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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 o, [10-' mmol cell”' h™']
FS-4 0.5

HeLa 5

Skin fibroblasts 0.6

BHK 21 1-2

MRC-5 13

Human hybridom 0.2

Mouse hybridom 1-5

Melanoma 0.7-1

CHO 2-8




Fig. 4.24 (a) Schematic of a standard membrane aeration system (1) membrane basket (2) sili-
cone tubing (3) anchor stirrer (b) photograph of membrane basket and anchor stirrer (with cour-
tesy from Bayer Technology Services GmbH, Germany)

Table 44 Mass transfer coefficient for oxygen (membrane and
liquid film) in dependence of power input per liquid volume (100L
reactor volume) adapted from (Frahm et al. 2007)

Aeration system PV (W m™) k(mh™)

Dynamic membrane aeration 10 0.075
Membrane stator 10 0.055
Dynamic membrane aeration 100 0.09
Membrane stator 100 0.07

Fig. 4.25 Photograph of the dynamic membrane aeration system (DMA) for a 200 L cell culture
reactor (with courtesy from Bayer Technology Services GmbH, Germany)



de/dt =k a(c*-c, )-OUR X (4.18)

with:

k a: mass transfer coefficient, which is the product of &, the overall mass transfer
coefficient from the gas to the liquid phase (two film model), and a, the gas-liquid
interfacial area per unit of the reactor liquid volume (s™')

¢, : concentration of oxygen in solution (kg m™)

¢": equilibrium solubility of oxygen — oxygen saturation (kg m™)

X: cell density (cells L")

OUR: oxygen uptake rate (kg O, 107 cells s™')

r: time (s)

The oxygen transfer rate (OTR) is given by:

OTR=k a(c*~-c,) 4.19)
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Fig. 4.26 Limitations in cell density based on oxygen delivery in different aeration systems
(adapted from Ozturk (1996) with kind permission of Springer Science and Business Media)

Table 5.7 Volume specific productivity for monoclonal antibodies of hybridom cells grown
continuously in fixed bed or fluidized bed bioreactors and in batch suspension culture

Antibody pro-
ductivity related
Antibody to productivity in
productivity batch suspension
Reference Culture system Carrier (mg L' d™) culture
Fassnacht (2001)  Batch suspension 5 |
Fixed bed SIRAN, 3-5mm  450¢ 90
Celonic (2007) Batch suspension 8 1
Fluidized bed SIRAN, 0.7mm 435" 54
Lundgren and Batch suspension 23 1
Bliiml (1998)
Fluidized bed Cytoline 1 400 16
Fluidized bed Cytoline 2 110° 44

*Productivity related to the fixed bed volume
"Productivity related to the carrier volume
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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 1.3Nm™
(¢) 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)



Fig. 4.27 5-10mm foam layer at the medium surface (cell line: CHO-easyC — CHO-K1 derived
line, Cell Culture Technologies GmbH, Ziirich, Switzerland; CHO-master HP-1 medium; aerated
with a ceramic micro sparger Fig. 4.18
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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
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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)
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2.5 Kinetic Modelling of Cell Growth and Metabolism

2.5.1 Introduction to Kinetic Modelling for Mammalian Cells

glucose lactate

}——— alanine
mammalian p———= ammonia
amino acids cell - protein product

giutaming e

OXYQEN  —s s CArboN dioxide

Fig. 2.9 Simplified diagram of material flows of growth and metabolism of mammalian cell
cultures

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

= Hua€,y | 2.1
k +c,

u

where p__is the maximum specific growth rate, ¢, is the concentration of the con-
trolling substrate such as glucose, and & is the concentration of the controlling
substrate where the specific rate is half of the maximum rate (Adams et al. 2007) .
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= Plot[{ca[t] /. ansbatch[[1]], cb[t] /. ansbatch[[1]], cm[t] /. ansbatch[[1]], cn[t] /. ansbatch[[1]])},
{t, , 160}, AxesLabel -» {("time (s)", "moles A and B in reactor"), PlotLegends » "Expressions",
PlotStyle » {Red, Green, Blue, Purple}, PlotRange » {0, 1}]
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Fig. 1. Schematic diagram of lower- and upper-packing configurations.
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Figure 6. Reactor performance for Series C experi-

ments.



