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Preface

The completion of the Human Genome Project and the rapid progress in cell biol-
ogy and biochemical engineering, are major forces driving the steady increase of
approved biotech products, especially biopharmaceuticals, in the market. Today
mammalian cell products (“products from cells”), primarily monoclonals,
cytokines, recombinant glycoproteins, and, increasingly, vaccines, dominate the
biopharmaceutical industry. Moreover, a small number of products consisting of
in vitro cultivated cells (“cells as product”) for regenerative medicine have also
been introduced in the market.

Their efficient production requires comprehensive knowledge of biological as
well as biochemical mammalian cell culture fundamentals (e.g., cell characteristics
and metabolism, cell line establishment, culture medium optimization) and related
engineering principles (e.g., bioreactor design, process scale-up and optimization).
In addition, new developments focusing on cell line development, animal-free cul-
ture media, disposables and the implications of changing processes (multi-purpose-
facilities) have to be taken into account. While a number of excellent books treating
the basic methods and applications of mammalian cell culture technology have been
published, only little attention has been afforded to their engineering aspects.

The aim of this book is to make a contribution to closing this gap; it particularly
focuses on the interactions between biological and biochemical and engineering
principles in processes derived from cell cultures. It is not intended to give a com-
prehensive overview of the literature. This has been done extensively elsewhere.
Rather, it is intended to explain the basic characteristics of mammalian cells related
to cultivation systems and consequences on design and operation of bioreactor sys-
tems, so that the importance of cell culture technology, as well as differences com-
pared to microbial fermentation technology, is understood.

The book is divided into a part related to mammalian cells in general (part I) and
a second part discussing special applications (part II). Part I starts with an overview
of mammalian cell culture technology in Chapter 1, where we present definitions,
the historical perspective and application fields including products; we summarize
the most commonly used mammalian cell types as well as their characteristics and
discuss resulting process requirements in Chapter 2. This chapter also outlines the
current understanding of the cell metabolism including mammalian cell culture
kinetics and modelling. Chapters 3 to 5 cover engineering aspects of mammalian
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cell culture technology: Chapter 3 includes a categorization of suitable mamma-
lian cell culture bioreactor types with their descriptions, and highlights the trends
for R&D and biomanufacturing, as well as special features of bioreactors for cell
therapy and tissue engineering. Chapters 4 and 5 discuss key process limitation
issues and show how they should be handled with respect to optimized mammalian
cell bioreactor and process design. In this context we distinguish between suspen-
sion cells (non-anchorage dependent growing cells) and adherent cells (anchorage
dependent growing cells) and focus on shear stress by aeration as well as mixing,
oxygen transport, nutrient transfer, process strategy and monitoring, scale-up fac-
tors and strategies.

In part II, special cell culture applications which are predicted to have a high
potential for further development are treated (see Chapter 6 to Chapter 8). These
chapters treat insect cell-based recombinant protein production, bioartificial organs
and plant cell-based bioprocessing.

The questions and problems included should enable the reader, especially stu-
dents, to develop a clear understanding of the fundamentals and interactions pre-
sented in each chapter of the book. We hope that this book will be of interest to
students of biotechnology who specialize in cell cultivation techniques and bio-
chemical engineering as well as to more experienced scientists and industrial users
who work with cell cultures as production organisms.

Finally, we acknowledge our contributing authors, Dr. Wilfried Weber and Prof.
Dr. Martin Fussenegger and thank them for their dedication and diligence. We
would also like to thank our families for their support during the writing and editing
of this book. In addition, we are very grateful to Springer for their keen interest in
bringing out this book of quality work.

May 2008 G. Catapano
P. Czermak

R. Eibl

D. Eibl

R. Portner
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Chapter 1
Mammalian Cell Culture Technology:
An Emerging Field

D. Eibl, R. Eibl, and R. Pértner

Abstract Mammalian cell culture technology has become a major field in modern
biotechnology, especially in the area of human health and fascinating developments
achieved in the past decades are impressive examples of an interdisciplinary interplay
between medicine, biology and engineering. Among the classical products from cells
we find viral vaccines, monoclonal antibodies, and interferons, as well as recombinant
therapeutic proteins. Tissue engineering or gene therapy opens up challenging new
areas. Bioreactors from small- (ml range up to 10L) to large-scale (up to 20m?) have
been developed over the past 50 years for mammalian cell culture-based applications.
In this chapter we give a definition of mammalian cells and a brief outline of the his-
torical development of mammalian cell culture technology. Fields of application and
products from mammalian cells, as well as future prospects, are discussed.

1.1 Definition and History

Mammalian cell culture technology has become a major field in modern biotech-
nology, especially in the area of human health, and fascinating developments
achieved in the past few decades are impressive examples of an interdisciplinary
interplay between medicine, biology and engineering (Kelly et al. 1993; Howaldt
et al. 2005). Among the classical products from cells we find viral vaccines, mono-
clonal antibodies and interferons, as well as recombinant therapeutic proteins

D. Eibl, R. Eibl
Institute of Biotechnology, Zurich University of Applied Sciences, Department of Life Sciences
and Facility Management, Widenswil, Switzerland

R. Portner

Hamburg University of Technology (TUHH), Institute of Bioprocess and Biosystems
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4 D. Eibl et al.

(Fig. 1.1). Tissue engineering or gene therapy has opened up challenging new areas
(Otzturk 2006). “Mammalian cell culture” refers to the cells of a mammalian,
isolated from specific tissues (i.e. skin, liver, glands, etc.) and further cultivated and
reproduced in an artificial medium (Fig. 1.2) (Butler 2004; Shuler and Kargi 2002).
During the cultivation of mammalian cells in vitro, outside a living organism, some
specific difficulties arise in the extraction of the cells from a “safe” tissue. Slow
growth rates with doubling times between 12 and 28 h, low productivity, sensitivity
against shear stress due to the lack of a cell wall (Cherry 1993), and complex require-
ment of growth medium are the challenges in developing techniques for mamma-
lian cell culture. Moreover, many cell lines grow adherent, and a suitable surface
for attachment has to be provided for these cells to proliferate. As mammalian cells
have originated from multi-cellular organisms, they still hold the genetic program

Red biotechnology

Pharmaceutical /medical biotechnology

Cells as product

(Tissue engineering) animal testing by

cytotoxicity tests

Products from cells

{-‘- Replacémem of

Glycoproteins (therapeutical .iuspe!':smn ocll: lorl_ocll Validation of agents
roteins, antibodies) ISNBINES, el NSO | 'tdrugs cosmetic products)
; ! cyles, bone marrow cells .
Functional tissue for trans- Dosage of agents
Viral vaccines ‘plantations, e.g. chondro- |{drugs, cosmetic products)
cyles
|Extracorporeal organoids,
e.g. artificial liver and kidney

Fig. 1.1 Application fields of mammalian cells

Fig. 1.2 Morphology of (a) suspendable and (b) adherent mammalian cells (bar approx. 30 um)
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of inducing their own cell death; a process called “apoptosis™ or “programmed cell
death” (Cotter and Al-Rubeai 1995; Singh et al. 1994; Al-Rubeai and Singh 1998).
This can limit culture productivity in biotechnological processes. Another major
problem is the finite life-span of primary cells, which die after several doublings
in vitro. This problem was solved by transforming primary cells into immortal,
“established” or “continuous” cell lines.

Considerable effort has been directed towards the development of mammalian
cell culture technology, and appreciable progress has been achieved in the past few
decades (Glaser 2001; Kretzmer 2002). Media that used to contain up to 10%
serum have been continuously improved, and the cultivation in defined serum-free
and even chemically defined, protein-free media is now common for most relevant
industrial cell lines. Bioreactors have been developed, which provide the required
low shear-stress environment by introducing gentle agitation and aeration with slow
moving stirrers in tanks, or designing special aerators for air-lift reactors, or sepa-
rating the cells from stressful conditions like hollow-fibre, fluidized-bed, and fixed-
bed reactors. By using specific fermentation techniques for cell culture improvement
(Fig. 1.3) mammalian cells can now be cultured in very large volumes (up to
20,000L) to provide the needed quantity and quality of the desired product. On the
industrial scale the adherent cell lines can be cultivated on micro-carriers (e.g. for
vaccine production) or adapted to grow in suspension, e.g. cell lines derived
from baby hamster kidney cells (BHK) or chinese hamster ovary cells (CHO).
International developments have focused on application of disposables (single-use

Metabolic fingerprinting
of cell line
Cell line development | ' ' | Medium optimization

Gluc, amino acids, NH, ",
lactate, osmolarity, etc.

Stable or transient high- Serum-free, protein-free,
producing cell lines chemically defined media

Common techniques
for cell culture
improvement on
fermentation side

CGrowing use of Process optimization

disposables
Single-use bags for medium Bioreactor optimization
storage, sampling, seed | | Cultivation parameters
inoculum, disposable couplers, | | process mode
sensors and bioreactors Heat transfer, shear forces,

mixing pattern, residence time
distribution, oxygen transfer
efficiency

Fig. 1.3 Techniques for cell culture improvement
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equipments) in mammalian cell-based processes to reduce the development and process
costs, shorten time to market and enable quick process modifications. (Besides dis-
posable bags for storage and sampling, liquid-handling container systems, disposa-
ble sensors, filters and couplings, disposable bioreactors have also become
increasingly accepted.

Genetic engineering has contributed significantly to the recent progress in this
area (Korke et al. 2002; Wurm 2004; Butler 2005). With this technology, functional
proteins can be produced by introducing recombinant DNA into cell lines, e.g. chi-
meric (humanized) antibodies are produced for in vivo applications in transfectoma
or recombinant CHO cells. New promoters have been developed to enhance pro-
ductivity, and product titres up to five gram per litre have been reported for some
industrial cell lines. By genetically induced proliferation, novel cell lines can now
be constructed from primary cells, without losing functionality (Kim et al. 1998;
Bebbington et al. 1992).

The following sections provide a basic understanding of the specific require-
ments of mammalian cells, describe state of the art process technology for cultiva-
tion of these cells and give a future perspective. A comprehensive overview on
mammalian cell culture technology is given by Ozturk and Hu (2006).

1.2 Fields of Application and Products
from Mammalian Cells

A detailed overview of the products from mammalian cells is given in (Bebbington
et al. 1992; Griffiths 2000). Among “Products from cells” viral vaccines (Cryz
et al. 2005) against polio, hepatitis B, measles, and mumps for human use and
rubella, rabies, and foot-and-mouth-disease (FMD) for veterinary use are important
products. Viral vaccines are produced efficiently by cell-based vaccine technology.
For this purpose, primary cells, diploid cells or permanent cell lines (e.g. VERO)
and recently, even recombinant cell lines are used. A breakthrough for the large-
scale production of viral vaccines with anchorage-dependent cells was the develop-
ment of microcarriers in the late 1960s which permitted cultivation in stirred tanks
on thousand-litre scale. New targets for cell-based vaccines are the human immuno-
deficiency virus (HIV), herpes simplex virus, and influenza. Recent developments
include genetically engineered or DNA-vaccines.

Monoclonal antibodies (Galfre et al. 2005) have become a valuable tool for
diagnostic purposes, as well as therapy. Antibodies synthesized by B-lymphocytes
play an important role in the immune system of mammalians. Traditionally poly-
clonal antibodies were isolated from blood samples. In the 1970s Milstein and
Kohler developed a technique to generate hybridoma cells producing monoclonal
antibodies (Kohler and Milstein 1975). Due to specific binding, monoclonal anti-
bodies are widely used for diagnosis, as tens of thousands of different monoclonal
antibodies are available. The importance of monoclonal antibodies as therapeutic
agents has evolved only recently, as immunogenic mouse antibodies were replaced
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by chimeric, humanized or human antibodies. Areas of application are organ trans-
plantation (OKT3), cancer diagnosis and treatment, rheumatoid arthritis, leukaemia,
asthma, and multiple sclerosis. Presently several antibodies are being produced in
kilogram quantities (Ozturk 2006). Modern recombinant techniques focus on new
antibody formats such as fragmented antibodies (FAb’s) or bivalent antibodies,
with a broad range of applications.

Glycoproteins are another important group of products produced from mamma-
lian cells. Starting with the production of o-Interferon as an anti-infectious drug by
(non-recombinant) Namalwa cells in the late 1970s, a growing number of glycopro-
teins for treatment of a wide variety of diseases are produced by means of mostly
recombinant mammalian cells. Prominent examples are cytokines (e.g. Interferons
and Interleukins), hematopoetic growth factors (e.g. Erythropoeitin for treatment of
anemia), growth hormones, thrombolytic agents (e.g. tissue plasminogen activator
[tPA]), coagulation factors (factor VII, factor VIII, factor IX, etc.), and recombinant
enzymes (DNAse) (Ozturk 2006).

Recombinant proteins may be produced by bacterial, yeast, or mammalian
cells. From a technological point of view, hosts such as bacteria or yeast have an
advantage as regards the growth rate, final cell density and product concentration.
Nevertheless, mammalian cells are preferred for those proteins requiring a spe-
cific, human-like glycosylation pattern (Andersen and Goochee 1994; Harcum
2006), which is difficult to obtain in other host systems. Another problem for
microorganisms is the maximum size of the protein produced which must be
below a molecular weight of approximately 30,000 Da. Further, in contrast to extra
cellular release of most proteins produced in mammalian cells, products from
microorganisms are often accumulated intra-cellularly in ‘inclusion bodies’. This
requires a more complex down-streaming. Besides this, for mammalian cells,
important parameters such as product yield, medium requirements and growth
characteristics (suspendable, shear resistant) have been significantly improved.

Proteins produced in the milk of transgenic animals have begun to compete with
“classical” mammalian cell culture (Werner 1998; Young et al. 1997; Garner 1998;
Wilmut et al. 1997). The proteins are usually expressed in large titres, over one
order of magnitude higher than those obtained from cell cultures. The price for the
production in transgenic animals will probably continue to decrease significantly
due to the development of more efficient reproduction technologies. These new
approaches will significantly decrease the time for the development of a product.
The disadvantages of transgenic animals are (i) more sophisticated down-streaming
(high protein loads), (ii) long development time, (iii) inability to produce proteins
that might impair the health of the animal (e.g. insulin), (iv) higher risk of viral
contamination and (v) the possibility of prion contamination (scrapies, BSE).

The field of “Cells as products” includes (i) the development of artificial organs
(tissue engineering of liver, kidney) and tissues (skin, cartilage, bone), (ii) the
expansion of hematopoietic cells for bone marrow transplantation and (iii) gene
therapy. The loss and damage of tissues cause serious health problems (Langer
2000; Griffith and Naughton 2002; Petersen et al. 2003). For example, in the United
States, annually almost one-half of the costs of medical treatments are spent on
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implant devices. Worldwide, 350 billion USD are spent on substitution of organs.
The substitution of tissues (such as bone or cartilage) or joints with allograft materi-
als includes the risk of infections by viruses (such as HIV, hepatitis C) or a graft
rejection. Artificial implants such as those used in knee or hip replacement, have
limitations due to their limited lifespan, insufficient bonding to the bone, and aller-
gic reactions caused by material abrasion. These call for new concepts in practical
medical applications. Tissue-engineered substitutes generated in vitro could pro-
vide new strategies for the restoration of damaged tissues. The aim of tissue engi-
neering can be defined as the development of cell-based substitutes to restore,
maintain or improve tissue functions. These substitutes should have organ-specific
properties with respect to biochemical activity, microstructure, mechanical integrity
and bio-stability. Cell-based concepts include the following:

e Direct transplantation of isolated cells

o Implantation of a bioactive scaffold for the stimulation of cell growth within the
original tissue

e Implantation of a three dimensional (3D) bio-hybrid structure of scaffold and
cultured cells or tissue. Non- implantable tissue structures can be applied as
external support devices (e.g. an extra-corporal liver support when a compatible
donor organ is not readily available) or engineered tissues can be used as in vitro
physiological models for studying disease pathogenesis and developing new
molecular therapeutics, e.g. drug screening (Portner et al. 2005).

Somatic gene therapy implies transfection of a specific gene to cells isolated previ-
ously from a patient suffering from a genetic disease (Mulligan 1993; Le Doux and
Yarmush 1996; Schlitz et al. 2001). The transfected cells are then re-introduced into
the patient. Gene therapy involves transfer of genetic material and encoding thera-
peutic genes and the sequence necessary for expression to target cells to alter their
genetic code for a desired therapeutic effect. Many diseases originate from gene
defects. Expression of the transferred genes can result in the synthesis of therapeu-
tic proteins or correction of a gene defect. Gene transfer could also lead to desired
apoptosis or inhibition of cell proliferation. Theoretically gene therapy can be
applied for repairing single entailed gene defects, acquired gene defects such as
chronic infectious diseases, multifactor genetic diseases such as cardiovascular dis-
ease and finally cancer. Since the first application of gene therapy in 1990, the
number of clinical trials has increased significantly. Gene therapy is now widely
used in ongoing clinical trials for the treatment of cancer, infectious diseases such
as human immunodeficiency virus (HIV) infection and tissue engineering.

1.3 Future Prospects

Mammalian cell culture products are currently used mainly as medicines or in
diagnostics. As medicines some products have a demand of 500kg/year and gener-
ate $1-2 billion in revenue. Among these are tissue plasminogen activator (tPA),
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erythropeithin (EPO)-products and Remicade® (Centocor) or MAbThera® (Otzturk
2006). The pipeline for new biopharmaceutical therapeutics targets a large number
of diseases (e.g. 425 for USA in 2002) (PhRMA 2002), most of them for cancer
therapy, infectious diseases, autoimmune diseases, or AIDS/HIV. It can be expected,
that at least some of these will find their way to the market. As for some established
compounds, the patents have already expired or will expire in the near future.
Consequently, there will be a market for biosimilar or generic products. On the
other hand, the costs for target identification, clinical trials and process develop-
ment will increase (approx. $0.5-1 billion at the current market rates) and only
mass produced items will make it finally to the market. New products or medical
protocols can be expected for tissue engineering and cell therapy.

1.4 Exercises

e Name industrially relevant products from mammalian cells.

o Investigate the techniques used for the production of viral vaccines.

e Discuss the pros and cons of glycoprotein expression in hosts of bacterial, fungi
or mammalian origin.

e Name industrially relevant drugs (glycoproteins) produced by recombinant
mammalian cells.

e Give examples of “cells as products”.
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Chapter 2
Characteristics of Mammalian Cells
and Requirements for Cultivation

R. Portner

Abstract This chapter aims at presenting a general overview on the specific
characteristics of mammalian cells to those not familiar with cell biology. At first,
differences between mammalian cells, plant cells and microbes are discussed. Then
consequences for design of bioreactors and processes are also discussed. Different
types of mammalian cells (primary cells, permanent (established) cell lines, hybrid-
om cells) are introduced. Techniques required, to get from primary cells to permanent
(established) cell lines and the hybridom technique for production of monoclonal an-
tibodies are also briefly outlined. Culture collections and cell banking are discussed
with respect to its purpose and the build-up. Appropriate culture media is an essential
requirement for successful mammalian cell culture and is therefore introduced in
depth. The chapter also focuses on characteristics of cell growth and metabolism.
A short introduction to cell metabolism is followed by a detailed discussion on aspects
related to modelling of cell growth and metabolism of mammalian cells.

2.1 Differences Between Mammalian Cells, Plant Cells
and Microbes: Consequences of These Differences

Due to their internal complexity living cells are divided into two types — prokaryotic
and eukaryotic cells. Prokaryotic cells are simple in structure, with no recogniza-
ble organelles. They have an outer cell wall to provide a shape. Just under the rigid
cell wall is the more fluid cell membrane. The cytoplasm enclosed within the cell
membrane does not exhibit much structure when viewed through electron micro-
scopy. Eukaryotic cells of protozoa, higher plants and mammalians are highly
structured. These cells tend to be larger than the cells of bacteria. They have developed
specialized packaging and transport mechanisms that may be necessary to support
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Table 2.1 Culture characteristics (suspension) of microbial, plant cell and mammalian cell
culture (#;: doubling time, vvm: volume of gas per volume of liquid and minute)

Mammalian cell

Characteristic Microbial culture Plant cell culture culture

Size 2-10um 10-100 um 10-30pm
Individual cells Often Often aggregates Sometimes adherent
Inoculation density Low High (10%) High (5-10%)
Growth rates Rapid (¢, = 1-2h) Slow (t,=2-7d) Slow (¢, = 20-50h)
Shear sensitivity Low Moderate High

Stability Stable Unstable Unstable

Product accumulation  Intra-/extracellular Mostly intracellular Mostly extracellular
Culture medium Often simple Often complex Complex
Temperature 26-36°C 25-27°C 29-37°C

Aeration Often high (1-2vvm) Low (0.1-0.3 vvm) Low (~ 0.1 vvm)
Foaming Often high sometimes foaming Sometimes foaming
pH-value 3-8 5-6 7.0-7.4

Cell density (Very) high Low Low-middle
Scale-up Easy Difficult Difficult

their larger size. For a deeper understanding of cell physiology special books are
available (Butler 2004; Freshney 1994). Here, mainly the consequences of the
specific characteristics with respect to cultivation and product formation is
discussed.. As can be seen from Table 2.1, the culture characteristics of microbial,
plant cell and mammalian cell culture differ significantly.

Some more aspects are relevant for cultivation of mammalian cells. They vary
in size (10-30um) and shape (spherical, elipsoidal) and have a high tendency to
adhere or form aggregates even in suspension cells. This results in homogenisation
problems and mass transfer limitations. Moreover, mammalian cells do not have a
cell wall, but are surrounded by a thin and fragile plasma membrane that is com-
posed of protein, lipid, and carbohydrate. This structure results in significant shear
sensitivity (compare Sect. 3.1). Slow growth rates result in low oxygen uptake rate
of the culture. Therefore comparatively low aeration rates are needed.

2.2 Types of Mammalian Cells

In general, mammalian cells relevant for industrial processes can be divided into
following groups:

e Primary cells have been isolated from a tissue and then taken into culture (pri-
mary culture).

e Permanent or established cell lines originate from a primary culture, but due to
some transformation are able (at least theoretically speaking) to divide and pro-
liferate indefinitely. Those cell lines are kept in a cell bank and are very often
used as host cells for the expression of recombinant proteins.

e Hybridom cells are the cells, which are obtained through the fusion of lym-
phocytes and tumour cells and are able to express monoclonal antibodies.
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The characteristics of these cell types is discussed briefly in the following pages. For
more detail refer to Butler (2004) and Freshney (1994) along with other books.

2.2.1 From Primary Cells to Permanent (Established) Cell Lines

In mammalian tissue usually the following cell types can be distinguished (Butler
2004):

o Epithelial cells: are those which cover organs (i.e. the skin) or vessels (i.e.
veins). Epithelial cells can be taken in culture relatively easily.

e Fibroblasts: original from the connective tissue, this consists of fibrous matrix.
For example, collagen in cartilage. Fibroblasts in culture exhibit excellent
growth characteristics and therefore belong to the most utilised cell groups.

e Muscle cells: Muscles are composed by an association of small channels that are
built out of myoblasts. The process of building those channels can be repeated
by the myoblasts in culture.

e Nerve cells: nervous tissue is made of characteristically shaped neurones, which
are responsible for the transmission of electric impulses. Neurones are highly
differentiated cells and cannot be grown in culture. But some of its characteris-
tics have been observed in cultures of the so-called neuroblasts, i.e. tumour cells
originate from nervous tissue.

e Lymphocytes: Blood and tissue fluids contain a series of suspended cells, from which
some are able to grow in culture. For example, lymphocytes i.e. white blood cells.

The normal procedure for the isolation of a mammalian cell from a tissue involves the
following steps: (i) a small piece of tissue is decomposed into single cells or cell clots
mechanically, enzymatically [e.g. typsin (Kasche et al. 1980), collagenase] or through
a combined procedure. (ii) The cells are then separated from the enzymes by centrifu-
gation and re-suspended in culture medium. (iii) After that, the cells are inoculated
into a special glass or plastic vessel with flat bottom. The anchorage dependent cells
(compare Fig. 2.1) adhere to the bottom surface and after a lag phase, divide by mito-
sis. This a cell culture, in which the cells come from a differentiated tissue, is called
a primary cell culture. The most critical point in the isolation of primary cells is to
avoid external contamination by practising aseptic techniques.

When the primary cells cover the bottom of the culture vessel almost completely,
they are enzymatically cleaved (i.e. trypsin) from their support and used to inoculate
new cultures. This subculture is the origin of the so called secondary cultures. Some
of the cells are stored deeply frozen in liquid nitrogen. They remain as a safety stock,
from where,at any needed time, it is possible to get enough “fresh” cells to start a
new series of subcultures for mass production. With the primary cells it is possible
to repeat subcultures several times. However, the primary cultures have a finite life
span and therefore, after a certain number of doublings (from 50 to 100 times), the
cells cease to grow and die. A finite growth capacity is a characteristic of all cells
derived from normal mammalian tissue. A cell can be considered as normal, when
it shows a certain set of characteristics (Hayflick and Moorhead 1961):
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e A diploid number of chromosomes (i.e. 46 chromosomes for human cells) with
which it is shown that no gross chromosome damage has occurred.

e Adherence: the cells require a surface to grow and attach to (anchorage depend-
ent). The growth phase extends until the cells reach a stage of confluence (con-
tact inhibition).

o A finite life span in culture.

e Non-malignant: the cells are not cancerous, i.e. they do not cause tumour in mice.

In the 1960’s normal cells were required for the production of human vaccines. This
was to ensure the safety of these products (Butler 2004).

Not all cell types produce exclusively primary cell cultures, and die after a lim-
ited number of “passages”. Some cells acquire an infinite life span and such a
population is usually called a “permanent” or “established cell line”. These cells
have undergone a “transformation”, i.e. they have lost their sensitivity to the
growth control mechanisms (Fig. 2.2). Transformed cells can also lose the characteristic

adsorption contact attachment spreading
(1-2 h) (24 h)

= =

Vv
===
H : glycoproteins from the medium (from serum fraction or additives, e.g. fibronectin)

)

= : additional conditioning factors

V . cell surface glycoproteins

Fig. 2.1 Adhesion of anchorage-dependent cells to a solid substratum (from Butler 2004, modified)

normal transformed
transformation
“In vivo” normal somatic — transplantable
tissue (“In vivo”) tumor

primary cells heteroploid cell lines

“In vitro” normal diploid established cell line
cells transformation
—

adaptation (“In vitro”)

Fig. 2.2 Normal and transformed mammalian cells (adapted from Chmiel 1991)
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to grow when adhered to a surface and thus are able to grow in suspension. These
transformations are also sometimes reflected in the chromosomes, changing
the genotype of the cells. Transformed cells can be easily grown in relatively
simple media without addition of expensive growth factors. Initially, transformed
cells were identified by chance. But, today there are techniques to cause cell trans-
formation and “immortalisation”. For example, the treatment with mutagenic
substances, with virus or with oncogenic substances (Butler 2004). Transformation
of cells in vitro shows some similarities with carcinogenese in vivo, but is not
identical to it. For instance, not all the transformed cells are malignant. On the
other hand, all cells that are isolated from tumours (i.e. HeLa or Namalwa Cells)
can be kept in a permanent culture.

The characteristics of normal and transformed cells with respect to cultivation
are summarized in Table 2.2. An overview on permanent cell lines important for
research and production is given in Table 2.3.

An alternative expression system for recombinant proteins offer insect cells,
especially the insect cell-baculovirous expression system (IC-BEVS) (Ikonomou
et al. 2003) (compare Part II, Chap. 8). Commonly applied are Sf9- or Sf21-cells
isolated from Spodoptera frugiperda. Production of heterologous proteins by the
IC-BEVS consists of two stages. Insect cells are first grown to a desired concentra-
tion and then infected with a recombinant baculovirus containing the gene coding
for the desired protein. In the mean time, several recombinant proteins produced by
this technique have already reached the market (e.g. Cervarix, FluBiok, Provenge).

2.2.2 Hybridom Cells for Production of Monoclonal Antibodies

Hybridom cells are “artificial” cells produced by the fusion of human or mamma-
lian lymphocytes, which can secret specific antibodies, with a myelom cell. Usually
lymphocytes do not survive outside the original organism, i.e. cannot be kept alive
in an artificial medium. Kohler and Milstein (1975) were able to solve this problem

Table 2.2 Comparison of “normal” and “transformed” cells

Normal Transformed
Diploid (46 chromosomes for human cells) Abnormal number of chromosomes
Non-malignant Malignant (form tumour in mice)
Finite life-span (50+—10 subcultures max.) Infinite life-span
Anchorage-dependent (except blood cells) Non-anchorage-dependent
(i.e. suspension culture possible)
Mortal; finite number of divisions Immortal or continuous cell lines
Contact inhibition; monolayer culture No contact inhibition; multilayer cultures
Dependent on external growth May not need an external source
factor signals for proliferation of growth factors
Longer retention of differentiated Typically loss of differentiated
cellular function cellular function
Display typical cell surface receptors Cell surface receptor display

may be altered
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Table 2.3 Examples of permanent cell lines important for research and production
(data from Butler 2004, modified)

Cell Line

Origin

Application

Baby Hamster
Kidney (BHK)

Chinese Hamster

Ovary (CHO)

COS

NAMALWA

HeLa

HEK

MDCK

MRC-5

NSO and SP2/0

3T3

WI-38

Vero

PERC.6

Syrian hamster, 1963

Ovary of Chinese
hamster, 1957

Monkey kidney

Human lymphatic tissue
tumour in a cervical
vertebra

Human embryonic

kidney, 1977
rabbit kidney

Human embryonic lung cells

Mouse myelom from
B-lymphocytes
Mouse connective tissue

Human embryonic lung cells

African green monkey
kidney, 1962

Human embryonic
retina cells, 1998

Adherent cells, but can be
adapted to suspension,
foot & mouth disease
vaccine, rabies vaccine,
recombinant proteins
(Factor VIII)

Adherent cells, but can be
adapted to suspension,
recombinant proteins
(HBstg, tPA, Factor VIII)

Transient protein expression
(Edwards and Aruffo 1993)

Alpha-Interferon
Fast growing tumour cell
line that was isolated in the
beginning of the 50ies.

Transient protein expression

Adherent cell line with
good growth characteristics,
animal vaccines

“Normal” cells with a finite
life span, vaccine
production

Antibody production

Suspendable, used in the
development of the cell
culture technology

“Normal” cells with a finite
life span

Vaccine production

Established cell line,
but with some
characteristics of the normal
diploid cells.

Immortalized cell line,
well characterized, produce
high levels of recombinant
proteins and viruses
(Butler 2005; Maranga
and Goochee 2006)

by fusing a mouse myelom cell similar to a tumour cell with a lymphocyte from a
mouse spleen, which produced antibodies. The cells generated in this way are
hybrid cells (also called “hybridom cells”) and have the lymphocyte characteristic
to produce antibodies against a certain antigen. They also have the ability from the
myelom cells to survive in culture.
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Antibodies are glycoproteins that mammalians produce to protect the organism
against unknown substances (antigens, e.g. virus, bacteria, foreign tissue) (Milstein
1988). The immune system of the organism reacts by the proliferation of B-
Lymphocytes. They belong to the group of white blood corpuscles that produce
antibodies against certain groups of the antigen molecules. The B-lymphocytes
release the antibodies into the blood and they can then specifically bind to the anti-
gen to induce final removal of the antigen. The antibodies are found in the globuline
fraction of blood proteins and are therefore known as immunoglobulins.

The peculiarity of antibodies is binding sites allowing them to bind to specific
determined groups on the surface of the antigen (key — keyhole). A very important
aspect of the reaction between antibodies and antigens is its specificity. This means
the capacity of an antibody to bind specifically to “its” antigen, even under a large
number of diverse molecules, i.e. to bind only to the molecule which belongs to the
group corresponding for which the antibody was tailored.

There are five major classes of antibodies (IgG, IgA, IgM, IgD and IgE). They
are basically differentiated by the structure of the heavy chains. In blood serum
mostly IgG antibodies are found. They are composed of two light and two heavy
chains, which are bound through disulphide bridges (Fig. 2.3). In addition,we have
to distinguish between constant or variable regions. The former shows the same
composition and amino acid sequence inside a sub-group and is the characteristic
of a certain mammalian, belonging to a major class. A human IgG is only to differ-
entiate from the IgG from a mouse through the constant region. This difference is
very important for the application of antibodies (see below). In the variable section,
this specifically binds to an antigen. The order of the amino acids changes from
antibody to antibody (specific region).

antigen-

binding
) site N-terminus of
variable the protein chain
region
s " light chain
S-S
constant
region heavy chain
C-terminus of the
L protein chain

Fig. 2.3 Schematic structure of an antibody (IgG)
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The basic technology for production of monoclonal antibodies by hybridoma
cells developed by Kohler and Milstein is described briefly in the following
(Milstein 1988). At first, the spleen cells from an immunised (i.e. cells that are
building antibodies) mouse are fused with the help of polyethylenglycol with mye-
lom cells from a mouse or a rat. The created hybrid cells are separated from the
other cells with the help of a selective medium (HAT medium: a mixture of hypox-
anthine, aminopterine, thymidine), where only the hybrid cells can survive. Then
one should evaluate which kind of antibodies the hybrid cells produce by the isola-
tion of each cell and its cloning. During the first cultivations, the hybrid cells lose
part of their chromosomes and finally secret homogenous immunoglobulin. The
clones that produce the desired antibody can be frozen for storage. Whenever the
antibodies are needed, the hybrid cells are defrozen and proliferated in a suitable
medium. The antibodies can be later isolated from the medium. In addition, it is
also possible to inject the cells directly in animals, in which large antibodies pro-
ducing tumours are built and they secrete the antibodies into the blood.

The characteristic of antibodies to selectively bind antigens is widely used by the
biological and medical research. For example, the diagnosis and protein purifica-
tion. Before the introduction of the hybridom technology, the antibodies were iso-
lated from blood serum. As this contains a large variety of different antibodies,
these are named “polyclonal” antibodies. The application of polyclonal antibodies
is largely affected by the purity of the antibodies and also by the availability and
breeding of animals.

A broad therapeutic application of monoclonal mostly murine-derived antibod-
ies was hampered due to a number of side-effects. They are associated with unde-
sirable immune response in humans. This problem could be overcome, to a certain
extent, by new techniques to produce humanized or fully human antibodies (Fig. 2.4).
Today, monoclonal antibodies or antibody fragments for a number of therapies
including transplantation, cancer, infectious disease, cardiovascular disease and
inflammation are already approved by the FDA for therapeutic use or they are in
the process of getting approval. Examples were given by Dorn-Beinke et al. (2007).
To some extent, these antibodies are produced in recombinant host cells (CHO,
NSO, etc.) rather than in typical hybridom cells. Larger quantities of therapeutic
antibodies are required as for diagnosis or as laboratory use. So, large-scale produc-
tion capacity will increase during the next few years.

2.2.3 Culture Collections and Cell Banking

A large number of well-characterized cell lines are offered by cell culture collec-
tions for many applications. The largest and most well known international mam-
malian cell culture collections are the American Type Culture Collection (ATCC),
the European Collection of Animal Cell Culture (ECACC) as well as the German
Resource Centre for Biological Material (DSMZ) (links in references). The application
of permanent cell lines for the production of vaccines faced strong opposition,
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A Functional antigen-binding antibody fragments
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Fig. 2.4 Antibody engineering. Overview of different antibody formats and functional antibody
fragments. Modified from Dorn-Beinke et al. (2007), with permission

mainly in the 1960s. This was because of the suspicion that these cell lines, which
behave similarly to tumour cells, could infect patients with unknown cancerous
substances. Fortunately, no such case has been found till today. In the meantime,
more and more permanent cell lines have been applied for the production of thera-
peutic and diagnosis substances. However, the application of permanent cell lines
and, recombinant cell lines, is strictly controlled by supervisory boards (as the FDA
in the US, and the EMEA within the EU, links in references). During the entire
production cycle of a pharmaceutical, not only the product has to be identical from
charge to charge, but also the phenotypical characteristics of the cell line have to be
maintained. To assure that, before the beginning of the production, a “master cell
bank” has to be created, from which a “master working cell bank” is derived, pro-
viding the inoculation material for the production cultures.

2.3 Culture Media

Basically, a growth medium for mammalian cells has to supply all the necessary
nutrients required for growth and product formation (Eagle 1959; Butler and
Jenkins 1989). Moreover, it should have a certain buffer capacity to stabilize the pH
(pH optimum 7.0-7.3) and should provide an appropriate osmolality (approx.
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350mOsm L) to avoid a damage of the sensitive cell membrane (Zhanghi et al.
1999; Oh et al. 1995; Ryu and Lee 1997; Zhu et al. 2005; Zengotita et al. 2002).
A fundamental component of all media is a salt solution, which provides the ions
necessary for life and keeps the osmotic pressure within the desired range. This,
contains one or more buffer systems (Na Phosphate buffer, HEPES and/or bicarbo-
nate) for pH-regulation, and, in some cases, a pH indicator (phenol red). The
biocarbonate—carbon dioxide buffer system acts similar to the main buffer system
in blood in vivo:

CO, +H,0 22 HCO, +H"

As the pK -value of this buffering system is 6.3, a concentration of bicarbonate
in the medium (approx. 24 mM) maintains an equilibrium with 5% CO, in the gas
phase (corresponding to a partial pressure of 40 mmHg) (Butler 2004).

In most formulations, glucose is used as the main carbohydrate to provide the
energy source as well as a precursor for biosynthesis. Alternative carbohydrates
such as fructose can also be added. Amino acids are included as a precursor for
protein synthesis. Whereas for most amino acids the concentration is approx. 0.1—
0.2mmol L, glutamine is usually included at higher concentrations (2—4 mmol
L) in order to act as a precursor for the TCA cycle intermediates (Butler 2004).
Moreover, the medium contains vitamins, mineral salts and trace elements.

A number of medium formulations have been developed, e.g. Eagle’s minimal
essential medium (MEM), Dulbecco’s enriched (modified) Eagle’s medium (DMEM),
Ham’s F12, and RPMI 1640 among others. Examples of medium compositions can
be found in Table 2.4 and in the reference literature (Butler 2004; Freshney 1994;
Fletscher 2005). Traditionally, these basic media were supplied with approx. 5-10%
serum (e.g. foetal calf serum [FCS] or horse serum [HS]) in order to supply specific
growth factors and to protect the cells against shear stress. The disadvantages of
media,containing serum are (i) the indefinite composition of such media, (ii) the high
serum costs, (iii) the difficulty of product purification, (iv) variations between the
charges and (v) the risk of virus contamination (Griffiths 1987).

Serum can be partially substituted by the addition of transferin, insulin, ethanol
amine, albumin or eventually fibronectin as adherence factor in a serum-free but still
protein containing medium (Barnes and Sato 1980; Gambhir et al. 1999; Kallel et al.
2002). The next step to chemically defined, protein-free media was made possible
by replacing these animal derived proteins by iron salts or iron complexes, IGF-1,
chemically defined lipid concentrates, precursors or other simulating agents such as
fatty acids, biotin, cholin, glycerin, ethanolamin, thiole, hormones and vitamins
(Franék and Dolnikova 1991a,b; Fassnacht et al. 1997). For chemically defined
media, chemical structure of all compounds is known (Table 2.5). Next, addition of
peptone or yeast extract can be helpful (Pham et al. 2003; Kim et al. 2004). However,
the growth rate and productivity in a serum free medium can decrease (Fassnacht
et al. 1998). In addition, the sensitivity to shear stress increases and additives with
protecting characteristics, such as Pluronic F68 have to be added (Zhang et al. 1995;
Al-Rubeai et al. 1992) (compare Sect. 4.1.3). Immobilization can improve the culture
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Table 2.4 Basic formulation of a typical cell culture medium, 1:1 mixture of IMDM?* and Ham’s
F12 (*Iscove’s Modification of Dulbecco’s Medium)

Salts Vitamins Amino acids Other compounds
(mg L) (mg L™ (mg L™) (mg L)
CaCl, (116.60) biotine (0.0035) L-alanine (4.45) D-glucose (3151.00)
CuSO,-5H,0 D-Ca pantothenate L-asparagine-H,O Hypoxantine
(0.0013) (2.24) (7.50) (sodium salt)
(2.39)
Fe(NO,)-9H,0 Choline chloride L-arginine-HCl Linolic acid
(0.05) (8.98) (147.50) (0.042)
FeSO,-7H,0 Folic acid L-aspartic acid Lipolic acid
0.417) (2.65) (6.65) (0.105)
KCI (311.80) i-inositol (12.60) L-cysteine Phenol red
HCI-H,0 (17.56) (8.10)
MgSO, 7H,0 nicotineamide L-cysteine 2HCl Putrescine 2HCl
(100.00) (2.02) (31.29) (0.081)
MgCl,-6H,0 Pyridoxal HCI L-glutamic acid Thymidine
(61.00) (2.031) (7.35) (0.365)
NaCl (6996.00) riboflavin L-glutamine Na-pyruvate
(0.219) (365.00) (55.00)
NaHCO, Thiamine HCI Glycine (18.75)
(1200.00) (2.17)
NaH, PO4-H,0 Vitamine B12 L-histidine HCI-H,O
(62.50) (0.68) (31.48)
NaH PO, 7H,0 L-isoleucine (54.47)
(134.00)
ZnSO,7H,0 L-lysine HCI (91.25)
(0.432)

L-methionine (17.24)
L-phenylalanine (35.48)

L-proline (15.25)
L-serine (26.25)
L-threonine (53.45)
L-tryptophane (9.02)

L-tyrosine (di-sodium salt)

(55.79)
L-valine (25.85)

stability of non-anchorage-dependent mammalian cells grown in serum-free media
(Lee and Palsson 1990; Liidemann et al. 1996). Antibiotics (penicillin, streptomy-
cin) are often added on laboratory scale to prevent contamination. On production
scale, antibiotics are avoided and are used only as selection marker. Furthermore, on
production scale phenolred is avoided to simplify downstream processing.
Different cell lines require different compositions. Adaptation of a cell line to
grow without serum is quite time consuming. Not all cell lines are adapted to
serum-free or protein-free media (Sinacore et al. 2000; Link et al. 2004). For culti-
vation of primary cells, for basic cell culture research or for vaccine production,
which are complex processes serum-containing media are common. In industrial
production with established optimized cell lines, serum-free, bovine-free and
chemically defined media are state of the art technology. Well adapted medium
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Table 2.5 Comparison of medium with and without serum

Medium with serum CD Medium (without serum)

Not chemically defined Chemically defined

Varying composition of every medium Identic composition of every batch
batch

Potential source of contaminations Lower contamination risks

(viruses, mycoplasms, prions) Less complicated downstream

More complicated downstreaming Often higher biological activity

of the product

Lower biological activity of the desired Easier validation and product
product registration

More complicated validation and product
registration

Albumins protect cells against shear stress Viscosity of the medium is

increased by use of Pluronic F68
(cell protection agent)
Pluronic can hinder gas input

formulations allow cell densities of approx. 5x10° to > 107 cells mL~" and product
titer of 3-5g L' (Morrow 2007; Voedisch et al. 2005; Wurm 2004).

Sterilisation of medium used during cell culture assures you that media and
reagents are not a source of contaminants. Heat sterilization (autoclaving at
121 °C) is not the option for many media, as autoclaving may destroy certain com-
ponents and biomolecules needed for cell growth. Filtration, therefore, is the pre-
ferred method for sterilizing cell culture media and additives. This is done usually
by using 0.2 um filters. Serum can be sterilised by heat inactivation, but is usually
supplied sterilized. HTST (high temperature short time) processing is also suitable
(Grob et al. 1998).

2.4 Characteristics of Cell Growth and Metabolism

2.4.1 Short Introduction to Cell Metabolism

For optimisation of cell culture processes a basic understanding of the metabolic
pathways in the cells is required. This information can be subsequently used to
improve the process itself and/or the medium and to improve the cells in appropri-
ate ways. The metabolic pathway of mammalian cells is very complex and flexible.
Moreover, the metabolic pattern of mammalian cells alters substantially and
becomes highly deregulated in vitro (Gédia and Cair6 2006). This is characterized
by a high and inefficient consumption of glucose and glutamine as the main sources
for carbon, nitrogen, and energy, leading to generation of metabolic waste products
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such as lactate, ammonia and some amino acids (alanine, glutamic acid, etc.). The
main metabolic pathways comprise of:

e Glycolysis

e Pentose phosphate pathway

e Tricarboxylic (TCA) cyle

e Oxidative phosphorylation

e Glutaminolysis

e Metabolism of other amino acids (Gédia and Cair6 2006)

Here the discussion should give an idea of the complexity of cell metabolism only
as far as it is necessary to understand the cell culture processes and to formulate
kinetic models. For a more detailed description refer to the reference literature
(Otzturk 2006; Wagner 1997; Higgstrom 2000; Rensing and Cornelius 1988).
A simplified overview of the cell metabolism is shown in Fig. 2.5.

The complexity of mammalian cell metabolism, and especially the highly
deregulated pattern leads to cell specific substrate uptake rates much higher than
strictly necessary. It limits the performance of mammalian cells in culture.
Different strategies are suggested in references (reviewed by Gdédia and Caird
2006) to reduce the metabolic deregulation of the cells in culture and to obtain
more physiologically and metabolically balanced patterns: metabolic engineer-
ing, medium redefinition and balance, and optimized bioprocess engineering
design based on metabolic requirements. The final aim is to generate more efficient
cell culture processes.

amino acids glucose
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Fig. 2.5 Metabolic pathways in hybridom cells, from Miller et al. (1988), modified
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2.4.2 Glucose, Glutamine and Amino Acids as Carbon
and Energy Source

As mentioned before, the main substrates for mammalian cells are glucose and
glutamine (Duval et al. 1991). Ammonia and lactate, the two main metabolites, can
act as an inhibitor for high density cultures, and have to be minimized in the
medium with appropriate methods. The metabolic conversion of these compounds
follows a combination of different mechanisms and is summarized by Gdédia and
Cair6 (2006): “transport into the cell, gycolysis and glutaminolysis pathways, the
TCA cycle, phosphorylative oxidation, generation of cellular energy, regeneration
of reducing power, among others”.

Glucose is contained in concentrations of 10-25mmol L' in the culture medium.
As the cytoplasmic membrane is impermeable to polar molecules like glucose, the
uptake of glucose is achieved by means of transport molecules located in the plasmatic
membrane and is mainly driven by the concentration gradient across the cell mem-
brane (Gédia and Cair6 2006). Glucose mainly provides the energy metabolism for the
cells and can be metabolised via glycolysis to pyruvate. This results in a number of
intermediates for biosynthesis, 2 mol ATP (adenosine triphosphate) per mol of glucose,
and two NADH molecules. Lactate is produced as an inhibitory metabolite in a ratio
of about 1.1-1.7mol lactate/mol glucose. In an oxygen limiting environment (anaero-
bic metabolism) 2 moles of lactate are produced per mol of glucose. The pyruvate
resulting from the glucolysis is oxidatively decarbonised to acetyl-CoA and trans-
formed through the TCA-cycle and through the respiratory chain into water and CO,.
This pathway results in 36 mol ATP per mol glucose. Another important pathway is
represented by the pentose-phosphate pathway for building nucleotides (Batt and
Kompala 1989; Butler 1987; Reitzer et al. 1979; Zielke et al. 1978). The percentage of
consumed glucose that enters the pentose-phosphate pathway can be quite low, 4-8%,
but is within the range of 15-27% (compare Gddia and Cair6 2006).

Glutamine (approx. 1-5mmol L™ in the culture medium) is an important precur-
sor for synthesis of purines, pyrimidines, amino sugars and asparagines (Butler
2004). It is incorporated into the cell by means of different amino acid transport
systems (Gddia and Cairé 2006), and it can be converted to glutamate or aspartate
or it is metabolised in many ways in the TCA cycle (Reitzer et al. 1979; Zielke
et al. 1978). The complete oxidation of glutamine to CO, generates 21 moles ATP
per mol glutamine; the incomplete oxidation to aspartate generates 12 mol ATP per
mol glutamine; the incomplete oxidation to lactate generates 6 mol ATP per mol
glutamine. The main metabolite from the transformation of glutamine is ammonia
(about 0.7mol ammonia per mol glutamine).

Amino acids are present in the medium in concentrations ranging from 0.1 to
0.2mmol L" and are mainly used for the protein synthesis. They can be grouped under
those, that are consumed (arginine, aspartate, cysteine, histidine, isoleucine, leucine,
lysine, methionine, phenyl alanine, proline, serine, threonine, tryptophane, tyrosine,
valine) and those that are partially produced (alanine, glycine, glutamic acid).

The actual values for the cell specific substrate uptake rates can vary signifi-
cantly in the culture medium depending on the type of cell, the state of the culture
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and the substrate concentration. Similar to most microorganisms, cell specific
uptake rates for substrates and production rates for metabolites decrease under sub-
strate limitation. The kinetics of these effects is discussed more in detail in Sect.
2.5.2. In addition, a number of phenomena specific for mammalian cells have been
observed and are,summarized in the following paragraphs.

For hybridom cells, several authors were able to show a decrease of cell specific
substrate uptake and metabolite production rates during batch-culture, even at con-
stant growth rate (Seamans and Hu 1990; Shirai et al. 1992; Portner et al. 1994).
An example is given in Fig. 2.6, where in repeated-batch experiments the cell spe-
cific glucose uptake rate decreased with each cycle, but the growth rate remained
constant (Portner et al. 1994). Autocrine compounds were assumed to be responsi-
ble for this effect (Shirai et al. 1992; Lee et al. 1992). Another reason might be that
in cell culture technology uptake and production rates are usually related to the
number of cells. This implies a constant cell volume. But, as can be seen from Fig.
2.7,the cell volume decreases during batch culture,almost similar to the cell specific
glucose uptake rate (Portner 1998; Frame and Hu 1990). The ratio between cell
specific uptake rate and cell volume remained constant at 2.7x107'* mmol um= h-'.
The dry weight of a hybridom cell is approx. 1.95x1071® mg um= (Frame and Hu
1990). Therefore,the mass specific glucose uptake rate during exponential growth
phase can be estimated to be approx. 1.4mmol g! cells™! h™! during exponential
growth (constant growth rate), at least, for the example shown in Figs. 2.6 and 2.7
Similar to glucose, glutamine is also consumed by most mammalian cells at high
rates, especially at high glutamine concentrations in the medium (Portner et al.
1994; Miller et al. 1988; Glacken et al. 1986; Miller et al. 1989b; Butler and Spier
1984; Jeong and Wang 1995; Linz et al. 1997; Vriezen et al. 1997). Moreover, the
cells can react quite sensitively to sudden changes in the culture environment,
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Fig. 2.6 “Repeated-Batch”-culture of hybridom cell line IV F 19.23 Kultur in a 1L suspension
reactor (working volume 600 mL, blade impeller). Concentration of viable cells, cell specific glucose
uptake rate g, and cell specific growth rate (t vs. culture time (data from Portner et al. 1994)
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Fig. 2.7 Batch-culture (T-flask) of hybridom cell line IV F 19.23. Concentration of viable cells, cell
specific glucose uptake rate g, and mean cell volume vs. culture time (data from Portner 1998)

e.g. to step changes of substrate concentration provided in continuous chemostat
culture (Miller et al. 1989a,b). Data for hybridom cells is given in Sect. 2.5.2.

Similar effects have been observed for Chinese hamster ovary (CHO) and baby
hamster kidney (BHK) cells. For CHO cells specific uptake rates up to 3x107'® mmol
cells™ h™! were observed in batch experiments and at high glucose concentrations,
whereas under glucose limiting conditions in chemostat culture specific uptake rates
were in the range of 1.18-1.23x107'® mmol cells™ h™' (Hayter et al. 1991). BHK
cells showed high specific uptake rates up to 1.08x107'* mmol cells™ h™' in case of
high glucose, whereas low values of 0.13x107'® mmol cells™ h™! were found under
glucose limitation (Cruz et al. 1999). The cell specific glutamine uptake rate
decreased in continuous chemostat culture from 0.33 to 0.16x107'® mmol cells™ h™!
when the feed concentration was reduced from 0.52 to 0.14 mmol L.

The amount of energy available to cells, produced from glucose or glutamine,
varies significantly between cell types and between different growth conditions. The
contribution of glutamine is in the range of 40-70% (Reitzer et al. 1979; Zielke
et al. 1978). The uptake rate of glucose and glutamine as well as the yield coefficient
of lactate and ammonium is also determined by concentration of both compounds in
the medium. An increase in the glucose concentration leads to an increased lactate
production, a decreased conversion via pentose-phosphate pathway and to lower
glutamine and oxygen uptake rates. High glutamine concentrations induce a high
glutamine uptake rate, which in turn causes a higher glutamine oxidation rate and a
higher production rate of the intermediate metabolites from the TCA-cycle. At the
same time, it seems that a higher glutamine concentration facilitates the metabolism
of glucose through the pentose-phosphate pathway but makes more difficult the oxi-
dation of glucose in the TCA-cycle (Siano and Muthrasan 1991). When glucose lev-
els are limiting and glutamine is present at non-limiting concentrations, the cell
metabolism adapts itself by increasing the glutamine consumption rate, leading to an
increased ammonia production and oxygen consumption (Gédia and Cairé 2006).
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When glutamine is the limiting substrate, glutamine and glucose consumption seems
to follow a parallel profile. Both increase simultaneously at higher glutamine con-
centrations and decrease at lower glutamine concentrations (Miller et al. 1989b;
Vriezen et al. 1997, Linz et al. 1997; Portner 1998).

Godia and Cair6 (2006) concluded from the various studies conducted on the
complementarily consumption of glucose and glutamine and its dynamic nature,
that cell metabolism will adapt to changing conditions,. This will occur also as a
function of existing culture conditions at the time when a given perturbation or
change takes place. In this context, the observation of multiplicity of steady states
made by several authors in continuous culture is very interesting (Altamirano et al.
2001; Europa et al. 2000; Follstad et al. 1999).

2.4.3 The Effects of Lactate and Ammonia

The influence of lactate concentration on mammalian cell growth has hardly been
examined, as inhibition occurs at concentrations which are not usually reached dur-
ing growth. In systems with pH control, lactate concentration has an inhibitory
effect at concentrations of 40 mmol L~ or higher. For hybridom cells Glacken et al.
(1989) found for 70 mmol L! slight inhibition of cell growth, for 40 mmol L' none
at all. Omasa et al. (1992) observed a decrease in specific growth rate, or increase
in specific death rate at lactate concentrations of 56 mmol L. At 78 mmol L the
specific growth rate still reached 50% of the original value. The observed effects
are primarily due to the increased medium osmolality, as the direct metabolic
effects are observed later (Omasa et al. 1992; Ozturk et al. 1992). In conclusion,
lactate might inhibit cell growth in systems like fed-batch, where due to extension
of the culture period, the cumulative amount of consumed glucose and subse-
quently the amount of produced lactate increases. It is interesting to note, that some
cells (e.g. CHO-cells) are capable of consuming lactate due to metabolic shift in the
later stage of a culture.

The accumulation of ammonia in the course of the cultivation leads to growth
inhibition even when a process is kept under otherwise well controlled physiologi-
cal conditions (Ryll et al. 1994). At high ammonia concentrations, the quality of
product can significantly decrease (Ryll et al. 1994; Thorens and Vassalli 1986).
Ammonia stems not only from the glutamine metabolism (Miller et al. 1988;
Glacken et al. 1986), but also from the chemical decomposition of glutamine to
pyrrolidon-carboxylic acid and ammonia (Glacken et al. 1986; Ozturk and Palsson
1990; Tritsch and Moore 1962). A summary of possible mechanism for the inhibi-
tory effect of ammonia can be found by Gédia and Cair6 (2006).

The effect of ammonia on the growth of hybridom cells has been examined in
both, batch and continuous cultures. Static batch cultures were carried out with
varying initial ammonia-concentrations in the medium. When results of different
authors are compared (Glacken et al. 1986; Liidemann et al. 1994; Hassel et al.
1991; Reuveny et al. 1986; Doyle and Butler 1990), we can find a corresponding
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reduction of the specific growth rate to almost 50% of the maximum specific
growth rate at overall initial ammonia concentrations of 5-6 mmol L-!. The cultures
were usually started at high pH-values (7.4-7.5) to remain in the physiological
range (7.0) at the end of the batch.

In continuous chemostat and perfusion cultures performed by Liidemann et al.
(1994) and Matsumura et al. (1990) the total ammonia concentration could be
increased up to approx. 18 mmol L' until it causes a 50%-reduction of growth. In
both cultures the pH was controlled at 7.1-7.2. Nayve et al. (1991) found for their
hybridom cell-line at a pH of 7.2 a critical ammonia concentration as low as 5mmol L.
The authors described this cell line as extremely sensitive to ammonia but it can
also be concluded that the decrease in the specific growth rate observed was due to
glutamine limitation rather than ammonia inhibition.

McQueen and Bailey (1990) postulated an inhibition mechanism based on the
assumption that ammonia generates an acidification of the cytoplasm and thus a
decrease in intracellular pH. It seemed that the pH has a significant influence on the
effect of ammonia. Therefore Liidemann et al. (1994) ascribed inhibition by ammonia

0.05 0.05
1 (A) 11 (A)
0.04 P o 0 =
04
R = -
T ok KE mg T
—0.03 |- * X —0.03
2 @
© =] g * ©
£ 0.02 *x £
$ 0.02 - Xy § 0.02
< =] * <
o [ ] =) <)
0.01 0.01
O 1 1 1 o 1 1 1 J 1
0.03 0.03
1(B) 11(B)
0 a]
T 002f 7 002}
= ~
° o ©
o [
= £
© L S L
g 0.01 o [m] . *x _8 0.01
n * i
a x X
*
&l ’&‘E’g >4
o..’. 1 | S OKQ.QI..I.;I.I
0 5 10 15 20 0 003 006 0.09 0.12 0.15 0.18
total ammonia concentration [ mM ] NH, concentration [ mM ]
o flask pH7.24 ® flask pH7.35 o flask pH7.48
& cont. 1 pH7.15 m cont. 1 pH 7.35 * cont. 2 pH 7.1

Fig. 2.8 Effect of total ammonia concentration and concentration of NH, on cell specific growth
rate (A) and cell specific death rate (Liidemann et al. 1994)
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to the undissociated NH, where concentration changes considerably with varying pH
(Fig. 2.8). According to their equations, the specific growth rate was reduced by 50%
at a NH,-concentration of 0.095mM L, corresponding to a total ammonia concen-
tration of 5.6mM L' at pH 7.5. This value coincided very well with those reported
by other authors from batch cultures (see above).

Even if usually lactate and ammonia are regarded as the compounds which have
an inhibitory effect, there is experimental evidence that other inhibitory substances
may also accumulate as a result of cellular metabolic activity (Gédia and Caird
2006; Gawlitzek et al. 1998).

2.4.4 Oxygen Uptake and Carbon Dioxide Production

The aspects mentioned before were mainly derived under sufficient oxygen supply.
As oxygen is an important nutrient, the effect of oxygen level on cell metabolism
has been studied quite thoroughly, from very low concentrations to hyperoxic con-
ditions [reviewed by Gddia and Cairé (2006)]. Oxygen is the final electron acceptor
in the mitochondrial respiration chain and is directly linked to the generation of
energy. With respect to process control, especially the very low solubility of oxygen
in the culture medium compared to other nutrients has to be considered. In equilib-
rium with air the oxygen concentration is just about 0.2mmol L™ and therefore
oxygen supply to the cells is often the limiting factor, especially at high cell densi-
ties. The specific effects of oxygen concentration on various cell lines have been
discussed extensively by Godia and Cairé (2006). Here some data important for
process design are summarized. Table 2.6 gives an overview on cell specific oxygen
uptake rates under non-limiting conditions.

According to Henzler and Kauling (1993) optimum conditions for growth, cell
concentration, and viability as well as product formation are achieved with 5-80%
of air saturation. Below 5% of air saturation significant changes in the metabolic
activity of the cells have to be considered (Miller et al. 1987). For hybridom cells
a decrease of cell specific glucose and glutamine uptake rates between 10 and 5%

Table 2.6 Range of cell specific oxygen uptake rates g, of different cell
lines under non-limiting conditions (adapted from (Henzler and Kauling
1993; Zeng and Bi 2006))

Cell line 4o, [107' mmol cell™! h™']
FS-4 0.5

HeLa 5

Skin fibroblasts 0.6

BHK 21 1-2

MRC-5 1.5

Human hybridom 0.2

Mouse hybridom 1-5

Melanoma 0.7-1

CHO 2-8
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of air saturation were observed. Below 0.5% the glucose uptake rate increased and
the yield of lactate from glucose approached a value of 2mol lactate per mol glu-
cose at 0.1% of air saturation.

For bioreactor systems such as stirred tanks or bubble columns operated under
controlled oxygen level (usually between 20 and 50% of air saturation), the impact of
varying oxygen concentration can be obviously ignored (Henzler and Kauling 1993).
In contrast, for bioreactor systems with immobilised cells (fixed bed, fluidized bed,
hollow fibre reactor), where mass transfer limitations are expected, metabolic shifts
due to oxygen limitations have to be taken into account (compare Sect. 4.3).

Carbon dioxide plays an important role in cell culture, as it is one of the end
products of mammalian cell metabolism, and is widely used in pH regulation (com-
pare Sect. 2.3). Attention is focused on the impact of dissolved CO, concentration
on cell specific production rate, product quality, growth rate, intracellular pH and
apoptosis (Zanghi et al. 1999; Kimura and Miller 1997). Detrimental effects of ele-
vated CO,-levels are especially relevant in large scale reactors, operating at high
cell densities (Mostafa and Gu 2003; Matanguihan et al. 2001). Due to this high cell
density, metabolically produced CO, will be built up and the CO, partial pressure
will increase beyond optimal levels. Whereas pCO, levels of approx. 40-50 mmHg
are considered as optimal (DeZengotita et al. 1998), pCO,-levels up to 170mmHg
are observed in stirred tanks at high cell densities (Mostafa and Gu 2003). The ele-
vated concentrations are partly due to low mass transfer coefficients in stirred cell
culture reactors (compare Sect. 4.2) (Frahm et al. 2002).

2.5 Kinetic Modelling of Cell Growth and Metabolism

2.5.1 Introduction to Kinetic Modelling for Mammalian Cells

Kinetic models are intended to describe quantitative cell growth and metabolic
activity for better understanding of cell physiology and for optimization and control
of animal cell cultures (Zeng and Bi 2006; Doyle and Griffiths 1998; Adams et al.
2007). Simple models consisting basically of a set of mathematical relationships
among different cellular rates (e.g. death and growth rate, nutrient uptake and
metabolite production rates) and medium compounds, can be used to compute the
time course of culture variables (cell density, concentration of nutrients, metabo-
lites and products, pH, pCO,, pO,, etc.) in batch, fed-batch or continuous culture or
to identify kinetic effects like depletion of nutrients (glucose, glutamine and other
amino acids, oxygen) or accumulation of metabolites (e.g. ammonia and lactate) on
cellular growth, death and productivity. More elaborate models describing intracel-
lular metabolic pathways may help to identify limiting metabolic steps during
growth and product synthesis or indicate changes in intracellular metabolic path-
ways depending on the culture conditions.

As regards the optimization and control of cell culture processes, kinetic models
are required for the design and layout of cell culture reactors, calculation of optimal
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process parameters, design of control strategies for optimal and safe operation or
observation of the state of the reactor system based on mathematical models (soft-
ware sensors).

Compared to chemical and mechanical systems, intricate biological systems like
mammalian cells have a high complexity. They are capable of compensating for
minor changes in environment, for instance, by adaptation of metabolism. This may
be an advantage because biological processes do not require a very costly process
control, but this is surely a disadvantage, when a growth and production model is
to be set up. In general, one can choose between purely descriptive empirical mod-
els (unstructured models) which disregard intracellular processes, and the more
detailed structured models which are based on a thorough comprehension of cell
metabolism (Tsuchiya et al. 1966). The latter is, by its nature, applicable to a large
range of different growth conditions, while the former can only be employed for the
very process conditions and data range it was derived from (McMeekin et al. 1993).
A large number of unstructured and structured kinetic models for the cell growth
and cell metabolism have been suggested in the reference literature, especially for
hybridom cells and are reviewed extensively (Zeng and Bi 2006; Tziampazis and
Sambanis 1994; Portner and Schifer 1996).

In the following paragraphs, aspects relevant for kinetic analysis and setting up
an unstructured model based on data provided by Portner and coworkers (Portner
1998; Portner and Schifer 1996) and suggestions made by Doyle and Griffiths
(1998) as well as Adams et al. (2007) for set-up of a kinetic model is discussed.
After this, concepts for structured models are introduced. The idea is to give a basic
understanding of the different types of modelling rather than to review the available
literature.

2.5.2 Set-Up of an Unstructured Model

Steps involved in setting up a kinetic model for mammalian cell culture were identi-
fied by Doyle and Griffiths (1998):

e “A kinetic analysis of the experimental results with the formation of hypotheses
on the nature of the rate-limiting steps;

e The choice of rate expressions describing the influence of these phenomena on
the cellular process;

o Evaluation of parameter values;

e And validation of the model with different experimental results.”

Following the simplified flow scheme of growth and metabolism of mammalian cell
cultures shown in Fig. 2.9, the intended model for a mammalian cell line producing
a recombinant protein or a monoclonal antibody should provide equations for:

e Growth rate 4 and death rate k, (substrate limitation, metabolite inhibition)
e Substrate uptake rates g_ (glucose, glutamine, amino acids, oxygen)
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Fig. 2.9 Simplified diagram of material flows of growth and metabolism of mammalian cell
cultures

e Metabolite production rate q, (ammonia, lactate among others)
e Production rate for recombinant protein or monoclonal antibodies g,,,

Even if cell metabolism and the medium composition are very complex, the number
of variables considered for modelling is often reduced due to the following variables:
cell density (viable, dead), glucose and glutamine as nutrients, ammonia and lactate
as limiting metabolites, as well as the desired product (e.g. monoclonal antibodies).
At first, these variables can be determined quantitatively using well established ana-
Iytical methods. Then the main effects on cell growth and cell death can be attributed
in most cases to these variables. Nevertheless, this simplified approach might lead to
misinterpretation of physiological effects and is discussed at later stage.

Kinetic data can be obtained from experiments performed in different cultivation
modes and bioreactor systems. Batch experiments are quite common, as they are
easy to perform. Cultures in T- or shake-flask can provide a first intention of the
kinetics of a cell line. But often certain culture conditions such as pH or pO, are not
controlled, these data might lead to wrong conclusions. Batch-cultures performed
in bioreactors equipped with appropriate pH- and pO,-control will result in getting
more reliable data. Nevertheless, batch cultures have some limitations with respect
to kinetic analysis. As all medium concentrations (nutrients and metabolites)
change simultaneously, the precise influence of a single medium component on cell
kinetics is difficult to determine. Moreover, the critical phase of the culture, mainly
during the decline phase at the end of exponential growth, is usually very short and
sampling is required at very short intervals. Chemostat cultures provide more reliable
data, even if they require more sophisticated equipment (pumps for feed and har-
vest, control units) and long-term operation for several weeks or sometimes even
for months. But as during “steady state” nutrients and metabolite concentrations
can be maintained constant for several days, averaged data allow for a more precise
analysis of the influence of medium composition on cellular activity. Examples for
different culture modes (batch, fed-batch, chemostat, perfusion, dialysis) as well as
the differential equations required to calculate the metabolic parameters are dis-
cussed in detail in Sect. 4.4. Finally, when investigating cell kinetics, it is very
important not only to control the physicochemical parameters (temperature, pH,
pO,, pCO,, osmolality among others), but also to define precisely the state of the
inoculum, as the “history” of the cells may have a significant impact on the cell
metabolism.
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Prior to the construction of the kinetic model, one has to perform a detailed
analysis of the experimental data in order to identify the main rate-limiting
effects. The following discussion is mainly based on data provided and summa-
rized by Portner (1998) as well as Portner and Schifer (1996). No attention is be
paid to the individual reactor system and culture mode used, as it is the author’s
opinion that irrespective of the cultivation mode, the growth of a cell line follows
the same kinetics (see below), and data gained from batch experiments can there-
fore be compared with those from continuous culture. The medium composition
is considered but the models are not distinguished accordingly, since they ought
to hold a certain general applicability. Care was taken to ensure that all data was
obtained within the same ranges of pH (7.0-7.2) and at non-limiting dissolved
oxygen concentrations, because an unfavourable pH or a very low dissolved oxy-
gen concentration (below 0.5% of air saturation) is known to lead to changes in
cell metabolism (see above).

2.5.2.1 Cell Specific Growth and Death Rate

Formal equations for cell specific growth rate, defined as the number of new cells
produced per unit of living cells present in the culture medium per unit time, can
be derived from a Monod-type equation

= B | 2.1)
k +c,

where u__is the maximum specific growth rate, c, is the concentration of the con-
trolling substrate such as glucose, and kg is the concentration of the controlling
substrate where the specific rate is half of the maximum rate (Adams et al. 2007) .
If ¢;>> kg then u — p . In this case, the compound S is regarded as the controlling
substrate concentration. Thus, the other substrates are abundantly supplied and their
concentrations do not affect the cell growth rate. The specific growth rate can also
be described with multiple substrate limitation and multiple inhibitors, also as con-

trolling factors:
: k .
= umaxn( = ]H( J 22)
ks,i + C.i kp,j + Cpi

With the maximal growth rate u__, usually the growth rate during exponential
growth, substrate concentrations c, of certain nutrients (e.g. glucose or glutamine)
and metabolite concentrations c, (e g. lactate or ammonia) and the corresponding
kinetic constants k_, for substrate limitation and & ; for metabolite inhibition.

The cell spemﬁc death rate, k, is defined as the number of dying cells per unit
of living cells present in the culture medium per unit time (Doyle and Griffiths
1998). Modelling of the cell death rate is usually a problem. Mechanisms leading
to cell death are quite complex and two possible ways are apoptosis or necrosis




36 R. Portner

(Cotter 1994; Franék 1995; Al-Rubeai and Singh 1998). The latter is characterized
by sudden swelling of the cells and subsequent disintegration caused mainly by
external influences such as shear stress, disruption by bubbles or osmotic pressure.
Apoptosis or the so-called “programmed cell death” is caused actively by the cell
itself which means that the cell death is under genetic control. Mercille and Massie
(1994) found that substrate limitation leads mainly to apoptosis whilst metabolite
inhibition mainly causes necrosis. Therefore, a number of different equations were
suggested in the literature (Portner and Schifer 1996). While setting up a kinetic
model, the following equations will provide a useful starting point for kinetic analy-
sis of cell death:

Ky C,
kd = kd min + kd maxH Lo I P.j s (23)
| . kd""" tC kd,p,j t¢p;

k, = det, 2.4)

with a minimal death rate k i & maximal death rate k o and the kinetic constants
k, . for substrate limitation and k, ] for metabolite inhibition. The parameters d,,
and d, are fit-parameters. If these equations do not turn out to be appropriate for a
spe01ﬁc cell line then refer to the reference literature (Zeng and Bi 2006; Doyle and
Griffiths 1998; Portner and Schifer 1996).

To give a better understanding of cell growth kinetic, data for a hybridom cell
line on cell specific growth rate and cell specific death rate are provided in Fig.
2.10. In this case, glutamine was regarded as the limiting substrate, as under all
culture conditions, glucose and all amino acids were still available in non-limiting
concentrations. Moreover, ammonia and lactate did not reach inhibiting concentra-
tions, as discussed above. Even if data from batch or fed-batch cultures scatter con-
siderably compared to those from continuous chemostat cultures, the data obtained
for different culture modes can be described by a single kinetic expression. In this
case, for the cell specific growth rate a typical monod-equation can be applied,. For
the cell specific death rate the equation similar to (2.3) can be applied.

Even if most kinetic growth models are based on glucose or glutamine as the
main carbon source, they need not be growth limiting. Portner and Schifer (1996)
analysed data and kinetic models from various authors with respect to maximum
growth rates u_ , K -values found for glucose and/or glutamine, and the medium
used (Table 2.7). While comparing the data one has to take into account that some
authors (Glacken et al. 1989; Portner et al. 1996; Dalili et al. 1990; Frame and Hu
1991b) formulated the specific growth rate as a function of only one substrate. But
others set up a complex model comprising not only of substrate limitation by glu-
cose and/or glutamine but also inhibition by the metabolites lactate and ammonia.
The respective constants were then gained by parameter identification in the overall
model (Miller et al. 1988; Bree et al. 1988; de Tremblay et al. 1992; de Tremblay
et al. 1993).
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Fig. 2.10 Cell specific growth  and death rate k, vs. glutamine concentration ¢ for the hybri-
dom cell line IV F 19.23 (Prof. Kasche, TUHH) (m flask batch, @ chemostat, A dialysis cont.,
V dialysis batch, ¢ fed-batch)

As can be seen from Table 2.7, the k -values for glutamine or glucose are low
when the feed concentration of glucose, glutamine or concentration of both was
comparatively low. For models which show a pure glutamine dependence the con-
clusion drawn was that the respective k-values are within the range of 0.06-
0.15mmol L. Differences seen for the maximum specific growth rates can be
mainly related to the different medium compositions and fractions of serum. The
maximum specific growth rates of all authors listed in Table 2.7 are also within the
same range for media with serum concentrations between 10 and 20%, while disre-
garding the value determined by Bree et al. (1988). Portner et al. (1996) gained
kinetic parameters from a different medium formulation IMDM/Ham’s F12) with
a comparably small fraction of serum (3%), and Kurokawa et al. (1993) used
serum-free medium resulting in relatively low maximum specific growth rates.
Bree et al. (1988) fitted their parameters on the basis of only a single batch run. The
values obtained must be viewed sceptically as with means of parameter identifica-
tion they found for the maximum specific growth rate a value of 0.125h™". However,
according to the data published, the specific growth rate reached only 0.03h™' dur-
ing the exponential growth phase.

Models from different authors describing the cell specific death rate were analysed
by Portner and Schéfer (1996) by transforming these models into a relationship k, =
f(u), as shown in Fig. 2.11. There is obviously the general trend that the specific death
rate varies between 0.001 and 0.006h™! at high specific growth rates and increases
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Table 2.7 Maximum specific growth rate g, Monod-constants k;_and k;_ for glucose and
glutamine, respectively, growth medium composition and initial concentrations of glucose (Glc)
and glutamine (Gln) for various authors and culture mode; DMEM: -L: low glucose (adapted from
Portner and Schifer 1996)

ke kg Glc Gln
W [mmol [mmol [mmol  [mmol
Reference [h™"] L1 L] Medium L] L Mode
De Tremblay et 0.045 1 0.3 DMEM, 10% 25 4
al. (1992) FCS
Frame and Hu  0.063  0.034 - DMEM-L, 10% 5.56 4 Chemostat
(1991a) FCS
Bree et al. 0.125 - 0.8 DMEM, 5% FCS 25 4 Batch (1)
(1988)
Kurokawa et al. 0.033  0.28 - RDF, serum-free  Var. Var.
(1993)
Miller et al. 0.063 0.15 0.15 DMEM, 10% 22 4.8 Chemostat
(1988) FCS
Dalili et al. 0.056 - 0.06 RPMI, 20% FCS 13.8 1.5
(1990)
Linardos et al. ~0.04 - - DMEM, 1.5% 25 4.8
(1991) FBS
Gaertner and 0.043 - - DMEM, 10% Var. Var. Batch
Dhurjati FCS
(1993)
Glacken et al. 0.055 - 0.15 DMEM, 0.75-1% 25 4 Batch, fed-
(1989) FCS batch
Portner et al. 0.036 - 0.06 IMDM/Ham’s 17.5 4 Batch, fed-
(1996) F12, batch,
3%HS/FCS chemo-

stat,
dialysis

drastically with decreasing specific growth rate. It should be noted that cell-lines
which exhibit rather similar growth behaviour (data not shown) seem to differ as for
their death kinetics. Here, factors so far not taken into account during cultivation or
pre-cultivation might have a considerable influence on the cell metabolism.

The inhibitory effect of ammonia and lactate is already discussed in Sect. 2.4.3.
Especially for ammonia the kinetics of cell growth inhibition is studied in depth. As
discussed earlier the inhibitory effect of ammonia can be linked to the concentra-
tion of undissociated NH,, rather than linking it to the concentration of total ammo-
nia. An example was shown in Fig. 2.8. In this case the following kinetic expressions
describe the relationship between the cell specific growth rate [ as well as the death
rate (1, and the concentration of NH, above a threshold of ¢_ .. = 0.04mmol L
(Liidemann et al. 1994):
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Fig. 2.11 Cell specific death rate vs. cell specific growth rate at substrate limitation — literature
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k
= . 2.5)
Cnms ~ Cor g + kp.NH3
kd _ kd - C\H, T Conng +kd.p.NH3 (2.6)
Kd.p,NH3
withu =0. 036h7"; kpNH3 =0.055mmol L, k. ..=0. 002h™"; kd — =0.02mmol L.

Below the threshold value, cell growth does not seem to be affected by ammonia.

For lactate inhibition critical values are discussed in Sect. 2.4.3. Only little infor-
mation is available in the literature about inhibitory constants (k k, ) Most of
this data was obtained from multi-substrate and — metabolite klneucs rather than
from studies on lactate inhibition. The reason may be, that under most culture con-
ditions ammonia accumulation is more critical than lactate accumulation.

2.5.2.2 Cell Specific Substrate Uptake Rates (Glucose and Glutamine)

In the literature, specific uptake rates for glucose and glutamine are described
as a function of either the specific growth rate (Miller et al. 1988; Dalili et al.
1990; Frame and Hu 1991b; Linardos et al. 1991; Bree et al. 1988; Harigae
et al. 1994; Hiller et al. 1991), the substrate concentration (Glacken et al. 1989;
Kurokawa et al. 1993; Portner et al. 1996) or as combination of both (de Tremblay
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et al. 1992). The main inhibiting metabolites lactate and ammonia are generally
ignored throughout these correlations and seem to be negligible due to our own
observations (data not published). A survey of correlations for both the specific
glucose and glutamine uptake rate is given in the literature (Zeng and Bi 2006;
Portner and Schifer 1996).

The relationship between the cell specific substrate uptake rate and the specific
growth rate can often be found following the maintenance-energy model (Pirt 1985).

1
PRI @7
g, = —H+m

where Y, ¢ denotes the yield coefficient of cells on substrate and m stands for the
maintenance term. Miller et al. (1988) modelled by means of (2.7) the specific glu-
cose and glutamine uptake rate with the maintenance term equal to zero for the lat-
ter. This linear correlation fitted well in the range of higher specific growth rates.
However, for lower specific growth rates the uptake rate for both glucose and
glutamine was lower than expected. Linardos et al. (1991) observed the same pat-
tern and thus extended (2.7) by a term including the specific death rate. The neces-
sity of the additional term might be questioned on the ground that the data cover a
rather small range of specific growth rates and may scatter within the analytical
error. Harigae et al. (1994) also modelled their results obtained from perfusion cul-
ture strictly due to (2.7). In contrast to Miller et al. (1988), the uptake rates for glu-
cose and glutamine could be fitted well within the range of low specific growth
rates, whereas at high specific growth rates, i.e. in the vicinity of the maximum
specific growth rate, the values increased considerably and ceased being linear.
Data obtained by other authors (Ray et al. 1989; Robinson and Memmert 1991;
Hiller et al. 1991) follow this same trend depending on the respective maximum
specific growth rates (Portner and Schifer 1996). Frame and Hu (1991b) explained
this deviation from linearity by introducing a critical specific growth rate beyond
which the yield of cells on substrate is increased. Moreover, they added glucose-
consumption term for the synthesis of antibodies.

Apart from the maintenance-energy-model, the saturation-type model offers
alternatively the modelling of the specific substrate uptake rate as a function of the
limiting substrate.

C
= s . (2.8)
q qs.max c +k

s s

where ¢_is the cell specific substrate uptake rate, c_the substrate concentration, k_
the limitation-constant, and ¢__  maximal cell spec1ﬁc substrate uptake rate. An
example is given in Fig. 2. 12. ThlS model approach seems to be more accurate
about the error of the independent variables.

Portner and Schéfer (1996) calculated for kinetic expressions reported for some
hybridom cell lines from the literature the specific glucose and glutamine uptake
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rates as a function of the specific growth rate (Fig. 2.13). Those correlations not
giving ¢ = f{u) were transformed accordingly. The uptake rates for glucose of the
hybridom cell lines investigated, were found to be within a relatively narrow range.
For glutamine, they differed considerably between the cell lines. The maintenance
term for glucose and glutamine (uptake rate at zero growth rates) turned out to be
very low, if not negligible. It should be pointed out that Fig. 2.13 clearly demon-
strates how a small range of data allows a variety of different kinetic interpretations,
all of which might be valid within this range. However, relating this kinetics to
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other data found beyond this range and the analytical margin of error may prove
apparent phenomena to be mere scatter.

The models for substrate uptake rates discussed so far are valid only for growth
rates below the maximal growth rate. Several authors found a decline of cell spe-
cific substrate uptake and metabolite production rates during exponential growth,
e.g. maximal growth rate (compare Sect. 2.4.2). Equations describing this effect
can be found in the reference literature (Portner et al. 1994; Zeng and Bi 2006;
Portner and Schifer 1996).

2.5.2.3 Yield Coefficients for Lactate and Ammonia

Lactate stems mainly from the glucose-metabolism and to a small extent from utili-
sation of glutamine. Typical values for hybridom cells are in the range of 1.1-1.7 mol
lactate/mol glucose. The yield can be found constant (Frame and Hu 1991a; de
Tremblay et al. 1992), increasing (Portner 1998; Miller et al. 1988), and declining
(Harigae et al. 1994), with decreasing specific growth rate. Several publications
describe a dependency of the yield coefficient for lactate on the glucose and or
glutamine concentration. Portner et al. (1995) observed an increasing yield of lactate
from glucose with increasing glutamine and glucose concentration. During fed-
batch culture Kurokawa et al. (1994) found an increasing yield of lactate with
increasing glucose concentration independent of the glutamine concentration.
Moreover, increasing yields of lactate from glucose were observed concurring with
decreasing yields of ammonia from glutamine. Reitzer et al. (1979) observed in
studies with HeLa cells a higher lactate production at higher glucose concentrations.
Zielke et al. (1978) found in studies with human fibroblasts that the lactate produc-
tion increased at high glutamine concentrations. Until now it is not clear whether it
is glucose or the glutamine which affects the lactate yield from glucose.

Ammonia stems mainly from the glutamine metabolism. The apparent yield of
ammonia from glutamine can be found varying between 0.46 and 0.85 (Portner
1998; Harigae et al. 1994; Hiller et al. 1993; Miller et al. 1988; Bree et al. 1988;
Portner et al. 1996; de Tremblay et al. 1992; Linardos et al. 1991). Its dependence
on the specific growth rate seems to be of less significance compared to the yield
of lactate from glucose. Only Hiller et al. (1993) observed a slight increase of the
ammonia yield with increasing growth rate.

The yield coefficients for lactate and ammonia have not been studied in depth.
Still many questions regarding the mechanisms influencing these coefficients have
to be investigated.

2.5.2.4 Cell Specific Production Rate of Monoclonal Antibodies

The production of a majority of recombinant protein products or monoclonal anti-
bodies by mammalian cells falls into the following categories (Adams et al. 2007):

e “Product formation results in cell destruction
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e Product formation is initiated by induction or infection, and, after a relatively
short production stage, cell destruction occurs

e Product formation is initiated by infection, but it does not result in immediate
cell destruction

e Product formation is primarily during the growth stage

e Production formation is “constitutive’” and an extended production period can be
achieved.

Instead of using more detailed models discussed earlier in this section” the product
formation equation can be set up differently depending on the categories described
above correlating to growth.

Here production of monoclonal antibodies by means of hybridom cells is dis-
cussed in more detail, extensive literature data is available in this case. The cell
specific antibody productivity differs significantly between different cell lines with
respect to the level of productivity as well as the influence of culture conditions. In
most cases the cell specific antibody production rate was related to the specific
growth rate and it was found to increase or decrease with increasing growth rate or
was independent from it [reviewed by Zeng and Bi (2006), Portner and Schifer
(1996)]. Increased antibody production during the death phase of batch cultures
was reported. Increased release of intracellular antibodies (Musielski et al. 1994)
and a higher antibody production rate due to stress conditions (Linardos et al.
1991), respectively, was concluded. Serum seems to have a regulatory as well as a
stimulating effect on the antibody productivity. Dalili et al. (1990) and Gaertner and
Dhurjati (1993) observed an increase in antibody productivity with increasing
serum concentration. On the other hand, it was shown that in optimized serum- or
protein-free media the antibody productivity can reach the same value as in serum
containing medium (Liidemann et al. 1996). The influence of substrate concentra-
tions (glucose, glutamine) has been found to vary between cell lines. In some cases,
a constant (Portner et al. 1996; Hiller et al. 1991) or decreasing antibody productiv-
ity was observed at decreasing substrate concentrations (Linardos et al. 1991; Dalili
et al. 1990; Frame and Hu 1991b). Kurokawa et al. (1993) reported about a signifi-
cant increase of the antibody productivity with decreasing glucose- and glutamine
concentrations. Toxic metabolites such as ammonia and lactate seem to have a
minor influence on the antibody productivity (Omase et al. 1992; Liidemann et al.
1994). Whether the concentration of oxygen has any impact is not yet clear (com-
pare Tziampazis and Sambanis 1994).

A number of unstructured models for the cell specific antibody production rate
were summarized by Portner and Schifer (1996). In Fig. 2.14, the relationship
between the cell specific antibody production rate and the specific growth rate is
shown for data from various authors and models that could be transformed corre-
spondingly. The broad variety of different approaches reflects the different behav-
iour of the cell lines investigated. Alternatively, cell cycle models for antibody
productivity were developed (reviewed by Zeng and Bi 2006). Hybridom cells pro-
duce monoclonal antibodies mainly in the late Gl-phase of the cell cycle. It is
assumed that with decreasing growth rate the cells remain in G1-phase for a longer
time and therefore an increase of the antibody productivity with increasing death
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Fig. 2.14 Cell specific antibody production rate g,,, vs. growth rate y — literature survey:
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rate was postulated. Moreover, a number of structured models are proposed. These
are discussed in the following.

2.5.3 Structured Models

Besides unstructured models a number of structured models are developed based
on knowledge of intracellular structure, bioreactions and their regulation mecha-
nisms. The large number of structured models have been reviewed by Zeng and Bi
(2006). Among these are (i) “chemically or metabolically” structured models,
(i) cell cycle models especially for antibody production as well as (iii) a cybernetic
approach. In the following paragraphs an example is introduced briefly to give a
basic idea of the methodology.

A typical chemically or metabolically structured model was suggested by Batt
and Kompala (1989) for hybridom cells. Basically the biomass is divided into sev-
eral chemical components (pools) such as cell membrane (lipids), protein, and
nuclei acids. The stoichiometric relationships (balance equations) and rate equa-
tions for the compounds form the basis for modelling the entire cell (Zeng and Bi
2006). The main problem in establishing a model with this approach is the formula-
tion of reliable kinetic rate expressions. Batt and Kompala (1989) defined “meta-
bolic pools” for amino acids, proteins, nuceotides and lipids. As metabolites
ammonia, lactate and monoclonal antibodies were considered. The antibodies were
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regarded as part of the protein pool. The interactions between different pools as
well as the extracellular environment were described by saturation type kinetic
expressions. The model consists of 18 dynamic equations with 49 coefficients
describing the earlier mentioned metabolic pools, extracellular products (ammonia,
lactate, MAb), substrate concentrations (glucose, glutamine, amino acids) as well
as cell growth (growth and death rate). The model parameters were adjusted by
using the data of Miller et al. (1988).

Normally, structured models are considered superior to unstructured models,
especially for extrapolation to conditions outside the experimental range. Care has
to be taken, as the high complexity of mammalian cell metabolism can hardly be
described mathematically. The underlying mechanisms used for model formation
are mostly a working hypothesis and do not explain the metabolic reactions of the
cells (Zeng and Bi 2006). Usually structured models are quite complex incorporat-
ing a huge number of variables and kinetic parameters, that are difficult to deter-
mine and are accessible only by parameter adaptation.

2.5.4 Conclusions for Set-Up of a Kinetic Model

The variety of models set up in recent years for growth and metabolism of mamma-
lian cells, especially hybridom cell has become prominent. A careful comparison of
the available data and models showed that cell culture has considerable error, either
analytical or caused by metabolic changes, but also has certain unpredictability due
to lack of understanding of the real metabolism. For simplicity and easy handling it
is common to choose one or two growth limiting substrates which are easy to meas-
ure, if possible, on-line. The majority of the models cited in literature deal with the
cell specific growth rate as a function of the glucose and/or glutamine concentration,
since these are the main substrates. Nevertheless, they need not be growth limiting
as expressed by models incorporating a “threshold term” (zero growth at residual
glucose and/or glutamine concentrations). Thus, a careful medium composition
must be chosen to obtain distinct data to get accurate kinetic correlations.

A number of models were formulated as multi-component-kinetics for which
limitation and inhibition constants of glucose, glutamine, lactate or ammonia,
respectively, whereas in some cases it was determined by a small data. Especially
inhibition constants for lactate and ammonia determined in this way differ signifi-
cantly from those reported in publications that investigated inhibition kinetics sepa-
rately. Until now research is not conducted to investigate superimposition of
substrate limitation and metabolite inhibition.

The comparison of the model equations shows very clearly that for model set up
a data range too small can lead to wrong conclusions and model equations should
not be therefore used outside the data range. For proper model design care has to
be taken to cover the entire range of process conditions. Static batch cultures can
be used to determine the maximal specific growth rate but they give only little
information on the relationship between growth rate and death rate and the



46 R. Portner

substrate or metabolite concentration. Continuous cultures (chemostat) yield relia-
ble data due to steady state conditions. However, at low dilution rates, which are
necessary to obtain very low substrate concentrations, they are not stable. Data at
very low substrate concentrations can be drawn from fed-batch cultures.

The diversity of the unstructured models cited above mostly reveal their descrip-
tive character compared to the structured models. Due to this limitation, empirical
models can still serve as a valuable tool for process design. For understanding the
cell metabolism they might have been over-rated in the past. For most parameters
a considerable range of scatter was observed besides the analytical error. This
reflects deviations of the cell metabolism between different cultures or changes
after long culture periods. Since high performance processes (high antibody con-
centration and yield, efficient medium use) are usually run at low substrate and high
metabolite concentrations, these deviations in cell metabolism might lead to a
wrong prediction of process parameters. Experiences with applications of “a priori”
predictions of process parameters e. g. for fed-batch cultures show the importance
of this problem (Portner et al. 1996; de Tremblay et al. 1992). For further improve-
ments it is essential to adapt model parameters during the process by parameter
identification or to apply knowledge based control strategies (fuzzy control, neural
networks). Examples are discussed in Sect. 4.4.

The models discussed so far were mostly formulated to simulate the kinetic
behaviour in “balanced” batch growth or under steady states of continuous cultures.
The dynamic behaviour of cells can hardly be described. Here new kinetic models
are required, incorporating further information from metabolic flux analysis or
genomic and proteomic data (Zeng and Bi 2006).

2.6 Questions and Problems

o Explain the differences between mammalian cells, plant cells and microbes with
respect to cultivation and product formation.

e Name characteristic properties of mammalian cells.

o Explain briefly different types of mammalian cells.

e Describe the principal scheme for isolation of primary cells from a tissue.

e Name features of normal cells and three features of transformed cells.

o Explain the principal steps involved in generating a hybridom cell line for pro-
duction of monoclonal antibodies introduced by Milstein and Kohler.

e Sketch and mark the schematic structure of an IgG-antibody

o Explain the set-up and purpose of cell banking.

e Cell culture medium: What are the main compounds in cell culture medium?
What are the main metabolites from mammalian cells?

e Discuss pros and cons of serum- and protein-free medium.

o Explain briefly the fundamentals of cell metabolism (main substrates, pathways
and metabolites).

e Explain the mechanism of ammonium toxicity.
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e What is the reasonable range for cell specific oxygen uptake rate of mammalian
cells?

e Name variables used for modelling the kinetic of mammalian cells.

o Give a general equation describing the relationship between cell specific growth
rate, substrate limitation and product inhibition.

o Describe the relationship between cell specific substrate uptake rate and specific
growth rate.

e Give a typical example for the yield of lactate from glucose as well as for the
yield of ammonia from glutamine.

o Explain “structured” kinetic models.

List of Symbols

Cp product concentration

Cq substrate concentration

do,a?1 fit parameter

i index for substrate

j index for product

k, cell specific death rate

ky .. ~ maximal cell specific death rate

ky ., ~ minimal cell specific death rate

kyp kinetic constant for effect of metabolite on cell death
kys kinetic constant for effect of substrate on cell death
kp metabolite inhibition constant

kg substrate limitation constant

m maintenance term

NH3 index for undissoziated ammonia

a5 cell specific production rate

qs cell specific substrate uptake rate

Gs.me  Maximal cell specific substrate uptake rate

Y, yield coefficient cell number per mol substrate

u cell specific growth rate
u,. maximal cell specific growth rate

References

Adams D, Korke R, Hu WS (2007) Application of stoichiometric and kinetic analyses to charac-
terize cell growth and product formation. In: Portner R (ed) Animal Cell Biotechnology —
Methods and Protocols. Humana Press, Clifton, UK

Al-Rubeai M, Emery AN, Chalder S (1992) The effect of Pluronic F-68 on hybridoma cells in
continuous culture. Appl Microbiol Biotechnol 37: 44-45

Al-Rubeai M, Singh R (1998) Apoptosis in cell culture. Curr Opin Biotechnol 9: 152-156



48 R. Portner

Altamirano C, Illanes A, Casablancas A, Gdmez X, Cair6 JJ, Gédia F (2001) Analysis of CHO
cells metabolic redistribution in a glutamate-based defined medium in continuous culture.
Biotechnol Prog 17: 1032-1041

American Type Culture Collection (ATCC). http://www.atcc.org

Barnes D, Sato G (1980) Serum-free cell culture: an unifying approach. Cell 22: 649-655

Batt CB, Kompala SK (1989) A structured modeling framework for the dynamics of hybridoma
growth in continuous suspension cultures. Biotechnol Bioeng 34: 515-531

Bohlen H (1993) Medikamente nach Ma} — Monoklonale Antikorper fiir die Medizin der Zukunft.
Bild der Wissenschaften 1: 35-39

Bree MA, Dhurjati P, Geoghegan RF, Robnett B (1988) Kinetic modelling of hybridoma cell
growth and immunoglobulin production in a large-scale suspension culture. Biotechnol Bioeng
32: 1067-1072

Butler M (1987) Growth limitations in microcarrier cultures. Adv Biochem Eng 34: 57-84

Butler M (2004) Animal Cell Culture and Technology — The Basics (2nd edition). Oxford
University Press, New York

Butler M (2005) Animal cell cultures: Recent achievements and perspectives in the production of
biopharmaceuticals. Appl Microbiol Biotechnol 68: 283-291

Butler M, Jenkins H (1989) Nutritional aspects of the growth of animal cells in culture.
J Biotechnol 12: 97-110

Butler M, Spier RE (1984) The effects of glutamine utilisation and ammonia production on the
growth of BHK cells in microcarrier culture. J Biotechnol 1: 187-196

Chmiel H (1991) Bioprozesstechnik, UTB

Cotter TG (1994) Programmed to die: Cell death via apoptosis. In: Spier RE, Griffiths JB,
Berthold W (eds) Animal cell technology: products of today, prospects for tomorrow.
Butterworth-Heinemann, pp 175-182

Cruz HJ, Moreira JL, Carrondo MIT (1999) Metabolic shifts by nutrient manipulation in continu-
ous cultures of BHK cells. Biotechnol Bioeng 66: 104-113

Dalili M, Sayles GD, Ollis DF (1990) Glutamine-limited batch hybridoma growth and antibody
production: experiment and model. Biotechnol Bioeng 36: 74-82

de Tremblay M, Perrier M, Chavarie C, Archambault J (1992) Optimization of fed-batch culture
of hybridoma cells using dynamic programming: single and multi feed case. Bioproc Eng
7:229-234

de Tremblay M, Perrier M, Chavarie C, Archambault J (1993) Fed-batch culture of hybridoma
cells: comparison of optimal control approach and closed loop strategies. Bioproc Eng
9: 13-21

DeZengotita VM, Kimura R, Miller WM (1998) Effects of CO2 and osmolality on hybridoma
cells: growth, metabolism and monoclonal antibody production. Cytotechnol 28: 213-227

Dorn-Beinke A, Nittka ST, Neumaier M (2007) Technology and production of murine monoclonal
and recombinant antibodies and antibody fragments. In: Portner R (ed) Animal Cell
Biotechnology — Methods and Protocols. Humana Press, Clifton, UK

Doyle A, Griffiths JB (1998) Cell and Tissue Culture: Laboratory Procedures in Biotechnology.
Wiley, New York

Doyle C, Butler M (1990) The effect of pH on the toxicity of ammonia to a murine hybridoma cell
line. J Biotechnol 15: 91-100

Duval D, Demangel C, Munier-Jolain K, Miosecc S, Geahel I (1991) Factors controlling cell pro-
liferation and antibody production in mouse hybridoma cells: I. Influence of amino acid sup-
ply. Biotechnol Bioeng 38: 561-570

Eagle H (1959) Amino acid metabolism in mammalian cell cultures. Science 130: 432-437

Edwards CP, Aruffo A (1993) Current applications of COS cell based treatment expression sys-
tem. Curr Opin Biotechnol 4: 558-563

EMEA: European Medicine Agency. http://www.emea.eu.ing

Europa AF, Gambhir A, Fu PC, Hu WS (2000) Multiple steady states with distinct cellular
metabolism in continuous culture of mammalian cells. Biotechnol Bioeng 67: 25-34

European Collection of Animal Cell Culture (ECACC). http://www.ecacc.org.uk



2 Characteristics of Mammalian Cells and Requirements 49

Fassnacht D, Rossing S, Franék F, Al-Rubeai M, Portner R (1998) Effect of Bcl-2 expression on
hybridoma cell growth in serum-supplemented, protein-free and diluted media. Cytotechnol
26: 119-226

Fassnacht D, Rossing S, Ghaussy N, Portner R (1997) Influence of non-essential amino acids on
apoptotic and necrotic death of mouse hybridoma cells in batch cultures. Biotechnol Lett
19: 35-38

FDA: U.S. Food and Drug Administration. http://www.fda.gov

Fletscher T (2005) Designing culture media for recombinant protein production. BioProcess
1: 30-36

Follstad BD, Balcarcel RR, Stephanopolous G, Wang DIC (1999) Metabolic flux analysis of
hybridoma continuous culture steady state multiplicity. Biotechnol Bioeng 63: 675-683

Frahm B, Blank HC, Cornand P, Oelfiner W, Guth U, Lane P, Munack A, Johannsen K, Portner R
(2002) Determination of dissolved CO, concentration and CO, production rate of mammalian
cell suspension culture based on off-gas measurement. J Biotechnol 99: 133-148

Frame KK, Hu WS (1990) Cell volume measurement as an estimation of mammalian cell bio-
mass. Biotechnol Bioeng 36: 191-197

Frame KK, Hu WS (1991a) Kinetic study of hybridoma cell growth in continuous culture. I. A
model for non-producing cells. Biotechnol Bioeng 37: 55-64

Frame KK, Hu WS (1991b) Kinetic study of hybridoma cell growth in continuous culture. II.
Behavior of producers and comparison to nonproducers. Biotechnol Bioeng 38: 1020-1028

Franék F (1995) Starvation-induced programmed death of hybridoma cells: prevention by amino
acid mixtures. Biotechnol Bioeng 45: 86-90

Franék F, Dolnikova J (1991a) Hybridoma growth and monoclonal antibody production in iron-
rich protein-free medium: Effect of nutrient concentration. Cytotechnol 7: 33-38

Franék F, Dolnikova J (1991b) Nucleosomes occurring in protein-free hybridoma cell cultures.
Evidence for programmed cell death. FEBS Lett 248: 285-287

Freshney R (1994) Culture of Animal Cells. Wiley, New York

Gaertner JG, Dhurjati P (1993) Fractional factory study of hybridoma behavior. 2. Kinetics of
nutrient uptake and waste production. Biotechnol Prog 9: 309-316

Gambhir A, Zhang C, Europa A, Hu WS (1999) Analysis of the use of fortified medium in con-
tinuous culture of mammalian cells. Cytotechnol 31: 243-254

Gawlitzek M, Valley U, Wagner R (1998) Ammonium ion and glucosamine dependent increase of
oligosaccharide complexity in recombinant glycoproteins secreted from cultivated BHK-21
cells. Biotechnol Bioeng 57: 518-528

German Resource Centre for Biological Material (DSMZ): http://www.dsmz.de

Glacken MW, Fleischacker RJ, Sinskey AJ (1986) Reduction of waste product excretion via nutri-
ent control: possible strategies for maximizing product and cell yields in cultures of mamma-
lian cells. Biotechnol Bioeng 28: 13761389

Glacken MW, Huang C, Sinskey AJ (1989) Mathematical description of hybridoma culture kinet-
ics. III Simulation of fed-batch bioreactors. J Biotechnol 10: 39-66

Godia F, Cairé JJ (2006) Cell metabolism. In: Ozturk SS and Hu W-S (eds) Cell Culture
Technology for Pharmaceutical and Cell-Based Therapies. Taylor & Francis, New York

Griffiths JG (1987) Serum and growth factors in cell culture media: an introduction review. Dev
Biol Stand 66: 155-160

Grob D, Lettenbauer C, Eibl R, Meier HP (1998) Vergleich verschiedener Verfahren und Apparate
zur Sterilisation von Zellkulturmedien. In: iba (ed) Proceedings zum 9. Heiligenstidter
Kolloquium

Higgstrom L (2000) Animal cell metabolism. In: Spier R (ed) Encyclopedia of Cell Technology.
Wiley, New York, pp 392

Harigae M, Matsumura M, Kataoka H (1994) Kinetic study on HBs-MAb production in continu-
ous cultivation. J Biotechnol 34: 227-235

Hassel T, Gleave S, Butler M (1991) Growth inhibition in animal cell culture — the effect of lactate
and ammonia. Appl Biochem Biotech 30: 2941



50 R. Portner

Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell strains. Exp Cell Res
25: 585

Hayter PM, Curling EMA, Baines AJ, Jenkins N, Salmon I, Strange PG, Tong JM, Bull AT (1991)
Chinese hamster ovary cell growth and interferon production kinetics in stirred batch culture.
Appl Microbiol Biotechnol 34: 559-564

Henzler HJ, Kauling OJ (1993) Oxygenation of cell cultures. Bioproc Eng 9: 61-75

Hiller GW, Aeschlimann AD, Clark DS, Blanch HW (1991) A kinetic analysis of hybridoma
growth and metabolism in continuous suspension culture on serum-free medium. Biotechnol
Bioeng 38: 733-741

Hiller GW, Clark DS, Blanch HW (1993) Cell retention-chemostat studies of hybridoma cells —
analysis of hybrdoma growth and metabolism in continuous suspension culture on serum-free
medium. Biotechnol Bioeng 42: 185-195

Ikonomou L, Schneider YJ, Agathos SN (2003) Insect cell culture for industrial production of
recombinant proteins. Appl Microbiol Biotechnol 62: 1-20

Jeong YH, Wang SS (1995) Role of glutamine in hybridoma cell culture: effects on cell growth,
antibody production, and cell metabolism. Enzyme Microb Technol 77: 45

Kallel H, Jouini A, Majoul S, Rourou S (2002) Evaluation of various serum and animal protein
free media for the production of a veterinary rabies vaccine in BHK-21 cells. J Biotechnol
95: 195-204

Kasche V, Probst K, Maass J (1980) The DNA and RNA content of crude and crystalline trypsin
used to trypsinize animal cell cultures: kinetics of trypsinization. Eur J Cell Biol 22: 388

Kim JS, Ahn BC, Lim BP, Choi YD, Jo EC (2004) High-level scu-PA production by butyrate-
treated serum-free culture of recombinant CHO cell line. Biotechnol Prog 20: 1788-1796.

Kimura R, Miller WM (1997) Glycosylation of CHO-derived recombinant tPA produced under
elevated pCO,. Biotechnol Prog 13: 311-317.

Kohler G, Milstein C (1975) Continuous cultures of fused cells secreting monoclonal antibodies
of predifined specifity. Nature 256: 495

Kurokawa H, Ogawa T, Kamihira M, Park YS, [ijima S, Kobayashi T (1993) Kinetic study of
hybridoma metabolism and antibody production in continuous culture using serum-free
medium. J Ferment Bioeng 76(2): 128-133

Kurokawa H, Park YS, Ilijima S, Kobayashi T (1994) Growth characteristics in fed-batch culture
of hybridoma cells with control of glucose and glutamine concentration. Biotechnol Bioeng
44:95-103

Lee GM, Kaminski MS, Palsson BO (1992) Observations consistent with autocrine stimulation of
hybridoma cell growth and implications for large-scale antibody production. Biotechnol Lett
14(4): 257-262

Lee GM, Palsson BO (1990) Immobilization can improve the stability of hybridoma antibody
productivity in serum-free media. Biotechnol Bioeng 36: 1049-1055

Linardos TI, Kalogerakis N, Behie LA (1991) The effect of specific growth rate and death rate on
monoclonal antibody production in hybridoma chemostat cultures. Can J Chem Eng 69:
429-438

Link T, Backstrom M, Graham R, Essers R, Zorner K, Gatgens J, Burchell J, Taylor-Papadimitriou J,
Hansson GC, Noll T (2004) Bioprocess development for the production of a recombinant MUC1
fusion protein expressed by CHO-K1 cells in protein-free medium. J Biotechnol 110: 51-62

Linz M, Zeng AP, Wagner R, Deckwer WD (1997) Stoichiometry, kinetics and regulation of glu-
cose and amino acid metabolism of recombinant BHK cell line in batch and continuous cul-
tures. Biotechnol Prog 13: 453-463

Liidemann I, Pértner R, Mirkl H (1994) Effect of NH3 on the cell growth of a hybridoma cell line.
Cytotechnol 14: 11-20

Liidemann I, Portner R, Schaefer C, Schick K, Sramkové K, Reher K, Neumaier M, Franék F,
Mirkl H (1996) Improvement of the culture stability of non-anchorage-dependent animal cells
grown in serum-free media through immobilization. Cytotechnol 19: 111-124

Maranga L, Goochee CF (2006) Metabolism of PER.C6 cells cultivated under fed-batch condi-
tions at low glucose and glutamine levels. Biotechnol Bioeng 94: 139-150



2 Characteristics of Mammalian Cells and Requirements 51

Matanguihan R, Sajan E, Zachariou M, Olson C, Michaels J, Thrift J, Konstantinov K (2001) Solution
to the high dissolved CO, problem in high-density perfusion culture of mammalian cells. In:
Animal Cell Technology: From Target to Market. Kluwer, The Netherlands, pp 399-402

Matsumura M, Nayve R, Shimoda M, Motoki M, Kataoka H (1990) Growth inhibition of hybrid-
oma cells by ammonia and its selective removal. In: Kataoka H, Miarkl H (eds), Proceedings
of the German—Japanese Workshop on Animal Cell Culture Technology, pp 14-28

McMeekin TA, Olley JN, Ross T, Ratkowsky DA (1993) Predictive Microbiology: Theory and
Application. Research Studies Press, Taunton, UK

McQueen A, Bailey JE (1990) Effect of ammonium ion and extracellular pH on hybridoma
metabolism and antibody production. Biotechnol Bioeng 35: 1065-1077

Mercille S, Massie B (1994) Induction of apoptosis in nurtrient-deprived cultures of hybridoma
and myeloma cells. Biotechnol Bioeng 44: 1140-1154

Miller WM, Wilke CR, Blanch HW (1987) Effects of dissolved oxygen concentration on hybrid-
oma growth and metabolism in continuous culture. J Cell Phys 132: 524-530

Miller WM, Wilke CR, Blanch HW (1988) A kinetic analysis of hybridoma growth and metabo-
lism in batch and continuous suspension culture. Effect of nutrient concentration, dilution rate
and pH. Biotechnol Bioeng 32: 947-965

Miller WM, Wilke CR, Blanch HW (1989a) Transient responses of hybridoma cells to nutrient
additions in continuous culture: I. Glucose pulse and step changes. Biotechnol Bioeng
33: 477-486

Miller WM, Wilke CR, Blanch HW (1989b) Transient responses of hybridoma cells to nutrient
additions in continuous culture: II. Glutamine pulse and step changes. Biotechnol Bioeng
33: 487-499

Milstein C (1988) Monoklonale Antikorper. In: Immunsystem, 2. Auflage, Spektrum der
Wissenschaft Verlagsgesellschaft, Heidelberg

Morrow KJ (2007) Improving protein production strategies. GEN 28: 37-39

Mostafa SS, Gu X (2003) Strategies for improved dCO2 removal in large-scale fed-batch cultures.
Biotechnol Prog 19: 45-51

Musielski H, Riiger K, Zwanzig M, Lehmann K (1994) Monoclonal antibodies released from via-
ble hybridoma cells at different stages of growth. In: Spier RE, Griffiths JB, Berthold W (eds)
Animal Cell Technology: Products of Today, Prospects for Tomorrow. Butterworth-Heinemann,
London, pp 485-492

Nayve R, Masamichi M, Matsumura M, Kataoka H (1991) Selective removal of ammonia from
animal cell culture broth. Cytotechnol 6: 121-130

Oh SKW, Chua FKF, Choo ABH (1995) Intracellular responses of productive hybridomas sub-
jected to high osmotic pressure. Biotechnol Bioeng 46: 525-535

Omase T, Higashiyama KI, Shioya S, Suga KI (1992) Effects of lactate concentration on hybrid-
oma culture in lactate-controlled fed-batch operation. Biotechnol Bioeng 39: 556-564

Otzturk SS (2006) Cell culture technology — an overview. In: Ozturk SS, Hu WS (eds) Cell
Culture Technology for Pharmaceutical and Cell-Based Therapies. Taylor & Francis,
New York

Ozturk SS, Palsson BO (1990) Chemical decomposition of glutamine in cell culture media: Effect
of media type, pH, and serum concentration. Biotechnol Prog 6: 121-128

Ozturk SS, Riley MR, Palsson BO (1992) Effects of ammonia and lactate on hybridoma growth,
metabolism and antibody production. Biotechnol Bioeng 39: 418-431

Pham PL, Perret S, Doan HC, Cass B, St-Laurent G, Kamen A, Durocher Y (2003) Large-scale
transient transfection of serum-free suspension-growing HEK293 EBNAI cells: peptone addi-
tives improve cell growth and transfection efficiency. Biotechnol Bioeng 84: 332-342.

Pirt SJ (1985) Principles of Microbe and Cell Cultuvation. Blackwell, Oxford

Portner R (1998) Reaktionstechnik der Kultur tierischer Zellen. Shaker, Aachen

Portner R, Bohmann A, Liidemann I, Méarkl H (1994) Estimation of specific glucose uptake rates
in cultures of hybridoma cells. J Biotechnol 34: 237-246

Portner R, Liidemann I, Bohmann A, Schilling A, Markl H (1995) Evaluation of process strategies
for efficient cultivation of hybridoma cells based on mathematical models. In: Beuvery EC



52 R. Portner

et al. (eds) Animal Cell Technology: Developments Towards the 21st Century, Kluwer, The
Netherlands. pp 829-833

Portner R, Schifer TH (1996) Modelling hybridoma cell growth and metabolism — A comparison
of selected models and data. J Biotechnol 49: 119-135

Portner R, Schilling A, Liidemann I, Méarkl H (1996) High density fed-batch cultures for hybrid-
oma cells performed with the aid of a kinetic model. Bioproc Eng 15: 117-124

Ray NG, Karkare SB, Runstadler PW (1989) Cultivation of hybridoma cells in continuous cul-
tures: Kinetics of growth and product formation. Biotechnol Bioeng 33: 724-730

Reitzer LJ, Wice BM, Kennell D (1979) Evidence that glutamine, not sugar, is the major energy
source for cultured HeLa cells. J Biol Chem 254: 2669-2676

Rensing L, Cornelius G (1988) Grundlagen der Zellbiologie, UTB

Reuveny S, Velez D, Mamillan JD, Miller L (1986) Factors affecting cell growth and monoclonal
antibody production in stirred reactors. J Immunol Meth 86: 53-59

Robinson DK, Memmert KW (1991) Kinetics of recombinant immunoglobulin production by
mammalian cells in continuous culture. Biotechnol Bioeng 38: 972-976

Ryll T, Valley U, Wagner R (1994) Biochemistry of growth inhibition by ammonium ions in mam-
malian cells. Biotechnol Bioeng 44: 184-193

Ryu JS, Lee GM (1997) Effect of hypoosmotic stress on hybridoma cell growth and antibody
production. Biotechnol Bioeng 55: 565-570.

Seamans TC, Hu WS (1990) Kinetics of growth and antibody production by a hybridoma cell line
in a perfusion culture. J Ferment Bioeng 70: 241-245

Shirai Y, Hashimoto K, Takamatsu H (1992) Growth kinetics of hybridoma cells in high density
culture. J Ferment Bioeng 73: 159-165

Siano SA, Muthrasan R (1991) NADH Fluorescence and oxygen uptake responses of hybridoma
cultures to substrate pulse and step changes. Biotechnol Bioeng 37: 141-159

Sinacore MS, Drapeau D, Adamson SR (2000) Adaptation of mammalian cells to growth in
serum-free media. Mol Biotechnol 15: 249-257.

Thorens B, Vassalli P (1986) Chloroquine and ammonium chloride prevent terminal glycosylation
of immunoglobulins in plasma cells without effecting secretion. Nature 321: 618-620

Tritsch GL, Moore GE (1962) Spontaneous decomposition of glutamine in cell culture media. Exp
Cell Res 28: 360-364

Tsuchiya HM, Fredrickson AG, Avis R (1966) Dynamics of microbial cell populations. Adv
Chem Eng 6: 125-206

Tziampazis E, Sambanis A (1994) Modelling cell culture processes. Cytotechnol 14: 191-204

Voedisch B, Menzel C, Jordan E, El-Ghezal A, Schirrmann T, Hust M, Jostock T (2005)
Expression rekombinanter Proteinpharmazeutika. transkript 7: 47-51

Vriezen N, Romein B, Luyben KCHAM, van Dijken JP (1997) Effects of glutamine supply on
growth and metabolism of mammalian cells in chemostat culture. Biotechnol Bioeng
54: 272-286

Wagner R (1997) Metabolic control of animal cell culture processes. In: Hauser H, Wagner R (eds)
Mammalian Cell Biotechnology in Protein Production. Walter de Gruyeter, Berlin, pp 193

Wurm FM (2004) Production of recombinant protein therapeutics in cultivated mammalian cells.
Nat Biotechnol 22: 1393-1397

Zanghi J, Schmelzer A, Mendoza R, Knop R, Miller W (1999) Bicarbonate concentration and
osmolality are key determinants in the inhibition of CHO cell polysialylation under elevated
pCO, or pH. Biotechnol Bioeng 65: 182-191

Zeng AP, Bi JX (2006) Cell culture kinetics and modeling. In: Ozturk SS, Hu WS (eds) Cell
Culture Technology for Pharmaceutical and Cell-Based Therapies. Taylor & Francis,
New York

Zengotita de VM, Schmelzer AE, Miller WM (2002) Characterization of hybridoma cell responses
to elevated pCO, and osmolality: Intracellular pH, cell size, apoptosis, and metabolism.
Biotechnol Bioeng 77: 369-380

Zhang Z, Chisti Y, Moo-Young M (1995) Effects of the hydrodynamic environment and shear
protectants on survival of erythrocytes in suspension. J Biotechnol 43: 33-40



2 Characteristics of Mammalian Cells and Requirements 53

Zhu MM, Goyal A, Rank DL, Gupta SK, Vanden Boom T, Lee SS (2005) Effects of elevated
pCO2 and osmolality on growth of CHO cells and production of antibody-fusion protein B1:
a case study. Biotechnol Prog 21: 70-77

Zielke HR, Oznard PT, Tildon JT, Sevdalain DA, Cornblath M (1978) Reciprocal regulation of
glucose and glutamine utilization by cultured human diploid fibroblasts. J Cell Phys
95: 41-48

Complementary Reading

Al-Rubeai M, Singh R (1998) Apoptosis in cell culture. Curr Opin Biotechnol
9: 152-156

Butler M (2004) Animal Cell Culture and Technology — The Basics (2nd edition). Oxford
University Press, New York

Doyle A, Griffiths JB (1998) Cell and Tissue Culture: Laboratory Procedures in Biotechnology.
Wiley, New York

Fletscher T (2005) Designing culture media for recombinant protein production. BioProcess 1:
30-36

Freshney R (1994) Culture of animal cells. Wiley, New York

Higgstrom L (2000) Animal cell metabolism. In: Spier R (ed) Encyclopedia of Cell Technology.
Wiley, New York, pp 392

Henzler HJ, Kauling OJ (1993) Oxygenation of cell cultures. Bioproc Eng 9: 61-75

Ozturk SS, Hu WS (eds) (2006) Cell Culture Technology For Pharmaceutical and Cell-Based
Therapies. Taylor & Francis, New York

Portner R (1998) Reaktionstechnik der Kultur tierischer Zellen. Shaker, Aachen

Portner R (ed) (2007) Animal Cell Biotechnology — Methods and Protocols. Humana Press,
Clifton, UK

Tziampazis E, Sambanis A (1994) Modelling cell culture processes. Cytotechnol 14: 191-204

Wurm FM (2004) Production of recombinant protein therapeutics in cultivated mammalian cells.
Nat Biotechnol 22: 1393-1397



Chapter 3
Bioreactors for Mammalian Cells:
General Overview

D. Eibl and R. Eibl

Abstract For the development and manufacturing of biotechnological medicines,
the in vitro cultivation of animal cells has now become an accepted technology. In
fact, about 50% of all commercial biotechnological products used for in vivo diag-
nostic and therapeutic purposes today are made using procedures based on animal
cells. In addition to products from cells that are glycoproteins (drug products, e.g.,
cytokines, growth hormones, hematopoietic growth factors and antibodies, and
viral vaccines, see Chaps. 1 and 2), cells as products for regenerative medicine,
namely cellular therapies and tissue engineering, have been successfully investi-
gated in clinical trials and introduced on the market.

Bioreactors from small (milliliter range up to 10L) to large scale (above 500L)
have been developed over the past 50 years for animal-cell-culture-based applica-
tions. Suitable cell and tissue culture types displaying similar characteristics and
specific differences (Chap. 2) have resulted in a variety of bioreactor types and their
modifications, manufactured from plastics, glass, or steel. Although no universal
bioreactor suitable for all cell and tissue culture types exists, it is obvious that con-
ventional stirred bioreactors from stainless steel are the gold standard and dominate
both in R&D and manufacturing.

This chapter aims to present a general overview of suitable bioreactor types for
animal cells. On the basis of differentiation between static and dynamic bioreactors
as well as methods of power input and primary pressure, we attempt to categorize
the most frequently used cell culture bioreactor types, explain their typical working
principles, and deduce possible fields of application. Furthermore, cell culture bio-
reactor trends for R&D and manufacturing, and special features of bioreactors for
3D tissue formation and stem cell cultivation are summarized.
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3.1 Technical Terminology: Bioreactor/Fermentor,
Bioreactor Facility

A bioreactor is defined as a closed system (vessel/bag or apparatus) in which a bio-
chemical reaction involving a biocatalyst (in this case animal cells) takes place
(Chmiel 2006). In the process, the biocatalyst is converted into the desired product,
which is biomass (seed inoculum, cells for transplantation) or an expressed protein
in general. It should be pointed out that the term “fermentor” exclusively character-
izes a bioreactor operating with fast growing microorganisms (e.g., bacteria and
fungi) in American English. Consequently, the term “bioreactor” is used here for
cultivation of mammalian cells. However, in Europe it is customary to use the terms
“bioreactor” and “fermentor” for cultivation systems involving living cells (Krahe
2000; Stadler 1998).

The primary role of a bioreactor is to provide containment with sustainable con-
ditions for cell growth and/or product formation. Its type and configuration consid-
erably influence cultivation results (which frequently aim for medium to high
biomass concentrations/cell densities and/or product titers in grams per liter range)
and as a consequence process efficiency (Wurm 2004, 2005). In general, a cell cul-
ture bioreactor has to meet the following demands:

e Guaranteed cell-to-cell contact and a surface for cell detachment in case of
anchorage-dependent growing cells

e Homogeneous and low-shear mixing and aeration

¢ Sufficient turbulence for effectual heat transfer

e Adequate dispersion of air and gas

e Avoidance of substrate segregation

e Measurability of process variables and key parameters

e Scale-up capability

e Long-term stability and sterility

e Ease of handling

e Reasonable maintenance.

Traditional small-scale bioreactors (e.g., petri dishes, T-flasks, culture bags, shake
flasks, spinner and roller bottles) are characterized by simple design and a low level
of instrumentation and control. For this reason, in contrast to more sophisticated
bioreactors (self-contained bioreactor facilities), they usually require external
equipment such as incubators or shakers to ensure an appropriate physical and
chemical environment for the cells. Typically, a bioreactor facility consists of a
bioreactor vessel, a measurement and control unit, a drive, a heating and cooling
circuit, an air inlet and outlet duct, sampling and harvest systems, sterile couplers,
fittings, piping and safety installations (e.g., safety valves), a burst disc, etc.
Moreover, systems for cleaning-in-place (CIP) and sterilization-in-place (SIP), ves-
sels for precursors as well as feed and dosage, and systems for cell retention are
also available.
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3.2 Suitable Bioreactor Types for Mammalian Cell Cultures

3.2.1 Categorization, Functional Principle,
Possible Fields of Application

Bioreactor development, which is reflected in a multitude of bioreactor types and
modifications, was driven by increased knowledge of cell biology, cultivation tech-
niques, biochemical engineering, and bioreactor design in combination with height-
ened interest in cell-culture-based products. Devising a categorization of all the
bioreactor types that are available on the market today is becoming increasingly
difficult. Thus, different approaches for general bioreactor categorization are found
in reported studies. In the main, categorization is made according to distribution of
the biocatalyst, form and fixation of the biocatalyst, its metabolic and growth type,
bioreactor mode, bioreactor configuration, continuous phase, reaction kinetics,
power input, and primary pressure (Kim et al. 2002; Kunz et al. 2005; Menkel
1992; Moser 1981; Paca, 1987; Schiigerl 1980; Voss 1991).

We recommend categorizing the most widely used animal-cell-culture bioreac-
tors (including basic small-scale culture systems) in a way that takes mass and
energy transfer as well as characterization of power input into account. As depicted
in Fig. 3.1, we generally distinguish cell culture bioreactors in dynamic systems,
which are characterized by mechanical, hydraulic, or pneumatic power input, from
those in static systems. Existing hybrid systems (Auton et al. 2007) that can be
operated as combined pneumatically driven airlift bioreactors/stirred bioreactors
are not considered here. In dynamic systems, the generated power input of mechan-
ically, hydraulically, or pneumatically driven bioreactors is responsible for heat
transfer, mixing, homogenization, dispersion, and suspension, and therefore cell
growth and product formation. However, in bioreactors with unenforced power
input (static systems), cell growth and product formation are exclusively effected
by conduction and reaction processes within the reaction system and by interaction
with the environment.

3.2.1.1 Static Bioreactors with Unenforced Power Input

Static systems characterized by unenforced power input are petri dishes (Fig. 3.2a),
multiwell plates (plates having a number of wells at the bottom, Fig. 3.2f), T-flasks
(plastic screw-capped tissue culture flasks ranging up to 300cm?, Fig. 3.2b), and
gas-permeable bags from polypropylene or Teflon (Fig. 3.2d), including their
modifications.

They are ideally suited for the in vitro expansion of anchorage-dependent grow-
ing and suspension cells. Multitray cell culture systems, also called multisurface
plate units (multilayer stack with up to 40 trays and a maximum size of 24,000 cm?,
Fig. 3.2¢c, e.g., NUNC Cell Factory), and simple membrane flask bioreactors
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(d)

Fig. 3.2 Basic scheme of static cell culture bioreactors: (a) Petri dish, (b) T-flask, (¢) Multitray cell
culture system, (d) Culture bag, (e) Static membrane flask bioreactor (CELLine), (f) Multiwell plate

(two-compartment systems, Fig. 3.2e, e.g., CELLine) clearly provide larger surface
areas (although they originate from the T-flask) and represent typical cell produc-
tion systems for suspended and anchorage-dependent growth of animal cells. Here,
we would like to add that even today animal as well as human vaccine manufactur-
ers use multitray cell culture systems (DePalma 2002; Falkowitz et al. 2006;
Schwander and Rasmusen 2005).

In membrane flask bioreactors, cells are kept in a cell compartment, designed as
a membrane bag, which has been placed in a large flask containing the culture
medium. Cells are fed by nutrients from the outer medium compartment, which
pass over the dialysis membrane, while secreted proteins are accumulated in the
cell compartment. Efficient gas transfer is ensured by the silicone membrane on the
outside of the bioreactor. Despite its small culture volume, this type of bioreactor
enables high cell densities above 107 cells/mL to be achieved and therefore high
levels of protein (Baumann 2004; McArdle 2004). In this regard, membrane flask
bioreactors are systems of choice for screening experiments and clinical sample
production (Bruce et al. 2002; Eibl et al. 2003; Eibl and Eibl 2006a; Scott et al.
2001; Trebak et al. 1999).

3.2.1.2 Dynamic Bioreactors

Among dynamic cell culture bioreactors, there are bioreactors mechanically driven
by external elements, bioreactors mechanically driven by internal elements having
rotating or non-rotating shafts with stirrers or disks, hydraulically driven systems,
and pneumatically driven systems.
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Bioreactors Mechanically Driven by External Devices

With only a few exceptions, mechanically driven bioreactors with an external
device for bioreactor movement (shaker platform, roller unit, spinner unit) are used
exclusively for cell propagation. The most famous exception is commercial vaccine
production in roller bottles (Aunins 2000; Guardia and Hu 1999). Roller bottles
(Fig. 3.3b) are cylindrical vessels (2.5L total volume or 1,750 cm? maximum area)
that revolve slowly to bathe the cells attached to the inner surface in the medium.
While the growing of anchorage-dependent animal cells is preferably performed in
roller bottles and their modifications (e.g., MiniPerm, Fig. 3.3c), shake flasks (Fig.
3.3a) and spinner bottles (bottles with a central magnetic stirrer shaft and side arms
for the addition and removal of cells, Fig. 3.3d) have been principally employed in
the cultivation of suspension cells (Cowger et al. 1999; Falkenberg 1998;
Heidemann et al. 1994; Lindl 2002; Miiller 2001; Schneider 2004).

If it is necessary to increase oxygen transfer and reduce shear stress for animal
suspension cells, bag bioreactors (Fig. 3.3e) with wave induced motion (WIM) are
preferred to shake flasks, spinner or roller bottles, and stirred cell culture bioreac-
tors with surface or membrane aeration (Eibl and Eibl 2006a,b; Eibl and Eibl
2007). In rocking or shaking bag bioreactors with WIM (e.g., BioWave, Wave
Bioreactor, BIOSTAT CultiBag, AppliFlex, CELL-tainer, Tsunami-Bioreactor,
Optima and OrbiCell), mass and energy transfer is manually adjusted via the rock-
ing angle, rocking rate, and filling level (Chap. 5). These reactors have a plastic
cultivation chamber, which has been designed as a bag. The gas-permeable and
surface-aerated bag is fixed by a clamp arrangement and moved on the rocker unit.
Among bag bioreactors with WIM, the BioWave and Wave Reactor have a leading
position owing to maximum scale, the availability of scale-up criteria, the hydro-
dynamic expertise, and the convincing results of oxygen transport efficiency inves-
tigations. Moreover, different studies have revealed their potential for seed
inoculum production, process development, and small- and middle-volume pro-
duction of bioactive agents. For example, the application of both reactor systems
for monoclonal antibody production, resistin secretion with HEK 293 cells, insect-
cell-based protein expression by using the baculovirus system, secreted alkaline
phosphatase (SEAP) production with Chinese hamster ovary (CHO) cells, and
production of recombinant adeno-associated virus and lentivirus has been
described (Eibl and Eibl 2003, 2004, 2005, 2006b; Flanagan 2007; Hami et al.
2003; Negrete and Kotin 2007; Pierce and Shabram 2004; Singh 1999; Tang et al.
2007; Weber et al. 2001). In addition, IDT (Impfstoffwerk Dessau-Tornau) is
already using the BioWave for the commercial manufacture of a vaccine for minks
(Hundt et al. 2007).

Bioreactors Mechanically Driven by Internal Elements
Independent of scale, production organism type, and product, stirred cell culture

bioreactors (Fig. 3.3g), in which power input for mass and heat transfer is control-
led mechanically, dominate. They are basically equipped with aeration devices, an



3 Bioreactors for Mammalian Cells: General Overview 61

(a) (b) (c)

(d) (e)
(9 (h) (i)
A - airinlet, G - gas exhaust
v ‘i :* T u
' r| Uy ol
i " |
00 L
’ ) ’ (k) 0 C(m)

Fig. 3.3 Basic scheme of dynamic cell culture bioreactors: (a) Shake flask, (b) Roller bottle,
(¢) Rotating membrane flask bioreactor (MiniPerm), (d) Spinner flask, (e) Rocking bag bioreactor
with wave induced motion, (f) Hollow fiber bioreactor, (g) Stirred bioreactor, (h) Bioreactor with
eccentric motion stirrer, (i) Bioreactor with Vibromixer, (j) Bubble column, (k) Airlift bioreactor,
(1) Fixed bed bioreactor, (m) Fluidized bed bioreactor

impeller, and baffles (Nienow 2006), and are applied in seed inoculum production,
screening experiments, optimization purposes, and manufacturing processes. Prominent
commercial product examples are factor VIII, tPA, interferon, herceptin, and avastin
(Griffiths 2000; Kretzmer 2002; Ozturk 2006; Walsh 2003, 2005; Wurm 2005). The
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1 = Reactor vessel with jacket

2 = Ports for sensors
(pH, pO,, temperature etc.)

3 = Sample valve
4 = Harvest valve

5 = Sight glass
6 = Sparger ring
7 = Baffles

8 = Magnetically driven,
top mounted agitation
system

9 = Pitch blade impeller
10 = Segment impeller
11 = Spinfilter
12 = Reactor top
13 = Lifting device

Fig. 3.4 Typical setup of stirred cell culture bioreactor (reproduced with kind permission of
ZETA AG)

typical setup of stirred bioreactors for applications with animal cell cultures grow-
ing in suspension is schematically drawn in Fig. 3.4.

General design criteria were derived from stirred bioreactors for microbial cul-
ture and modified to meet the requirements of the sensitive mammalian cells, as
outlined in Table 3.1.

It can be seen that stirred bioreactors for bacteria or yeasts growing in suspen-
sion primarily differ from those for plant and mammalian suspension cells in vessel
size, vessel geometry, power input, oxygen transfer coefficient, impeller type, tip
speed, and sparger design. For more detailed information and explanations, the
reader is referred to Chaps. 4 and 5.
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Table 3.1 Comparison of commercial stirred reactors for microbial cells, mammalian cells, and
plant suspension cells (Curtis 1999; Eibl and Eibl 2004; Kieran et al. 2000; Nienow 2006; Varley

and Birch 1999; Zhong 2001)

Feature Microorganisms Mammalian cells Plant cells

Size (total volume) > 100m? <25m’? <100m?

Vessel geometry (over- 3:1 ratio 2:1 ratio 2:1 ratio

all L:D)

ka >20h! <15h! <15h!

PIV 4-10kW m™ 30-50W m™ 20W m>-2kW m™?

Impellers Radial flow Axial flow impellers Axial flow impel-
impellers (marine-type impel- lers (marine-type
(turbine lers) impellers)
impellers)

Impellers with Combinations Combinations of axial
distributed of axial and and radial flow
power input radial flow impellers
(e.g., InterMig impellers
impeller)

Impellers with Impellers with distrib-
distributed uted power input
power input (e.g., InterMig
(e.g., InterMig impeller)
impeller)

Tip speed <20ms™ 0.3-2ms™! <2.5ms™

Sparger design Bubble aeration: Bubble aeration: ring,  Bubble aeration: ring,
ring, pipe, pipe, plate, frit pipe, plate, frit
plate, frit

Bubble-free aeration: Bubble-free aeration:
tubes of silicone, tubes of silicone,
external aeration external aeration
(bypass, spinfilter, (bypass, spinfilter,
Vibromixer) Vibromixer)

Standard Temperature,

instrumentation agitation speed,

pressure, pH,
dissolved oxygen,
dissolved carbon
dioxide, liquid
level, weight, air
flow rate

Product example E. coli-based Humulin CHO cell-based T. chinensis-based

Herceptin Paclitaxel (Part II,

Chap. 3)

Whereas stirred cell culture bioreactors are typically equipped with dynamic
seals (e.g., magnetic coupling, single or double mechanical seals), the tumbling or
vibrating shafts of bioreactors with eccentric motion (Fig. 3.3h) and bioreactors
with Vibromixer (Fig. 3.31) are sealed with static components, for example, mem-
branes, bellows, or metal compensators. As a consequence, these bioreactor types
are considered to be safer (containment) compared to stirred systems equipped
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with single or double mechanical seals. In addition, lower shear stress and foaming
are reported with tumbling motion, together with upward as well as downward
movement of the conically perforated disk attached to a translative-oscillating
shaft (Blasey et al. 2000; Griffiths 1999; Krahe 2000; Lehmann et al. 1998). In
spite of these advantages, bioreactors with Vibromixer and, in particular, bioreac-
tors with eccentric motion have played a subordinate role in mammalian cell
cultivation to date.

Hydraulically Driven Systems

Like membrane flask bioreactors, hollow fiber reactors (Fig. 3.3f) support high cell
density growth with a tissue-like architecture in animal cell cultivation. However,
hollow fiber reactors operating in perfusion mode (Chap. 5) belong to the group of
popular hydraulically driven systems, where energy input is produced by special
double-phase pumps. In most of their applications, the cells are grown in the ex-
tracapillary space outside the thousands of fibers that have been potted into a cylin-
drical cultivation module. By the fibers’ molecular weight cut-off, the passage of
macromolecules through the fiber wall is affected as oxygen enriched medium
flows continuously through the fibers, the intracapillary space (Goffe et al. 1995).
Typically, cell-secreted proteins are retained in the extracapillary space (Labecki
et al. 1996; Marx 1998). Oxygen enrichment is accomplished by a separate module
from silicone tubes or membranes, that is, the “oxygenator”. Hollow fiber bioreac-
tors can be universally used for both cells growing in suspension and adherent ani-
mal cells. However, besides probable mass transfer limitations, there is an absence
of process monitoring in the immediate cell environment. Furthermore, there is a
risk of product contamination by cell fragments and cell lysis products as well as
of destruction of sensitive proteins by the high residence time of cells and products
in the same bioreactor module. But the main disadvantage of hollow fiber bioreac-
tors is their small culture volume, which ranges only from 2.5 to 1000 mL (Brecht
2004). Taking all these disadvantages into account, it becomes obvious that the
most important application of hollow fiber bioreactors is for fast, flexible, small-
scale production of antibodies for diagnostic and research purposes (Chu and
Robinson 2001; Dowd et al. 1999; Jackson et al. 1999).

Finally, bed bioreactors (Fig. 3.31-m) are further representatives of hydraulically
driven cell culture bioreactors. Bed bioreactors are directly linked to the use of ani-
mal cells for cultivations in an immobilized form. Owing to the characteristics of a
bed containing cells that have been immobilized on microcarriers (small porous
particles, usually spheres from 100 to 300 ocm in size, see Sect. 4.3.), we distinguish
between packed bed or fixed bed bioreactors and fluidized bed bioreactors (Groot
1995; Looby et al. 1990; Nilsson et al. 1986).

As suggested by its name, the fixed bed bioreactor has highly densely packed
carrier material, which forms the fixed bed. A typical fixed bed bioreactor (Fig.
3.31) is composed of a cylindrical bioreactor chamber filled with carriers of porous
glass or macroporous materials, a gas exchanger, a medium storage tank and a
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pump that circulates the culture medium between the bioreactor, and the medium
storage tank. Medium channeling in the bed, blockage of pores due to high cell
densities, poor gas transfer and detachment, and cell washout (elutriation) limit its
applications. The main advantages of this reactor are the low surface shear rate, the
absence of particle—particle abrasion, and the increased space—time yield. Hence,
fixed bed bioreactors (up to 100L medium volume) are capable of providing high
cell densities in cultivations with animal suspension cells secreting proteins, and
with animal anchorage-dependent growing cells used for virus production (Kang
et al. 2000; Kompier et al. 1991; Meuwly et al. 2005; Wang et al. 1992; Whiteside
and Spier 2004).

When packed bed bioreactors are operated in upflow mode, the bed expands at
high liquid flow rates and follows the motion of the microcarriers to which the cells
have been attached. This is the working principle of the ordinary fluidized bed bio-
reactor (Fig. 3.3m). Fluidization of the microcarriers is achieved when the flow of
fluid through the bed is high enough to compensate for their weight. With respect
to optimum mass and heat transfer, fluidized bed bioreactor operation aims to pro-
vide a fluidized bed to ensure movement of all particles (microcarriers and cells)
and avoid their sedimentation or flotation. In order to meet these conditions, an
optimized incident flow is required along with a narrow range of size, form, and
density of the microcarriers. In the cultivation of animal suspension and adherent
cells, fluidized bed bioreactors in laboratory and production scale (maximum 100L
total volume) have been proven to be efficient if high cell density, antibody, recom-
binant protein, or virus titer is the focus (Born et al. 1995; Dean et al. 1987;
Lundgren and Bliiml 1998; Wang et al. 2002).

Pneumatically Driven Systems

Fluidized bed bioreactors usually differ from pneumatically driven systems owing
to the fact that the latter do not specifically require the use of immobilized cells as
they were developed for free suspension cells. In bubble columns (Fig. 3.3j) and
airlift bioreactors (Fig. 3.3k), mass and heat transfer is mostly achieved by direct
sparging of a tall column with air or gas that is injected by static gas distributors
(diffuser stones, nozzles, perforated plates, diffuser rings) or dynamic gas distribu-
tors (slot nozzles, Venturi tubes, injectors, or ejectors). While the ascending gas
bubbles cause random mixing in bubble columns, fluid circulation in airlift bioreac-
tors is obtained by a closed liquid circulation loop, which permits highly efficient
mass transfer and improved flow and mixing. In airlift bioreactors, this circulation
loop results from the mechanical separation of a channel for gas/liquid upflow
(riser) and a channel for downflow (downcomer), and their connection at the top
and bottom of the column. Hence, fluid flow in airlift bioreactors is driven by den-
sity difference between sparged fluid in the riser and nonsparged fluid in the down-
comer. Both airlift bioreactors with an external loop (fluid circulation through the
external loop) and with an internal loop (columns with cylindrical draught tube or
simple baffles generate an internal loop) are available.
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Mainly because of their relatively simple mechanical configuration, bubble col-
umns and airlift bioreactors are characterized by low cost. In comparison to stirred
bioreactors, the lower energy requirement, minimized problems of long-term steril-
ity (no moving parts, shaft and mechanical seals), and ease of scale-up can be
highlighted as additional benefits of bubble columns and airlift bioreactors.
However, if there are strong variations in biomass concentration, viscosity, surface
tension, ionic concentration, inadequate mixing, foaming, flotation, and bubble coa-
lescence are potential disadvantages. Moreover, bursting gas bubbles in bubble
columns and airlift bioreactors can increase shear or hydrodynamic stress acting on
cells (Sect. 4.1). Nevertheless, an out-dated opinion that these systems are low-
shear devices owing to the lack of mechanical agitation can still be found.
Furthermore, use of suitable sparger types or enriched air or pure oxygen and the
availability of protective additives in the culture medium preclude excessive cell
damage under conventional cultivation conditions (Christi 2000; Guardia and Hu
1999; Meier et al. 1999). In fact, it seems that the homogeneity of shear forces
demonstrated in airlift bioreactors is probably responsible for the success of shear-
sensitive cultures in this bioreactor type (Merchuk and Gluz 1999).

Most reports on the use of pneumatically driven cell culture bioreactors are
based on airlift bioreactors with a concentric draft tube (Fig. 3.3k) and typical
aspect ratios in the range of 6:1 to 14:1 (Christi 2000; Fenge and Liillau 2006).
They are considered to be suitable for animal cells (e.g., CHO, baby hamster kidney
(BHK), hybridomas, mouse myeloma cell line NSO) up to a maximum batch size
of 2000L (Kretzmer 2002; Petrossian and Cortessis 1990; Varley and Birch 1999;
Wang et al. 2005).

Finally, we would like to mention that all the dynamic cell culture bioreactor
systems presented for the cultivation of animal suspension cells can also be used to
grow adherent animal cells provided that they are operated with membranes or
microcarriers. The maximum reported size of a bioreactor vessel for cultivating
animal cells on microcarriers is 6000L (http://wwwS5.amershambiosciences.com.
Cited 26 August 2006). It is used by Baxter Biosciences for influenza production
based on Vero cells growing on Cytodex microcarriers in stirred bioreactors. The
fundamentals and applications of microcarrier cultivations are discussed compre-
hensively in Sect. 4.3.

3.2.2 Bioreactor Trends and the Increasing Acceptance
of Disposables

In order to describe the existing trends for cell culture bioreactors, which are sum-
marized in Fig. 3.5, the three phases of development for a biotechnological product
are considered. It is generally demanded that development time is short, costs are
low, and flexibility of the facility as well as process safety are high. Phase 1
includes know-how transfer from basic research and technological development,
whereas phase 2 represents the development of good manufacturing practice
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Phase 1 Phase 2 Phase 3
Knowledge i \gical . Gii e A e
basic research
Short development time and costs, high flexibility and biosafety in biomanufacturing I
Bioreactor trends
SINGLE PURPOSE and Keep It Safe and Simple
SINGLE USE (KISS)

Scale down bioreactors Stirred bioreactors

Multipurpose facilities
Disposable bioreactors
Hybrid facilities: Integration of disposable elements

Multifermenter systems

Benchtop bioreactors with
industrial control mode

Low cost bioreaclors
Disposable bioreactors

Fig. 3.5 Cell culture bioreactor trends in R&D and manufacturing

(GMP) sample production consisting of preclinical studies and clinical studies.
Phase 3 is the actual GMP manufacturing. Because different factors have an impact
on bioreactor design and its periphery in every phase of product development, it
makes sense to distinguish between bioreactor trends in R&D and bioreactor trends
in manufacturing. The dividing line between R&D and manufacturing may be
drawn between phases 1 and 2. In phase 1, it is not necessary to work under GMP-
compliant conditions; however, phases 2 and 3 require consideration of GMP
standards.

As a consequence of cost and time, a change of bioreactor type should be
avoided at this point. The change of the bioreactor type is theoretically possible
here but implicates high costs. In research there is a tendency to apply single pur-
pose and single use facilities where possible. The focus lies on the following:

e Scale down bioreactors, representing small-scale laboratory bioreactors for cell
line screening, medium optimization, and basic studies, which operate with
microwell plates, tubes, spinner flasks, or shake flasks and allow online meas-
urement and regulation of relevant process parameters (Delesus et al. 2004;
Kumar et al. 2004; Muller et al. 2006; Puskeiler et al. 2005; Wurm 2004);

e Multifermenter systems equipped with laboratory stirred bioreactors or bubble
columns, generating a large amount of process data within a short time and pos-
sibly contributing to savings in intermediate steps during process scale-up (Frison
and Memmert 2002; Meis et al. 2005; Puskeiler and Weuster-Botz 2004);

e Bench top bioreactors with industrial control mode, characterized by easy han-
dling and an analogous control unit comparable to those of bioreactors for
manufacturing (Eibl and Eibl 2004; Glaser 2004);



D. Eibl, R. Eibl

Low cost bioreactors in laboratory scale with minimal equipment and therefore
low investment costs (Eibl and Eibl 2004; Glaser 2004);

Disposable bioreactors (membrane bioreactors, bag bioreactors with WIM, bag
bioreactor with stirrer or Vibromixer, pneumatically driven bag bioreactors,
hybrid bag bioreactors, orbitally shaken bioreactors) with containers or bags
manufactured from different types of polymeric material and meeting USP Class
VI as well as ISO 10993 specifications (Auton et al. 2007; Aldridge 2004, 2005,
2007; Brecht 2007; Castillo and Vanhamel 2007; DePalma 2004; Eibl and Eibl
2005, 2007; Fries et al. 2005; Glaser 2004; Houtzager et al. 2005; Langhammer
et al. 2007; Odum 2005; Ozturk 2007; Kunas 2005; Morrow 2007; Pierce
and Shabram 2004; Portner 2006; Sinclair and Monge 2004; Thermo Fisher
Scientific 2007, Wurm 2007).

Table 3.2 Disposable bioreactor vs. stainless steel bioreactor

Disposable Stainless steel

Pros Short set-up times, Cons Extensive installation
presterile — Ready
to use

No sterilization and
cleaning time —
Reduction of con-
tamination risk and
validation efforts

Hygienic design of
bioreactor and
extensive CIP/SIP
cycles to reduce
contamination risks
— Increased capital
investment

Inflexibility by defined
facility design —
Specially trained
staff

Higher production
turnaround times

High flexibility and
simplicity —
Reduction of staff

Shorter production
turnaround times

Cons New technology — Pros Proven technology and
Intensified logisti- long-term experi-
cal effort and per- ence

sonnel training
Secretion of leacha-
bles and extracta-
bles — Potential
inhibition of cell
growth in CD
minimal medium

Correct material usage
— Harmless opera-
tion, no leachables
and extractables

Culture volume limita-
tions

Limited number of
disposable sensors
for process moni-
toring

Unlimited scalability

Proven sensors for bio-
reactors from stain-
less steel
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As soon as GMP conditions are regulated, bioreactors will have to be simple and
safe (KISS principle: Keep It Safe and Simple) as in the case of traditional, high-
quality finished stirred bioreactors made of stainless steel, which operate prima-
rily in fed-batch mode and are equipped with standard instrumentation.
Multipurpose production facilities making high demands on process validation
and cleaning are currently popular in this context (Eibl and Eibl 2004; Howaldt
et al. 2006; Kranjac 2004; Stadler 1998). On the other hand, the use and accept-
ance of disposable cultivation technology, namely disposable bioreactors and
disposable elements (couplers, filters, storage bags, mixers, sampling systems,
sensors, etc.), to set up hybrid manufacturing facilities are increasing (Boehm
2007; DePalma 2006; Glaser 2005, 2006; Haughney and Aranha 2003; Huang
2005; Morrow 2006). Whereas considerable advantages result from the use of
disposables and disposable bioreactors in particular (compare Table 3.2), there
are some initial limitations concerning the potential secretion of leachables and
extractables from plastic layers as well as scalability (Altaras et al. 2007).
However, intensive research is being carried out to overcome these limitations
and finally to reduce stainless steel in biomanufacturing facilities. Fully control-
led stirred bag bioreactors up to 2000 L culture are available, and in the next few
years volumes up to 5000L are expected (DePalma 2005; Langhammer et al.
2007; Ozturk 2007). Along with the increasing protein titers (> 4g L") that are
mainly a result of the improvements in animal cell-line engineering and culture
medium optimization over the last 20 years, it is assumed that the way for com-
pletely disposable bioproduction trains is paved. Nevertheless, because of the
principal advantages of proven performance and virtually unlimited scalability,
conventional stirred cell culture bioreactors are not expected to be completely
replaced by disposable bioreactors in the future.

3.3 Special Case: Bioreactors for Patient-Specific Therapies
Based on Functional Tissue and Stem Cells

Whereas in vitro cultivation of animal cells to produce proteins and viruses is
a field in which biotechnologists have long experience, in vitro cultivation of
allogenic and autologous cells for patient-specific therapies represent a newly
emerging discipline. It is aimed at large-scale cell production for cellular or
gene therapies, generation of functional 3D tissue and constructs, and develop-
ment of organ modules (Gomes and Reis 2004; Liszewsky 2006). Such
extracorporeal organoids (also called bioartificial organs) functioning as bridge-to-
transplant devices or assisting in bridge-to-native organ regeneration will be
introduced in Part II/Chap. 2 of this book. They are not considered here.
Subsequently, we will focus on bioreactors for growing functional 3D con-
structs (e.g., skin, bone, blood vessel, cartilage) prior to implantation, and bio-
reactors for large-scale expansion and differentiation of stem cells (embryonic
stem cells, adult stem cells).
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3.3.1 Bioreactors for Growing 3D Tissues

The infancy of tissue engineering is evidenced by the small number of registered
commercial products (Table 3.3) that allow successful treatment of skin diseases
and cartilage and bone injuries (Bock et al. 2003, 2005; CorCell 2003; Senker and
Mahdi 2003; Transplant News 9/30/2005).

In growing 3D tissues, the ultimate cultivation goal is high cell and tissue den-
sity while guaranteeing tissue-specific differentiation and maintaining the function-
ality of in vitro-generated tissue. For this reason the consecutive realization of three
cultivation steps, namely cell proliferation, cell adhesion on a scaffold, and cell dif-
ferentiation (tissue formation), either in different bioreactors or within a single bio-
reactor, is the general rule. Consequently, the specifications of bioreactors for 3D
constructs (Fig. 3.6) are different from those of bioreactors for the animal-cell-
based production of seed inoculum and therapeutic agents discussed in the previous

Table 3.3 Selected tissue-engineered commercial products

Trade name Product for Manufacturing company Country
Apligraf Treatment of Organogensis Inc. USA
chronic
wounds and
skin diseases
Dermagraft Advanced Tissue Sciences USA
CellActiveSkin IsoTis NL
BioSeedS, BioSeedM, BioTissue Technologies D
MelanoSeed
Epicel Genzyme Biosurgery USA
Carticel Knee injuries Genzyme Biosurgery USA
(ACT)
ACI, MACI, Verigen D
MACI-A
Chondrotransplant Co.don D
BioSeedC BioTissue Technologies D
HYALOGRAFT C Fidia Advanced Italy
Biomaterials
Chondrotransplant disc Herniated disc (ADCT)  Co.don D
BioSeed-Oral Bone Application in BioTissue Technologies D
jawbone
surgery
Osteotransplant Several Co.don D
applications in bone
surgery
Skeletex Bone repair CellFactors UK
OsteoCel Bone repair and replace-  Osiris Therapeutics USA

ment
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Fig. 3.6 Specifications of bioreactors for tissue-engineered products

sections of this chapter. Primarily, in vivo-like biochemical and biomechanical
environment supporting cell and tissue density has to be provided by the bioreactor
for proliferation and maturation. In many cases, a culture volume in milliliter range
is sufficient for in vitro culture of tissue constructs. Because the functionality of the
tissue generated in vitro has to be maintained over weeks and even months, long-
term sterility and stability as well as high bioreactor instrumentation become strin-
gent. Above all, disposable design is a necessity for commercial tissue-engineered
products.

Cell proliferation, first step in 3D tissue engineering, is usually accomplished in
typical static cell expansion devices including petri dishes, multiwell plates,
T-flasks, or gas-permeable blood bags (Minuth et al. 2003; Purdue et al. 1997,
Safinia et al. 2005). Higher total cell numbers have been achieved in mechanically
driven roller bottles and spinner flasks operating with microcarriers (Portner and
Giesse 2007). The generation of 3D tissue structures is promoted by equipping the
roller bottles, spinner flasks, or perfusion chambers with scaffolds, which provide
the template for tissue development, and degrade or are resorbed at defined rates
(Martin et al. 2004; Ratcliffe and Niklason 2002). More complex bioreactors pro-
viding a controlled environment (e.g., temperature, humidity, pH) to direct cellular
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responses toward specific tissue structures have shown to be more favored to sim-
pler static and dynamic cultivation systems. Therefore, milliliter-scale operating
membrane bioreactors as well as fixed bed and fluidized bed bioreactors, where
cells are immobilized on carriers or scaffolds, have been investigated for the 3D
culture of hepatocytes (Jasmund and Bader 2002; Kullig and Vacanti 2004;
Legallais et al. 2000; Gerlach 1996), skin cells (Prenosil and Villeneuve 1998),
cardiovascular cells (Barron et al. 2003), and cartilage cells (Darling and Athanasiou
2003). Above all, tissue-specific bioreactors, which simulate in vivo environments
better, have been suggested. These systems use mechanical strain (constant, cyclic
or dynamic) in vitro, either in the form of shear stress generated by fluid flow,
hydrodynamic pressure, or as direct mechanical stress applied to the scaffold
(Altman et al. 2002; Bilodeau and Mantovani 2006; Gokorsch et al. 2004; Hoerstrup
et al. 2000; Lyons and Pandit 2004). In rotary bioreactors characterized by low
shear, high mass transfer rate, and simulated microgravity, a wide range of tissues
(e.g., bones and cartilage, cardiac tissue, liver tissue) have been successfully grown
(Guo et al. 2006; Marolt et al. 2006; Ohyabu et al. 2006; Okamura et al 2007; Song
et al. 2006; Suck et al. 2006). Additional tissue engineering bioreactors have been
developed with respect to specific tissue formation over the last years. Detailed
reviews are summarized by Chaudhuri and Al-Rubeai (2005).

Further bioreactor developments in growing 3D tissues incorporate fully automated
systems in order to reduce laborious manual work, risk of contaminations, and costs.
Such autologous clinical tissue engineering systems based on a holistic approach from
biopsy to implantation would enable qualified hospitals to perform all procedures for
manufacturing the functional tissue within a single closed apparatus (Larcher et al.
2006; Martin et al. 2004). To that end, these new innovative bioreactor systems would
eliminate the need for large and expensive GMP tissue manufacturing facilities.

3.3.2 Bioreactors for Large-Scale Expansion
and Differentiation of Stem Cells

In case of stem cell cultivation for a cellular or gene therapy, there is normally the
requirement for larger amounts of cells than in the manufacturing of 3D tissue.
Taking specific end application into account, cultivation of stem cells in clinically
relevant numbers results in bioreactors with capacities between 1 and 1000L
(Tzanakakis and Verfaillie 2006). The stem cells have to be expanded while sus-
taining their pluripotent (embryonic stem cells, multipotent adult progenitor cells)
or multipotent (adult stem cells: hematopoietic stem cells, mesenchymal stem cells,
gastrointestinal stem cells, epidermal stem cells, hepatitic stem cells) potential. The
directed in vitro differentiation results in a mixed population of different cell line-
ages. Usually, the desired cell type represents only a small proportion of the pro-
duced stem cell population. The selection of the appropriate bioreactor is strongly
affected by the stem cell type and its characteristics, and the purpose of cultivation
(expansion and/or differentiation).
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As in cell culture expansion, the bioreactor type for stem cell expansion is largely
dependent on whether the cells are growing as single cells in suspension, in monolay-
ers, or in cell aggregates. Large cell densities combined with large cell amounts can be
achieved in membrane reactors, stirred reactors, rotary reactors, fixed bed reactors, and
fluidized bed reactors partially operating with microcarriers (Cabrita et al. 2003; Chen
et al. 2006; Nielsen 1999). However, it was reported that too high a cell density could
result in loss of cell properties for some stem cell types (Ulloa-Montoya et al. 2005).
In this case, the expansion procedure is aimed at low cell densities and rather frequent
passaging.

According to Ulloa-Montoya, Verfaille, and Hu (2005), and Tzanakis and
Verfaille (2006), the key in stem cell differentiation is the cell microenvironment
mainly affected by the bioreactor, the differentiation medium with growth factors,
and the culture mode. The ideal differentiation system should be scalable and
fully controlled. It is recommended to differentiate pluripotent stem cells by cul-
turing them as adherent monolayers at high cell densities or by growing them as
embryoid bodies in suitable bioreactors (e.g., stirred bioreactors, rotating
bioreactors).

3.4 Conclusions

Among the existing static and dynamic bioreactor types that have been described
and characterized in this chapter, traditional stirred bioreactors with maximum
volumes of 25m? for animal cells have become the systems of choice in com-
mercial biomanufacturing processes. They are characterized by their reusability as
well as by costly hygienic design, and require specially trained staff for their trou-
ble-free operation, which includes labor-intensive cleaning, sterilization, and vali-
dation procedures in GMP-compliant or otherwise regulated processes. This
increases process time, process costs, development time, and, therefore, time-to-
market for new products. For R&D and manufacturing of niche products in low-
and middle-volume scale, disposable bioreactors and certain bag bioreactors,
particularly those with culture volumes above 100L, are alternative solutions. In
spite of the growing acceptance of disposable bioreactors, their engineering aspects
are insufficiently characterized. Furthermore, to date scale-up criteria have only
been published for disposable wave-mixed systems (Chap. 5). On the other hand,
knowledge of their advantageous features (easy handling, flexibility, high biosafety,
improved process efficiency, and manufacturing costs) has enhanced the develop-
ment of disposable bioreactors during recent years. Mechanically driven bag
bioreactors of 5,000L capacity are expected in the future. Further developments
in biomanufacturing focus on scale down bioreactors, well-instrumented multi-
fermenter systems, benchtop bioreactors with industrial mode, and low cost
bioreactors.

On the other hand, there is an urgent need for the development of complex dispos-
able bioreactors for functional tissue-engineered products. To this day, commercially
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available tissue-engineered products that meet GMP standards are manually
manufactured in simply designed cultivation systems using expensive isolator tech-
nology. Encouraging results have been shown by prototypes of suitable bioreactors
performing the different processing phases to generate 3D tissue via cell disintegra-
tion to cell propagation as well as differentiation within a single closed and auto-
mated system, and bioreactors applying controlled mechanical forces.

The rapid progress in stem cell research has driven in vitro generation, mainte-
nance, and differentiation investigations of stem cells. Well-characterized disposa-
ble bioreactors with capacities between 1 and 1000L will pave the way for
personalized medicine.

3.5 Questions and Problems

1. Explain the terms bioreactor, fermentor, bioreactor facility, conventional biore-
actor, and dispoable bioreactor.

2. Discuss the advantages and disadvantages of disposable bioreactors.

3. Explain the working principles of disposable wave-mixed bioreactors, disposa-
ble hollow fiber reactors, stirred bioreactors, bubble columns, and airlift
bioreactors.

4. Summarize the existing trends for cell culture bioreactors used in R&D and
commercial manufacturing.

5. What is implied by “KISS” and how is it realized in biomanufacturing based on
mammalian cells?

6. Why do higher demands on bioreactor and manufacturing processes result from
the cultivation of CHO cells growing in suspension than from Escherichia coli,
Pichia pastoris, Sf-9 cells, or tobacco suspension cells? Give reasons for your
answer.

7. Compare cultivation aims in tissue engineering and mammalian-cell-based pro-
tein expression. Deduce general demands and design criteria for a bioreactor
which is (a) suitable for mammalian-cell-based protein secretion and (b) suitable
for the production of tissue-engineered products.

8. Draw up a scheme for a bioreactor that allows virus production with adherent
growing HEK 293 cells.

9. Which bioreactors are suitable to expand stem cells? Give examples and reasons.

List of Abbreviations and Symbols

ACI autologous chondrocyte implantation
ACT autologous chondrocyte transplantation
ADCT autologous disc chondrocyte transplantation

BHK baby hamster kidney
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CDh chemically defined

CHO chinese hamster ovary

CIP cleaning-in-place

D vessel inside diameter

E. coli Escherichia coli

EPO erythropoietin

GMP good manufacturing practice
HEK human embryogenic kidney
k.a oxygen transfer coefficient
L vessel inside height

MACI matrix coupled autologous chondrocyte implantation
NSO mouse myeloma cell line
PIV specific power input

R&D research and development
rpm revolution per minute

SIP sterilization-in-place

Sf-9 Spodoptera frugiperda (subclone 9)
T. chinensis  Taxus chinensis

tPA tissue plasminogen activator
v volume of the medium

3D three-dimensional

°C degree centigrade
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Chapter 4
Special Engineering Aspects

P. Czermak, R. Portner, and A. Brix

Abstract The specific characteristics of mammalian cells discussed in Chap. 2
require adapted solutions for bioreactor design and operation. Especially, cell
damage by shear stress and aeration has to be considered. Therefore this chapter starts
with a detailed discussion of shear stress effects on mammalian cells (anchorage-
dependent and suspendable cells) in model systems and bioreactors, respectively,
and consequences for reactor design. Appropriate oxygen supply is another critical
issue, as adapted oxygen supply systems are required. Techniques for immobilization
of cells, either grown on microcarriers in suspension culture or within macroporous
carriers in fixed bed or fluidized bed reactors, are discussed as well. With respect
to the operation of bioreactors, the characteristics of different culture modes (batch,
fed-batch, chemostat, perfusion) are introduced and practical examples are given.
Finally, concepts for monitoring of bioreactors, including offline and online methods
as well as control loops (e.g. O,, pH), are considered.

4.1 Cell Damage by Shear and Aeration

4.1.1 General Aspects

Unlike other microorganisms (e.g. bacteria), mammalian cells are not surrounded by
a cell wall adapted to support survival as an individual within the natural environ-
ment, but only by plasmatic membrane, which can only withstand weak mechanical
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forces. The cell membrane is basically composed of phospholipids that build a double
layer. In conventional bioreactor systems, aerated stirred tanks and bubble columns,
adherent cells grown on microcarriers or suspended cells are exposed to variously
intense hydrodynamic forces. A sufficiently intense force will destroy the cell wall.
Forces of lesser magnitude may induce various physical responses, including reduced
growth, cell death (apoptosis) or other metabolic reactions. A number of reviews have
summarized the main fluid-mechanical and biological aspects of cell damage (Cherry
1993; Papoutsakis 1991; Chisti 2000, 2001). According to Papoutsakis (1991) fluid
mechanical questions include the following:

e What forces affect cells in a flow environment, and how?

e Are the flow effects due to the intensity and/or the frequency of the forces?

e What types of interactions are most damaging to the cells in various reactors
and/or processing devices?

Biological questions include the following:

e Does fluid-mechanical stress cause cell death, or simply reduce cell growth?

e Do fluid mechanical forces affect the physiology (e.g. the cell cycle), product
expression, molecular processes, receptor-mediated processes and the cytoskel-
eton of the cells? How?

e Do cells react to and adapt in response to fluid-mechanical forces?

In addition it is relevant to ask:

e Do fluid-mechanical forces affect adherent and suspendable cells differently?
o Is it possible to protect the cells against this kind of damage?
e Does the sensitivity of cells to fluid-mechanical stress depend on the scale?

Finally, the objective should be to formulate the extent and the mechanism of the
damages as well as allow calculation and lay-out of bioreactors with respect to
parameters such as reactor size, stirrer rotation speed or aeration rate for bubble
aeration (Tramper et al. 1993).

Generally, the effects caused by mechanical forces in a mixed culture and dam-
aging effects caused by gas bubbles are discussed separately. The many kinds of
mechanical forces (e.g. the motion of microcarriers or free suspended cells relative
to the surrounding fluid, to each other and to moving or stationary solid surfaces)
are collectively referred to as “shear forces”, as the underlying damaging phenom-
ena cannot be ascribed to gas bubbles (Chisti 2001).

By definition, shear in a fluid system has two components, shear stress T and
shear rate . A shear stress is a force per unit area acting on and parallel to a surface.
Shear rate is a measure of a velocity gradient (velocity/length). The two quantities
are related; thus, in laminar Newtonian fluid

=10 4.1)

where 7], is the viscosity of the fluid. In model systems such as laminar flow
between two parallel plates, in a cone-and-plate viscometer or a coaxial cylinder
Searle viscometer the shear rate and the corresponding shear stress can be calculated
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by simple mathematical equations (see below) and the damaging effects can be
related to exact values. In a complex, mostly turbulent environment within a biore-
actor, the local shear rate varies within the vessel and it is more difficult to associate
cell damage with the magnitude of the prevailing shear rate or the associated shear
stress. Even more complex are the mechanisms of cell damage caused by gas bub-
bles in sparged bioreactors.

In general, cell damage typically follows first-order kinetics. Thus, the rate of
cell loss (dX /dr) depends on the concentration of viable cells X and can be
described by

4.2)

where k  is the cell specific death rate. The k, value is influenced by the rate of shear
stress and the operating conditions within the cultivation system (stirring, bubble aer-
ation, and medium composition) as well as the properties of the cells. In the following
sections, available data for the different culture conditions will be discussed.

In the next sections, discussions about model systems will be presented in order
to describe the main effects. Later, the effect of shear stress and bubble aeration in
real bioreactors will be shown. Finally some recommendations will be given for the
design and operation of bioreactors. Note that a distinction between adherent and
suspendable cells will be made.

4.1.2 Model Analysis

The intention of these most studies was mainly to understand the basic mechanism
of cell death due to flow shear forces or bubbles. In most cases the cells were
exposed to defined levels of shear stress in defined flow geometries in order to cor-
relate the effects with known values for the level of shear stress. From these find-
ings, conclusions for design and operation of bioreactors were drawn. Furthermore
it was to ask whether critical shear stress levels found in model systems can be
used for the estimation of design criteria for large scale bioreactors (e.g. power
input, stirrer speed or aeration rate).

4.1.2.1 Shear Stress on Anchorage-Dependent Cells

The damaging effect of shear on anchorage-dependent cells adhered to a solid surface
is frequently studied in a flow chamber (Fig. 4.1) (Diamond et al. 1990; Frangos
et al. 1985; 1988; Ludwig et al. 1992; Shiragami and Unno 1994; Spraque et al. 1987;
Stathopoulos and Hellums 1985). In this apparatus, a laminar flow causes a defined
shear stress at the wall 7 on the bottom plate where the cells are adherently growing.
The flow velocity U(y) can be calculated for given values of the flow rate F, the
viscosity 7., the height /4 and the width b of the flow chamber (Fig. 4.2):
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HFH flow channel
Q Q (side view)

flow channel
(top view)

pump
medium
reservoir

Fig. 4.1 Flow chamber for investigation of shear effects on adherent cells (reproduced from
Shiragami and Unno 1994, modified, with kind permission of Springer)

parabolic flow velocity profile

flow

wall shear rate t,, adherent growing cells

Fig. 4.2 Determination of wall shear rate in a flow chamber for investigation of shear effects on

adherent cells
6F
U(y) = —(hy —y*).
) bhg( y=y") 4.3)

The wall shear stress 7, acting on the cells is given by:
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6n,F
o) -2 (@)

bh*

In experiments performed with the aim to determine a critical shear stress, the
cells are allowed to grow on the bottom plate of a flow chamber until they have
reached confluence (Fig. 4.3). Afterwards, the medium flows with a defined veloc-
ity through the chamber for a certain time and the cell morphology, the number of
viable cells and the concentration of substances that are released by the damaged
cells [i.e. lactate dehydrogenase (LDH)] are evaluated (Chisti 2001). The following
conclusions can be drawn from the available data:

o Cell attachment to a surface is affected by shear stress levels between 0.25 and
0.6 Nm2 (Olivier and Truskey 1993)

o Under stress the cells orientate themselves within the liquid flow lines (as shown
in Fig. 4.3)

e Laminar shear stress in the order of 0.5-10Nm= may remove adherent cells from
the surface (Aunins and Henzler 1993). Kretzmer (1994) as well as Shiragami and
Uno (1994) gave some numbers for CHO and BHK cells for the influence of shear
stress on the living cells ratio (50% viability): 3h > 1t = 6Nm™ 24h >
T, =0,75-1Nm™

e Laminar shear stress in the order of 0.1-1.0 Nm™ may affect cellular morphol-
ogy, permeability, and gene expression (Aunins and Henzler 1993).

e The combined effect of shear stress and the stress duration can be expressed by
the energy € dissipated during a certain time (Shiragami and Unno 1994)

2
dUu ht’t
s=tjnﬂ (—J dy=— (4.5)

Fig. 4.3 Effect of shear stress on adherent growing primary epithelial cells in a flow chamber
after (a) 1 week of culture without shear stress (controls), (b) 4h with a shear stress of 1.3 Nm™
(¢) 24h with a shear stress of 1.3Nm™, (d) 24h with a shear stress of 5.4Nm™ (adapted from
Stathopoulos and Hellums 1985, with kind permission of John Wiley & Sons)
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4.1.2.2 Shear Stress on Suspended Cells

The reaction of freely suspended cells on shear forces in a bubble-free environment
can be regarded as similar to the behaviour of drops or suspended particles in a
shear field. They experience extensional or elongational forces depending on the
flow pattern, e.g. whenever the cross-sectional area of a flow channel reduces, as at
the entrance of capillaries or within bioreactors in the direction of flow. The cells
subjected to extension or extensional flow can rupture similar to drops. From this
point of view the mechanical strength of the cell, expressed by the bursting mem-
brane tension, could be an appropriate parameter to describe the allowed level of
stress. But as the cells can rotate or tumble in an extensional flow field to relax the
imposed stress, in addition to hydrodynamic stress, the possibility of rotation-
associated stress relaxation also needs to be considered. The effect of shear forces
on suspendable cells was investigated as follows:

e Determination of the surface tension of the cell membrane
e Correlation of the cell damage with the shear stress in a surrounding fluid.

The basic theory for the behaviour of emulsified, viscous liquid drops was devel-
oped by Taylor (1934). According to this model, the resistance and stability of a
cell exposed to shear forces are basically influenced by the surface tension and the
size of the cell. Cell deformation is the result of the action of external hydrody-
namic forces and the cell would burst if the following condition is fulfilled:

T,.1, =2r,0, (4.6)

crit

with the the critical shear stress 7 _, the cell radius r, and the membrane tension at
cell burst 0. In order to determine the membrane tension at cell burst, Zhang et al.
(1992b) applied an experimental set-up as shown in Fig. 4.4. Initially, the single cells
were fixed between two glass fibres (diameter approx. 50um) that can slide against
each other. After the immobilization, the cells were compressed in the gap between
the fibres until they burst. The burst strength and cell diameter were recorded to cal-
culate the membrane tension. By this, values of G, = 1.7-2.5%107* Nm™! for the

membrane tension were determined leading to critical shear rates of 500-700 Nm=.

cell

| ———

o N\

—_— optlical fiber

Fig. 4.4 Experiment for determination of the force required to burst the cell. Cell entrapped
between two optical fibers (adapted from Zhang et al. 1992b)
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Based on the hypothesis that a cell should burst whenever its bursting membrane ten-
sion is exceeded in a laminar flow, Born et al. (1992) developed a model predicting
cell damage in laminar flow. For a critical discussion see Chisti (2001). Even if the
model seems to be supported by experimental data from cells sheared in a cone-and-
plate viscometer, the practical utility of this approach is regarded as limited.

Cell damage due to shear stress was investigated in certain devices, where the
cells could be exposed to defined high-shear levels in laminar or turbulent flow (e.g.
cone-and-plate-viscometer, coaxial cylinder Searle viscometer, capillary flow
(Abu-Reesh and Kargi 1989; Born et al. 1992; Kramer 1988; Smith et al. 1987;
Tramper et al. 1986) (reviewed extensively by Chisti 2001). In most cases the cells
were cultivated under unharmful conditions e.g. in a small spinner reactor and then
transferred to one of the devices mentioned above. Here the cells were exposed to
a certain shear level for a certain time.

For a coaxial cylinder Searle viscometer (couette viscometer), within a narrow
gap between the two cylinders, the shear rate and shear stress are constant within
the gap and proportional to the rotation speed. From the measured torque M, height
h and inner radius r,  the shear stress T can be calculated.

M
T= —‘;. 4.7)
211 hr:
i,cou

The laminar-turbulent flow transition is defined by the Taylor number Ta

0.5
PaUrw 2w

Ta= (4.8)

nﬂ di, cou

with gap width w, diameter of inner cylinder d,  rotating at peripheral speed U,
and fluid density p,. The flow is laminar when Ta < 41.3. Laminar flow with Taylor
vortices occurs for 41.3 < Ta < 400. When Taylor number exceeds 400, the turbu-
lent flow is fully developed. An example is shown in Fig. 4.5.

As can be seen from Table 4.1, critical values between 1 and 2x 10> Nm~ have
been reported. Reasons for this large range of values can be seen in (i) different
criteria for the threshold shear stress (e.g. total cell disruption, certain level of cell
death, appearance of cell lyses, and induction of cell inactivation among others),
(ii) different cell lines, (iii) different devices, and (iv) different culture conditions
(medium with or without serum, etc.). Nevertheless some general conclusions can
be drawn from these data:

e Turbulent flow is more damaging than laminar

e Duration of shear stress is relevant

e The mechanism of cell damage is very complex and depends on the device used
for the studies

e The shear rate seems not to be the appropriate parameter to describe the effect.
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Fig. 4.5 Influence of shear stress on the cell disruption rate of hybriodm cells in a couette
viscosimeter (adapted from Kramer 1988)

Table 4.1 Impact of shear stress on suspendable cells

Threshold
Type of shear stress  Exposure
Reference Cell type System flow [N m=2] time
Kramer (1988) Hybridom  Coaxial cylinder n.d. 4
Tramper et al. (1986) Insect cells Coaxial cylinder n.d. 1-4 1-3h
Born et al. (1992) Hybridom  Cone-and-plate Laminar 208 20 min
350 180s
Abu-Reesh and Kargi  Hybridom  Couette Turbulent 5
(1989)
McQueen et al. (1987) Myeloma Capillary Turbulent 180
Cited by McQueen Hybridom  Capillary n.d. 0.87
et al. (1987)
Cited by McQueen Insect Capillary n.d. L5
et al. (1987)
Augenstein et al. HeLa/L293  Stainless steal n.d. 0.1-2x10°
(1971) capillaries

According to data from Abu-Reesh and Kargi (1989), cell damage followed
first-order kinetics both under laminar and turbulent conditions. For turbulent shear
stress levels of 5-30 Nm?, the death rate constant k | varied between 0.1 and 1 h™! and
increased exponentially with increasing stress level.
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4.1.2.3 Cell Damage Caused by Bubbles

The specific events responsible for the bubble-associated cell damage include

Bubble formation at the sparger

Bubble detachment

Rise through the fluid

Break-up of bubbles at the surface and foam formation (Chisti 2000).

Among others, Jordan (1993) studied the damaging effect of bubbles to under-
stand the main mechanisms. The interaction between cells and bubbles was strongly
influenced by the concentration of protecting agents (e.g. Pluronic F68, see below)
and the retention time of the bubbles in the medium. Based on his phenomenological
observations he suggested subdividing the way of a bubble from the sparger to the
surface into four zones (Fig. 4.6). Cells getting in contact with a bubble directly
after bubble formation are damaged instantly, mainly due to a difference in surface
tension (zone 1). After longer retention of the bubble in the medium, several
medium compounds, especially high molecular weight compounds or proteins, are
adsorbed at the surface of the bubble, and the surface tension is reduced. Thus the
cells are not damaged any more, but are still attached at the surface and therefore float
with the rising bubble (zone 2). In zone 3, attachments of cells at the surface is
further reduced. In zone 4 the gas bubbles burst at the surface of the fluid and form
a foam layer. Cells can be damaged either during bubble collapse or when trapped
in the foam (Fig. 4.7). When a bubble collapses at the surface, cells adsorbed to the
bubble surface or trapped in the wake of the bubble are exposed to relatively high
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Fig. 4.6 Mechanisms of cell damage in a bubble column (adapted from Jordan 1993)
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Fig. 4.7 Cell damage in a foam layer (adapted from Papoutsakis 1991, with kind permission of
Elsevier). (a) cells near the bubble interface, large shear stress due to bubble break up, (b) cells
are sheared in the thinning films either between bubbles or around bubbles

shear forces. These forces are strong enough to rupture the cell’s membrane.
The shear forces can originate from the velocity gradient arising from the upward
movement of the bubbles and the downward jet resulting from the bursting bubbles.
Cells entrapped in the foam layer are exposed to shear by the movement of the
bubbles surrounding a cell in different directions and nutritional effects (e.g. oxygen
limitation). Meanwhile it is generally accepted that these effects are mainly respon-
sible for cell damage in aerated systems.

Some general statements can be made regarding bubble-associated damage
(Chisti 2000):

e Cell lines differ tremendously in their sensitivity to aeration (e.g. in sparged
bioreactors, mouse hybridom are generally more robust than insect cells)

e Small bubbles (e.g. <2mm diameter) are more damaging than large bubbles (e.g.
~10mm diameter). Large bubbles have mobile interfaces (wobbling) and, because
they rise faster, they carry fewer attached cells to the surface. Furthermore, larger
bubbles (unlike smaller ones) do not remain on the surface as stable foam.

e Furthermore cell damage is directly affected by the aeration rate.

e Sparging-associated damage may be enhanced by impeller agitation.

e Cells can be protected by certain media additives.

Implications on design and operation of sparged bioreactors will be discussed in
Sect.. 4.1.3.3.

4.1.3 Cell Damage in Bioreactors

The above sections described the main mechanisms responsible for cell damage
due to defined shear forces or bubbles. In a complex, mostly turbulent environment
within a bioreactor, the local shear rate varies within the vessel and it is more difficult
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to associate cell damage with the magnitude of the prevailing shear rate or the
associated shear stress. Even more complex are the mechanisms of cell damage
caused by gas bubbles in sparged bioreactors, bubble columns or air-lift-bioreactors.
In the following sections, some basic studies and approaches to describe cell
damage mathematically are discussed, focussing mainly on those strategies and
equations suitable for bioreactor design and scale-up. Comprehensive reviews can
be found in the literature (Chisti 2000, 2001).

4.1.3.1 Anchorage Dependent Cells Grown on Suspended Microcarriers

The impact of shear forces on anchorage-dependent cells in stirred bioreactors was
largely studied for microcarrier cultures as anchorage-dependent cells can be grown
on the surface of suspendable particles (Fig. 4.8) (Sect. 4.3.1.2). Microcarrier cul-
ture is still applied widely for large-scale production of viral vaccines among oth-
ers. Cells grown on microcarriers experience more severe hydrodynamic forces
than do freely suspended cells (for review see Chisti 2001). This is because in the
mostly turbulent environment within highly agitated or aerated systems, the length
scale of fluid eddies can easily approach the dimensions of microcarriers, resulting
in high local relative velocities between the solid and the liquid phases. Additionally,
collision among microcarriers and between the impeller and microcarriers may
damage attached cells.

Fig. 4.8 Microcarrier for suspension culture of adherent cells, pig chondrocytes grown on
Cytodex 3 (GE Healthcare, bar approx. 150 um)
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In a turbulent flow caused by a stirrer, relatively large eddies are created at first.
These eddies break up into smaller ones stepwise, until the energy is completely
dissipated. Cherry and Papoutsakis (1986, 1988) distinguished between three dif-
ferent microcarrier-eddy-situations depending on the ratio between eddy size and
microcarrier diameter (Fig. 4.9).

Several concepts to describe the complex shear effects on cells in a turbulent
flow were suggested and judged by available data on the impact of shear forces on
microcarrier cultures in small scale bioreactor systems (compare Fig. 4.10) Among
others the concept of an “Integrated Shear Factor” ISF — a measure of the strength
of the shear field between the impeller and the spinner vessel walls — was developed
to describe shear damage to mammalian cells (Croughan et al. 1987; Sinskey et al.
1981). The ISF is defined as

ISF = 21nedy (4.9)
DR - dR

with rotation speed n,, vessel diameter D, and stirrer diameter d,. Data from Hu
et al. (1985) can be described well. For a range of stirrer vessels (volume 0.25—
2.0L, d, 3.2-8.5cm) the viable cell density dropped sharply when the ISF value
exceeded 18-20s!. Furthermore Croughan et al. (1988) and Croughan and Wang
(1989) discussed other concepts such as the correlation between cell damage and
impeller tip speed or a time averaged shear rate. Even if in all cases a satisfying
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Fig. 4.9 Shear forces on microcarriers in a turbulent flow. Microcarrier-eddy interactions:
(a) eddies much larger than beads, (b) multiple eddies same size as bead, (¢) eddy size same as
interbead spacing (adapted from Cherry and Papoutsakis 1986, modified, with kind permission of
Springer)
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Fig. 4.10 Growth of human FS 4-cells on microcarriers Cytodex 3 in a 250 mL spinner reactor
(adapted from Croughan et al. 1987, with kind permission of John Wiley & Sons)

success in correlating cell damage could be obtained, these concepts are regarded
as not a relationship for scale-up. For example, if standard stirred tank reactors
(D = 3d,) are scaled up to a geometrically similar larger vessel, the ISF depends
solely on the rotational speed of the impeller (ISF = 1tn,). Therefore the rotational
speed would be independent of scale and the impeller tip speed d n, would there-
fore increase with scale. In general it is doubtful whether concepts based on the
stirrer speed are appropriate for scale-up of cell damage. Instead, between cell dam-
age and volume specific power input was proposed. This will be discussed in detail
in the following sections.

According to Cherry and Papoutsakis (1986, 1988) cells grown on microcarriers
within turbulent eddies of the same size as the microcarriers are exposed to the largest
shear stress. The energy of the eddies is transferred to the surface of the microcarriers,
resulting in high local velocities between the microcarriers and the fluid, and the
highest shear rates on the cells. The microcarriers are caused to rotate within these
eddies. From Kolmogorov’s theory the length scale 1, | of those smallest eddies are in

the order of
1
v
ey = (? (4.10)

with the kinematic viscosity v and € the energy dissipation rate per unit mass. The
Kolmogorov eddy length scale corresponds to the diameter of the smallest eddy
generated in the reactor. In a turbulent environment, eddies break down to form
smaller eddies. As eddies break down, the energy of the larger eddy is passed down.
At the smallest eddy diameters the flow actually becomes laminar, rotation forces



96 P. Czermak et al.

and friction forces are in equilibrium, rotation of eddies stops and fluid flow is
characterized by the formation of flow lines. When the Kolmogorov eddy length
scale becomes equivalent to the cell diameter, the movement of the flow lines can
shear the cells. The Kolmogorov eddy length scale is affected by stirrer speed, liquid
properties and impeller design. Croughan et al. (1987) plotted data from Hu et al.
(1985) by using the mean energy dissipation rate per unit mass

e= L (4.11)

Y

with power input P and volume V. As can be seen from Fig. 4.11, for human fibrob-
lasts the number of viable cells decreased rapidly when the length scale declined to
approximately below 125um. The mean diameter of microcarriers was about
185 wm, or roughly similar to the length scale of the microeddies. Even if this cor-
relation seems to support the underlying theory, the Kolmogorov eddy length scale
allows only for a rough estimation of the expected cell damage and is regarded as
not suitable for scale-up. For example, if the mean energy dissipation rate per unit
mass is increased ten times, the Kolmogorov length scale decreases only by a factor
of 0.56. Furthermore this approach cannot be transferred to suspendable cells.

Croughan et al. (1987) further showed that the specific death rate k, can be
linked to the mean energy dissipation rate per unit mass

k, =e". (4.12)

Hiilscher (1990) confirmed this relationship for microcarrier cultures as well as
for suspendable cells (see below).
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Fig. 4.11 Growth of human FS 4-cells on microcarriers Cytodex 3 in a 250 mL spinner reactor
— correlation of growth with Kolmogorov length of eddies (adapted from Croughan et al. 1987,
with kind permission of John Wiley & Sons)
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4.1.3.2 Non-Anchorage Dependent Cells Grown in Suspension

Similar to shear effects on cells grown on microcarriers, several studies have
addressed damage to suspendable cells (mostly hybridom or myeloma, insect cells,
or anchorage dependent cells adapted to growth in suspension, e.g. CHO, BHK) in
stirred tanks. Again, factors such as cell type, medium, amount of serum, type of
stirrer, and type of vessel, among others, have to be considered. A comprehensive
overview is given by Chisti (2001). As an example, data from Kramer (1988) are
summarized in Table 4.2. In this case, cell damage on suspended hybridom cells
grown in a small stirred vessel was first observed at a stirrer speed of 300rpm; at
580 rpm cell growth stopped completely. Similar results were reported by Shiragami
(1997), who observed a maximum specific antibody production rate at ~ 180rpm
in a 250 mL reactor.
The Reynolds number Re is expressed by

n.d>
Re: R Rpﬂ
nﬂ

(4.13)

In view of the available studies, damaging effects caused by intense mechanical
forces and those associated with aeration or bubble entrainment have to be
distinguished (compare Chisti 2001):

e Cell damage in stirred tanks operated at high stirrer speeds can be reduced by
applying baffles to prevent vortexing and gas entrainment.

e Cell damage increases significantly in serum- or protein-free medium.

¢ Intense mechanical forces may cause physical damage to cells, leading to necro-
sis or lysis, or may induce apoptosis (a genetically controlled cell death) at sub-
lethal stress levels.

Stevens (1994) compared data from different sources on damage to suspended
hybridom cells. The mean shear stress and the mean energy dissipation rate per unit
mass were calculated for those conditions, where growth rate and death rate were
equal. Critical values for the mean shear stress in stirred vessels were between 0.39
and 1.5Nm=2, significantly lower than those reported for coaxial cylinder Searle
viscometer (compare Table 4.1). A good correlation of these data can be obtained

Table 4.2 Cell damage of suspended hybridom cells (data from Kramer
1988) Culture conditions: stirred tank reaktor (volume 750 ml, vessel diam-
eter 15cm, rushton turbine (four blades), stirrer di