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Preface

Cell culture technology is a continuously developing field in biotechnology as well as in
basic sciences. Apart from the isolation of new cell types and the development of new cell
lines, there is tremendous progress in cultivation platforms, media optimization, novel
arrays and monitoring techniques as well as increasing complexity of in vitro models.
Especially, three-dimensional (3D) cell cultivation becomes a leading edge of this devel-
opment. 3D cell cultivation develops in various directions with growing complexity,
including co-cultivation of different cell types in 3D, spatial distribution, and precise
geometry control by the implementation of bioprinting, as well as dynamic cultivation of
3D cellular constructs in bioreactors and microfluidic systems. If in our previous book
(“Cell Culture Technology” Springer Learning Materials in Biosciences. Eds: Prof.
Dr. Cornelia Kasper, Dr. Verena Charwat, Dr. Antonina Lavrentieva, Springer Verlag,
2018) we concentrated on modern, but mainly classical, 2D cell cultivation techniques, this
volume presents a logical continuation and extension of cell culture in the third dimension.
We included in this book various aspects and techniques of 3D cell cultures. Being more
physiologically relevant, 3D in vitro systems become increasingly challenging in terms of
monitoring, viability evaluation, and choice of suitable cultivation platform. For this book,
we brought together leading experts in various fields of 3D cell cultures: biotechnologists,
biologists, material scientists, and engineers, who shared their valuable knowledge and
described the current state of the art in their fields of expertise.

In Chap. 1 of this book, a general and profound overview and comparison are given over
the main aspects for “translating” the cell culture techniques from traditional 2D to
advanced 3D cell culture conditions. Special focus is laid on aspects important within the
field of translational research and highlighting the essential criteria and components and
stimuli involved in shaping the cellular microenvironment. Furthermore, the different
methodologies for implementing 3D cultures are described followed by a demonstration
of various applications.

Nowadays, a wide spectrum of different products and equipment exists for cell culture
applications. Chapter 2 presents the “essentials” for 3D culture application products.
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Numerous examples are presented along with a special focus on scaffolding techniques as
well as on different bioreactors systems for dynamic cultivation.

Chapter 3 presents the perception of 2D and 3D cell culture conditions from the cell
perspective. On the example of isolation and cultivation of mesenchymal stem/stromal
cells, protocol steps are discussed: what is the natural in vivo cell microenvironment, what
happens to the cells during isolation step and following in vitro cultivation, and how 3D
cell cultures and co-cultures bring the isolated cells into physiologically “comfort” in vitro
environment. This chapter also includes a commix, which demonstrates in entertaining way
all discussed issues.

Biologists, chemists, and material scientists have developed a wide range of 3D
scaffolds to allow 3D in vivo-like extracellular environment. Chapter 4 of our book
summarizes the scaffold material design techniques, for both synthetic and natural
scaffolds. Moreover, the application of natural decellularized soft and hard tissues is
described in this chapter. The authors subdivide scaffold materials, those which are used
for cell entrapment versus those where porous matrix is manufactured first with subsequent
population by the cells.

Hydrogels, 3D crosslinked networks of polymers, have become a very popular 3D
cultivation platform since they provide researchers with a versatile tunable toolbox
allowing the creation of 3D constructs with a great variety of optical, mechanical, chemical,
and biological properties. Chapter 5 describes hydrogel classifications, mechanical and
physical requirements of hydrogels, as well as methods of hydrogel characterization,
sample recovery, and cell analysis. Furthermore, the creation of gradient hydrogel
constructs and the field of hydrogel applications such as microfluidics and bioprinting
are described in this chapter.

To reconstruct the microvasculature in 3D in vitro models and tissue-engineered
constructs, various techniques were developed over the past years. On the one hand,
increasing sizes of tissue-engineered constructs require an adequate supply of nutrients
and oxygen. On the other hand, 3D vascularized aggregates represent physiologically
relevant in vitro models for drug screening and disease models. Chapter 6 summarizes
procedures and aspects for the isolation and characterization of vascular cells and the
generation of various 3D vascular structures. The authors present detailed protocols for the
creation of functional vascularized organoids.

Over the last 10 years, a rapidly growing number of approaches were developed for
scaffold-free 3D culture. Many research groups but also companies worked on the estab-
lishment of more or less self-zing concepts. Nowadays, spheroid cultures are gaining
increased interest and are applied much more widely, especially due to a growing number
of smart materials being available to support the easy handling of these advanced cell
cultures. Chapter 7 summarizes a selection of definitions, techniques, and products for
realizing scaffold-free 3D cell culture construct cultivation.

In Chap. 8, experts in microfluidics describe how microfluidic techniques can be used to
further enhance the physiological relevance of 3D cell cultures. Indeed, the implementation
of microfluidic devices allows not only dynamic cultivation of 3D cell cultures but it also
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gives an opportunity to apply time-resolved concentration profiles of, e.g. growth factors.
Another major advantage of microfluidics is the automatization of typical lab procedures,
such as mixing, separation, amplification, and detection of components. Both, soft lithog-
raphy and high-resolution 3D printing methods for microfluidic systems fabrication are
also discussed in detail in this chapter. In addition, the authors provide a detailed overview
on ‘“organ-on-a-chip” systems, an innovative approach which allows the creation of
interplay between organs on miniaturized and automatized platform.

To even more advance the options of 3D cultures, bioprinting technology has been
introduced. This technique is based on previously developed 3D additive manufacturing,
where 3D models are printed layer by layer. With the help of bioprinting, precise spatial
cell and biomaterial distribution in 3D constructs can be achieved. Moreover, 3D constructs
with complex geometry can be created, allowing the manufacturing of in vivo-like tissues
and organs. Chapter 9 of this book gives a comprehensive overview on bioprinting chains,
including 3D model generation, natural and synthetic materials used as bioinks, 3D
bioprinting methods and bioprinters, as well as maturation and the application of bioprinted
tissues.

One of the major limitations in 3D cell cultures is still the analytical techniques for
reliable and sensitive “monitoring” of cell and 3D tissue growth. Common to all 3D cell
culture applications is the demand for non-destructive methods. Another demand on the
“wish list” of researchers and companies involved in product development for cell-based
assays and therapies are tools and techniques that can be applied label-free. Most of the
microscopic methods are limited with regard to depth and also with demand for transparent
materials. In Chap. 10, a profound overview on Raman microscopy and confocal micros-
copy is presented as examples for systems that are being applied also in 3D cell culture
monitoring.

The editors would like to thank all authors contributing to this comprehensive introduc-
tion to 3D cell culture technologies and applications textbook. It is out of question that we
have all been working under challenging conditions since the beginning of 2020. The
COVID-19 crisis has influenced massively not only our work but also our everyday life.
The editors are tremendously thankful to the contributing colleagues for dedicating their
time to this modern textbook on advanced 3D cell culture.

Hannover, Germany Antonina Lavrentieva
Vienna, Austria Cornelia Kasper
October 2020
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2 D. Egger and S. Nebel

What You Will Learn in This Chapter

This chapter explains the importance of 3D cell culture and highlights its potential
and benefits in comparison to traditional 2D cultivation. Since 3D cell culture is
supposed to mimic the in vivo situation, we will also have a close look on the
complex composition of the in vivo microenvironment and why 2D cultivation does
not resemble the in vivo situation. Furthermore, we will cover the most important
approaches for 3D cell culture which are matrix-free and matrix-based cultivation as
well as bioprinting. Also, the main applications of 3D cell culture, in vitro tissue or
disease models and tissue engineered constructs for tissue repair or regeneration, will
be introduced. Finally, you will learn that 3D cell culture has its limitations and
challenges when it comes to the analysis and monitoring of 3D cell culture processes.

1.1 3D Cell Culture: The Bridge Between Bench and Bedside

The beginnings of Regenerative Medicine (RM) can be pinpointed back to the late 1970s
where first discoveries on artificial skin paved the way to far more advanced research and
commercialization of RM products. Today the field of RM comprises cell-based therapies,
gene therapies, biologics and small molecules, tissue engineering approaches and utiliza-
tion of stem cells for drug discovery, toxicity testing and disease modelling 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. The paradigm “from bench to bedside” describes the principle that findings from
basic research are translated into therapeutic clinical applications. However, there is an
obvious and serious gap between bench and bedside in all fields of RM. As a result,
Fernandez-Moure proposed that the current paradigm “from bench to bedside” needs to
shift to “from the bedside to bench and back™ [1], meaning that not only findings from basic
research should be the basis for the development of new therapies but also the clinical
needs drive the focus of basic research. So, how can this be realized?

Five drivers for research in RM have been identified: (1) manufacturing, (2) reimburse-
ment, (3) multicompetence collaborations, (4) regulatory compliance and (5) clinical trials
[1]. Although manufacturing and reimbursement issues are critical, they are more relevant
in later stages of product development and not of primary concern at the level of basic or
applied research. Multicompetence collaborations are valuable but need to be elaborated
and strengthened before research is actually conducted. However, regulatory compliance
and clinical trials are issues that researchers should consider from the very beginning. After
the generation of basic or pre-clinical data, many ideas or approaches for novel products or
therapies in RM cannot be pursued further since they are conceptually incompatible with
the approval for clinical trials. National regulations and clinical trials are very specific
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Fig. 1.1 Translational research comprises five different phases depicted as TO-T4 where TO-T2
comprises the translation from basic research to clinical trials and T3/T4 comprises follow-up studies.
Each phase is defined by distinct challenges and moreover need to communicate with the prior and
advancing phase; modified from [3]

challenges of RM. To avoid those so-called valleys of death where the development of
novel therapies comes to halt, prior considerations regarding the national regulations at the
basic and applied research level are crucial. Researchers and investors need to clarify in
advance whether there is a true clinical need 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. Therefore, considerations on
the basic research level may improve the later translation process.

The translation of results from basic research to clinical application is a great challenge.
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 [2]. Besides the fact that some
products are just not effective in a statistically significant number of human beings,
possible sources of failure during clinical trial but also basic research exist. Translational
research comprises at least five phases with four “translations” in between and all of them
need to be successful for the successful development of a novel therapy (Fig. 1.1). Here,
researchers, clinicians, health care institutions and industry must work hand in hand which
requires that all involved parties “speak the same language”. Especially in the area of
advanced therapy medicinal products (ATMPs), several uncertainties exist. Therapeuti-
cally positive effects observed in the lab are often not present in first human trials and thus
projects come to a halt at early stages. To increase the predictability of pre-clinical studies
or refine potency testing of ATMPs and biologicals, proper models for in vitro testing are of
tremendous importance. These models must be relevant from a regulatory perspective and
robust with regard to safety, efficacy, purity and dose response. Owing to advances in 3D
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cell cultivation and dynamic cultivation systems, in vitro models are getting better and thus
more predictable for clinical outcome [4, 5].

Traditional cultivation conditions like the cultivation of adherent cells on 2D plastic
surfaces in a static environment, such as given with a standard T-flask, well-plate or
Petridish, are far from representing the natural, physiologic environment of these cells.
Probably, data that is generated under these non-physiologic conditions is often not
physiologically relevant. In fact, a major reason why therapeutic effects observed
pre-clinically under 2D conditions are often not observed in in vivo studies is potentially
because the cultivation conditions are not relevant for the in vivo situation. Obviously, this
compromises the development of novel therapeutics massively.

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
behaviour changes dramatically. Often, these observed effects are therapeutically relevant.
For example, under physiologic oxygen concentrations, proliferation of stem cells and
release of growth factors are increased. Also, mechanical forces such as hydrostatic
pressure or shear stress in a physiologic range induce the differentiation into specific
lineages.

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. To mimic the physiologic environment myriads of 3D
matrices from different 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 expected to increase the predictability of
in vitro testing for in vivo trials.

Expanding the cellular in vitro environment by a third dimension adds immensely to the
generation of a physiologic environment. To extend cellular growth to the third dimension,
supportive structures, called matrices or scaffolds, have been engineered from numerous
materials (see Chaps. 2, 4, 5). However, 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
[6]. The material properties affect the cellular behaviour in many ways. Obviously, every
material has its own advantages and disadvantages and must be, therefore, chosen to fit the
respective biological requirements.

In conclusion, the main reasons for 3D cell culture is the generation of a physiologic
environment to generate physiologically relevant data to foster the development of better
in vitro models for, i.e., drug testing and tissue engineered constructs to increase the
outcome of translational research.
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Questions

1. Why is 3D cell culture important in translational research?

2. What is the most important advantage of 3D cell culture?

3. Why does the development of many products and therapies stop after the first
clinical trial?

1.2  The Physiologic Microenvironment of Cells

1.2.1 Cells Shape Their Environment and the Environment Shapes
the Cells

To understand the importance of switching from 2D to 3D culture systems we need to
comprehend the natural environment of cells within a living organism. When we are first
introduced to cell biology, we encounter a very generic image of a cell, its organelles, their
function and interactions within the boundaries of the outer membrane. Further on, different
cell types and their specialized functions are studied. It is now very important to remember
that in vivo tissue consists of a highly specialized arrangement of different cells and that this
architecture is a crucial point for tissue function. The skin serves as an excellent example, the
epidermis as outermost layer consisting of very tightly bound keratinocytes to create a barrier
to the outside. Underneath we find the basement membrane for stabilization and the dermis,
harbouring blood vessels, hair follicles and sensory functions. Furthermore, on the example
of structural tissues like tendon and bone we can see that a lot of non-cellular material not
only is present but actually contribute to tissue functionality.

A fascinating point to consider when talking about the cellular microenvironment is that
not only function follows form but also form follows function, meaning that within the
complex system of a living organism there is a constant exchange of information from the
cellular level to the three-dimensional structure of tissue. The different cell types create the
tissue architecture by assembling themselves in distinct layers or zones, constantly remodel
their surrounding space by depositing or degrading extracellular matrix molecules. On the
other hand, the surrounding ECM and the mechanical, physical and biological cues within
the 3D structure influence cell behaviour and differentiation [7].

1.2.2 Components of the Cellular Environment

How exactly does this environment look like? The space outside a cell can be inhabited by
other cells, ECM, hormones and other solutes, all in an aqueous environment. Cell-dense
tissues are, for example, found in the brain and the spinal cord, but in a lot of regions of the
body ECM occupies most of the extracellular space, rather than the cells. This ECM is
made of an intricate network of proteins and polysaccharides secreted mostly by a special
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The Extracellular Matrix o J

integrin " -

actin fibers

Fig. 1.2 Schematic illustration of the ECM; the main components of the ECM include fibrous
proteins (collagens, fibronectin) and large polysaccharide chains linked to core proteins
(proteoglycans), the cells cytoskeleton (actin fibres) is connected to these ECM macromolecules
via transmembrane proteins (integrins), especially fibronectin plays an important role in cell-to-ECM
and ECM-to-ECM binding

family of cells, the fibroblasts. Two large classes of macromolecules can be distinguished as
building blocks of the ECM (see Fig. 1.2). Large polysaccharides, the so-called
glycosaminoglycans (GAGs) that are usually covalently bound to proteins. These
proteoglycans (combination of the terms protein and glycan) form highly hydrated gels, in
which the second class of macromolecules, fibrous proteins, can be embedded in. Plenty of
carboxyl and sulphate groups running along the polysaccharide chains cause a negative
charge that attracts cations (especially Na+). The resulting osmotic pressure causes an
immense amount of water to be drawn into the matrix, ensuring a high resistance against
compressive forces. The fibrous proteins give further strength to the hydrogels by providing
robustness under tension and are necessary for cell anchorage within the ECM. With
differing proportions of matrix macromolecules and ways in which they are organized, a
great variety of structures can be built, ranging from rigid, hard ECM in bone to the extreme
elasticity of blood vessels or the rope-like, tension-resistant structure of tendons [8].

GAGs are unbranched and composed of repeating disaccharide units with one unit
always being an amino sugar. Hyaluronan, chondroitin sulphate, heparan sulphate and
keratan are the four main groups. As already mentioned, they are usually bound to a core
protein (with hyaluronan being the exception) forming proteoglycans. These
macromolecules are huge compared to other glycoproteins and can even further assemble
to highly organized aggregates.

From the fibrous proteins, collagen is by far the most abundant one comprising 25% of
total protein in mammals. Collagen has a hierarchical structure starting with three
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Fig. 1.3 Schematic representation of the ECM proteins collagen, elastin and fibronectin. (a)
Collagen is composed of three alpha helices that form a triple stranded super helix. This is made
possible by the repetitive sequence with every third amino acid being a glycine, which has only a
hydrogen atom as a side chain. (b) Elastin fibres are formed by covalent crosslinking of single elastin
molecules that curl together in the relaxed state and straighten out once stretched. This allows for high
elasticity within the tissue. (c¢) Fibronectin is a dimeric protein with specific domains for self-
association, binding of other matrix molecules and especially cell attachment. The RGD motif in
those domains can be bound by integrins

polypeptide chains in an alpha-helix that are wound around each other in a helix again, a
so-called triple superhelix. This is possible as the peptide chain is rich in proline and
glycine. Every third amino acid being glycine, with only a hydrogen atom as side chain,
thus the three strands can form this tight contact (see Fig. 1.3a). With 25 different alpha-
chains encoded in the genome, there are a lot of possibilities, yet only around 20 have been
identified so far. The most found ones are type I, II, III, V and XI. Multiple of these
collagen superhelices together can form a collagen fibril by regular stacking of molecules
on top of each other once secreted and strengthened by covalent crosslinking. The
regularity of the stacking can even be seen in the electron microscope as cross-striations
of a fibril every 67 nm. Multiple of such fibrils often form even thicker and rope-like
bundles: collagen fibres. Alignment and crosslinking of these ECM macromolecules is
especially important in load-bearing tissues where high tensile stress is present. Other types
do not assemble into fibres; however, some are thought to link the fibrils together (IX, XII).
Others can form networks (IV, VII) and are essential for the formation of the basal
laminae [9].

Next to resisting strong tensile or compressive forces a crucial parameter of the ECM in
many tissues is also flexibility, with the most prominent examples being blood vessels,
lungs and skin. This is achieved by an extensive network of elastic fibres. Interwoven with
varying degrees of sturdy collagen fibres they control the elasticity and resilience of the
tissue. Elastin, as the name implies, is one of the main components of elastic fibres. It is
similar to collagen regarding the amounts of proline and glycine; however, the molecules
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do not assemble into helices and fibrils but take on a random coil conformation (see
Fig. 1.3b). These coils are covalently bound to each other, thus allowing the network to
be stretched and recoil back to the original shape [10].

While collagen and elastin are essential for giving tissues their mechanical properties,
fibronectin is of special importance for cell attachment to the matrix. Studies have shown
that blocking fibronectin during embryonic development inhibits gastrulation [11]. It is a
dimeric glycoprotein that has distinct domains for both ECM molecules and cells to attach
to. ECM-binding domains allow binding to other fibronectins, collagen, fibrin and heparan
sulphate, whereas the RGD sequence (Arg-Gly-Asp) in the cell binding domain is what is
recognized and bound to by cell adhesion molecules (CAMs). Similarly, the RGD motif
can be found also in laminin, a heterotrimeric cross-shaped protein. It is the main compo-
nent of the basal lamina, because of its ability to form sheets. This is possible due to 3 of the
4 arms are prone to bind to other laminins [12].

1.2.3 Stimuli Within the Cellular Environment

A cell can receive environmental cues from its surroundings are based on chemical and
physical phenomena, highly intertwined with change of one parameter influencing dozen
others. Still we want to try to divide stimuli acting on the cell into four groups, which will
help to better understand the cellular microenvironment: biological, chemical, physical and
mechanical cues (Fig. 1.4).

To begin with we will take a short look on what we classified as physical stimuli. One
very important factor regarding this is temperature, an atmosphere containing oxygen and
the presence of water. Within an organism temperature is tightly controlled within a rather
small range. In mammals the optimal internal temperature is at 37 °C, decreasing tempera-
ture is counteracted with, for example, muscle contractions simply known as shivering. In
the case of an infection the body can also harness the higher sensibility to heat of the
invading pathogens by regulating the temperature up resulting in a fever. On an intracellu-
lar scale we must take even more into account that temperature is in fact particle movement.
With increasing temperature particle speed increases, which in this environment has
influence on the speed and efficiency of enzymatic and chemical reactions. Next to
temperature, physiological atmosphere has to be present, in the context of cell culture
this is especially the partial gas pressure of oxygen and carbon dioxide. The concentration
of the dissolved gases in the cellular environment is crucial for cell survival. Oxygen is
needed for cellular respiration, the chemical reaction in which simplified glucose and O, is
converted into water, CO, and energy, which is partly stored as ATP, partly lost as heat.
Important to consider is that in different parts of an organism different oxygen
concentrations are present, leading to a distinct demand of different cell types [13]. The
amount of oxygen present can even be a cue for stem cells during development to push
them into a specific differentiation lineage. Lastly, as the cellular environment is aqueous
but houses myriads of macromolecules, there are deviations from the fluid dynamics of
pure water. Viscosity can influence the diffusion rates into the gaps between substrate and



1 Introduction to 3D Cell Culture 9

AR Temperature "cg:
2|2 Partial Gas Pressure

Extracellular
Matrix (ECM)

Cytokines
Nutrients

Growth Factors
Toxic Substances

CHEMICAM

Fig. 1.4 Overview of the different stimuli acting on a cell. The major types of environmental cues a
cell receives can be divided into physical, chemical, mechanical and biological stimuli

cell membrane or in extreme cases even restrict cell movement [14]. These three factors are
mostly regulated systemically to allow for ambient conditions in the cell microenvironment
rather than be established directly within it. This, as we will discuss later in Sect. 3.1, makes
external control of these factors’ prerequisites for ex vivo maintenance of cells.

The second kind of cues the cell receives is of enormous complexity and variety.
Chemical stimuli are extremely diverse and range from ions/salts to nutrients, cytokines
and growth factors and are found in high abundance in the extracellular space. However,
concentrations inside and outside of the cell must be balanced. Due to osmotic pressure,
cell swelling or shrinking may cause fatal damage. Although this balance is persistent,
concentration gradients of one kind of solute are necessary for a lot of cellular mechanisms.
Whether by passive transport down the concentration gradient or active transport against
the gradient, especially ions drive important mechanisms, such as muscle contraction,
nerve conduction, hormone secretion and sensory processes. Next to ions, cells need
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nutrients in the form of amino acids, as building blocks of proteins. Especially important is
the supply with amino acids that cannot be produced by the organism itself, hence the name
essential amino acids. Furthermore, carbohydrate, the main source of energy being glucose,
fatty acids and lipids for the formation of lipid bilayers, and vitamins and essential amino
acids which cannot be synthesized by the cells but are essential for growth, are needed. For
some enzyme functionality trace elements like copper zinc and selenium are also necessary.
Lastly, peptides and proteins that again are a rather heterogeneous group. Of great interest
are cytokines and growth factors, peptides and proteins that most notably initiate and
regulate the cell cycle, but also are mediators of immune reactions, chemotaxis, growth and
differentiation. Some examples are interferons (IFs), interleukins (ILs), colony stimulating
factors (CSFs), chemokines, fibroblast growth factors (FGFs), transforming growth factors
(TGFs) [15]. All these proteins are signalling molecules that are either secreted by cells into
the environment or are within the membrane. Cells with a matching receptor can respond to
these signals. Thus, short-range and long-range signalling between cells is made possible.
The supply and foremost the composition of all the compounds in the cellular microenvi-
ronment can greatly influence the behaviour of a cell.

A different source of cellular stress can arise from mechanical forces on the cells.
Excessive forces can cause material failure in a cellular context; this would mean rupture
of the cell membrane and ultimately cell death. However, below this upper limit, mechani-
cal stress is an important environmental stimulus. When we are talking about mechanical
forces, what we mean are physical forces that have a magnitude and most importantly a
direction, so called vectors. If we break them down to the most basic forms, we can have
compression, tension, bending and torsion [16]. More complex forms include hydrostatic
pressure and shear stress, as depicted in Fig. 1.5. Especially tissues of the skeletal system

Compression Strain
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,QL/;\‘Q\ \Mﬁ
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~g
E /;\

Fig. 1.5 Types of mechanical forces acting on a cell; blue arrows indicate the direction of the force
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have to withstand and are moulded by mechanical forces making them an essential
component of the cellular environment.

As mentioned above, the three-dimensional architecture, organization and composition
of tissues is what makes them functional. Mechanical stress can guide the cells during
differentiation or proliferation and trigger secretion of different ECM molecules. They also
help cells to organize spatially, to align like we see in muscle and tendon or build layered
structures for, e.g., skin. If we think about this, the question arises how exactly do the cells
“feel” mechanical stress put on them directly or on the ECM around them? This is where
mechanotransduction comes into play. Mechanotransduction refers to the translation of an
external physical force to a biological intracellular signal that can be processed by the cell.
The mechanisms used for this is discussed in the last group of outside cues—biological
stimuli [8].

Although biological stimuli can be broken down to chemical, mechanical and physical
phenomena, their specificity and importance in the cell microenvironment is substantial
enough to highlight them as a separate group. Mechanical stimulations are converted to
biological cues by specified structural components that we will discuss in detail.

There are several different cell-to-cell contacts that each is designed for specific
purposes. For example, as mentioned above, cells frequently must create a barrier between
two regions in the organism or to the exterior. To achieve such a sealing function,
multiprotein complex the so-called tight junctions (TJ) are needed. They consist of strands
of occludin and claudin, which bind to each other outside of the cell and anchor to
intracellular actin. The composition of TJs regulates what solutes can pass through and
which ones are excluded. In addition to providing mechanical stability and a barrier, they
restrict movement of membrane components, thus are vital for preservation of cell polarity.

Adherens junctions (AJ) but also desmosomes serve as mechanical linkage between
cells. Adherens junctions are composed of dimeric transmembrane proteins called
cadherins that act as a link between the actin cytoskeleton between two cells. The
extracellular domains bind to those of another cell, whereas intracellular domains interact
with catenins that than bind to the actin fibres. Cadherins comprise also the extracellular
binding domains of the second type of adhering junctions the desmosomes. They can be
compared to a rivet, with dense disc-shaped desmoplakin plates as linkers between the
intracellular domains of the cadherins and keratin or desmin filaments. They are found in
tissue types that must withstand intense mechanical forces as they are one of the stronger
cell adhesion types [17].

The last type of cell-to-cell contacts is less important for mechanical stability but serves
in cell communication. Gap junctions are clusters of cell-to-cell channels that directly
connect the cytoplasm of both cells. Each channel is made from two hemichannels called
connexons, one per cell. This enables direct communication of the cells by diffusion of
ions, second messengers or small metabolites. This is used in low vascularized tissue to
improve nutrient distribution. They furthermore act as electrical synapses in neurons and in
the heart [18].
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The environment of a cell is seldomly composed of cells entirely, as we learned earlier.
Next to cell connections they also need to be anchored to the surrounding ECM.

Specialized for the connection of epithelial cells to the basal lamina are
hemidesmosomes. They are closely related to desmosomes. Intracellularly they look the
same as desmosomes, connecting to the intermediate filaments of the cytoskeleton. For
extracellular adhesion, integrins are utilized that bind to the laminin proteins of the basal
lamina. Integrins are heterodimeric transmembrane glycoproteins, their extracellular
domains have binding sites for an RGD sequence which we learnt is present, for example,
in fibronectin, vitronectin and laminin.

Integrins are also the main player in another form of cell-to-matrix adhesion, the
so-called focal adhesions. Those are large macromolecular complexes that connect the
actin filaments of the cytoskeleton to ECM molecules. On the outside they link to ECM
molecules, whereas on their intracellular domains they are connected to the actin filaments
by adaptor proteins. Next to anchoring, presence of signalling proteins like tyrosine kinases
and cSrc (cellular Src; pronounced “sarc”, as it is short for sarcoma) and focal adhesion
kinase (FAK) indicates the secondary role of focal adhesions—signal transduction. Con-
stant association and dissociation of proteins represent fundamental mechanisms for the
transmission of signals from and to other parts of the cell. Focal adhesions can persist once
they are formed for stationary cells. For cell movement, however, new ones have to
develop, and old ones have to be disassembled for the cell to “crawl” forward [8].

Questions

4. What types of fibrous proteins can be found in the extracellular matrix and what is
their main function?

5. What main types of cues does a cell receive in its microenvironment?

6. Which types of cell-to-cell contacts are there and what is their function?

1.3 Standard Cell Culture Vs. 3D Cell Culture
1.3.1 Cell Culture Basics

First maintenance of cells outside of living organisms was accomplished already in the
early twentieth century [19]. From the 1950s on, the technological development made
in vitro cell culture easy and reproducible, and the fundamental procedures from then did
not change much over time. Cells are taken from their native tissue and placed into a
foreign environment that tries to emulate the physiological conditions, ranging from
minimum requirements to more elaborate models. Cultures are kept in incubators to control
temperature, which is set to a constant 37 °C for most cultures, the humidity to minimize
evaporation, and the carbon dioxide content of the gas phase (5%). This is important to
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stabilize the pH of the cultures, by interaction of the CO, with the mostly carbonate-based
buffering systems within cell culture medium. Next to its function to keep the optimal pH
of 7.4, cell culture medium provides the cells with basic components like glucose,
inorganic salts, amino acids and vitamins. There are different formulations for different
cell types of this basal medium which is often supplemented with serum from bovine
origin. This adds a rich but non-defined mixture of hormones growth factors and attach-
ment factors. For reduction or replacement of bovine calf serum use due to ethical reasons,
researchers are switching to alternatives like human platelet lysate (waste product made
from expired platelet concentrate) or chemically defined medium. Many culture media also
contain phenol red to indicate the pH or antibiotics and antimycotics to reduce the risk of
microbial contamination. The cells are maintained within this liquid either in suspension or
for the majority grown on a solid substrate as the majority of cell types are adherent.
Typical types of tissue culture vessels are Petri dishes, flasks and well plates where the cells
are attached as a monolayer on the bottom and covered with medium. Upon complete
coverage of the culture area, cells are detached using enzymes (e.g. trypsin) and reseeded
into multiple fresh dishes for further cultivation [19, 20].

1.3.2 Cells on a Plane Surface Versus Cells in (3D) Space

As stated earlier, flasks and dishes are the standard for adherent cells for the last decades.
Initially vessels were made of glass, but by the 1960s plastic culture vessels became
available [15, 19]. Polystyrene, a long carbon polymer with benzene rings attached to
every other carbon, seems to be a logical choice because of its optical clarity, easy
fabrication and can be sterilized by irradiation. Unfortunately, there is one major obstacle:
the surface of polystyrene is highly hydrophobic; thus, cells can hardly adhere to
it. Therefore, surface treatments are necessary to create a more hydrophilic environments
where fibronectin and vitronectin contained in the medium can adhere to and ultimately the
cells. High energy oxygen ions are generated during the treatment which oxidize the
polystyrene surface. Once in contact with medium the surface becomes negatively charged.
The oxygen ions can either be generated under atmospheric conditions by corona discharge
or under vacuum by gas-plasma [21]. Rapidly, these now tissue-culture compatible, single-
use plastic culture vessels became standard in laboratories, replacing glassware which
needed extensive cleaning procedures.

Despite all the advantages, the mechanical properties of polystyrene and glass differ
largely from what cells in vivo are used to. Polystyrene, for example, has a stiffness of
1-3 GPa, which is about six orders of magnitude higher than the majority of tissues has
[22]. In many studies the effect of substrate stiffness on different cell types and mechanism
has already been proven [23-27], including drug sensitivity, proliferation, gene expression
and differentiation.

Now, the surface rigidity and chemistry are not the only problem to be tackled in
traditional cell culture. Substrate surface coatings with ECM molecules or artificial
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materials to resemble stiffness more closely are an improvement, but the cells still experi-
ence a non-physiologic spatial environment. The shape of a cell is tied to whether it can
form adhesion sites all over its surface or only on one side. As cells are grown on a planar
substrate in traditional culture, they can only adhere on their dorsal side and spread almost
unhindered in the x-y-plane, resulting in a very flat cellular body and a forced polarity. Cell
polarity in general stands for the asymmetric distribution of cell membrane and other
organelles within a cell and is important during cell movement and in specialized cell types
(e.g. barrier function of epithelial cells). However, the constant forced polarity in usually
non-polar cells can lead to changes in cell function. For example, a different surface-to-
volume ratio of a cell can influence levels of signalling initiated by cell surface receptors
[28]. For example, FAK signalling, or more specific FAK autophosphorylation was down-
regulated in 3D-cultures compared to two-dimensional controls [29]. Differentiation, pro-
liferation and apoptosis could all be shown to be affected by the geometry of the cell
shape [30].

Not only lack of mechanical cues and abnormal cell-to-cell interactions are problems in
classical culture, also chemical and physical parameters are different from the in vivo
situation [31].

As mentioned before, inside tissues there are gradients of oxygen and nutrients, concen-
tration depending on the distance to blood vessels and permeability of the surrounding
ECM. In the 2D set-up however, cells have almost unlimited access to nutrients, signal
molecules and metabolites inside the culture medium. Atmospheric oxygen levels in
incubators are even higher than anywhere within the body. This overexposure can result
in formation of reactive oxygen species (ROS) and in the end in cell damage. Even if there
is no damage, this unnatural surplus of nutrients and O, changes the cellular behaviour.

Transitioning from the 2D flat surfaces and expanding the culture with a z-axis can
greatly improve native-like cell behaviour (Fig. 1.6). Generally, there are two possibilities
to achieve this and both take advantage of the fact that adherent cells can form connections
to other cells, to ECM molecules and can produce their own ECM molecules. Either cells
only are aggregated or seeded into an artificial ECM in form of sponges or hydrogels.
These substrates can be made from natural ECM components, various biomaterials,
ceramics or synthetic polymers, we will go into detail later. Now first of all, the main
differences in three-dimensional cell culture compared to traditional culture shall be
discussed. The most important factor is that cells have the ability to form adhesion sites
all over their surface, whether to other cells or the biomaterial. This eradicates the artificial
apical polarity and results in a non-polarized morphology as for most cell types seen
in vivo.

Moreover, cells are more restricted in 3D than on normal culture dishes. This might
sound like a drawback initially but considering the natural microenvironment cells reside
in, for them to migrate they have to interact with the ECM by degrading adhering and
reassembling it. This is also true for cells in in vitro 3D cultures. Also, the properties of the
used material can be used to direct cell movement. Small pore sizes within a sponge can
restrict cell movement but still allow for nutrient and waste diffusion while hydrogels made
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Fig. 1.6 Comparison between standard 2D cell culture and 3D cell culture. Schematic depictions of
the cell shape (grey), the substrate (dark blue) and cell adhesion points (yellow) show drastic
differences between standard 2D culture and three-dimensional cell culture

of non-degradable biomaterials can entrap cells for safe and continuous delivery of
secretory factors [32].

Another important difference is that oxygen, nutrients, signalling molecules and waste
products are now restricted by diffusion rates. The resulting gradients from graft surface to
its centre play an important role in physiological and pathological processes. Especially in
cancer research, 3D models have proven to be more predicting of treatment outcome than
the previous used 2D cultures. This field is a pioneer of 3D cell culture, however continu-
ous advances in manufacturing technologies open new possibilities for the remaining
scientific community.
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Questions

7. What are the basic requirements for cultivating adherent cells in vitro?

8. What are the main differences between 2D and 3D cell culture in respect to the
shape and geometry of the cells?

1.4 Implementing 3D Cell Culture in the Lab

In general, a 3D environment can be generated by using either matrix-free or matrix-based
approaches. Matrix-free cultivation describes the situation when cells adhere to each other
without an external supporting structure. Usually, this results in spheroidal shaped cellular
aggregates, also frequently referred to as spheroids. Matrix-based cultivation describes the
situation when cells grow on a supporting structure, which defines the size and shape of the
final cell-matrix construct. Besides the term “matrix”, the terms “scaffold” or “biomaterial”
are often used synonymously. The physical, chemical and biological properties of the
matrix affect the cellular behaviour. Thus, the matrix can be used to drive the cellular
behaviour into a specific direction (i.e. differentiation into a specific lineage). However, the
interplay between matrix and cells needs to be evaluated for every specific combination of
matrix and cell type in the context of the application of interest.

How can adherent growing cells be forced to adhere to each other, instead of growing on
a surface? The methods to generate cell aggregates will be described only briefly in this
chapter, as Chap. 7 covers this field in more detail.

In general, the methods to generate spheroids are subdivided in two groups: cluster-
based self-assembly and collision-based assembly. Cluster-based self-assembly takes place
in a static environment, i.e. a cell culture plate. Single cells are prevented from attaching to
a surface and thus come in contact to form aggregates. Collision-bases assembly needs a
dynamic environment where cells collide by mixing, centrifugation of the cell suspension.
The most widely used approach to generate spheroids is the hanging drop culture: a drop of
cell suspension is pipetted on a surface (i.e. a Petri dish) and then the dish is turned upside-
down. This results in a hanging drop in which the cells sink down by gravitational force and
form a spheroid because they cannot grow on the inner surface of the liquid drop.

The next widely used approach is the use of cell-repellent surfaces, also termed as ultra-
low attachment, no attachment or ultra-low adhesive surfaces. These surfaces are made
from hydrophobic materials or are nanostructured in a way that cells cannot attach to
it. Both forces the cells to adhere to each other. Many cultivation vessels are now available
with cell-repellent surfaces.

Further, technological advancements made it possible to manufacture cavities in the
range of only several micrometres. Now, vessels with hundreds or thousands of
microcavities on the surface are available. The cavities are manufactured in a way that,
theoretically all cells sink down in of these cavities after seeding. This allows for an almost
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100% incorporation of cells and homogeneously shaped and sized spheroids. A more
detailed description of this method and commercially available equipment can be found
in Chap. 7.

Other methods, such as microfluidics, thermal responsive surfaces or magnetic force
have also been demonstrated to generate cell aggregates, but most of them afford either
specialized equipment or are not commercially available.

Overall, the generation of spheroids has become very easy and a lot of commercially
available labware is available. Thousands of homogeneous spheroids can be generated in
little time by using automated pipetting robots. Thus, spheroid cultivation is used for high-
throughput applications, i.e. in drug testing. However, some drawbacks exist. Spheroids are
limited in size due to diffusion limitation (which will be discussed later in this chapter).
Depending on the system that is used, spheroids are often inhomogeneous in size and
shape. For example, cell-repellent 96-well round bottom well plates are widely used to
generate aggregates. However, after seeding, the cells often several smaller spheroids
instead of one aggregate that comprises all cells. This again can lead to false results
quickly. Furthermore, medium change can easily result in losing the spheroid. Thus,
long-term cultivation is risky.

Besides matrix-free, also matrix-based methods can be used to generate 3D cultures. In
the following, we will give an overview on the most important classes of scaffolds which
are described in detail in Chaps. 4 and 5. Synthetic scaffolds are subdivided into polymers,
ceramics, metals and composites of these. The manufacturing process is referred to as
“scaffolding” and comprises countless procedures and methods. Biological or natural
scaffolds are derived from living organisms and then further processed. In most cases
these are decellularized and dehydrated tissues or preparations from these, i.e. polymers
such as collagen or fibrin. There is no such thing as the “perfect scaffold” that is suitable for
every kind of application. Instead, the scaffold needs to be chosen according to the
application. In general, the material should be chosen whose properties resemble the
in vivo situation the best. Inherent material characteristics such as porosity, pore size and
distribution, surface-to-volume ratio, mechanical characteristics and surface chemistry
have an influence on cellular behaviour. Cell attachment, migration, proliferation and
differentiation were shown to be impacted by these material characteristics. In return, 3D
cultivation has a remarkable impact on the cell shape, cell—cell and cell-ECM interactions
and thus heavily affects the outcome of drug testing, for example [26, 33].

A third possibility to generate 3D cell cultures should be mentioned here separately,
since it cannot be classified into matrix-free or matrix-based cultivation. The rapid devel-
opment in the field of additive manufacturing, also referred to as 3D printing, made it
possible to arrange cells in a three-dimensional manner. This can be achieved by inkjet,
micro extrusion or laser-assisted bioprinting. All these methods will be discussed in
Chap. 8 in detail. In general, a cell suspension is prepared in a printable carrier material,
a natural or synthetic polymer, and printed in a defined manner in x-, y- and z-dimension,
building up a construct with cells and the carrier material. If the architecture, necessary cell
types and ECM of the target tissue are known, it is theoretically possible to build up this
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tissue from the scratch, including even the vasculature. With this technology researchers
hope to be able to print not only small tissues but entire organs, in the future. As appealing
as this approach sounds, the reality is much more complex and challenging.

Questions

9. What are the three main approaches to generate 3D cultures?
10. What are the most common techniques to generate spheroids?
11. What are the advantages of matrix-free cultivation?

12. What are the advantages of matrix-based cultivation?

1.5 Applications

As mentioned in the introduction, 3D cell culture is mainly supposed to bridge the gap
between “bench to bedside” in translational research. Thus, it can foster the development of
new therapies. The main application of 3D cell culture is the generation of more relevant
in vitro models. This includes models of specific healthy but also diseased tissues. Second,
in vitro engineered tissues are also used for tissue repair or regeneration in regenerative
medicine, meaning the matrix-free aggregates or matrix-cell constructs are supposed to be
transplanted to a patient. Both applications have in common that the in vitro generated
tissue should be as close to the physiologic in vivo situation as possible. The use of 3D cell
culture for in vitro models is not only interesting because it results in more relevant data but
also reduces the need for either patient-derived samples for in vitro studies or in vivo
animal testing.

In vitro test models are currently the most important application for 3D cell culture
because in vitro models are used for drug development which has (currently) a much higher
economic importance than tissue engineered products. Further, in vitro test models are used
in research to study the development of tissues or diseases. Prominent examples for 3D in
tissue models that are used to study drug metabolism and toxicity are healthy or diseased
liver, intestine and brain models and a variety of tumour models [34]. In the field of drug
development, animal testing is still required before entering the first-in-human trials. Often
the therapeutically relevant effect of drugs is first observed in standard 2D cultures which
are cheap but have a very low relevance. 2D culture often comprises only one or few cell
types, thus systemic responses simply cannot be modelled. Thus, studies in animals have a
higher relevance although it is clear that the translation of the results to the human organism
is limited. When it comes to planning of animal test, researchers are required to justify the
need for animal testing and explain why there are not alternatives. They must stick to the
so-called 3 R rule: replace, reduce and refine. In the first place, they need to replace animal
testing wherever possible. Second, they need to reduce the number of required animals to
the necessary minimum while obtaining the same amount of information. And third, they
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need to refine the experimental procedures to keep animal suffering at a minimum. But
even if the “Three R rule” is followed strictly, animal testing remains ethically question-
able, costly and the translation of the results from animal testing to the human organism is
still limited. Thus, 3D in vitro models are supposed to bridge the gap from preliminary 2D
cell culture which are cheap but not relevant, to animal testing which is very costly but
more relevant. 3D models have the potential to at least reduce the number of animal testing
with the additional benefit of providing a more relevant “reaction” when using human cells.

Currently, the most widely used 3D models are matrix-free (spheroids) which are often
referred to as “organoids”, with only one or a few cell types [34]. This can be either cell
lines, primary stem or tissue-specific cells or tissue-specific cells derived from embryonic
stem cells (ESCs) or induced pluripotent stem cells (iPSCs). These organoids enable for
high-throughput screening of drugs in automated robotic cell culture platforms. Further,
they are often used in microfluidic “organ-on-a-chip” devices where the organoids are
cultivated in a highly defined microfluidic system that mimics the organ environment. In
these chips several organoids can be combined to mimic the interplay between several
organs or tissues [35, 36]. More on this topic can be found in Chaps. 6, 7 and 8.

As mentioned before, 3D cell culture is also used to generate specific tissues for the
replacement of damaged tissue in a patient. This traditionally called “Tissue Engineering”.
In general, a Tissue Engineering process starts with the isolation of primary tissue-specific
(i.e. chondrocytes) or stem cells (i.e. mesenchymal stem cells) from the patient. The cells
are then expanded in vitro to achieve the necessary cell number and the cells are seeded on
a suitable matrix. The matrix-cell construct is then often cultivated in a bioreactor to foster
cell proliferation on the matrix and support or induce differentiation into a specific lineage,
if necessary. For this, it induces mechanical cues to mimic the physiologic environment and
ensures constant nutrient supply and waste removal. After the matrix-cell construct has
matured enough, it goes back to the patient to replace the injured tissue (Fig. 1.7).

Although, researches have tried to generate virtually every tissue in vitro by Tissue
Engineering, only around 20 therapies are currently approved through the necessary
scientifically-based, regulatory approval process, including in-human clinical trials
overseen by internationally-recognized regulatory agencies, such as the U.S. Food and
Drug Administration (FDA); the EU’s European Medicines Agency (EMA); Japan’s
Pharmaceuticals and Medical Devices Agency (PMDA); South Korea’s Ministry of Food
and Drug Safety (MFDS), among others. Most of the products are approved for the
treatment of damaged skin, cartilage, bone or cardiac tissue which is actually only a
small number of target tissues.

In fact, the expectations that were raised by research in the field of tissue engineering
were not fully met. The reason for that is that tissue engineering process comprises many
steps that need to be perfectly orchestrated to ensure continuous safety and efficacy of the
product. For now, variances in raw products, i.e. cells and biomaterials, are often too high
and the process still contains too much manual handling to meet the high standards of
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Fig. 1.7 Concept of the tissue engineering process: Cells are collected from a healthy donor site
(1) and expanded in standard 2D culture (2). The propagated cells (3a) are combined with a
biomaterial (3b) to create a 3D cell culture (4). Optional (mechanical) stimulation (5) can be applied
to achieve tissue maturation. The final 3D cell culture construct (6) can then be used for clinical
applications (7a) or as an in vitro test model (7b)

medicinal products required by the authorities such as the FDA or EMA. However, one
prominent example of a tissue engineered product that was approved in the EU is Spherox
by the company CO.DON. Spherox contains spheroids of human autologous chondrocytes
for treatment of knee cartilage defects. The manufacturing process comprises the isolation
of chondrocytes from a patient’s cartilage biopsy by enzymatic digestion and expansion of
cells in monolayer. After this, 3D spheroids of these chondrocytes are generated which are
then the active substance of the product [37, 38]. This complex process, that contains the
isolation of chondrocytes from the tissue of the patient, in vitro expansion, preparation of
device for injection, shipping back to the clinic and aseptic application by a surgeon, is only
possible because the entire procedure is highly automated.

However, future developments in other fields may help to improve safety and efficacy of
cultivation processes and lead to more approved Tissue Engineering applications.

Questions

13. What are the two main applications for 3D cell culture?

14. What cultivation approach is the most widely used in 3D in vitro models?
15. How is a Tissue Engineering process structured?

16. What is the so-called 3 R rule and how is it connected to 3D cell culture?
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1.6 Challenges of 3D Cell Culture

Although there is overwhelming evidence proving that cell culture on stiff 2D plasticware
compared to three-dimensional models provides an inferior model regarding physiological
cell behaviour and responses, it is still “gold standard” in many laboratories.

One of the most obvious reasons is simply the increased time and costs that arise with
many 3D cultures. Mass produced and therefore cheap cell culture reagents and equipment
is made for 2D culture and in many cases cannot be used for three-dimensional cultures.
Many three-dimensional set-ups also need dynamic culture, to increase nutrient supply and
waste removal, which is implemented with bioreactors, pumping systems or special
incubation systems. Also, the preparation and handling of 3D cultures are more time-
consuming. Cells seeded in a culture dish attach within minutes to a few hours, whereas
matrix and matrix-free 3D cultures can take up days to be mature for further experiments
[39]. Matrix or mould preparations like sterilization and cleaning add additional time to the
workflow.

The lack of standardized protocols makes it also difficult to have comparable research,
all over the scientific community. With mass produced and standardized tissue culture
plastics, well-defined medium and cell culture SOPs as currently used for 2D cultures, it is
rather easy to compare two experiments, even from across the globe. Thus, it is of great
importance to establish similar resources of comparable matrices and handling procedures
as for traditional 2D cell culture.

However, one of the most crucial aspects is the analysis of 3D grafts, as it poses rather
big challenges. Light microscopy and fluorescence-based assays are essential parts of cell
culture and can be easily applied to monitor cell monolayers. In 3D, however, major
limitations arise due to the nature of multi-layered constructs, starting already with the
graft exceeding the working distance of the microscope. Often only the outermost cell-layer
can be observed leading to a biased conclusion. Furthermore, opaqueness, light scattering
and fluorescent backgrounds all make imaging unreliable [40]. Advanced optical analysis
with a confocal microscope can overcome these problems by imaging layer by layer, yet
such expensive devices are not accessible for every research group. The same goes for
analysis approaches adapted from tissue analysis, like histological sectioning and staining,
micro-and-nano computer-tomography or magnetic resonance imaging.

Routinely used cell assays can be used but have to be adapted to work within the
intended system. For example, widely used metabolic assays measure cell viability by
intracellular conversion of special dyes. Although these assays like alamar blue® or MTT
can be used for 3D cultures [41], it has to be considered that because of diffusion
limitations cells from the core might not have access to the applied reagents. The same
goes for testing methods that involve screening of soluble factors in the medium, secreted
molecules might not reach the supernatant as efficiently as in a monolayer culture resulting
in considerably lower values detected than actually secreted. Generally, the core will
contribute less to the measured signal than the outer cell layers.
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In the case of lytic assays like qPCR and Western Blot this problem is omitted, however
it has to be ensured that complete lysis of all cells is achieved. Unfortunately, due to longer
incubation times or overall harsher lysis methods that are needed to disassociate a 3D cell
construct, sensitive analytes like proteins or RNA can be lost.

A more detailed description of challenges associated with analysis and approaches to
overcome them can be found in Chap. 10.

If we consider 3D culture not only in a research setting with typically an end point
analysis, but rather as means of producing cell-based therapeutics additional hurdles have
to be considered. For potential application in real life scenarios like treatment of dystrophic
epidermolysis bullosa or traumatic brain injury, extremely high cell numbers are needed
(1-5 million per kg bodyweight [42, 43]). This again brings in the problem of time, cost
and standardization, mentioned earlier. The more complex a cultivation procedure is, the
more difficult it is to transform it into an automatable workflow. The culture systems have
to be compatible with high-throughput screening in order to be used in a commercial,
medical or pharmaceutical setting. Further problems arise during up-scaling. Cells can only
be cultured into all three dimensions up to a certain degree. The gradient of nutrients and
oxygen reaches zero at a certain distance away from the graft surface. Dynamic culture can
improve the transfer of solutes to some degree, but this has also limitations. In native tissue
this problem is overcome by the vasculature system. Nearly all tissues need to be
vascularized in order to survive. Most cells cannot survive further away from a vessel
than a few hundred micrometres [44]. This vascularization dilemma is one of the main
obstacles in Tissue Engineering and a lot of work is done to first of all understand vessel
formation in vivo and secondly to use the gained knowledge to implement it into an in vitro
culture. This can be in the form of completely artificial vessels or neoformation of
capillaries by heterocellular culture and addition of growth factors. More details on
vascularization for 3D cell culture are found in Chap. 6.

Questions
17. What are economical and translational challenges of 3D cell culture?
18. What problems can occur in cell viability measurements of 3D cell constructs?

Take Home Message

e 2D cultivation does not represent the physiologic environment of cells.

» Results from 2D cultivation are often not predictable for the in vivo behaviour of
cells in clinical trials.

* 3D cultures can be achieved using either matrix-free, matrix-based approaches or
bioprinting.

(continued)
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* The main application for 3D cell culture is the generation of relevant in vitro
models and engineering of tissues for clinical tissue regeneration.

* All analyses usually do not work in 3D and thus must be optimized for 3D culture.

» Vascularization of 3D cultures is a major challenge in the generation of large-scale
constructs.

Answers

1. 3D cell culture enables researcher to develop more relevant in vitro models.

2. 3D cell culture better resembles the in vivo situation. Thus, the data derived from
3D cell culture is more relevant than data derived from 2D cell culture

3. The development of novel therapies often needs to be stopped because the
therapeutic effects observed in pre-clinical testing are not observed anymore in
animal or human trials.

4. The most abundant one is collagen, which can resist tension, thus helping
maintain structural strength. Other fibrous proteins are elastin which is important
for tissue elasticity, fibronectin as linker between cells and other ECM molecules
and laminin that is important for epithelial integrity by forming sheet-like
structures in the basal lamina.

5. We can distinguish between physical (partial gas pressure, temperature, viscos-
ity), chemical (nutrients, growth factors, salts/ions, toxins), mechanical (com-
pression, tension, shear) and biological stimuli (cell-to-cell contacts, cell-to-
ECM binding).

6. Cells can connect to other cells by forming tight junctions (barrier); they can
form desmosomes and adherens junctions (mechanical stability) and gap
junctions (communication).

7. The cells need a substrate to adhere to, medium which keeps a constant pH in
combination with supplied CO2, and provide them with basic salts, amino acids,
glucose and vitamins (often supplemented with serum), a humid and warm
(37 °C) environment provided by incubators and regular sub culturing.

8. Cells in 2D have a forced apical basal polarity as they are only able to adhere to
the substrate below them, nearly unlimited space causes high substrate interac-
tion and only in a very small lateral region of the cell are contacts to other cells
possible. In 3D there is except for certain specialized tissues no polarization of
the cell, a high number of cell-to-cell contacts is established, and the cells can
self-organize into 3D structures.

(continued)
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9. Matrix-free (spheroids, aggregates), matrix-based (cells plus scaffold) and
bioprinting.

10. The most widely methods for the generation of aggregates are hanging drop,
ultra-low attachment plates, microcavity plates.

11. Matrix-free cultivation is easy in handling (many commercial systems available),
enables for high throughput.

12. For almost every application there is a suitable scaffold. The size and shape of
the scaffold can be adjusted and larger constructs than with spheroids are
possible.

13. In vitro models and Tissue Engineering.

14. Spheroid cultivation.

15. Cells are collected from the patient, expanded, seeded on a scaffold, and
optionally cultivated in a bioreactor to achieve tissue maturation. Then, the
tissue can be used as an in vitro model or as a transplant.

16. 3 R rule is a guideline concerning animal testing and stands for “replace, reduce
and refine,” 3D models have the potential to replace or at least reduce the number
of animal testing.

17. Higher costs (custom made equipment, longer cultivation times, time intensive),
less experience in the scientific community, complex protocols difficult to scale
up and automatize.

18. Lower signals detected due to diffusion limitations of reagent or dye.
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What You Will Learn in This Chapter

When starting to work with 3D cell cultures it is essential to be aware of the
differences to common 2D cultures in terms of expenses and equipment as well as
the type and dimension of 3D you intend to work with. The various culture methods
require different equipment, efforts, and awareness on handling and analytics.
Therefore, it is crucial to choose the right structure and architecture, the respective
carrier/scaffold, the equipment for generating and culturing the models, and the
methodology to manipulate and analyze them to be able to perform the process for
the application answering the hypothesis. There is a wide range of commercially
available lab equipment, bioreactors, consumables, carriers/scaffolds, and assays
necessary to establish, perform, and analyze 3D cell culture. Handling, manipulation,
and analysis of 3D cultures, differing significantly from 2D cultures, with the
respective requirements and efforts will be considered as well. An overview on
scaffold free 3D cell culture will be provided in Chap. 9.

2.1 Considerations for Working in 3D

Previously in Chap. 1.3, the main differences in 2D and 3D culture techniques and the
relevance to bid farewell to classic 2D culture have been presented. Traditional 2D cell culture
models provide highly artificial conditions and do not only harm the cells but also alter gene
expression, cell behavior, and thereby also their response to assays performed on them. This
is especially critical for applied clinical research and development of therapeutic strategies as
the results are compromised and thus less relevant. Pharmaceutical research already suffers
from false positive and false negative results as 2D cultures allow high throughput screenings
but lack physiological relevance. Thereby, the predictability of the outcome applying the
same substances tested in 2D in animal studies is poor, limiting the transferability of the
results gained. Thus, rendering 2D not obsolete but only as a weak indication.

In contrast, in 3D models using tissue-specific extracellular matrix (ECM) components
and architecture, cells exhibit biochemical and morphological features specific for the
in vivo state that are not or differently expressed in 2D. Furthermore, time and spatially
resolved mechanical and biochemical signals can be introduced due to the arrangement of
the cells. Thus, the big impact of 3D culture is the possibility to culture cells in a more
physiological environment allowing the observation of natural cellular behavior, increasing
the relevance and transferability of the results onto the in vivo situation. However, 3D
culture is complex, expensive, and labor-intensive. There are more and more commercially
available scaffolds but most applications demand custom-made fabrications mimicking the
tissue-specific requirements. Therefore, specific equipment, systems, and machines need to
be acquired for the fabrication of scaffolds with organ or tissue-specific characteristics from
various materials. Equipment, material, and fabrication techniques to manufacture various
scaffolds as well as equipment and bioreactor systems for 3D culture are discussed within



30 S. KreB et al.

CELL CULTURE

Adapt culture conditions
to cell type used for the
application

BIOMATERIALS

Selection of biocampatible
material for 3D scaffold

%

Key aspects for \
establishing a

| ———
gt[rjaf:;yw lture ¢ b
SCAFFOLDING TECHNIQUES
Generate desired form
and properties of the scaffold

)YNAMIC CONDITIONS

Provide physiological
microenvironment for cells

Fig. 2.1 3D Cell culture comprises four major key aspects. The combination of cells, biomaterials,
and scaffolding as well as dynamic culture conditions has to be in accordance to achieve physiologi-
cal conditions in vitro mimicking the native microenvironment of cells. Each aspect is defined by
distinct challenges and needs to be optimized and adapted to the specific application

this chapter as well as different strategies to establish 3D cultures (as depicted in graphical
abstract in Fig. 2.1).

2.2 Biomaterials for 3D Cell Cultivation

Biomaterials have served as a crucial utility in the field of regenerative medicine in order to
promote cellular growth and differentiation as well as healing of damaged tissues, which
has further evolved in the promising field of tissue engineering (TE). Principally, biomi-
metic materials (3D scaffolds) should offer a structure for cell adhesion, proliferation, and
ECM formation until restoration of necrotic tissue is achieved. According to the Consensus
Development Conference in the 1980s (Chester, UK, 1982), biomaterials were defined as
“any substance, other than a drug, or a combination of substances, synthetic or natural in
origin, which can be used for any period of time, as a whole or as a part of a system, which
treats, augments or replaces any tissue, organ or function of the body” [1, 2].

One pre-requisite for 3D in vitro models are carrier structures to best mimic the
physiological environment of the cell’s origin (see Chap. 1.2) and support the natural
behavior of the cells. Scaffolds for TE must possess adequate mechanical integrity includ-
ing structural (macro- and microstructural properties) and mechanical characteristics



2 Lab Equipment for 3D Cell Culture 31

(mechanical strength, elasticity, and stiffness) similar to that of the target tissue and support
the physiological load of the body until remodelling process is completed. Furthermore, its
mechanical properties shall also be sufficient enough to withstand all necessary surgical
manipulations during implantation. All these properties have strong impact on cell sur-
vival, adhesion, proliferation, differentiation as well as vascularization and gene regulation
and are needed to be adjusted according to the target tissue and specific application [3].

Biomaterials can be synthetic or of natural origin and should be characterized by high
biocompatibility, known degradation kinetics and by-products, material biomimicry and
proper structural and mechanical attributes. Furthermore, natural ECM materials present
ligands for cellular adhesion, whereas synthetic materials lack these chemical groups
facilitating cell-ECM attachment. In the latter case, cellular binding sequences must be
incorporated by, e.g., protein adsorption. Moreover, cell adherence and motility are also
defined by ligand density within a scaffold and the pore size. Beyond adherence and
motility, the surrounding ECM influences the cellular behavior by transmission of stimuli
from mechanical, structural, and compositional cues. Exemplary mesenchymal stem cell
(MSC) differentiation can be driven towards the myogenic lineage by culturing on an
elastic gel mimicking muscle or osteogenic culturing on a rigid material [4]. Materials
provide different intrinsic physicochemical properties such as molecular weight, chemical
composition, hydrophilicity, mechanical properties, surface chemistry, and degradation
rate in addition to biochemical properties such as cytocompatibility, enabling cellular
attachment, motility as well as proliferation without impeding the intended cellular func-
tion or eliciting immune responses. A more in-depth description of materials and their
distinctive characteristics and fields of application is described in Chap. 4. Moreover,
increasing focus has been directed towards the fabrication of composite scaffolds,
consisting of two or more materials that present different properties. Hence, generation
of scaffolds, that indicate distinct characteristics from their original materials, are ernabled.

The material’s characteristics are further refined during scaffolding. The composition,
orientation, and architecture of the materials utilized add a new dimension to their intrinsic
characteristics adjusting the scaffold properties in terms of, e.g., porosity, elasticity,
rigidity, plasticity, ductility but also cytocompatibility and cellular motility as well as
functionality. Additionally, not only the various materials have different properties but
also the distinct scaffolds exhibit specific advantages and disadvantages. The choice on
material and scaffolding technique affects/excludes each other depending on one or the
other but is primarily defined by the application and the scaffold properties that have to be
exhibited for the specific cell culture application. The selection process on material and
scaffolding is top-down, initially becoming apparent on the application and cell/tissue
model to serve best for assays and analysis to proof or de-bunk the stated hypothesis.
Thereafter, the suitable scaffold properties are defined to house the necessary cells assuring
their functionality that might be based on their spatial arrangement.



32 S. KreB et al.

2.3  Concepts of Cell Culture Techniques for TE

Researches in the fields of TE and regenerative medicine have shifted from 2D models to
3D strategies as described in Chap. 1. Therefore, biomaterials have gained considerable
relevance in the success of tissue replacement or regeneration as they demonstrate to have
the ability to influence biological processes which are necessary for tissue regeneration. 3D
scaffolds can be manufactured from different materials and can be shaped in various forms.
The main challenge remains the choice of suitable materials that demonstrate appropriate
characteristics, as mentioned above, and could deliver satisfactory performance, depending
on the tissue of interest. Nowadays, several types of biomimetic materials such as ceramics,
composites, and natural or synthetic polymers are currently used for in-depth studies for
different TE strategies [2, 5, 6]. Therefore, the different types of scaffolds that are
abundantly investigated and used for TE applications (see Table 2.1) up to date are
introduced on the following paragraphs as well as commercially available systems are
presented.

2.3.1 2 -Dimensional Cell Culture Strategies.

Cell-sheet layering has been employed as a tool for regenerative medicine for heart, cornea,
and cartilage treatments [12, 13]. In traditional TE, cells are seeded onto 3D scaffolds
composed out of polyglycolic acid, gelatin, or collagen which are mostly biodegradable.
However, 3D scaffolds demonstrate a few limitations including inhomogenous cell distri-
bution on the matrix, induction of inflammatory responses, occurrence of fibrosis arising

Table 2.1 Exemplary selection of relevant biomaterials for 3D cell culture application

Biomaterial ~ Applications Commercial availability References
Collagen TE, ocular surgery, skin and Matriderm® (Dr. Otto [7]
fleece orthopedics regeneration, drug Suwelack Skin & Health
delivery systems, wound dressing Care AG, Germany)
Bioactive Hard tissue replacement, orthodontic MedPor®PLUS™ (Porex [8]
glass application surgical, USA),
PerioGlas®
Hydrogel Connective, soft and hard TE, gene Matrigel (thermo fisher [9]
therapy, drug delivery implants, scientific, USA)
orthopedic regeneration PLMatrix (PL bioscience

GmbH, Germany)
GelMa (Celllnk, USA)

Silk sponge  Orthopedics TE, wound dressing, Silk fibroin solution [10]
or foam cardiac repair (advanced BioMatrix,

USA)
Polymer Cardiovascular TE, wound healing, NanoECM™ (Nanofiber [11]

fibers high-throughput cell culture solutions, Inc., USA)
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Fig. 2.2 Schematic image of the cell sheet engineering process. Cells are cultured in a monolayer
until confluency is reached (>80%). Cells have fully connected to each other via cell-to-cell junction
proteins by then and deposited the extracellular matrix (ECM). With the use of temperature-
responsive culture dishes covalently bonded with polymer, namely poly-N(isopropylacrylamide)
(PIPPAAm), confluent cells are released as cell sheets at temperatures <20 °C, preserving formed
cell-to-cell connections and deposited ECM. With this, disruption of cell membrane proteins and
ECM by enzymatic treatment is avoided. Harvested cell sheets can be stacked together to create a
multilayer 3D constructs and enable reconstruction of native tissues

from the degradation of scaffolds and production of cell-sparse tissue. This aspect is
especially important for regenerative processes which are highly dependent on cell—cell
interactions such as for cardiac TE. To circumvent these limitations cell sheet layering has
evolved as a promising approach for 3D cardiac tissues by layering cardiac monolayer cell
sheets and has shown improvements towards cardiac function of a diseased heart
[14]. However, to establish a 3D tissue by cell sheet layering, the method still mostly
relies on 2D culture. The principle is to culture cells on a matrix in a 2D fashion and after
maturation of the cellular layer several layers are stacked above each other to establish a 3D
tissue. In detail, this technique uses cells seeded on a cell surface which is covalently
bonded with a temperature-responsive polymer, namely poly-N (isopropylacrylamide)
(PIPPAAm) (see Fig. 2.2). Cells are cultivated until they reach confluency and by lowering
the temperature from 37 °C to 32 °C the surface turns from a slightly hydrophobic into a
highly hydrophilic state. Ultimately, this results in rapid swelling of the PIPPAAm,
forming a hydration layer between the surface and the expanded cells, and leads to the
detachment of the cells from the PIPPA Am-coated surface. In comparison with proteolytic
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Table 2.2 Commercially available microcarrier of different materials [21]

Size Density

Name Company  (pum) (g/L) Material
Cytodex-1 GE 60-87 1.03 Dextran matrix with positively charged
[22, 23] Healthcare diethylaminoethyl (DEAE) groups
Cytophore  Pharmacia  200-280 1.03 Crosslinked cotton cellulose with
1 diethylaminoethyl (DEAE) groups
CultiSpher ~ Sigma- 130-380 1.04 Crosslinked porcine gelatin matrix
G [24] Aldrich
TSKgel Tosoh 65+25 1 Hydroxylated methacrylate matrix with
Tresyl- bioscience Tresyl ligand derivatized with protamine
SPW sulfate (primary amine)
Hillex [25]  Pall 150-210 1.1 Dextran matrix with treated surface

SoloHill
ProNectin Pall 150-210 1.03 Polystyrene matrix

SoloHill

cell harvesting techniques by enzymatic digestion, intact cell sheets can easily be harvested
non-invasively along with their deposited ECM and without damaging critical cell surface
proteins such as ion channels and cell-to-cell junction proteins. Moreover, these cell sheets
are stacked and can be directly applied to the target tissue to promote cell—cell contact and
adhesion efficiently, as deposited ECM is still present underneath the multi-layered cell
sheet. Nevertheless, as promising as this method seems for TE applications, it reveals
drawbacks in regard to stability of the cell sheets and demonstrates labor-intensive work for
production (2.5-5 h fabrication duration of a five-layered cell sheet) [15, 16].
Microcarriers provide supportive structures for cells and are composed of natural
(gelatin, collagen, and cellulose) or synthetic (plastic, glass, or dextran) materials (list of
commercially available microcarriers in Table 2.2). Cell carriers provide a relatively high
surface to volume ratio facilitating the culture of high cell densities in low volume similar
to aggregate culture but providing a structure for cell adherence and growth. However,
these mostly provide a spherical 2D surface for cell attachment to facilitate suspension
culture. Therefore, most cell carrier approaches might be considered 2 2 D as they go
beyond the classical static 2D plastic surface culture but do not provide a real 3D environ-
ment. For porous microcarriers, their microstructural properties such as porosity can be
engineered as interconnective pores in a spherical architecture. Herein, cells are allowed to
attach and maximize their proliferative potential on the surfaces and inner pores. The
surface area of 1 g of microcarriers is equivalent to the surface of fifteen 75 cm? cell culture-
treated flasks. Firstly, microcarriers were developed for the cultivation of anchorage-
dependent mammalian cells in order to promote cellular growth for high cell densities.
Soon after, they were made suitable for the growth of almost all cell lines by introduction of
surface modifications with poly-Lysine, gelatin, or ProNectin to enhance cell adhesion and
growth. Additionally, microcarriers can be coated with other chemical factors to improve
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cell adhesion including fibronectin or factors contained in culture medium formulations.
This type of cultivation strategy facilitates a more expansive monolayer environment for
the cells. Large quantities of microcarrier covered with cells can be suspended in dynamic,
environmentally controlled cultivation systems such as stirred tank bioreactors and make
nutrient and gas transfer more efficient compared to 2D culture. Nevertheless, microcarriers
can only be considered a 2 2 D model as cells still grow on a surface and do not mimic the
natural environment of the cells. Furthermore, the low area-to-volume ratio compromises
the potential of maximum cell loading per sphere, aggregations of cell-loaded microcarriers
(as seen in Fig. 2.3f) and cells on the surface are more vulnerable to bead collision or shear
forces in the culture. Cultivation parameters including agitation rate in such dynamic
systems need to be controlled as cell damage can occur easily. Another limitation
demonstrates the reduced nutrient and oxygen mass transfer in the inner core of porous
spheres and therefore the fitness and quality of the cultivated cells. It has also been reported
that the surface coating and culture medium used in microcarrier-based cultures depend on
the type of cells to be expanded, due to the different specific adhesion molecules expressed
by the cells. Therefore, the selection of microcarrier materials and coatings needs to be
adapted to the cell type to be used [17-19].

2.3.2 Soft 3D Scaffolds

Hydrogels are highly hydrated polymers (water content >25%) and demonstrate ECM-like
properties which facilitate efficient cell encapsulation. Furthermore, hydrogels are typically
biodegradable and provide an environment similar to that of the native ECM of many
tissues. They are used as delivery vehicles for bioactive agents and 3D structures for
homing of cells or tissue replacements and provide stimuli for tissue regenerative
processes.

They are classified into two groups according to their hydrophobic polymer chains: a)
naturally derived hydrogels including collagen, agarose, fibrin, gelatin, chitosan, alginate,
cellulose, and hyaluronic acid (HA) and b) synthetically derived hydrogels such as
polyethylene glycol (PEG), poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), poly
(acrylic acid) (PAA), and polypeptides. The hydrophilic and mechanically stable
characteristics of hydrogels permit cells to be in an aqueous environment without the risk
of dissolving. Furthermore, efficient exchange of nutrient, oxygen, waste, and other water-
soluble molecules is given due to their high permeability. Natural hydrogels preserve the
macro-molecular properties of natural ECM, which make them an attractive biomimetic
material. On the other hand, synthetically derived hydrogels indicate appealing advantages
including their high reproducibility and controllability of specific chemical and mechanical
properties such as degradable linkages, molecular weight and crosslinking modes. Manip-
ulation of the hydrogel properties determines the polymerization dynamics, mechanical
integrity, crosslinking density, and degradation properties. However, both groups of
hydrogels reveal limitations as a tool for TE. Natural hydrogels are highly variable due
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19

Fig. 2.3 Cell-loaded Cytodex type 1 microcarrier during spinner flask cultivation. Images depict
microcarrier culture taken by light microscopy (a), (c), (e) (magnification 100x) and SEM (b), (d), (f)
at different time points: day O (a), (b), day 14 (c¢), (d), and day 28 (e, f) [20]

to their native source and fabrication parameters designed in specific research groups,
which makes comparison between different studies difficult. Whereas, synthetic hydrogels
lack major components such as cell adhesion and migration molecules, which are normally
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Fig. 2.4 Collagen sponge for TE applications. (a) Collagen sponge SpongeCol® (Advanced
BioMatrix, Carlsbad, CA, USA) (4-21 mm discs and 1.5 mm thickness) fits into 96-well culture
plate well and is sterilized by irradiation. Furthermore, they are crosslinked to increase mechanical
stability and durability. (b) Porous network of SpongeCol® allows cells, nutrients, and waste
products to diffuse sufficiently while increasing surface area for cell attachment, growth, and
migration. Pore sizes range between 100 and 400pm, with an average size of 200um. Scale bar:
100pm

provided by the native ECM for necessary cell—cell junctions. Selection of an appropriate
material and scaffold design needs to be adapted to the specific application in order to
address the biological variables. A more detailed description of hydrogels for TE
applications is provided in Chap. 5 [26-28].

Sponge or foam scaffolds are porous constructs (Fig. 2.4), which are fabricated via
controlled freezing—drying (see Chap. 2.4.5) and solvent casting/particulate leaching of
various concentrations (see Chap. 2.4.3) of the chosen biomaterial solutions such as
chitosan. Additionally, gelatin, for example, is hydrolyzed collagen and crosslinked with
proteins for stabilization of structural integrity and mechanical strength. The interconnected
pore structure and pore size can be controlled or randomly formed depending on the
fabrication method applied. Sponge scaffolds have found applications in several fields
including repair of nasal malformations, bone formation, cartilage development, and
ligament replacement as well as for joint pain, inflammation, diabetes, heart disease, and
wound dressings. It is also used as a tool for controlled release systems to deliver growth
factors onto the site of the target tissue as well as protect these factors from spontaneous
proteolysis and allow a prolonged retention of activity in the tissue [29, 30].

Fibrous scaffolds are manufactured from various polymers including e-poly
(caprolactone) (PCL), poly(lactic acid) (PLA), poly(lactic-co-glycolic) acid (PLGA), gela-
tin, cellulose, or silk fibroins. Common fabrication methods of nanofibers are
electrospinning, thermally induced phase separation (TIPS), or molecular self-assembly
(see method description in Chap. 2.4). A combination of TIPS with other processing
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methods such as salt leaching enhances the possibility of controlling the overall 3D
geometry and inner structure. They provide high porosity, surface-to-volume ratio and
induce enhanced cellular adhesion and growth. Moreover, rapid diffusion of (optional)
incorporated bioactive molecules and cell infiltration is facilitated, similar to sponge or
foam scaffolds as aforementioned. Functionalization of fiber surfaces with different
ligands, including proteins, ceramics, and proteins is also commonly performed as syn-
thetic biomaterials lack specific functional groups for cellular attachment and migration.
Nevertheless, nanofibers demonstrate potent templates for promoting the development of
in vivo-like phenotypes of cells as they mimic the native structure and mechanical
properties of the ECM. Various cell types including chondrocytes, osteoblasts, and
hepatocytes demonstrated enhanced cellular attachment, proliferation and differentiation
on nanofibrous materials compared to 2D platforms. Lastly, they have shown to possess
biocompatible properties, adequate microstructure, controllable biodegradability, and
excellent mechanical characteristics [29, 31].

2.3.3 Hard 3D Scaffolds

Ceramic biomaterials are usually composed of inorganic calcium or phosphate salts and
produced by salt leaching, TIPS, gel casting, or 3D printing (see method description in
Chap. 2.4). They are classified into three subtypes: (a) inert (non-absorbable), (b) semi-inert
(bioactive), and (c) non-inert (resorbable). They successfully stimulate cellular growth and
formation of bonds between the cells and target tissue. The most advantageous
characteristics are their osteo-inductive properties to which they are widely used in bone
TE and dental implant applications. Moreover, ceramic scaffolds have shown great bio-
compatibility and bio-resorbability in vitro as well as in vivo. Nonetheless, the brittleness
of ceramics and lower mechanical strength compared to that of human bone
(100-230 MPa) at high degrees of porosity limit the effectiveness of such templates for
bone regeneration. Some research groups tried to crosslink a second-phase addition of
different materials including polymer fibers, particles (e.g., nanocrystals), and whisker
(a filament of material with high tensile strength up to 10-20 GPa) or develop
hierarchically porous structure to improve the interior structural integrity and toughness.
Furthermore, other ceramics such as calcium sulfate (CSH) demonstrate a high degradation
rate compared to the formation of new bone. As a consequence, acidic by-products are
released into the tissue which negatively affect cellular proliferation and viability. How-
ever, it was suggested that the pace of new bone regeneration could be matched with that of
the biomaterial’s degradation rate by controlling the size of crystalline grain, a vital
component to improve bone graft healing, in the construct. The diverse range of possible
chemical compositions and controllable structural properties of ceramic scaffolds indicate
superior advantages for a biomimetic material [29, 32].

Bioactive glasses (BG) have gained great attention especially for bone TE applications.
The first composition in this biomaterial class, namely 45S5 glass, has been presented by
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Larry Hench [33] 50 years ago. It enabled stimulation of osteogenesis via forming
connections with the native bone and the release of bioactive ions from the 45S5 glass.
Due to this success, many researchers were attracted to investigate and optimize the
concept of BG for TE applications. Indeed, several implants have been subjected to
millions of patients, globally since then. Furthermore, a large number of innovative
compositions and other types of bioactive glass have been proposed to adapt to
requirements of specific clinical application. Borate BG has attracted substantial interest
besides the conventional silicate BG due to high dissolution rates, enhanced formation of
calcium phosphate-based apatite on the surface, and high solubility in contact with
biological fluids. Incorporation of other cations besides calcium and sodium is also highly
encouraged to evoke beneficial effects including acceleration of self-repair kinetics and
osteogenesis. No adverse or toxic effects have been observed with the addition of growth
factors as they are easily excreted via body fluids and inorganic elements provide a cost-
effective approach. For clinical applications, it was urged to confer to the requirements of
surgeons which needed a format of BG that could be easily pressed into the bone defect.
Therefore, 45S5 Bioglass® particulate was developed, made commercially available under
the name of PerioGlas® (particle size range 90-710pm) (NovaBone Products LLC,
Alachua, FL, USA). It was approved by FDA in 1993 and made available to the global
market for jawbone-repair connected with periodontal diseases. However, the maximum
potential of BG for biomedical applications is yet to be fully investigated and relevant
markets are anticipated to continuously grow in upcoming years [8, 29].

Composite scaffolds combine various biomaterials such as materials mentioned in
previous paragraphs (polymers/ceramics and synthetic/natural polymers, metals) in order
to circumvent limitations that arose when using individual materials. They indicate to be
highly relevant for biomedical engineering and TE applications. The efficacy of these
composites has been reported by several studies since they present the required properties
for TE and can be used for soft and hard tissue replacement and regeneration. Engineering
desired mechanical and physiological characteristics including size, fraction, morphology,
and arrangement of the reinforcing phase can be achieved in higher degrees along with the
combination of different materials. For example, the degradation kinetic could be adapted
as it has been the case for PCL. PCL normally exhibits slow degradation rates, weak
mechanical strength, and poor cellular adhesion. However, by blending of PCL and other
biomaterials such as cellulose, nanohydroxyapatite, carbon nanotubes, or cyclodextrins,
these attributes were circumvented [29, 34].

2.3.4 Special Class of Biomaterial for TE

Decellularized natural tissues have become a favorable biomaterial used as 3D scaffold
compared to synthetic scaffolds since the preferred chemical composition of biomaterials
for TE should be comparable or as close to that of the host tissue as feasible. They enable
interaction with the host cells/tissue, promote higher bioactivity and cellular recognition,
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leading to specific biological responses. Native tissues from the host consist of tissue-
specific cells, growth factors, and ECM. The cells’ deposited ECM is composed of various
growth factors and cytokines including fibronectin, filaments, collagen type I and II, as well
as proteoglycans, which evokes migration of cells (see Chap. 1.2) and facilitates mechani-
cal signaling through receptors by providing an equivalent microenvironment to the native
tissue. Collagen and proteoglycans contribute to most abundant proteins in the ECM and
yield adequate tensile strength and durability of the tissue. Hereby, native cells of the ECM
as well as all other cellular components are eliminated via a decellularization process, to
avoid inflammatory responses to the host tissue, while other components and properties
including structural integrity, biochemical assets, biological activity, composition, and
hemocompatibility are preserved. Afterwards, desired cells are re-seeded (recellularization)
or bioactive molecules incorporated into the decellularized ECM and implanted into the host
to direct cell migration modulate cellular behavior and tissue-specific gene expression [35].

High availability of decellularized materials is present due to numerous possible sources
including de novo ECM from autologous, allogenic, or xenogenic cells and native human
or animal (bovine, porcine) tissues and organs. However, a few challenges arise with
xenogenic and in some cases also allogenic-derived decellularized scaffolds as residues of
its native components may appear after treatments and induce adverse effects in the host
tissue. These aspects could put a patient into risk and might require immunosuppressant
treatments in addition to existing health complications. Consequently, it is suggested that
the biological activities are predetermined by the source and preparation methods of such
matrices [36].

2.3.4.1 Decellularization Strategies

The decellularization process comprises different techniques in order to retain the original
properties of the tissue or organ intact such as ECM, heart, lungs, urethra, and bladders
[36, 37] (miromatrix, https://www.youtube.com/watch?v=UBGxvGAp878, https://www.
youtube.com/channel/UCTnrPx3uGnUS9edzYFw3q-g). They can be differentiated into
the following categories:

Chemical and Enzymatic

In principle, through this method cells and genetic material are solubilized by manipulating
the cells’ intrinsic charge and undesirable native components can be removed. Most
common chemical agents are ionic surfactants such as sodium dodecyl sulfate (SDS),
sodium deoxycholate (SD), or a non-denaturing detergent 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). Further chemicals for decellularization
present acids and bases (peracetic acid and sodium hydroxide, respectively),
ethylenediaminetetraacetic acid (EDTA), and enzymes such as trypsin, deoxyribonuclease
(DNase), and ribonuclease (RNasE). After treatment with such agents, an extensive
washing procedure needs to be performed in order to eliminate residual chemicals. In
some cases, signaling proteins (e.g., GAGs and growth factors such as vascular endothelial
growth factor (VEGF)) and the architecture of the tissue can also be damaged during the
decellularization process, which could lead to incapability of the cells to adapt to the tissue
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and negatively affect the biochemical cues for the regulation of cellular function. It has
been suggested to use a combination of chemical and enzymatic treatments to reduce the
drawbacks of specific agents [38].

Physical and Mechanical

As certain concerns arise towards the toxic and destructive properties of chemical and
enzymatic treatment, an alternative approach of physical and mechanical decellularization
methods has been suggested. Generally, decellularization is achieved by eliminating the
native tissue constituent cells and nuclear material via high hydrostatic pressure (HHP)
(>600 MPa) and freeze-thawing (alternating temperatures between —80 °C to 37 °C).
Nevertheless, similar limitations were reported for this approach due to the extensive
washing step afterwards. Formation of ice crystals, denaturation of ECM proteins,
alterations in protein content and structural integrity of the decellularized matrix were
observed. In recent years, supercritical carbon dioxide (CO,) (at 31.1 °C and 7.40 MPa)
treatments were introduced for the decellularization process as CO, is non-polar and can
easily diffuse from the tissue, removing extensive washing procedures required in the
above-mentioned methods. Diffusion is accelerated by addition of ethanol in order to
remove polar phospholipids of cell membranes. Moreover, all cellular debris and
components were successfully removed while mechanical properties and protein content
were preserved [37, 38].

2.3.5 Cell Seeding Strategies

With the generation of three-dimensional structures, plain superficial cellular seeding is not
sufficient when a uniform cellular distribution throughout the whole scaffold is desired. For
the various scaffolding techniques and resulting structures, different seeding strategies are
presented.

At first, the scaffold has to exhibit cell adherence motifs and a surface charge facilitating
cellular attachment. To facilitate or improve cellular adherence, biological glues, e.g. fibrin
or fibronectin, mimicking extracellular matrix can be applied or heparin binding ligands or
other cell-matrix signaling molecules can be incorporated.

The most straightforward approach is to seed cells on top of the scaffold facilitating
migration inside. Therefore, the utilization of scaffolds needs the consideration of cell
seeding techniques to spatially arrange the cells enabling the orchestration of their
functionality.

Passive, static, or gravitational seeding, as used in 2D cell culture is simple and easy to
perform, however, inefficient for 3D structures as superficially seeded cells only cover the
scaffold’s surface. In doing so, a cell suspension is applied onto the scaffold and incubated.
Thereby, the cells attach to the surface of the scaffold regardless of the three-
dimensionality. Intrusion of cells inside the scaffold is highly dependent on the material
and porosity as well as active cell migration but will likely not be achieved by gravity as the
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cells tend to attach to the surface and then will have to migrate actively to also spread
within the scaffold. In this case, mostly scaffold modification has to be carried out prior to
seeding to orchestrate the cells’ migration. Otherwise, the cells will reside mostly on the
surface and only slowly migrate by themselves. However, this approach significantly
prolongs the maturation of the tissue as the cells are not distributed throughout the scaffold
properly, but they are required to self-organize. A semi-dynamic seeding strategy is the
injection of cells inside the scaffold. Thereby, the distribution throughout the scaffold can
be achieved more readily as the cells start migrating and spreading from within rather than
from outside the scaffold. However, for this approach the scaffold architecture must allow
the injection.

Dynamic seeding strategies increase efficiency in scaffold penetration.

Centrifugal seeding uses rotational systems creating centripetal forces to increase
cellular scaffold infiltration. Thereby, a scaffold is rotated or spun with cells and culture
medium. High speed rotational seeding increases penetration depth in less time but might
affect cell morphology, in contrast to low speed. Another advantage of centrifugal seeding
is the availability of centrifuges within a cell culture lab.

Magnetic cell seeding requires the attachment or incorporation of nanoparticles onto or
into cells. Utilizing a magnet enables to attract the cells guiding them by electromagnetic
forces. However, possible cytotoxicity of the utilized nanoparticles has to be excluded.

Another method is the utilization of pressure differential for seeding. By applying
internal, external, or vacuum pressure, a cell suspension can be forced within or through
a porous scaffold to establish thorough cell dispersion. Pressure can also be applied by a
bioreactor system facilitating seeding and further culture of the scaffold. In case of
vascularization, the vascular basal laminar network can be perfused with endothelial cells
within a bioreactor system distributing the cells throughout the vessel system. It is
important to put emphasis on proper single cell separation to avoid clotting of small
diameter vessels [39].

24 Scaffold Fabrication for 3D Culture

The most widely performed 3D cultures are scaffold-based. The field of scaffold-based 3D
culture relies mainly on porous scaffolds to provide a suitable in vivo like structure to
mimic tissue-like structures. These scaffolds represent a template for tissue formation
depicting the tissue-specific architecture and are populated with tissue-specific cell types.
Additional introduced growth factors or biophysical stimuli, facilitated by bioreactor
systems, might guide cellular motion, differentiation, or functionality.

The relevance of 3D culture was discussed as well as various biomaterials presented to
be employed for various applications dependent on the tissue to mimic, the scientific
problem, and the analytical method. The critical aspect enabling 3D cultures with the
respective biomaterial is the choice of the right scaffolding technique to create the tissue-
specific microenvironment and architecture. Most of the biomaterials presented above have
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to be processed by scaffolding techniques for the fabrication of tissue-like scaffolds to be
applied for 3D cell culture improving the microenvironment of 3D cell cultures. Without
proper scaffolding, most biomaterials are an unstructured mass of biopolymers. Scaffold-
ing shapes the material’s macro and microstructure. This is especially important, as the
architecture of a tissue determines cellular arrangement and thereby also supports their
functionality. The 3D architecture enables unique possibilities to investigate cellular
behavior within their natural environment.

Irrespective of the desired tissue there are considerations for the suitability to comply
with when designing a scaffold [2]. One of the most critical features of any scaffold is its
biocompatibility. Cellular adhesion, viability, and function may not be compromised by,
e.g., surface charge or pH. When considering implantation, potentially eliciting an immune
reaction needs to be excluded to prevent encapsulation or severe inflammation. Moreover,
the objective of a scaffold is to provide structural support and a template to enable the cells
within to create their own natural environment, often by replacing the provided material
with produced and secreted ECM. Therefore, the scaffold should exhibit a degree of
biodegradability correlating to the cellular production of ECM balancing the homeostasis
of production and degradation. However, the non-toxicity of the respective by-products has
to be confirmed as well. Furthermore, the mechanical properties of the scaffold should
resemble those of the reconstructed natural tissue that might range from 0.4 to 1500 MPa
[40]. Particularly, when applying mechanical stimulation, the scaffold has to withstand the
applied forces. Beyond mechanical integrity, the scaffold architecture should exhibit
enough interconnected porosity facilitating nutrient/waste diffusion as well as cellular
motility, ingrowth, vascularization. Furthermore, porosity enhances cellular proliferation.
Nevertheless, high porosity alters mechanical properties of the scaffold. This can be
balanced by using two different polymers or modifying surface energy and protein
adsorption. The ideal mechanical modulus and degree of porosity is highly tissue and
cell specific.

The selection of the scaffolding technique is highly dependent on the desired scaffold
properties as, for example, electrospinning generates a soft tissue with high flexibility,
surface area, and interconnected porosity. Whereas for a harder tissue, withstanding
mechanical force and low porosity, 3D printing or freeze drying of composite materials
will be suitable.

The most widely used scaffold techniques are electrospinning, freeze drying, and 3D
printing [41], which can be further discriminated between 3D printing and bioprinting.
Following, the already mentioned as well as further scaffolding techniques are introduced
describing their field of application and their individual advantages and disadvantages.

2.4.1 Electrospinning

Electrospinning, the currently most widely used scaffolding technique due to the capacity
to generate polymer matrices resembling native cellular micro and macroscale scaffold
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Fig. 2.5 Commercially available electrospinning systems. Upper row: Tabletop electrospinning
device and different collector stages providing various platforms facilitating the fabrication of
different scaffold architectures (Contipro a.s., Dolni Dobrou¢, Czech Republic). Lower row:
Electrospinning machine for large-scale high throughput electrospinning and electrospraying
(Bioinicia, Paterna, Spain)

environment. By electrospinning, a meshwork from nano- to microscale-diameter fibers
with a high surface area is generated using electrostatic attraction.

A typical electrospinning setup is comprised of three main parts: a high voltage control
supply, an extrusion pump connected to a syringe with a metal tip (i.e., the spinneret), and a
metallic collector. A typical setup can be self-assembled by an engineering; however, there
is also a wide range of commercially available equipment (Fig. 2.5) and ready spun
matrices (Fig. 2.6).

There have been more than 200 natural polymers (e.g., silk fibroin, chitosan, gelatin,
collagen, etc.), synthetic polymers (e.g., PVA, PVP, PLLA, PCL, etc.), as well as
composites utilized. Biological, natural, and synthetic polymers and 3D matrices thereof
as well as their scaffolding by electrospinning and applications are discussed in further
detail in Chap. 5.

For electrospinning, the polymers need to be homogeneously dissolved in a solvent. By
charging the polymer solution in the metal nozzle with the usage of high voltage, repulsive
electrostatic forces between the polymer molecules are built up. Thus, due to the attractive
force between polymer solution and collector plate a steady stream of polymer solution is
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Fig. 2.6 Electrospun matrix in a 96-well plate format. Available with fibers either randomized or
aligned (The Electrospinning Company Ltd., Didcot, United Kingdom)

accelerated from the nozzle towards the metal collector of opposite electrical polarity. For
the generation of electrospun fibers overcoming the surface tension of the liquid polymer
solution, a high voltage of 10-40 kV is required. Most of the solvent evaporates while in
the air-phase during spinning onto the collector resulting in a dry polymer meshwork.

Fiber size and diameter can be adjusted by the concentration of the polymer used, the
conductivity, viscosity, and surface tension of the solution, the applied voltage, the flow
rate of polymer extrusion through the nozzle and the diameter of the needle, as well as the
distance between needle tip and collector. Nevertheless, humidity and temperature also
influence the quality and reproducibility.

Utilizing electrostatic forces, electrospinning is usually distinguished between horizon-
tal and vertical setups, regarding the orientation of nozzle to collector, with the collector
either stationary or movable.

With a rather simple setup and the adaptability of the systems, it is possible to create
distinct microstructures, e.g. by the sequential use of more than one polymer pump.
Moreover, despite the influence of ambient conditions, electrospinning is usually
performed as a tabletop setup. Nevertheless, it should be placed within a fume cupboard
as this provides ventilation to eliminate an eventually emerging strong smell and provides a
safety cabinet as precaution for further lab colleagues.

An advantage of electrospinning is the high surface to volume ratio enabling the
integration of active molecules for cellular guidance. Furthermore, porosity, size, and
shape are easily adjustable. For example, an airflow around the spinneret can be attached.
Speed and temperature of the airflow modify viscosity of the solution and evaporation of
solvent, thereby effecting the morphology of the nanofibers. Electrospraying, a variation of
electrospinning, accelerates droplets instead of a continuous thread onto the collector
(Fig. 2.7).
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Fig. 2.7 Basic concept of an electrospinning, electroblowing, and electrospraying and their respec-
tive spun matrix (Contipro a.s., Dolni Dobrou¢, Czech Republic)

Nevertheless, the mechanical properties of the electrospun scaffolds are sufficient for
many TE approaches but have to be handled with care as the scaffolds are prone to
mechanical disruption.

2.4.2 Bioprinting

3D printing technology resembles stacking 2D printing ink on paper. Originating from
stereolithography, the technological advancement of 3D printing to stack the “print” onto
the z-axis to generate 3D scaffolds was an enormous innovation. 3D printing, rapid
prototyping, stereolithography, or laser sintering are used to fabricate scaffolds for 3D
culture, bioreactor systems, molds, building blocks, or anything else related to biomedical
applications.

The huge advantage over most other scaffolding techniques is the computer-aided
design of the scaffold in advance, allowing the distinct control over scaffold parameters
including location, size, and interconnectivity of pores. In contrast, for most scaffolding
techniques the resulting architectural organization is composed by a certain degree of
random configuration. Having distinct control over matrix generation enables the optimi-
zation of parameters such as mechanical strength, porosity, and architecture. Thereby,
affecting cellular distribution, growth and nutrient supply.

An important discrimination to make aware of is between 3D printing and bioprinting as
both often are used synonymously. While 3D printing comprises the fabrication of
scaffolds from biomaterials for the intention to culture cells on them or the fabricating of
bioreactors for cells to be cultured in, bioprinting represents printing live cells within a
hydrogel ink.

For 3D printing, laser-, printing-, or nozzle-based solid free-form fabrication are
methods to convert a computer designed scaffold into a polymer matrix. Similarly, to a
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printer, these methods generate a scaffold by moving within the x-y plane and stacking a
solid 3D structure iteratively on the z-axis. To preserve the stacked architecture, printing
methods use wax deposition or chemical binders to create structures out of a powder bed,
whereas laser methods use electromagnetic energy to selectively polymerize or solidify a
monomer solution or powdered material. Nozzle systems emit a chemically or thermally
liquefied material that solidifies when extruded.

The first bioprinters were modified versions of commonly available 2D ink-based
printers. In the cartridge, the ink was replaced with a polymer, and instead of printing on
paper that gets pulled through the printer, the printing was performed directly on a stage
with a controlled elevator to regulate the x-y-z-axis. As the setup is not very different from
classical 2D printers, the accessibility for the user was high and the technology spread fast
and rapidly developed further, enabling researchers to print living cells into a structured 3D
tissue. Bioprinting strategies resemble those for 3D printing for material deposition and
patterning using inkjet, micro-extrusion, or laser-assisted bioprinting. The difference to
sole 3D printing is in laser-assisted bioprinting, cell-laden hydrogel solution is focused on a
collector with focused pulses. Therefore, there is a focusing system for a pulsed laser beam,
aribbon with a donor transport support with a laser-energy-absorbing layer, and a receiving
substrate facing the ribbon necessary. Inkjet bioprinter systems are customized 2D printer
ejecting drops of hydrogel onto a substrate. The most common system for bioprinting is the
extrusion method requiring a temperature-controlled dispensing and material-handling
system, a movable stage, a fiberoptic light source for photo-initiator activation, a video
camera for x-y-z command and control, and a piezoelectric humidifier. While a setup for
3D printing of materials is rather easily self-assembled, bioprinting requires the handling of
live cells and therefore more specialized equipment. There are commercially available
systems (Fig. 2.8) also offering bio-ink based on different materials, e.g. collagen, gelatin,
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Fig. 2.8 Commercially available bioprinter systems (Brinter, Turku, Finland; Cellink AB,
Gothenburg, Sweden) with multiple printing heads to apply different materials and cells in a spatial
resolution
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or chitosan. Multiple print heads facilitate serial dispensing of multiple materials with
different cells and/or cellular concentrations.

Bioprinting, when using hydrogels, easily allows to implement cellular co-cultures,
drugs, and bioactive molecules as well as their precise arrangement by printing different
cell types with different cartridges. However, the implemented cells must withstand the
exerted shear stress and pressure while extrusion as well as cellular viability has to be
ensured for the whole time of printing. Furthermore, polymers typically used for
bioprinting are alginate, collagen, or different hydrogels that exhibit high biocompatibility,
but low mechanical strength. Thereby it is often necessary to also print supportive
structures to aid in statics until the final complex organ structure is printed.

For more details, Chap. 11 Bioprinting is explaining the methods and applications more
in depth.

More classical scaffolding techniques with similar principles and results are solvent
casting/porogen leaching, melt molding, gas foaming, and freeze drying. However, they
also share the same disadvantage of lacking in precise fine-tuning of the resultant scaffold
microstructure, morphology, and porosity.

2.4.3 Salt Leaching

One of the oldest methods for scaffolding is solvent casting and particulate leaching. The
concept of this method depends on the dispersion of solvated porogens in a polymer
solution (Fig. 2.9). The liquid suspension of polymer and porogen is then solidified with
the porogens dispersed throughout the solid polymer. Afterwards, this solid material is
soaked in a solvent to dissolve the porogen leaving behind pores within the solid scaffold.

Pore size, density, and geometry are dependent and thereby adjustable by the porogen
and its concentration. Though, the arrangement of pores cannot be controlled properly due
to the dissimilar density of porogen and polymer particles. Nevertheless, a porosity of 90%
can be achieved with a pore size ranging from 5 to 600pm.

A critical point in the fabrication of scaffolds using this method is to avoid the typically
used toxic organic solvents or when the porogen is completely encapsulated and sealed by a
tight polymer and cannot be dissolved.

2.4.4 Melt Molding

Melt molding is similar to the leaching method but avoids chemical solvents. Polymers are
liquefied by heating above the melting point and cooled and solidified in a mold.
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Fig. 2.9 Schematic overview of solvent casting/particulate leaching, melt molding, freeze drying,
and gas foaming. Salt leaching: Dispersion of porogens in a polymer solution. Evaporation of the
solvent leading to solidification while another solvent dissolves the porogens afterwards leaving
behind a porous structure. Melt molding: Melting polymers with porogens under pressure leads to a
solid block. The dispersed porogens can be dissolved within the block creating a porous scaffold.
Freeze drying: Polymers are mixed with a liquid and frozen forming ice crystals. Dehydration of the
ice crystals results in a porous scaffold. Gas foaming: A polymer solution is mixed with a foaming
agent, pressed to a compact block, and gassed. When releasing the gas quickly expands foaming the
material

The most used polymer for this method is poly lactic glycolic acid (PLGA) due to its
low glass transition temperature. The melt molding technique can be combined with
particle leaching to introduce porous structures.

By heating and melting polymers also composite materials can be generated, e.g. gelatin
microspheres might be mixed with a polymer powder in a Teflon mold and then heated
above the polymer glass transition temperature. The result is a composite material with
polymers incorporated in the gelatin modifying its structure and characteristics
(Figure SCAF).

However, despite the rather easy setup, the incorporation of bioactive molecules is
restricted due to the heating.
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2.4.5 Freeze Drying

A technique without the use of toxic organic solvents is freeze drying. Applying this
method, an emulsion from a solvated polymer and a non-mixable liquid is homogeneously
mixed, poured into a mold, and freeze dried. There, the solvents freeze and form ice
crystals. The ice crystals act as porogens forming the pores within the scaffold. By
dehydration under vacuum, the solvent gets evaporated resulting in a dry porous structure
(Fig. 2.9).

The porosity and pore size can be manipulated by using different polymers, the ratio
between polymer and emulsifying liquid, as well as controlling the growth of the ice
crystals by regulation of the freezing temperature.

2.4.6 Gas Foaming

Avoiding solvents at all, gas foaming creates matrices allowing the incorporation of
bioactive molecules.

For gas foaming, a foaming agent, such as sodium bicarbonate, is mixed in a polymer
solution. This mixture is pressed to a solid block by high temperature compression molding
and stored in a high-pressure carbon dioxide chamber for several days enabling gas
infiltration inside the polymer block. Immersion of the block into an acidic aqueous
solution leads to a reaction with the encapsulated foaming agent releasing gas. With the
release of the entrapped gas, the scaffold foams and pores form (Fig. 2.9).

With this method, a 93% porosity with a pore size up to 100pum can be achieved.
However, the foaming is hardly controllable forming a heterogeneous scaffold with an
increasing porosity from a non-porous bottom of the scaffold to a highly porous top due to
the rising gas. Nevertheless, after foaming, there is no residual solvent causing cytotoxicity
or compromising the bioactivity of subsequently introduced molecules.

Finally, as already mentioned before, the most important scaffold property is to provide
a structure to enable the cells to shape their own extracellular environment.

For scaffold-based culture systems, reproducibility between different batches is
unsatisfactory.

2.4.7 Sterilization

It is critical to identify the suitable sterilization method for the biomaterial used to avoid
compromising effects (Table 2.3). Some sterilization methods can alter chemical, morpho-
logical, and mechanical properties of biomaterials as sterilization processes often require
harsh conditions to inactivate bacteria and pathogens [42]. In this regard, it is often
advantageous to sterilize the raw materials instead of the final scaffold. This is especially
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Table 2.3 Overview of different sterilization techniques [42]

Sterilization

method Advantages Disadvantages

Autoclave Safe; usually available Deformation of thermoplastics

Dry heat Safe; usually available Deformation of thermoplastics

EtO Minimal degradative changes; Toxic residues; surface changes; extended
sterility easily validated aeration time required; possible shrinkage of

thermoplastics

Gamma Most penetrative; crosslinking Degradative alterations in polymers and
capability; sterility easily bioceramics
validated

E-beam Shorter exposure time than Degradative changes; high cost
gamma; sterility easily validated

uv Minimal degradative changes; For surfaces only; non-FDA-approved
inexpensive/ usually available sterilization method

Chemical Safe; cheap Evaporation time required

true for scaffolding techniques that directly implement cells like bioprinting as terminal
sterilization processes will inevitably inactivate cells or proteins.

Heat sterilization can be performed with dry heat or steam. The latter is commonly
performed in an autoclave heating water above 121 °C for at least 15 min. For proper
sterilization, the steam needs to penetrate the whole material. Dry heat, on the other hand, is
performed longer and at higher temperature as the heat penetration takes longer. Usually
the material is stored for at least 2 h at 160 °C in a hot air oven. Whereas hot steam is
detrimental for lots of materials, dry heat can also be used for powders sterilizing material
before scaffolding.

Chemical sterilization by immersion in ethanol, isopropyl alcohol, formic acid, or
low-concentrated peracetic acid is an option for scaffolds that are heat and radiation
sensitive. However, the sterilization liquid has to be evaporated properly to not leave
cytotoxic residues behind.

Instead of applying liquids, objects can also be sterilized with ethylene oxide (EtO) gas.
By adding alkyl groups to sulthydryl, hydroxyl, amino and carboxyl groups, proteins and
nucleic acids get denatured. Thereby also cells and microorganisms die. However, due to
the high toxicity of the EtO gas, there is a long and proper airing required to ensure safety
for the operator as well as for subsequent cells seeded onto the scaffold.

Irradiation sterilization. Another method of low-temperature sterilization is gamma
irradiation. The radiation penetrates through most physical barriers, being suitable for
packed materials. However, the high energy electromagnetic waves do not only degrade
proteins and nucleic acids, inactivate cells and microorganisms but might also cause
degradative effects in some materials causing cytotoxicity.

Utilizing higher dosing rate but therefore shorter exposure time, electron beam sterili-
zation reduces the risk for material degradation.
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Ultraviolet (UV) irradiation is another electromagnetic radiation, but less penetrating
than gamma irradiation and therefore used for surface sterilization.

25 Bioreactors Mimicking Physiological Culture Conditions

Bioreactors have emerged as favorable tool for cell culture, especially in the cell-based
therapy industry. 3D structures often require additional nutrient supply due to diffusion
limitations. Cells that are embedded in scaffolds have limited availability as well as
exchange rate of nutrients and waste products. It has been shown that the use of bioreactors
in the field of TE provides additional biomimetic stimuli, efficient delivery of nutrients and
improved mixing, fluid shear stress and perfusion regimes. Consequently, formation of
adequate cell—cell interactions, efficient oxygen and nutrient supply as well as continuous
waste removal within the bioreactor system, enabled higher mass transfer rates, regulated
cell behavior and influenced biological processes positively. Introduction of biochemical
stimuli increases the functionality of scaffolds and online monitoring via incorporated
sensors for pH, oxygen, and temperature, facilitate real-time feedback of culture
conditions. Furthermore, enhancement of proliferation rate and reduction of a necrotic
core formation in 3D scaffold has been observed under dynamic cultivation in bioreactors.
Transition from static systems to bioreactors enables easy sample collection during expan-
sion process and direct downstream analytics such as flow cytometry which aids a greater
control over cultivation and facilitates efficient process optimization. These aspects display
more benefits for 3D tissue engineered tissues compared to conventional 2D cell culture
techniques (see also Chap. 1.3). Nevertheless, diffusional improvements within tight tissues
in dynamic cultivation do not suffice. In this case, vascularization has to be integrated into the
tissue model [43]. Vascularization in 3D cell culture will be addressed in Chap. 6.

Over the past decade, numerous types of bioreactors have been developed for the
maintenance of a controlled microenvironment for different types of cells including red
blood cells, cell lines, (mesenchymal, adult, induced pluripotent-) stem cells, and chimeric
antigen receptor (CAR) T cells, to regulate appropriate cell viability, growth, differentia-
tion and tissue development. Researchers were aiming for (1) improved standardized and
reproducible processes, (2) scale-up for clinically relevant cell-based products for regener-
ative medicine applications, (3) superior functionality of 3D tissue grafts, and (4) establish-
ment of in vitro models which are physiologically similar to that of in vivo tissues in order
to enable pharmacological testing for various experimental parameters. Therefore, com-
mercialization of bioreactor systems has garnered great attention as it provides a more
convenient, safer, and viable method compared to traditional planar platforms (e.g.,
T-flasks). In spite of these benefits, regulatory requirements indicate significant challenges
and specific guidelines of bioreactors for various parameters including flow rate, cell
culture medium volume, requirements of different cells in such settings are limited. Further
issues emerge in terms of the scale-up potential for production of industrial quantities,
simplification of functional in vivo systems and control of manufacture and monitoring of
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miniaturized systems that reflects the complex physiology of the native tissue (see descrip-
tion in Chap. 1.6). Nevertheless, notable efforts have continuously been made in order to
improve the clinical applicability of TE grafts by focusing on the use and optimization of
biophysical stimulation and functional tissue assembly. In the following sections, two main
modes of bioreactors, used for production of functional 3D tissues, will be described:
mixing bioreactors (orbital shakers, spinner flasks, stirred tank, etc.) and perfusion
bioreactors (hollow fiber, VITVO, fixed bed, etc.) [44, 45]. Strategies for cultivation of
3D co-cultures are further described in Chap. 8 and microfluidic systems and organ-on-the-
chip approaches are explained in more detail in Chap. 10.

2.5.1 Mixing Bioreactors

One major challenge for the development of tissue-replacement grafts or stem cell-based
therapy is the generation of functional cells in large quantities. Hereby, different factors
including production time as well as the practical and cost-effective application, need to be
considered. Mixing bioreactors provide homogenous distribution of nutrient, oxygen as
well as cellular by-products during cultivation via stirring or oscillating and rocking
components, while keeping the cells in suspension in the vessel. Usually, these bioreactor
types are operated in combination with microcarrier technology (as described in Chap. 2.
3.1) for cultivation of adherent cells to minimize damage of cells through hydrodynamic
shear forces. Hereby, optimal agitation rates need to be applied to promote proliferation and
maintain viability of cells, which is challenging due to the highly dynamic and
interconnected parameters of the bioreactor [46].

TubeSpin® (https://www.youtube.com/watch?v=_rEY9CUaKRk&feature=emb_title)
Bioreactors (Techno Plastic Products AG (TPP), Switzerland) are disposable culture
vessels which are installed on an orbital shaker to provide efficient cultivation conditions
for mammalian cells (on microcarrier or as cell aggregates) in suspension. The ventilated
cap allows sterile supply of oxygen via an incorporated 0.22pum sterile PTFE membrane
once sealed. The conically designed bottom enables application onto standard swinging or
fixed-angle rotors for cell/liquid separation by centrifugal forces. Furthermore, it facilitates
easy harvest of cells within the tubes due to its low-adherent conical bottom avoiding
additional transfer step. The available formats allow working volumes from 10, 35 up to
400 ml. A successful high yield expansion as well as chondrogenic differentiation in a pellet
culture of human stem cells in the TubeSpin® bioreactor has been reported in literature
[47, 48]. These studies demonstrated the efficiency of the TubeSpin® bioreactor 600 for cell
culture applications as it offers great possibilities for the optimization of suspension cell
culture parameters and demonstrates simple and cost-efficient scale-up opportunities.

CERO (OLS Omni Life Sciences GmbH & Co. KG, Germany) is a bench-top incubator-
bioreactor hybrid, which uses similar mixing principles for suspension cell culture as the
aforementioned bioreactor. Contrary to the oscillating movement of the shaker used for
TubeSpin®, the tubes are placed in the CERO inserts and facilitate axial rotation induced
by an incorporated rotor, which can be set at different speed for each individual tube.
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Fig. 2.10 Exemplary mixing bioreactors for cell culture. (a) 15 L Corning® reusable glass spinner
flask with 100 mm flat center cap and 2 angled sidearms and (b) TubeSpin® Bioreactor 600 with a
working volume of 400 ml

Furthermore, the CERO provides ultra-low attachment surfaces of its tubes and has been
reported to generate reproducible spheroids using cell lines, primary cells, tissue pieces,
and organoids. Additionally, CERO allows long-term cultivation and supports cell viability
and differentiation. Nonetheless, it has also been reported that spheroids generated from
hepatic cell lines resulted in unstable spheroids and the formation of necrotic core during a
week of cultivation. Also, further challenges indicated to be the labor-intensive aspect,
susceptibility to contaminations, and spatial and time limitations. Further optimization of
cultivation parameters such as rotation speed needs to be made for each cell type to obtain
anticipated results in the bioreactor (https://www.youtube.com/watch?v=9pSPhGUgTs;
Link zu youtube Video/Bonusmaterial fiir online).

Corning® Disposable Spinner Flasks (Corning Inc., USA) enable enhanced mass
transfer by incorporation of a stirring element such as magnetic stirrer at the bottom,
which creates a convective flow and produces hydrodynamic forces. It consists of a
cylindrical glass vessel, where cell aggregates or cells seeded on microcarriers are kept
in suspension during cultivation (Fig. 2.10). Spinner flasks can be conducted in batch,
fed-batch, or either continuous culture mode. Cellular distribution, viability, and differen-
tiation capacity has been improved through the mixing regimen of the spinner flask
bioreactor. It has found applications in bone TE but has been reported to only promote
ECM production at the surface of scaffolds and increased turbulence-collision on the
scaffold through mixing, affecting cell growth and tissue formation.

Stirred tank bioreactors (STBR) such as Ambr® 250 modular (Sartorius AG, Germany),
Mobius® CellReady 3 L (Merck Millipore, USA), and BioBLU (Eppendorf Austria
GmBH, Austria) have been known as the classical bioreactor systems and represent the
predominant systems for large- scale clinical grad expansion of MSC [49] and especially
established protocols are available for the biopharmaceutical production of antibiotics from
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predominantly recombinant Escherichia coli (E. coli) or Chinese hamster ovary (CHO) cell
lines. STBR are offered as stainless-steel systems with working volumes ranging from 2 to
1000 L as well as re-useable systems as flexible bags or rigid vessels with volumes of up to
2000 L. Whereas, smaller STBR (5-200 ml) are mainly used for research or process
development purposes. Besides the flexibility in working volumes, STBR are also available
in a variety of designs and distinct properties, which could result in different biological
performances for each system. Cultivation of human MSC at maximum scale has been
achieved in 50 L STBR involving microcarrier technology or cell aggregate culture [50].

The success of the process of individual STBR highly depends on the varying experi-
mental conditions and procedures. Central process engineering properties of bioreactors
include vessel geometry, vessel material, aeration, and impeller geometry. Depending on
the specific application and the volume size these process properties, especially the
impeller design, have a great impact on mixing time, power input, volumetric mass transfer
coefficient, and formation of shear gradients. Therefore, the choice of an appropriate
agitator such as axial and radial flow impellers is crucial for the outcome of the cultivation
of specific types of microorganism, human or animal cells. Therefore, the agitation rate
needs to be optimized for the specific culture as homogenous mixing is necessary to
prevent the formation of substrate gradients or cell-loaded microcarrier or cell aggregate
cluster due to cell bridging. Equally important indicates the aeration in the system, which
needs to be controlled in order to optimize the mixing process. High aeration in combina-
tion with high agitation ensures proper mixing but causes increased shear stress. On the
other hand, too high agitation rate can cause disruption of cell—cell contact or cell-adhesion
to the microcarrier or afflict too high shear stress on cell and can damage cells. For a reliable
comparison of the physical capability of different STBR systems, standardized protocols
for characterization of such bioreactors need to be established, which could further support
process optimization and guide scale transfer for industrial production. Moreover, the
assessment of the biological capability of the bioreactor must also be evaluated in order
to determine if the system is suitable for the specific cultivation. Ultimately, the choice out
of all the available bioreactor systems needs to be made according to the requirements of
the desired process and application [51].

Vertical-Wheel™ (https://www.pbsbiotech.com/vertical-wheel.html) bioreactor (PBS
Biotech Inc., USA) is a single-use vessel which consists of a vertically oriented impeller
and further key features include a long wheel radius, peripheral paddles and rounded, ultra-
low adherence vessel bottom, and oppositely oriented internal vanes (Fig. 2.11). All these
properties contribute for a homogenous and gentle mixing as well as a tangential flow
through the combination of radial and axial flow impeller. The wheel can be operated via
buoyant force of gas bubbles introduced into the bioreactor (AirDrive) or magnetic
coupling (MagDrive) and is enclosed freely around a stationary in the vessel. These
agitation mechanisms provide mixing and particle suspension with low power input as
well as agitation speed, which in turn demonstrate to be more beneficial for sensitive cell
types such as MSC in terms of improved cell attachment and growth. The Vertical-
Wheel™ bioreactor is available as lab-scale vessels (0.1-0.5 L) up to larger production
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Fig. 2.11 Single-use vertical-wheel™ bioreactor. (a) Key features of the vertical-wheel bioreactor
including: U-shape vessel, oppositely oriented axial vanes, sizeable impeller zone and vertical-wheel
impeller. (b) Representative large-scale cell manufacturing model: MagDrive PBS 3-L bench-top
bioreactor

units (up to 500 L) and showed maintenance of homogenous mixing properties. In addition,
reduction of long operation times between batches can be avoided due to its single-use
application as well as prevent cross-contamination and has been approved to be cGMP-
compliant. Initial studies have reported microcarrier-based cultivation of human MSC and
recently also of human induced-pluripotent stem cells (hiPSC). Rodrigues et al. [52] were
able to obtain an approximate seven-fold increase expansion of hiPSC in 6 days using the
Vertical-Wheel™ PBS 0.5, recombinant vitronectin-coated microcarrier and xeno-free
reagents, suggesting the suitability of this system for cell-based bioprocesses.

Xuri™ (https://www.youtube.com/watch?v=jn972ZqCQ-I) W25 cell expansion system
(Cytiva, USA) relies on a rocking platform which induces a wave motion of the suspension
inside a gas permeable culture bag (1-100 L) in order to achieve a homogenous mixing and
bubble-free aeration. Usually, gentle rocking regimes are applied to provide sufficient
oxygen transfer. However, similar to all bioreactors all process parameters need to be
adapted to the specific application including cell type and desired product. They have been
widely used for preclinical research purposes, seed trains for larger production-scale
cultures, and vaccine production due to their disposable technology.

2.5.2 Perfusion Bioreactors

Compared to mixing bioreactors described in Chap. 3.5.1, in perfusion bioreactors a flow
of cell culture medium is applied upon the cell population to distribute the oxygen and
nutrients throughout the entire bioreactor vessel and porous scaffolds. Furthermore, it has
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Fig. 2.12 Cross-section of a medium cartridge of a hollow fiber bioreactor (FiberCell Systems Inc.,
USA). This module is available in both low (5 kDa) and high (20 kDa) MWCO. Furthermore, it offers
a surface area of up to 4000 cm?, which can be compared to the area of 22 T-175 cell culture-treated
flasks. The cross-section indicates seeded cells on the outer surface of individual hollow fiber, which
have grown in high density during cultivation

also been used to apply controlled shear stress to induce MSC differentiation or enhance
release of by-products such as extracellular vesicles. Most important key parameter is the
flow rate, which is therefore required to be optimized specifically for each bioreactor setup
and cell type to prevent insufficient oxygen and nutrient supply to the cells. Various types
and versatile configuration settings are available commercially or are developed in-house
for numerous biomedical applications. In the next sections, a few examples of perfusion
bioreactors will be described.

Hollow fiber bioreactor (FiberCell systems Inc., USA) (KD Bio (https://www.youtube.
com/watch?v=uSvfrDAKXok, https://www.kdbio.com/video-animation-how-does-a-hol
low-fiber-bioreactor-work/) S.A.S, France) is composed of a bundle of parallel, semi-
permeable hollow fibers (HF) out polysulfone assembled in a cylindrical cartridge
(Fig. 2.12). Different sizes of HF modules are available providing surface areas ranging
from 80 m” up to 1.2 m>.

Membrane properties including pore structure and permeability can be highly controlled
via the manufacturing process. HF bioreactors are offered with a variety of properties
where the pore morphology and size can be tailored as a selective barrier for target
molecules which are hindered of diffusion due to the given pore dimension, while
continuous nutrient and waste product transport is aided in the liquid phase. HF are
classified according to the defined molecular weight cut-off (MWCO) ranging from 6 up
to 190 kDa by the manufacturer. Hereby, 90% of molecules in the system, indicating a


https://www.youtube.com/watch?v=uSvfrDAKXok
https://www.youtube.com/watch?v=uSvfrDAKXok
https://www.kdbio.com/video-animation-how-does-a-hollow-fiber-bioreactor-work/
https://www.kdbio.com/video-animation-how-does-a-hollow-fiber-bioreactor-work/

58 S. KreB et al.

ECS: retains MSC and
secreted/protein

Media inflow
Single Hollow -

ICS: delivery of Cells
nutrients, waste
removal

Fig. 2.13 Illustrative scheme of the inner architecture of the hollow fiber bioreactor. Continuous cell
growth can be facilitated by seeding adherent cells onto the external or internal lumen of a single
hollow fiber. Moreover, constant exchange of nutrient and removal of waste products is provided
during the entire cultivation by perfusion of cell culture medium through the ICS. Additionally,
molecules such as exosomes, monoclonal antibodies, or recombinant proteins with larger MWCO
than the hollow fiber can be retained and be highly concentrated in the ECS. Abbreviations:
ECS = extracapillary space, ICS = intracellular space

larger molecular weight than the membrane, are retained. Subsequently, selective passage
is enabled through the membranes’ MWCO and therefore HF bioreactors have been
commonly used in order to prevent exchange of immune-competent species within the
system or isolate secreted by-products such as extracellular vesicles. Besides the tailored
MWCO of the membrane, HF bioreactors allow multiple medium flow regimes and cell
seeding options: medium flow through (1) extracapillary space (ECS) and (2) intracapillary
space as well as seeding of cells (3) on the external surface and (4) internal lumen of HFs
(as illustrated in Fig. 2.13). Choosing a configuration of HF bioreactor setting, where
medium flow and cells are directly exposed to each other, will permit cells to be subjected
to shear stress and nutrient supply is facilitated by convective transport. Another option is
to create a co-culture model within the system, by seeding different cell types on the outer
surface as well as in the internal lumen of HFs as it was used for endothelial cells under
flow studies in order to evaluate blood stream characteristics. Additional applications are
mass expansion of MSC for cell-based therapies (Quantum expansion cell system, Terumo
BCT, USA), monoclonal antibody, recombinant proteins, adenoviral vectors and exosomes
production, as well as in vitro toxicology studies of chemicals and drugs, and 3D cell
culture platform to mimic tissue-like densities in long-term cultivations such as the human
gut [53, 54]. This however indicates the requirement for optimization of process parameters
(e.g., perfusion rate, fluid properties), regulation of mass transport parameters (e.g.,
oxygen, nutrient, and waste molecules), and culture conditions (e.g., cell type, feeding
strategy, and seeding density) which need to be adapted and evaluated for each application
as success of the system is highly dependent on these different operating parameters.
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Fig.2.14 VITVO® technology. Portable and small VITVO® device ensures safe and easy transport
from one lab to another. Furthermore, two chambers are separated by a 3D matrix and simultaneously
serve as a filter to facilitate retainment of cells and successful colonization

For many years, it has been a challenge to overcome the diffusive limitation in different
systems to deliver nutrients sufficiently and consequently form hypoxic and necrotic
conditions for cells. This system has promising potential to increase the ability to design
a microenvi