, 104]
pression; anti-inflammatory factorsf, angiogenesist, replica-
tive senescencel,

Mechanical forces

Compression chondrogenic differentiationt [113 115]

Tension ligamentous, osteogenic and chondrogenic differentiationt [121-123]

Fluid shear stress osteogenic differentiation?, including ALPT, BMPsf, [132-137]
osteopontin?, matrix depositiont

Hydrostatic pressure osteogenic and chondrogenic differentiation? [150-153]

Medium composition

Humans serum increased proliferation compared to FBS, supplementation [178]
with 10 % sufficient to replace 20 % FBS

Human platelet lysate increased proliferation compared to FBS and human [179]

serum,supplementation with 2.5 — 5% sufficient to replace
10 % human serum
Oxygen tension

Short-term proliferation, cell damage?, apoptosist [170]
Long-term stemness?, proliferationt, replicative senescencel, altered gly-  [170]
colytic metabolism, altered differentiation compared to nor-
moxic

2.4 Dynamic Cultivation of MSCs

2.4.1 Commercially available bioreactors

During the last decade the importance of 3D cultivation of stem cells in dynamic bioreactor sys-

tems for tissue engineering processes, expansion of cells or in vitro models became very important
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(Figure 2.8). Conventional 2D static cultivation systems are used in many studies although they
do not represent the in wivo situation. Moreover, static systems have disadvantages in mass
transport of nutrients and oxygen into 3D constructs [180]. To overcome these drawbacks differ-
ent bioreactors have been developed ranging from spinner flasks [132, 181, 182], stirred systems
[183, 184], rotating wall [185] and rotating bed [186, 187| to perfusion bioreactors [188 190].
Obviously, every bioreactor has its advantages and drawbacks and thus must be carefully chosen

according to the cultivation process.

3D SCAFFOLD-BASED GRAFTS
TISSUE ENGINEERING RECELLULARIZATION OF
DECELLULARIZED TISSUES

DRUG TESTING

IN VITRO ANIMAL MODELS IMPLANT TESTING

CLINICAL TRIALS — BIOREACTOR
GENERATED GRAFTS
WIDESPREAD USE - FUTURISTIC
APPROACH

CLINICS

Figure 2.8: Bioreactors in the field of RM are either used for tissue engineering of cell-matrix
constructs, in vitro models or in clinical setup, for example for the expansion of stem cells (adapted
from [191]).

Bioreactors for tissue engineering were mainly developed to enhance cell seeding uniformity
and efficiency on 3D scaffolds, mass transport into thicker constructs and to exert defined me-
chanical forces to enhance differentiation processes. For example, compared to static conditions
higher viability was reported in the core region of 3D constructs after cultivation in a biaxial
bioreactor system [192]. Even large-size egineered grafts (up to 200 cm®) were sufficiently supplied
with nutrients and oxygen in dynamic bioreactor systems and thus displayed high viability and
differentiation markers [137, 193]. As described in subsection 2.3.1, mechanical forces are crucial
to generate a physiologic environment and induce or enhance differentiation processes. There-
fore, different bioreactor for the exertion of compression, tension, shear, hydrostatic pressure or
combinations have been developed [6]. Although a multitude of studies harnessed bioreactors
for the application of mechanical forces only few bioreactors are commercially available today.
Most of them are restricted to the application of only one force or a distinct shape and size of
the scaffold. However, the TC-3 by EBERS Medical is highly versatile system that enables for
the application of compression/tension, flow and hydrostatic pressure on scaffolds of different
shape and size [194]. Still, different chambers with various modifications are required to exert
the respective force or combinations of them. So far it was used in to generate cardiac patches
[195], to investigate effects of in wvitro mechanical stimulation on morphogenesis of developing
limb explants [196] and to engineer cell seeded constructs for stress urinary incontinence [197].
Other commercially available systems are listed in Table 2.6.

Bioreactors for expansion of adherent cells like MSCs mainly focus on a high surface-to-volume
ratio in order to reduce footprint and required medium and thus safe resources. Usually these kind

of bioreactors are either based on cell-factory like fixed-beds, hollow-fibers or microcarrier. The
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GMP compliant Z®RP system by Zellwerk is based on a rotating cell-factory like unit consisting
of multiple layers of polycarbonate cell carrier slides offering a surface of up to 8000 cm?. It allows
for the automated control of oxygen concentration, pH and medium feed and a 8-fold expansion
of MSCs has been successfully carried out in it with a final cell number of 25-10° cells after 5 days
of cultivation[187]. The Quantum Cell Expansion System (Terumo BCT) is probably the most
advanced system for the automated expansion of cells. It is based on hollow fiber modules that
offer a surface of 2.1 m? and requires only 180 ml medium to prime the fluid system. A total
of up to 1.5 — 3-10® MSCs were harvested equal to a ~ 7 — 15 fold expansion of cells. The
third approach, the cultivation of MSCs on microcarrier is mainly carried out in spinner flasks or
stirred tank reactors. Expansion up to 30-fold have been reported in different systems [203, 204].
Suspension culture is in general easier to handle and more reproducible but the final detachment
of cells from microcarrier has been reported to be insufficient. Several systems like the Mobius

3L by Merck Millipore are commercially available and can be used for expansion on microcarrier.

2.4.2 Development and Characterization of Bioreactors

The development of bioreactors requires the consideration of numerous factors in advance (see
Table 2.7). Thus, prior to design or development the main purpose of the bioreactor needs
to be determined. This comprises decisions on whether the bioreactor is used for tissue engi-
neering, expansion of cells or as an in vitro model system and if it is intended to be used in
a research environment or in a clinical setting (where it would need to comply to GMP guide-
lines). Also, theoretical predictions for the effectiveness of a bioreactor to fulfill its specific role
can help to understand the influence of crucial process parameters such as oxygen tension and
mechanical forces. Based on the inherent properties of a 3D scaffold predictions of the flow
profile or mechanical forces are possible. Also, based on known biological behavior of the cells
and the physicochemical properties of the bioreactor predictions on mass transport, proliferation
or other cellular processes can help saving resources, costs and time. Computational modelling
and fluid dynamic analysis were harnessed in the past to gain knowledge on the microenviron-
ment of bioreactors [192, 205-207]. After deciding on the structural design other aspects like
material, shape and size need to be clarified. The material should be inert, autoclavable in a
research setting and disposable in a clinical setting. Furthermore, the implementation of mul-
tiple independent small-scale bioreactor chambers might be interesting since it would allow to
screen several conditions at once and thus optimize culture conditions faster. Furthermore, the
integration of relevant sensors and imaging facilities to monitor physicochemical, mechanical and
biological parameters is crucial in order to gain comprehensive control and to set up feedback
loops for automated cultivation. However, regarding cultivation of 3D constructs, this is one of
the main challenges researchers are currently facing. Non-invasive sensor and imaging techniques
are often not versatile, costly and very complicated in handling. Advanced, non-invasive sensors
are available for measurement of oxygen and the most common nutrients but online monitoring
of i.e. differentiation markers like ALP activity in the culture medium still need to be developed.
Also, monitoring of proliferation is challenging on 3D constructs. Optical systems like (fluo-
rescence) confocal or raman microscopes or ultrasound systems are limited in their ability to

visualize deeper areas of the construct. X-ray-based techniques (micro or nano CT) can visualize
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ECM deposition but not soft tissue (only with the use of contrast agents). Moreover, all of these
techniques are challenging to implement into a bioreactor system for online monitoring.

Besides traditional cultivation parameters, mechanical cues are of increasing interest as de-
scribed in subsection 2.3.2. Since mechanical forces can not be measured with the same principles
that apply for glucose or oxygen but are rather measured in a destructive way there are only a
few approaches on how to gain control on them. Although systems like the TC-3 from EBERS
medical allow to apply defined compression or tension on the scaffold it is difficult to estimate
as to which extent cells inside the scaffold experience these forces. Also, fluid shear stress can
only be estimated or modeled via CFD simulations but not online. Pressure sensors like the
MEMSCAP which are currently used in the hospital to non-invasively measure blood pressure
might enable for determination of hydrostatic pressure or shear forces. Still, extensive knowledge
of the inherent scaffold characteristics are required to convert data from the sensors and estimate
mechancial forces.

Despite all challenges, information on the current state of the process is crucial to develop
feedback controlled, automated systems to ensure reproducible outcome. To gain comprehensive
control over the process a bioreactor requires to be extensively characterized. Therefore, the

following section describes which characteristics are relevant and how they can be determined.

Characterization Physicochemical parameters like gas levels, dissolved gass, pH and temper-
ature influence the biological response of culture cells (proliferation, differentiation, changes of
metabolism). This again has an influence on the physicochemical parameters. Therefore, not
only the biological characteristics must be known but also bioreactor characteristics like mass
and heat transfer or gas transmission rates. Also, material characteristics of a 3D matrix are
crucial to determine the mass transfer inside the scaffold. In general, mass transfer is depen-
dent on diffusion and convection which is often increased in bioreactors by agitation (shaker),
stirring (stirred tanks, spinner flasks) or steady laminar flow (perfusion reactors). In bioreactor
technology mass transfer coefficients are used to quantify mass transfer and are often expressed
by dimensionless numbers that describe the proportion of diffusive to convective effects. Im-
portant characteristic numbers are for example the Péclet number Pe, Bodenstein number Bo
and Reynolds number Re [208]. They are often part of theoretical models for the calculation
of mass transfer and can be derived from the residence time distribution (RTD). The RTD is
a probability distribution function that describes the time span a fluid element spends in the
bioreactor and can be determined by simple wash-out experiments. Yet, it is a powerful method
to characterize mixing and mass transfer of a bioreactor at a specific operational mode (e.g. flow
rate, flow pattern, stirrer speed). Although characteristic numbers derived from RTD experi-
ments can describe the overall mass transfer process they do not describe the spatial behavior
of fluid elements in detail. Thus, the presence of dead spaces or recirculation areas, although
sometimes indicated by the RTD, can not be narrowed down to a specific location in the reactor.

However, computational fluid dynamics (CFD) can be harnessed to simulate the behavior of
fluid elements in the bioreactor. Moreover, combined with a 3D model of the matrix, parameters
like shear rate, wall shear stress or pressure can be derived from the simulation data and give

detailed insight about mechanical loading. In fact, CFD simulations have been used in the past
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to predict mechanical loading for tissue engineering bioreactors [192, 207, 209]. Besides mass
transfer, dissolved oxygen (DO) is crucial parameter for the control of a bioprocess. As described
before reduced oxygen concentrations can alter cellular behavior and also increase proliferation
(subsection 2.3.4). Therefore, it is not only a "consumable" but a signal molecule of special
interest in the context of stem cell expansion. During proliferation, especially under reduced
oxygen conditions, the risk of anoxic regions or phases is increased. Therefore, the oxygen
transfer rate (OTR) of a bioreactor at a specific operational mode is an important characteristic.
The OTR describes the oxygen transfer from the gas to the liquid phase and can be used to

determine if the oxygen supply is sufficient. It is given as

OTR = kra - (cHy — co2) (2.1)

where kra is the volumetric mass-transfer coefficient, ), the oxygen concentration in equi-
librium (or maximum oxygen concentration) and cos the oxygen concentration at the gas/liquid
interface. If the OTR is known it is possible to control the DO via the composition of the gaseous
atmosphere. Furthermore, if the oxygen uptake rate and growth kinetics of the cultivated cells
are known the process can simulated by coupling of CFD analysis and chemical reaction models
[210]. The kra is dependent on several parameters such as medium composition, viscosity, tem-
perature or convection (shaking, stirring, perfusion) and thus might be adjusted by alteration of
these parameters or active aeration to increase the gas/liquid interface area.

Conclusively, in order to develop a bioreactor from the scratch a multitude of parameters has
to be taken into account. Modern computational technologies can help to develop a reasonable
bioreactor design. However, bioreactor prototypes need to be characterized extensively to in-
crease knowledge and therefore control on the conducted process. For tissue engineering and cell
expansion processes characterization of mass transfer, fluid flow velocity profiles of the bioreactor
and scaffold, shear rate, wall shear stress and shear stress distribution as well as oxygen transfer
are the most important parameter. Still, other parameters might be of interest in a specific set

up or process.
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Table 2.6: Commercially available bioreactors for tissue engineering and cell expansion.

Mode of op- Application System, Scale Key features Ref.
eration Manufacturer
Orbital shaking  Expansion Micro-24 mi- 3 7ml 24-well cas- pall.com
croreactor settes with
system (Pall) individual
heating, gas
injection, pH
and oxygen
Sensors
Wave-mixed Expansion WAVE Bioreac- 0.3 — 5001 disposable [198]
tor (GE Health- bags, GMP
care) compliant
available
Stirred tank Expansion Mobius®bioreactods 20001 Scale-up and emdmillipore.com
automation
Stirred tank Expansion Spinner-flask 0.1-361 inexpensive, [199]
(various manu- simple design
facturer)
Rotating bed Expansion, os- Z®RP cell cul- 2000 - 8000cm®  High degree  [186, 187]
teogenic differ- tivation system cell culture sur- of automa-
entiation (Zellwerk) face or up to 12  tion, GMP
scaffolds compliant
Compression Chondrogenic CartiGen single-sample multiple sam- tissuegrowth.com
differentiation (BISS) (d — 30mm), ples possible,
multi-sample (d  simultane-
= 10mm) ous perfusion
possible
Tension Osteogenic dif-  FX-5000™ 24 well and 6 flexible mem- flexcellint.com
ferentiation Tension (Flex- well brane, mono-
cell) layer cell
cultivation
Tension Osteogenic dif- TC-3 (Ebers Up to 3 in- Stretching of ebersmedical.com
ferentiation Medical) dependent sam-  scaffolds
ples
Hydrostatic Chondrogenic TC-3 (Ebers Up to 3 in- Compatible ebersmedical.com
pressure differentiation Medical) dependent with a variety
samples, pres- of scaffold
sure up to
0.4 MPa
Perfusion Expansion, co- Quantum@®) 2.1m? cell cul- High degree  terumobct.com,
cultivation, dif- Cell Expan-  ture surface of automa-  [200]
ferentiation sion System tion, GMP
(Terumo) compliant
Perfusion Expansion /  U-Cup biore- Up to 10 in- [201, 202]
differentiation actor  (Cellec dependent sam-
Biotek) ples (d = 6 —

10 mm)
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Table 2.7: Factors for design and development of bioreactors.

Factor

Elements

Purpose

System set up

System size

Mechanical stimula-
tion

Control of physical
parameters

Sensors

Non-invasive imaging

Feedback

Chamber material
Versatile design

Multiple independent chambers

Autoclavable vs. single use tubing, con-
nectors,...

Small scale
Bench top

Compression
Tension

Fluid shear

Hydrostatic pressure

Composition of gaseous atmosphere, dis-
solved oxygen, temperature, flow rate,
mechanical stimulation

Composition of gaseous atmosphere, dis-
solved oxygen, temperature

Mechanical cues

Sampling of medium

Optical imaging

Ultrasound

X-ray based

Nuclear imaging

Sensor & imaging based

inert, non-corrosive

Enables for scaffolds of different shape an
size

Enables for parallel cultivation of inde-
pendent chambers, e.g. for screening /
optimization of cultivation parameters
autoclavable — reduces pricing, increases
effort; single use = increases pricing, de-
creases effort and risk of contamination
Reduces required resources

Fasy handling and transportation

induction of chondrogenesis
induction of osteogenic,
chondrogenic differentiation
induction of osteogenesis
induction of chondrogenesis
Maintenance of desired cultivation condi-
tions

ligamentous,

Determination of physical cultivation pa-
rameter

Determination mechanical stimulation
Determination of biological cultivation
parameter (nutrientes, soluble factors,...)
enables for superficial observations of via-
bility, proliferation, differentiation, ECM
deposition; limitation: scaffold thickness
enables for assessment of ECM deposi-
tion, tissue generation; limitation: pen-
etration depth

enables for assessment of ECM deposi-
tion, generation of soft tissue (requires
contrast agents); limitation: long-data ac-
quistion, exposition to radiation

Cell viability, metabolic activity, tracking;
limitation: poor spatial resolution,
Enables for automated control of physical,
biological and mechanical conditions.
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3 Mesenchymal Stem Cell Isolation

The most widely approach used for the isolation of human MSCs from adipose tissue is per-
formed via enzymatic treatment with collagenase. It was formerly developed for isolation of rat
MSCs [211] and has further been modified for isolation of human MSCs [212]. Briefly, adipose
tissue is either obtained from liposuction or tissue resection (i.e. from abdominoplasty surgeries),
hematopoietic cells are removed by washing and the tissue is then digested by collagenase treat-
ment. Several washing and centrifugation steps remove unwanted cell types and yield the SVF.
MSCs in the SVF are then selected by plastic adherence. This procedure is well established and
frequently used. However, this process holds several disadvantages which most of all are regarded
to economic and safety concerns. First, isolation by enzymatic treatment is a time-consuming
procedure. Comprising the time from arrival of tissue to final freezing of cells in passage 0
(P0) it takes approximately 6 person-hours per 1-10° cells. Also, a comparably high demand of
disposables (caused by centrifugation and washing steps) and the use of collagenase make it a
costly process. The cost of 1-10° cells at PO was calculated to be approximately € 95 (time and
cost calculations were determined from 8 isolation procedures performed in association with the
experimental work of this thesis). However, the use of collagen is rather problematic, most of
all in the context of regulatory issues. Commercially available collagenase products were shown
to contain endotoxins [213, 214] and may also contain other impurities or unwanted proteases
since they are rarely purified products. Batch to batch variations or manufacturer dependent
variations of the overall composition cause inhomogeneity of the protease composition and thus
their enzymatic activity [215-217].

Cell populations that fulfill the minimal criteria for MSCs are known to comprise not a sin-
gle cell type but several subpopulations. Also adipose derived MSCs are composed of different
subpopulations that are different in their surface marker expression profile and differentiation
capacity [218-220]. Variations in collagenase products may therefore select for different sub-
populations. In fact, several studies report differing surface marker profiles of adipose derived
populations [54, 212, 221|. Finally, cells that undergo enzymatic digestion were demonstrated
to show decreased viability due to lytic activity of the enzyme [222]. To overcome the need of
an enzymatic treatment other isolation procedures have been developed. ASC isolation by me-
chanical dissociation of lipoaspirates was demonstrated by Baptista et al. [223]. However, MSCs
are known to be sensitive to physical forces such as ultrasonic|224|, pressure [225], strain |226]
or shear stress |227] which can result in decreased proliferation [228] or spontaneous differenti-
ation [94]. The Puregraft® System by Cytori was developed to prepare fat grafts with higher
retention rates. In this system the lipoaspirate is filtered and washed several times in a closed
bag during surgery in order to enrich the cell population for bone-marrow-derived mononuclear

cells [229]. Since neither the lipoaspirate nor the patient leaves the operating room it is not
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considered as an ATMP. However, quality of the resulting cell population can not be evalu-
ated by functionality tests before transplantation. Also washing-out of ASCs from the crude
lipoaspirate has been proposed by Shah et al. [230]. Cells derived from this procedure displayed
an altered immunophenotype while the differentiation capacity was comparable to enzymatic
isolated cells. Also, they reported a 19-fold lower yield with this method. Isolation of human
ASCs from tissue resection and lipoaspirates by explant culture was described by Priya et al.
[231]. They reported a significantly higher yield of cells with comparable immunophenotypic and
functional properties compared to enzymatic isolated cells. A second study where a modified
protocol was implemented confirmed findings on immunophenotype and functionality but did
not make a statement on cell yield.

In general, isolation by explant cultivation may have several advantages. First, the ECM
of the explanted tissue is still intact and not dissociated by proteolytic enzymes. The complex
composition and interplay of ECM components triggers biochemical and biomechanical signals
of cells and therefore may contribute to morphogenesis, differentiation and homeostasis of the
tissue |232|. During explant procedure the tissue is injured resulting in a wound-healing response
which activates also the release of growth factors and cytokines and triggers migration of stem
cells to the injured site. This is also thought to be the mechanism by which stem cell outgrowth
is triggered during explant isolation.

Second, the ECM is known to work as a reservoir of growth factors. In adipose tissue FGF-2
(also known as S-FGF) and vascular endothelial growth factor (VEGF) are prominent but also
FGF-1, FGF-7, FGF-9 and FGF-10 were found in human adipocytes and the SVF [233, 234|.
Mesenchymal stem cell media are often supplemented with FGF-2 since it is known to be involved
in the key pathways of differentiation and proliferation [235]. Stem cell properties of MSCs from
umbilical chord were shown to be better maintained when cells were cultivated together with the
initial tissue explants [236] indicating that the natural environment of intact tissue is essential
to keep stem cell properties. Therefore, it is thought that the intact ECM and tissue explants
support outgrowth and proliferation of cells during explant culture.

In conclusion, the isolation of ASCs via explant culture seems to be the most promising
procedure at the moment. However, implementation of physiologic conditions, such as the use
of human derived platelet lysate or reduction of the oxygen concentration, might improve this
procedure. Therefore, in this chapter isolation procedures via enzymatic treatment and explant
culture are compared towards cell yield and the resulting population evaluated towards their

immunophenotype and differentiation and proliferation capacity (Figure 3.1).
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Figure 3.1: Graphical abstract describing the experimental work of chapter 3: the isolation of
human MSCs by explant culture is compared with the isolation by traditional enzymatic treatment.
The resulting cells are characterized towards their proliferation and differentiation capacity and
surface marker expression.
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3.1 Isolation of adipose derived MSCs by explant culture

Human MSCs were isolated from adipose tissue either by enzymatic treatment or explant culture
as described in section B.1. The protocol for isolation via enzymatic treatment comprises manual
mincing of the tissue, collagenase treatment and several washing and centrifugation steps. Sub-
sequently, the resulting SVF is released into tissue culture flasks and ASCs selected by plastic
adherence (several steps of the procedure are depicted in Figure 3.2 A H). However, for the
isolation via explant culture, the tissue is washed several times with PBS to eliminate erythro-
cytes. Further, the tissue is cut into small pieces of approximately 5 mm? which were placed on
cell culture dishes (100 mm diameter) and carefully covered with cell culture medium (CCM) as
depicted in Figure 3.2 I — L. T-flasks and petri dishes from both procedures were equally split in
two groups and incubated in either 21 % O or 5% O9. All dishes and flasks were examined daily
towards cell outgrowth and confluence. When outgrowing cells were observed in the majority of
tissue pieces, the pieces were removed from the petri dish. Subsequently, the dish was carefully
washed with PBS, fresh medium was added and cells allowed to grow to 80 — 90 % confluency.
Since the initial weight of adipose tissue processed for each T-flask or petri dish was determined
before processing the yield of cells derived per initial gram adipose tissue Y ¢5/, was determined.
Also the yield per gram and day Yies/4.4 Was calculated since time may be a crucial parameter
for stem cell isolation in a therapeutic process.

Table 3.1: Comparison of cellular outgrowth and harvest of different isolation conditions. Data
represented as mean +SD (from at least n = 3 donors).

Condition Days until first outgrowth Days until harvest Homogeneity
Enzymatic 21 % O- 3.0+14 8.0+2.38 high
Enzymatic 5% O9 3.0+1.4 72+29 high
Explant 21 % O, 48+04 13.3+1.3 low
Explant 5% O, 53+0.5 12.74+0.9 low

Plastic adherent cells were found to grow out from the tissue between 1 — 6 days after isolation
dependent on isolation procedure and were 80 — 90 % confluent (and thus harvested) after 6 —
15 days (see Table 3.1). Figure 3.3 depicts typical outgrowth of cells from SVF and crude adipose
tissue. The time until harvest was significantly lower when cells were isolated by enzymatic
digestion (o = 0.05, p < 0.01).

Comprising all conditions, Y ¢s/4 was found to be approximately 3-10° cells per gram of initial
adipose tissue whereas the isolation procedure did not have a significant effect on Y.,/ Re-
garding the time dependent yield, for enzymatic isolation Y.y /q.¢ was 51826 + 13406 at 21 % O
and 49257 +8397 at 5% Os. For explant culture the yield was 25299 +5241 at 21 % Oy and
27343 £21647 at 5% Oz (see Figure 3.4). In fact, Yi¢s/9.4 was found to be significantly higher

for the enzymatic isolation in normoxic and hypoxic conditions (a = 0.05, p < 0.001).

Discussion In this section the isolation of MSCs was evaluated towards the yield of cells per
gram and cells per gram and day. Both values are important benchmarks to estimate the feasi-

bility of an isolation procedure in the context of a therapeutic process. When very large amounts
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Enzymatic isolation procedure

Explant isolation procedure

Figure 3.2: Working steps from isolation via enzymatic treatment (A — H) and explant cultivation
(I L). Enzymatic isolation: A) crude adipose tissue after surgery, B) connective tissue and blood
vessels are eliminated and only pieces of pure fat tissue kept, C) thorough mincing of tissue, D)
minced tissue before collagenase treatment, E) after collagenase treatment, F) after centrifugation,
G) release of the SVF into T-flasks, H) outgrowth of cells on day 2 after isolation. Isolation by
explant culture: I) crude adipose tissue, J) cutting into small pieceas of ~ 5mm3, K) pieces covered
with medium, L) outgrowth of cells after 5 days.

of initial tissue or a comparably long time span is required the isolation procedure becomes less
attractive. The major differences to the work of Priya et al. was the implementation of HPL,
the use of a low glucose basal medium and a reduced oxygen concentration in order to mimic
the physiologic environment and thus reduce stress and improve the yield and quality of isolated
cells. Priya et al. reported Y,.s/4.4 to be in the range of 5 — 8-10° cells/g for explant culture
and 1.4-10° cells/g for enzymatic isolation under normoxic conditions. In contrast, no significant
differences between enzymatic or explant were found in the present work. Also, the average
Yeen1s/g-a Was approximately half of what was reported by Priya et al. for the explant culture
but 2-fold higher for enzymatic isolation [231|. Therefore, implementation of more physiologic
conditions resulted in a higher yield for cells from enzymatic isolation but at the same time in a
lower yield of cells from explant culture. Delayed outgrowth (and thus a reduced time dependent
yield) was observed in explant culture. Probably it takes longer for cells to migrate through an
intact ECM and out of an intact piece of tissue. Also, direct contact between tissue and cell
culture plastic surface is a crucial requirement. However, lipid droplets were observed on the cell
culture plastic surface and in the medium and cells were observed to not grow on plastic surface

covered by droplets (data not shown). Therefore the presence of a thin lipid layer between tissue
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Figure 3.3: Microscopic pictures of cells derived via isolation by enzymatic treatment or explant
isolated cells already were harvested before day
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Figure 3.4: A) Y..y5/4 and B) Y. .5/4.q of isolation by enzymatic treatment or explant culture of
MSCs at 21 and 5% O,. Each data point represents the harvest from one T-flask (enzymatic) or
all petri dishes of one conditions (explant) from at least n — 3 donors. Data represents mean =+ SD;
* indicates significant difference (o = 0.05, p < 0.01).
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and plastic surface, forming a natural barrier for cell migration, is likely and might impair rapid
cellular outgrowth. Also, during explant culture of tissue pieces (and not lipoaspirates) cells did
not grow out homogeneously from all tissue pieces and were not allowed to cover the entire plastic
surface due to the presence of lipid droplets. Thus, cells on petri dishes grew not as homoge-
neously confluent as cells from isolation by enzymatic treatment in the T-flasks which might be
a reason for lower yield observed for isolation by explant culture. Also, the implementation of a
hypoxic environment did not result in significantly faster outgrowth or higher cell yield. In the
current work previously reported benefits of the isolation by explant culture were not confirmed.
Instead the widely used isolation by enzymatic treatment resulted in a better time dependent
yield and is from an economic point of view considered as the more efficient procedure. Although
the current study is not completely comparable with the study of Priya et al. it indicates that
the use of HPL and low glucose basal medium might be beneficial for the isolation by enzymatic
treatment.

In general, not only yield but also maintaining stem cell properties is strikingly important
during isolation of stem cells. Therefore, in the next section the characterization of stem cells

derived from isolation by explant culture and enzymatic treatment was evaluated.

3.2 Characterization of adipose derived MSCs isolated by explant

culture

To confirm that isolated cells fulfill minimal criteria for MSCs (see section 2.1) their immunophe-
notype and differentiation capacity were analyzed as described in section B.6. Furthermore, the
growth kinetics and proliferation capacity of MSCs isolated by enzymatic treatment and explant

culture were evaluated at 21 and 5% O3 (also described in section B.6).

Surface marker expression profile The surface marker profile of the isolated cells was found
to be according to the minimal criteria for MSCs. Thus, cells wer found to be positive for CD73,
CD90, CD105 and negative for CD14, CD20, CD35, CD45 and HLA-DR. The expression profile

was found to be similar throughout cells from all isolation procedures (see Figure 3.5).

Proliferation capacity To determine the proliferation capacity isolated cells were expanded in
CCM and subsequently passaged until cellular senescence occurred and thus cell growth plateaued
(see Figure 3.6). Throughout all donors cells displayed more rapid and prolonged growth when
cultivated at 5% Os. Comprising the results from all donors cells from enzymatic and explant
culture isolation did not display significant differences in their growth kinetics. However, the
highest PDL observed in all donors was found in cells from explant culture at 5% Os. The
population doubling time ¢tpp was found to be rather consistent up to approximately passage 6
for normoxia and approximately passage 10 for hypoxia. After P6, tpp of cells at 21 % Oq
increased dramatically whereas tpp of cells at 5% Og increased rather steadily until cells became
senescent. For therapeutic use, early-passage MSCs are preferable. Therefore PDL and ¢pp until
P10 of all donors and conditions are compared in Figure 3.8. PDLs of the different conditions at

passage 10 were in the range of 17 — 24 with explant normoxic displaying the lowest (16.8 £5.1)
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Figure 3.5: Representative phenotype analysis of cells from isolation by enzymatic treatment and
explant culture at 21 and 5% Ozfrom female, 48 years old donor. Red areas represent phenotype,
green areas represent isotype control. Data represents at least 50.000 recorded events.

and explant hypoxic displaying the highest PDL (23.8 +2.3). In general, PDL was significantly
higher in hypoxic conditions. Also, PDL of cells isolated by explant cultivation and under
hypoxic conditions was significantly higher compared to explant and enzymatic normoxic but
not higher than enzymatic hypoxic. Furthermore, mean tpp determined during all passaging
events until passage 10 were in the range of 30 — 47h with explant normoxic displaying the
highest (46.8 £28.5) and enzymatic hypoxic displaying the lowest tpp (30.249.1). Explant
normoxic displayed a significantly higher ¢tpp than enzymatic or explant hypoxic.

As stated above cells were passaged until growth plateaued. Subsequently a senescence
assay was performed as described in section B.6. Throughout all conditions and all donors
enlarged cells, quiescence and [-galactosidase activity was observed indicating senescent cells

(see Figure 3.9).
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Figure 3.6: Time dependent population doubling level (PDL) of MSCs isolated by enzymatic
treatment or explant culture from 3 different donors. A) female, 42 years old, B) female, 52 years
old, C) female, 48 years old; data represents mean +SD (all n—3). D) Passage dependent PDL
comprising data from all donors; boxes represent min to max and mean + SD.
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times until passage 10 of MSCs isolated by enzymatic treatment or explant culture at 21 and
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Figure 3.9: (-galactosidase assay of cells from MSCs isolated by enzymatic treatment of explant
culture cultivated at 21 and 5% O,. A) female, 42 years old, B) female, 52 years old, C) female,
48 years old.
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Differentiation capacity The differentiation capacity of cells isolated by enzymatic treat-
ment or explant culture was investigated as described in section B.6. Briefly, MSCs were seeded
in fibronection coated cell culture plates and after cells grew confluent differentiation was in-
duced by changing the medium to either adipogenic (ADM), chondrogenic (CDM) or adipogenic
differentiation (ADM) medium. Cells cultivated in CCM served as control.

21 % 02 5% 02
CCM CDM CCM CDM
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Figure 3.10: Differentiation of enzymatically or explant isolated MSCs cultivated at 21 and
5% O4. A) Alcian blue staining of chondrogenic differentiation and control, B) Oil Red O staining of
adipogenic differentiation and control. CCM = standard cell culture medium, CDM = chondrogenic
differentiation medium, ADM — adipogenic differentiation medium. Scale bar — 200 pm.

A clear alcian blue staining of cells cultivated in chondrogenic differentiation medium (CDM)
was only observed in 21 % enzymatic. Weaker staining which was comparable to control samples
was observed in the other conditions. However, staining of the lipid vacuoles as indicated by Oil
Red O staining was observed in all cells cultivated in adipogenic differentiation medium (ADM)
but not in control samples. Cells isolated via explant culture at 5% O displayed the clearest
staining with the most lipid vacuoles (see Figure 3.10).

Extracellular matrix (ECM) from osteogenic differentiation was investigated with DAPI/calcein
double stain and alicarin red for extracellulare calcium and Von Kossa (VK) stain for phosphates

(see Figure 3.11). Cells from both isolation procedures were stained positive for calcein, alicarin
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21 % 02 5% 02

Figure 3.11: Differentiation of enzymatically or explant isolated MSCs cultivated at 21 and
5% Oy. A) DAPIT calcein double stain, B) alicarin red stain and C) von Kossa stain of osteogenic
differentiation. CCM = standard cell culture medium, ODM = osteogenic differentiation medium.

red and VK at 21 % but not at 5% O2. Also, no staining was observed in the control sam-
ples. Notably, at 5% Og considerably less cells were observed in "explant" samples (bot CCM

and osteogenic differentiation medium (ODM)) compared to all other conditions as indicated by
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DAPI staining. However, images from brightfield microscopy display dense cell layers in all other

stainings.

Discussion In this section cells from isolation via enzymatic treatment and explant culture
were compared towards their immunophenotype, growth kinetics and differentiation capacity.
The immunophenotype of cells derived from different conditions was similar and fulfilled minimal
criteria for MSCs. The treatment with collagenase for the isolation of stem cells from adipose
tissue has been discussed to eventually select for distinct subpopulations of MSCs [231]|. However,
in this study the surface marker expression of CD73, CD90, CD105, CD14, CD20, CD35, CD45
and HLA-DR did not reveal any differences of isolated cell populations. However, other surface
marker that were not stained might differ.

No significant differences were found in the overall growth kinetics with regards to the isola-
tion procedure but with regards to the oxygen concentration during cultivation. Cells cultivated
under hypoxic conditions displayed a higher PDL after 10 passages and thus a higher growth rate.
Although not significant, cells from isolation by explant culture entered earlier into senescence
than cells isolated by enzymatic treatment (see Table 3.2). Since passage number and the corre-
sponding PDL is dependent on seeding density, the PDL at a certain passage is not comparable
to studies by other researchers. However, the tpp over 10 passages is a more suitable marker
for the comparison of growth kinetics. In the study of Priya et al. the mean doubling time over
10 passages was ~ 50h regardless of isolation procedure. Differing from that, the mean tpp was
comparably lower (30 — 45 h) in the present work which might be contributed to donor variability
but also the use xeno-free, low glucose conditions (see subsection 2.3.3). In the present work in
vitro behavior of MSCs from different donors was considerably different although all donors were
female and differed in age. Growth kinetics as well as the response to the different isolation pro-
cedures and oxygen conditions were found to be different. Furthermore, cells from the youngest
donor displayed increased tpp, decreased PDL and enterd senescence earlier compared to older
donors.

The differentiation capacity of the isolated cells was also not found to be dependent on the
isolation procedure but more on the oxygen concentration during cultivation. Chondrogenesis
was only observed under normoxic conditions in cells from enzymatic isolation. Adipogenic
differentiation was observed in all conditions and was more pronounced in explant 5% Og. In
contrast, osteogenic differentiation was only present in normoxic cultivated cells but from both
isolation procedures. Indeed the differentiation potential of MSCs isolated from explant culture
was found to be comparable to cells from enzymatic isolation before [231, 237]. The effect of
oxygen on differentiation of MSCs has been extensively studied [170] and a common tendency
emerged from these studies. Briefly, hypoxia is thought to enhance chondrogenic differentiation
[175] but to attenuate adipogenic and osteogenic differentiation [176, 177|. However, other studies
reported conflicting results [238]. In the present work, chondrogenic differentiation seemed not
be promoted by hypoxic conditions and adipogenic differentiation only slightly enhanced in cells
from explant culture in hypoxic conditions. Again, discrepancies may arise from donor variability,

medium composition or different levels and duration of hypoxia in other studies.
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Table 3.2: Comparative overview of isolation procedures.

enzymatic explant

21 % O 5% O2 21 % O2 5% O2
EFFECTIVENESS
Procedure complicated & time consuming simple & time consuming
Consumables very high low
Yield (cells/g)-10% 3.24+0.9 2.9+0.6 34405 3.3+25
Yield (cells/g-d)-10% 52+1.3 49408 25405 27421
CHARACTERIZATION
Immunophenotype v v v v
Senescence at passage 15.7£1.2 18+1.6 13.7£25 17.7£25
PDL at P10 17.8+4.9 20.94+3.2 16.8£5.1 21.7+£2.2
tpp at P10 40.7+19.4 30.2+9.1 46.8 +28.5 31+11.3
Chondrogenic differentiation 7 ~ ~ T
Adipogenic differentiation n 17 17 7
Osteogenic differentiation m ~ 7 ~

~ = similar to control, 1 = slightly increased compared to control, ]| = considerably increased compared to control.

3.3 From 3D to 3D - Isolation by explant culture in a 3D envi-

ronment

Another approach for the isolation of MSCs from fat tissue is the isolation by explant culture
in a 3D environment which might represent more physiologic conditions. In the absence of
anticoagulants such as heparin HPL forms a firm gel. Hemeda, Giebel, and Wagner demonstrated
that HPL gel can serve as biomaterial and medium for MSCs at the same time [179]. However,
the isolation of MSCs from tissue pieces in HPL gel has not been demonstrated yet and therefore
intial experiments were carried out. For this HPL gel was formed from a lyophilized HPL
formulation (PLyaTrrx) after reconstitution with 1ml ddHsO and further 1:10 dilution with
basal medium. To effectively embed tissue pieces the cultivation vessel was first coated with
agarose to avoid cell adhesion. Subsequently, 350 ul HPL gel were added to the well of a 12
well plate and the plate was incubated 60 min at 37 °C for gel formation. Afterwards, a piece of
adipose tissue was added on top of the bottom layer and a another 350 ul HPL gel were added
to cover the tissue (see Figure 3.12 A). After 2 3 days cells started to grow out from the tissue
and after 8 days cells seemed to have penetrated the entire gel (see Figure 3.12 B). Harvesting
of cells was performed by mechanical dissociation of the gel (pipetting up an down), dilution
in medium and centrifugation at 350 x g for 5 min. However, only very few single cells could be
recovered from the gel while the vast amount of cells remained in fibrous structures, probably in
extracellular matrix. Thus, reproducible harvesting and further passaging of cells from the gel
was not possible. However, flow cytometry analysis of cells isolated in HPL gel revealed an MSC
phenotype.

Further analysis of the proliferation and differentiation capacity as well as a detailed analysis
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of the surface marker expression profile need to be carried out to characterize MSCs from explant
isolation in HPL gel. Since expansion and differentiation can be carried out in a 3D environment
by now, the isolation procedure remains the only stage of in vitro cultivation that currently must
be carried out in 2D due to a lack of 3D approaches. However, the conditions during isolation
of stem cells determine the subpopulation for the following cultivation steps and thus it seems
desirable to gain knowledge and control in this field. A continuous cultivation in 3D during

isolation, expansion and differentiation might support a more physiologic behavior of cells in

vitro.
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Figure 3.12: Tsolation of adipose MSCs by explant cultivation in a 3D environment. A) Schematic
depiction of the cultivation vessel for isolation of MSCs in HPL gel. The bottom is coated with
agarose to avoid cellular adhesion on cell culture plastic while the tissue itself is placed between two
layers of a 10 % HPL gel. B) Picture of a well for isolation of MSCs in HPL gel at day 1 and day
8 of isolation. C) Flow cytometry analysis of MSCs from isolation by explant cultivation in HPL
gel. Green indicates the isotype control while red indicates the phenotype. Data represent 10.000
events.

3.4 Conclusion

In conclusion, the isolation of MSCs via explant culture was found to result in comparable yield

of cells with comparable properties compared to cells from enzymatic isolation. However, the
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time dependent yield was significantly reduced by isolation via explant culture. Reduced oxy-
gen concentration (5% Oz) resulted in increased yield and proliferation capacity with decreased
senescence and altered differentiation capacity. A comparative overview of both isolation proce-
dures is given in Table 3.2.

Improvement of stem cell isolation procedures becomes more and more important since ther-
apeutic application of MSCs is increasing. The isolation of stem cells via explant culture provides
an suitable and economic way to harvest adipose tissue derived stem cells from patients. Since
MSCs derived by explant culture display stem cell properties further improvements should focus
on simplification of the isolation procedure, reduction of time until harvest and enhancement of
yield. Since migration of cells from explant tissue is currently also interpreted as a wound-healing
response further introduction of lesions by cutting or grinding of the tissue might be beneficial.
In this context, processing of lipoaspirates might be superior to processing of resected tissue.
Also, a fast method for isolation from lipoaspirates in less than 30 min has already been devel-
oped [239] and several devices for liposuction were found to not impair later stem cell isolation
[240]. Initial cell sorting of cells from the SVF might improve purity of cell populations which
might be important for later differentiation of cells [241]. Furthermore, a recent study reports
the isolation of MSCs with the help of matrix metalloproteases (MMPs) to result in a purer cell
population than received by collagenase and Liberase treatment [242]. Still, it is not clearly eval-
uated if enzymatic treatment or isolation by explant culture selects for distinct cell populations
with different properties, still fulfilling the MSC minimal criteria. For example, differentiation of
MSCs derived from explant isolation displayed increased differentiation potential towards retinal
photoreceptors compared to cells from enzymatic isolation, which indicates selection of subpopu-
lations with increased differentiation potential [243]. Since conditions during isolation have great
impact on the resulting subpopulations this initial step of in vitro cultivation deserves more at-
tention. In this context the isolation of MSCs from explant tissue in a 3D environment should

be further optimized and cells from this approach need to be further characterized.
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4 Scaffold-free Stem Cell Cultivation

4.1 Aggregates in Stem Cell Cultivation

In general, the term aggregate describes a multicellular construct of condensed cells (either forced
by centrifugation or spontaneously induced by high density cell suspension) whereas the fre-
quently used term spheroids can be considered as a subcategory of aggregates and describes
exclusively spherical-shaped cellular aggregates. Cultivation of cellular aggregates has mainly
been used in cancer research and studies on embryonic development. In the context of culti-
vation it was utilized to induce chondrogenic differentiation where it was mainly referred to as
pellet or micromass cultivation. However, in the last 5 — 10 years self-assembly of MSCs has been
studied in a wider spectrum beyond chondrogenesis. In fact, cultivation of MSC aggregates is
currently accepted to represent a more in vivo like environment since MSCs display improved
differentiation [244] and anti-inflammatory properties [101]. Even after short-term aggregate
cultivation the regenerative capacity was shown to be improved [102]. Viable research is cur-
rently carried out on the molecular mechanisms that cause self-assembly and cellular behavior
in aggregates. However, cell-cell contacts (i.e. cadherins) and interactions with ECM proteins
(i.e. collagen type I) that are intact (compared to enzymatically treated 2D monolayer culture)
are thought to play a major role [106]. Furthermore, regarding cell transplantation, increased
retention of cells at transplantation sites has been reported when cells were introduced in the
form of aggregates [245]. Understandably, MSC aggregates gain more and more attention for
therapeutic use in cell-based therapies and tissue engineering approaches.

The cultivation of aggregates in small scale systems like microtiter plates or hanging drops is
well established [246]. However, aggregates display nutrient and oxygen gradients from surface to
core which was demonstrated to result in a necrotic core for aggregates > 500 ym [107]. Therefore,
dynamic cultivation systems that enable for enhanced mass transfer seem preferable for aggregate
cultivation. Indeed, cultivation of MSC aggregates in rotating wall vessel bioreactors, shake
flasks, spinner flasks or on orbital shakers did not result in necrotic tissue [103, 108-110].

In this chapter, the upscale of MSC aggregate formation and cultivation from microtiter plates
to a stirred tank reactor (STR) is described. First, formation and cultivation of MSC aggregates
in microtiter plates under static and dynamic conditions is characterized and advantages and
drawbacks of cultivation in small scale systems are discussed. Second, aggregate formation and
cultivation is carried out in volumes between 1 — 10 ml at different initial seeding densities. Since
several aspects remained challenging at this scale the cultivation was finally transferred to a small
stirred tank reactor (130 ml) and hypoxic conditions were implemented to optimize the process
(Figure 4.1)[247].
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Figure 4.1: Graphical abstract describing the experimental work of chapter 4: the scaffold-free 3D
aggregate cultivation of MSCs is characterized under static and dynamic conditions. Furthermore,
approaches for the upscale of aggregate cultivation from a single cell suspension are described.

Finally, expansion of MSC aggregates in a stirred tank bioreactor is demonstrated under normoxic
and hypoxic conditions.
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4.2 Aggregate Cultivation in Microtiter Plates

Cultivation of 3D MSC aggregates was carried out in cell-repellent, round-bottom 96 well plates.
Cells were seeded at two different densities and cultivated either under static or dynamic (hor-
izontal shaker at 100 RPM) conditions as described in section B.2. The aggregate size was
determined via analysis of microscopic pictures with ImageJ as described in section B.12. To
assess viability a TOXS viability assay was performed and aggregates were stained with Calcein-
AM and PL

Spheroid-shaped aggregates were observed after 1 day cultivation in all conditions. While
samples with lower density displayed an increase in aggregate area on day 2, samples that were
seeded with a higher density remained the same size (Figure 4.2 A and B). After 2 days area size
decreased in all conditions until end of cultivation. Compaction of aggregates on day 4 was found
to be 18 40 % compared to day 1 and significantly higher for 2500 cells in dynamic conditions
compared to static (Figure 4.2 C). However, higher seeding density did not generally result in
elevated compaction of aggregates. Further, aggregate area of the respective seeding density was
significantly increased in dynamic conditions (a = 0.001, p < 0.0001).

A similar trend was displayed by the viability assay (Figure 4.2 C). The viability was found to
be highest on day 2 and then decreased in all conditions. Still, viability of the respective seeding
density was significantly increased until day 2 in dynamic conditions (o = 0.01, p < 0.0001).
Calcein-AM and PI staining on day 4 depicts spheroid shaped aggregates in static conditions
and oval shaped aggregates under dynamic conditions. Throughout all conditions no dead cells

were visible on the aggregate surface.

Discussion Initial cultivation of 3D MSC aggregates under static and dynamic conditions indi-
cate agitation in form of horizontal shaking to be beneficial for aggregate cultivation. First of all
aggregate size and viability were found to be increased in dynamic conditions indicating increased
cellular growth. MSC aggregates have already been cultivated in shaker flasks, spinner flasks
and rotating wall vessel (RWV) bioreactors. Proliferation was found to be comparable to 2D
monolayer cultivation and improved osteogenesis and adipogenesis was observed when compared
aggregates were cultivated in spinner flaks or RWVs [103|. However, Frith, Thomson, and Gen-
ever did not compare dynamic to static aggregate cultivation. Yet, one study reports increased
proliferation and differentiation capacity when cells were cultivated in serum-free medium in a
shaker flask compared to 3D static conditions [109]. These results suggest dynamic conditions
in form of horizontal agitation to improve cellular growth in spheroids which is probably caused
by enhanced mass transfer.

Compaction of aggregates occurred rather under dynamic than under static conditions. In-
terestingly, it was not correlated to the initial seeding density. Considerable compaction of MSC
aggregates was reported before [101, 110, 246, 248, 249] and has been proposed to be a three-step
process [4, 106, 250]. Direct cell-cell contacts and binding to ECM proteins enables for formation
of aggregates (as described in subsection 2.3.1). However, MSC aggregates display a time depen-
dent spatial heterogeneity that is closely linked to intrinsic characteristics such as integrin and
cadherin expression and the cortical tension which are again altered by the mechanical microen-

vironment [4]. Higher compaction observed in dynamic conditions might be caused by changes
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Figure 4.2: A) aggregate size, B) microscopic pictures of aggregates seeded with 2500 cells, C)
compaction compared to day 1, D) viability and E) Calcein-AM and PI staining on day 4 of MSCs
cultivated in cell repellent 96 well plates under static or dynamic conditions (horizontal shaker at
100 RPM) (n—6). Data represented as mean + SD; * indicates significant difference (o = 0.01,
p < 0.0001)

in the mechanical environment which again cause mechanotransductive effects and alterations in
cytoskeleton |251].

Although aggregate size and viability were elevated until day 2 in dynamic conditions they
decreased until end of cultivation. Medium evaporation was found problematic since outer wells
on a microtiter plate display higher evaporation than inner wells. Evaporation causes an increase
of nutrient concentration and thus reduces control on the cultivation process. It is likely that
proliferation and viability decreased because of inconsistencies in nutrient concentration. There-
fore, long-term cultivation for expansion or differentiation of MSC aggregates was not considered
to be feasible using this setup. In order to perform defined and reliable medium changes and
to minimize evaporation effects, several approaches for the upscale of aggregate cultivation were

taken into account and tested.

4.3 Approaches for Upscale of Aggregate Cultivation

In order to upscale cultivation of 3D MSC aggregates in microtiter plates, the cultivation vessel
was changed to a 100 ml Schott flask equipped with a sterile air filter. For initial testing of this
approach MSCs were seeded at 500.000 cells/ml (10 ml) and cultivated at 100 RPM on a horizon-
tal shaker for 7days. The cell number was assessed via DNA quantification of a 500 ul sample
and viability was determined via TOXS8 assay of 3x 100 ul sample and Calcein-AM and PI stain
randomly picked aggregates (all n=2). The cell concentration was found to be approximately one

fifth of the initial concentration and decreased further until end of cultivation. Again, compaction
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of aggregates was observed. Similarly, viability was 5 — 15 % compared to day 0 (measured di-
rectly after seeding). Still, aggregates stained with Calcein-AM and PI were viable and no dead
cells were spotted on the aggregate surface (Figure 4.3). However, determination of DNA and
viability was maybe biased because aggregates were not perfectly distributed like in a single cell
suspension, and thus sample volumes might not have been representable for the entire cultiva-
tion volume. After the initial drop in cell number and viability both were seemingly stable until

day 5. Therefore, further cultivations were carried out until day 5.
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Figure 4.3: A) Cell concentration, B) viability and Calcein-AM and PI staining of aggregates
cultivated in a Schott flask at 100 RPM (horiztontal shaker, n—2). Data is represented as mean
+ SD.

Following, in order to enhance reproducibility and reduce sampling errors cultivation of aggre-
gates was carried out in glass vials of different geometries (17x27 mm, 14x45 mm, and 19x37 mm)
which were seeded with 1ml of either a 500.000 cells/ml single cell suspension (CS) or 50 pre-
formed aggregates (PF) each 10.000 cells (see Figure 4.4 A). Cultivation was performed on a hor-
izontal shaker at 100 RPM for 5 days (n=2). For the generation of PFs 200 ul of a 50.000 cells/ml
cell suspension were seeded in a 96 well plate 3 days before (shaker 100 RPM). This time, cell
number was determined by lysis of aggregates from the entire cultivation volume to avoid errors
caused by sampling. PF aggregagtes agglomerated to several larger aggregates during cultiva-
tion whereas one large aggregate formed in CS. Cell number was again found to be decreased
compard to the initial cell number. Further, significantly lower cell numbers were observed in
PF compared to CS aggregates (a« = 0.01,p < 0.0001). Geometries of the vials did not have any
effect on aggregate formation or cell proliferation (see Figure 4.4).

Although pH (indicated by phenol red) did not change dramatically the initial seeding density
was reduced and a daily medium change was introduced in the next cultivation to assure proper
medium supply. Glass vials were seeded with either 1 ml CS (100.000 cell/ml) or 10 PF aggregates
(each 10.000 cells) and cultivated for 5days on a horizontal shaker (100 RPM). 500 ul medium
was changed on day 2, 3 and 4. To prevent cell loss due to medium change the shaker was
stopped 20 min prior to medium change to allow cells and aggregates to sediment. Again, DNA
of the entire biomass was quantified after cultivation. After cultivation PF aggregates were not
visible by eye whereas 2 — 3 large aggregate formed in CS as depicted in Figure 4.5. Again, CS
aggregates displayed a higher cell number compared to PF. Proliferation of cells was observed
in CS vial with dimensions of 17x27 mm. However, in all other conditions cell number was lower

compared to the initial cell number.
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Figure 4.4: A) images and B) cell number of of CS (cell suspension) and PF (pre-formed) cultivated
aggregates in different glass v1als at 100 RPM (horlztontal shaker, n=2). Data is represented as
mean + SD.
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Finally, comparing all upscale approaches, the pre-formation of more defined aggregates (PF
aggregates) does not improve the cultivation process with regards to proliferation. Spontaneous
formation of aggregates from a single cell suspension (CS aggregates) was observed and yielded
a higher cell number than found in PF aggregates (see Table 4.1). Cultivation of CS resulted in
70 — 80 % of the initial cell number whereas cultivation of PF resulted in 18 % of the initial cell

number only.
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Figure 4.5: A) images and B) cell number of of CS (cell suspension) and PF (pre-formed) cultivated
aggregates in different glass vials at 100 RPM (horiztontal shaker, n=2). Data is represented as
mean + SD.

Dicussion In order to upscale the cultivation of 3D MSC aggregates different approaches
were tested. When cultivation vessels were seeded with a single cell suspension, large but few
aggregates formed and in one condition proliferation was observed. In contrast, aggregates that
were pre-formed in 96 well plates and after formation cultivated together displayed significantly
lower cell numbers. Considering the effort of pre-formation (seeding of a vast amount of wells
and subsequent unification of aggregates in a larger cultivation vessel) and the lower cell number,
cultivation of an agitated single cell suspension followed by spontaneous aggregate formation was
considered to be more feasible. Also, a lower seeding density did not result in reduced aggregate
formation or proliferation but instead in more smaller aggregates with a higher cell number than

in PF aggregates. In the context of the production of therapeutically relevant cell numbers a
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Table 4.1: Comparison of uspscale approaches. Total cell number on day 5 of cultivation. CS =
cultivation of single cell suspension, PF = cultivation of pre-formed aggregates.

Approach Seeding density [%] Volume [ml] Total cell num- Fraction of ini-

ber [cells~ 104] tial cell number
[7]

Schott flask, CS 50 10 127.5+53.3 25+11

Glass vial, CS 50 1 349+£1.7 70£3

Glass vial, PF 50 1 89+1 1842

Glass vial, CS 10 1 8.145.5 82455

Glass vial, PF 10 1 1.7+1.1 18+11

lower initial seeding density is also beneficial since less initial material (donor tissue) is needed
prior to expansion of MSCs.

In summary, none of the approaches for the upscale of 3D MSC aggregates resulted in satis-
factory expansion of MSCs. Nevertheless, cultivation of CS aggregates was found to be superior
to PF cultivation and a lower cell density also seemed to be beneficial. Since aggregate formation
occurs spontaneously in a single cell suspension further studies concentrated on improving the

mode by which dynamic movement was implemented in the process.

4.4 Aggregate Cultivation in a Stirred Tank Reactor

Although cultivation of 3D MSC aggregates was improved by dynamic conditions (horizontal
agitation) compared to static, the results were not satisfactory with regards to viability and pro-
liferation. Spinner flaks and orbital shaker have already been used to cultivate MSC aggregates
[103, 108, 110], still until now no study reported the cultivation in a stirred tank reactor (STR).
Advantages of STRs include simplicity and very good mixing conditions which result in a ho-
mogeneous and controllable cultivation system. STRs are easily standardizable and thus allow
for a rapid development of cultivation protocols and upscale. Therefore, a STR was employed
to cultivate 3D aggregates (see Figure 4.6). CFD analysis was performed in order to estimate
shear stress that cells are exposed to (cooperation with the University Hospital Wuerzburg, Ger-
many)[247]. Since under reduced oxygen concentrations MSCs exhibit increased proliferation
[171-173], delayed replicative senescence [174] and prolonged genetic stability [175], cultivation
was carried out under hypoxic conditions as well.

MSCs were seeded at 100.000 cells/ml and cultivated for 6 days at 21 % or 5% O in the STR
as described in section B.3. Since initial experiments revealed cell adhesion on the glass vessel
and impeller, the impeller speed was set to 600 RPM. DO, glucose and lactate were monitored
during cultivation and aggregates were dissociated with a modified cell dissociation protocol after
cultivation to determine the total cell number (section B.3). In the context of therapeutic use it
is crucial that stem cells maintain their functionality. Thus, after cultivation stem cell properties
were evaluated according to the current minimal criteria proposed by Dominici et al. [42]. For
this, cells were antibody stained for the surface markers CD73, CD90, CD105, CD14, CD20,



Chapter 4. Scaffold-free Stem Cell Cultivation 53

0.3

0.2

Shear stress (Pa)

0.1

0

Figure 4.6: A) Three-dimensional model of the stirred tank reactor used for aggregate cultivation;
B) Flow field direction (red arrows) and shear stress distribution (color legend) at a rotational speed
of 600 RPM as estimated by computational fluid dynamics (CFD). The bioreactor was designed
and CFD analysis were performed by Ivo Schwedhelm, University Hospital Wuerzburg, Germany
(figure adapted from [247]).

CD35, CD45 and HLA-DR and analyzed via flow cytometry. Furthermore, cells were tested

towards their adipogenic, chondrogenic and osteogenic differentiation capacity (see section B.6).

Bioreactor cultivation Visible aggregates formed spontaneously after approximately 3 days.
Although the impeller speed was set to 600 RPM cells and aggregates were still found to ad-
here and grow on the glass surface of the bioreactor vessel and partially on the impeller. DO
decreased slowly under normoxic conditions to approximately 85% until day 6 whereas under
hypoxic conditions it decreased to 0% after 5days (see Figure 4.7). Cells expanded 1.85-fold
(£ 0.19) under normoxic conditions and 2.23-fold (£ 0.27) under hypoxic conditions displaying
a viability of 78.5 + 9.8 % and 86 + 3.1 % respectively (see Figure 4.8). Human MSCs of dif-
ferent origin displayed an approximately 1.3-fold increased growth rate when cultivated under
hypoxic conditions [175]. Although not statistically significant, experimental data indicate a
similar behavior when ASCs are cultivated in a STR. Furthermore, glucose consumption (0.85
+ 0.1 mmol) and lactate production (1.69 4+ 0.11 mmol) were significantly lower in normoxic con-
ditions compared to hypoxic conditions where glucose consumption was 1.09 £+ 0.02 mmol and
lactate production 2.05 £ 0.09 mmol. In the absence of oxygen glycolytic activity increases since
glucose is metabolized rather by lactate acid fermentation than by oxidative phosphorylation
in the mitochondria which reduces the efficiency of ATP production. However, under hypoxic

cultivation cell numbers were slightly increased together with a higher viability.

Stem cell properties Surface markers of MSCs before and after cultivation in the STR were
comparable (see Figure 4.9). Also, surface markers of cells cultivated under normoxic and hy-
poxic conditions were comparable and met the minimal criteria of MSCs. Furthermore, differen-

tiation into adipogenic, chondrogenic and osteogenic lineage was performed (see Figure 4.10 and
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Figure 4.7: Dissolved oxygen during cultivation of MSCs in stirred tank reactor at 21 or 5% O,
ambient oxygen. Dashed lines indicate the respective DO concentration at respective equilibrium.
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Figure 4.8: Yield of viable cells, overall viability and glycolytic activity of MSCs after 6 days
cultivation under 21 and 5% O» in a stirred tank reactor. Data represented as mean + SD (n=3),
asterisks indicate statistically significant difference (p < 0.1, confidence interval of 90 %).
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Figure 4.9: Phenotyping of MSCs before and after 6 days cultivation under A) 21 and B) 5% O,in
a stirred tank reactor. Light gray areas indicate the isotype control, dark grey areas indicate
phenotype.

Table 4.2). However, slightly elevated adipogenic and chondrogenic but a reduced osteogenic
differentiation was observed in hypoxic compared to normoxic conditions. The majority of stud-
ies reported attenuated osteogenic [176] and adipogenic [177] but elevated chondrogenic [175]
differentiation under hypoxic conditions although also elevated adipogenic differentiation was
observed |238|.

Table 4.2: Qualitative assessment of trilineage differentiation of human MSCs after aggregate
cultivation in a STR. Adipogenesis was assessed by Oil Red O staining, chondrogenesis by alcian
blue staining and osteogenesis by calcein and von Kossa (VK) staining.

Oxygen concentration Osteogenesis  Chondrogenesis  Adipogenesis
21 % + ~ ~
5% ~ + +

~ little staining, + clear staining.

Discussion Cultivation of MSCs aggregates or spheroids is well established at the scale of
hanging drops [246], microtiter plates [252] or shaking flasks [109, 253|.The maintenance of stem
cell properties after cultivation on an orbital shaker was already demonstrated in a study with
murine MSC aggregates [110]. Another study reports the cultivation of human MSCs in shaking
flasks [109].
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Figure 4.10: Differentiation of MSCs after 6 days cultivation under 21 and 5% O in a stirred tank
reactor. Osteogenic differentiation is indicated by DAPI-calcein staining for nuclei and extracellular
calcium and Von-Kossa stain for extracellular phosphates. Chondrogenic differentiation is indicated
by alcian blue staining which stains for glycosaminoglycans. Adipogenic differentiation is indicated
by Oil Red O staining which stains the intracellular fatty vacuoles.

However, to the best of the author’s knowledge cultivation of MSC aggregate in a STR has
not been reported until now. Therefore, in this study the cultivation of MSC aggregates in a STR
under normoxic (21 % O2) and hypoxic (5% Oz) conditions was demonstrated. Cells cultivated
under hypoxic conditions displayed increased proliferation, viability (not significant) and gly-
colytic activity (significant) compared to normoxic conditions. Furthermore, MSCs maintained
their stem cell properties as indicated by their immunophenotype (positive for CD73, CD90,
CD105 and negative for CD14, CD20, CD35, CD45 and HLA-DR) and multilineage differentia-
tion capacity. To avoid cell adhesion on the glass wall and impeller of the bioreactor the impeller
speed was set to 600 RPM which resulted in an average shear stress of 0.02 2.5Pa as indicated
by CFD analysis [247]. MSCs are known to react to mechanical cues such as fluid shear forces
and several studies reported differentiation when cells were exposed to shear stress as low as
7.6-10°° [137] or 0.01 Pa [254]. However, flow cytometry analysis of surface marker expression
revealed exclusively undifferentiated stem cells. Furthermore, cells maintained their trilineage
differentiation potential. Cellular aggregates were shown to be temporally and spatially hetero-
geneous with regards to cellular architecture and expression of matrix proteins [103, 110, 253|.
Therefore, cells on the aggregate surface might shield the inner cell mass from shear stress.

The traditional approach for the expansion of MSCs is the cultivation on two dimensional
plastic surfaces. Although this approach is simple and reproducible it is time and material
consuming to achieve high cell numbers. Also, a rather huge surface is required which often
results in numerous cell culture vessels and extensive passaging of cells. Due to the comparably
high number of opening events the risk of contamination is increased. Therefore, other approaches
like the cultivation in hollow-fiber bioreactors with a high surface-to-volume ratio or microcarrier
based systems were developed. For example the quantum system by Terumo expanded 6.6-10%
MSCs from a 25ml bone marrow aspirate [200]. Also, expansion of MSCs on microcarrier was
performed successfully in spinner flasks [255] and STRs [256]. However, the quantum system was

mainly developed for use at clinical scale and thus might be oversized for research scale while cell
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harvest is challenging in microcarrier based systems [257, 258]. Also, both approaches are limited
by their surface capacity. Though the yield of the presented scaffold free aggregate cultivation of
MSCs is comparably low this system offers a straight forward approach to cultivation of MSCs.
Potentially, advantages of traditional suspension culture, such as simplicity, standardizability,
rapid development of cultivation protocols and upscale are translatable to aggregate cultivation.
Nevertheless, since homogeneity of aggregates is not given until now, the system may be of
interest rather for the production of secreted compounds than expansion of cells. Especially,
aggregate cultivation under hypoxic conditions might be of benefit in this context since the
hypoxic environment in the core of aggregates was reported to increase expression of trophic
factors such as VEGF, FGF-2, HGF and CXCR4 [108, 259] as well as ECM proteins such as
fibronectin, collagen I, vitronectin and collagen IV [150]. However, the expression profile of MSC
aggregates cultivated in an extensively stirred environment needs further investigation.

In order to improve the cultivation process with regards to yield, viability and reproducibility
further work should focus on optimization of the bioreactor and impeller geometry. Furthermore,
coating agents like silicon should be considered to prevent cell loss due to glass adherence. This
might also reduce the required impeller speed and thus contribute to proliferation and viability of
cells. Cultivation under hypoxic conditions seems to improve cell yield and viability. However, an
oxygen concentration of < 12% DO (= 2.5 % ambient O3) should be avoided as it was shown to
decrease proliferation of MSCs [36]. Also, serum-free medium was optimized for MSC aggregate
cultivation and shown to increase proliferation and similar or enhanced differentiation capacity

compared to cultivation in serum-containing medium [110].

4.5 Conclusion

In conclusion, the implementation of dynamic conditions such as horizontal shaking supported
growth and viability of 3D MSC aggregates. However, for large scale cultivation of aggregates,
the format of microtiter plates is not suitable due to medium evaporation effects that cause
impaired proliferation and viability. In order to maintain reproducibility the cultivation of pre-
viously formed spheroid-shaped aggregates in larger volumes was evaluated. Still, proliferation
was decreased compared to aggregates spontaneously formed in cell suspension. Also, at the
scale of 1 — 10 ml, medium change and sampling procedures remained challenging. However, pro-
liferation and comparably high viability of MSC aggregates was observed in a STR. Although
comparatively high shear forces in the range of 0.02 — 2.5 Pa are present in the stirred system
MSCs maintained their surface marker expression profile and differentiation capacity. Hypoxic
conditions slightly enhanced proliferation and viability of aggregates cultivated in the STR.

In fact, these are encouraging results since cell expansion was carried out in a simple process
while stem cell properties were maintained. Yet, further studies need to focus on optimization of
bioreactor and impeller geometry, dissolved oxygen concentration, coating agents and medium
composition to improve expansion, viability and reproducibility of aggregates. Also secretion of
trophic factors that are crucial for the regenerative capacity of MSCs needs to be evaluated during
and after cultivation in a STR. The large scale production of MSC aggregates is an important

step towards their application in cell-based therapies or tissue-engineering approaches.
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5 Physiologic Differentiation Towards

Osteogenic Lineage

5.1 Setting a physiologic environment for osteogenic differentia-
tion

In the field of regenerative medicine and tissue engineering 3D cell culture processes are of
growing importance. Especially, for the development of functional 3D tissue for in vitro models
or tissue repair it is inevitable to study cell-cell or cell-scaffold interactions. Besides a suitable
biomaterial and functional cells, proper culture conditions need to be established and optimized
for each process. To generate physiologic conditions not only standard cell culture parameters
but also extrinsic mechanical cues have to be applied during cultivation (see subsection 2.3.2).
Although it is practically impossible to apply one single force while avoiding the others it is
commonly accepted to distinguish between tension, compression, HP and fluid flow |94].

Flow perfusion systems are beneficial when mass transfer into the 3D construct becomes
a limiting factor since oxygen and nutrition supply as well as waste removal are improved in
perfused systems [180]. Furthermore, it is possible to apply fluid shear stress which is known to be
present in in vivo bone tissue [131] and to have mechanotransductive effects on the differentiation
of stem cells. Especially osteogenic differentiation was observed to be enhanced by fluid shear
stress in numerous studies |6, 132, 134, 136]. To predict the fluid shear forces cells experience on a
3D scaffold different mathematical models were developed [132, 260, 261]. Moreover, based on x-
ray computed tomography data and CAD models of bioreactors, computational fluid dynamics
analysis were carried out to calculate shear forces [6, 207, 209, 262]. Therefore, if inherent
biomaterial characteristics are known fluid shear stress can be calculated and applied via the
respective flow velocity.

Also, HP is a physiologic mechanical force that was shown to have several effects on stem cell
behavior [263]. It is commonly accepted that the in vivo HP in mammalian bone lies within the
range of 10.7 — 120 mmHg [264]. Although HP has been mainly used to improve chondrogenesis
of MSCs the effect of osteogenic differentiation was also investigated. Studies on chondrogenesis
and osteogenesis found diverse effects of HP which is probably due to differing experimental
setups [94]. However, HP was shown to enhance cellular viability and osteogenic differentiation
[151, 263, 265]. Still, most bioreactors are limited with regards to sample size, number of sam-
ples, control of the process, automation and monitoring which is why 3D cell culture processes
are difficult to be reproduced and standardized (see section 2.4). Several perfusion systems have
been developed and proved to be beneficial for various 3D cell culture purposes [136, 266 268|.

However, currently available systems often have limitations and drawbacks. Most of the systems
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Figure 5.1: Graphical abstract describing the experimental work of chapter 5: a 3D biomaterial
is characterized and the permeability determined with the use of non-invasive pressure sensors
of a specialized incubator system. The permeability was then used to characterize shear stress
conditions and fluid flow in two different mini perfusion bioreactor chambers with the help of CFD
studies. Subsequently, optimization of the mechanical environment with regards to shear stress and
hydrostatic pressure was carried ou in the incubator system.
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lack the possibility to cultivate multiple independent samples at once under different conditions.
Therefore, optimization of cell culture conditions is time consuming, costly and the results may
not be reproducible. Also, sensors that allow for comprehensive control of fluid shear forces or

HP in perfusion bioreactors are desireable.

Therefore, this chapter describes how a mechanical environment can be set up that is likely
to represent in vivo shear stress and pressure conditions. In an initial experiment with a biaxial
rotating bioreactor the effect of fluid shear stress on osteogenic differentiation of ASCs was evalu-
ated. Afterwards, a tailor-made incubator/bioreactor system was utilized to build a controllable
environment with regards to fluid shear stress and hydrostatic pressure. Subsequently, extensive
characterization and application with regards to osteogenic differentiation of ASCs is described
(Figure 5.1).

5.2 Biaxial Bioreactor

The biaxial bioreactor by Quinxell was developed to enable for a broad range of tissue engineering
processes. The system consists of a spherical glass chamber connected to a medium circuit that
features an oxygenator column and is driven by a peristaltic pump. Further, the cultivation
chamber is mounted to an arm that features rotation between 1 — 12 RPM while the chamber
itself features rotation between 1 — 35 RPM. Thus, the bioreactor enables for independent rotation
along two axis while the chamber itself is continually perfused (see Figure 5.2). The biaxial
rotation utilizes moment of inertia to passive perfuse the mounted scaffold in the center of the
chamber which enables not only for enhanced mass transfer but mechanical stimulation by fluid
shear forces. Therefore, the system may enhance proliferation and differentiation of cells in 3D
scaffolds. To evaluate the effect of shear stress generated with the biaxial bioreactor on osteogenic
differentiation of human ASCs, cells were seeded on a Sponceram and cultivated for 21 days in
either CCM or ODM and 21 % or 5% O2 (see section B.3). ASCs on Sponceram cultivated under
static conditions in 6 well plates served as control.

Viability of cells on the scaffold was assessed via Calcein-AM and PI viability staining. The
staining was found to be strongest in cells cultivated in the bioreactor. Under static conditions
only few stained cells were observed (see Figure 5.3). DAPI staining of the nuclei revealed
a homogeneous distribution of cells on scaffolds cultivated in the bioreactor but also in cells
cultivated in CCM under static conditions and 5% Oq (see Figure 5.4). Since perfusion enhances
mass transfer it is likely that cells under perfusion conditions display increased metabolic activity
and thus viability. Regarding osteogenic differentiation of ASCs, the matrix mineralization in the
form of extracellular calcein was most of all observed in samples cultivated in the bioreactor (see
Figure 5.5). In contrast, only very few stained spots were observed in static cultivated samples.
Interestingly, calcium deposition was also observed in bioreactor samples cultivated in CCM (as

indicated by white arrows in Figure 5.5).

Discussion The results of the 3D cultivation of ASCs in the biaxial bioreactor system indicate

an increased proliferation and viability of cells compared to cultivation under static conditions.
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Figure 5.2: A) Picture and B) scheme of the biaxial bioreactor by Quinxell. The bioreactor fea-
tures independent rotation around the x- and z-axis of a continuously perfused cultivation chamber.

Also, matrix mineralization was found to be elevated in dynamic conditions. Biaxial rotating
systems were shown to increase the fluid flow velocity inside 3D scaffolds as well as shear stress on
the scaffold surface compared to uniaxial rotation [206]. Furthermore, a previous study reported
increased cell number, viability and matrix mineralization compared to perfusion bioreactors,
spinner flasks and RWVs when cultivated at a rotational speed of 5RPM on both axis [192,
269|. Also elevated expression of osteocalcin (OCN) and osteopontin (OPN) were reported [270]
(rotational speed not specified). The trend of these studies was confirmed by the present results.
However, in the present study rotation was set to 10 RPM for the X-axis and 20 RPM for the Z-
axis of the bioreactor which might have resulted in higher shear forces compared to the study by
Zhang et al. Nevertheless, the exact prediction of shear forces at a given rotation speed remains
unknown. CFD analysis of the process could calculate the fluid velocity inside the scaffold and
exerted shear forces [206]. However, these must be carried out for each specific process with

regards to scaffold characteristics and rotation speed.
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day 0 static expansion bioreactor expansion static differentiation bioreactor differentiation

Figure 5.3: Calcein-AM and PI viability staining of MSCs cultivated for 21 days in either expan-

sion (CCM) or osteogenic medium (ODM) under 21 or 5% O,. Each image represents the entire
scaffold (d = 10mm).

day 0 static expansion bioreactor expansion static differentiation bioreactor differentiation

Figure 5.4: DAPI staining of MSCs cultivated for 21 days in either expansion (CCM) or osteogenic
medium (ODM) under 21 or 5% O,. Each image represents the entire scaffold (d = 10 mm).

day 0 static expansion bioreactor expansion static differentiation bioreactor differentiation

Figure 5.5: Calcein staining for extracellular calcium deposition of MSCs cultivated for 21 days in
either expansion (CCM) or osteogenic medium (ODM) under 21 or 5% O». Each image represents
the entire scaffold (d = 10mm).
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5.3 Mini Perfusion Bioreactor

In order to develop a versatile bioreactor system for reproducible small scale cultivation and
differentiation of stem cells on 3D matrices a mini perfusion bioreactor was engineered. It was
conceptually designed to host scaffolds of different shapes and sizes. The first model of the mini
perfusion bioreactor (BR1) was described before [271|. Basically, it consists of a piston, a housing
with an inner diameter of 10 mm and two Luer lock screws, all made of stainless steel. The inner
flow channel of the piston is 3mm and scaffolds with a thickness up to 12mm (inner height of
housing) can be inserted (s. Figure 5.6). O-rings made of ethylene propylene diene monomer
(EPDM) 70 seal the chamber and connectors. Based on this, a second bioreactor chamber
(BR2) was designed with the help of computer aided design (CAD) in order to improve BRI
with regards to handling, flexibility as well as flow and shear stress conditions. Therefore, Luer
lock connectors were directly implemented into housing and piston to avoid unnecessary screws
and thus possible leakage sites. A screw cap was introduced to adjust the housing to the scaffold
thickness more precisely and sieve like medium distribution units (MDU) were implemented in
order to generate a more homogeneous flow. To force the liquid to flow through the MDUs
they are 10 mm in diameter and sealed with an EPDM 70 ring. Furthermore, 46 pores with a
diameter of 650 ym are arranged in a rectangular grid. Compared to BR1 the flow channel itself
opens up upstream of the first MDU to the full diameter of the chamber (and thus the scaffold)
and narrows again downstream of the second MDU (s. detailed view of Figure 5.6). In contrast
to BR1, BR2 and the MDUs were manufactured from polyoxymethylene (POM). Materials for
both bioreactors were chosen to be compatible with steam sterilization. For detailed information
on the bioreactor components see Table A.7.

In this chapter the characterization of both bioreactor chambers with regards to flow profile,
shear stress conditions and mixing behavior is covered. Furthermore, the bioreactor chambers
were compared towards their improvement of osteogenic differentiation of MSCs on the 3D scaf-
fold Sponceram and a proof of concept study with the decellularized bone matrix Tutoplast was
conducted. Finally, multiple cultivation conditions with regards to flow rate (fluid shear stress)
and HP were screened. Extracts of the presented work have been published in [272] and [254].
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B) BR1

Figure 5.6: A) Explosion view, B) cross section with inserted biomaterial and C) pictures of the
bioreactor chamber prototypes. The first prototype (BR1) was made of stainless steel whereas the
second prototype (BR2) made of POM features two sieve-like medium distribution units (MDU).
The flow channel of BR2 opens up to the full diameter of the chamber (detailed view) and the
chamber is adjustable in height to allow scaffolds of different thickness to be inserted. The placement
of the scaffold in both bioreactors is represented with a yellow box in panel B.

5.3.1 Incubator System

The mini perfusion bioreactor system was constructed to be operated in a specialized incubator
system (s. Figure 5.7 A). Two peristaltic four-channel pumps are implemented in the back plate
of the incubator. Also, the incubator is equipped with two pressure sensors that are usually used
for ez vivo measurement of blood pressure and two pinch valves that enable for the application
of HP. Both, flow rate and pinch valves are programmable via the integrated Siemens control
which also allows for data acquisition of temperature, Og, CO9 and pressure during cultivation.

In general, the mini perfusion system can be either placed as single reactor or multi reactor
setup in the incubator (s. Figure 5.7 B, C). In both setups the bioreactor chamber is connected
to a medium reservoir via fluorelastomer tubing with an inner diameter of 1.6 mm and Luer lock
connectors in a circular manner. The single reactor setup enables for the application of HP and
measurement of the pressure up- an downstream of the bioreactor chamber. In order to apply
HP the tubing downstream of the chamber was mounted to the pinch valve. When the pinch
valve closes it blocks the medium flow and due to the operating pump the pressure increases up
to a defined threshold which causes the pinch valve to open again. To attenuate the increase of
pressure a second, half filled flask was inserted in the medium circuit upstream of the chamber.
Consequently, after the pinch valve closes and the pump keeps operating the medium level inside
the flask increases and causing compression of air which in return causes an increase of HP.

This setup was used to screen hydrostatic pressure conditions (see Optimization of Hydrostatic
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Pressure Conditions in subsection 5.3.3). In the multi reactor setup up to four bioreactors per
pump (eight per incubator) are installed without additional pressure sensors which allows for the
parallel cultivation of multiple samples under the same flow conditions. This setup was used to

screen different flow rates (see Optimization of Shear Stress Conditions in subsection 5.3.3).
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Figure 5.7: (A) Specialized incubator system with peristaltic four-channel pumps, pinch valves for
the application of hydrostatic pressure (HP) and a touch screen control panel. The mini perfusion
system was operated either in a single reactor setup (B) with an additional flask for attenuation of
hydrostatic pressure increase and two pressure sensors (P) or in multi reactor setup (C) to enable
cultivation of multiple samples under the same flow conditions.

5.3.2 Characterization

In order to evaluate the fluid flow and shear stress profile of both bioreactor chambers the
incubator and bioreactor system was characterized. First, the pressure sensors were characterized
and the permeability k of the 3D ceramic scaffold was determined. Afterwards, the permeability
was applied to mathematical models and CFD simulations to estimate the shear stress cells would
experience on the scaffold surface. Also, RTDs of both bioreactor chambers were determined to

characterize the mixing and the fluid flow profile was simulated with the help of CFD.

Pressure sensors and permeability In order to determine the permeability of Sponceram
the pressure sensors were characterized for flow rates ranging from 1.5 to 15 ml/min as described
in section B.5. A circular bioreactor setup filled with ddH2O at 37°C was used during sensor
characterization (see Figure 5.8). For each flow rate 4423 4+ 4 data points were recorded with the
data storage system of the incubator. Subsequently, the permeability was determined with the
help of Darcy’s law as described in section B.5. Measurement of the pressure differential AP (P,
- Py) was carried out for three randomly picked Sponceram dics (each n=3) which resulted in

4484 £+ 71 recorded data points per flow rate and Sponceram disc.
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Figure 5.8: A) Scheme and picture of the bioreactor setup used for characteriztation of pressure
sensors and determination of permeability k. Water at 37 °C was pumped through the bioreactor
chamber without the porous scaffold Sponceram (for pressure sensor characterization) or with
Sponceram (for determination of k). Pressure sensors measured the pressure differential AP via two
sensors upstream (P;) and downstream (P») of the bioreactor chamber non-invasively. Sponceram
is depicted as volume rendering of a microCT scan and scaffold dimensions are given as h — height,
d = diameter and A = area. B) Correlation of pressure and flow rate of both pressure sensors (n=
4423 + 4 for each displayed data point). C) Pressure differential AP with inserted scaffold and the
resulting permeability £ at different flow rates (4484 + 71 or each displayed data point). All data
displayed as mean + SD.

The built-in pressure sensors of the incubator are usually used for medical purposes to monitor
blood pressure of patients in intensive care units by piezoresistive transducers. According to
the manufacturer’s specifications the sensors together with the amplifier have a pressure range
of -20 — 300 mmHG (-2.6 — 40kPa). Indeed, flow rates used in 3D perfusion cell culture are
often as low as 0.3 — 3ml/min [94] resulting in flow induced pressure of approximately < 3kPa
(depending on the tubing diameter). Hence, probably these implemented sensors do not measure
as accurately as in their original setting. Still, characterization of the sensors displayed a strong
linear correlation of pressure and flow rate (R? > 0.997, p < 0.0001; Figure 5.8). Interestingly the
standard deviation of the measurements decreased with increasing flow rate indicating a more
accurate measurement at higher flow rates. This is probably caused by the peristaltic pump
that produces a more homogeneous flow when operated at higher speed. However, the pressure
differential of both sensors was found to be very constant at 338 +20Pa (2.5 £ 0.5 mmHG). To
determine the permeability k£ of Sponceram the pressure differential upstream and downstream
of the bioreactor was recorded at different flow rates. Since £ is an inherent material constant,
AP should increase proportionately with the flow rate. Although the pressure sensors appear
to be sufficiently accurate the calculated permeability changed with the flow rate (Figure 5.8).

AP increased linearly for flow rates > 7.5ml/min while £ remained almost stable. Therefore,
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the average of calculated k-values from 9 — 15ml/min (k = 1.7 +0.9-101 m?) was inserted in
the mathematical models and CFD simluations. Indeed, theses results match up with a previous
study by Sanz-Herrera et al. where the permeability of more porous (¢ = 80 %) Sponceram was
found to be k = 1.88-10% m? [273]. Furthermore, permeability of cancellous bone was found to
be approximately & — 2.1.10° m? in the same study. The lower permeability measured in the

present study is probably caused by the lower porosity (¢ — 67%).

Shear stress distribution To assess the shear stress profile in both bioreactor chambers
a CFD study was conducted as described in section B.5. Furthermore, the shear stress was
calculated with a mathematical models based on the characteristics of the scaffold [261] as
described in section B.5.

The interstitial Reynolds number Re; was calculated first to ensure that Darcy’s law is
applicable (Re; < 8). It was found to be between 0.28 — 7 for flow rates between 1.5 — 15ml/min
which indicates laminar flow in this range. Depending on the flow rate and bioreactor geometry
the average shear stress calculated by the simulation was between 0.1 1102 Pa, and maximum
shear stress between 8.8  85.2:102 Pa (see Table 5.1). Although average shear stress is similar in
both bioreactor models the maximum shear stress is about 2-fold higher in BR1 indicating higher
stress peaks due to the bioreactor geometry. Generally, the results of the simulation indicate
higher shear forces at the surfaces of the scaffold where the fluid enters. In BR1 higher shear
forces occur at the entrance, core and exit of the scaffold whereas the outer areas display very
low shear forces. In contrast BR2 displays a much more homogeneous shear stress distribution
throughout the scaffold (see Figure 5.9).

SO

Average
shear stress:
9.6:10° Pa

Average
shear stress:
8.0-10° Pa

(I

s

Shear stress [Pa]

—iE T -

—
_—
—
=
—
'—
=
=
—
=

I
!
i
I
i
L
3
I
{
v
12
r
i
i
¥
K
=
i
I
B
i
1
=
i
I
[
B
"

N R i 0 i 0 o 0 By 5 O QY

0

Figure 5.9: Graphical representation of results from CFD simulations of both bioreactor chambers.
A) Shear stress distribution inside the bioreactor chambers with inserted scaffold (porosity: 66.7 %,
specific permeability k¥ = 1.74-10"'° m?) at a volumetric flow rate of 1.5 ml/min.
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Figure 5.10: Shear stress prediction based on the determination of the permeability £ of Sponce-
ram and further calculation with the Vossenberg model or CFD data. Depending on the flow rate
the analytical model predicts shear forces in the physiologic in wvivo range of 0.3 — 3 Pa (shaded
area) whereas the computational modeling predicts shear forces approximately 3 orders of magni-
tude lower.

Furthermore, an analytical model that uses the permeability k¥ as an indicator for wall shear
stress was used to estimate shear stress and compared to the CFD derived calculation. The
Vossenberg model predicts average shear stress between 0.23 — 2.34 Pa which is approximately
3 orders of magnitude higher than predicted by CFD simulation. Maximum shear forces were
calculated to be between 0.56 — 5.6 Pa which is approximately 6-fold higher than estimated
by CFD simulation (see Figure 5.10 and Table 5.1). Probably simplification of the scaffold in
the computational model lowers the prediction of shear forces. Also, in a study of Jungreuth-
mayer, et al. [207] where uCT data of a scaffold was used for CFD analysis the computational
model underestimated shear forces compared to analytical models. Although estimations from
computational and analytical model differ from each other the shear forces calculated from the
analytical models were in the range of in wvivo shear stress of bone, which is expected to be
between 0.3 — 3 Pa [274].

Table 5.1: Data from CFD simulation and mathematical models describing average and maximum
shear stress inside the scaffold. Shear stress is given in [Pa-107]

CFD simulation Vossenberg model

Bioreactor Inlet velocity [mm/s| 7 qurg Teoma Twavrg Teomaz
BR1 3.5 0.1 8.8 23.4 56.0
17.7 0.4 43.4 117.2 280.0
35.4 0.8 85.3 234.4 560.0
BR2 3.5 0.1 4.6
17.7 0.5 22.9
35.4 1.0 45.4

Twavrg = average wall shear stress, Tuma> = maximum wall shear stress

Flow velocity and residence time distribution A homogeneous flow profile throughout
the bioreactor chamber is preferable since nutrition supply and waste removal is crucial in every

3D cultivation. Thus, a computational study was conducted to simulate the distribution of flow
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Table 5.2: CFD derived data of the average and maximum velocities of fluid passing the scaffold
inside bioreactor chambers BR1 and BR2. All velocities are given in [mm/s|.

Inlet velocity Average velocity Max. veloxity Ratio max. / average

BR1 3.5 0.4 6.2 16.0
17.7 1.9 30.0 15.4
35.4 3.9 56.5 14.5
BR2 3.5 0.3 1.7 5.3
17.7 1.6 8.6 9.3
35.4 3.2 17.3 5.4

Table 5.3: Differences of mean residence time T,, to ideal hydrodynamic residence time T in
percent (at least n=3).

difference to T in %

Flow rate [ml/min] 0.6 1.5 3.0

BR1 empty 16 £01 12+04 30=+0.3
BR2 empty 37 +11 27+£08 23+£1.7
BR1 loaded 18+01 31+1.7 23x£1.7
BR2 loaded 127 £ 06 16 £0.5 15=£0.7

velocity and streamlines in the bioreactor with and without a scaffold inserted. The flow profile
of the empty BR1 indicates a higher flow velocity exclusively in the center of the chamber (see
Figure 5.11 A). In contrast, outer areas display velocities close to zero while circular streamlines
indicate dead spaces. After introducing the scaffold into the model higher flow velocities were
especially observed in the center region. In contrast, the MDUs of BR2 seem to support a
homogeneous flow profile. The average and maximum velocity of the fluid that passed through
the scaffold was derived from the CFD data (Table 5.2). In BR1 the maximum flow velocity is
16-fold higher than the average velocity whereas it is only 5-fold higher in BR2. Therefore, the
MDUs seem to support a homogeneous flow velocity profile and reduce flow velocity peaks.

The RTD of a bioreactor characterizes the mixing behavior, and consequently is an important
parameter in bioprocess engineering. Therefore, the RT'Ds of both bioreactor chambers at differen
flow rates were measured without and with the scaffold inserted as described in section B.5.
Ratios of the ideal hydrodynamic residence time 7 and the real mean residence time 7, at
different flow rates were compared (see Figure 5.11, Table 5.3).

T is a theoretical value that describes the time a fluid volume needs to pass through the
bioreactor when no back mixing occurs (like in an ideal plug flow reactor (PFR)). As expected
both bioreactors did not behave like an ideal PFR and T, was higher than 7' (12 — 37 %)
indicating back mixing. Moreover, T}, /T does not appear to be affected by flow rate or bioreactor
geometry significantly. However, in BR2 the ratio of T),/T seems to decrease with higher flow
rates and is lower at 3ml/min than in BR1 showing a more PFR like behavior. The curve fit of
the RTDs of the empty bioreactor indicate a correlation between increasing flow rate and stronger
mixing, resulting in a more continuous stirred tank reactor (CSTR) like mixing behavior (see

Figure 5.11 B). At lower flow rates the fluid behaves more like in a PFR. Besides, inserting a
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Figure 5.11: A) Graphical representation of the flow velocity profile and streamlines derived from
computational analysis. B) Hydrodynamic residence time and residence time distributions of both
bioreactor chambers with and without a scaffold inserted. Graphs of RTDs display global curve fits
of at least n—3 RTD measurements.
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Table 5.4: Tanks in series and Bodenstein number of both bioreactors with and without scaffold.
Tanks in series are derived from a global curve fit (n=3). The Bodenstein number was calculated
from raw data set.

Tanks in series Bodenstein number
Flow rate [ml/min] 0.6 1.5 3.0 0.6 1.5 3.0
BR1 empty 4.6 48 25 6.1 6.3 7.0
BR2 empty 9.7 48 2.5 74 6.7 5.9
BR1 loaded 9.7 5.7 3.3 8.0 7.3 7.7
BR2 loaded 10.7 4.7 3.4 9.1 7.2 7.6

scaffold seems to inhibit back mixing and instead promotes a more uniform flow. The number
of tanks in series N and the Bodenstein number Bo were both derived from the RTDs and
are compared in Table 5.4. Generally, more tanks in series were observed at lower flow rates
indicating a more plug flow like behavior. The chamber geometry of BR2 seems to support a
more laminar flow with less back mixing whereas the chamber of BR1 seems to improve back
mixing. Again, the insertion of a scaffold into the fluid pathway supports a plug flow behavior.
For the flow rates of 1.5 3.0ml/min N is between 2.5 5.7. When N — 1 the system is
considered to be mixed completely. Thus, a flow rate of 1.5 ml/min and higher can be considered
as optimal mixing. The Bodenstein number was derived from the raw data (not from the global
curve fit) and should behave similar to the number of tanks-in-series (TIS) model. It was found
to be highest at the lowest flow rate indicating low axial dispersion (except for BR1 empty).
Though, Bo does not decrease with the flow rate considerably like the number of tanks in series.
Data from the computational model together with the RTDs indicate almost optimal mixing
in BR1 with a heterogeneous flow profile. In contrast, BR2 demonstrated less mixing but a

homogeneous flow velocity profile.

Comparison of bioreactor chambers To evaluate the influence of the different flow profiles
and shear stress distributions of BR1 and BR2 on osteogenic differentiaion human ASCs (n=3
donors) were cultivated for 21 days on Sponceram. Cells seeded on a 12 well plate (4000 c/cm?)
served as 2D static control. The seeded matrices were transferred to the bioreactor chamber (3D
dynamic) after 3 days or kept in the well of a 6 well plate (3D static) and cultivated on CCM or
ODM respectively. The cell number of each sample was determined via DNA quantification and
was highest in the 3D and 2D control group. However, twice as much cells were found in BR2
compared to BR1 where the cell number did not change significantly to day 0 (see Figure 5.12).
These findings were also confirmed by DAPI staining (Figure 5.13).

Glucose consumption and lactate production were steady throughout the entire cultivation
period although lactate production decreased slightly after 12 days in dynamic conditions (see
Figure 5.14). The overall glucose consumption and lactate production was found to be highest
in 3D static (see Table 5.5). However, consumption and production per cell between day 19 and
21 indicates a higher glycolytic activity in cells cultivated in dynamic conditions. ALP activity,
a marker for osteogenic differentiation, increased approximately after 12 — 14 days in 2D and 3D

static conditions. In contrast, under dynamic conditions it was elevated from day 3 on but did
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Figure 5.12: (A) Cell numbers, (B) course of ALP activity and (C) ALP activity per cell of ASCs
cultivated on Sponceram in a perfusion bioreactor or under 3D and 2D static conditions. Data
represented as mean + SD (n = 3); * indicates significant difference of the indicated conditions (A)
or to 3D static (C) with a confidence interval of 99 % and p < 0.001.

Top side

Bottom side

Figure 5.13: (A) DAPI stain and (B) DAPI-calcein double stain of Sponceram after 21 days
cultivation with ASCs in two different perfusion bioreactor chambers (BR1 and BR2) or under
static conditions (2D and 3D).
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Figure 5.14: Course of (A) glucose consumption and (C) lactate production and (B) glucose con-
sumption, (D) lactate production per cell between day 19 and 21 of ASCs cultivated on Sponceram
in a perfusion bioreactor or under 3D and 2D static conditions. Data represented as mean + SD (n
= 3); * indicates significant difference to 3D static with a confidence interval of 99 % and p < 0.001.

Table 5.5: Glucose consumption and lactate production of ASCs under different cultivation con-
ditions (n—3).

Condition Cumulative glucose Cumulative lactate Ratio
consumption (pmol)  consumption (umol)

2D 379 £29 85.5 £ 8.7 2.26
3D 66.3 £ 4.5 150.1 £ 15.0 2.26
BR1 36.6 £ 4.1 74.2 £ 26.7 2.15
BR2 02.77 £ 24 113.6 £ 11.7 2.02

not increase as much as under static conditions after 14 days. However, ALP activity per cell
revealed an increased activity in all 3D conditions compared to 2D while the activity per cell in
BR1 was found to be higher compared to BR2 (see Figure 5.12).

Matrix mineralization was determined by calcein and von Kossa stain. Calcium depositions
were found in all conditions (Figure 5.13, Figure 5.15). However, only few stained areas were
observed. Furthermore, phosphate depositions were found to be increased in BR1 but only
slightly in BR2 and 3D static.

Discussion In order to build a physiologic environment for the osteogenic differentiation of
ASCs a miniaturized perfusion bioreactor system together with a specialized incubator system
was developed. Since the incubator system with the built-in pressure sensors can serve as a flexi-

ble platform for different cell culture applications and bioprocesses, the mini perfusion bioreactor
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Figure 5.15: Von Kossa stain for extracellular phosphates on Sponceram after 21 days cultivation
with ASCs in two different perfusion bioreactor chambers (BR1 and BR2) or under static conditions
(3D).

system was consequently operated in it. Based on a first model of the mini perfusion bioreac-
tor, a second model with additional features was designed and manufactured. Subsequently,
both chambers were extensively characterized with regards to shear stress, flow velocity profile,
streamlines and mixing behavior (assessed by RTDs). After characterization the effect of flow
profiles and shear stress of both bioreactor chambers on osteogenic differentiation of ASCs was
investigated. The general advantages of both chambers are depicted in Table 5.6.

With regards to mixing behavior BR2 displayed a more PFR like mixing behavior compared to
BR1, flow rates of 1.5 ml/min and higher were considered to provide sufficient mixing. Although
the RTDs from both bioreactors did not differ considerably the flow field experienced by cells
might be different [275]. Recirculation areas found in the CFD simulation of BR1 indicate a
different flow field than in BR2 where MDUs prevent those recirculation areas. The TIS model
also revealed less axial dispersion in BR2. Indeed, MDUs in BR2 seem to promote a uniform
flow velocity profile and plug flow like behavior throughout the scaffold while preserving proper
mixing.

Furthermore, to estimate fluid shear stress inside a porous scaffold implemented pressure
sensors were characterized. Although the mathematical model and the CFD simulation lack
accuracy it is likely that physiologic fluid shear stress (e.g. for bone tissue engineering) occurs
during cultivation at the evaluated flow rates. MDUs of BR2 proved to be beneficial in promoting
a uniform flow velocity and shear stress distribution throughout the scaffold. A homogeneous flow
and shear stress profile is highly preferable since it ensures maximum control and reproducible
results during experiments.

To investigate effects of the different flow and shear stress profiles both bioreactor chambers
were compared with regards to osteogenic differentiation of ASCs. For this, the flow rate was
chosen according to the calculations of the simulation and mathematical model as follows. The
average shear stress at a flow rate of 1.5 ml/min was between 0.001 (CFD) and 0.23 Pa (Vossen-

berg) and the maximum shear stress was between 0.08 and 0.56 Pa which only partially lies in
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the physiologic in vivo shear stress of 0.3 — 3 Pa. However, osteogenic differentiation performed
in 3D conditions was found to be increased with shear stress about one order of magnitude
lower than the in vivo shear stress [188]. Seemingly, lower shear forces are sufficient to induce
osteogenic differentiation. Also, maximum shear stress was shown to increase dramatically com-
pared to the average shear stress with increasing flow rate if the permeability constant £ is below
1-10' m? [261]. In the present work, the permeability constant k of the scaffold was found
to be 1.7 & 0.9-10'% m?. Furthermore, the Vossenberg model was developed for scaffolds with
perpendicular fibers and thus the permeability might not be as predictive for shear stress as
in a porous scaffold. Also, the CFD simulation lacks accuracy since it is based on a simplified
geometry of the scaffold. Taken all together, the flow rate of the proof of concept study was set
to 1.5ml/min to generate shear forces at the lower end of the physiologic range in order to avoid
excessive washout of cells.

After 21 days of cultivation the cell number was found to be increased in BR2 compared to
BR1 while the cell distribution was more homogeneous as indicated by DAPI staining. How-
ever, cell number and glucose consumption indicate lower proliferation in dynamic conditions
compared to static. Thus, cells in dynamic conditions might have been subject to washout by
perfusion. The ratio of lactate production per mole consumed glucose is commonly used as an
index for anaerobic metabolism which occurs mainly in proliferating mesenchymal stem cells.
These cells display a higher ratio since they generate energy rather by anaerobic glycolysis than
by oxidative phosphorylation [276]. Indeed, cells cultivated under dynamic conditions displayed
a lower ratio (2.02 — 2.15) than under static conditions (2.26) which might indicate a shift to
oxidative phosphorylation and therefore to differentiation. Also, ALP activity per cell was found
to be higher in dynamic conditions and phosphate deposition was only visible in BR1. These
findings suggest increased differentiation in dynamic conditions. However, the glucose consump-
tion and lactated production per cell was found to be significantly higher in dynamic conditions
compared to static. Controversially, a previous study by Pattappa et al. [277] reported reduced
glycolytic activity during osteogenic differentiation. However, this study was carried out in con-
ventional 2D static conditions. In contrast, 3D dynamic conditions increases mass transfer of
nutrients, oxygen and waste products which together with mechanical stimulation may alter
metabolic activity in comparison to 2D static cultivation conditions.

Regarding the influence of the flow and shear stress profile of BR1 and BR2 on the osteogenic
differentiation, cells of BR1 showed increased ALP activity per cell and matrix mineralization
compared to BR2. Interestingly, phosphate depositions were present only in the center of BR1
where flow velocity and shear stress is highest as indicated by CFD simulations. Furthermore,
the maximum flow velocity at 1.5 ml was found to be 3.6-fold higher in BR1. Although it did
not affect the average shear stress it caused a 1.9-fold increase in maximum shear stress. Also,
maximum shear stress in BR1 was 88-fold higher than the average shear stress while it was only
46-fold higher in BR2. The findings of the CFD simulation together with the data from bioreactor
cultivation suggest that in order to generate shear stress as high as in BR1, the volumetric flow
rate needs to be increased in BR2.

In this comparative study, where both bioreactor chambers were operated at the same flow
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Table 5.6: Conclusive overview on characteristics of BR1 and BR2.

Aspect BR1 BR2
Advantages sufficient mixing sufficient mixing
— increased matrix mineralization — homogeneous flow profile and shear
stress distribution throughout the
scaffold
— increased ALP activity per cell — increased proliferation
more homogeneous growth on the
scaffold
Disadvantages inhomogeneous flow profile and comparatively low matrix mineral-
shear stress distribution ization

rate, BR1 supported an increased osteogenic differentiation of ASCs while BR2 rather main-
tained homogeneous cell growth than differentiation. Since it is likely that differentiation was
induced by higher shear stress in the center of BR1, a higher flow rate resulting in similar shear
stress conditions might foster comparable differentiation in BR2 as well. In conclusion, depend-
ing on the mathematical model, shear stress calculations derived from characterization of the
matrix and CFD simulation suggested physiologic shear stress conditions for a broad flow rate
spectrum of 1.5 — 15ml/min. Perfusion systems have been proven to be beneficial for tissue
engineering purposes such as bone or cartilage engineering [278, 279]. For instance, numerous
studies show a higher matrix deposition or upregulation of relevant genes in comparison to static
culture conditions when bone precursor cells are exposed to fluid shear stress [135, 280-284|.
Although several tailor-made [188, 189, 285] and commercially available [286-288| perfusion sys-
tems were developed and successfully used, there is a lack of automated sensor-controlled systems
that allow cultivation of multiple independent replicates under different conditions. In contrast,
the presented incubator/bioreactor system enables for determination of permeability and thus

estimation of shear stress at different flow rates.

5.3.3 Application

After extensive characterization of the incubator and bioreactor system a proof of concept study
was carried out. For this, the decellularized cancellous bone matrix Tutoplast was character-
ized and tested towards its suitability for the osteogenic differentiation of ASCs. The material
characteristics were assessed via microCT following routine procedures for the structural char-
acterization of trabecular bone [289].

Subsequently biomaterial testing was carried out in the mini perfusion bioreactor BR1. Pieces
of different size (4 — 10mm) and weight (42 — 93 mg) were seeded with ASCs as described in
section B.2 and cultivated for 21 days in the bioreactor at 0.6 ml perfusion with CCM or ODM
respectively. Modified 15 ml polysterene tubes with an inserted mesh and the same amount of
medium (10 ml) used in the bioreactor system served as static control. For each condition n —

2 bioreactor chambers each with n = 3 independently seeded Tutoplast samples were operated.
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To monitor osteogenic differentiation ALP activity was assessed from medium samples and via-
bility of cells was determined. Samples from static conditions were processed for microCT and
histological staining.

Furthermore, in order to optimize fluid shear stress conditions seeded Tutoplast scaffolds were
cultivated for 6 days at four different flow rates (1.5, 3, 4.5 and 6 ml, n — 3) in ODM. To calculate
the corresponding shear stress equations B.6 and B.7 were used as described in section B.5.

Also, the effect of different HP regimes on viability and osteogenic differentiation was evalu-
ated. For this, seeded Tutoplast scaffolds were cultivated at a flow rate of 1.5 ml in ODM while
three different pressure regimes where applied (100, 250 and 500 mmHg). The cultivation was
carried out in the "single-reactor setup" as depicted in Figure 5.7. Valves were programmed to
different open/close regimes to build up different amounts of pressure respectively (for detailed
valve programming see Table B.2). A defined pressure pattern of 3h pressure / 3h pause was

applied throughout the entire cultivation period of 6 days.

Characterization and initial testing of Tutoplast The biomaterial Tutoplast was used for
the osteogenic differentiation of human ASCs. First, the biomaterial was characterized towards
important material parameters (s. Table 5.7) which were later used to estimate fluid shear
stress. Pore size and porosity were found to result in a range of shear stress commonly used for

3D bioreactor cultivation (see next section Bioreactor cultivation with Tutoplast).

Table 5.7: Characteristic parameters of Tutoplast matrix. HA = hydroxyapathite

Parameter Value

Porosity 66.9 %

Pore size 384 pum (£ 113 pm)
Mineral density 0.969 mgHA /mm?

Trabecular number  2.5755 /mm
Trabecular thickness 167.6 pm (£ 50.2um)

Furthermore, to initially test Tutoplast for its suitability for 3D cell culture, ASCs were
cultivated for 21 days under static conditions. The material surface exhibits a complex, structured
texture down to nano-scale level. Histological sections stained with hematoxylin and eosin (HE)
revealed a loose network of proteins throughout the whole scaffold as well as remnants of bone
marrow components (e.g. basal membrane of fat cells). After 21 days of static cultivation cells
covered the entire scaffold with a closed compact cell layer which was found to be between (50
— 200 pm) and composed of several layers of cells (see Figure 5.16 and 5.17). In contrast, inside
the scaffold loose connective tissue was found where the protein network seems to promote cell

ingrowth. Therefore, Tutoplast was considered to be a suitable matrix for 3D cell culture of

ASCs.

Bioreactor cultivation with Tutoplast Subsequently to initial biomaterial testing Tutoplast
was evluated towards its suitablility for osteogenic differentiation under static and dynamic con-
ditions. For this, shear stress as calculated from the material characteristics with a simplified
model suggested by Goldstein et al. [132] (see Table 5.8). After 21 days of dynamic or static
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cultivation rapid growth of cells and high viability was indicated Calcein-AM and PI staining.
Overview images of the Calcein-AM and PI stain also displayed homogeneous cellular ingrowth
into inner areas of the scaffolds (see Figure 5.18). The course of ALP activity revealed highest
activity under dynamic conditions with cells cultivated in ODM followed by the dynamic control
group. Likewise, ALP activity per cell was highest for cells cultivated under dynamic condi-
tions in ODM. Micrographs obtained with SEM show mineral depositions of cells cultivated
under dynamic conditions whereas those depositions are absent on static cultivated cells (see
Figure 5.18). Notably, results of the biomaterial testing underline the importance of setting up
physiologic conditions, especially of mechanical cues, since dynamically cultivated cells in CCM
exhibited higher ALP activity and mineralization than static cells in ODM.

Table 5.8: Fluid shear stress conditions applied in flow rate optimization (*calculation according
to Goldstein et al. [132]).

Flow rate (ml/min) Flow velocity (mm/s) Shear stress (mPa) *

1.5 0.48 6.8
3 0.96 13.7
4.5 1.45 20.5

6 1.93 274
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Figure 5.16: Characterization of Tutoplast: (A) scanning electron microsope (SEM) images (volt-
age: 10 kV; spot size: 50; magnification 100, 1000, 6000x respectively) and (B) Hematoxylin and
eosin staining of the decellularized human bone matrix Tutoplast. Negative control without cells,
after seeding with ASCs at day 0 and after 21 days static cultivation.
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Figure 5.17: Characterization of Tutoplast: graphical representation of microCT scans of Tuto-
plast matrix with and without cells after seeding and 21 days of static cultivation.
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Figure 5.18: Biomaterial testing of Tutoplast: ASCs were cultivated for 21 days on Tutoplast in
either CCM or ODM under static or dynamic conditions. A) ALP activity. B) ALP activity per
cell on day 21. C) Stitched overview images and D) detail images of Calcein-AM and PI staining
on day 21 (exposure: 60ms; gamma: 1.3; gain: 3.7x, magnification 4x). E) SEM micrographs on
day 21 (voltage: 10kV; spot size: 50; magnification 1000 x). Data represents mean + SD (n=2).
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Optimization of Shear Stress Conditions It is well known that mechanical stimuli such
as fluid shear stress influence cellular behavior and especially differentiation of stem cells. Shear
forces experienced by ASCs on Tutoplast estimated in the perfusion bioreactor at flow rates of
1.5 to 6 ml/min were found to be between 10 — 40 mPa which is one magnitude lower than the
commonly accepted in vivo range of 0.3 3 Pa [131] (Table 5.8). In order to optimize conditions
for osteogenic differentiation the impact of different flow rates was investigated. ALP activity
and viability was highest at a volumetric flow rate of 1.5ml/min and decreased with increasing
flow rate (Figure 5.19). Viability was also high under static conditions but did not result in high
ALP activity. A flow rate of 1.5 ml/min was considered to promote osteogenic differentiation of

ASCs on Tutoplast, and thus was used during optimization of hydrostatic pressure.
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Figure 5.19: (A) ALP activity and (B) viability of ASCs seeded on Tutoplast and cultivated in
osteogenic differentiation medium at different flow rates. Significantly lower to static (%) or 1.5
ml/min (#). Data represents mean + SD (n=3).

Optimization of Hydrostatic Pressure Conditions The influence of HP on osteogenic
differentiation was investigated in order to optimize differentiation of ASCs on Tutoplast. Dur-
ing cultivation cells were subjected to 3h of HP pattern and 3h rest for a period of 6 days (see
Figure 5.20 A and B). A constant flow of 1.5 ml/min was applied throughout the entire period of
cultivation. Since HP was applied by closing valves at constant flow, cells were not only subjected
to different target pressures but also experienced different periods of increased pressure. Conse-
quently, the lowest target pressure of 100 mmHg was reached about four times more frequently
than the highest target pressure of 500 mmHg (detailed information about valve settings can be
found in Table B.2). Therefore, to calculate the total amount of pressure cells experienced in
different conditions data from pressure sensor was integrated (Figure 5.21).

Again, ALP activity was elevated in all dynamic conditions compared to static. Yet, no
significant effect of HP compared to flow perfusion without HP was observed. However, viability
seems to decrease with increasing HP. While a low viability does not necessarily indicate a low
cell number fluorescent viability staining indicated a low density of cells with increasing HP.
Nevertheless, it is mentionable that regardless of a low cell density and viability at 500 mmHg
ALP activity was comparable to other dynamic conditions indicating an increased ALP activity

per cell.
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Figure 5.20: A) Hydrostatic pressure regime that was applied throughout the cultivation, B)
magnification of pressure pattern that was applied during the 3h of HP application, C) integrated
total pressure that was applied on each condition.
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Figure 5.21: Optimization hydrostatic pressure: A) ALP activity, B) viability and C) Calcein-
AM and PI viability staining of ASCs cultivated on Tutoplast for 6 days in ODM (exposure: 90 ms;
gamma: 1; gain: 2.1x; magnification 4x). CP = continuous perfusion without application of
hydrostatic pressure. Data represents mean + SD (n—3).
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Discussion After extensive characterization of the mini perfusion bioreactor system in sub-
section 5.3.2, the functionality of the system was tested. Tutoplast, a human decellularized
bone matrix was tested for its suitability for osteogenic differentiation of ASCs under dynamic
conditions and several shear stress and hydrostatic pressure conditions were tested to optimize
differentiation. HE staining as well as microCT scans confirmed a closed cell layer that covered
the entire matrix while overview images of Calcein-AM and PI staining indicated homogeneous
cellular ingrowth into the scaffold. Furthermore, ALP activity peaked at day 9 and 16 indicating
osteogenic differentiation. Also, mineralization was observed in SEM micrographs. Therefore,
Tutoplast was considered to be a suitable biomaterial for osteogenic differentiation.

When parameters like pore size, porosity and viscosity are constant, fluid shear forces depend
exclusively on the flow velocity. Therefore, shear forces for different flow rates were calculated
using the Goldstein model which assumes a uniform flow across the scaffold surface and parabolic
flow through cylindrical pores. Since bone is a very inhomogeneous material with varying poros-
ity, pore size and geometry and furthermore, the material did not fill the entire diameter of
the bioreactor chamber these assumptions were not fulfilled. Consequently, the shear stress
calculations can only be accepted as rough approximation. At a permeability constant k& be-
low 1-10"'° m? maximum shear stress increases dramatically with decreasing pore size and/or
porosity compared to the average shear stress [261]. Also, stronger osteogenic differentiation
was observed in 3D when experiments were performed under shear stress about one magnitude
lower than in the commonly accepted physiologic range of 0.3 — 3Pa [131, 188]. Because of the
abovementioned reasons and to avoid possible wash out of cells flow rates for the optimization of
osteogenic differentiation were chosen to be one order magnitude lower (0.01 — 0.04 Pa). However,
viability and ALP activity were highest at a flow rate of 1.5 ml/min (approximately 0.01 Pa) and
ALP activity was significantly higher in all dynamic conditions compared to static. Other groups
also reported increased ALP activity and viability when cells were subjected to shear stress of
this magnitude [266, 283|. Subsequently, the effect of different HP regimes on the osteogenic
differentiation was studied. ALP activity was elevated in all dynamic conditions compared to
static conditions while viability was higher in static conditions. Though, no significant effect of
ALP activity on HP compared to flow perfusion without HP was found. Still, results suggest
an increased ALP activity per cell and thus indicate rather a positive effect of HP on osteogenic
differentiation. In a study of Huang and Ogawa were sinusoidal HP (0.5Hz, 0 3450 mmHg)
was applied together with perfusion, osteogenic gene expression and viability of human MSCs
was markedly improved [265]. Moreover, in a study where HP of 1500 mmHg (1 min HP, 14 min
pause) was applied together with fluid shear stress (0.79 Pa) in a spinner flask, ALP activity
together with other osteogenic genes was elevated compared to fluid shear without HP [150].
However, this was not confirmed in the present experiments. These findings suggest to apply
higher HP than in this study although in vivo pressure in mammalian bone marrow is expected
to be 10.7 — 120 mmHg [264].

Former developed systems like the oscillating perfusion bioreactor [201, 267| or the TEB1000
by Ebers Medical [288] have demonstrated the importance of involving mechanical cues in 3D cell
culture processes like differentiation of stem cells. Recently developed systems aim to overcome

the weaknesses of previous systems. Hence, they are partially automated [290], allow for the
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cultivation of more than one sample at once [190] or for cultivation of large-size constructs [285].
Still, there is no automated system that combines the benefits of perfusion and hydrostatic
pressure while aiming for a higher throughput of independent samples. However, the incubator
system together with the mini perfusion bioreactor system displays a comparably high degree of
control on shear stress and hydrostatic pressure conditions if scaffold characteristics like porosity
and pore size are known. Furthermore, comparably rapid screening of different conditions in

parallel is possible.

5.4 Conclusion

In conclusion, osteogenic differentiation of ASCs was improved by adjusting process parame-
ters. An incubator/bioreactor system was utilized to generate a more defined and controllable
mechanical environment. Subsequent adjustment of fluid shear forces to a physiologic range re-
sulted in increased matrix mineralization and higher viability of ASCs. Otherwise, employment
of hydrostatic pressure did not result in elevated osteogenic differentiation. Furthermore, 3D
cultivation of cells was found to improve viability compared to 2D cultivation.

However, characterization and control of the mechanical environment remains challenging.
Even if material characteristics are assessed accurately, different mathematical models are applied
and CFD studies are carried out, the actual shear stress cannot be measured directly and therefore
remains unknown. Also, shear stress highly depends on the geometric features of a scaffold and
is therefore far away from being homogeneously distributed over the entire surface. Indeed, in
this work maximum shear stress was estimated to be up to 88-fold higher than the average shear
stress.

CFD simulations are the most accurate tool available to estimate shear stress and flow pro-
files. Still, if CFD studies on each individual scaffold before cultivation were technically feasible,
seeding of cells would alter geometric conditions again making prior analysis not totally pre-
dictable. Therefore, an approximation of shear stress together with rapid screening of different
conditions as conducted in this work appears to be the most viable option to date. Thus, fu-
ture work needs to focus on improvement of highly sensitive pressure sensors for low pressure
conditions in order to determine the permeability accurately and online during cultivation. Fur-
thermore, miniaturized pressure sensors that are directly implemented up- and downstream the
scaffold would be of great benefit since it would enable for more accurate measurement of the
pressure differential. Also, CFD studies should be carried out on original microCT data which
was not feasible in this work since it requires a vast amount of computing capacity.

Hydrostatic pressure is inherently present in the human body. However, generation of HP
in a defined controllable environment is challenging which is probably why studies on the effect
of HP on osteogenic differentiation are still scarce and the experimental setups differ extremely.
Therefore, it is important to develop systems that exert HP in a comparable manner. The
incubator /bioreactor system evaluated in this work displays a first step to a controllable biore-
actor for the application of HP. Nevertheless, a more advanced approach where pressure can be

constantly exerted independently of the flow rate is highly desirable.
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6 Conclusion and prospects

In the field of regenerative medicine MSCs are still considered as the primary candidate for
cell-based therapies and tissue engineering approaches. Although scientific research and clinical
trials prove numerous beneficial effects, the translation from "bench to bedside" has tremendous
room for improvement. MSCs behave differently in an artificial environment and thus results of
scientific studies are not always predictable for subsequent in vivo studies. Thus, the implemen-
tation of physiologic conditions in all steps of cultivation seems desirable in order to make in
vitro results more predictable for in vivo studies. Therefore, the goal of this work was to describe
concepts for implementation of physiologic conditions in isolation, expansion and differentiation
of human MSCs.

The procedures for isolation of MSCs are getting more attention since the number of clinical
studies increases and thus cells are frequently isolated. For therapeutic applications it is im-
portant to develop reproducible, high-yield, low-cost procedures that result in cell populations
that fulfill the MSC minimal criteria. The isolation of stem cells by explant culture is currently
the most promising approach since it is thought to generate a more physiologic environment
during isolation. Therefore isolation by explant culture was investigated in this work. MSCs
were derived from explant culture and traditional enzymatic treatment of adipose tissue and
cultivated under normoxic or hypoxic conditions. The yield of explant culture derived cells was
comparable to the traditional approach but cells needed more time for outgrowth and thus until
harvest. However, the surface marker expression, differentiation capacity and growth capacity
was comparable to cells from enzymatic treatment. Hypoxia caused increased proliferation but
not an increased outgrowth of cells. However, proliferation until passage 10 and life span of
MSCs was significantly increased under hypoxic conditions. Taken together this data indicates
that isolation by explant culture provides MSCs with properties comparable to MSCs from en-
zymatic digestion. Furthermore, the procedure is simpler and therefore prone to automation and
reproducibility. Still, improvement is required to reduce the time span until outgrowth and har-
vest of cells. Since the outgrowth from explant tissue is assumed to be a wound-healing response

further chopping of the tissue might accelerate cellular outgrowth.

The generation of therapeutic relevant cell numbers of MSCs has been extensively investi-
gated and discussed before. Since MSCs are adhesive growing cells current expansion technologies
are based on the concept of a high surface-to-volume ratio which resulted in either cell factory-
or microcarrier-based bioreactor systems. However, MSCs do not grow on 2D surfaces in their
physiologic environment. In contrast, cellular aggregates were shown to trigger in vivo-like be-

havior of MSCs but were only investigated in small scale systems. Therefore, the upscale of the
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generation and cultivation of MSC aggregates was demonstrated in this work and cellular aggre-
gates were finally cultivated in a 130 ml CSTR under normoxic and hypoxic conditions. Cellular
aggregates formed spontaneously from a single cell suspension and cells expanded up to 2.6-fold
under hypoxic conditions. Although applied impeller speed was comparably high, cells expressed
surface markers fulfilling minimal criteria of MSCs indicating maintenance of stem cell proper-
ties and not spontaneous differentiation. Furthermore, MSCs displayed trilineage differentiation
after cultivation in the CSTR. Although the process needs further improvement it provides a
new and interesting alternative to traditional expansion approaches. Indeed, bioreactor and im-
peller geometry, coating agents to prevent cellular adhesion on the glass wall or impeller and
adjustment of oxygen concentration to avoid anoxic phases during cultivation would probably

increase proliferation of cells.

Although the routine, clinical application of tissue engineered constructs seems to be in dis-
tant future, the generation of those constructs for the development of proper 3D in vitro models
is required. Differentiation of MSCs is a complex process orchestrated by numerous factors and
parameters making it challenging to mimic the natural environment in which it takes place.
Mechanical forces are known to play a key role in differentiation processes. Therefore, this work
conceptually describes how a mechanical environment can be estimated and finally generated to
set up physiologic conditions for the differentiation of MSCs into the osteoblastic lineage. For
this, an existing mini perfusion bioreactor was improved and both bioreactors were extensively
characterized towards their mixing behavior, low and shear stress profile via determination of
residence time distributions, computational fluid dynamics and analytical models. Indeed, flow
velocity and shear stress profile were more homogeneous in the improved chamber. Finally,
the effects of the different mixing, flow and shear stress profiles were compared for osteogenic
differentiation. The flow rate was set to result in a physiologic range of shear tress based on
the aforementioned characterization which resulted in increased glycolytic activity, ALP-activity
and matrix mineralization compared to static conditions. The first bioreactor displayed higher
average and maximum shear forces which resulted in increased ALP-activity and matrix min-
eralization but inhomogeneous cell distribution and decreased proliferation. In contrast, in the
improved bioreactor where the geometry caused distribution of the main fluid stream through-
out the entire scaffold but at the same time reduced the average and maximum shear stress,
MSCs did not display increased ALP-activity of matrix mineralization but a more homogeneous
distribution of cells and increased proliferation. These data indicate that higher flow rates are
necessary to cause comparable shear forces to induce osteogenic differentiation. Taken together,
the previous characterization was predictable for a relative comparison of bioreactor geometries
but not for calculating the optimal flow rate in advance.

Furthermore, the perfusion bioreactor system was harnessed together with an advanced in-
cubator to serve as a platform for optimization of cultivation parameters. To improve osteogenic
differentiation of MSCs several flow rates and hydrostatic pressure conditions were screened.
Again, biomaterial characteristics were characterized in order to better estimate shear stress at
certain flow rates. Screening of flow rates revealed an increase in ALP-activity matrix mineral-

ization and viability compared to static conditions and was also successful to find the optimal
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flow rate. Screening of hydrostatic pressure in combination with continuous perfusion conditions
revealed that continuous perfusion without additional hydrostatic pressure displays higher ALP-
activity and viability compared to all hydrostatic pressure conditions These data indicates that
shear forces but not hydrostatic pressure are crucial for the induction of osteogenic differentia-
tion. Since the specialized incubator system together with the miniaturized bioreactor system
allows for a parallel cultivation of multiple samples the system will possibly be beneficial in the
development and optimization of a variety of 3D cell culture processes.

In general, these findings underline the importance of previous characterization of the used
biomaterials and the bioreactor system in order to describe and quantify the mechanical envi-
ronment that cells are exposed to during cultivation. Although it is encouraging that extensive
characterization and the generation of a defined mechanical environment can actually result in
improved differentiation, this is only a small step towards advanced dynamic 3D cell culture
systems. Systems for the online monitoring of tissue growth or degree of differentiation in 3D
dynamic processes are highlye required to enable for comprehensive control and reproducible
processes.

This work presents concepts for the implementation of physiologic conditions throughout
major steps of stem cell cultivation - isolation, expansion and differentiation - in order to improve
translation from scientific research to clinical applications. Also, keeping important stem cell
properties is crucial for application in cell-based therapies. Therefore, extensive characterization
of the crucial cultivation steps and subsequent generation of defined physiologic conditions is

inevitable, yet remains challenging.
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A Material

A.1 Instruments and laboratory equipment

Table A.1: This table contains all used devices.

Product

Manufacturer

Autoclave, Varioklav 500E

Balance, AW-9202 and AW-224

BD FACS Canto I1

Cell counting chamber, Neubauer improved
Centrifuge, 5702 and 5415 R

Centrifuge, HERAEUS AC017

Scanner Epson V33

Fluorescence microscope DMIL LED
Fluorescence microscope camera DFC42C
Fluorescence microscope light EL6000
Fluorescence filter system 13 S DMIL
Incubator, HERACELL 150i

Incubator, HERACELL 240i

Incubator with integrated pumps

Liquid nitrogen tank, Cryotherm 55121
Magnetic stirrer

Micro-CT, upCT35

Microscope (transmitted light), DMIL LED
Microscope camera, ICC50HD

Nano-CT, VersaXRM-500

Nitrogen generator

Oxygen sensor transmitter, OXY4Mini
Pipettes Research® Plus

Pipetting aid Pipetboy acu

Platereader, Infinite® M1000 PRO
Platereader, MultiSkan FC

Scanning electron microscope JSM-6510
Shake flask reader (SFR)

Shaker, Skyline Orbital Shaker

Shandon Tissue Excelsior

Thermo Scientific

Sartorius

Brand

Eppendorf

Thermo Scientific
Epson

Leica

Leica

Leica

Leica

Thermo Scientific
Thermo Scientific
IncuReTERM GmbH
BiosafeMD

IKA Labortechnik
Scanco Medical AG
Leica

Leica

Xradia, Inc.

Parker

Presens

Eppendorf

IBS Integra Biosciences

Tecan

Thermo Fisher Scientific

JEOL
Presens

ELMI

Thermo Fisher Scientific
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Sterile workbench, HERASAFE KS
Sterile workbench, MSC Advantage

Vortexer, Vortexgenie 2

Thermo Scientific
Thermo Scientific

Scientific Industries

Water bath GFL
A.2 Disposables
Table A.2: This table contains all used dispoasbles.

Product Manufacturer Order number

6, 24, 96 well plates Sarstedt 83.3920, 83.3922,
83.3924

12 well plate TPP 92012

12 well fibrin coated well plate BD Bioscience 354501

96 well, black, transparent bottom greiner bio-one 655906

Cell culture flask 25, 75, 175 cm? Sarstedt 83.3910, 83.3911,
83.3912

Cell strainer Falcon® 352340

Centrifuge tube 15, 50 ml greiner bio-one 188271, 227261

Cryo tube, CRYO.S, 2ml greiner bio-one 122278

Parafilm® M Brand 291-1213

Pasteur pipettes Brand 747720

/Pipette tip 0.5 50 ul Roth 9260.1

Pipette tip 10 200 1, 50 1000 wl Brand 732008, 732012

Reaction tube, safe seal 1.5 ml Sarstedt 72.706

Sterile filter, Filtropur S 0.2 ul Sarstedt 83.1827

Syringe 5ml Braun 4617053V

Syringe 10 ml Terumo® SS-10L

Serological pipettes (2 50ml)

Sponceram®

Tutoplast, 4 — 10 mm cancellous chips

greiner bio-one

Zellwerk

RTI BiologicsTM—Tutogen

710180, 606180,
607180, 760180,
7638180

1011052

68123

A.3 Chemicals

Table A.3: This table contains all used chemicals.

Product

Manufacturer

Order number

aMEM basal medium

Accutase® solution

Thermo Fisher Scientific

Sigma Aldrich

12000
A6964
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M golution

Accumax
Alcian Blue 8GX
Alicarin Red S
Calcein

Calcein AM
Calcium chloride
Collagenase
DAPI
Dexamethasone

DMSO

Dulbeccos MEM (DMEM)

Eosin Y solution
Ethanol 96 %

Ethanol Rotipuran 99,8 %
Fibronectin from human plasma
Formaldehyde solution 36.5 -38 %
Gentamycin (10 mg/ml)
Glutaraldehyde (50 %)

[-glycerolphosphate
Hank’s Buffer
Heparin

Hematoxylin

Human platelet lysate
L-ascorbat-2-phosphat

Magnesium chloride

NH AdipoDiff Medium
NH ChondroDiff Medium
NH OsteoDiff Medium

Nonident P40

Oil Red O solution (0.5 %)
Phosphate buffered saline

PLyiaTrIX
pNPP tablet

Propidium iodide
Protein kinase K
SDS-solution

Silver nitrate solution (5 %)

Sodium carbonate

Sodium chloride

Sodium hydrogen carbonate
Tetrazolium bromide (MTT)

Tris

Sigma Aldrich

Sigma Aldrich

Carl Roth

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Carl Roth

AustrAlco

Carl Roth

Biochrom GmbH
Sigma Aldrich

Lonza

Carl Roth

Sigma Aldrich

Sigma Aldrich
Ratiopharm

Richard Allan Scientific
PL Bioscience

Sigma Aldrich

Sigma Aldrich
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific

PL Bioscience
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Carl Roth

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Applichem

AT089
A3157
0348.2
C0875
C1350
C1016
C2673
D8417
D4902
D8418
D777
3137.1
Ps-025-14

L7117

F8775
LZBE02-012E
203856

50020

H2387
3029820

PL-S-100-01
A4544
M8266
130-091-677
130-091-679
130-091-678
74385
01516
21600044
PLM-005.01
N2270
202398
P6556
71736
N053.1
S7795

55888
401676
Mb5655
A2264
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Tris tablet
Trypan blue
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Sigma Aldrich T5030
Sigma Aldrich N2270
Sigma Aldrich T8154

A4

Buffers and solutions

Table A.4: This table contains all used buffers and solutions.

Solution

Composition

Alcian blue solution
Alicarin red solution
Calcein-AM stock solution
DAPI buffer

DAPI stock solution
Flow cytometry buffer
Hank’s buffer 1
Hank’s buffer II

Lysis buffer

MTT stock solution
pNPP stock solution

PI stock solution
SDS solubilization solution
TE buffer

Von Kossa decolorization solution

1% (w/v) alcian blue in 3% acidic acid

0.5% (w/v) alicarin red in ddH2O

1mM calcei-AM in DMSO

100 mM Tris pH 7, 150 mM NaCl, 1 mM CaCls, 0.5 mM,
MgCly, 0.1 % Nonident-P40

20 mg/ml DAPI in ddH,O

0.5% FBS, 2mM EDTA in PBS

9.5g/1 in ddH,0

2.5 % human platelet lysate in Hank’s buffer I

10mM Tris HC1 pH 8.5, 5mM EDTA, 0.2% SDS, 0.2M
NaCl, 0.1 mmg/ml protein kinase K

5mg/ml in PBS

1 Tris buffer tablet, 1 pNPP tablet in 4ml ddH>O and
2ml PBS

151.1 uM PI in ddH5O

5% (w/v) in 0.01 M HCI

Tris HCI pH 7.5, EDTA 0.1 mM

5% NayCOg3, 0.2 % formaldehyde in ddH,0

A.5 Kits

Table A.5: This table contains all used kits.

Product

In vitro toxicology assay kit (TOXS)

MSC Phenotyping kit, human

Quant—iTTM PicoGreen® dsDNA Assay Kit
Senescence [3-galactosidase staining kit

Manufacturer Order number
Sigma Aldrich TOXS8-1KT
Miltenyi Biotec GmbH 130-095-198
Thermo Fisher Scientific P7589

Cell Signalling Technology 9860S
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A.6 Media

Table A.6: This table contains all used media.

Media Composition

Cryo-medium
Culture medium

heparin in aMEM

Osteogenic medium

Culture medim, 10 % (v/v) human platelet lysate, 10 % (v/v) DMSO
2.5% (v/v) human platelet lysate, 0.5% (v/v) gentamycin, 1U/ml

2.5% human platelet lysate, 5mM [-glycerolphosphate, 0.1 uM

dexamethasone, 0.2 mM L-ascorbate-2-phosphate,0.5 % gentamycin,
1 U/ml heparin in aMEM

Chondrogenic medium
Adipogenic medium

NH ChondroDiff, 0.5 % gentamycin
NH AdipoDiff, 0.5 % gentamycin

A.7 Bioreactor components

Table A.7: This table contains all components from which the custom bioreactors were set up.

Component Manufacturer Order number
Continuously stirred tank re- TERM, University Hospital
actor Wiirzburg
Fluran® fluorelastomer tub- VWR 63014
ing
Luer Lock connector female Pieper-Filter NM-LF S16
Luer Lock connector male Pieper-Filer PP-LM S16
Mini-Perfusion bioreactor Workshop of the Institute of
BRI1 Technical Chemistry, Leibniz
University Hannover
Mini-Perfusion bioreactor Workshop of the Institute of
BR2 Chemistry, University Graz
O-Ring EPDM 70, 6 x Tmm  Carl-Otto-Gherkens A4N2035748
Pressure sensor SP-844 MEMSCAP
Pressure transducer SP-844- MEMSCAP
28 for SP-844
Pump Hose BPT 1.52mm PharMed 070539-19
Silicon tubing (1.5 x 3mm) VWR VWRI 228-0702
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A.8 Software

Table A.8: This table contains all used software.

Product

Company

Version

Adobe InDesign

BD FACS DIVA™
COMSOL Multiphysics
Drishti

Excel

MATLARB

Motion Manager

Fiji (Figi is just ImagelJ)
GraphPad PRISM
Image Composite Editor
Kaluza Flow Cytometry
OriginPro

SolidWorks

Adobe Systems

BD Bioscience
COMSOL AB

ANU Vizlab
Microsoft

The MathWorks, Inc.
FAULHABER

Open source
GraphPad Software
Microsoft

Beckman Coulter, Inc.

OriginLab
Dassault Systémes

CC 2015/2017

5.0
2.0
2013/2016
R2014a

5

2.0
1.3
2015
2015
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B Methods

B.1 Cell culture

General notes on cell culture All sterile work was performed in a class II workbench while
all used equipment was sterilized with 70 % ethanol before use. All flasks were autoclaved for
30min at 120 °C and liquid solutions sterile filtered or autoclaved as well. If not stated otherwise

all liquids were pre-warmed to 37 °C in a water bath.

General notes on isolation of stem cells Mesenchymal stem cells used in the experiments
of this work were isolated from human adipose tissue of different donors and origins as listed
in table B.1. Cells of different donors were used as declared in the description of each experi-
mental procedure respectively. Adipose tissue was received from the department of plastic and
reconstructive surgery Wilhelminenspital, Vienna, Austria. All patients gave written informed

consent. The tissue was processed within 4 h after surgery.

Table B.1: Detailed list of cells used in experimental procedures.

Sex Age  Origin Date Used in section
Female 42  Abdominoplasty 20.01.16 Mesenchymal Stem Cell Isolation (3)
Female 52 Abdominoplasty 02.03.16 Mesenchymal Stem Cell Isolation (3)

Female 48  Breast reconstruction 17.08.16 Mesenchymal Stem Cell Isolation (3); Ag-
gregate Cultivation in a Stirred Tank Re-
actor (4.4); Characterization (5.3.2)

Male 40  Abdominoplasty 11.11.15 Mesenchymal Stem Cell Isolation (3); Ap-
proaches for Upscale of Aggregate Cultiva-
tion (4.3)

Female 50 Abdominoplasty 03.02.15 Aggregate Cultivation in Microtiter Plates
(4.2); Application (5.3.3)

Female 55 Abdominoplasty 12.07.13 Aggregate Cultivation in Microtiter Plates

(4.2); Approaches for Upscale of Aggregate
Cultivation (4.3); Biaxial Bioreactor (5.2);
Application (5.3.3)

Isolation via enzymatic treatment For the isolation of MSCs from adipose tissue via en-
zymatic digestion the tissue was cut into portions of approximately 20 g (the exact amount was
noted for determination of the yield) avoiding blood vessels and connective tissue and transferred
to a 50 ml centrifugation tube. Subsequently, the portions were minced to a homogeneous pulb,
10 ml collagenase solution (2 mg/ml in Hank’s buffer I) were added and incubated for 1h at 37°C

after vortexing. Following, the digested pulb was vortexed again, half of the volume transferred
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to a new centrifuge tube, topped up to 40ml with Hank’s buffer T and centrifuged for 5min
at 200xg. The fatty supernatant was transferred to a new centrifuge tube, the middle layer
(collagenase solution) was discarded and the flicked pellet (stromal vascular fraction) transferred
to the fatty supernatant. Afterwards, the tube was topped up to 40ml with Hank’s buffer I
and centrifuged for 10 min at 400 xg. The supernatant was removed, the pellet resuspended in
40 ml Hank’s buffer II and centrifuged for 10 min at 400xg. Afterwards, the supernatant was
discarded, the pellet resuspended in 30 ml culture medium and transferred to a T-175 flask. The
flasks were incubated at 21 or 5% O9 for 3 — 7days until adherent cells were observed. Subse-
quently, the medium and remaining tissue pieces were removed and fresh medium added. After

cells grew about 80 — 90 % confluent they were subcultivated or cryopreserved.

Isolation via explant culture For the isolation of MSCs from adipose tissue via explant
culture the tissue was cut into portions of approximately 10 g (exact weight was noted for deter-
mination of yield). The tissue portion was rinsed with PBS to remove remaining blood and cut
into pieces of approximately 5mm? which were placed on cell culture dishes (100 mm diameter).
Each dish was carefully covered with 2.5ml culture medium to avoid floating of the fat tissue
and incubated at 21 or 5% Og for 7 — 9days until adherent cells were observed. Following,
tissue pieces were removed and dishes rinsed with PBS to remove fatty droplets. Fresh medium
was added (2.5ml) and cells were cultivated for another 2 — 3days until approximately 80 %

confluency was reached. Afterwards, cells were subcultivated or cyropreserved.

Cell thawing In order to thaw cryopreserved cells the cryo vial was transferred to a 37°C
water bath and thawed only just until the cell suspension became liquid. Subsequently, 1ml
room temperate aMEM was added, the cell suspension transferred to a centrifugation tube and
the vial rinsed with 2ml aMEM. After 2 min the cell suspension was filled up to 10ml with
aMEM and centrifuged 5min at 300xg. The supernatant was removed, cells resuspended in

15 ml culture medium, the cell suspension transferred to a T-75 flask and incubated at 37 °C.

Subcultivation If not stated otherwise cells were cultivated in T-flasks and microtiter plates
of different sizes in a standard incubator at 37°C, 5% COs and 21 % Os. For subcultivation
cells were seeded at 3000 or 4000 cells/cm? and allowed to grow approximately 80 % confluent.
To detach cells for further cultivation they were rinsed with PBS and incubated in Accutase at
37°C (10 — 15 min). Accutase treatment was stopped with 1.5-fold volume of culture medium
and the cell suspension transferred into a centrifuge tube for centrifugation at 300x g for 5 min.
After removal of supernatant the pellet was dissolved in culture medium, the cell number was

determined with a counting chamber and cells seeded again.

Cryopreservation In order to cryopreserve cells they were centrifuged at 300xg for 5min
and resuspended in cryo-medium at a density of 1-10° cells/ml. Subsequently, 1ml of the cell
suspension was transferred to a cryo vial and cooled down to -80°C over night. Within 1 3

days cryo vials were transferred to a liquid nitrogen tank (-196 °C) for long term storage.
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B.2 Three dimensional cell culture

Since cell culture on three dimensional matrices differs from standard two dimensional cell culture
approaches the following sections will cover the basic principles of the different three dimensional

cell culture approaches.

Scaffold-free aggregate cultivation in a microtiter plate For scaffold-free cultivation
mesenchymal stem cells (MSCs) were seeded at different densities in a 96 well round bottom
plate with cell repellent surface. The plate was either cultivated static (no agitation) or placed
on an horizontal shaker at 100 RPM in a standard incubator. Cultivation was carried out for
4 days while medium was not changed. For cultivation in continuously stirred tank reactor please
refer to B.3.

Sponceram For cultivation of MSC on Sponceram the discs were autoclaved prior to seeding.
MSC in passage 2 were centrifuged at 300x g for 5min and resuspended in culture medium to a
density of 6-10° cells/ml. The Sponceram discs were placed into a 24 well plate, evenly covered
with 50 ul of the cell suspension (3-10° cells) and incubated without additional medium for 2h in
a standard incubator. Afterwards, the scaffolds were covered with 2ml medium and incubated

for 3 — 4 days before further static cultivation or dynamic cultivation in a bioreactor system.

Tutoplast Tutoplast is provided freeze-dried by the manufacturer. To ensure the entire scaffold
is accessible for cells it needed to be rehydrated and degassed. For this, Tutoplast chips were
placed into a syringe with culture medium. The syringe was closed with a female Luer lock and
the piston was pulled in order to generate a vacuum. Consequently, the trapped air was released
by unscrewing the Luer lock and the procedure repeated until no air bubbles left the scaffold
anymore. Rehydrated chips were stored at 4 °C for up to one week. Prior to seeding the scaffolds
were room tempered and placed into a 24 well plate. MSC in passage 2 were centrifuged at
300 x g for 5min and resuspended in culture medium to a density of 2:10° cells/ml. Subsequently,
each sample was covered with 50 ul of the cell suspension (1-10% cells) and incubated without
additional medium for 2h in a standard incubator. After that, the scaffolds were covered with
2ml medium and incubated for 3 4 days prior to further static cultivation or dynamic cultivation

in a bioreactor system.

B.3 Bioreactor cultivation

Biaxial rotating bioreactor Prior to cultivation the biaxial rotating bioreactor was steam
sterilized and MSC in passage 2 were seeded on Sponceram according to B.2. The seeded scaffolds
were incubated for 1 day in a standard incubator before they were transferred to the bioreactor
chamber and attached to the scaffold mount. The medium bottle was filled with 120 ml medium
and the entire system was located to a standard incubator at 37°C and 21 or 5 % Os respectively.
Subsequently, the medium pump wasa set to 12 RPM (= 12ml/min) and the rotation speed was
set to 10 RPM for the L-arm and 20 RPM for the bioreactor chamber. Samples were cultivated

for 21 days and medium changes were performed on day 7 and 14 (50ml).
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Mini-perfusion bioreactor Prior to cultivation the mini-perfusion bioreactor system was
steam sterilized and MSC in passage 2 were seeded on Sponceram or Tutoplast according to
B.2. Sponceram was placed into the bioreactor chambers BR1 or BR2 upside down with the
seeded side facing the bottom of the chamber. Because of its irregular shape Tutoplast was placed
randomly into the chamber (three seeded samples per chamber). The medium reservoir was filled
with 10 ml culture medium or osteogenic medium, respectively. The bioreactors were placed into
the IncuReTERM incubator, flow rate was set according to the respective experiment (s. 5.3)
and the system was then perfused with medium continuously for 21 or 6 days. For analyses
1ml medium was changed every 2 — 3 days whereas 7ml were replaced on day 7 and 14. For
medium changes perfusion was stopped, bioreactors disconnected from peristaltic pumps and
transferred to a sterile workbench. At the end of each experiment the samples were carefully
removed from the chambers by either pressing them carefully out with a pipette tip (Sponceram)
or by transferring them with forceps (Tutoplast) into a well plate for further analyses.

For the application of hydrostatic pressure the bioreactors were setup up in a "single-reactor
setup" as depicted in Figure 5.7. To apply defined hydrostatic pressure (HP) rgmies pinch valves

of the incubator were programmed to different open/close regimes (see Table B.2)

Table B.2: Valve settings for the application of different pressure regimes.

Target pressure Valve closed (s) Valve open (s) Time closed dur-
(mmHg) ing 3h

100 148 8 80

250 301 20 32

500 498 40 20

Continuously stirred tank reactor After steam sterilization the CSTR was filled with PBS
at 37°C in order to calibrate the PreSens oxygen sensor. The tank was filled and emptied through
one of the ports in the lid while the lid itself was kept closed at all time.

Seeding: After calibration PBS was removed with a suction pump and the tank was filled
with 130 ml of a 1-10° cells/ml single cell suspension of MSCs in passage 2 (13-10° cells total).
Cell culture medium with 10 instead of 2.5% human platelet lysate (HPL) was used. Cells
for cultivation at 5% Oz have been also isolated and subcultivated at 5% Oz until seeding.
After seeding the port was closed and the bioreactor transferred to the IncuReTERM incubator.
The motor was mounted at the top of the lid and connected to the drive shaft of the impeller.
Also, the fiberglass cable was placed on the oxygen sensor spot. Afterwards, the impeller speed
was set to 600 revolutions per minute (RPM) in the "FAULHABER Motion Manager" software.
Atmospheric oxygen was set to 21 or 5%, respectively.

Medium change: After 3days 100ml of the medium was replaced. For this, motor and
sensor cable were disconnected and the bioreactor transferred to a sterile workbench. Aggregates
and cells were allowed to sediment for 15min before medium was removed from the bioreactor
to 4 50 ml centrifugation tubes (each 25ml). Subsequently, the tubes were centrifuged for 5 min

at 500x g, the supernatant removed and the pellets flicked. 25ml fresh medium was added to
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the first tube in order to resuspend the pellet and after that used to resuspend the pellet of the
other tubes. Finally, the medium was transferred back into the bioreactor. Again, 25ml fresh
medium was added to the first tube in order to rinse the tube, and after that used to rinse the
other tubes. After these 25 ml were transferred to the bioreactor the remaining 50 ml were added
directly to the bioreactor. The bioreactor was again connected to the motor and sensor cable
and the impeller started.

Cell counting: After 6 days the impeller was stopped and the medium containing cells and
aggregates was transferred to 4 50 ml centrifugation tubes, the tank was rinsed with 40 ml PBS,
the PBS added to the tubes (10 ml per tube) and the tubes centrifuged for 5min at 500 xg. The
bioreactor tank was filled with 25ml of a 37°C pre-warmed Accumax solution and incubated
15 min at 37 °C in order to remove adherent cells from the glass wall. In parallel, the supernatant
was removed, the pellets resuspended in 40 ml PBS, unified in one tube and again centrifuged
for 5min at 500 xg. The supernatant was removed and the pellet resuspended in the Accumax
solution from the bioreactor tank. After this, the solution was incubated 15min in a 37°C
water bath. Then, cells were counted by trypan blue staining in a cell counting chamber, and
the solution was set on a horizontal shaker at 300 RPM and 37°C in order to dissociate the
aggregates completely. Cells were counted by trypan blue stainig after 15, 30 min of incubation
determine cell number and viability (overall 45 min incubation). Then, the cell suspension was
passed through a cell strainer to separate single cells from remaining aggregates and the cell
strainer was placed in a 6 well plate. After centrifugation (5min at 300x g) 6 ml of the Accumax
solution was transferred to the cell strainer in the 6 well plate to dissociate remaining aggregates.
The remaining Accumax solution was removed from the cell pellet and the pellet was resuspended
in 25ml fresh culture medium for further subcultivation or cryopreservation. The 6 well plate
with the cell strainer was placed on a horizontal shaker, incubated for 1 h at 37°C and 100 RPM.

Afterwards, cells were counted again.

B.4 Biomaterial characterization

Permeability To measure the permeability of a porous scaffold the pressure inside the biore-
actor system was measured simultaneously upstream (P;) and downstream of the bioreactor
chamber (P2) at different flow rates (see Figure 5.8). The differential pressure AP (P; — Py)
can be used together with characteristics of the biomaterial to calculate the permeability & with

Darcy’s law:

(Q-p-h)

b= (A-AP)

(B.1)

where (@) refers to the volumetric flow rate, p is the dynamic viscosity of water at 37°C, h
is the height and A the area of the biomaterial. Permeability was determined for the ceramic
zirconium dioxide matrix Sponceram which has been characterized extensively before and was
shown to have bone-like properties [273]. It has a porosity of 66.7 %, an average pore size of
510 pm, a diameter of 10 mm and a thickness of 3 mm. The differential pressure was measured at

different flow rates ranging from 1.5 to 15 ml/min (increment of 0.5 ml/min) with the same setup



Appendix B. Methods 124

used during sensor characterization. The data was recorded with the incubator’s data acquisition.
Each flow rate was measured for 10 min resulting in 4484 + 71 data points for each flow rate and

measurement. Three randomly picked Sponceram discs were used for the measurements (each n
= 3).

B.5 Bioreactor characterization

Pressure sensors The pressure in the bioreactor tubing system was studied for each sensor
separately at flow rates ranging from 1.5 to 15ml/min. For this, the pump was programmed
to increase the flow rate stepwise by 0.5,ml/min every 10,min (n=3). As the data acquisition
system recorded each change in pressure these measurements resulted in 4423 + 4 data points for
each flow rate. A circular bioreactor setup filled with ddH2O at 37°C was used during sensor

characterization (see Figure 5.8).

Shear stress calculation After determination of permeability the fluid shear stress that cells
on the scaffold surface are exposed to was estimated with a mathematical model.
For laminar flow systems, the wall shear stress 7, is defined by the normal velocity gradient

at the wall:
ou

Hon

where p is the dynamic viscosity, v the flow velocity and n the z-, y- and z-direction. Based on

Tw =

(B.2)

Equation B.2 the average (7uqurg) and maximum shear stress (7umqz) was calculated from the
entire scaffold domain which was in introduced in the COMSOL model as described in section B.5
Computational fluid dynamics analyses. Furthermore, the computational fluid dynamics (CEFD)
derived shear stress was compared with a model proposed by Vossenberg et al. [261] which
uses the permeability constant k£ as an indicator for shear stress. It also uses the permeability
constant £ to calculate the average (7qurg) and maximum shear stress (7umaz) at a flow velocity
of 100 pm/s:

Twavrg = 9.82 - 107120914 (B.3)

Twmaz = 3.36 - 107100807 (B.4)

In fact, equations B.3 and B.4 are only valid in systems with laminar flow assuming Darcy’s
law is applicable. This is the case as long as the interstitial Reynolds number Re; < 8 [291].

Consequently, Re; was calculated from the bioreactor and scaffold parameters:

(p-4¢-Dp)
(n(1—¢))

where p is the density of water at 37°C, Dp the average pore diameter, ¢ the sphericity (for

Rei = (B.5)

simplicity assumed to be 1) and ¢ the porosity.
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If permeability k of a biomaterial is not known, shear stress can also be estimated with a more
simple approach suggested by Goldstein [132]. It assumes as uniform flow across the (scaffold)
surface and a parabolic flow through cylindrical pores. The mean velocity u,, is then given by

Uy = @ (B.6)

D2
e ()
where @) is the volumetric flow rate, € is the porosity and D is the bioreactor (and scaffold)

diameter. 7, is then given by
Um,
-3 B.7
Tw 'qu ( )

Computational fluid dynamics analyses To estimate the flow profile and streamlines in
the perfusion bioreactor, 3D models were generated with CAD in Solidworks 2015 and imported
to COMSOL Multiphysics. The porous media flow model was used where the steady-state
Navier-Stokes equations were solved. The material was set to water at 37°C, the inlet boundary
condition to welocity with normal inflow velocity and the outlet boundary condition was set
to pressure. For all solid walls no slip boundary conditions were set. The mesh was created
by COMSOL with a normal element size. The shear stress distribution in a porous scaffold
was simulated with same model. To simplify the scaffold a cylinder of the same dimensions
with porous matrix conditions was introduced to the model. Porosity and permeability were set
according to the characteristics of the scaffold (for Sponceram porosity is 66.7 % and permeability
is 1.7 £0.9-10'm?). A stationary study was conducted using 3.6, 17.8 and 35.6mm/s as
flow velocities at the bioreactor inlet which corresponds to the volumetric flow rates of 1.5, 7.5
and 15ml/min. The velocity profile, streamlines and shear stress distribution of the bioreactor

chambers were plotted from these results.

Residence time distribution To characterize the mixing behavior of a bioreactor system
the residence time distribution (RTD) can be obtained from wash out experiments. For this
a Dirac pulse with a tracer substance is injected at the entrance of the bioreactor chamber.
Simultaneously the concentration of the tracer substance at the exit is measured. First the
bioreactor volume Vi was measured by weighing the reactor chamber with and without water.
The volumetric flow rate ) was measured by weighing the water that was pumped through the
system within a certain time. The hydrodynamic residence time T was derived from Vg/Q. To
obtain the RTD a Dirac pulse of 100 ul methylene blue solution 1:18 in ddHsO was injected at
the entrance of the bioreactor chamber during perfusion. Drops were collected 10 cm downstream
in a 96 well plate and the absorbance at 688 nm of each well was measured with a plate reader.
The measurement was carried out for ¢t =0...4- T at 0.6, 1.5 and 3 ml/min (at least n=3). The
RTD was then derived from the data collected in the washout experiments as described before
[187|. Briefly, the residence time function E(t) is calculated by dividing the concentration of
the tracer at each time point by the integral of the tracer concentration from t =0...4- T. To
compare measurements of different bioreactors, the dimensionless residence time function E(©)
can be derived from E(t).
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The tanks-in-series (TIS) model describes real bioreactors as a cascade of perfectly mixed
continuous stirred tank reactor (CSTR) with N tanks in series [208]. For N — 1 the bioreactor
behaves like a CSTR, for N — oo it behaves like plug flow reactor (PFR) without any axial
mixing. Data obtained in the washout experiments was fit to the TIS model with a global curve

fit using the software OriginPro with N as the key parameter of the following equation:

_NWONTY (e

BO) =~y (B.8)

A real bioreactor can also be described with the dispersion model where the dimensionless
Bodenstein number Bo describes the ratio between convective transport to axial diffusion. For
a system with open-open boundary conditions it can be derived from the response curve of a

Dirac pulse as follows:

14 4/8-03+1
Bo = (B.9)

2
99
2

03 = (B.10)

39

with o2 as the variance and 0(29 as the dimensionless variance. For Bo — 1 the axial dispersion
is high indicating strong back mixing. For Bo — oo the axial dispersion is 0 indicating no back

mixing.

B.6 Assays

Differentiation capacity To determine the differentiation capacity MSC were seeded in pas-
sage 2 at 4000 cells/cm? in a fibronectin coated 12 well plate (either manually coated or pre-coated
by manufacturer). Manually coated plates were coated with 2 ug/cm? fibronectin (152 ul of a
50 pg/ml fibronectin in ddH50O). The plates were air dried for 45 min at room temperature, sealed
with parafilm and stored at 4°C. Prior to use wells were rinsed once with PBS. After seeding
cells were allowed to grow confluent (usually 2 — 3days) and the medium was changed to adi-
pogenic, chondrogenic or osteogenic differentiation medium respectively. Cells were cultivated in
differentiation medium for 21 days and medium changed everey 2 3 days. On day 21 the cells

were fixated with ethanol or paraformaldehyde according to the respective staining.

Proliferation capacity For the determination of the proliferation capacity of MSC isolated
by enzymatic or explant isolation cells were seeded in 6 well plates at a density of 4000 cells/cm?
(n — 3) and incubated at 21 or 5% Oy. When cells were approximately 80% confluent the
medium was removed, cells rinsed with PBS, 500 ul accutase were added and cells incubated
at 37°C (15 — 20min). Afterwards, 800 ul medium was added and cells centrifuged at 300x g
for 5min. Medium was removed, the pellet flicked and dissolved in a appropriate amount of
medium. The cell number was determined by trypan blue staining, cells were pooled and seeded
again at a density of 3000 or 4000 cells/cm?. Cells were subcultivated until the cumulative cell

number plateaued.
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The population doublings PD during a specific time span At = t,, — typ were than calculated
with

PD = @ (B.11)

where xg refers to the cell number at time point ¢y and x, to the cell number at t,. The
population doubling time tpp was then calculated by
At

tpp = —— B.12

=50 (B.12)

Flow cytometric analysis To determine MSC surface marker expression cells were detached

by accutase treatment and stained with MSC phenotyping kit (Miltenyi Biotech GmBH) accord-

ing to manufacturer’s instructions. Stained cells (5-10% cells per aliquot) were resuspended in

300 pl flow cytometry buffer and acquisition carried out on the BD FACS Cantoll with the BD

FACS DIVA™ goftware. At least 1-10? gaited events per sample were recorded. Finally, all data

was analyzed with the Kaluza Flow Cytometry software.

Senescence-associated -galactosidase staining Senescence of MSC was assessed by senescence-
associated [-galactosidase staining kit (Cell Signalling Technology). For this, cells were seeded
at 4000 cells/cm? in a 6 well plate and incubated until cell growth plateaued (as estimated by
phase contrast microscopy). Then, cells were rinsed with PBS, fixated, covered with staining so-
lution and incubated over night in a COg free incubator at 37 °C according to the manufacturer’s

instructions. The staining was documented by transmitted light microscopy.

MTT viability assay For the determination of viability of cells on a scaffold it was placed in
a 24 well plate, rinsed with PBS and incubated for 4h at 37°C in 1 ml of MTT working solution
(10 % MTT stock solution in PBS). Afterwards, the sample was scanned (Epson V33) in order to
document stained areas. To dissolve the precipitated formazan dye 900 ul of SDS solubilization
solution were added and the sample incubated over night at 37°C. Subsequently, 8 x200 ul of
the solution were transferred to a 96 well plate and absorption (570 - 630 nm) was acquired with
a plate reader (MultiSkan).

TOXS8 viability assay In order to determine the viability of 3D MSC aggregates 100 ul of
the aggregate suspension was transferred to a 96 well plate and 10 ul TOXS stock solution were
added. Subsequently, the plate was incubated 2h at 37°C on a horizontal shaker at 100 RPM.

Increase of fluorscence (560/590 nm) was determined with a plate reader (Tecan).

Alkaline phosphatase activity For the determination of ALP activity from the liquid cell
culture supernatant 1ml sample per measurement point was collected during cultivation and
stored at -20 °C. For measurement samples of one experiment were all thawed together at room
temperature and after centrifugation for 5min at 14000 x g and 4 °C the supernatant was trans-
ferred to a new 1.5ml tube. Subsequently, 8 x80 ul were transferred to wells a 96 well plate,

20 pul of pNPP stock solution were added to each well and the plate incubated for 60 min at
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37°C. Immediately absorption (405nm) was recorded with a plate reader (Tecan). The amount
of p-nitrophenolate (product of the enzymatic reaction) was determined with a calibration line
which was acquired before (y = 0.03172, R? = 0.99584, n=3). The ALP activity U (umol/min)
which corresponds to the amount of enzyme that converts 1 gmol of substrate per minute was
then calculated by:

.. CpNP —1
ALP-activit U:(f’i-t ) B.13
activity 0.1391 (B.13)

where ¢pnp is the concentration of p-nitrophenolate (pg/ml), 0.1391 the conversion factor
from pg/ml to pmol/l and ¢ the incubation time (min). Consequently, U - V with V as the

volume (1) gives the volumetric enzyme activity.

DNA isolation and quantification In order to isolate DNA from samples an adequate
amount of lysis buffer was added and samples incubated for at least 3h at 37°C at 100 RPM.
3D samples were incubated in a standard incubator on a horizontal shaker whereas 2D samples
were detached by accutase treatment prior to addition of lysis buffer, transferred to 1.5 ml tubes
and incubated in a heating block. In order to precipitate DNA 250 ul of the lysate were trans-
ferred to a 1.5ml tube and 500 ul 100 % Ethanol (4 °C) were added. Tubes were inverted several
times and incubated over night at -20°C to foster DNA precipitation. Subsequently, tubes were
centrifuged 20 min at 14.000xg (4°C), supernatant was removed and the pellet washed with
500 1 70 % Ethanol (4°C). Again, tubes were centrifuged 5 min at 14.000 x g, supernatant was
removed and pellets air dried. Finally, the pellet was dissolved in a appropriate amount of TE
buffer. DNA was quantified with the Quant—iTTM PicoGreen® dsDNA Assay Kit following the

manufacturer’s protocol.

B.7 Histology

After microscopic x-ray computed tomography Tutoplast samples were processed for histology.
For this, samples were decalcified in either EDTA or a solution of sodium citrate and formic
acid in ddHyO for 3 weeks. Subsequently, the samples were dehydrated in an ascending series of
ethanol and xylene and embedded in paraffin wax using a Shandon Tissue Excelsior. Afterwards,
samples were deparaffinized in xylene and sections were rehydrated in descending ethanol series
(100, 96, 70 %). Subsequently, sections were stained with hematoxylin for 6 min and eosin for
5min in ddH50. Sections dehydrated again (96, 100 % ethanol and xylene) and covered with

DPX mounting medium.

B.8 Staining procedures

In this section fixation and staining procedures are described. However, for 3D samples (Spon-
ceram or Tutoplast) rinsing was always performed for 5min on a horizontal shaker at 100 RPM
and incubation in the respective staining solution was as well performed on a horizontal shaker
at 100 RPM (same duration as 2D samples).
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Ethanol fixation For fixation with ethanol cells were rinsed three times with PBS, covered
with -20°C cold ethanol 96 % and incubated at 4°C for 1h. Afterwards, samples were rinsed
three times with PBS, covered with PBS and stored at 4 °C.

Paraformaldehyde fixation For fixation with paraformaldehyde (PFA) cells were rinsed
three times with PBS, covered with 4 % paraformaldehyde in PBS and incubated 10 min (30 min
for 3D samples) at room temperature. Afterwards, samples were rinsed three times with PBS,
covered with PBS and stored at 4°C.

Glutaraldehyde fixation For fixation with glutaraldehyde cells were rinsed with PBS, covered
with 2.5 % gluaraldehyde in ddH5O and incubated for 2h at 4°C. Afterwards, cells were rinsed
thrice with ddHsO for 15 min.

DAPI staining Prior to staining the cell nuclei with 4’,6-diamidin-2-phenylindol (DAPI) the
samples were fixated in ethanol. Cells or scaffolds were rinsed with PBS, covered with DAPI
staining solution (1 ul DAPI stock in DAPI buffer) and incubated for 20 min at room temperature.
Subsequently, cells were rinsed with PBS twice and documented by fluorescence microscopy

(excitation /suppression filter: 360/470nm).

Calcein staining Calcium deposition of the extracellular matrix was stained with calcein.
Prior to staining with calcein samples were fixated in ethanol. Afterwards, samples were rinsed
with ddH2O, covered with calcein staining solution (5 pug/ml calcein in ddH50) and incubated
over night at room temperature. Subsequently, samples were rinsed three times with PBS and

staining documented by fluorescence microscopy (excitation/suppression filter: 490/515nm).

Von Kossa staining The von Kossa staining was used to stain phosphate deposition of the
extracellular matrix. Prior to staining samples were fixated with ethanol. Samples were then
rinsed three times with ddHsO, covered with 5% silver nitrate solution and incubated for 30 min
at room temperature in the dark. Subsequently, cells were washed thrice with ddH5O, exposed
to UV light for 2min and rinsed with decolorization solution for 2 min. Afterwards, samples were

rinsed three times with ddH2O and staining was documented with scanner and microscope.

Alicarin red staining Alicarin red was used to stain calcium deposition of the extracellular
matrix. Prior to staining cells were fixated with ethanol. Samples were then rinsed with PBS,
covered with alicarin red solution and incubated for 15 min at room temperature. Subsequently,
samples were rinsed several times with PBS until the supernatant remained clear and staining

was documented with scanner and microscope.

Alcian blue staining Alcian blue staining was used to stain proteoglycan aggrecan of the
extracellular matrix. Beforehand, cells were fixated with ethanol. Samples were then rinsed with
washing solution (3 % acetic acid in ddH5O) for 3 min, covered with alcian blue staining solution

and incubated for 30 min at room temperature. Afterwards, cells were rinsed with washing
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solution until the supernatant remained clear and staining was documented by phase contrast

microscopy.

Oil Red O staining Oil Red O staining was used to stain lipid vacuoles of cells. Prior to
staining cells were fixated in PFA. Samples were then rinsed thrice with ddH»O, covered with
Oil Red O solution and incubated for 20 min at room temperature. Afterwards, cells were rinsed
with ddH5O until the supernatant remained clear and staining was documented by phase contrast

microscopy.

Calcein-AM and PI viability staining To assess viability cells were stained with calcein
acetoxymethyl ester (calcein-AM; stains for living cells) and propidium iodide (PI; dead cells).
For this, samples were rinsed with PBS, covered with calcein-AM staining solution (4 ul/ml
calcein stock in PBS) and incubated 20 min at 37 °C. Afterwards, 33 ul of PI stock solution were
added and samples incubated for 1 min at room temperature. Subsequently, samples were rinsed
two times with PBS, covered with PBS and staining immediately documented by fluorescence

microscopy (excitation/suppression filter: 490/515nm).

B.9 Scanning electron microscopy

After glutaraldehyde fixatoin cells were dehydrated with increasing ethanol series. For this, sam-
ples were incubated successive in 50, 60, 70, 80, 90 and 100 % ethanol for 15 min at 100 RPM on a
horizontal shaker. Subsequently, cells were incubated in 33, 66 and 100 % hexamethyldisilazane
in ethanol for 5min at 100 RPM, air dried and sputtered with 5nm palladium-gold in argon

plasma for observation in a scanning electron microscope.

B.10 X-ray microtomography

After fixation with paraformaldehyde samples were covered with 70 % ethanol and stained with
1% phosphotungstic acid in 70 % ethanol for 24h in order to enhance contrast of cells. Sub-
sequently, samples were rinsed with 70 % ethanol, transferred to a 1.5ml tube and mounted in
1.5% agarose. Samples were either scanned in the Scanco uCT35 or Xradia VersaXRM-500.

Images were exported as Dicom sequences and visualized with the Drishti software.

B.11 Image processing

In order to present comparative overview images of entire 3D samples after fluorescent staining
procedures images of the entire scaffold were aquired with approximately 1/3 overlap at the
right and left boarder and 1/5 overlap on the upper and lower boarder at 4 x magnification (30 -
50 images per sample). Subsequently, images were automatically merged with Microsoft Image

Composer to one image.
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B.12 Aggregate size analysis with ImageJ

The aggregate size of experiments from section 4.2 was carried out with ImageJ. For this, at
least 6 pictures of each condition were processed. Pictures were converted to grayscale 8-bit and
threshold was adjusted to generate a black and white image in which only the cellular aggregate
remained black. The aggregate was then selceted with the Wand tool and the selection was
fitted to an ellipsoid shape. The circumference, perimeter and area of the fitted ellipse were
than measured with the built-in measurement tool. The data was imported in Excel for further

calculations.
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