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Stellingen 

behorende bij het proefschrift 'Sparing-shear sensitivity of animal cells'. 
Leo van der Pol 

1. De samenstelling van het kweekmedium is ten onrechte veronachtzaamd 
door veel auteurs van publicaties over de gevoeligheid van dierlijke cellen 
voor afschuifkrachten (dit proefschrift). 

2. Het gebrek aan een gestandaardiseerde methode voor het meten van de 
gevoeligheid van dierlijke cellen voor afschuifkrachten maakt een zinvol 
vergelijk van gegevens en het trekken van algemene conclusies vrijwel 
onmogelijk (D.W. Murhammer, C.F. Goochee 1990. BiotechnoLProg. 6, 
391-397, dit proefschrift). 

3. In het onderzoek naar de gevoeligheid van dierlijke cellen voor afschuif­
krachten wordt 'verklaring' regelmatig verward met 'verband' (publicaties 
over shear van M. Hulscher et al. en van J. Wu et al). 

4. De beweringen dat celschade en verlies van dierlijke cellen plaats vinden 
in de schuimlaag zijn onvoldoende onderbouwd (S. Zhang et al. 1992 
J. of Biotechnol. 25, 289-306). 

5. Het beschermende effect van serum en albumine tegen afschuifkrachten 
is niet af te leiden uit simpele groeiexperimenten met dierlijke cellen 
(S.O. Ozturk, B.O. Palsson 1991. J. of Biotechnol. 18, 13-28; C.B. Elias 
etal. 1995. Chem.Eng.Sc. 50, 2431-2440). 

6. Het belang van 'serendipity' wordt geillustreerd door geneesmiddelen die 
voor hun doel ongeschikt, maar in hun bijwerking zeer succesvol bleken. 

7. Balkaniseren lijkt rechtstreeks afgeleid van kannibaliseren. 

8. Het einde van 'eindeloos voor de wind' is doorgaans lagerwal. 

9. Veel relatienetwerken werken beter dan computernetwerken. 



10. Men moet 'een carriere' niet verwarren met 'een leven'. 

11. Het is opmerkelijk ciat veel Nederlanders hun trouw aan leveranciers 
beloond willen zien in de vorm van doorgaans waardeloze spaarzegels. 

12. In de maakbare samenleving wordt het woord 'zorg' steeds vaker verward 
met 'zelfredzaamheid'. 

13. Na Schiphol in de zee en de Betuwelijn in de grond, zal de Zuiderzeelijn 
wel in de lucht blijven hangen. 

14. Onthaaste spoed is meestal goed. 

15. Er is nog hoop voor mensen die 'hun millenium niet hebben. 

Wageningen, 4 december 1998 



Aan mijn ouders 



Voorwoord 

Het is niet te hopen dat mijn capaciteit voor het plannen van projecten wordt afge-
lezen aan het project 'promoveren'. Het is verbazingwekkend hoe lang ik mezelf en 
mijn omgeving in de waan kon laten dat het proefschrift binnen een bepaalde tijd 
zou zijn afgerond. Het is te danken aan mijn promo tor Hans Tramper dat ik de kans 
kreeg om wetenschappelijke artikelen te gaan schrijven die later gebundeld konden 
worden tot dit proefschrift. Er zat af en toe meer dan fysieke afstand tussen Wage-
ningen en Groningen, met name tijdens het schrijven van het laatste artikel. Toch 
was Hans altijd een constante factor die mij steun en vertrouwen gaf. Kees de Gooij-
er was voor mij een lichtend voorbeeld hoe werk, gezinsleven en promoveren gecom-
bineerd kunnen worden. 
Het inhoudelijke werk is uitgevoerd bij het oude Bio-Intermediair in de binnenstad 
van Groningen door de studenten Marcel Thalen, Gerben Zijlstra, Geert van der 
Wouw, Wilfried Bakker, Dick Bonarius, Iedo Beeksma en Irene Paaijens van de 
Landbouwuniversiteit Wageningen. Het leek wel of er in Wageningen alleen maar 
kanjers studeerden. Het doet mij deugd dat alien na een aangename en succesvolle 
stagetijd goed terecht zijn gekomen, al hadden Gerben, Irene en Iedo nog enige na-
scholing bij Bio-Intermediair nodig. 
Dank ben ik verschuldigd aan de oprichters en eerste directeuren van Bio-Interme­
diair, Kees van der Graaf en Jos van Weperen, die mij in de gelegenheid hebben ge-
steld een deel van de werktijd aan de R&D activiteiten van dit proefschrift te beste-
den. Zij hadden een onmiskenbare inbreng in de bruisende pionierssfeer die het be-
drijf kenmerkte. Er wordt nu wel eens meewarig teruggekeken op die turbulente be-
ginperiode, maar ik hoop dat dit proefschrift een bewijs is dat er ook kwaliteit werd 
geleverd. Als verdere katalysatoren uit die tijd wil ik noemen Klaas Riepma en Koos 
Koops die tijdens vele lunchbesprekingen en borreluurtjes een bijdrage leverden aan 
messcherpe analyses van het onderzoek, het bedrijf en de toestand in de wereld. Van 
de vele goede collega's van het grotere Bio-Intermediair aan de Zuiderweg wil ik spe-
ciaal het PPD-team danken (Carina, Esther, Monique, Romi, Marion, Saskia, Ger­
ben, Maurice en Jurjen). 
De Landbouwuniversiteit Wageningen en DSM-Biologics (voorheen Gist-brocades/ 
Bio-Intermediair), met name de afdeling Marketing en Sales featuring Peter Ketelaar, 
bedank ik voor de geldelijke steun voor het maken van dit proefschrift. 
Voor het relativeren van allerhande zaken tijdens kaarten, risken en andere spelacti-
viteiten inherent aan bier drinken moet ik danken de biologievrienden van het eerste 
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uur (of eigenlijk eerste jaar) Harm Geerligs, Klaas Vrieling, Kees Talsma, Anne van 
der Velde en 'last but not least' Menno Engelkes. 
Mijn vader beschouw ik als de stimulerende kracht om aan een universitaire studie te 
beginnen en mijn moeder als de leverancier van het doorzettingsvermogen om het 
ook af te ronden. 
Marjolein was gedurende de jaren dat er veel vrije tijd aan het schrijven van dit proef-
schrift werd besteed een onmisbare steun. Eva en Idsard: wat kon ik er soms door-
heen zitten aan het eind van de dag en dan toch weer energie putten uit een uurtje 
ongecompliceerd spelen. Ik hoop dat na de promotie vrije tijd ook weer echt Vrij in 
te delen tijd' zal zijn. 
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1. General introduction 

Summary 

Animal cells are increasingly used for the production of high-value proteins like 
monoclonal antibodies, primarily because these cells produce the correctly processed 
protein and the protein product is secreted into the culture medium. Homogeneous 
culture in stirred tank reactors is the prefered fermentation technique for large-scale 
production of biopharmaceuticals with animal cells; sparging is the prefered method 
of oxygen supply. Direct sparging of these cultures can be applied if the culture me­
dium contains a protective agent like Pluronic F68. 
The most efficient use of culture media and reactor volume and time is associated 
with systems that maintain a high cell density at low growth rate. This requires re­
duction of the cell death rate to a minimum. A better understanding of shear phe­
nomena as a result of sparging is necessary to be able to control the cell death rate. A 
generic approach of research is chosen here to contribute effectively to the fragment­
ed knowledge of shear sensitivity of hybridoma cells in sparged cultures. 

Introduction 

The application of animal cells for the production of biologicals is growing. Origina-
ly the large-scale culture of animal cells was mainly applied for vaccin production 
(1970s) using adherent cells on microcarriers. During the 1980s the market for 
monoclonal antibodies from hybridoma suspension cells developed. The main ad­
vantages of animal cells for the production of high-added-value biologicals are that 
these cells produce a correctly folded protein containing the correct additional 
groups and that this mature protein product is secreted into the culture medium. 
The correct post-translational modifications of the product are of importance for the 
quality of the product. The secretion of protein product makes the purification of 
product from animal-cell fermentations far more simple than for instance the purifi­
cation of product in inclusion bodies from bacteria. 

The correct processing involves all post-translational activities in the ER and Golgi 
system (figure 1, ref.18), like protein folding, creation of disulfide bonds and addi­
tion of sugar groups (glycosylation) or other groups (such as phosphate, adenylate, 
palmitate). This holds especially for protein products with larger molecular weight, 
having in mind clinical applications for which small differences can create differenc­
es in bioactivity, clearance from blood and immunogenicity. 
The traditionally mentioned disadvantages of animal-cell culture include slow and 
variable growth, low and unstable productivity, and shear sensitivity. Overall the use 
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Figure 1 The maturation of secretory proteins during the transport in the endoplasmatic 
reticulum and Golgi system (adapted from ref.18). 



of animal cells for large-scale protein production seemed to involve inherent incon­
sistencies preventing it to reach a state of robustness that is needed for a reliable pro­
duction process. These disadvantages - especially the shear sensitivity of animal cells 
- urged many research groups to look for alternative reactor types that reduce or pre­
vent some of the disadvantages. Examples of such systems are hollow fibre, fluidized 
bed, encapsulation (cell immobilization), celligen cell lift (mild mixing), membrane 
aeration, caged aeration, perfluorocarbons (alternative oxygenation systems). 
For the culture of animal cells in vitro the general approach is to copy the conditions 
in the body, that is physiological values for temperature, pH, DO and other parame­
ters. For the culture medium body fluid was the target, including serum as compo­
nent that presents a natural fluid environment. In tissue, cells are packed as station­
ary adherent cells in a density-of at least 109 viable cells per mL. In tissue the capi-
lairy system of the blood circulation combined with the flexible activity of different 
cell types is capable of maintaining this tissue culture cell density in a healthy state 
within certain gradient ranges of homeostasis. Bioreactor systems like the hollow fibre 
are attempting to mimic these tissue conditions. In practice this approach often results 
in the development of larger gradients than allowed, leading to the accumulation of 
dead cells. 
In general the gradient (non-homogeneous) bioreactor systems have one or more of 
the following disadvantages : 
1) limited scaleability 
2) non homogeneous : accurate cell count is impossible; no adequate data on cell 

growth and viability; difficult process control 
3) lack of simplicity, creating increased risk of errors 

Therefore in the biopharmaceutical industry the use of conventional stirred-tank 
reactors is the general cell-culture method. For most products the required annual 
amounts for the market are in the range of 10-1000 g purified protein product. For 
cell lines producing 5-25 pg/cell/day, this implies the use of homogeneous stirred-
tank reactors of 500-5000 L for a batch process or 50-500 L working volume for 
continuous perfusion fermenters. A continuous fermenter produce several working 
volumes of harvest per week while a batch reactor will generate one volume per week 
and the mean cell density in continuous perfusion fermenters is higher compared to 
batch reactors. 

The general production scheme for a biopharmaceutical protein [eg. MAb] by ani­
mal cells is shown in figure 2. Starting point for a production is a vial from the 
Manufacturers Working Cell Bank (MWCB). This bank usually consists of 200-400 
vials and is generated from the Master Cell Bank (MCB), the original back-up cell 
bank of around 100 vials of the production cell line. Both MCB and MWCB are ex­
tensively tested as required by the different regulatory authorities. The vial of the 
MWCB is expanded in a preculture phase to generate sufficient cell material for the 



CELLS / UPSTREAM PRODUCT/ DOWNSTREAM 

Master Cell Bank 

Manufacturers Working Cell Bank 

PRECULTURE 

FERMENTATION 

Post Production Cell Bank 

- • HARVEST 

CLARIFICATION & 

CONCENTRATION 

PURIFICATION 

FINAL FILL 

RELEASE TESTING 

Figure 2 General scheme for the production of clinical grade monoclonal antibody. 



inoculation of a bioreactor. The fermentation that is executed after the growth phase 
in the reactor can be either batch, fed batch or continuous perfusion. A fraction of 
the cells at the end of the production are used to generate a Post-Production Cell 
Bank (PPCB) to be able to test the stability of the cells from start to end of the pro­
duction process. 
The first step of the Down-Stream Processing (DSP) usually consists of the removal 
of cells and cell debris by depth filtration followed by a tangential flow filtration. The 
resulting concentrate (or retentate) is the starting material for the purification using 
several column steps. Besides obtaining the correct amount of product in a certain 
concentration and purity, the biopharmaceutical end product has to meet a set of 
specifications as listed in the Bill of Testing (BOT). This includes maximum concen­
trations for toxic/waste materials like DNA and column resins. Also in the BOT 
specifications are given for the production process like : 
a) cell stability as measured by determining several parameters of cells originating 

from MCB, MWCB, and PPCB. 
b) product stability as measured by determining several parameters of the product in 

the early, mid, and late phase of the fermentation process. 
c) efficiency of the DSP process to remove virusses. 

Hybridoma cells 

Hybridoma cells produce antibodies that specifically bind a target sequence (epi­
tope) of another large-molecular-weight molecule (the antigen). This property of se­
lective non-covalent binding of a target makes these antibodies very useful for show­
ing the presence of the antigen (analytical techniques; diagnostic applications), pur­
ification of the antigen (immunoaffinity chromatography), or therapeutic applica­
tions, where the antibodies are used to locate diseased cells in patients. 
Hybridoma cells are fusion cells of a myeloma cancer cell that is capable of infinite 
growth and a b-lymphocyte that produces a specific type of antibody (figure 3, 
ref.18). The generation of a hybridoma fusion cell producing monoclonal antibody 
(MAb) was first succesfully described for mouse lymphocytes by Kohler and Milstein 
in 1975 (Nobel prize in 1984, ref.5). Known antibody types are IgG, IgM, IgA, IgE, 
and IgD; from IgG at least four subtypes exist. The antibodies used for commercial 
production are predominantly of the IgG type. This IgG antibody consists of two 
heavy chains and two light chains, linked together to create a 150 kD protein with 
two identical antigen binding regions (figure 4, ref.18). 

The myeloma parent cell is deficient in an enzyme involved in nucleotide synthesis 
and can not grow in media without precursors. By selection on production of anti­
body and growth in culture medium without precursors the suitable hybridoma fusion 
cells can be selected. During a further selection process the hybridoma producing the 
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antibody with the right growth properties and the required product specifications 
can be obtained. This selection process is done by a dilution technique that selects 
for clones originating from a single cell producing one specific antibody. 
Hybridoma cells are usually growing as single suspension cells, showing the trans­
formed background of the myeloma parent. Transformed cells (cancer cells) are ca­
pable of growing in suspension, because they contain two mutations for as well im­
mortality as for loss of contact inhibition. 

Growth and death 

Hybridoma cells cultured at physiological conditions will produce a batch growth 
curve similar to the generalized bacterial growth curve but with a few differences. 
Animal cells will show a shorter exponential phase, because the high inoculum den­
sity will allow a limited number of generations before reaching the maximum viable-
cell concentration. A real stationary phase will be absent and the death rate will be 
relatively high. Reason for this is that even under optimal growth conditions the via­
bility is rarely 100%, indicating that some cells are dying. The programmed, geneti­
cally controlled death is called "apoptosis", and can be discriminated from acciden­
tal/ sudden death or "necrosis". The reduction in growth rate after the exponential 
phase is in parallel with an increasing death rate, creating a maximum in viable cell 
number for a short period of time. 
Dependent on the cell line and the used culture medium the maximum growth rate 



will be in the range of 0.5 to 1.0 d"1, corresponding to doubling times of 17 to 34 h. 
The minimum inoculum density applied is generally in the range of 104 to 105 via­
ble cells per mL while the maximum viable cell number generally is close to 2 
xlO /mL, if oxygen is not limiting, with an average viability during exponential 
growth of 80-98%. 

Antibody production 

A murine hybridoma produces MAb in the range of 5-25 pg/cell/d. Human hybri-
doma's produce 10 times less and human/murine heterohybridoma's have a specific 
productivity in between these two types. For a "wild type" myeloma cell the report­
ed maximum specific productivity is 72 pg/cell/d (10). It is one of the challenges of 
developments in expression systems to create recombinant myeloma's with high spe­
cific productivity. For murine hybridoma cells in a culture flask reaching a maximum 
viable cell density of 106/mL after 4 days the antibody concentration in the superna­
tant will be 10-50 mg/L. After 6-7 days the antibody yield will have doubled with 
antibody generated by "stationary" cells and released from dying cells. 
The production of antibody by hybridoma cells is in general not strictly coupled to 
the growth rate. This enables the use of continuous perfusion culture systems that 
maintain a concentrated viable cell mass at low growth rate and relatively high anti­
body production rate. Continuous perfusion creates a "near stationary phase" at 
minimal growth rate, requiring a further reduced death rate. 

Animal suspension cells and shear 

Animal cells are generally considered as relatively sensitive to shear forces compared 
to bacteria and yeasts cells because of their relative large size ( 8 - 16 urn) and lack of 
a cell wall. Whether damage by shear forces will actually occur during a culture of 
animal cells is dependent on the energy input, the reactor dimensions, the composi­
tion of the culture medium and the cells themselves. 
For the culture of animal cells in a homogeneous system mixing is required to main­
tain a homogeneous cell suspension and to provide effective transfer of nutrients to 
all cells. Mixing in reactors for animal-cell culture is generated by rotating impellers 
(stirred-tank reactors) or by sparging (bubble column, air-lift loop reactor). Mixing 
can generate shear forces, resulting from differences in liquid flow pattern (17). For 
animal suspension cells the differences in liquid flow that matter are the flow differ­
ences over a distance in the range of the cell size (diameter). 



Sparging and shear 

Sparging is the most efficient way of providing oxygen to a high-density cell culture. 
Though animal cells have a relatively low specific oxygen consumption, the low solu­
bility of oxygen in water or culture medium is causing oxygen to be a key parameter 
for upscaling. Above a working volume of 5L it is often difficult to reach high cell 
densities with only aeration via the headspace of the reactor. However, sparging can 
be detrimental for animal cells (1,6, 11, 15). The cell death rate shows a positive cor­
relation with the gas flow rate (1, 15) and a negative correlation with the suspension 
volume in the bubble column (2, 16). The size of the bubbles used for sparging 
showed a variable correlation with cell death : small bubbles (1.6 - 0.2 mm) caused a 
greater detrimental effect (1); no difference in cell death rate was found in the range 
of bubble size from 2 to 5 mm (16). 
The results of the group of Tramper confirmed the killing-volume hypothesis for in­
sect cells in a bubble column in TNM-FH medium. The killing-volume hypothesis 
postulates the existence of a constant killing volume around each air bubble during 
its life time. The first-order rate constant kj of cell death caused by sparging is corre­
lated with the gas flow F, the air-bubble volume db

3, the suspension volume V, and 
the killing volume Vk, according to : 

6 F V k 

d 7 l 2d b
3V 

The cell killing event is associated with the disengagement of bubbles at the suspen­
sion surface (2, 4) or with the formation of bubbles at the nozzle (4, 9). The rising of 
bubbles was identified as harmless for the cells. 
Additives like FCS and Pluronic F68 can provide concentration-dependent protec­
tion against sparging (1, 2, 6-9, 12). In serum-free culture medium the addition of 
BSA provides a concentration-dependent protection for hybridoma cells growing in 
a continuously sparged air-lift loop reactor (3). 
Several mechanisms have been suggested for as well the explanation of cell damage 
caused by sparging, as for the protective effect of certain components. Two mecha­
nisms of cell damage were proposed by Handa et al.: damage due to rapid oscilla­
tions caused by bursting bubbles, and damage due to shearing in draining liquid 
films in foams. It was proposed that polymers like Pluronic F68 act as cell protective 
agents by stabilizing foams and thereby reducing film drainage and bubble bursting 
in the vicinity of the cells. 
Pluronic is decreasing the surface tension (8) and it was shown that the hydrophilic-
lipophilic balance of Pluronic polyols determines the protective effect (9). Therefore 
the protective effect of Pluronic was interpreted as a coating of the cell/ media inter­
face and/or the cell/ bubble interface, resulting in reduced cell/bubble interaction 
(9). 



Animal-cell culture media 

Culture media for in vitro culture of animal cells are complex compared to most 
chemically defined prokaryotic media. A minimal complete formulation contains 
near forty different components. Since the start of animal-cell culture the trend has 
been towards the development of chemically defined serum-free media. 
The standard production medium has a viscosity (and density) close to that of water. 
The surface tension of most basic media formulations are close to the value of water 
(0.070 N m"1) while the surface tension of most complete serum-containing or ser­
um-free media is lower (around 0.060 N nT1). Harvests of high-density hybridoma 
fermentations using protein-free media contain the product Mab (50-100 mg/L) 
and a mixture of host-cell proteins in the range of 50 - 200 mg/L. When serum is 
used or a serum-free medium containing albumin, than the fermenter harvest will 
contain 2 - 4 g/L total protein. Products of cells or cell debris can change the surface 
tension because cells contain many surface-active components that can be actively or 
passively be released. 

This thesis 

In general animal cells can be cultured if the cell growth rate is substantially larger 
than the cell death rate. As it is favourable for production fermentations to culture a 
high density of cells at low growth rate, the logic consequence is that the death rate 
has to be further reduced. Causes of cell death include nutrient limitation, presence 
of toxic components, and shear stress. The study of cell death caused by shear stress 
due to sparging is the topic of this thesis. The primary variable in the quantification 
of the shear sensitivity for sparging of the animal suspension cells and the prevention 
of cell death is the composition of the culture medium. 

Thesis contents 

This chapter consists of a general introduction, providing an overiew of the status of 
research on the shear sensitivity of animal cells untill 1990, the start of work on this 
thesis. In chapters 2 and 3 the effect of a reduction of the serum content of the cul­
ture medium is described on the death rate of hybridoma cells in a bubble column. 
In addition the killing volume hypothesis as developed for insect cells is tested for 
hybridoma cells. 
The effect of antifoam on the shear sensitivity of hybridoma cells in the bubble col­
umn is described in chapter 4. In chapters 5 and 6 the effect of addition of respec­
tively polyethylene glycol and dextran on the cell death rate caused by sparging is 
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monitored in serum-free culture medium. In chapter 7 the significance of develop­
ments in the production of biopharmaceuticals with animal cells, like the use of pro­
tein-free media and fermentation techniques using high cell densities at reduced 
growth rate, are discussed in the light of the present kwowledge on shear sensivity of 
animal cells. 

Objectives 

As general objective of this thesis can be formulated : to qualify and quantify the effect 
of media composition on the shear sensitivity of hybridoma cells for sparging. 
Additional objectives: 
1) verify the killing-volume model for hybridoma cells 
2) develop a suitable defined serum-free culture medium 
3) test the effect of different additives 
4) evaluate the results in a broader perspective 

Methodology 

Making general conclusions in shear research is difficult because many different cell 
lines have been tested under different conditions and media types in different shear 
systems for a different shear-related phenomenon. Since a standardized methodology 
can reduce this fragmention, a generic approach was chosen, as developed for insect 
cells at the Wageningen Agricultural University (WAU). 
As a result of this generic approach one cell line was chosen for the study of shear 

sensitivity for sparging in one model sytem, the 
bubble column (figure 5). If the medium composi­
tion was varied, one set of standard conditions was 
used for the sparging shear-stress experiment. For 
the verification of the killing-volume model one 
parameter was changed and other conditions kept 
constant. 

A hybridoma cell line was used because it is one of 
the animal-cell types that is frequently used for lar­
ge-scale productions; the product, monoclonal anti-

Figure 5 The bubble column used for shear stress expe­
riments. The column is connected to a gas-
flow meter and placed in a water jacket. 
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body (MAb), can be readily quantified and is relatively stable. The cell line used, 

PFU-83 , a murine hybridoma, was well qualified in previous cultures. To generate 

identical samples for bubble-column experiments, the PFU-83 cells were maintained 

at steady-state conditions in a chemostat without sparging. This to exclude differ­

ences in shear sensitivity caused by a difference in growth rate. The chemostat was 

not sparged and very mildly agitated so no adaptation of the cells to severe shear-

stress conditions could occur. Finally, PFU-83 hybridoma cells are stable cells as 

measured by their productivity. 

The bubble column was chosen as a down-scaled system for sparging shear-stress ex­

periments, that is well suited for testing the different parameters of interest. At the 

WAU this sytem had been adequately tested for its feasibility. The conditions for the 

testing of the effect of different media additives were standardized for temperature, 

volumetric gas flow rate, working volume, height and diameter of the bubble column. 

A relatively short stress experiment was done (1 to 3 h) to prevent effects of the 

growth rate interfering the cell death rate. 
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2. Effect of serum concentration on production of 
monoclonal antibodies and on shear sensitivity of a 
hybridoma 

Summary 

The effect of serum content of culture medium on the specific production rate of 
monoclonal antibodies (Mab's) and on shear sensitivity has been studied with hybri-
doma's, cultured in a continuous stirred tank reactor (CSTR). No decrease in specific 
Mab-production was found when the serum concentration was reduced from 10 to 
2.5%, while steady state cell concentrations were hardly affected as well. In contrast 
the cell death rate in a bubble column strongly increased when the serum concentra­
tion was lowered, which could be ascribed to a reduced physical protective effect by 
the serum. 

Introduction 

The use of mammalian cells for the in vitro production of biologicals is increasing. 
One of the salient examples is the in vitro culture of hybridoma's for the synthesis of 
monoclonal antibodies (Mab's). Reduction of the percentage of foetal calf serum 
(FCS) in the culture medium is an important aim in animal cell culture, because of 
improved economy, easier purification of Mab's and a better defined production 
process. FCS is a partly undefined and variable mixture of components with a variety 
of specific and non-specific effects on cells. Even though it seems to be possible to 
describe a standard serum-free medium, which can support a certain growth of the 
majority of hybridoma cell lines (1), the use of serum-free medium for large scale 
production of Mab's is still limited. 

The general trends obtained from comparing hybridoma growth and Mab-produc­
tion in media with (5 or 10%) or without FCS are that the growth rate is equal or less 
and that the specific Mab-production is comparable or higher in serum-free medium 
(1,2). However, little research has been done in fermentor systems that allow kinetic 
analysis with reliable quantification of growth and specific production rate under 
steady state conditions. One of the non-specific functions of FCS is the physical pro­
tective influence it has on the shear sensitivity of cells growing in suspension in aer­
ated cultures (3). Therefore, substituting polymers are often added to animal cells in 
agitated and aerated cultures on media with low FCS content. Shear sensitivity and 
oxygen supply generally emerge as ultimate limitations for high-density cultures of 
suspended animal cells in fermenters, due to the fragility of these cells and the low 
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solubility of oxygen in aqueous solutions. After receiving little attention in earlier re­
search, the shear sensitivity of animal cells cultured in vitro has received more and 
more attention in recent years, including studies with hybridoma's ( 4 -8 ) . 
Agreement exists on the conclusions that animal cells are shear sensitive and that in­
creasing shear forces and longer shear times cause, to a certain level, greater cellular 
damage. Less clear is the effect of non-lethal shear forces on cell growth and produc­
tion. Also the extent to which general conclusions can be generated from the studies 
is limited, due to the lack of similarity in approach and conditions (9). For hybrido­
ma's it has been found that cells in the exponential growth phase are less sensitive to 
shear than cells in other phases of growth (6,7). No change in growth or production 
was found for hybridoma's that survived exposure to laminar shear stress (8). In this 
paper the effects of reducing FCS-content of the medium from 10 to 2.5%, as sole 
variable of culture conditions, on the specific Mab-production rate and shear sensi­
tivity are reported for hybridoma's, cultured at a fixed dilution rate in a CSTR. The 
shear sensitivity to air bubbles has been determined in a bubble column. Further­
more the hypothesis derived and experimentally validated for the shear sensitivity of 
insect cells (11) in a bubble column has been tested on the hybridoma cells with re­
spect to the parameters injected air flow rate and the height of the bubble column. 
This hypothesis for the death rate of fragile cells in a bioreactor as result of sparging, 
is based on two assumptions : 

1) The loss of viable cells is a first order process; the mathematical formulation used is 

In C t/Co = -Kd t (1) 

with C t the viable cell concentration at time = t, Co the viable cell concentration at 
t = 0 and Kj = death rate constant 

2) Associated with each air-bubble is a hypothetical killing volume X, in which all 

viable cells are killed : 

24 F X 
Kd = (2) 

7C2 d3 D 2 H 

with F being the volumetric air flow-rate, X the hypothetical killing volume, d the 
diameter of the air bubble, D the diameter and H the height of bubble column. 
During validation of this hypothesis with insect cells in a bubble column (10, 11, 
12) it has been demonstrated that the first-order death-rate constant Kj shows in­
deed a linear correlation with the air low F, the reciprocal height H"1 and the recip­
rocal square diameter D"2 of the bubble column. This shows that the hypothetical 
killing volume X is independent of these physical parameters. 
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For a bubble diameter d greater than 2 mm it has been found that the Kd is indepen­
dent of d~3. Therefore, formula (3) can be transformed into : 

4 F X' K<=-^r <3) 

This by introducing a hypothetical specific killing volume X', which is the ratio of X 
and the volume of one air bubble. Ongoing research aims at further validation of this 
hypothesis and at elucidation of the effect of other important process parameters, 
e.g. dilution rate, growth and Mab-production. 

Material and methods 

The cell line used in these experiments, PFU 83, is a rat/ mouse hybridoma, produc­
ing antibodies directed to corticotropin releasing factor (13). The cells were cultured 
as a continuous suspension in two separate 1 dm3 round-bottomed, non- siliconized 
fermenters with a 0.5 dm3 working volume and equipped with 0.06 m diameter 
marine impellers. 
The temperature was kept constant at 37°C and the stirrer speed at 60 rpm. The me­
dium consisted of RPMI 1640 (Seromed) with 0.3 g/dm3 glutamine (Merck) and 2 
g/dm3 N aHC03 , without phenol-red. Just before use 0.1 g/dm3 streptomycine 
(Sigma) and 0.3 g/dm3 glutamine (endconcentration 4 mM) were added. Ferment­
ers were surface-aerated with humidified air containing 5% C 0 2 , through a 0.2 um 
airfilter (Gelman), at a flow of 0.1 dm3/min. The dilution rate D was 8.33 10"6 s"1 in 
all experiments. The % FCS (Sanbio) varied as indicated in the results and discus­
sion section. The pH was not controlled externally, but remained within a range of 
7.1 to 7.3. Under the described culture conditions PFU 83 grows as single suspen­
sion cells, which show no measurable shear-damage caused by the stirring, nor sedi-
mentate or attach to the glass wall. The limiting factor for growth under these stan­
dard conditions is not identified, but regularly measured parameters can be excluded 
(glucose, glutamin, oxygen). 
Product IgG was determined by a quantitative ELISA, with polyclonal Rabbit-anti-
Rat antibodies (Dakopatts), screened on aTitertech multiscan(450 nm). 
For shear-stress experiments a sample (volume specified in the text) of the above cell-
suspensions was taken from the fermenter and transferred to a bubble column with 
an inner diameter of 0.036 m. On the surface of the suspension 0.02% silicon anti-
foam (Baker) was added. The temperature was controlled at 37°C by circulating 
warm water through a jacket around the bubble column. 
During the experiment every 30 minutes a sample from the suspension in the bubble 
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column was taken and diluted 1:1 with 0 .1% Trypan Blue in phosphate buffered 
saline solution (NPBI). Cell number and viability were determined microscopically 
using a Fuchs Rosenthal haemacytometer. 
As standard set point conditions for a shear-stress experiment in the bubble column 
were chosen : air flow rate (F) 6 dm3/h, height (H) 0.08 m and FCS 10%. Under 
these conditions the time needed (3-4 h) to measure significant cell death is suffi­
ciently short to prevent interference from growth or disturbances from infections. 
Values of Kd were obtained from the slope of the plot In (Ct/CQ) versus time t (equa­
tion 2). 

Results and discussion 

Growth and Production 
At the chosen, fixed dilution rate of 8.33 x 10"6 s"1, corresponding to a medium flow 
rate of 0.35 dm3/day for a 0.5 dm3 cell culture, a steady state with a sufficiently high 
cell concentration was obtained, for all serum concentrations tested. Only a slight re­
duction in viable cell number occurred when the serum content was reduced from 
10 to 2,5 % (figure 1). The cell concentration rapidly decreased, however, at 1% 

FCS-

Figure 1 
Viable steady-state cell 
concentration of hybrido-
ma cells in a continuous 
stirred tank reactor as a 
function of foetal calf ser­
um concentration. Each 
point is the average of 
three different steady sta­
tes with a minimal length 
of four days, so the vari­
ance is determined for a 
minimum of 12 values 
per point. 
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Figure 2 Viable cell concentration ( • ) and viability (O) of hybridoma cells in a continu­
ous stirred tank reactor during stepwise reduction of foetal calf serum concentra­
tion from 7.5 to 2.5 % p). 

10 % 12 
FCS 

Figure 3 Specific monoclonal antibody production rate of hybridoma cells in a continuous 
stirred tank reactor as a function of foetal calf serum concentration. One point is 
the average of double or triple ELISA scores determined for a steady state of min­
imal 3 days. Two separate runs are shown. 
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FCS (data not shown), indicating that a serum component becomes growth limiting. 
Highest steady state cell concentrations were reached at 7.5% FCS, indicating that at 
a higher serum content some serum factor(s) may become inhibitory for growth. 
The viability of the cell culture remained above 90% even at 2.5% FCS, as is illus­
trated by the daily cell counts of one fermenter-run (figure 2). Dividing the dilution 
rate by the average viability ratio of 0.93, gives a value for the growth rate of PFU-83 
of 8.9 x 10"6 s"1, valid for all experiments. 
Average IgG-production of PFU-83 was 4 x 10"19 kg/(s.cel), marking it as a medium 
class producer (14). Figure 3 shows that the specific Mab-production rate does not 
decrease as a result of a reduction in serum content. For the shown, different steady-
states, obtained for the two fermenter runs, the trend is that the specific Mab-pro­
duction rate increases slightly with decreasing serum content. This is in aggreement 
with data in literature, comparing production of Mab's in serum-free or serum con­
taining media (1,2). 
Production of Mab's by hybridoma PFU-83 is stable over at least 3 months, since no 
difference in specific Mab-production rate was found under similar steady state con­
ditions in the CSTR over such a period. 

Shear sensitivity 
The effect of varying the height of the bubble column results in a linear correlation 
between death rate constant Kd and the reciprocal height H (figure 4), showing that 
the hypothetical specific killing volume X' is independent of this parameter. A simi­
lar plot can be made for Kd versus the volumetric air flow rate F, resulting in a linear 
relation (figure 5), meaning X' is independent of this parameter as well. 
The model for shear stress sensitivity in a bubble column, such as derived and validated 
for insect cells is thus also valid for hybridoma's with respect to the parameters H and 
F. Presently, the effect of the other parameters, i.e. the column and air-bubble diame­
ter, are investigated in conjunction with another important process parameter, i.e. the 
dilution rate of the continuous culture. 

The effect of serum on the air-bubble shear sensitivity of PFU-83 was tested by per­
forming shear experiments using cells, cultured in the CSTR at steady states with dif­
ferent FCS content. To be able to distinguish between physical and biological effects of 
serum, shear stress experiments in the bubble column were performed twice, once with 
the same serum content as in the fermenter and once with a serum percentage added 
up to 10% FCS. Because cell concentrations and viability are hardly affected by the 
serum reduction to 2.5% (figures 1 and 2) all suspension volumes taken from the fer­
menter have comparable starting cell numbers and identical growth rate. 
As visible in figure 6 the protective physical effect of serum is evident. Adding 2,5% 
or 5% FCS to a suspension of cells cultured at 7,5% and 5% respectively, complete­
ly protects the cells against air bubble shear stress, as compared to cells from a 10 % 
FCS steady state. This indicates that reducing FCS-content from 10 to 5% has only 
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Figure 4 First-order death-rate constant of hybridoma cells in a bubble column as a func­
tion of the reciprocal height. 
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Figure 5 First-order death-rate constant of hybridoma cells in a bubble column as a func­
tion of the volumetric air flow rate. 
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Figure 6 First-order death-rate constant of hybridoma cells in a bubble column as a func­
tion of the foetal calf serum concentration, at which the cells were growing in a 
steady state situation in the continuous stirred tank reactor. Without addition of 
extra serum (1) and with serum concentration added up to 10% (m) in the bub­
ble column. 

a physical protective effect for sparger-aeration. A slight biological effect can be noticed 
at 2.5% FCS. 
Derived from the data in figure 6 and formula (4) values for X' are found to increase 
from 0.0022 at 10% FCS to 0.0121 at 2.5% FCS. For insect cells an average value 
for X' was found of 0.004 in medium with 10% FCS and 0.1% methylcellulose, as 
an average of all experiments in the bubble column (11). This indicates that PFU-83 
hybridoma cells are about equally sensitive for aeration stress than the insect cells 
under comparable circumstances. 

Conclusions 

Reduction of the serum content of culture-medium from 10 to 2.5% for PFU-83 at 
a growth rate of 8.9 x 10"6, has the following effects: 
- the steady state cell concentrations and viability are hardly affected at the chosen 

dilution rate. Because the viability was approximately constant and above 90%, 
the growth rate was also constant for all experiments. Adding compensating fac­
tors for serum to maintain this growth rate only seems usefull at serum concen­
trations under 2.5%. 
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- the specific Mab production rate is certainly not decreasing as a result of serum 
reduction. 

- the shear sensitivity of the cells for air bubbles is increasing as a result of the re­
duction in serum content, because of the loss of the physical protective effect of 
serum. The hypothetical killing volume X is directly related to FCS-content of 
media, as can be expected since the killing volume is a factor that contains both 
cell and media components. 

In vitro animal cell culture systems that exert considerable shear stress on the cells, 
especially met with large scale culture, shear forces will be a key parameter on media 
with low serum content. It is therefore logic that in cultures with a lower FCS con­
tent serum substituting polymers are added whenever possible. 
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3. Effects of low serum concentrations (0 - 2.5%) on 
growth, production and shear sensitivity of 
hybridoma cells 

Summary 

In a stirred culture of hybridoma cells the effects of serum reduction from 2.5 to 0% 
on growth and monoclonal antibody production have been investigated. The shear 
sensitivity of cells from the same culture has been tested in a bubble column. Serum 
reduction does not greatly affect viable-cell concentrations but cell specific monoclo­
nal-antibody production rate shows a decreasing trend. A gradual increase in sensi­
tivity for sparging has been measured in a bubble column at decreasing FCS concen­
trations. This increase in sensitivity is not the result of a long-term biological effect. 
Finally, the model describing the death rate of insect cells in bubble columns has 
now been completely validated for the pertinent hybridoma-cell line. 

Introduction 

The serum component of medium is known to provide a protective effect against 
shear for hybridoma cells (4,7,8). Therefore the use of serum-free medium can cause 
problems under culture conditions involving higher shear forces. Elucidation and 
quantification of the protective effect of serum is essential for the rational design of 
animal-cell bioreactors and one of the aims of our studies. In smaller-scale bioreac-
tors the damaging effect of stirring on cells is negligible at stirrer speeds large enough 
to keep a homogeneous suspension (1,3,10,11), provided no entrainment of bubbles 
occurs caused by a vortex around the impeller shaft (6). Improving the oxygen sup­
ply by sparging with air can similarly cause significant damage to cells (3,4,10,11), 
even when aeration is limited, unless protective agents like Pluronic are added to the 
culture medium (3,4,11). 

In our work we study the death rate of cells as result of sparging with air in a bubble 
column, under conditions at which the growth rate of the cells is slow compared to 
the death rate. In this way physical parameters determining bioreactor design can be 
optimized with respect to shear stress and oxygen transfer (15). In a previous study 
(13) the effects of reducing the serum content of culture medium from 10 to 2.5% on 
cell growth, monoclonal antibody (Mab) production and shear sensitivity have been 
reported. In addition to this the effects of varying the air-flow rate and the height of 
the bubble colum n have been shown to correspond to the model that describes the 
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death rate of hybridoma and insect cells caused in a bubble column as result of sparg-
ing(5,12). 
In the work presented here the effect of reducing the concentration of foetal calf 
serum (FCS) from 2.5 to 0% on the growth, the Mab production and the shear sen-
sitivy of hybridoma cells has been studied. Also the effect of varying the diameter of 
the bubble column, used for shear-stress experiments, on the death rate is described. 

Material and methods 

The studied cell line PFU 83, is a P3-myeloma derived rat/ mouse hybridoma (14). 
A sample from the same working cell bank, as used in previous shear experiments, 
was thawed (13). The cells were grown on either RPMI 1640 (Seromed, Biochrom 
KG, Berlin, Germany) medium or a 3:1 mixture of Dulbecco's Modified Eagle's and 
Ham's F12 (DME/F12) medium (both Flow, ICN Biomedicals, Zoetermeer, The 
Netherlands). The RPMI contained additions to give end concentrations of 0.6 
g/dm3 (4 mM) glutamine, 2 g/dm3 NaHCCh and 0.1 g/dm3 streptomycine (Sigma, 
St.Louis, USA). The DME/F12 medium was supplemented with glutamine (0.6 
g/dm3), N a H C 0 3 (3.5 g/dm3), 2-mercapto-ethanol (3.9 mg/dm3), transferrin (Sig­
ma, 5 mg/dm3), selenite (2.5 ug/dm3), ethanolamine (0.7 mg/dm3), ascorbic acid (5 
mg/dm3) and glutathione (reduced, 1 mg/dm3). All supplements were obtained from 
Merck (Darmstadt, Germany), unless stated otherwise. 

The media contained a varying content of heat-inactivated FCS (CCClab, Sanbio, 
Uden, The Netherlands) as sole variable during the experiments, as specified in the 
results and discussion section. 
The cells were cultured as a continuous suspension in a 1 dm3 round-bottomed fer-
menter with a marine impeller, as described previously (13). The working volume of 
the cell suspension was 0.5 dm3 and the dilution rate 8.33 10 s"1 in all experiments. 
Cell densities and other parameters were determined 4 mean residence times after a 
change in the serum concentration. 
The Mab concentration in the supernatant of the effluent was determined by a 
quantitative ELISA with polyclonal Rabbit-anti-Rat antibodies (Dakopatts, Glos-
trup, Denmark), screened on aTitertech multiscan (450 nm). Total protein in cell-
free effluent was determined according to Bradford (2). Samples for these assays, from 
the CSTR, were centrifuged for 30 s in a DADE immofuge and the supernatant fro­
zen at -20°C until analysis. 

The stress experiments were executed identically as in the previous study (13), with 
as standard conditions: 80 cm3 of cell suspension in a bubble column with an inner 
diameter of 0.036 m, height H 0.08 m, are sparged with an air-flow rate F of 6 
dm3/h for 2 or 3 h. 
Silicon anti-foam (J.T.Baker, Deventer, The Netherlands) was added at 0.002% (v/v) 
at the beginning of each experiment and extra anti-foam was added when necessary 
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by tipping with 1:10 diluted anti-foam solution in a Pasteur Pipet, later during the 
stress experiment to prevent formation of a foam layer. 

Results and discussion 

Cell growth and Mab production 
PFU-83 hybridoma cells were grown in a continuous culture with decreasing serum 
content to study the effects on growth and production, as indicated in figure 1. The 
CSTR culture also supplied well-defined and reproducible samples for shear-stress 
experiments in a bubble column to determine the effect of FCS concentration on the 
death rate as a result of sparging with air. 
On RPMI medium cell concentrations decrease with a serum reduction from 5 to 
2.5%. A further reduction in serum content results in a strongly-reduced growth 
(13). To obtain comparable samples for shear-stress experiments in the low range of 
serum concentrations 
(2.5 to 0%), it was necessary to use a medium that provides good cell growth under 
serum-free conditions. The enriched DME/F12 combination, described in the mate­
rial and methods section, was selected as a simple medium that supported sufficient 
growth. 
A change in basic medium on day 18, i.e. substituting RPMI for DME/F12 - both 

20 

0 

-viable cells(«10Vcm;i 

- viability (%«10) 
• % FCS 

20 40 60 80 
time (days) 

Figure 1 Viable-cell concentration and viability of hybridoma cells in a continuous stirred-
tank reactor during step-wise reduction of foetal-calf serum content of the medi­
um from 2.5 to 0 %. The arrow indicates a transfer from RPMI to DME/F12 me­
dium. 
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Figure 2 Concentration of total protein and monoclonal antibodies in the cell-free effluent 
of hybridoma cells in a continuous stirred-tank reactor during step-wise reduction 
of foetal calf serum content in the medium from 2.5% to 0%. The arrow indicates 
a transfer from RPMI to DME/F12 medium. 

containing 2.5% FCS - results in a considerably-higher cell concentration (figure 1). 
A reduction in serum content from 2.5 to 0.5% FCS, on DME/F12 medium, causes 
only a slight reduction in cell density, while viability remains at least at 90%. At 
0.25% FCS the cell number decreases, while the viability reaches a minimum value 
of 85%. The cell concentration restores to higher values on completely serum-free 
medium (figure 1). The Mab concentration shows an increase, from 60 to 100 mg/ 
dm3, after the transition from RPMI to DME/F12 medium at 2.5% FCS (figure 2). 
After the medium switch the product concentration ultimately decreases with the 
reduction in serum concentration to an equal level as on RPMI with 5% FCS. 
Assuming steady-state kinetics, at least four mean residence times after a change in 
serum concentration, the cell specific MAb production rate (CSMPR) can be esti­
mated [MAb-concentration (kg/dm3) x Dilution rate (s"1) / Viable cell concentration 
(number/dm3). Figure 3 shows the results for the fermenter run described in this sec­
tion (run A), in addition to the results of previously published runs (B & C, ref. 13). 
The increasing trend for the CSMPR on RPMI medium with decreasing FCS con­
tent from 5% to 2.5% is confirmed by the data of this run. 
The transition from RPMI to DME/F12 medium at 2.5% FCS hardly affects the 
CSMPR. A further reduction of the serum content from 2.5 to 0% causes a decrease 
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Figure 3 Specific monoclonal antibody production rate of hybridoma cells in a continuous 
stirred-tank reactor during step-wise reduction of foetal-calf serum content in the 
medium: from 10% to 2.5% on RPMI, from 2.5% to 0% on DME/F12 medium. 
Run A is described in this article, the dotted line indicates the transition of basic 
medium from RPMI to DME/F12 medium. Runs B and C are taken from the 
previous article (13). 

of the CSMPR, indicating that FCS contains factors that stimulate the production 
of Mab's. Since PFU-83 has proven to be stable in many comparable CSTR runs, 
non-specific loss of Mab production of this hybridoma cell line is very unlikely. 
DME/F12 medium is more efficient for Mab production by PFU-83 compared to 
RPMI medium, mainly because it supports the growth of more viable cells. The to­
tal protein content of cell-free supernatant of the effluent decreases concomitant 
with the reduction of the serum concentration (figure 2). The Mab concentration 
becomes a considerable fraction of the total protein of the effluent. 

Shear sensitivity 
Like in the previous study, a shear-stress experiment has been executed in the bubble 
column at the same serum concentration as in the CSTR as well as at 2.5% FCS, 
where the difference in concentration is added just before the start of the shear experi­
ment. The reduction in serum concentration from 2.5 to 0% causes a large increase in 
the death-rate constant kj (figure 4). However, the increase in shear sensitivity caused 
by the elimination of serum from the DME/F12 culture medium can be completely 
nullified by adding extra serum up to 2.5% just before the shear experiment. Thus 
also at lower serum concentrations FCS has essentially no long-term biological effect, 
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Figure 4 First-order death-rate constant of hybridoma cells in a bubble column as a func­
tion of the foetal-calf serum concentration at which the cells were growing in a 
continuous stirred-tank reactor. Without addition of extra serum, or with serum 
concentration added up to 2.5% just before the shear experiment in the bubble 
column. 

but rather provides a direct non-specific physical protective effect. This corresponds 
to the results of Kunas and Papoutsakis (7), who found that FCS provides a short 
term protective effect against intensive stirring for hybridoma cells in a stirred bio-
reactor. Recently viscometric studies showed that prolonged exposure to FCS makes 
hybridoma cells more tolerant to laminar shear, while a short term effect did not 
occur (9). 
For the shear-stress experiments with variable bubble-column diameter D, PFU hybri­
doma cells were grown in a CSTR on RPMI medium containing 5% FCS. The 
number of viable cells was constant within a range of 1.2 to 1.5 106/ cm3 with a 
minimum viability of 90%, which is comparable to previous runs under identical 
conditions. The concentration of Mab in the effluent did not vary significantly in time. 
Thus identical samples for shear-stress experiments were obtained. 
For insect cells the following equation for the death rate in a bubble column as result 
of the sparging, has been validated (12) : 
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