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Abstract

Experimentation in shaken microplate formats offers a potential platform technol-
ogy for the evaluation and optimisation of cell culture conditions. Provided that the
results obtained are reliable, and indicative of large scale performance, it should be
possible to obtain process design data carly and cost effectively. This work describes
a detailed engineering characterisation of liquid mixing and gas-liquid mass transfer
in microwell systems and their impact on suspension cell cultures. Furthermore, an
initial attempt at scaling a microwell culture to shake flasks and a 5-L stirred-tank

reactor is made.

For suspension cultures of murine hybridoma cells producing IgG1, 24-well plates
have been characterised in terms of power dissipation (P/V) (via CFD). fluid flow
patterns and oxyvgen transfer rate as a function of shaking frequency and liquid fill
volume. Predicted kja values varied between 1.3 and 29 h~!; mixing time, quanti-
fied using decolourisation of iodine, varied from 1.7 s to 3.5 h; while the P/V ranged
from 5 to 35 W m~3. CFD simulations of the shear rate predicted hydrodynamic
forces will not be lethal to cells. High shaking speed (> 250 rpm) was shown to
be detrimental to cell growth, while a combination of low shaking speed and high
well fill volume (120 rpm, 2000 pl) resulted in oxygen limited conditions. Using
matched average energy dissipation as a basis for scale translation, cell growth and
antibody titre were found to be similar in a 24-well plate, 250 ml shake flask and

5-L stirred-tank reactor.

Overall this work has demonstrated that cell culture performed in shaken microwell
plates can provide data that is both reproducible and representative of larger-scale
cultures. Linked with automation this provides a route towards the high throughput

evaluation of robust cell lines under realistic process conditions.
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Nomenclature

a; Specific static interfacial area. m™!

Bo Bond number. = %. dimensionless

Cs Constant in Equation 1.1. = 1.94
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Fr Froude number, :%ﬁ. dimensionless
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Ph Phase Number, dimensionless
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Chapter 1

Introduction

1.1 Thesis Rationale and Overview

Optimisation of suspension cell-culture is traditionally carried out in spinner flasks,
shake flasks, and small bench-scale stirred-tank reactors (STR). The current need
to reduce process development time neccesitates the adoption of high throughput
experimentation, however, the labour and material costs involved render this almost
impractical at conventional scales (Lve et al., 2003)(Girard et al., 2001)(Micheletti
and Lye, 2006). In contrast, experimentation in microwell formats offers a potential
new platform technology to obtain kev process design data early and cost effectively
(Lve et al., 2003). Use of the microwell format readily lends itself to automation
(Doig et al., 2002)(Nealon et al.. 2005). and the implementation of advanced oper-
ating strategies such as liquid addition for pH control (Elmahdi et al., 2003) and

fed-batch operation.

To date, microbial systems have been the main focus for the development of microw-
ell technology as a high-throughput tool for bioprocess development (Section 1.4.1).
In contrast, studies looking to use shaken microwells for the development of suspension-
adapted mammalian cell cultures are very few (Girard et al., 2001)(Strobel et al.,
2001). Those that have been published have tended to be process specific and ignore
the engineering environment underpinning microwell operation. In this work, one

of the main aims is to study the engineering environment that cells are exposed to

14



during shaken microwell cell culture, and then relate this understanding to culture

performance (Section 1.5).

Of the biopharmaceutical products currently in development, a large proportion
are monoclonal antibodies (Chadd and Chamow, 2001)(Dinnis and James, 2005).
This class of therapeutic has certain advantages (Discussed in Section 1.2). and will

therefore be used as a model protein in this study.

1.2 Antibodies

Antibodies are proteins of the immune system that bind to antigens. They are
highly specific: one antibody binds to a particular antigen. Antigens (Antibody
Generating Substances) are usually foreign to the organismm and include disease

inducing bacteria. viruses and other infectious agents.

All antibodies belong to a family of proteins called immunoglobulins. These Y-
shaped molecules are formed from two types of polypeptides: heavy chains and
light chains (Fig. 1.1). These two chains are linked by disulphide bonds. Three
globular regions can he identified: two identical domains (Fab domaiu) correspond-
ing to each arm and one corresponding to the stem (Fc domain). The N-terminal
region of both heavy and light chains lie at the tip of each arm and are distinguished
by highly variable ammino acid sequence. The remaining portion of the sequences in
both chains are nearly identical among antibodies with different specificities (Lodish

et al., 1999). The antigen-binding sites lie at the end of each arm.

The constant region determines the mechanism used by the host organism to destroy
any circulating antigen. Antibodies are divided into five major classes. IgM. IgG,

Iga, IgD and IgE, based on their constant region structure and immune function.

Therapeutic antibodies are laboratory-engineered substances that recognize and

15
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Figure 1.1: Schematic diagram of the structure of an antibody molecule
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bind onto a protein on the surface of a patient’s cell. Each therapeutic antibody
recognises a different protein, or antigen, and in general can be used alone, in com-
bination with chemotherapy or as a carrier of substances such as toxins or radiation.
After binding to the targeted site, the therapeutic antibody can block the growth of
the tumour and/or recruit the body’s immune system to attack the target, and can
also sensitise a cancer cell to chemotherapy. Therapeutic antibodies can be classified
as follows: murine, chimeric and humanised. A murine antibody is derived solely
from mouse sequences and therefore is viewed as foreign by the host body and can
elicit an antibody reaction on its own and be eliminated before having an effect. A
chimeric antibody is a mixture of both mouse and human sequences, usually a 30/70
percent split, respectively, where the mouse components are responsible for binding
to the antigen and the human components are involved in inducing a therapeutic
effect. Humanised means the antibody contains over 90 percent human sequences.
These antibodies are able to evade the human immune system and are therefore

most successful.

For any therapeutic protein to be successful, there must be an easy and reliable
system in which expression is possible, that is, the protein can be cloned for ex-
pression in a particular cell line. The cell line must provide an environment that
allows expression of a protein that is as close to its native form as possible. This is
to ensure that its therapeutic properties are retained. In addition, the expression
system should allow easy recovery of the recombinant protein using a cost effective
process. There are a number of different systems available for recombinant protein
expression, ranging from the use of bacterial cells through to transgenic animals.
FEach system has its advantages and disadvantages, and are discussed in the next

section.
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1.3 Expression Systems for Protein Production

1.3.1 Mammalian Cells

Suspension-adapted mammalian cells have become the dominant system for the pro-
duction of recombinant proteins for clinical applications because of their capacity
for proper protein folding, assembly and post-translational modification (Chadd and
Chamow, 2001). Thus, the quality and efficacy of the protein can be superior when
expressed in mammalian cells compared to other systems, such as bacteria, plants
and yeast (Verma et al., 1998). Today, 60-70% of recombinant protein pharmaceuti-
cal are produced in mammalian cells (Chadd and Chamow, 2001). The majority of
these proteins are expressed in chinese hamster ovary (CHQO) cells , although other
cells lines, such as myeloma (NSO), baby hamster kidney (BHK), human-embryo
kidney (HEK-293) and human retinal cells have gained regulatory approval for re-
combinant protein production (Wurm, 2004). Mammalian cells have the advantage
over transgenic plants and animals that protein can be produced approximately 6
months after the initial cloning. At present, the cost of production is very high
in mammalian cells. Dove (2002) states that the estimated production cost from a
mammalian cell process is $150 / g raw material, compared to $1-$2 from transgenic
animals. At present, recombinant protein produced by mammalian cells has reached
approximately grams per litre after a three week culture, with a specific productivity

of 90 pg cell™! day~! (Wurm, 2004)(Merten, 2006).

Mammalian cell systems have a number of potential disadvantages: they require
complex media formulations, have low productivity, are slow growing and are rel-
atively sensitive to changes in process conditions. In addition, one of the main
concerns regarding mammalian cell culture is their susceptibility to “shear”, or,
more correctly, hydrodynamic stress. It now thought that sparging, rather than
agitation, is responsible for cellular damage in bioreactors (Nienow et al., 1996). In
an attempt to quantify the affect of hydrodynamics on mammalian cells, Figure. 1.2

was complied by Heath and Kiss (2007) using both literature and experimental
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Figure 1.2: Values of the energy dissipation rate for various bioreactor
environments and it’s effect on various cell lines. Reproduced from Heath
and Kiss (2007).

data. This figure shows that energy dissipation rates that were found to lyse com-
mon mammalian cell-line are 2-4 order of magnitude greater than those experienced
in typical stirred-tank reactors. Furthermore, these lethal values are comparable to

those generated by a bursting bubble.

1.3.2 Bacterial Cells

Bacterial cells are commonly used for the production of simple proteins and polypep-
tides (Chadd and Chamow, 2001). They have the ability to produce large quantities
of protein at a very fast rate compared to mammalian cells (typical doubling time
of 20 minutes). The most commonly used organism is Esherichia Coli. Transforma-
tion of E. coli cells with foreign DNA is easy and efficient. Antibody engineering
using E. coli tends to be inexpensive. Despite the advantages, bacterial cells are not
capable of glycosylating proteins. If whole antibody molecules are required, which
are glycosylated in the Cy, domain, alternative expression systems are necessary
(Verma et al., 1998). For this reason there are no commercially avaliable therapeu-

tic antibodies currently produced in bacteria.
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1.3.3 Yeast Cells

The main advantage of yeast over E. coli is that it is both a microorganism and a
eukaryote (Verma et al., 1998). Therefore it can provide advanced protein folding
pathways for heterologous proteins. Like mammalian cells, it can secrete correctly
folded proteins into culture media while being grown on simple growth media. Whole
antibodies, single-chain antibodies and antibody fragments have been expressed us-
ing this system. Proteins which accumulate as insoluble inclusion bodies in E. coli
are often soluble when expressed in yeast. In addition, the degradation of heterolo-
gous proteins, again a frequent problem in E. coli is usually reduced in yeast. Yeast
cells are capable of glycosylation of proteins at Asn-X-Ser/thr motifs. However, this
is not identical to that seen in hybridomas and myelomas since carbohydrates are
not modified beyond the mannose addition. High levels of secreted recombinant
antibody fragments have been achieved in yeast. T'wo single-chain antibodies, anti-
CD7 and anti-DMI, were expressed at 0.25 mg 17! in E. coli but when the same
fragments were expressed in Pichia pastoris their yields were increased to 60 mg
1=1 and 100-250 mg 17!, respectively. Similarly, the yield of functional rabbit anti-
recombinant human leukemia inhibitory sFv was 100-fold more in Pichia pastoris

100 mg 17! than in E. coli.

1.3.4 Transgenic Plants

Production of proteins using transgenic plants has a number attractions including
low manufacturing cost, simple scale-up and the ability to produce correctly folded,
glycosylated proteins. Cloning a foreign gene into a plant cell is commonly per-
formed using agrobacterium infection or gene bombardment in the presence of a
carrier molecule and gold particle (Chadd and Chamow, 2001). The public’s con-
cern over the GM crops represents a significant resistance to advances in technology
in this area. At present transgenic plants have low yields: protein accounts for
nearly 1% of the harvest leading to problems with downstream processing (Kusnadi

et al., 1997) . They also have a relatively long lead time before any protein material

20



can be produced. The antibodies produced in transgenic plants have carbohydrate
structures that can be quite distinct in composition and structure compared to hu-

man glycoproteins (Chadd and Chamow, 2001)(Larrick and Thomas, 2001).

1.3.5 Insect Cells

Inscct cells can produce proteins with similar post-translational modifications to
mammalian cells. In fact, insect cells are second only to mammalian cells with
regard to protein folding and post-translational modification. Slight differences in
glycosylation, particularly N-glycolsylation, separate the two expression systems
(Altmann et al., 1999). Most insect cell expression systems are produced by infec-
tion of the cells with recombinant baculovirus particles (Verma et al., 1998). Upon
infection, virus particles begin to replicate themselves, while expressing the het-
erologous gene. Although this method provides a convenient and simple way of
producing large quantities of protein (1-500 mg of recombinant protein per litre of
infected cells), it is disadvantaged by incorporating a very late viral promoter that
peaks when the cells are dying from the viral infection. An alternative is to develop
stable insect cell lines (Pfeifer, 1998). Stable transformation has been performed
in Drosophila systems. Anti-E selectin sFv was expressed at 0.2-0.4 mg 1™! in in
the culture supernatant (Verma et al., 1998). Compared to mammalian cell lines,
insect cell lines have a greater oxygen demand and shear sensitivity, thus making

the adaption to large-scale culture more difficult (Verma et al.. 1998).

1.3.6 Transgenic Animals

Protein production using transgenic animals is commonly initiated by the microin-
jection of a genetic construct fused to a milk-specific regulatory element into a single
cell embryo (Larrick and Thomas, 2001). Protein titers obtained from transgenic

animals are in the same range as those from mammalian cell culture (2-10 g per litre
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of milk)!. Along with goats; mice, chickens, rabbits and cows have been used to
produce proteins. Once established. transgenics are a very cost effective way of pro-
ducing therapeutic proteins, and scale-up is based on agricultural economics (Dove,
2002). The generation of a transgenic herd to produce material for phase 1 clinical
trials takes between 18 - 24 months (Chadd and Chamow, 2001) which could prove
an unacceptable delay for development purposes. At present there are no human

therapeutic proteins produced in transgenic animals as a result of regulatory issues 2.

In the next section, the various different bioreactors that are currently used or have
the potential to be used for bioprocess development will be discussed; in particular
their various strengths and weaknesses. The main criteria for a successful scale-down
model is it’s ability to generate data that is both reproducible and representative of
larger scales. However, with the ever increasing number of new drug candidates to be
evaluated, factors such as labour requirements, raw material costs and throughput
become ever more important. The trade-off between throughput and generation of
cell culture data is shown in Fig. 1.3. At each step in the development of the culture
process, careful cousideration of a bioreator’s limitations is required to efficiently

generate data that is both relevant and predictive of larger scales.

1.4 Bioreactor Systems for Bioprocess Develop-

ment

1.4.1 Stirred Tank Reactors (STR)

Benchtop stirred-tank reactors, along with spinner flasks (Section 1.4.2) and shake
flask (Section 1.4.3) are the primary systems used in the development of a new fer-
mentation/cell culture process (Girard et al., 2001). Indeed, while spinner flasks and

shake flask arc gencerally used for sced-trains and screening raw materials, STRs are

http://www.gtc-bio.com/science/questions.html Cited: 28/10/2007
Zhttp://news.bbc.co.uk/1/hi/sci/tech/4740230.stm Cited: 22/02/2006
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Figure 1.3: Bioreactor options for high-throughput cell-culture process
development. Reproduced, with permission, from Doig et al. (2006).
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used as a scale-down model for bioprocess design (Li et al., 2006). The advantages
of using STRs include the ability to monitor and control parameters such as pH,

dissolved oxygen (DOT), foam height, nutrient concentration and temperature.

The engineering environment in STR has been extensively characterised. For a typ-
ical cell culture in a STR, the average energy dissipation rate is between 1 and 12 W
m~3 (Nienow et al., 1996)(Varley and Birch, 1999)(Langheinrich and Nienow, 1999).
Typical values of k; a are betwen 1 and 10 h=! (Varley and Birch, 1999)(Fenge et al.,
1993), while mixing times are generally less than 200 s (Table 3.4). Given this un-
derstanding of the hyrodynamics and gas-liquid mass transfer, a variety of bases
for scale-translation of suspension cell cultures have been succesfully implemented
including fluid turnover rate (Chisti, 1993); superficial gas velocity (Xie et al., 2003);
vvm % and impeller tip speed (Marks, 2003); and average energy dissipation rate (Li
et al., 2006).

The disadvantages of using STRs as a scale-down tool for bioprocess development
are the low throughput, the large requirements for raw material (> 1 L), the labour
requirement for inoculation, sampling, harvesting and then cleaning; and the poten-

tial damage to mammalian cells caused by sparging.

The use of miniature STRs for bioprocess development has received much interest
in recent years (Lamping et al., 2003)(Vaillejos et al., 2006)(Betts et al., 2006)(Gill
et al., 2007). These systems operate with a working volume comparable to that
used in 24-deep well microtitre plates (5 - 10 ml). The attraction of this approach
includes the ability to operate with higher oxygen transfer rates than surface aer-
ated bioreactors; online measurement of dissolved oxygen, pH and optical density
(Lamping et al., 2003)(Ge et al., 2006); and the ability to maintain geometric sim-
ilarity with the production bioreactor. Furthermore, the engineering environment
has been extensively characterised in terms of energy dissipation rate, k;a and mix-

ing time (Lamping et al., 2003)(Vaillejos et al., 2006)(Betts et al., 2006). Using this

3Volumetric flow rate per minute per unit volume of liquid
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knowledge, both kya (Lamping et al., 2003) and energy dissipation rate (Betts et al.,
2006), have been used successfully as a basis for scale translation of E. coli culture
with bench-scale STRs. The disadvantage of using miniature STRs is that they are
not applicable to automation and they do not have the same level of throughput
compared to microwell plates and shake flasks. Furthermore, they are not disposable
and so a considerable amount of time is required to clean and then sterilise before

inoculation.

1.4.2 Spinner Flasks

A spinner flask is a vessel filled with between 1 and 12 L of diluted culture and
placed on a magnetic stirring platform in a suitable incubator. Agitation is pro-
vided by a magnetic paddle coupled to a glass shaft that runs though the headplate.
Two “arms” on either side of the vessel allow sampling and additions during the
cultivation. Spinners have been used for many years and thus have a been the sub-
ject of many studies looking to characterise the hydrodynamic and mass transfer
environment (Aunins et al., 1989)(Sucosky et al., 2004). The disadvantages of spin-
ners for cell culture process development is that they are not high-throughput, not
applicable to automation and require significantly greater amounts of labour and

raw materials when compared to systems such as microwell plates.

1.4.3 Shaken Bioreactors

Shaken bioreactors, especially Erlenmeyer flasks, are widely used in academia and
the biotechnology industry for screening and process development projects (Biichs,
2001) (Weuster-Botz, 2005) (Freyer et al., 2004). They are easy to operate, require
small amounts of material (typically 50 - 500 ml) and cost very little (Kumar et al.,
2004). Following inoculation, the flask is typically placed on an orbital shaker plat-
form in a suitable incubator. Gas-exchange, if necessary, is made possible using a

loose fitting bung or perforation in the cap. It has been estimated that nearly 90%
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of all laboratory cell culture and fermentation experiments are performed in shaken
bioreactors, yet only 2% of all relevant publications in the area have dealt with en-
gineering aspects of the shake flask (Zhang, Williams-Dalson, Keshavarz-Moore and
Shamlou, 2005)(Biichs, 2001).

Recently, numerous studies have been published on the characterision of liquid hy-
drodynamics and oxygen mass transfer in various size of flasks. Biichs et al. (2000a)
measured mean power dissipation in unbaffled shake flasks via torque measurements
made on the drive shaft of the shaker platform. A correlation, Equation 1.1, was

then fitted to this data with a reported accuracy of + 30 %.

P N2d4
o= Cap—L
L VLS

Re™02 (1.1)

In this case P = energy dissipation rate, V; = liquid fill volume, C3 = 1.94 (a
constant), p = liquid density, N = shaking speed, d; = maximum inner diameter of
the shake flask and Re = Reynold’s number. Besides measurement of the torque on
the drive shaft, other techniques, such as the temperature method (Sumino et al.,
1972)(Kato et al., 2004)(Raval et al., 2007) and CFD (Zhang, Williams-Dalson,
Keshavarz-Moore and Shamlou, 2005), have been used to measure energy dissipa-
tions of up to 1 KW m™2 in shaken bioreactors. However, these studies have not
published a simple correlation to accurately predict mean energy dissipation from
known operating conditions. Besides quantification of mean cnergy dissipation rate,
a few studies have been published looking at local energy dissipation rates (Biichs
and Zoels, 2001)(Peter et al., 2006). Knowlegde of spatial variation in energy dis-
sipation can be importamt for bioprocesses that are limited by hydromechnamical
stress, such as animal cell culture (Chisti, 2001) and filamentous cultures (van Sui-

jdam and Metz, 1981).
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Oxygen mass transfer coefficients, k1 a, have been extensively studied in shake flasks,
especially for microbial systems (Mrotzek et al., 2001),(Biichs, 2001),(Freyer et al.,
2004),(Maier and Biichs, 2001),(Maier et al., 2004). These studies have tended to
focus on interfacial gas-transfer, ignoring the resistance of the cap. This was ad-
dressed by Gupta and Rao (2003), who measured oxygen mass transfer resistance
at both parts and combined them into a simple prediction of kza in Erlenmeyer
flasks. For microbial systems, kza values of up to 280 h™! have been reported in
shake flasks (Kumar et al., 2004). These values are comparable to those found in
medium-sized stirred-tank reactors. Under typical shake flask conditions for the
growth of mammalian cells, CFD predicted k;a values of between 10 and 100 h™!
(Zhang, Williams-Dalson, Keshavarz-Moore and Shamlou, 2005).

The term “in-phase” operation applies to shaken systems where the fluid motion fol-
lows the movement of the shaker platform (Biichs et al., 2000b)(Biichs et al., 2001).
In contrast, “out of phase” operation is characterised by a large fraction of the liquid
remaining stationary on the bottom of the flask during shaking. Consequently, both
mixing and oxygeu trausfer are reduced. The demarcation between these two flow
regimes is described by the Phase number and may be predicted using Equation 1.2,
where d, = shaker diameter; d; = maximum inside shaking flask diameter; p = lig-
uid density; N = shaker speed; p = liquid viscosity and V; = liquid fill volume.

“In-phase” operation is assumed to exist for Ph > 1.26.

1, 2 2
p(2nN)d% 4 (V7
1+ 31 —_ - |1 - == 1.2
+ 91085 I d (1.2)

Besides Erlenmeyer flasks, other shaking bioreactors have been considered. These
include 50 ml centrifuge tubes (De Jesus et al., 2004), cylindrical shaped containers
with a 5 - 10 L working volume (Liu and Hong, 2001) and square-shaped Duran
bottles (Muller et al., 2005).
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In general, all the shaking bioreactors discussed in this section have similar disad-
vantages with regard to bioprocess development. Firstly, they are not applicable
to automation, hence considerable labour is required during large screening and
optimisation studies. Secondly, compared to alternative systems such as microwell
plates and microfluidic chips, shake flasks require large volumes of expensive raw
materials and offer considerably lower throughputs. Thirdly, shake flasks are almost
always non-instrumented, meaning shifts and deviations of important parameters
like pH and DOT are not captured during a culture. This problem was addressed
by Weuster-Botz et al. (2001), who used a custom shake flask design to monitor
and then control pH during a microbial culture. In addition, this design was further
extended to allow fed-batch operation. Finally, with the exception of Erlenmeyer
flasks, no engineering characterisation studies have been performed on other shaken
bioreactors. This knowledge would be vital to ensure predictive and reproducible

scale-translation.

1.4.4 Microwell Plates

Microwell plates are available in various formats: 6, 12, 24, 48, 96, 385 to 1536 wells
per plates; round, flat or pyramidal shaped bottows; round or square cross scction;
and deep or shallow wells. Typically, they are fabricated from plastics such as poly-
carbonate or polypropylene. Fig. 1.4 show three typical microwell geometries with

corresponding geometries.

Traditionally, microwell plates have been used for analytical purposes in areas such
as medical diagnostics, combinatorial chemistry and biotechnology; whenever a
large number of small liquid volumes have to be handled in parallel. Examples
of the applications for use include: ELISA (Severns et al., 1984)(Ruitenberg et al.,
1976), cell culture (Brody and Huntley, 1965)(Girard et al., 2001)(Strobel et al.,
2001)(Deshpande and Heinzle, 2004), tissue culture (Sullivan and Rosenbaum, 1967),
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Figure 1.4: Schematic diagram of individual formats: (a) 96-deep square
well format; (b) 24-round well format; (c) 96-round well format. V,
represents the total well volume, SA represents the static surface area
available for gas exchange. Reproduced, with permission, from Lye et al.
(2003).
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PCR (Hataya et al., 1994) and high-throughput screening (Hertzberg and Pope,
2000)(Battersby and Trau, 2002).

Recently microscale processing techniques have emerged as a potential means to in-
crease the speed of bioprocess design (Lye ot al., 2003). Rapid and cfficient mixing
during liquid addition to individual wells underpins the reproducibility of all biopro-
cess studies (Micheletti and Lye, 2006). Examples include pH control and nutrient
additions during fed-batch operation. Liquid phase mixing times in flat and round
bottomed 96-well plates, based on the dispersion of pH indicator dyes, were found
to vary between 5 - 500 seconds (Weiss et al., 2002). These values were found to
be a function of well geometry, shaking speed and the method of liquid addition.
Nealon et al. (2006) demonstrated how rapid jet-mixing can be achieved in static
96-well plates using large addition volume (> 20% of the initial volume). For small
additions commonly used in high-throughput assay protocols, insufficient energy is

imparted into the liquid resulting in mixing times of the order of minutes or longer.

Shaking of microwell plates is the simplest and most efficient way of promoting liquid
mixing. The concept of a critical shaking frequency (N.), above which the surface
tension forces are overcome by the centrifugal force and a significant increase in the
fluid motion and oxygen transfer is observed, has been described by Hermann et al.
(2003). This is shown in Fig. 1.5. The photographs from left to right were taken
with increasing shaking speed. The first is below the N.;;. The next two show the
increase in the gas-liquid interfacial area responsible for the increase in kya. The

value of N, can be calculated from Equation 1.3 (Hermann et al., 2003).

dy
Npip = 1| — (1.3)
47V pd,

where o = surface tension, d,, = microwell diameter, V; = liquid fill volume, p =
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Figure 1.5: Dimensions of a single well from a 96-DSW microplate (left-
hand side) and the influence of increasing shaking speed (600, 1000
and 1400rpm, V,; = 400 pl) on fluid motion and gas-liquid interfacial

area available for oxygen transfer. Reproduced, with permission, from
Micheletti and Lye (2006).
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liquid density and d; = shaker diameter.

Numerous studies on gas-liquid mass transfer in shaken microwell systems have been
published. This is due to the predominance of studies on microbial fermentation
(Duetz et al., 2000)(Duetz and Witholt, 2001)(Doig et al., 2002). In general, reduc-
tion in culture volume, increase in shaking diameter, and increasing shaking speed
all result in an increase in oxygen transfer rate (OTR) (Duetz et al., 2000)(Duetz and
Witholt, 2001)(Kensy, Zimmermann, Knabben, Anderlei, Trauthwein, Dingerdissen
and Biichs, 2005)(Kensy, John, Hofmann and Biichs, 2005). For 96-well plates, ka
values of between 130 and 188 h~! have been reported under conditions suitable for
microbial cell growth, which are similar to those reported for stirred-tank reactors
(Duetz et al., 2000)(John et al., 2003). Also in 96-well format, a kza of 0.9 h™! has
been reported under conditions suitable for growth of CHO cells (Deshpande and
Heinzle, 2004).Kensy, Zimmermann, Knabben, Anderlei, Trauthwein, Dingerdissen
and Biichs (2005) quantified the kza in shaken 48-well plates and reported values of
up to 1,600 h~!. They stated that the well format had superior oxygen transfer rates
to both 96-well plates and shake flasks. In 24-well plates, kya values of between 75
and 250 h™! have been reported (Kensy, John, Hofmann and Biichs, 2005). Doig
et al. (2005) have measured kza and used dimensional analysis to establish a first

correlation (Equation 1.4) for predicting kya in shaken microplates.

kra = 31.35Da; Re® %S Fr® Bov (1.4)

where D = the diffusion coefficient, a; = the initial specific surface area, Re =
Reynolds number, S¢ = Scmidt number. Fr = Froude number, x = cocfficient that
depends of the microplate geometry (0.86 for 24-well plates, 0.64 for 96-well plate
and 0.51 for 384-well plates), Bo = Bond number and y = second coefficient that
depends on the microplate geometry (0.03 for 24-well plates, 0.15 for 96-well plates
and 0.18 for 384-well plates). The stated accuracy of the k;a prediction is £+ 30%.

For 96-well plates, OTR obtained in deep, square wells were approximately twice
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those obtained in round wells (Duetz and Witholt, 2004). Similarly, Hermann et al.
(2003) showed a significant improvement in interfacial area and OTR using deep,
square wells compared to standard round wells. It is thought that the square wells
disrupt the flow and promote more turbulent mixing (Hermann et al., 2003)(Duetz

and Witholt, 2004).

Despite this progress, knowledge of the basic fluid mechanics in shaken microwells
is still far from complete. For example, although the Reynolds number has been
published for some microwell systems (Weiss et al., 2002), information on how it
relates to laminar and turbulent flow regimes is still lacking. Understanding the
engineering environment in microwell systems will ultimately underpin their use in
bioprocess studies, ensuring the generation of reproducible, quantitative and scal-
able information. With regard to this latter point, two recent studies have shown
good quantitative agreement between E. coli fermentation kinetics obtained in mi-
crowells and STR format. In both studies, matched kya was used as a basis for

scale-translation (Micheletti et al., 2006)(Ferreira-Torres et al., 2005).

Evaporation from microwells has been shown to be a problem, particularly for slow
growing organisms such as mammalian and insect cells (Girard et al., 2001)(Bahia
et al., 2005). However this can be overcome by using a suitable membrane or clo-
sure on the top of the plate (Duetz et al., 2000). Careful selection of membranes
or an enclosure is required for a particular application to ensure sufficient oxy-
gen permeability yet minimise evaporation. Zimmermann et al. (2003) describe
rapid techniques to measure the oxygen permeability and water loss for a particular

microwell-membrane combination.

The ultimate goal for microscale bioprocessing techniques would be to apply the ap-
proach to as many unit operations as possible in a given bioprocess sequence. This
information would either directly mimic larger scales of operation or provide insight

into key scale-up issues or process options. Furthermore, important interactions be-
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tween steps could be captured, for example fermentation and primary recovery. To
date, microbial fermentation has been the most studied of all microwell unit opera-
tions (Duetz et al., 2000)(Doig et al., 2002)(Micheletti et al., 2006)(Ferreira-Torres
et al., 2005) In general, good agreement is seen in terms of biomass growth and
product titres compared with commonly used laboratory formats. Work on the cul-
tivation of yeast (Kensy, Zimmermann, Knabben, Anderlei, Trauthwein, Dingerdis-
sen and Biichs, 2005)(Jansen et al., 2003), filamentous organisms (Minas et al.,
2000)(Elmahdi et al., 2003), insect cells (Bahia et al., 2005) and immobilisation of
enzymes (Brandt et al., 2006) in microwell format has also been reported. In con-
trast, little work has focused on suspension-adapted mammalian cells. To date, just
two studies (Girard et al., 2001)(Strobel et al., 2001) have been published. The
former investigated the potential of shaken 12-well plates for the development and
optimisation of a transient transfection process in CHO cells. Compared to the titre
from a lab scale STR, two-fold more protein was achieved in microwell plates. In
addition, they reported that evaporation from the microwells was more significant
at the edges leading to systematic errors in the data. The second study by Strobel
et al. (2001) investigated the potential of substituting a shake flask with a 96-deep
well plate for media development. Using design of experiment techniques to asses
the data; growth and protein production data from the two geometries were ac-
cepted as equivalent. However, both studies failed to perform an engineering study
to understand the underlying mixing and mass transfer environment. To enable
predictive scale-up of microwell data, it will be first necessary to establish how key
parameters such as the volumetric oxygen mass transfer coefficient (kya) and shear

rate vary with agitation and well fill volume.

To improve fermentation performance, modifications to standard microwell plates
have been made. One such approach has been to improve the control of microwell
environments by invoking, for example, pH control. During microwell fermenta-
tions of Saccharopolyspora erythraea CA340 this lead to significant improvements

in product synthesis and yield (Elmahdi et al., 2003). Another strategy has been
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to promote better oxygen mass transfer. Puskeiler et al. (2005) have developed a
novel gas-sparging impeller that provides kza values of up to 1440 h~! while Doig
et al. (2005) created a novel microplate bubble column based on a 48-well plate. kya

values of up to 220 h~! were reported.

To date, there has been little work on downstream processing operations in microwell
format. Jackson et al. (2006) have established an automated microscale normal flow
filtration technique able to quantitatively evaluate the influence of upstream pro-
cessing conditions on the microfiltration behaviour of E. coli fermentation broths.
Similarly, Chandler and Zydney (2004) studied membrane resistance during the fil-
tration of baker’s ycast under varying conditions using a custom 96-well filter plate.
The data obtained was in good agreement with results from larger-scale filters. In
addition to microscale approaches to primary recovery, advances are being made
to miniaturise chromatography (Mazza et al., 2002)(Rege et al., 2004). This is a
particularly difficult operation to mimic in microwell formats owing to the dynamics
of product binding and influence of the phase flow rate on mixing and mass transfer.
Therefore, these studies have tended to focus on the screening of suitable resins and

the selection of binding conditions (Rege et al., 2006).

Once the procedure for a microwell experiment has been established, microplate han-
dling can be automated using robots with liquid-handling systems and integrated
centrifuges, incubators, plate readers and flow cytometers (Lye et al., 2003) (Harms
et al., 2002)(Fig. 1.5). Such robots are currently available through commercial sup-
pliers such as Tecan * and Perkin Elmer 3. Research here has tended to focus on the
automation of individual unit operations such as fermentation (Doig et al., 2002)
and filtration (Jackson et al., 2006). However, recently studies have looked at au-
tomating whole process sequences, such as the interaction between fermentation,
induction and bioconversion (Ferreira-Torres et al., 2005). The sequence of events

in this last study are shown in Fig. 1.6.

4www.tecan.com

Swww.perkinelmer.com

35


http://www.perkinelmer.com

Heater units Ironmentally
HEPA filters rolled cabinet

Removable fr I

panel with silicon
seals
position
rS;'illcubator

sition plate

Sealed hatch >
centrifuge

for additions

(a) Layout of the automated, high-throughput microwell platform used at UCL for
stem-cell processing.

Plate shuttle [moves

RoMa Arm )

plate from incubator
[Moves microtitre plates around the deck )

(just out of shot on
and to the centrifuge located underneath )

the right) onto the

8-tip Pipette the workstation]
head

worktop]

Disposabl
Pipette Tip

Temperature
o Titling plate rack [to help
controlled liquid
. when pipetting very small
reservoirs

volumes]

(b) Typical features of a liquid handling robot including pipette head, RoMa arm and
plate shuttle.
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(c) RoMa arm for transferring microtitre plates around the worktop, and between the
incubator, worktable and centrifuge.

(d) Automated liquid additions to parallel microtitre plates, illustrating the tilting
plate rack useful when aspirating very low volumes of fluid.

Figure 1.5: Photographs showing details of the automated, high-
throughput microwell platform currently used at UCL for stem-cell pro-
cessing.
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Figure 1.6: Automated microscale sequence for the evaluation of linked
fermentation and bioconversion processes. A recombinant E. coli TOP10
biocatalyst was first produced at two different carbon source concentra-
tions. The specific Baeyer-Villiger monooxygenase activity of whole cells
from each fermentation process was then determined for three different
ketone substrates, each as two different initial substrate concentrations.
Reproduced, with permission, from Ferreira-Torres et al. (2005).

Microtitre plates with integrated sensors are presently available on the market
through companies such as PreSens®and Applikon 7. Typical parameters measured
are pH (Weiss et al., 2002)(John et al., 2003) and dissolved oxygen (John et al.,
2003)(Deshpande and Heinzle, 2004)(Guarino et al., 2004)(Kensy, Zimmermann,
Knabben, Anderlei, Trauthwein, Dingerdissen and Biichs, 2005)(Kensy, John, Hof-
mann and Biichs, 2005). Samorski et al. (2005) developed a non-invasive technique
to monitor the light scattering and NADH flourescent of microbial cultures in 96 well
plate. The data captured was used to distinguish differences in lag phase, growth
velocities and inoculation densities during the screening of clonal libraries.

More recently there has been growing interest in the use of microfluidic devices for

Swww.presens.de/html/start.html
"www .applikon-bio.com/cgi-bin/applikonbio/basis-micro-bioreactor-u24
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high-throughput bioprocess development. This technology permits a further reduc-
tion in culture volume to the micro-litre level. Already groups have looked at the
culture of microbial (Zhang, Szita, Boccazzi, Sinskey and Jensen, 2005)(Zanzotto
et al., 2006)(Szita et al., 2005)(Balagadde et al., 2005) and animal cells (Schulz
ct al., 2002)(Lec ot al., 2006) on microfluidic chips, often with integrated sensors for
pH, DOT and biomass monitoring. The advantages of using microfluidic chips to
obtain bioprocess data are the greatly reduce working volume, their compatability
with standard laboratory automation equipment®, and precise control of their mi-
croenvironment through rapid heat and mass transfer (Lee et al., 2006). At present
their is no engineering basis to relate microfluidic culture conditions with large-scale
bioreactors. More importantly, the high surface area to volume ratio of these sys-

tems could lead to problems with quantification and reproducihility.

1.5 Aim and Objectives of Thesis

The overall aim of this thesis is to establish a potentially automated, microwell
approach for rapid cell culture process development. As described in Section 1.4.4,
microwell cell culture was chosen because the advantages of such an approach would

include :

e a reduction in the quantity of often expensive media required for cell culture

process development.

e the potential to operate automated whole process sequences in microwell for-

mat.
e a more rapid translation of processes from discovery to pilot plant scale.

e the rapid generation of design data for use in process or economic models.

The culture of mammalian cells in these systems is also poorly described in the

literature and yet as described in Section 1.3.1 they are now the expression system

8www.bioprocessors.com
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of choice for therapeutic antibody production. Consequently the production of IgG
in hybridoma cell cultures will be examined. The specific objectives are described

below:

e Initially, it will be important to characterise the engineering environment
in shaken microwells under conditions that are relevant to the culture of

suspension-adapted mammalian cells. This will be covered in Chapter 3.

e Next, characterise hybridoma growth, antibody production and metabolism
in batch shaken microwell cultures within the characterised engineering envi-
romment. This will allow the impact of the fluid hydrodynamics on culture
performance to be understood and also help define optimal culture conditions.

This work will be described in Section 4.

¢ Finally, make an initial attempt at scaling-up a microwell culture to shake
flasks and a bench-scale stirred-tank rcactor using matched average cnergy

dissipation as a basis for scale-translation. This is covered in Section 5.
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Chapter 2

Materials And Methods

2.1 Cell Culture

2.1.1 Cell Line Description and Medium Formulation

Two suspension adapted cell-lines were used in this work. A VPM 8 hybridoma
cell line (ECACC, Salisbury, UK: Catalogue number: 93113024) expressing IgG1
(directed against a 27 kDa light chain of ovine immunoglobulin) and a null CHO-S

cell-line (Invitrogen, Paisley, Scotland).

Hybridoma cells were cultured in RPMI-1640 medium supplemented with 10% (v/v)
fetal bovine serum (FBS), 1% (v/v) sodium pyruvate and 1% (v/v) 200 mM L-
glutamine. For cultures conducted in the stirred-tank reactor, the media was sup-
plemented with 1 g 17! Pluronic F68 (Invitrogen,Paisley,UK) and 6 mg 1! silicone
antifoam to allow direct sparging. Unless stated, all media components were pur-
chased from Sigma (Poole, UK) and were of the highest purity avaliable. The CHO
cell line was cultured in CHO-S-SFM 1II, a proprietary serum-free, low protein media

(Invitrogen, Paisley ,UK).

2.1.2 Creation of Cell Bank

Ceclls were cultured in 250 ml shake flasks (50 ml) until 48 hours, transfered into 50 ml

centrifuge tubes and centrifuged at 200g for 5 minutes. The cells were resuspended
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at a density of 1 x 107 viable cells ml~! in 1 ml of freezing media (see below) and
transferred into 1 ml sterile cryovials (Fisher, Loughborough, UK). These cryovials
were loaded into a Nalgene Mr Frosty freezing container (Sigma, Poole, Dorset, UK)
and placed in a -70°C freezer. After 24 hours, the vials were transferred to cryocanes

and stored in a liquid nitrogen dewar.

Hybridoma cells were frozen in 90% (v/v) FBS (Sigma, Poole, Dorset, UK) and 10%
(v/v) DMSO . CHO-S cells were frozen in 50% (v/v) fresh growth medium and 50%
(v/v) conditioned growth medium (day 2 to 4 cell conditioned media collected from
CHO-S cultures during subculture procedure) and DMSO to a final concentration of
7.5% (v/v). DMSO was purchased from Sigma (Poole, Dorset, UK). Both freezing
media were prepared immediately before use. In addition, they were filter sterilised

and chilled to 4°C.

2.1.3 Revival of Cells From Liquid Nitrogen Storage

Hybridoma cells were removed from liquid nitrogen and rapidly thawed in a 37°C
water bath. The liquid contents of the vial were then transfered into a sterile 15 ml
centrifuge tube followed immediately by 9 ml of cold (4°C) RPMI-1640 media added
drop-wise. The tube was centrifuged at 200g for 5 minutes. Following removal of
the supernatant, the pellet was resuspended in 15 ml of pre-warmed (37°C) RPMI
media and then transferred into a 125 ml shake flask. This flask was then placed on
a shaker platform (IKA KS 260 control, Fisher Scientific, Loughborough, UK) (100

rpm) in a 37°C incubator containing a humidified atmosphere of 5% CO, (v/v) in air.

Likewise, CHO-S were removed from liquid nitrogen and rapidly thawed in a 37°C
water bath. The conteuts of the cryovial was transfered into a 125 ml shake flask
containing 27 ml of pre-warmed CD-CHO medium supplemented with 8 mM L-
glutamine and 10 ml 1°! of HT supplement. This flask was incubated in a 37°C
incubator containing a humidified atmosphere of 5% CO; (v/v) in air on an orbital

shaker platform (IKA KS 260 control, Fisher Scientific, Loughborough, UK) rotat-
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ing at 130 rpm.

2.1.4 Shake Flask Cultures

Cells were routinely maintained in plastic shake flasks (Corning 125 ml or 250 ml
polycarbonate Erlenmeyer flasks with veut caps; Sigina, Poole, UK) at volumes be-
tween 25 and 50 ml. These were kept on an orbital shaker in a 5% (v/v) CO,, 37°C
incubator. The shaking platform was set to agitate at either 100 rpm (hybridoma)
or 130 rpm (CHO-8). Cells were seeded at a density of 1x10° cells ml™" (hybridoma)
or 2x10% cells ml~! (CHO) and sub-cultivated every 2-3 days.

2.1.5 Shaken Microwell Cultures

Three individual microwell formats were used in this work:

1. 96-deep, square wells (96-DSW) (ABgene, Epsom, Surrey,UK) (Fig. 2.1).

2. 24-standard round wells (24-SRW (PS)). The plate was fabricated from polystyrene.
(TPP, Trasadingen, Switzerland) (Fig. 2.1).

3. 24-standard round wells (24-SRW (ULA)). All wells were coated with an Ultra-
low attachment layer to inhibit cell and protein attachment (Corning, New

York, USA) (Fig. 2.1)

Two baffle configurations, single-wall (Fig. 2.2) and double-wall (Fig. 2.2), were de-
signed and fitted into the wells of a 24-SRW (ULA) plate (Fig. 2.2). All baffles were
1.5 mm x 1.5 mm perspex cylinders that spanned the complete height of the wells.
Baffles were affixed to the walls using silicone glue. Before use, the baffled microwell

plate was sterilised by gamma irradiation (Isotron, Swindon, UK).

Cells were seeded at a density of 1x10° cells ml~! (hybridoma) or 2x10° cells ml~!

(CHO) using diluted mid-exponential (48 hr) culture. 24-SRW plates were inoc-
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Figure 2.1: Schematic diagram of individual microwell formats as de-
scribed in Section 2.1.5: (a) 96-deep square well format (96-DSW); (b)

24-standard round well format (24-SRW (PS)); (c) 24-standard round
well format with ultra-low attachment coating (24-SRW (ULA)). V|, rep-

resents the total well volume.
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ulated using 1 - 2 ml sterile, serological pipettes while the 96-SRW plate was in-
oculated using a 12-channel pipette, sterile 300 ul Eppendorf biopur tips (VWR,
Lutterworth, Leicstershire, UK) and a Corning reagent reservoir (Sigma, Poole,
Dorset, UK). Before inoculation of a 24-SRW (ULA) plate, the surface coating was
conditioned by filling the wells with cell-culture media and then incubating at 37°C
for 1 hr; prior to inoculation this media was aspirated. All microwell cultures were
covered with a Diversified Biotech Breathe-easy membrane (Sigma, Poole, Dorset,
UK) to minimise evaporation over extended periods of culture. These cultures were
incubated in a 37°C incubator containing a humidified atmosphere of 5% CO4 (v/v)
in air on an orbital shaker platform (Heidolph rotamax 120, Wolf labs, York, UK)
(shaking diameter (dg) = 20mmnmn) rotating at speeds between 120 - 250 rpu. Well fill
volumes (V) were between 800 y:l and 2000 4l for 24-SRW plates and 300 41 - 600
ul for the 96-DSW plate. For analysis (Section 2.8), the entire contents of triplicate
sacrificial wells were removed. Evaporation of the culture was monitored throughout
by weighing the sample in microcentrifuge tubes of predetermined weight. All cul-
ture data was corrected for evaporation losses using the ratio between initial volume
and the measured volume at each time point in order to allow direct comparison

with shake flask and STR culturc data where no cvaporation was considered to occur.

Before each experiment, the temperature of the liquid contents of each well was cali-
brated to 37°C by manipulation of the incubator chamber temperature. A microwell
plate was filled with distilled water to the required working volume, covered with
a membrane and shaken at the correct speed. Fluid temperature was monitored
overnight using a thermocouple. The incubator chamber temperature was then ad-

justed to achieve 37°C in each well.

Unless stated, all microwell cultures were performed in triplicate. All data was av-

eraged and standard deviations were calculated.
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Figure 2.2: Schematic diagram of baffled microwell configuration as de-
scribed in Section 2.1.5. (a) Single wall baffle configuration; (b) double
wall baffle configuration. 24-standard ultra-low attachment plates (24-
SRW (ULA)) were fitted with both baffle designs.
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(a) Sdiematic of 5-L. STR (b) 3-blade segment impeller

Figure 2.3: Schematic diagram of the 5-LL STR and an image of the 3-
blade segment impeller as described in Section 2.1.6

2.1.6 Stirred-Tank Reactor (STR)

Ejcperiments were conducted in a 5-L. B.Braun BIOSTAT B-DCU (Sartorius, Epsom,
Surrey, UK) with a 3-L. working volume (Diameter of vessel = 16 mm) (Fig. 2.3a).
Agitation was provided by a single, down-pumping, 3-blade segment impeller (Dj
= 0.07 m) rotating at 200 rpm, positioned 70 mm above the base (Fig. 2.3b). Su-
pervisory control and data acquisition was managed by an MFCS/Win 2.0 system.
Temperature was controlled at 37*0 using an electrical heating blanket. pH was con-
trolled at 7.2 £0.1 using pure CO2 in the inlet gas. The dissolved oxygen tension
(DOT) was maintained at 30% + 1% of saturation using air, oxygen and nitrogen.
Headspace aeration was found to be sufficient for the first 48 hours of culture, there-
after intermittent direct sparging was necessary; a gas flow rate of 100 cm® min~"
was used throughout. A ceramic, microporous sparger was used for all cultures.
The vessel, containing 3-L of distilled water, was sterilised on a fluids cycle at 121
*C for 20 minutes; before inoculation this water was aseptically removed. Cells were
seeded at a density of IxX10® cells m1“* using diluted mid-exponential (48 hr) culture.

The STR cultures (Section 5.3) were performed in duplicate.
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2.2 DOT Measurements in Microwell and Shake

Flask Culture

Non-invasive measurements of dissolved oxygen tension were made in shaken mi-
crowell and shake flask cultures using oxygen sensor spots. The spots, affixed to
the bottom surface of the vessel using silicone glue, consisted of oxygen sensitive
flouresecent molecules immobilised onto a glass support. To make measurements,
the cultures were removed from the incubator and clamped onto a retort stand to al-
low access to the spots. The fibre optic probe, attached to a Fibrox 3 oxygen meter,
was then positioned directly below each spot to excite the oxygen sensitive molecules
and record the subsequent fluorescence (Fig. 2.4). Flourescence measurements were
converted into the equivalent DOT reading using Oxyview sofware, installed on a
PC. Before each culture, dissolved oxygen tension in the microwell plates was cali-
brated using air and pure nitrogen. This plate as then sent to be gamma-sterilised
(Isotron, Swindon, UK). The oxygen sensitive spots, the Fibrox 3 oxygen meter and
its fibre optic probe; and oxyview software were purchased from PreSens (Regens-

burg,Germany).

2.3 Description of Liquid Phase Hydrodynamics

Predictions of the liquid-phase hydrodynamics in shaken microwells, shake flasks and
STRs were made using Reynold’s number (Re), Froude number (Fr), Phase number
(Ph) and the critical shaking frequency (Ne-it)); the results of which are discussed
in Section 3.2 and 2.6.2. Equations 2.1,2.2,1.2 and 1.3 were used to calculate the

respective values.

Re = —pN#—dz (2.1)
2
Fr= (2”2];[ )'d (2.2)
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Figure 2.4: Non-invasive measurements of dissolved oxygen in shaken mi-
crowell and shake flask cultures using a PreSens (Regensburg, Germany)
flbrox 3 meter and oxygen sensitive spots. Spots were affixed to the bot-
tom surface of the vessels using silicone glue. Before gamma-sterilisation,
the dissolved oxygen tension was calibrated using air and pure nitrogen.
Figure reproduced courtesy of PreSens.
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where p = liquid density, u = liquid viscosity, N = shaking speed or impeller stirring
speed, d = characteristic length (see below for explanation), g = acceleration due
to gravity (= 9.81 m s~2). Liquid properties were assumed to be those of water at
37°C. The characteristic length (d) was taken as the microwell diameter (d,, = 15.94
mm), maximum inside diamectcr of the shake flask (dy = 8.0 cm) and the impeller
diameter (D; = 7.0 cm)(Fig. 2.3a). The orbital diameter of the shaker platform (d;)

was 20 mm.

2.4 Oxygen Mass Transfer Coefficients (k;a)

2.4.1 Prediction of K;a in Shaken Microwells

Ka in microwells was predicted using Equation 1.4. As discussed in Section 2.1.5, all
microwell cultures were covered with a breathe-easy membrane to maintain sterility
and reduce evaporation; however, they provide resistance to gas exchange. Pickering
(2007) experimentally measured a 2.25 times reduction in the kza of a well covered
with a breath-easy membrane compared to the uncovered well. The following phys-
ical properties were used in Equation 1.4: orbital shaking diameter (d;) = 20 mm,
microwell diameter (d,) = 15.94 mm, oxygen diffusion coefficient (D) = 2.69 x 10~°
m? s7! (Micheletti et al., 2006). initial air-liquid specific surface area (a;) = 249.9
m~! and wetting tension (w) = 0.0012 N m~! (Doig et al., 2005). Liquid properties
were assumed to be those of water at 37°C. Predictions of K;a in shaken microwell

plates are discussed in Section 3.3.

2.4.2 Measurement of k;a in the Stirred-Tank Reactor

kra in the 5-L STR (Section 2.1.6) was measured experimentally using the static
gassing-out method discussed by Lamping et al. (2003) and Betts et al. (2006). 3-L
of 100mM PBS pH 7.4 at 37 °C was used to represent a non-coalescing cell-culture

1

media. A sparging rate of 100 cm® min~! was used in all experiments. Measure-

ments were collected at 50, 150 and 200 rpm. Before measuring k;a, the response
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time (7,) of the calibrated probe was measured by equilibrating the DOT reading at
100% in air and then rapidly plunging the probe into the STR containing nitrogen
gas. The response time was defined as the time taken for the DOT reading to fall
to 37% of air saturation and was found to be 20 + 2's (n = 3 + 1 sd) Before each
experiment, the DOT probe was calibrated in-situ at 100% and 0% of air saturation
by sparging air and nitrogen respectively. A typical experiment began by sparging
nitrogen to reduce the DOT to 0%, then the gas supply was switched to air and the
rise in DOT monitored using the MFCS logging software, described in Section 2.1.6.
Fig. 2.4.2 shows the increase in DOT, at 50 and 200 rpm, following the initiation
of air sparging. k;a was determined , as discussed by Lamping et al. (2003) and
Betts et al. (2006), by entering the 7, and DOT values into the Marquardt algo-
rithm (Equation 2.3) and solving using Microsoft Excel. All k;a measurements were

conducted in duplicate. A mean and standard deviation were then calculated.

C,= t—i'r—‘[tm exp(—t/t,) — Toexp(—t/7p)] (2.3)

m — Tp
where C, = normalised DOT measured by the probe; t,, = 1/k;a and 7, = probe

response time.

2.4.3 Prediction of k;a in Shake Flasks

The mass transfer coefficient in 250 ml shake flasks was predicted using Equation 2 4.
This equation was developed by Gupta and Rao (2003) and takes into account the

resistances of the closure and the gas-liquid interface:

1 1 1 77!

ka)e = — |~ 4+ —
(k19)ed = 7= | 37K Viksa

(2.4)

where: (kpa)e, = equivalent oxygen mass transfer coefficient; V; = volume of liquid

in flask; M = equilibrium constant of oxygen between the gas and liquid phases;
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Figure 2.5: Examples of the oxygen uptake curves used to quantify k;a
in the 5-L STR described in Section 2.1.6. A fill volume of 3-L (PBS
pH 7.4) and sparge rate of 100 cm® min~! were used at the two agitation
speeds (N): 50 and 200 rpm. Nitrogen gas was used to reduce the DOT
reading to 0 %, following this, the gas supply was switched to air and
the subsequent rise in DOT captured using MCFS data-logging software.
For each curve, the k;a was determined using the Marquardt algorithm
described in Section 2.4.2.
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Figure 2.6: Perspex mimic of a single well for a 24-SRW (ULA) plate
used for mixing time studies. Dimensions of the well were the same as
the actual wells from the microplate. The faces were square to avoid
image distortion during high-speed video footage.

kf,a = interfacial oxygen mass transfer coefficient and k = oxygen mass transfer

resistance due to the closure.

In the estimation of kf,a, M was assumed to be 41 (Gupta and Rao, 2003). The
closure of the shake flask was assumed be a milk filter with k = 5.7x10”" m® h~"
(Gupta and Rao, 2003). An interfacial oxygen mass transfer coefficient (k[,a) of 10
h~" was assumed. This value was predicted for a 250 ml shake flask, operating at
100 rpm with a 100 ml fill using CFD (Zhang, Williams-Dalson, Keshavarz-Moore
and Shaiulou, 2005).

2.5 Liquid Phase Mixing Time Characterisation

All microwell mixing studies were conducted in a perspex mimic of a single well
from a 24-SRW (ULA) plate (Fig. 2.5). The mimic was designed with square faces
to avoid distortion of video images, in addition, it was mounted on a large perspex

block to improve stability during shaking.
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All liquid additions to the wells were made using a 10 ul pipette tip held directly
over the center of the well using an expanded polystryene cap. All experiments were
conducted on an orbital shaker platform with a shaking diameter (d,) of 20 mm.
To make an addition, the 10 pl tip was connected to a 10 ul Gilson pipette, held
stationary and vertically above the well with a retort stand and clamp, using PEEK
tubing. The tip was removed from the cap, loaded with liquid, then replaced into

cap. The liquid was then aspirated into the liquid in the well when required.

Mixing times studies in the 5-L STR were also performed. All liquid additions to
the STR were made from the same position, located 2 cm under the liquid surface

(Hadjiev et al., 2006). Additions were made in = 2-3 s using a serological pipette .

Images of the mixing kinetics were captured using a NAC HSV 500 digital high
speed video system (NAC Image technology, Simi Valley, CA, USA). Images were
recorded at a speed of 250 frames per second. The images were transferred to a
PC and converted to TIFF format. Furthermore, to reduce memory requirements,

TIFF files were converted into JPEG format.

To initially visualise the mixing of a small liquid addition into the liquid content of a
well, 1% (v/v) inert blue food dye (Supercook, Leeds, UK) was injected into water.
This dye has been shown not to significantly alter the physical properties of the fluid

(Nealon et al., 2006). Each flow visualisation experiment was performed in triplicate.

Iodine decolourisation using sodium thiosulphate was used to actually quantify liq-
uid phase mixing times (Nienow et al., 1996). Upon addition of thiosulphate, iodine
solution changes from an orange colour to completely colourless. The duration of
this colour transition was defined as the mixing time. 1% (v/v) additions of 1.8
M sodium thiosulphate were made to 0.5 M iodine solution using the apparatus

described above. Both reagents were purchased from Sigma (Poole, Dorset, UK).
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The progression of the decolourisation was monitored using a stop watch and a dig-
ital video camera. To estimate mixing times using the video footage, the number
of frames between addition and complete decolourisation were divided by the frame
speed. All mixing time measurements were made in triplicate. Values were averaged

to obtain a mean and standard deviation.

For 24-SRW (ULA) plates, both the flow visualisation and mixing time quantifi-
cation experiment were performed for 800, 1000 and 2000 ul fill volumes, over the
range of shaking speeds 0 - 300 rpm. For the 3-L STR, both experimental proce-
dures were conducted using a 3-L fill volume and stirrer speed ranging from 50 - 250

rpm. The vessel remained unaerated throughout.

2.6 Characterisation of Energy Dissipation Rates

2.6.1 Prediction of Energy Dissipation Rates in Shake Flasks

Energy dissipation in shake flasks was predicted using Equation 1.1, as discussed in
Section 1.4.3. Predictions were made for a 250 ml shake flask with a maximum inner
diameter (dy) of 8.0 cm, shaken on a orbital shaking plate with diameter (d,) of 10
mm. The properties of water at the working temperature of 37°C were assumed. Cs

was 1.94 (Biichs et al., 2000a).

For experiments investigating the effect of energy dissipation rate on cell perfor-
mance (Section 5.2), diluted culture in 250 ml shake flasks was incubated in a 37°C
incubator containing a humidified atmosphere of 5% CO, (v/v) in air. To produce
mean energy dissipations rates (P/V) of 0, 40 and 810 W m~3, the following con-
ditions were used: 100 ml (liquid fill volume) and 0 rpm; 100 ml and 120 rpm; and
20 ml and 250 rpm respectively. The orbital shaker platform had a diameter of 10

mm. Samples were taken every 12 - 24 h.
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2.6.2 CFD Modelling of Shaken 24 Well Plates

The volume of fluid (VOF) method was used to solve the transient forms of the
Navier-Stokes equation that govern the motion of the gas and liquid phases. In
addition, the continuum-surface-force (CSF) model was invoked to model surface
tension acting at the gas-liquid interface. All equations were solved using the com-
mercial software packages CFX 4 and CFX 5 (AEA Technology, Didcot, Berks,UK).
Full details of this method can be found in Zhang, Williams-Dalson, Keshavarz-
Moore and Shamlou (2005).

All CFD models presented in this thesis were developed and analysed by Dr. Hu

Zhang.

2.6.3 Power Input to a 5-LL STR

Power input to the 5-L. STR was measured using an air-bearing and pressure trans-
ducer as shown in Fig. 2.7. The impeller was held in a position identical to that
used to culture cells. 3-L of water was used to simulate cell culture media. Changes
in the pressure exerted on the transducer by the air-bearing’s cue were logged on
a PC using Winso software (HEL Ltd, Barnet, Herts, UK). Before all power mea-
surements, the transducer was calibrated at 0 g and 1.3 g. Power input through
stirring manifests itself as pressure changes on the transducer. For each experiment,
a step-change in the mass reading from the transducer was obtained following the
commencement of agitation. Changes in the mass exerted were converted to a force

using Equation 2.5:

F=mg (2.5)

where F = force, m = mass and g = acceleration due to gravity (9.81 m s72).

This derived force value was then converted to torque using Equation 2.6:
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Figure 2.7: Experimental set-up to measure power input to a 5-L STR

as described in Section 2.6.3.



T=FR (2.6)

where 7 = torque, F = force and R = perperdicular distance from the direction of

the force (transducer) to the pivot (14 cm).

The angular speed of the impeller was calculated using Equation 2.7:

211
=2_N 2.
w &5 (2.7)

where w = angular speed of stirrer and N = stirrer speed.

The product of torque (7) and angular speed (w) yielded the measured power input

due to stirring:

P=r1uw (2.8)

where P = measured power input.

Using Equation 2.9, the Power Number (Po) of the 3-blade segment impeller was
then calculated:

P

Po = ——-——pN3Di5

(2.9)

As discussed in Section 2.1.6, the diameter of the impeller (D;) was 0.07 m. Each
experiment was performed in triplicate. Both a mean Power number and standard

deviation were derived.
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2.7 Derived Growth and Metabolic Parameters

2.7.1 Estimation of maximum specific growth rate

Growth rate was estimated by plotting the natural logarithm of viable cell con-
centration measured during the growth period against time. The gradient of the

resultant straight line was taken as the maximum specific growth rate.

The following equations were adapted from those given by Sauer et al. (2000).

2.7.2 Integral of viable cell concentration (IVC)

The integral of viable cells for each discrete time interval was obtained using Equa-
tions 2.10 and 2.11, where (X, Vy); and (X, V), are the total number of viable cells
at times t; and tq, respectively. (X, V),ve is the average total number of viable cells

for the time interval t, - t;. Xy = viable cell concentration.

t
/t " X, Vidt = (XoVi)ave(ts — t1) (2.10)

(X‘UVL)G.Ue — (X‘UVL)I ; (XUVL)2 (211)

The integral of viable cells was estimated by summing all of the discrete time interval

values at t = (t; + t3) / 2:

t ina.
.f'xmm=zmmmﬁrm) (2.12)
t

tinitial
The integral of viable cell concentration was obtained by dividing Equation 2.12 by

the final culture volume.

Linitial

Hinat 3 V1 dt
vVL

el 2.13

Vfinal ( )
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2.7.3 Average specific antibody production rate

The average specific antibody production rate, q%), was calculated using Equa-
tion 2.14, where Ab; was the antibody concentration at time t. The average specific
antibody production rate was obtained by dividing the cumulative antibody pro-
duced by the integral of viable cells; this expression was evaluated at the end of the

culture. Lactate production was calculated in the same manner.

q — Abt!inal"/tfinal - Abtinitial"/tinitial (2 14)
A Jelmet X, Vydt

tinitial

2.7.4 Specific glucose consumption rate

The average specific glucose consumption rate qgj; was calculated using Equa-
tion 2.15, where gluc; was the cultures residual glucose concentration at time t.
The average specific glucose consumption rate was obtained by dividing the cumu-
lative glucose consumed by the integral of viable cells; this expression was evaluated

at the end of the culture.

ave __ gluctinitial ° ‘/tinitial - gluctjinal 'I/tfirml
gluc — tfinal
f Linitial XyVydt

(2.15)

2.8 Analytical Techniques

2.8.1 Cell Number and Viability Quantification

Cell number and viability were assessed immediately post sampling using a CASY
TTC cell counter (Sedna Scientific, Derbyshire. Uk) and trypan-blue exclusion. The
supernatants harvested from each sample were stored at -20°C for subsequent anal-

ysis of metabolites and antibody titer once the cultivation was complete.
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2.8.2 Quantification of Antibody Concentration

A “sandwich” ELISA technique was used to quantify antibody titers in supernatant
samples. All 96 wells of a NUNC Maxisorp plate (VWR, Lutterworth, Leicstershire,
UK) were coated with 100 ul of anti-mouse IgG (Fab specific) at a concentration of 2
pug ml~! and incubated at 4°C overnight. Each well was then washed three times with
100 pl of PBS-Tween20, pH 7.4. Following aspiration, 200 ul of 1% (w/v) skimmed
milk was added to each well to block unbound sites, and the plate was incubated for
1 hour on a reciprocating shaker. Following another wash cycle, 100 ul of blocking
solution (1% (w/v) skimmed milk) was added into each well except row A. 200 ;l
of IgG standard (1 ug ml~!) and diluted sample (10 fold) were loaded into row A in
duplicate. Using a 12-channel pipette, the standards and samples were then serially
diluted down the plate, by taking 100 ul from row A and transferring to row B,
pipette mix 5 times and transfer of 100 ul to row C and this was repeated until to
row H. Wells H1 and H7 were used as blanks. The plate was covered in cling filim
and incubated for 2 hours at room temperature. Following incubation, the plate was
washed and 100 pl of anti-mouse IgG (Fc specific) peroxidase conjugate added to
each well at a concentration of 1.4 ug ml~!. This was incubated for 1 hour at room
temperature. After washing, 100 ul of 3, 3’, 5, 5’ tetramethylbenzidine liquid sub-
strate was added to each well, and allowed to develop for 3 minutes. Subsequently
100 ul of 1IN HCI was added to each well to stop the reaction and the absorbance was
measured at 450nm using a microplate spectrophotometer (Tecan, Reading, UK).

Unless stated, all reagents were purchased from Sigma (Poole, Dorset, UK).

2.8.3 Quantification Of Glucose, L-Lactate and Glutamine

Concentration

Glucose, L-lactate and glutamine were all measured using an YSI 2700 select bio
analyser (YSI inc., Yellow Springs, Ohio, USA). All three assays work on the same
principle: Au enzyme specific for the substrate of interest is immobilized between

two membrane layers, polycarbonate and cellulose acetate. The substrate is oxidized

61



as it enters the enzyme layer, producing hydrogen peroxide, which passes through
cellulose acetate to a platinum electrode where the hydrogen peroxide is oxidized.

The resulting current is proportional to the concentration of the substrate.

2.8.4 pH and Osmolality Measurements

pH was measured using a Thermo microcombination pH electrode 16Ga needle tip
(World Precision Instruments Ltd, Stevenage,UK) and Hanna pH meter. Before
each reading the probe was calibrated with pH 7 and pH 4 buffer heated to 37°C.

The meters’ manual temperature compensation was set to 37 °C.

Osmolality measurements were made using a Camlab automatic osmometer (Cam-
lab, Cambridge,UK). Zero osmolality was set using distilled water and the span was

calibrated with a 300 milliosmol standard solution (Camlab).

2.9 Statistical Tests

One-way ANOVA and a student’s t-test were used to compare mean viable cell con-
centrations. All calculations were performed using Minitab software (Minitab 1td,

Coventry, UK). A 95% confidence interval was used throughout.
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Chapter 3

Engineering Characterisation Of

Shaken Microwell Plates

3.1 Introduction and Aims

Optimisation of suspension cell-culture is traditionally carried out in spinner flasks,
shake flasks, and small bench-scale stirred-tank reactors (STR) as previously de-
scribed in Chapter 1. The current need to reduce process development time necce-
sitates the adoption of high throughput experimentation, however, the labour and
material costs involved render this almost impractical at conventional scales (Lye
et al., 2003)(Girard et al., 2001)(Micheletti and Lye, 2006). In contrast, experimen-
tation in microwell format offers a potential new platform technology to obtain key
process design data early and cost effectively (Lye et al., 2003). The use of microwell
format readily lends itself to automation (Doig et al., 2002)(Nealon et al., 2005),
and the implementation of advanced operating strategies such as liquid addition for
pH control (Elmahdi et al., 2003) and fed-batch operation. For such an approach to
be implemented, it is first necessary to understand the influence of the engineering
environment in microwells on cell-cultures. This will be vital for defining optimal

operation for cell-cultures and ultimately a reliable basis for process scale-up.

The aim of this first chapter is to characterise the engineering environent in shaken

microwells under conditions that are relevant to the culture of suspension adapted
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mammalian cells. As a model system the culture of VPM 8 hybridoma cells in
shaken 24-well plates will be considered. The specific objectives of this chapter are

thus to:

e Use existing correlations, as described in Section 1.4.3, to predict fluid hy-
drodynamics and oxygen mass transfer cocfficients over the range of likely

operating conditions.

e Experimentally measure liquid phase mixing times in shaken 24-well (ULA)
plates, and a laboratory scale STR, based on the iodine decolourisation method,

as described in Section 2.5.

e Use CFD modelling of shaken microwells to obtain an initial insight into the
energy dissipation and shear rate within individual microwells. In addition,
use high-speed video footage to observe fluid motion and the deformation of

the gas-liquid interface in microwells.

e Consider potential basis for scale-up of microwell culture conditions based on
parameters such as mixing time, energy dissipation and oxygen mass transfer

coefficient.

3.2 Prediction of Liquid Phase Hydrodynamics

In Section 2.3, the Reynolds (Re), Froude (Fr), and Phase (Ph) numbers were intro-
duced as parameters used to characterise liquid phase hydrodynamics. Re is defined
as the ratio of inertial forces to viscous forces, and may be defined for shaken systems
using Equation 2.1. Fr is defined by Equation 2.2 as the ratio of radial to axial forces
for shaken systems (Biichs et al., 2000b). Ph is defined by Equation 1.2, and marks

[4

the boundary between “ in-phase” and “out of phase” shaking conditions (Biichs
et al., 2000b). During “ in-phase” conditions (Ph >1.62, Fr > 0.4), the whole of
the liquid moves with the rotation of the shaker platform. Operation under “out
of phase” conditions is characterised by a significant proportion of the liquid not

following the motion of the shaker. As a direct result, both the oxygen transfer rate
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Table 3.1: Re, Fr and, Ph numbers calculated for a 24-well (ULA) plate.
All calculations used a microwell diameter (d,,) = 15.94 mm, shaker diam-
eter (d,) = 20 mm, and assume the fluid properties of water at 37°C. Re,
Fr and Ph were calculated using Equations 2.1, 2.2 and 1.2 respectively.

N [rpm]
Viul] 120 160 200 225 250 300
Re - 730 973 1220 1370 1520 1830
Fr - 0.16 0.29 045 057 070 1.0

Ph 80 82 87 90 92 94 97
1000 88 92 96 9.8 10 10
2000 11 11 12 12 12 12

and mixing intensity are reduced (Biichs et al., 2000b).

Table 3.1 presents the calculated Re, Fr and Ph numbers for the microwell plate
and range of conditions to be used in this work. To date, there have been no studies
linking Re to flow regimes in shaken microwell plates (Micheletti et al., 2006). So
while the values are presented in Table 3.1, it is not possible to say whether the
flow is turbulent or not. “ In-phase” operation is predicted to exist in 24-well plates
when N > 200 rpm since Fr > 0.4 and Ph > 1.26. Between 120 - 160 rpm, a large
fraction of the liquid is likely to remain in contact with the base and not follow the
motion of the shaker platform. This may result in reduced mixing intensity and

oxygen transfer.

By comparison, the Re of the shake flask, conditions to be used as an experimental
comparison (Section 3.7), was calculated as 18,000. Recently, it has been proposed
that turbulence prevails in non-baffled shake flasks when Re > 60,000 (Peter et al.,
2006). Given that laminar flow is highly unlikely from visible observations, it seems
sensible to suggest transitional flow in the shake flask. The value of Re calculated
in the 5-L STR ranged from 5,900 at 50 rpm, to 29,000 at 250 rpm. For an unbaf-
fled STR, turbulent flow is not fully devcloped until Re > 10° (Doran, 1995). The
values predicted suggest the flow for the STR to also be in the transitional region.
“ In-phase” conditions were predicted for the shake flask comparison (Fr = 0.64, Ph
= 2.68). While the “ In-phase” ,“ out- of-phase” concept does not apply to the STR
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Table 3.2: Mean volumetric oxygen mass transfer coefficient (K a) pre-
dicted for a 24-well (ULA) plate covered with a breathe-easy membrane.
Equation 1.4 was first used to generate the values corresponding to an un-
covered well. A correction factor was then applied to compensate for the
membrane as described in Section 2.4.1. All calculations used a microwell
diameter (d,) = 15.94 mm, shaker diameter (d,) = 20 mm, oxygen dif-
fusion coefficient (D) = 2.69x107° m? s~! (Micheletti et al., 2006), initial
air-liquid specific surface area (a;) = 249.4 m~! and wetting tension (W)
= 0.0012 N m™! (Doig et al., 2005). Liquid properties were assumed to
be those of water at 37°C. All units are h™!.

N [rpm]

Vie[pl] 120 160 200 225 250 300
800 32 63 11 14 19 29
1000 25 51 86 12 15 23
2000 13 25 43 57 74 11

experiments.

3.3 Prediction of Oxygen Mass Transfer Coeffi-
cients

One of the key challenges for shaken microwell systems is to provide sufficient oxygen
for the cells to grow. Under oxygen limited conditions, cells may grow slowly and
synthesis products inefficiently. Results obtained under such conditions are likely
to be misleading particularly for scale-up purposes (Doig et al., 2005)(Maier and
Biichs, 2001).

Kpa was calculated for uncovered wells using Equation 1.4 and then corrected for
the added transfer resistance of the breath-easy membrane used to cover the wells

(Section 2.4.1) (Doig et al., 2005).

The predicted values of Kra for 24-well (ULA) plates are summarised in Table 3.2.
The predicted oxygen mass transfer coefficient (kza) were, under all conditions inves-

tigated, greater than 1 h™'. ka values greater than 1 h~! are generally considered
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Table 3.3: Mean volumetric oxygen transfer coefficient (k. a) measured in
a 5-L STR (V. = 3-L) using the dynamic-gassing out method. PBS, at pH
7.4, was used to approximate cell-culture media. All experiments were
conducted at 37°C with an aeration rate of 100 cm® min~! as described
in section 2.4.2. (n =2 + 1 SD)

N [rpm] kpa [h™]

50 4.353-0.63
150 7.25+0.92
200 9.30+0.28

sufficient to support the oxygen demand of 10° - 107 cells ml~! (Fenge et al., 1993),
while 10® cells ml~* require a kza of between 5-55 h™! (Ozturk, 1996). These pre-
dictions suggest that oxygen transfer into a 24-well (ULA) plates, covered with a
breathe-easy membrane, will not be limiting for hybridoma cells. Equation 1.4 has
a reported accuracy of + 30% (Doig et al., 2005), therefore oxygen may just become
limiting under the extreme operating conditions of V;, = 2000 ul and N = 120 rpm.
Although the hybrdioma cell line used in this work typically reaches cell densities of
1.5x10° cells ml~! (Section 4.3), the predicted values of Kya suggests the majority of
conditions studied will support at least 107 cells ml~!. Currently, recombinant cell
lines used in industry can reach densities in the order of 1x107 cells ml~! (Wurm,
2004). 1t is therefore unlikely that production cell lines will also be limited by oxy-
gen transfer if cultured in the shaken 24-well plates under the shaking conditions

used here.

kra was measured in the 5-L STR using the dynamic gassing-out method, as de-
scribed in Section 2.4.2. Table 3.3 presents the results. All values of k;a were again
> 1h~! suggesting that oxygen transfer into the STR will not limit the hybridoma

cell line to be used here.

kza was predicted in the shake flask (100 ml, 120 rpm) using the method described
in Section 2.4.3. The value (10 h™!) was again > 1 h™! suggesting that oxygen
transfer into the shake flask will not limit the hybridoma cell-line to be used in this

work.
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3.4 Liquid Phase Mixing Time Characterisation

3.4.1 Shaken Microwell Plates

In this section, an experimental investigation into the mixing of small liquid addi-
tion made to shaken microwell cultures is described. This work is directed towards
future automation of microwell mammalian cell culture process development, when
automated liquid additions of reagents, for pH control (Elmahdi et al., 2003), DNA
complexes (Girard et al., 2001) or concentrated feeds may be made to microwell cul-
tures. Poor mixing in microwells has the potential to affect cell growth, productivity
and product quality as at larger scales (Ozturk, 1996) (Sen et al., 2001). Clearly
this would impact on the validity of small scale process studies/characterisation, or

the success of scale-up work.

Two distinct mixing patterns were observed following the addition of small liquid
aliquots to shaken 24-well (ULA) plates. These patterns are shown in Fig. 3.1 and
Fig. 3.2. A small aliquot of inert blue food dye, 1% of the bulk volume, was in-
jected into the water bulk using the apparatus described in Section 2.5. Images
were captured using a digital video camera operating at 250 frames s~!. Fig. 3.1
shows the mixing pattern representative of those observed between 0 and 225 rpm.
Initially, the dyce flowed to the bottom of the well (Fig. 3.1a). This was followed by
dispersion along the bottom surface (Fig. 3.1b). Finally, the dye ascends the liquid
bulk as a continuous, horizontal front (Fig. 3.1c). In contrast, between 250 rpm and
300 rpm, the dye was rapidly mixed into the liquid contents of the well (Fig. 3.2).
Heterogeneities (Fig. 3.2b) existed only briefly, before the dye was spread evenly
through the liquid bulk (Fig. 3.2c).

From all the images collected it was apparent that heterogeneities will exist in the

in the microwells, particularly at N < 225 rpm (Fig. 3.1). This would represent a
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significant problem if the liquid additions are toxic to the cells being cultured at
high concentrations. For example, if base additions were made to a microwell cul-
ture, initially a zone of high pH would exist at the bottom of the well. However,
any adverse effects caused by the liquid additions would depend on the frequency
and duration of the heterogeneities (Osman et al., 2001)(Osman et al., 2002). The
duration of these heterogeneities is known as the mixing time and so was quantified

in subsequent studies.

Mixing time in shaken 24-well (ULA) plates was quantified using the “iodine clock
reaction”. As described in Section 2.5, this method utilises the decolourisation of a
dark-orange iodine solution using a colourless sodium thiosulphate solution. Mix-
ing time is defined by the complete decolourisation of iodine (Nienow et al.. 1996).
This method was chosen because the end-point is very distinct, furthermore, the
hydrodynamics associated with mixing can be visualised, unlike many pH-based
methods (Langheinrich et al., 1998). The hydrodynamics of the decolourisation of
iodine, in 24-well plates, was visually similar to the patterns observed following the
injection of blue food-dye. Initially, the sodium thiosulphate flowed to the bottom
of the well (Fig. 3.3a). This was followed by decolourisation in the bottom region
(Fig. 3.3b). Gradually the decolourisation progressed up the well as a continuous,
horizontal front. The iodine solution at the gas-liquid interface was the last to clear
(Fig. 3.3c). At the highest shaking speeds tested, 250 rpm and 300 rpm, the iodine
decolourised rapidly (<1.6 s) and evenly (Fig. 3.4).

The measured mixing times in 24-well (ULA) plates decreased with increasing Re,
and decrcasing fill volume, as shown in Fig. 3.5. With no shaking, the mixing times
varied from 3,600 + 849 s (V. = 800 ul) to 12,900 + 424 s (VL = 2,000 ul). When
Re = 1,830, the mean mixing time was estimated at 1.7 + 0.06 s for both 800 pl
and 1000 pl. For a 2,000 ul fill volume, the contents of the well rapidly splashed out
at Re = 1,830 (300 rpm), hence measurements of the mixing time were not made.

At Re > 1,220, a rapid decrease in the mixing time was observed for all fill volumes.
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(a) t * 0 Injection

(b) t = 13 8 after injection

(c) t = 3 minutes after injection

Figure 3.1: Mixing of a small liquid addition into the liquid contents of
a single well from a 24-well (ULA) plate. Shaking speed = 120 rpm. 8
of inert blue food dye was ipjected into 800 pi of water and images were
captured by high speed video as described in Section 2.5.
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(a) t = 0 Injection

(b) t = 0.7 s after injection

3.2 8 after iiyection

Figure 3.2: Mixing of a small liquid addition into the liquid contents of
a single well from a 24-well (ULA) plate. Shaking speed = 300 rpm. 8 pi
of inert blue food dye was injected into 800 pi of water and images were
captured by high speed video as described in Section 2.5.
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Table 3.4: Summary of published liquid phase mixing time data for var-
ious geometries of mammalian cell bioreactor.

Biorcactor Configuration Mixing time [s] Reference

12,000-L STR 150 (Meier, 2005)

8,000-L STR 9-200 (Nienow et al., 1996)
Wave bioreactor 60 (100-L); 5-10 (10-L) (Singh, 1999)

30-L Airlift 60-110 (Varley and Birch, 1999)
5-L STR, 50-200rpm 10-100 This work

2-L STR <60 (Osman, 2001)

24-Well Plate 12,900 - 2 This work

Compared to published data (Table 3.4), the majority of mixing times recorded in
this work are long, particularly at Re < 1,370. Published mixing times are typically
less than 200 s, even at production scale (> 8,000-L) (Meier, 2005) and so it may be
expected that the long mixing times measured here may have a negative impact on
cell culture performance. Furthermore, the impact of very-long mixing times and
“out of phase” conditions on the accuracy of Kya predictions from Equation 1.4
is unknown. It should be noted that a shaking speed of 200 rpm was the lowest

reported in the work of Doig et al. (2005).

In an attempt to try and reduce the long mixing times measured in shaken microwells
for Re < 1,370, two baffle configuration were designed. Both designs were based
on the configurations commonly found in STRs: single- and double- wall baffles.
Scction 2.1.5 deseribes these configuration in more detail. All mixing ties were
assessed using a fill volume of 800 ;1 and Re between 730 and 1,520. Fig. 3.6 presents
the mixing times for these two baffle configurations. At the lowest Re investigated,
the mixing time was found to be 996 + 317 s and 1332 + 188 s for the single- and
double- wall baffles respectively. Compared to the mixing time estimated for the
unbaffled wells, Fig. 3.6 , introduction of baffles reduces the mixing time by 57% and
41% for the single- and double- wall configurations respectively. Greater reductions
of 85% and 70% for the singlo-wall and double-wall configuration respectively were
found at Re = 1,370. By introducing baffles, the mixing time was thus reduced

significantly. However, between Re of 730 and 973, mixing times were still higher
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(a) t = Injection

(b) t = 8 minutes after injection

(c) t = 41 minutes after injection

Figure 3.3: Mixing of a small liquid addition into the liquid contents of
a single well from a 24-well (ULA) plate. Shaking speed = 120rpm. 8/il
of 1.8 M sodium thiosulphate solution was injected into 800pl of 0.5 M
iodine solution and images were captured by high speed video camera as
described in Section 2.5.
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(a) t = Injection

(b) t = 0.8 s after injection

(c) t = 1.6 8 after iijection

Figure 3.4: Mixing of a small liquid addition into the liquid contents of
a single well from a 24-well (ULA) plate. Shaking speed = 300 rpm. 8/1
of 1.8 M sodium thiosulphate solution was injected into 800/il of 0.5 M
iodine solution and images were captured by a high speed video camera

as described in Section 2.5.
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Figure 3.5: Mean mixing time measured in shaken 24-well (ULA) plates
as a function of Reynolds number (Re) and liquid fill volume (V%,). Mix-
ing times were estimated using the iodine clock reaction as described in
Section 2.5. Error bars represent one standard deviation about the mean.

75



than those typical of animal cell bioreactors (< 200 s).

3.4.2 Stirred-Tank Reactor

The mixing characteristics of a 5-L STR were assessed in the same manner as shaken
microwell plates: tracer dye to first visualise mixing patterns, followed by iodine de-
colourisation experiments to quantify mixing time. Section 2.5 describes the meth-
ods. Experiments were performed at Re ranging from 5,900 to 29,000. At all Re
studied, the mixing of the blue food dye followed the same pattern. A representa-
tive set of stills, captured at Re = 29,000, are shown in Fig. 3.7. Following injection
(Fig. 3.7a), the dye was pumped across the top surface of the liquid bulk, above
the impeller (Fig. 3.7b). The dye then flowed into the bottom half of the STR
(Fig. 3.7c), followed eventually by homogeneity being obtained (Fig. 3.7d). The
mixing time in the 5-L STR, calculated for each stirrer speed is shown in Fig. 3.8.
The mixing time was found to range from 99 + 4 s at Re = 5,900, to 8 + 1 s at
Re = 29,000. The data compares well with previously published mixing times in
animal cell STRs (Table 3.4).

In order to enable easy comparison of the measured mixing times in the microwells
and STR geometries, and identify operating conditions for matched mixing times,
the data shown in Fig. 3.5 and Fig. 3.8 are plotted in Fig. 3.9 as a function of Re.
Fig. 3.9 also shows that the 24-well plates would have to be shaken at Re > 1,520

in order to obtain mixing times equivalent to those found in the 5-L STR.

3.5 Characterisation of Energy dissipation rates

3.5.1 CFD Modelling of Shaken 24-Well Plates

All CFD models presented in this section were developed and analysed by Dr. Hu

Zhang.
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Figure 3.6: Mean mixing time measured in baffled shaken 24-well (ULA)
plates as a function of Reynold’s number (Re). Two baffle configurations
were designed: single-wall and double-wall baffles, as described in Sec-
tion 2.1.5. Mixing times were estimated using the iodine clock reaction
as described in Section 2.5. Error bars represent one standard deviation
about the mean.
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(a) t = 0 Injection bt=28

R

(c)t=8S dt=11s

Figure 3.7: Mixing of a small liquid addition into the liquid contents of
a 5-LL STR (V#A, = 3-L). Agitation speed = 200 rpm. 30 ml of inert blue
food dye was injected into 3-L of water and images were captured by high
speed video as described in Section 2.5.
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Figure 3.8: Mean mixing time measured in a 5-L STR (V; = 3-L) as
a function of Re. Mixing times were estimated using the iodine clock
reaction as described in Section 2.5. Error bars represent one standard
deviation about the mean.
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Figure 3.9: Comparison of the liquid phase mixing times for a shaken
24-well (ULA) plate and 5-L STR (VL = 3-L). Mixing times were taken
from Fig. 3.5 and Fig. 3.8. Error bars represent one standard deviation
about the mean.
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Mean energy dissipation rate (P/V) and shear rate are frequently used to assist
in the evaluation of, scale-up, and scale-down of bioreactors, as described in Sec-
tion 1.4.1. At present, there are two experimental methods to estimate P/V in
shaken bioreactors: the torque method and the temperature method (described in
Scetion 1.4.3). The first method requires extensive modifications of the shaker plat-
form to enable the installation of a torque-meter on the drive shaft. Furthermore, the
expected torque levels were so low that torque-meters with sufficient sensitivity for
the task were not commercially available (Zhang, 2004). The temperature method
has also only been validated at volumes greater than 2-L (Raval et al., 2007). While
assessment of P/V was not feasible using existing experimental techniques, CFD
simulations of microwells can be used to predict P/V, and various other relevant
parameters such as shear rate and have already been applied to shake flask systems

(Zhang, Williams-Dalson, Keshavarz-Moore and Shamlou, 2005).

CFD simulations of the shear rate in shaken 24-well (ULA) plates are shown in
Fig. 3.5.1. Also shown are the equivalent images captured using a digital video
camera. At each shaking speed, the surface profiles predicted using CFD show good
agrcement with the observed surface profile. This gives confidence in the ability of
CFED to provide reasonably accurate predictions of microwell hydrodynamics. Sur-
face deformation, and therefore the interfacial area available for oxygen transfer,
increased with shaking speed. At 120 rpm (Fig. 3.10b), the liquid surface was al-
most flat; by contrast, the liquid surface touched the bottom of the well when shaken
at 300 rpm (Fig. 3.10j).

Hydrodynamic force, or “shear”, can adversely affect mammalian cells (Mollet et al.,
2004) (Heath and Kiss, 2007). Using CFD, it is possible to make some initial con-
clusions regarding the suitability of shaken microwells for cell-culture applications.
The maximum local shear rate was approximately 2 x 10® s™!. This was found
at the interface of the simulation performed at 150 rpm (Fig. 3.10c). Heath and

Kiss (2007) have classified P/V according to its effect on various animal cell-lines.
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Figure 3.10: CFD Simulations performed at (a) 120 rpm, (c) 150 rpm, (e)
200 rpm (g) 250 rpm and (i) SOOrpm, and fluid hydrodynamics visualised
at (b) 120 rpm, (d) 160 rpm, (f) 200 rpm. (h) 250 rpm and (j) SOOrpm.
CFD simulations were performed as described in Section 2.6.2. Images
of the hydrodynamics were captured as described in Section 2.5.
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Fig. 1.2 summarises their main results. Shear rate (%) and P/V can be directly
related by the following equation (Zhang, 2004):
P

¥ = o (3.1)

Where ;1 = viscosity. The maximum local P/V, as predicted from Equation 3.1, was
1.4 KW m~3. Comparing this result to the data displayed in Figure 1.2 suggests
the predicted hydrodynamic environment in shaken 24-well (ULA) plates has no

detrimental affect on cells.

Based on preliminary cell-culture experiments [data not shown], a shaking speed of
120 rpm was chosen as a first basis for performing CFD simulations on a shaken
24-well plate. At this shaking speed, an average P/V of between 37 - 40 W m™3
was predicted using CFX 4. Given this was a theoretical prediction it was not clear
if differences were real. Therefore it was decided to use 40 W m~3 as a basis for
scale-translation with shake flasks (Section 3.7). Later, a wider range of simulations
were performed with CFX 6. Comparing the results of the CFX 4 and CFX 6 simu-
lations at 120 rpm, there was reasonable agreement in P/V values. Predicted values
of shear rate and P/V for 24-SRW (ULA) plates are presented in Table 3.5. From
120 rpm to 300 rpm, the energy dissipation was predicted to decrease. Clearly this
trend defies intuition and so experimental validation would be required to confirm

this observation as correct.

Previous microwell studies have shown the presence of a critical shaking speed, N
(Hermann et al., 2003). Below N, there is little fluid motion in the well, while
above N there is a noticeable increase in fluid flow. Using Equation 1.3 and the
parameters described in Section 2.3, Nt for 24-SRW (ULA) plates was 23 rpm.
This is supported by the images shown in Fig. 3.10 where at the lowest speeds in-

vestigated, some deformation of the surface was observed.
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Table 3.5: Energy dissipation per unit volume (P/V) and shear rate
predicted using the CFD software package CFX 6 for shaken 24-Well
plates.

Shaking Speed [rpm)]
120 150 200 225 250 300 400
Average Shear Rate [s™I] 190 130 98 99 84 73 150
AverageP/V[Wm™] 35 16 10 10 5 7 22
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3.5.2 Power Input to a 5-L STR

Energy dissipation (P/V) in the 5-L STR, described in Section 2.1.6, was measured
using an air-bearing and pressure transducer. Firstly, measurements of the power
number (Po) of the 3-blade segment impeller were made over a range of conditions
commonly used to cultivate mammalian cells. Using these measurements, P/V could
be calculated from Equation 3.2. The full experimental procedure is detailed in Sec-
tion 2.6.3.

Over the range of Re numbers 12,000 (N = 100 rpm) - 29,000 (N = 250 rpm), the
measured Po numbers were very similar and varied from 0.35 to 0.41 (Fig. 3.11).
At Re = 35,000, corresponding to a stirrer speed of 300 rpm, a significant increase
in Po number was observed (Po = 180). At this operating point, vortexing of the

STR’s liquid content was observed and may explain the sharp rise in Po number.

Having established the Po number of the 3-bladed segment impeller, energy dissi-
pation in the STR can be calculated by invoking Equation 3.2. Liquid properties

were assumed to be those of water at 37°C.

P Pop.N3.D?
I topN (3.2)
Vi VL

Energy dissipation in the 5-L. STR (V, = 3-L) increased with stirrer-speed from
0.93 W m~3 at 100 rpm, to 24 W m~2 at 300 rpm (Table 3.6). The energy dissipa-

tion values measured in this work compared well with literature values reported in

Section 1.4.1.

3.6 Evaporation From Shaken Microwell Plates

Evaporation from microwell cultures is an unfortunate consequence of gas-exchange.
For reasons of sterility and limiting evaporation, all microwell mammalian cell cul-

tures must be covered; hence a trade-off between gas-exchange and evaporation can
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Figure 3.11: Mean power number of a 3-blade segment impeller as a
function of Rej. Po was measured in a 5-L. STR using an air-bearing and
pressure transducer as described in Section 2.6.3.
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Table 3.6: Mean energy dissipation in a 5-L STR (V = 3-L) as a func-
tion of stirrer speed. P/V was calculated using Equation 3.2, the power
number measurements presented in Fig. 3.11 and the impeller diameter
(D;) = 7.0 cm. The density was assumed to 1000 Kg m~3.

N[rpm] Re P/V[Wm™]

100 12,000 0.93
150 18,000 3.4
200 24,000 8.0
250 29,000 14
300 35,000 24

arise. Currently there are two options for sealing microwell plates: plastic lids and
gas-permeable membranes. Unfortunately, the use of plastic lids can lead to sys-
tematic errors in the data, as a result of variations in the rate of evaporation across
a plate (Girard et al., 2001). In this work, all microwell cultures were covered with
a breath-easy membrane as described in Section 2.1.5 because it ensures a constant
evaporation rate from all wells, has low water permeability and is transparent (Zim-

mermann et al., 2003).

Evaporation was seen to be significant during preliminary cell culture experiments.
Consequently, an attempt was made to characterise this evaporation by weighing
and observing the plate every 24 hours. After 5 days, 10% of the initial volume had
been lost. Moreover, a significant amount of liquid had stuck to the underside of the
membrane. Visually, this was in the form of little droplets, similar in size, spread
over the entire surface. Attempts were made to return the liquid to the bulk by gen-
tly shaking and tilting the plate; however, the problem returned after a short period
in the incubator. This evaporation was quantified by weighing the liquid remaining
in the bottom of three separate wells, every 12-24 hours, over a period of 120 hours.
Three shaking speeds: 120, 160 and 250 rpm and two fill volume: 800 pl and 2000
ul were investigated. At both fill volumes, the rate of evaporation from the liquid
bulk was constant and independent of speed (Fig. 3.12). For 800 pl, approximately
50% of the initial liquid had evaporated after 120 hours, while for 2000 ., just over

20% of the initial liquid bulk had evaporated over the same time-frame. Clearly, by
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increasing the liquid fill volume, the extent of evaporation can be reduced. Larger

fill volumes exhibit a lower specific surface area over which evaporation may occur.

The osmolality of the culture media can affect cell growth, metabolism and pro-
tein production (Ozturk and Palsson, 1991a)(Kimurat and Miller, 1996)(deZengotita
et al., 1998)(Ryu and Lee, 1997)(Lin et al., 1999). To establish whether it impacts
on culture performance in this case, samples where taken from microwell cultures
and analysed using an osmometer as described in Section 2.8.4. Fig. 3.13 shows the
measured changes in osmolality as a function of shaking speed and fill volume. At
120 rpm, the osmolality increased from 282 mOsm to 520 mOsm over 120 hours; at
250 rpm, the increase was 270mOsm to 455mOsm. In theory, both curves should be
identical because of similar evaporation rates (Fig. 3.12). The difference in the two
data sets may be due to differences in the dissolved CO2, however the underlying

reason is not clear at present.

To date, the literature in this area deals mainly with abrupt osmotic shocks (Ozturk
and Palsson, 1991a)(Oh et al., 1993)(Ryu and Lee, 1997); by contrast, a gradual
increase in osmolality was observed in this work. Reddy and Miller (1994) found
for two hybridoma cell lines, that cell concentration, viability and specific antibody
production rates remained at control levels until the osmolality was increased above
400 mOsm. Cherlet and Marc (1999) found no adverse effects on the cell growth and
antibody production, using a gradual increasing osmolality, even up to 425 mOsm.
For CHO cells, osmolalities above 400 mOsm should be avoided (Osman et al., 2002).
From the literature data available, it seems that hybridoma cells will not be affected
by osmolalities < 400 mOsm until 84-96 hours into the culture which is during the

death-phase of the cells.
Given the levels of evaporation described in Fig. 3.12, all microwell data presented

subsequently in this thesis are corrected for evaporation over the time course of the

culture. This will enable comparison to shake flask and STR data but it should be
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Figure 3.12: Evaporation from the liquid bulk of a 24-well (ULA) mi-
croplate at 37°C covered with a breath-easy membrane. The evaporation
rate was determined gravimetrically as described in Section 2.1.5.



noted that all concentration values presented are under-estimates of the true value

in the bulk liquid phase by a factor of up to 2.2.

3.7 Consideration of a Basis for Scale Transla-
tion From Shaken Microwell Plates to Shake
Flasks and Bench-Scale STR

A variety of scale-down parameters have been proposed for mammalian cell-culture.
These include: kpa, aeration rate, impeller tip speed, fluid turnover rate, vessel
geometry and P/V (Section 1.4.1). From the predictions made in Section 3.3, it
seems unlikely that kya will be a suitable scaling parameter as it is unlikely to be
growth limiting. Other parameters such as aeration rate, geometry and impeller
tip speed are not applicable to shaken microwells. P/V has a direct influence on
both liquid phase mixing and gas-liquid mass transfer. Li et al. (2006) have shown
the successful use of P/V for scaling a cell-culture process from 2-L to 2000-L scale.
Therefore in this work P/V will be considered as an initial basis for scale-translation

from microwell to conventional laboratory scales.

The CFD studies described in Section 2.6.2 predicted P/V ~ 40 W m~3 in a 24-
well plate under the following conditions: V; = 800 ul and N = 120 rpm. Using
Equation (1.1) (Biichs et al., 2000a) and the properties of water at the working
temperature of 37°C, it is possible to predict operating conditions for a 250ml shake
flask where P/V ~ 40 W m~3.

Suitable conditions yielded from the analysis were V; = 100 ml and N = 120 rpm.
These conditions enable the shake flask and microwell plate to be compared on the
same shaker platform. Measurement of P/V in a 5-L STR was a factor of 10 lower at
8 W m~3. As a initial basis for scale translation; growth kinetics, antibody produc-

tion and metabolism in microwells and shake flask were compared at similar P/V
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Figure 3.13: Variation of culture medium osmolality in shaken 24-well
hybridoma cultures. Osmolality was measured using a Camlab freezing-
point depression osmometer as described in Section 2.8.4. Hybridoma
cultures were performed as described in Section 2.1.5. Error bars repre-
sent one standard deviation about the mean.
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(40 W m3).

3.8 Summary

The engineering environment within the wells of a shaken 24-well plate has been
investigated for cell-culture purposes. The key characteristics of liquid hydrody-
namics, k;a, mixing, shear-rate, P/V, and liquid losses by evaporation have been
quantified. Equivalent data from a typical 250 ml shake flask (100 ml, 120 rpm)
and 5-L STR (3-L, 50 - 200 rpm) culture has been included for comparison and is
summarised in Table 3.7 and Table 3.8.

To give some insight into the liquid phase hydrodynamics in the different bioreactor
geometries, the Re, Ph, and Fr were calculated for various fill volumes and shaking
speeds as described in Section 3.2. Transitional flow was predicted for the shake
flask (Re = 18,000) and the STR. “ In-phase” operation was predicted for both the
shake flask (Fr = 0.64, Ph = 2.68) and microwells (N > 200 rpm).

Predictions of Ky a in the microwell geometry were made using the correlation of
Doig et al. (2005) as described in Section 3.3. All values were greater than the lim-
iting value of 1 h™!, suggesting oxygen transfer to the plates will be able to support
cell densities of 107 cells ml~!. Experimental measurements of k;a were made on

the 5-L STR (Table 3.3) and again all values were greater than 1 h™!.

The mixing of a small liquid addition to microwells was found to occur by two dif-
ferent mechanisms (Section 3.4.1). At Re < 1,370, the liquid addition passes to the
bottom of the well, spreads along the bottom surface and then ascends the well as
a continuous, horizontal front (Fig. 3.1). At Re > 1,520, the mixing was rapid and
occurred evenly throughout the liquid bulk (Fig. 3.2). The majority of mixing times
recorded in this work were lengthy, particularly at Re < 1,370. Published mixing

times are typically less than 200 s, even at the production scale. An attempt was
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made to reduce mixing time by employing baffles. A significant reduction in mixing
time was observed (Fig. 3.6); unfortunately at Re between 730 and 1,220 many of
the mixing times were still > 200 s. Mixing times measured in the 5-L. STR were

no longer than 100 s.

Evaporation from covered microwell plates was significant over the duration of a
120 hour culture . While only 10% of the intial volume leaves the plate, the vast
majority sticks to the underside of the gas-permeable membrane. For an intial fill
of 800 pl, approximately 50% of the intial volume left the liquid bulk, while for
2000 pl, only 20% had left the bulk. Due to this evaporation, osmolality gradually

increased. However, this was not decmned significiant until the death-phasc.

CFD simulations were performed on 24-well plates to predict P/V and shear rate.
P/V values were at least an order-of-magnitude less than those known to impact
on cell performance. P/V has a direct influence on both hydrodynamics and gas-
transfer. Moreover, it can be used successfully to scale mammalian cell -cultures (Li
et al., 2006). As an initial basis for scale-translation between microwell and shake
flasks, a P/V of 40 W m™3 was selected. Conditions were selected so both biore-
actors could be cultured side-by-side on the same shaking platform. Unfortunately,

P/V in the 5-L STR was somewhat less.

Having established a fundamental understanding of the hydrodynamics and oxygen-
transfer in shaken 24-well plates, the influence of these on mammalian cell culture

in shaken microwells will be examined in the following chapter.
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Table 3.7: Summary of the main engineering parameters established for shaken 24-well (ULA) plates.

geometry and shaking conditions are given in Section 2.1.5.

Details of plate

Parameter Section N [rpm]

0 120 160 200 225 250 300 400
Re, 3.2 0 730 973 1220 1370 1520 1830 n/d
Fr 3.2 0 0.16 0.29 0.45 0.57 0.70 1.0 n/d
Ph 3.2 0 8.2 8.7 9.0 9.2 94 9.7 n/d
Kra [h™1] 3.3 n/a 3.2 6.3 11 14 19 29 n/d
Mixing time [s] 3.4.1 3600 + 848.5 2260 + 210.7 1075 £+ 9.240 468 + 189 53 £ 8.7 3+006 2+0.06 n/d
Shear rate [s™!] 3.5.1 0 190 n/d 98 99 84 73 147
P/V[Wm™3] 351 0 35 n/d 10 10 S 7 22
VL = 1000 /Ll
Re, 3.2 0 730 973 1220 1370 1520 1830 n/d
Fr 3.2 0 0.16 0.29 0.45 0.57 0.70 1.0 n/d
Ph 3.2 0 8.8 9.2 9.6 9.8 10 10 n/d
Kra [h71] 3.3 n/a 2.5 5.1 8.6 12 15 23 n/d
Mixing time [s] 3.4.1 4483.3 + 276.1 3048.3 + 297.9 1650 + 187.3 870 £ 30 1595 £+ 69.7 70+0.1 1.7+01 n/d
VL = 2000 ,ul
Re, 3.2 0 730 973 1220 1370 1520 1830 n/d
Fr 3.2 0 0.16 0.29 0.45 0.57 0.70 1.0 n/d
Ph 3.2 0 11 11 12 12 12 n/d
Kra [h™!] 3.3 n/a 1.3 2.5 43 5.7 7.4 11 n/d
Mixing time [s] 3.4.1 12900 + 424 11,190 + 1,907 7,620 + 433 5,094 + 454 1,700 + 173 129 + 18 n/d n/d
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Table 3.8: Summary of the main engineering parameters established for a 5 L STR. Details of bioreactor geometry, agitation
and aeration are given in Section 2.1.6.

N [rpm)]
Parameter Section 50 100 150 170 200 250
Re; 3.2 5,900 12,000 18,000 20,000 23,000 29,000
kra [h71] 3.3 4.35 £ 0.63 n/d 7.25 +0.92 n/d 9.30 + 0.28 n/d

Mixing time [s] 3.42 99 +35 423 +25 20+00 150 110+1.0 80%1.0
P/V [W m™3] 0.13 1.0 3.4 50 8.0 16.0




Chapter 4

Kinetic Analysis of Shaken

Microwell Cultures

4.1 Introduction and Aims

The culture of mammalian cells in static microwells is common practice during
cloning and the initial stages of cell line selection (Wurm, 2004)(Tait et al., 2004).
In these cases the aim is simply to identify high expressing clones and there is no
intention to relate the data obtained to larger scales of operation. As described in
Chapter 3 however, the use of microwell systems for the generation of bioprocess
design data nessecitates that the cells are cultured in suspension and the engineering
environment the cells are exposed to is appropriately characterised. Given that the
geometry of microwell plate is fixed in order to allow easy automation of experi-
mental protocols, shaking of microtitre plates is the easiest and most efficient way
to promote mixing of the liquid within each well. Shaking is necessary to ensure
homogeneous cell suspension, the rapid blending of any liquid additions that might
be used for pH control or in feeding strategies and also to promoted gas-liquid mass

transfer rates (Duetz et al., 2000)(Duetz and Witholt, 2001)(Elmahdi et al., 2003).

To date there are only two publications concerning shaken microwell cultures for
mammalian cell culture process development (Girard et al., 2001)(Strobel et al.,

2001). In the former, the use of shaken 12-well microtitre plates for the develop-
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ment and optimisation of transient transfection processes was investigated. In the
latter, the potential of replacing shake flask cultures with 96-DSW microtitre plate
cultures for media development was studied. Although both studies showed com-
parable culture performance upon scale-up, no engineering basis for this translation
was mentioned. This is likely to be caused by a lack of engineering analysis of the pre-
vailing microwell hydrodynamics and gas-liquid mass transfer in both publications.
As mentioned in Section 3.1, detailed understanding of the engineering environment
in shaken microwells is vital for defining optimal operation of cell-cultures and a re-
liable basis for process scale-up. Moreover, the effect of this environment on culture

performance is unknown.

The aim of this second chapter then is to more fully characterise hybridoma growth,
antibody production and metabolism in batch shaken microwell cultures than has
been previously reported. Experiments will be performed within the engineering
environment that was extensively characterised in Chapter 3. This will allow the
impact of the fluid hydrodynamics on culture performance to be understood and
also help define optial culture conditions. The specific objectives of this chapter

are thus to:

e Study the effect of shaking speed and fill volume on hybridoma growth, anti-
body production and metabolism over the range of operating conditions used
in Chapter 3, and attempt to relate culture performance to the prevailing

engineering environment.

e Examine the influence of well geometry, well coating and the inclusion of var-

ious baffle configurations on culture performance.

e Experimentally measure dissolved oxygen tension in 24-well plate and shake-
flask cultures, operating under the conditions described in Chapter 3, to estab-
lish if any gas-liquid mass transfer issues might be limiting culture performance

(Section 3.3).
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4.2 Initial Assessment of Well Geometry

The choice of microwell geometry for a particular cell culture application depends
on a number of considerations including cell-line suitability, number and volume
of samples required, applicability to automation, and compatibility with analytical

equipment such as spectrophotometers.

The density of wells on a standard 96-well plate readily lends this design to high-
throughput cell culture process development. In addition, they are compatible with
liquid-handling robots allowing easy automation of experimental protocols (Lye
et al., 2003). One major disadvantage is the small sample volume per well that may
limit some analytical work, for example, flow cytometry. 24-well plates overcome
this disadvantage due to the 1.4- to 1.6- fold increase in total well volume. However,
as described in Section 3.6, the liquid evaporation rate is greater in 24-well than
96-well plates. In this section, the feasibility of culturing VPM 8 hybridoma cells in

both 96- and 24- well plates was initially examined.

Two microwell formats, 24-SRW (ULA) and 96-DSW plates, as described in Sec-
tion 2.1.5, were inoculated with VPM 8 cells. The well fill volumes were 800 pul for
the 24-SRW (ULA) plate and 300 ul - 600 ul for the 96-DSW plate. The shaking
speed was 120 rpm for the 24-SRW (ULA) plate and 200 rpm for the 96-DSW plate.
The conditions selected for the 96-DSW plate were taken from Strobel et al. (2001).

The well geometry was found to have a pronounced effect on cell growth (Fig. 4.1).
The peak viable cell concentration (1.377x10° + 1.873x10° cells ml™!) obtained in
the 24-SRW (ULA) plate was nearly 2.5 times that of the 96-DSW (300 ul) cul-
ture and over 3 times that of the 96-DSW (600 ul) culture. The viability of the
96-DSW cultures started to decline 12 hours post-inoculation. In contrast, the 24-
SRW (ULA) culture maintained a high viability (> 90%) for the first 60 hours of
culture before falling to 87% at 72 hours.
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Figure 4.1: Effect of well geometry on VPM 8 hybridoma cell growth
in shaken 24-SRW (ULA) and 96-DSW plates. Experiments were per-
formed as described in Section 2.1.5. Hybridoma cells were initially taken
from mid-exponential cultures and diluted to 1x10° viable cells ml~! in
RPMI-1640 media supplemented with 10% (v/v) fetal bovine serum. Di-
luted culture was inoculated into each well of a Corning 24-well ultra-low
attachment plate or a 96-well ABgene 2.2 ml storage plate. Both plates
were covered with a breathe-easy membrane and placed on an orbital
shaker in a humidified incubator (37°C, 5% (v/v) CO;). Every twelve
hours, three wells were sacrificed for cell counts and metabolite analysis.
All cell counts were conducted using a CASY TTC automated counter.
Error bars represent one standard deviation about the mean.
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Figure 4.2: Effect of well geometry on VPM 8 hybridoma viability in
shaken 24-SRW (ULA) and 96-DSW plates. Experiments performed as
described in Fig. 4.1. Every twelve hours, three wells were sacrificed for
cell counts and metabolite analysis. All viability assessments were con-
ducted using a CASY TTC automated cell counter. Error bars represent
one standard deviation about the mean.
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It has previously been shown that it is possible to culture mammalian cells in shaken
96-well plates. Strobel et al. (2001) have demonstrated the successful cultivation of
CHO DG44 cells in 96-deep well microplates. Likewise, Deshpande and Heinzle
(2004) have also cultured CHO cells in 96-well format. Taken together with the
data presented in Fig. 4.1, these reports suggest successful culture in 96-well plates
is cell-line specific. To investigate this point further, a quick assessment of CHO-S
growth in 96-DSW plates was made. The well fill volume used was 300 pl and the
shaking speed was 200 rpm. No attempt was made to optimise the culture condi-

tions.

Growth of CHO-S cells in shaken 96-DSW plates was found to be superior to the
VPM 8 cell line under equivalent operating conditions (Fig. 4.3). The peak viable
cell concentration (1.075x10% + 1.255x10° cell ml~!) was nearly twice as high as
that achieved by the VPM 8 cells. The CHO-S cells maintained a high viability (>
90%) throughout the culture period. By contrast, the viability of the VPM 8 culture
started to decline 12 hours after inoculation. These results support the hypothesis
of successful culture in 96-well format being cell-line specific. In addition to the
experiments performed in 96-DSW plates, hybridoma cultures in standard 96-well
formats were attempted. The results were similar to those measured in 96-DSW:
very little growth observed and a continuous decline in viability after inoculation
[data not shown]. For further studies into the effect of microwell conditions on hy-

bridoma, cell growth and protein production, 24-SRW plates were selected.

4.3 Effect of Shaking Speed on Cell Growth and
Antibody Production in Shaken 24-SRW (ULA)
Microtitre Plates

As described in Chapter 3, the shaking speed used for microwell cultures can have

a pronounced effect on engineering parameters such as mixing, k;a and P/V. In or-
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Figure 4.3: Comparison of the cell growth and viability of VPM 8 hy-
bridoma and CHO-S cells in shaken 96-DSW microtitre plates. Exper-
iments were performed as described in Section 2.1.5. Hybridoma cells
were initially taken from mid-exponential cultures and diluted to 1x10°
viable cells ml~! in RPMI-1640 media supplemented with 10% (v/v) FBS.
CHO-S cells were taken from mid-exponential cultures and diluted to
2x10° viable cells ml~! in CHO-S-SFM II media. 300 pl of diluted cul-
ture was inoculated into each well of a 96-well ABgene 2.2 ml storage
plate. Plates were covered with a breathe-easy membrane and placed on
an orbital shaker in a humidified incubator (37°C, 5% (v/v) CO,). Every
12 -24 hours, three wells were sacrificed for cell counts and metabolite
analysis. All cell counts and viability assessments were conducted using
a CASY TTC automated counter. Error bars represent one standard
deviation about the mean.
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der to examine the effect of shaking speed on cell growth and antibody production,
24-SRW (ULA) plates were inoculated with VPM 8 hybridoma cells and shaken at
speeds ranging from 120 to 250 rpm. The well fill volume was 800 ul. The culture
kinetics are shown in Figs. 4.4, 4.5, 4.7, 4.8 and 4.6 while Table 4.1 summarises the

calculated kinetics parameters and overall performance.

Better growth was observed at 120 and 160 rpm (Fig. 4.4)(Table 4.1) compared to
all the other speeds tested. Mean viable cell concentrations at 120 rpm (1.285 +
0.9019 108 cell ml™!) and 160 rpm (1.291 =+ 0.8793 10° cell ml~!) were significantly
greater than for the 200 rpm (0.9360 + 0.01524 10° cell ml~!) and 250 rpm (0.9698
+ 0.07980 10° cell ml~!) after 72 hours of culture (ANOVA, p < 0.005). In addi-
tion, the integral viable cell concentrations (IVC) obtained at 120 rpm (4.262x10°
cells.day.l"!) and 160 rpm (4.317x10° cells.day.l"!) were greater than those achieved
at other speeds. Cells cultured at 120 rpm had the highest maximum specific growth
rate (0.04 h™!): between 15-25 % greater than that of the 160 rpm, 200 rpm and 250
rpm cultures. The growth results obtained at all shaking speeds (maximum viable
cell concentrations between 0.9 and 1.4 x 10° cells ml~!) compare well with typical
valucs reported for hybridoma cell growth in shake flasks [(0.9 - 1.3) x 10 cells ml™!]
(Schmid et al., 1990)(Ozturk and Palsson, 1991b)(Zhang, Szita, Boccazzi, Sinskey
and Jensen, 2005).

All cultures maintained a high viability (> 90 %) for the first 60 hours of cul-
ture (Fig. 4.5), after which the viability started to decline. The onset of the death
phase coincided with the complete exhaustion of the main energy source L-glutamine
(Fig. 4.8) suggesting it may be a limiting nutrient. Previous studies of hybridoma
cell cultures operated in batch mode have reported L-glutamine as the limiting nu-

trient (Schmid et al., 1990)(Ozturk and Palsson, 1991b).

The shaking speed had no significant affect on antibody titre (Fig. 4.6). Unfortu-

nately a trend could not be established that would allow any correlation of antibody
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titre with shaking speed. The highest final titre (49 + 6.2 mg 17!) was achieved at
250 rpm, 20% higher than the lowest titre achieved at 120 rpm (Table 4.1). The
highest specific production rate (SPR) (14 + 1.4 mg(10° cells.day)™?) was achieved
at 200 rpm and was 60% higher than the lowest SPR achieved at 120 rpm. The
results compare well with antibody titres reported for shake flask cultures of hy-

bridoma. cells (40 - 50 mg 17!)(Schmid et al., 1990)(Ozturk and Palsson, 1991b).

Glucose was never exhausted in any microwell culture so cannot be the limiting
nutrient (Fig. 4.7). This has previously been reported for hybridoma cell culture
performed in shake flasks (Schmid et al., 1990)(Miller et al., 2000)(Ozturk and Pals-
son, 1991b). Overall, the consumption of glucose was higher at 200 and 250 rpm
(Table 4.1). These values were approximately 50% higher than the consumption
rates at 120 rpm and 160 rpm. Lactate production occurred throughout the cul-
ture and increased with shaking speed from 0.16 g(10° cells.day)~! at 120 rpm, to
0.36 g(10° cells.day)~! at 250 rpm. The concentration of L-lactate measured in the
study (0.2 - 1.3 g I"!) compared well with typical values reported for hybridoma
cell cultures in the literature [0.5 - 3 g [~!] (Miller et al., 2000)(Ozturk and Palsson,
1991b)(Schmid et al., 1990).

The pH of the cultures in each well were analysed throughout the cultivation pe-
riod. At inoculation, the offline pH measurements were in the range 7.8 - 8.0. By

84 hours, the pH of all cultures had decreased to between 6.8 and 7.3.

Limiting conditions were not found over the range of shaking speeds (120 - 250 rpm,
800 pl) tested in this study. It is belicved that the agitation provided sufficient
energy input to avoid limitations in oxygen supply and mixing. Firstly, theoretical
Ka values were greater than the limiting value of 1 h™! (Section 3.3), thus ensuring
adequate oxygen supply; secondly, CFD predictions of P/V (Section 3.5.1) suggest
hydrodynamic forces, or “shear”, will not be lethal to the cells; thirdly, it is believed

that osmolality increases due to evaporation (Section 3.6) will not inhibit the culture
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performance and finally, pH measurements during the growth phase, 7.0 - 8.1, are

within a range not expected to impact on culture performance (Osman et al., 2002).

The reduction of hybridoma culture performance with increased shaking speed is
thought to be the result of hydrodynamic stress impacting on the cells. From the
work presented in this thesis, the engineering environment for optimum performance
(120 rpm, 800 pl) is very benign: “out of phase” conditions were predicted and mix-
ing time experiments showed negligible axial flow. In light of CHO-S growth in 96
and 24 well formats, this works suggests the VPM 8 hybridoma cell-line is fragile

and its suitability for large-scale culture questionable.
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Figure 4.4: Effect of shaking speed On VPM 8 hybridoma cell growth
in shaken 24-SRW (ULA) plates. Hybridoma cells were taken from mid-
exponential cultures and diluted to 1x10° viable cells ml~! in RPMI-
1640 media supplemented with 10% (v/v) FBS. 800ul of diluted culture
was inoculated into each well of a Corning 24-well ultra-low attachment
plate which was covered with a breathe-easy membrane and placed on
an orbital shaker in a humidified incubator (37°C, 5% (v/v) COz). Every
12 - 24 hours, three wells per plate were sacrificed for cell counts and
metabolite analysis. All cell counts were conducted using a CASY TTC
automated counter. Error bars represent one standard deviation about
the mean.
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Figure 4.5: Effect of shaking speed on VPM 8 hybridoma viability in
shaken 24-SRW (ULA) plates. Experiments were performed as described
in Fig. 4.4. Every twelve hours, three wells per plate were sacrificed for
cell counts and metabolite analysis. Viability assessment was conducted

using a CASY TTC automated counter. Error bars represent one stan-
dard deviation about the mean.

108



60

504 - .O ....... N - 16°rpm
——%—- N=200rpm |
—-=7— N=250rpm Qoo

S
o
1

w
o
1

Antibody Titre [mg I'1]
N
o

10 1

0 24 48 72 96 120
Time [h]

Figure 4.6: Effect of shaking speed on antibody concentration from VPM
8 hybridoma cells in shaken 24-SRW (ULA) plates. Experiments were
performed as described in Fig. 4.4. Every twelve hours, three wells per
plate were sacrificed for cell counts and metabolite analysis. Antibody
concentration was determined using ELISA as described in Section 2.8.2.
Error bars represent one standard deviation about the mean.
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Figure 4.7: Effect of shaking speed on VPM 8 hybridoma glucose con-
sumption and L-lactate production in shaken 24-SRW (ULA) plates. Ex-
periments were performed as described in Fig. 4.4. Every twelve hours,
three wells per plate were sacrificed for cell counts and metabolite anal-
ysis. Glucose and L-lactate concentrations were assessed using a YSI
2700 bioanalyser as described in Section 2.8.3. Error bars represent one
standard deviation about the mean.
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Figure 4.8: Effect of shaking speed on VPM 8 hybridoma L-glutamine
consumption in shaken 24-SRW (ULA) plates. Experiments were per-
formed as described in Fig. 4.4. Every twelve hours, three wells per
plate were sacrificed for cell counts and metabolite analysis. Glutamine
concentrations were assessed using a YSI 2700 bioanalyser as described

in Section 2.8.3. Error bars represent one standard deviation about the
mean.

111



¢l

Table 4.1: Effect of shaking speed on growth, antibody production and metabolism during the culture of VPM 8 hybridoma
cells in shaken 24-SRW (ULA) plates. Experiments were performed as described in Fig. 4.4. Growth rate, integral viable
cell concentration and average specific production/consumption rates were estimated from Figs.4.4, 4.5, 4.7, 4.8 and 4.6 as
described in Section 2.7.

N = 120 rpm N = 160 rpm N = 200 rpm N = 250 rpm

Culture parameter Mean CV [%]  Mean CV [%]  Mean CV [%] Mean CV (%]
Final antibody concentration [mg 171] 40 7 47 1 43 3 49 13
Integral of viable cell concentration [10%cells.day.17] 4.262 3 4.317 7 2.915 10 2.629 8

Peak viable cell concentration [cells ml~}] 1.377x10° 14 1.291x10% 7 9.359x10° 16 9.009x10° 4
Maximum specific growth rate [h™1] 0.040 2 0.037 0 0.035 8 0.038 1
Specific antibody production rate [mg (10° cells.day)™!] 9 4 11 0 14 10 13 15
Specific glucose consumption rate [g (10° cells.day)™!]  0.37 3 0.33 1 0.54 16 0.52 4
Specific lactate production rate [g (10° cells.day)™!] 0.16 11 0.21 7 0.22 4 0.36 21
Lactate produced / glucose consumed [g g™'] 0.43 8 0.65 8 0.42 11 0.70 25




4.4 The Effect of Well Fill Volume on Cell Growth
and Antibody Production in Shaken 24-SRW
(ULA) Microtitre Plates

For microbial systems grown in 96-DSW and 96-SRW plates it has previously been
shown that fill volume has a significant impact on Kya (Hermann et al., 2003) and
cell growth rate (Kensy, Zimmermann, Knabben, Anderlei, Trauthwein, Dingerdis-
sen and Biichs, 2005). In general, both parameters decrcase with an increase in fill
volume. In the case of the 24-SRW geometry used here, the results in Section 3.3
showed that kya is unlikely to be limiting for the vast majority of anticipated con-
ditions. To investigate the influence of fill volume on hybridoma culture cell growth
and antibody production were determined by inoculating a 24-SRW (ULA) plate
with VPM 8 hybridoma cells in either 800 ul or 2000 pl of media. The microw-
ell plates were then shaken at 120 or 250 rpm. The culture kinetics are shown in
Figs. 4.9, 4.10, 4.12, 4.13 and 4.11 while Table 4.2 summarises the calculated kinetic

parameters and overall performance.

In terms of growth (Fig. 4.9). the culture with the lowest fill volume and shaking
speed (800 ul, 120 rpm) performed the best which is in agreement with literature
findings for microbial systems. This culture achieved both the highest peak viable
cell concentration (1.377x10° cells ml™!) and IVC (4.262 10%cells.day.l"!) (Table 4.2).
The worst performance, in terms of cell growth, was observed for the 2000 sl fill
volume shaken at 120 rpm. The peak viable cell concentration (6.832x10° cells ml~!)
and IVC (2.19 10%cells.day.l"! ) were the lowest of all experiments. Furthermore,

the viability of this culture started to decline 36 hours after inoculation (Fig. 4.10).

In contrast to cell growth, the fill volumne ouly had a small effect on the antibody
titre (Fig. 4.11). The highest titre achieved was 50 + 6 mg 1=* (800 ul, 250 rpm),
nearly 30% greater than that of the 2000 pl, 250 rpm culture. Fill volume also had
a noticeable influence on the SPR. The highest SPR achieved was 18.3 + 4.2 mg
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(10° cells.day)~! (2000ul, 120rpm) over twice that obtained in the 2000 pl, 250 rpm

culture.

Glucose was not exhausted in any experiment until 120 hours so cannot be the limit-
ing nutrient (Fig. 4.12). The glucose consumption and lactate production rates (Ta-
ble 4.2) were highest for the 2000 !, 120 rpm experiment (0.79 mg(10° cells.day)™')
and 0.65 mg(10° cells.day)~! respectively) and lowest for 800 pl, 120 rpm culture
(0.37 mg(10° cells.day)~! and 0.16 mg(10° cells.day)™! respectively). L-lactate pro-
duction by the 2000 ul, 120 rpm culture was significantly higher than the other
cultures studied (Fig. 4.12). L-glutamine was exhausted by all cultures after 72
hours except the 2000 ul, 120 rpm experiment (Fig. 4.13). In this particular case,

L-glutamine was not exhausted during the 120 hour culture period.

At inoculation, the pH of all experiments varied from 7.8 - 8.0, and thereafter re-
mained in the range typical of those used to culture mammalian cells, 7.0 - 7.5. The

pH for the 2000 ul, 120 rpm experiment dropped to 6.8 after 84 hours.

In contrast to Scction 4.3 wherce the shaking speed was shown to have little cffect on
culture performance, variations in fill volume had a more noticeable impact. This
was particularly apparent at 120 rpm. With an 800 ul fill volume, the peak viable
cell concentration and IVC were approximately double those achieved at 2000 pl.
At the higher fill volume, cell sedimentation was observed, along with higher glu-
cose consumption, higher lactate production and higher antibody production rate
suggesting an increase in the cellular metabolism at the expense of reduced growth.
This phenomenon is thought to be the result of more cellular energy being diverted
to make antibody rather than biomass (Miller et al., 2000)(Ozturk and Palsson,
1991b)(Muething et al., 2003)(Dinnis and James, 2005). It is likely that at the
higher fill volumes inadequate oxygen transfer brought about this cellular response.
In the next section, 24-SRW plates are instrumented to enable the non-invasive

DOT measurement of cell cultures to test this hypothesis. A similar technique can
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be invoked to measure pH.
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Figure 4.9: Effect of well fill volume on VPM 8 hybridoma growth in
24-SRW (ULA) microtitre plates. Hybridoma cells were taken from mid-
exponential cultures and diluted to 1x10° viable cells ml~! in RPMI-1640
media supplemented with 10% (v/v) FBS. Either 800 ul or 2000 ul of
diluted culture was inoculated into each well of a Corning 24 well ultra-
low attachment plate which was covered with a breathe-easy membrane
and placed on an orbital shaker (N = 120 rpm or 250 rpm) in a humidified
incubator (37°C, 5% (v/v) CO;). Every 12 - 24 hours, three wells were
sacrificed for cell counts and metabolite analysis. All cell counts were
conducted using a CASY TTC automated counter. Error bars represent
one standard deviation about the mean.
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Figure 4.10: Effect of well fill volume on VPM 8 hybridoma viability
in 24-SRW (ULA) microtitre plates. Experiments were performed as
described in Fig. 4.9. Every 12 - 24 hours, three wells were sacrificed
for cell counts and metabolite analysis. Viability was determined using a
CASY TTC automated cell counter. Error bars represent one standard
deviation about the mean.
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Figure 4.11: Effect of well fill volume on VPM 8 hybridoma antibody
production in 24-SRW (ULA) microtitre plates. Experiments were per-
formed as described in Fig. 4.9. Every 12 - 24 hours, three wells were
sacrificed for cell counts and metabolite analysis. Antibody concentra-
tion was determined using ELISA as described in Section 2.8.2. Error
bars represent one standard deviation about the mean.
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Figure 4.12: Effect of well fill volume on VPM 8 hybridoma glucose con-
sumption and L-lactate production in 24-SRW (ULA) microtitre plates.
Experiments were performed as described in Fig. 4.9. Every 12 - 24
hours, three wells were sacrificed for cell counts and metabolite analy-
sis. Glucose and L-lactate concentrations were determined using a YSI
2700 bioanalyser. Error bars represent one standard deviation about the
mean.
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Figure 4.13: Effect of well fill volume on VPM 8 hybridoma L-glutamine
consumption in 24-SRW (ULA) microtitre plates. Experiments were per-
formed as described in Fig. 4.9. Every 12 - 24 hours, three wells were
sacrificed for cell counts and metabolite analysis. The concentration of
L-glutamine was determined using a YSI 2700 bioanalyser. Error bars
represent one standard deviation about the mean.
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Table 4.2: Effect of well fill volume on growth, antibody production and metabolism during the culture of VPM 8 hybridoma
cells in 24-SRW (ULA) microtitre plates. Experiments were performed as described in Fig. 4.9. Growth rate, integral viable
cell concentration and average specific production/consumption rates were estimated from Figs. 4.9, 4.10, 4.12 and 4.11, as
described in Section 2.7.

V = 800 4l V = 2000 4l

N =120 rpm N = 250 rpm N = 120 rpm N = 250 rpm
Culture parameter Mean CV [%] Mean CV[%  Mean CV[%]  Mean CV [%]
Final antibody Titre [mg I71] 40 7 49 13 41 14 38 8
Integral of viable cell concentration [10°cells.day.1~!] 4.262 3 2.629 8 2.188 8 3.103 n/d
Peak viable cell concentration [cells ml1~] 1.377x10° 14 9.009x10° 8 6.832x10° 22 9.270x10° 1
Maximuin specific growth rate [h™!] 0.04033 2 0.03780 1 0.03675 16 0.04010 n/d
Specific antibody production rate [mg (10° cells.day)™!] 9 4 13 15 18 23 12 n/d
Specific glucose consumption rate [g (107 cells.day)~!]  0.37 3 0.52 4 0.79 6 0.42 n/d
Specific lactate production rate [g (10° cells.day) ] 0.16 11 0.36 21 0.65 7 0.26 n/d

Lactate produced / glucose consumed [g g~}] 0.43 8 0.70 25 0.82 1 0.62 n/d




4.5 DOT measurements During Cell Culture in

Shaken 24-SRW (ULA) Microtitre Plates

Adequate supply of oxygen is crucial for successful microwell cultures. Insufficient
oxygen has been shown to affect both growth and protein production (Ozturk and
Palsson, 1991b). In Section 3.3, theoretical values of Kpa were established for 24-
SRW (ULA) plates using a variety of fill volumes and shaking speeds. As mentioned
in that section, 10° - 107 cells ml~! require a K a of around 1 h~! to cusurc sufficient
oxygen transfer. Almost all K;a predictions were greater than 1 h™! (Table 3.2),
the exception was under the following conditions : 2000 ul, 120 rpm, where the
K;a was estimated as 1.3 + 30% h~!. This suggested that oxygen transfer could
become limiting. In order to confirm any oxygen mass transfer limitations a num-
ber of microwells were instrumented with flourescent oxygen sensors as described in
Section 2.2. Parallel cultures were also performed in shake flasks. Experiments were

performed as described in Section 2.2.

The DOT measured in all microwell cultures with an 800 ul fill and the shake flask
culture varied between 65 and 90 % (Fig. 4.14) and were in a range acceptable for
cell culture (Fenge et al., 1993)(Singh, 1999)(Nienow, 2006). It was only with a 2000
ul fill in a microwell operated at the lowest speed that DOT dropped significantly.
After 60 hours, the DOT measured in the bottom of the wells was 7.3 % + 7.8 %.

24-well (ULA) plates filled with 800 ul of culture were not limited by oxygen at
120 rpm or above. Likewise, the shake flask culture was not limited by oxygen. In
contrast, the DOT profile suggested oxygen limitations in a 24-SRW (ULA) plate
with a 2000 pl fill, shaken at 120 rpm. These finding compare well with the pre-
dictions of Kra made in Section 3.3. In the microwell culture where DOT was
not limiting, predicted Kra values were greater than 3.2 h™!; three times higher
than the minimum value required to support >108 cells ml~!. In contrast, for a

2000 4 fill shaken at 120 rpm, the predicted Kpa was very close to the minimum
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value of 1 h~!. Taken together, these results show that Equation 1.4 can provide a

good initial basis for predicting the oxygen transfer capability of the microwell plate.

4.6 Influence of Well Coating and Baffles on Cell
Growth and Antibody Production in Shaken

24-SRW (ULA) Microtitre Plates

4.6.1 Effect of Well Coating

So far, Corning 24-well Ultra-low attachment (ULA) microwell plates have been
used in all the previous studies. These plates have been designed to inhibit the
attachment of mammalian cells to the surfaces; a hydrophilic, neutrally charged
hydrogel layer coats each polystyrene well 1. Since proteins and other biomolecules
passively adsorb to surfaces through hydrophobic and ionic interactions, this surface
naturally inhibits nonspecific cell immobilisation, thus inhibiting subsequent cell at-
tachment. Because of this well treatment a single disposable plate is approximately
£8 2. In contrast, an uncoated polystyrene plate is about 70p 2. Natural, unmodi-
fied polystyrene (PS) surfaces are hydrophobic and only bind cells and biomolecules
through passive hydrophobic interactions. This can often lead to denaturation of
the target protein molecule (Shmanai et al., 2001). A switch to PS plates would rep-
resent a significant financial saving given the potential high throughput applications
of this work. However, the two surfaces may effect culture performance thorough

differences in surface adsorption.

To assess the potential of a switch towards PS plates, cell growth and antibody
production from cultures performed in a 24-SRW (ULA) plate and a 24-SRW (PS)

plate were compared. In both cases, VPM 8 hybridoma cells were seeded at a den-

lwww.corning.com/Lifesciences/technical_information/techDocs/t_ultra  low  _attachment

_product _insert _cls _cc .009.pdf Cited: 14/07/2007
2Price as of May 2006. Quote from Sigma (Poole, Dorset UK)
3Price as of May 2006. Quote from Helena Biosciences (Gateshead, UK)
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Figure 4.14: In-situ dissolved oxygen tension (DOT) measurements in
a 24-SRW (ULA) microtitre plate and a 250 ml shake flask during the
culture of VPM 8 hybridoma Cells. DOT was measured using PreSens
oxygen sensor spots and the Fibox-3 single-channel fibre-optic oxygen
meter, as described in Section 2.2. Hybridoma cells were taken from
mid-exponential cultures and diluted to 1x10° viable cells ml~! in RPMI-
1640 media supplemented with 10% (v/v) FBS. 800 ul or 2000 pl of
diluted culture was inoculated into each well of a Corning 24 well ultra-
low attachment plate which was covered with a breathe-easy membrane.
100 ml of diluted culture was inoculated into a 250 ml shake flask. Both
vessels were placed on an orbital shaker in a humidified incubator (37°C,
5% (v/v) CO.). DOT was measured every 12h. Error bars represent one
standard deviation about the mean.
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sity of 1x10° cells m1~! in 800 ul of RPMI-1640 media supplemented with 10% (v/v)
FBS as described in Section 2.1.5. The agitation speed of the orbital shaker was
set to 120 rpm. Both plates were covered with a breathe-easy membrane to prevent

evaporation (Section 2.1.5).

The well coating was found to have had little effect on cell growth (Fig. 4.15) or
antibody titre (Fig. 4.16) . As mentioned earlier, PS passively adsorb both cells and
proteins (antibody). Compared to the ULA plate, there was no consistent loss of
cells or antibody on the PS surface. It is thought that fluid motion within the well

was sufficient to ensure continuous cell suspension and prevent passive adsorption.

Well coating was found to have no significant effect on the concentrations of glucose,

L-lactate and L-glutamine during culture [data not shown).

4.6.2 Effect of Baflles

In Section (3.4.1), baffles were introduced into 24-SRW (ULA) plates to help im-
prove the liquid phase mixing. The idea being they would disrupt the largely radial
flow of liquid and promote greater axial mixing. At all shaking speeds evaluated,
a significant reduction in mixing time was achicved. Howcever, over the range 0 -
160 rpm, the values of mixing time were still greater than those reported in typical
mammalian cell bioreactors (< 200 s). This could impact on the future development
of shaken 24-SRW (ULA) plates for fed-batch and pH controlled cultures since het-
erogeneities would exist for a longer period of time than at the pilot and production

scales.

The purpose of this study was to assess the impact of the two bafflc configura-
tions described in Section 3.4.1 on the microwell environment in terms of culture
performance. The two baflles configurations tested, single-wall and double-wall are

described in Section 2.1.5. Each configuration was fitted into three wells of a 24-SRW

125



1.8e+6
1.6e+6 1
1.4e+6 - ~
1.2e+6 7
1.0e+6 -
8.0e+5 - ~
6.0e+5 - /

4.0e+5 -

2.0e+5 - z

Viable Cell Concentration: PS plate [cells ml'1]

0.0 T T T T Y T T T T T T T T T T T T
00 20e+5 4.0e+5 6.0e+5 8.0e+S 1.0e+6 12e+6 14e+6 16e+6 1.8e+6

Viable Cell Concentration: ULA plate [cells ml'1]

Figure 4.15: Effect of well coating on VPM 8 hybridoma growth in 24-
SRW microtitre plates: parity plot of cell concentrations measured over a
5 day culture. Hybridoma cells were taken from mid-exponential cultures
and diluted to 1x10° viable cells ml~! in RPMI-1640 media supplemented
with 10% (v/v) fetal bovine serum. 800ul of diluted culture was inoc-
ulated into each well of a Corning 24 well ultra-low attachment plate
(ULA) or a TPP 24 well polystyrene (PS) test plate which was covered
with a breathe-easy membrane and placed on an orbital shaker (N = 120
rpm) in a humidified incubator (37°C, 5% (v/v) CO,). Every 24 hours,
three wells were sacrificed for cell counts and metabolite analysis. All
cell counts were conducted using a CASY TTC automated counter. The
solid line represents parity, while the dashed line represents a best-fit
linear regression: y = 0.988x-31278 (r? = 0.994). Error bars represent
one standard deviation about the mean.
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Figure 4.16: Effect of well coating on VPM 8 hybridoma antibody pro-
duction in 24-SRW plates: parity plot of antibody titres measured over
a 5 day culture. Experiments performed as described in Fig. 4.15. Every
24 hours, three wells were sacrificed for cell counts and metabolite analy-
sis. Antibody concentration was determined using ELISA as described in
Section 2.8.2. The solid line represents parity, while the dashed line rep-
resents a best-fit linear regression: y = 0.9191x + 0.42399 (r? = 0.9606).
Error bars represent one standard deviation about the mean.
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plate. All wells of the modified plate were inoculated with VPM 8 hybridoma cells
at a density of 1x10° cells ml~! in 800 pl of RPMI-1640 media supplemented with
10% (v/v) FBS. The plate was shaken at 120 rpm, on an orbital shaker platform
with a shaker diameter (d;) of 20 mm. The plate was covered with a breathe-easy

membrane to minimise evaporation.

Over the first 48 hours of culture, the baffles had no positive effect on viable cell
concentration compared to the unbaffled wells (Fig. 4.17). The viable cell concen-
tration in the control was the highest after 72 hours (1.288x108 cells ml~!), over 25%
higher than in both the single-wall baffle and double-wall baffle wells. Furthermore,
the IVC was found to be highest in the control experiment (2.50 10° cells.day.l"1),
nearly 209 higher than the single-wall baffled well and 14% higher than the double-
wall baffled wells. The maximum specific growth rate was similar in all experiments.
Cells cultured in both baffle configurations and the control maintained high viability
(> 90 %) over the first 48h of culture; thereafter the viability declined. As with cell
growth, the baffles did not enhance antibody titre (Fig. 4.18). The final titres and

SPR (Table 4.3) were very similar to the control.

The addition of baffles had little effect on cell growth or antibody production. It
is thought that the growth and protein production characteristics exhibited by the
control culture (800 pul, 120 rpm) were the best obtainable using the VPM 8 cell-line
and serum-supplemented RPMI-1640 media, and so the addition of baffles would
not required to remove or minimise a limiting condition associated with the liquid

hydrodynamics.
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Figure 4.17: Effect of baffles on the growth of VPM 8 hybridoma cells
cultured in 24-SRW plates. Two baflles configurations were designed and
tested: single-wall and double-wall. Both are described in Section 2.1.5.
Hybridoma cells were taken from mid-exponential cultures and diluted
to 1x10° viable cells ml~! in RPMI-1640 media supplemented with 10%
(v/v) fetal bovine serum. 800ul of diluted culture was inoculated into
each well of a baffled Corning 24 well ultra low attachment plate which
was covered with a breathe-easy membrane and placed on an orbital
shaker (N = 120 rpm) in a humidified incubator (37°C, 5% (v/v) CO,).
Cell count were conducted using a CASY TTC cell counter.
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Figure 4.18: Effect Of baffles on the antibody production of VPM 8 hy-
bridoma cells cultured in 24-SRW plates. Two baffles configurations were
designed and tested: single-wall and double-wall. Experiments performed
as described in Fig. 4.17. Antibody concentration was determined using
ELISA as described in Section 2.8.2.
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Table 4.3: Effect of baffles on the growth and antibody production of VPM 8 hybridoma cells cultured in 24-SRW (ULA)
plates. Two baffles configurations were designed and tested: single-wall and double-wall. Experiments performed as described
in Fig. 4.17. Growth rate and integral viable cell concentration were estimated as described in section 2.7.

Culture parameters No-Baflle Single-Wall Baffle Double-Wall Baffle
Final antibody titre [mg 177 28 28 31

Integral of viable cell concentration [10%cells.day.17}] 2.50 2.12 2.20

Peak viable cell concentration [cells ml~}] 1.228x106  9.579x10° 9.818x10°
Maximum specific growth rate (h™?] 0.03845 0.04067 0.04145

Specific antibody production rate [mg (10° cells.day)™?] 10 12 13




4.7 Summary

Building on the engineering characterisation of microwell systems described in Chap-
ter 3, the results presented in this chapter have begun to relate the importance of

these to cell culture growth kinetics and antibody production.

Shaking Speed was found to have a significant but not marked influence on microw-
ell hybridoma culture. A slight decrease in growth was observed at 200 - 250 rpm,
along with an increase in both glucose consumption and lactate production rates
(Section 4.3). It is believed to be the result of sufficient energy dissipation in the

system helping to avoid limitations in oxygen supply and hydrodynamics.

Fill volume had a more noticeable effect on cell performance, particularly at lower
shaking speeds (Fig. 4.9). A combination of low shaking speed and high well fill
volume (2000 ul, 120 rpm) was found to result in cell sedimentation and anaero-
bic conditions (Fig. 4.14). This last point confirms the accuracy of ka predictions
from Equation 1.4. To supply adequate oxygen to support 10° cells ml™!, a Kra
of around 1 h™! is required (Fenge et al., 1993). A Kya of 1.3 h™! was predicted
for a 24-well plate operating with a 2000 ul fill, shaken at 120 rpm; allowing for
the reported accuracy of 30% in the equation of (Doig et al., 2005) and the known
cell concentrations of the hybridoma cell-line used suggested that insufficient oxygen
transfer may occur. This was confirined by making DOT measurcments during a

microwell culture (Fig. 4.14).

An attempt was made to culture VPM 8 hybridoma cells in both 24-SRW and 96-
DSW plates (Section 4.2). While successful in 24-SRW plates, culture in 96-DSW
plates proved unsuccessful under various operating conditions (shaking speed, fill
volume and well geometry). This was believed to be related to the cell-line rather
than an unfavorable environment: a CHO cell-line grew and maintained a high vi-
ability over a week-long culture period. Therefore, 24-SRW plates were chosen to

perform all subsequent hybridoma cultures.
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Overall, the use of baffles was shown to have some positive effect on the blending
of liquid additions made to microwell cultures even if they did not enhance culture
performance (Figs. 4.17, 4.18)(Table 4.3). Future automation of these cultures will
inevitably involve liquid additions however and so in such situations the use of baf-

fles to reduce the mixing time may still prove to be advantageous.

A comparison of growth and antibody titre in ultra-low attachment (ULA) wells
and polystyrene (PS) plates was made to investigate the possibility of switching to
the cheaper PS plates. However, it is know that cells and protein can adsorb to PS
surfaces. Cell counts and antibody titre were comparable in both cases (Figs. 4.15
and 4.16). Therefore it would be sensible to switch to the cheaper PS plates for high

throughput experimentation.

Based on the characterisation of the engineering environment in Chapter 3 and the
variables in this chapter found to influence cell culture kinetics, it is now possible to

specify initial design principles for the successful operation of microwell cell cultures:

1. Prior knowledge of cell line: growth rates, peak viable cell concentrations,

antibody titre, antibody production rates
2. Define array/data requirements - specify minimum fill volume and well type

3. CFD - surface deformation and general hydrodynamics local energy dissipation

rates < lethal ones.

4. Use correlation to estimate kya for given conditions - redefine RPM,,;,, if nec-

essary

5. Check for cell sedimentation at RPM;, - if sedimentation occurs then shaking

speed must be increased.

6. Define operating conditions - check initial batch culture of chosen cell line(s).
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Having shown that suspension culture of mammalian cells is feasible in shaken mi-
crowell plates and established some initial experimental design criteria, in the next
chapter a first attempt at scaling-up a cell culture process from shaken microwell
plate to a lab-scale stirred-tank reactor (STR) is made. An understanding of the
relationship between microwell generated data and larger scale culture performance

will be vital if the microwell approach is to be used to inform bioprocess design.
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Chapter 5

Scale Translation of Hybridoma

Cultures Based on Energy

Dissipation!

5.1 Introduction and Aims

Cell culture data generated in shaken microwell plates must be reproducible and
predictive of performance at larger scales before this cheap, automatable, high-
throughput platform technology can provide a useful alternative to shake flasks and
bench-scale STRs in process evaluation and optimisation (Micheletti et al., 2006).
This approach was discussed in detail in Section 1.4.4. Upon scale-up from microw-
ells it would be expected to reproduce, at larger scales, similar product yield and

quality (Varley and Birch, 1999).

To enable predictive scale-up of microwell processes, knowledge of the engineering
fundamentals (Chapter 3) and their effect on culture performance (Chapter 4) is im-
portant. Previous studies on the scale-up of mammalian cell culture have used the
following scale-up bases: fluid turnover rate (Chisti, 1993); superficial gas velocity

(Xie et al., 2003); aeration rate (vvm) ? and impeller tip speed (Marks, 2003) and,

1Some of the results in this chapter have been previously published as Micheletti et al. (2006)
2Volumetric flow rate per minute per unit volume
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most recently, power input per unit volume (Li et al., 2006). The utility of P/V as

a basis for scale translation has been previously described in Section 3.7

The aim of this chapter is to make an initial attempt at scaling-up microwell cultures
using matched average energy dissipation (P/V) as a basis for scale translation. The

specific objectives of this chapter are to:

e Culture VPM 8 hybridoma cells at non-matched energy dissipation rates to

demonstrate how differences in P/V lead to variations in culture performance.

e Scale-up a VPM 8 hybridoma culture from shaken 24-well plates to shake flasks
and a 5-L STR using matched P/V.

5.2 Cell Culture Performance Under Non-Matched
P/V

Shake flasks are currently one of the standard geometries used for early stage devel-
opment of mammalian cell culture conditions along with spinner flasks and bench-
scale STR (Girard et al., 2001)(Balcarcel and Clark, 2003)(Muller et al., 2005). In
order to understand the influence of average energy dissipation rate on hybridoma
growth and antibody production in this culture geomctry, shake flask culturcs op-
erated at 0, 40 and 810 W m~3 were assessed. These operating conditions were

determined based on the correlation of Biichs et al. (2000a) shown in Equation 1.1.

Power dissipation was found to have a pronounced effect on cell growth (Fig.5.1).
Cells cultured at 40 W m™3 achieved the highest peak viable cell concentration
(1.472x10° cells ml™!), over twice that of the static culture. In the culture per-
formed at 810 W m~3, the cells did not grow to any measurable degree. The IVC
(10° cells.day~'.1"!) of the cultures at 0, 40 and 810 W m™% were 2.050, 4.100
and 0.2400 respectively. Cell sedimentation was visible in the static cultures, while
trypan-blue inspection of the cells cultured at 810 W m~3 showed unusually high

levels of cellular debris throughout the culture period suggesting cellular damage.
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Figure 5.1: Effect of average energy dissipation (P/V) on VPM 8 hy-
bridoma cell growth in 250 ml shake flasks. Hybridoma cells were taken
from mid-exponential cultures and diluted to 1x10° viable cells ml™! in
RPMI-1640 media supplemented with 10% (v/v) FBS. The average P/V
values in shake flasks were calculated using Equation 1.1. To produce
an average P/V of 0, 40 and 810 W m3 the following conditions were
used: (fill volurme = 100 ml, shaking speed = 0 rpm), (100 ml, 120 rpm)
and (25 ml, 250 rpm) respectively. Following inoculation, cultures were
placed on an orbital shaker in a humidified incubator (37°C, 5% (v/v)
CO,) as described in Section 2.1.4. Cell counts were conducted using a
CASY TTC automated cell counter as described in Section 2.8.1. Error
bars represent one standard deviation about the mean.
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Figure 5.2: Effect of average energy dissipation (P/V) on VPM 8 hy-
bridoma viability in 250 ml shake flasks. Experiments were performed
as described in Fig. 5.1. Viability assessments were made using a CASY
TTC automated cell counter as described in Section 2.8.1. Error bars
represent one standard deviation about the mean.
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Figure 5.3: Effect of average energy dissipation (P/V) on VPM 8 hy-
bridoma antibody production in 250 ml shake flasks. Experiments were
performed as described in Fig. 5.1. Antibody titres were quantified using
ELISA as described in Section 2.8.2. Error bars represent one standard
deviation about the mean.
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Figure 5.4: Effect of average energy dissipation (P/V) on VPM 8 hy-
bridoma glucose consumption and L-lactate production in 250 ml shake
flasks. Experiments were performed as described in Fig. 5.1. Glucose and
L-lactate concentrations were measured as described in Section 2.8.3. Er-
ror bars represent one standard deviation about the mean.
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Figure 5.5: Effect of average energy dissipation (P/V) on VPM 8 hy-
bridoma L-glutamine consumption in 250 ml shake flasks. Experiments
were performed as described in Fig. 5.1. L-glutamine concentration was
measured as described in Section 2.8.3. Error bars represent one stan-

dard deviation about the mean.

141



The results obtained at 40 W m™3 (maximum viable cell concentration = 1.472x10°
cells ml~!) compare well with typical values reported for hybridoma cell growth in
shake flasks [(0.9 - 1.3) x 108 cells ml~!] (Schmid et al., 1990)(Ozturk and Palsson,
1991a)(Zhang, Williams-Dalson, Keshavarz-Moore and Shamlou, 2005). In these
cases it is estimated that the average energy dissipation rates used by these other

cultures were in the range 10 - 60 W m3.

The viability of the static and 810 W m~3 cultures declined continuously throughout
the culture period (Fig. 5.2). In contrast, the viability of the shake flask performed
at 40 W m~3 maintained a constant high viability (> 90%) over the first 60 hours

of culture before rapidly decreasing.

The highest final antibody titre (Fig. 5.3) was achieved in the culture performed
at 40 W m~3 (34.3 mg 171). This was 1.6 times that of the static culture and 12.8
times that of the 810 W m~3 culture. The results at 40 W m~3 compared well with
antibody titres reported for shake flask cultures of hybridoma cells (40 - 50 mg 171)
(Schmid et al., 1990)(Ozturk and Palsson, 1991a) under conditions described above.

There was no significant consumption of glucose or production of lactate by cells
cultured at 810 W m~3 (Fig. 5.4). Although, some consumption of L-glutamine was

measured at this operating condition (Fig. 5.5).

The inferior growth and antibody titres achieved by cells cultured at extremely low
or high energy dissipation rates (0 and 810 W m™3), compared to a value (40 W m~?)
similar to those used in previous small scale culture studies (Zhang, Williams-Dalson,
Keshavarz-Moore and Shamlou, 2005), suggest two important points. Firstly, for
each vessel there is likely to be an optimal value of P/V as clearly demonstrated
in Fig. 5.1. Second, in relation to scale-up the P/V values need to match at the
two different scales unless one of the two P/V values is far from optimum at that

particular scale. At each stage, the energy dissipation rate must avoid being too
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low so as to induce cell sedimentation, poor mixing or even anaerobic conditions.
Conversely, the energy dissipation must avoid being too high so as to be detrimental

to the cell growth and antibody production (Li et al., 2006).

In the next section, an initial attempt at scaling-up a cell culture process from mi-

crowell plate to shake flask and a 5-L STR is made.

5.3 Scale-up of Cell Culture Performance at Matched
P/V

Scale translation of a VPM 8 hybridoma culture from 24-SRW plates to a 250 ml
shake flask and a 5-L STR was performed, where possible, using matched P/V val-
ues or optimal conditions for a particular geometry. The average P/V in both the

microwell and shake flask was set to 40 W m™3.

In Section 4.3, this magnitude
of average P/V was shown to be optimal for microwells; therefore optimal culture
conditions prevail in both microwell and shake flask cultures. Data from a 5-L STR
run, operated under typical conditions for STR operation at this scale (Miller et al.,
2000)(Varley and Birch, 1999)(Li et al., 2006), was included for comparison. In this
case, the P/V value for the STR was estimated to be 8 W m™3 (Section 3.5.2). A
24-SRW plate, 250 ml plastic shake flask and 5-L. STR were inoculated with cells
at 1x10° cells ml~! in 800 ul, 100 ml and 3-Litre respectively of RPMI-1640 me-
dia supplemented with 10% (v/v) FBS. The microwell plate and the shake flask
were shaken at 120 rpm as described in Section 2.1.5. The STR was agitated at
200 rpm as described in Section 2.1.6. All cell growth, antibody and metabolic data

were corrected for the effect of evaporation by the method described in Section 2.1.5.

Cell growth was found to be comparable in all three bioreactor geometries (Fig. 5.6).
However, a one-way ANOVA of the peak viable cell concentrations, described in Sec-

tion 2.9, revealed significant differences between the three geometries (p < 0.05). In
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Fig. 5.6, it appears that the peak viable cell concentration in the 5-L STR was sta-
tistically different from the other two geometries. This was confirmed by a t-test,
described in Section 2.9, performed on the peak viable cell concentrations obtained
in the shake flask aud microwell cultures. Significantly differences were not found

at the 95% level.

Cell viability was maintained at a high value (> 90%) for the first 60 h of culture
(Fig. 5.7) in all three geometries. After which it started to decline with the most
rapid and extensive decline seen in the shake flask culture. This decrease in viability
coincided with the complete exhaustion of L-glutamine (Fig. 5.10), suggesting it was

either the sole or one of the main limiting nutrients.

The mean final antibody titres were also similar between the three scale (Fig. 5.8):
the antibody titre achieved in the 24-SRW plate was the highest (40 + 2.8 mg 17!)
approximately 20% greater than in the shake flask and the STR. Likewise, the SPR

achieved in the three geometries were very similar (Table 5.1).

Ovecrall, the glucosc concentration profiles for the three gecometrics were very similar
throughout the 120 hour culture period (Fig. 5.9). Glucose was exhausted in the
STR after 72 hours of culture, contrasting to the shake flask and microwell cultures
where =~ 0.2 - 0.4 g 17! remained after 120 hours. Previous studies reporting the
metabolism of hybridoma cells have never found glucose to be a limiting nutrient
(Miller et al., 2000)(Ozturk and Palsson, 1991a)(Schmid et al., 1990). The lactate
concentrations over the first 60 hours of culture were similar in all three geometries
(Fig. 5.9) thereafter all platcaued out at significantly different valucs. The con-
centration of L-lactate measured in the study (0.2 - 1.6 g I"!) compared well with
typical values reported for hybridoma cell cultures in the literature (0.5 - 3 g 1°1)
(Miller et al., 2000)(Ozturk and Palsson, 1991a)(Schmid et al., 1990). In all three
geometries, the L-glutamine was exhausted after 72 hours of culture (Fig. 5.10).

As mentioned in previous sections, L-glutamine is a common limiting nutrient in
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hybridoma culture and it’s exhaustion correlates with the onset of the death phase.

The calculated glucose consumption rates and lactate production rates were similar
in the microwell and shake flask culture (Table 5.1). However, both of these pa-
rameters were somewhat higher in the STR culture: the glucose consumption rate
was approximately 4 times higher and the lactate consumption rate was = 10 times

higher.

The findings presented in this section are in agreement with the findings of Stro-
bel et al. (2001) who showed that CHO performance in a shaken 96-DSW plate was
cquivalent to that in shaken flasks. However, the findings of the current study do not
support the previous research of Girard et al. (2001) whom found a two-fold increase
in antibody titre from CHO cells cultured in shaken 12-well plates when compared to
equivalent data from a spinner flask and 3-Litre STR. The observed increase in titre

in the work of Girard et al. (2001) could be attributed to evaporation from the wells.
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Figure 5.6: Scale-up of VPM 8 hybridoma cells based on matched average
energy dissipation per unit volume: cell growth in shaken 24-SRW plates,
250 ml shake flasks and a 5-L stirred-tank reactor. Hybridoma cells
were taken from mid-exponential cultures and diluted to 1x10° viable
cells ml~! in RPMI-1640 media supplemented with 10% (v/v) FBS. The
STR culture was further supplemented with 1 g 1-! pluronic F68 and 60
ppm silicone A antifoam after 48h of culture. 800ul of diluted culture
was inoculated into each well of a Corning 24-well ultra low attachment
plate which was covered with a breathe-easy membrane as described in
Section 2.1.5. 100 ml of diluted culture was inoculated into a plastic,
vent-capped, 250ml shake flask as described in Section 2.1.4. Both the
microwell plate and shake flasks were placed on an orbital shaker (120
rpm) in a humidified incubator (37°C, 5% (v/v) CO,). 3-L of diluted
culture was inoculated into the 5-L STR. The following set-points were
used: 200rpm (agitation speed), 30% =+ 1% (DOT) and 7.2 + 0.1 (pH).
The aeration (100 cm® min™!; air supplemented with nitrogen or oxygen
on demand) was provided in the headspace for the first 48 hours, followed
by intermittent sparging. pH was controlled using CO, as described
in Section 2.1.6. All cell counts were conducted using a CASY TTC
automated cell counter as described in Section 2.8.1. Error bars represent
one standard deviation about the mean.
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Figure 5.7: Scale-up of VPM 8 hybridoma cells based on matched aver-
age energy dissipation per unit volume: cell viability in shaken 24-SRW
plates, 250 ml shake flasks and a 5-L stirred-tank reactor. Experiments
performed as described in Fig. 5.6. All viability assessments were made
using a CASY TTC automated cell counter as described in Section 2.8.1.
Error bars represent one standard deviation about the mean.
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Figure 5.8: Scale-up of VPM 8 hybridoma cells based on matched average
energy dissipation per unit volume: antibody titre in shaken 24-SRW
plates, 250 ml shake flasks and a 5-L stirred-tank reactor. Experiments
performed as described in Fig. 5.6. Antibody titres were quantified using
ELISA as described in Section 2.8.2. Error bars represent one standard
deviation about the mean.
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Figure 5.9: Scale-up of VPM 8 hybridoma cells based on matched average
energy dissipation per unit volume: glucose and lactate concentrations in
shaken 24-SRW plates, 250 ml shake flasks and a 5-L stirred-tank reactor.
Experiments performed as described in Fig. 5.6. Glucose and L-lactate
concentrations were measured as described in Section 2.8.3 Error bars
represent one standard deviation about the mean.
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Figure 5.10: Scale-up of VPM 8 hybridoma cells based on matched av-
erage energy dissipation per unit volume: L-glutamine concentration in
shaken 24-SRW plates, 250 ml shake flasks and a 5-L stirred-tank reactor.
Experiments performed as described in Fig. 5.6. Glutamine concentra-
tion was measured as described in Section 2.8.3 Error bars represent one
standard deviation about the mean.
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Table 5.1: Scale-up of VPM 8 hybridoma cells based on matched average energy dissipation per unit volume: cell growth, an-
tibody production and metabolism in shaken 24-SRW plates, 250 ml shake flasks and a 5-L stirred-tank reactor. Experiments
performed as described in Fig. 5.6. Data taken from Fig.5.6,5.75.8,5.9,.

24-SRW Plate 250ml Shake Flask 5-L STR
Parameter Mean CV [%] Mean CV [%] Mean CV %]
Final antibody concentration [mg 17} 40 7 34 18 33 45
Integral of viable cell concentration [10%cells.day.1™!] 4.262 3 4.100 17 3.518 16
Peak viable cell concentration [cells m1™!] 1.377x10° 14 1.472x10% 7 1.167x10° 18
Maximum specific growth rate [h™!] 0.04033 2 0.04280 5 0.03800 7
Specific antibody production rate [mg (10° cells.day)™!] 9 4 8 0.5 10 59
Specific glucose consumption rate |g (10° cells.day)™!]  0.37 3 0.34 77 1.41 90
Specific lactate production rate [g (10° cells.day)™}] 0.16 11 0.22 18 2.03 113
Lactate produced / glucose consumed [g g™!] 0.43 8 0.640 13 1.20 47




5.4 Summary

In this chapter, a first attempt has been made at scaling-up a hybridoma-based cell
culture process from shaken microwell plates to shake flasks and a 5-L lab-scale STR
using matched average energy dissipation rate (P/V) as a basis for scale translation.
The utility of P/V as a scaling parameter was first introduced in Section 3.7, where
it was discussed how average P/V can be matched in the case of microwells and
shake flask but not for STRs. In addition, experimnents performed in the chapter

have studied how variations in average P/V lead to variations in culture performance.

Energy dissipation was first shown to have a significant affect on culture perfor-
mance in shaken flasks (Section 5.2). At low energy dissipation rates (0 W m™3),
cell sedimentation was observed, along with reduced growth and antibody titre. At
high energy dissipation rates (810 W m~3), a reduction in growth and antibody titre
were observed along with evidence of cellular damage. For each bioreactor geometry,
there is likely to be an optimal value of P/V (approximately 40 W m~3 for shake
flasks) and secondly, for scale-up, the P/V values need to match at the two different

scales unless one of the two P/V values is far from optimum at that particular scale.

A first attempt at scaling-up a microwell cell culture process to 250 ml shake flasks
and a 5-L. STR proved very successful (Section 5.3). Similar growth and antibody
production data at all three scales suggest microwell culture can provide informed
bioprocess data for cell culture process development. Combined with automation,
microwell plates could provide a cheaper, higher-throughput tool for process devel-

opment than shake flasks and lab.scale STRs.

152



Chapter 6

Conclusions and Future Work

Optimisation of suspension cell-culture is traditionally carried out in spinner flasks,
shake flasks, and small bench-scale stirred-tank reactors (STR) as previously de-
scribed in Chapter 1. The current need to reduce process development time necce-
sitates the adoption of high throughput experimentation, however, the labour and
material costs involved render this almost impractical at conventional scales (Lye
et al., 2003)(Girard et al., 2001)(Micheletti and Lye, 2006). In contrast, experimen-
tation in microwell formats offers a potential new platform technology to obtain
key process design data early and cost effectively (Lye et al., 2003). The use of a
microwell format readily lends itself to automation (Doig et al., 2002)(Nealon et al.,
2005), and the implementation of advanced operating strategies such as liquid ad-
dition for pH control (Elmahdi et al., 2003) and fed-batch operation. To date, just
two studies have been published on the development and optimisation of suspen-
sion mammalian cell culture in shaken microwell plates (Girard et al., 2001)(Strobel
et al., 2001). These previous studies have reported reasonable to excellent correla-
tion of microwell data with larger bioreactor geometries such as spinner flasks, shake
flasks and bench-scale STR. However, both overlooked characterisation of the engi-
ncering cnvironment in the microwells and its influence on scale translation. For the
microwell approach to be reliability implemented, it is first necessary to understand
the influence of the engineering environment in microwells on cell-cultures. This
will be vital for defining optimal operation for cell-cultures and ultimately a reliable

basis for process scale-up.
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In this study, the engineering environment in shaken microwell plates, under condi-
tions relevant to the culture of suspension-adapted mammalian cells, was extensively
characterised in terms of liquid hydrodynamics and gas-liquid mass transfer. Fur-
ther, the impact of this engineering environment on hybridoma cell performance
in batch shaken microwells cultures was assessed in terms of cell growth, antibody
production and metabolism. From this, optimal culture conditions were established.
Finally, it has been shown possible to scale-up a hybridoma microwell culture to 250
ml shake flasks and 5-L stirred-tank reactors using average energy dissipation rate

as a basis for scale-translation.

In the initial stages of the project it was important to establish reliable techniques
for cell culture in microwells. Evaporation losses from membrane covered shaken mi-
crowell plates were found to be significant over the 120 hour culture period. While
only 10 % of the initial weight was lost to the surrounding environment, a significant
proportion of the wells’ liquid content evaporated and then adhered to the under-
side of the breathe-easy membrane used to cover the wells. This was measured to be
ncarly 50% of the initial well fill volume when operating with an initial fill volume of
800 4 and shaken at 120 rpm (Section 3.6). Further studies found that evaporation
from the wells was independent of shaking speed but dependent on the initial fill
volume. Further research might explore the possible use of more hydrophobic mem-
branes to help reduce the adherence of evaporated liquid to the underside of the
membrane. Consequently all microwell data was corrected for evaporation losses to
allow direct comparison with shake flask and stirred-tank reactor data. As a direct
consequence of evaporation, the culture osmolality increased. Measurements made
over the first 84 hours of culture were found to be less than those known to impact

on culture performance.

Successful culture in 96-well plates was found to be cell-line specific (Section 4.2).

While attempts to culture VPM 8 hybridoma cells in this format proved unsuccess-
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ful, this work plus that of other (Strobel et al., 2001)(Deshpande and Heinzle, 2004)

have all demonstrated successful culture of various CHO cell-lines in 96-well plates.

Initial experiments in shaken 24-well plates showed that under normal incubator
temperature for cell culture, 37°C. the fluid in the well was almost 39°C. Using the
methods described in Section 2.1.5, the incubator set-point has to be reduce to typ-

ically 35°C to avoid excessive well temperatures.

In order to provide an engineering basis for later scale translation, one of the initial
objectives of this work (Section 1.5) was to characterise the engineering environment
in shaken microwell under conditions that are relevant to the culture of suspension-
adapted mammalian cells. The liquid phase hydrodynamics in shaken 24-SRW plates
was predicted using the Reynolds (Re), Froude (Fr) and Phase number (Ph) (Sec-
tion 3.2). Although a Re number was calculated for microwells, information on how
it relates to flow regime is still lacking. Further work needs to be done to estab-
lish this relationship. Possible techniques to determined this relationship could be
microparticle image velocietry (PIV), to predict local fluid velocities or comnputa-
tional approaches such as dircct numecrical simulation to modcl the flow (Michcletti
and Lye, 2006). A transitional flow regime was predicted in a shake flask and 5-L
stirred-tank reactor (STR), operating under conditions to act as an experimental
comparison. At shaking speeds between < 160 rpm, a large fraction of fluid was
predicted to remain in contact with the base of the 24-SRW plate and not follow
the motion of the shaker platform resulting in reduced mixing intensity and oxygen
transfer. This is known as “out-of-phase” operation (Biichs et al., 2000b). By con-
trast, at shaking speeds > 200 rpm and in the shake flask, all the fluid was predicted

to be “ in-phase” and follow the orbit of the shaking platform.
The volumetric oxygen mass transfer coefficient (kza) in shaken 24-SRW (ULA)

wells was predicted using Equation 1.4. In general, the kya values predicted, 1.3 -

29 h~! suggest that oxygen transfer should not limit VPM-8 hybridoma cell culture
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in shaken 24-SRW plates (Section 3.3). Furthermore, with considered selection of
shaking speed and well fill volume, this well geometry should support the oxygen
demand of current industrial production cell-lines with maximum viable cell con-
centrations up to 1x107 cells ml~! (Wurm, 2004). kpa values predicted for the shake
flask and 5-L STR suggest oxygen transfer will not limit culture performance in

these two geometries either under comparable conditions.

The mixing of small liquid additions to shaken 24-well plates was found to occur by
two distinct routes dependent on the Re number (Section 3.4.1). At lower values
of Re (< 1370), the liquid addition was mixed from the bottom of the well to the
top (Fig. 3.3), heterogeneities were clearly visible and mixing times were long when
compared to typical values for cell culture (Table 3.4). Clearly this would impact on
culture performance if the additions are cytotoxic at high concentration, for exam-
ple, addition of alkali for pH control. At higher values of Re (> 1520), the additions
were incorporated rapidly into the liquid contents of the wells (Fig. 3.4) and mixing
times were typical of those published for cell-culture bioreactors. An attempt was
made to reduce the mixing times in 24-SRW (ULA) plates using a novel well design
incorporating bafflcs (Scction 2.1.5). Although a significant improvement in mixing
was measured at all speeds, the mixing times at the lower values of Re were still
longer than 200 s (Fig. 3.6). A small liquid addition made to the 5-L STR was found
to spread out over the top portion of the liquid; above the level of the impeller, be-

fore passing into the bottom portion and restoring homogeneity (Fig. 3.7).

The performance of VPM 8 hybridoma cell cultures in shaken 24-SRW plates oper-
ated over a wide range of shaking speeds and well fill volumes were assessed for cell
growth, antibody production and metabolism. Shaking speed was found to have a
significant but not marked affect on performance (Section 4.3). This was thought to
be the result of an adequate supply of energy to suspend cells and provide adequate

oxygen transfer, but not too high to be detrimental to culture performance.
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Well fill volume had a more pronounced affect on culture performance particularly
during operation at high fill volumes and low shaking speed (Fig. 4.9). Under
extreme operating conditions, cell sedimentation was observed and anaerobic condi-
tions measured. Furthermore, DOT measurements at this condition verified the kra
prediction, suggesting Equation 1.4 can provide accurate predictions of the oxygen

transfer capability of shaken microwell systems for cell culture applications.

Further experiments using the hybridoma cell-line and 24-SRW plates were con-
ducted looking at the affect of baffles and well coating on cell culture performance.
Baffles were found to have no affect on culture performance although they will have
positive affect on the blending of liquid additious to microwell cultures as described
previously. Future automation of these cultures will inevitably involve liquid addi-
tions so the use of baffles to reduce mixing time will be advantageous. Likewise,
the affect of a low attachment coating to reduce cell and protein adsorption was
shown to have no positive affect compared to standard polystyrene wells, however,
PS wells are considerable cheaper so for high-throughput applications this cost sav-

ing will prove to be beneficial.

A study looking at the influence of P/V on culture performance in 250 ml shake
flasks found a significant affect (Section 5.3). At low P/V values, cell sedimenta-
tion and anaerobic conditions due to limited mixing were observed. By contrast,
high P/V resulted in visible cellular damage, poor growth and reduced antibody
production. This study suggested an optimal range of P/V for shake flask cultures

of suspension-adapted mammalian cells.

CFD simulations performed on 24-SRW (ULA) plates predicted average energy dis-
sipation rates (P/V) between 5 and 40 W m™3 (Section 3.5.1). Furthermore the
maximum hydrodynamic stress predicted was at least two orders of magnitude lower

than that known to negatively impact on mammalian cells (Heath and Kiss, 2007).
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Initial attempts at scaling-up a cell culture process from shaken microwell plates to
shake flasks and bench-scale STR using matched P/V as a basis were successful.
This basis was chosen since it has a direct impact on both hydrodynamics and oxy-
gen mass transfer; further, a recent study has shown its successful use in the scale-up
of a recombinant CHO cell line in stirred-tank reactors (Li et al., 2006). The com-
parable data obtained at each scale suggest that microwells can provide data that
is both reproducible and representative of shake flasks and STRs. Although P/V
was selected in this, other basis for translation could be used depending on the ap-
plication. For example, matched k;a might prove successful for cell-lines with high

oxygen uptake rates.

What is now needed is the ability to automate microwell cultures and then use this
platform to perform advanced microscale cultivation strategies such as feeding, pH
control and temperature jumps (Nealon et al., 2006)(Elmahdi et al., 2003)(Ferreira-
Torres et al., 2005)(Doig et al., 2002). These strategies are commonly used in the
development of cell culture processes but their development and optimisation is time
consuming, labour intensive and costly due to the low throughput and manual na-

ture of the bioreactors currently used (Girard et al., 2001).

Automation of parallel microwell experimentation using laboratory liquid-handling

robots, such as the Tecan platforms !

previously used in studies from this labo-
ratory (Fig. 1.5) would significantly reduce labour requirements while increasing
throughput. Steps performed by a typical robot include incubation, shaking, liquid
handling, centrifugation, and detection using plate readers. Furthermore, suppliers
of automation equipment like Tecan now offer customised applications to allow cx-
isting liquid handling robots to perform more complex tasks including ELISA and
cell-based assays®. There are already publications that describe the automation of

whole bioprocessing steps including fermentation (Ferreira-Torres et al., 2005) and

primary recovery (Jackson et al., 2006) in which cell culture steps might be imple-

1
2
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mented. These are described in more detail in Section 1.4.4.

Once the basic routines such as inoculation, incubation and detection are automated
it will then be possible to focus attention on using the platform to aid the develop-
ment and optimisation of feeding strategies. Indeed, it has been shown that design
of experiment techniques can be combined with existing software controlling the

robots to aid the selection of appropriate feed compositions (Heath and Kiss, 2007).

pH control in shaken microwell is another area that deserves further study: dif-
ferences in the pH profiles between a microwell cultivation and an instrumented,
controlled STR culture may affect the success of scale-up. As mentioned in Sce-
tion 1.4.4, Elmahdi et al. (2003) made a successful first attempt at controlling pH of
S. erythraea culture in shaken 24-well plates. However, the culture pH was measured
using standard polarimetric probes that are invasive but quick enough for the cul-
ture times invloved. For high-throughput, automated cultures; a quick, non-invasive
measurement technique would be essential. Girard et al. (2001) describe a method
to correlate the culture pH with the light adsorption of phenol red contained within
the media. Another method would be to use microtitre plates with integrated opti-
cal pH sensors 3. pH sensitive fluorescent dye are embedded at the bottom of each

well; using a commercial flouresence plate reader the pH can be rapidly measured.

Temperature jumps within a culture, typically 37°C to between 30°C and 33°C, are
often used in fed-batch or transient transfection processes to increase product forma-
tion rates (Dinnis and James, 2005)(Yoon et al., 2003). By lowering the temperature,
the growth rate is suppressed and thus nutrient are direct towards production. The
small volumes used in microwells lend themselves to rapid changes in temperature

compared to larger vessels like shake flask and STRs.

Another area that deserves further investigation is using microwell cultures to study

how cells respond physiologically to expected changes in the culture environment at

3www.presens.de
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larger scales and then use the microscale data to make informed decisions during
process design. At large scale, apoptosis is the most common reason for the termi-
nation of a culture and is the result of one or more of the following: nutrient deple-
tion, metabolic by-product accumulation, excessive shear forces or hypoxia (Butler,
2005)(Laken and Leonard, 2001). To prevent or inhibit apoptosis two strategies
are used: manipulation of the cellular environment through nutrient supplementa-
tion or genetic manipulation (Butler, 2005)(Laken and Leonard, 2001). Microwell
plates offer a potential high throughput platform to study apoptosis in cell cultures
and then develop and optimise feeding strategies or indeed genetic manipulations
to extend the time of high viability and prolong protein production. The stage of
a ccll in its cycle can be vital for defining the optimal time to make changes to
a culture environment particularly the addition of drug treatments or transfection
agents (Tait et al., 2004)(Lloyd et al., 1999). Both of these studies are commonly
conducted using a flow-cytometer (Simon and Karim, 2002). As mentioned above,
suppliers of liquid handling robots are offering customer the option of integrating
cell-based assays. that is a flow cytometer, into the automation platform. As well
as studying the physiological response to changes in culture conditions, it is crucial
to understand the influence of the culturc changes on product synthesis and struc-
ture. For example, microwells could be used to study how changes in pH affect the

glycosylation of antibodies (Osman et al., 2001).

The hybridoma and CHO-S cell line used in this work are focused more towards
research rather than production. By challenging the microwell platform with other
suspension adapted mammalian cell lines particularly those used by industry such
as PER-C6, NSO, CHO, baby hamster kidney (BHK), human embryonic kidney
(HEK 293) and human retinal cells would confirm the general applicability of this
platform technology for process development and optimisation within an industrial

setting (Xie et al., 2002)(Wurm, 2004).

Finally, microscale techniques could be applied for the development and optimisation
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of other unit operations particularly downstream processes (DSP). To date, most
studies published on microscale unit operations have dealt with upstream opera-
tions, such as fermentation (Duetz et al., 2000)(Duetz and Witholt, 2001)(Elmahdi
et al., 2003)(Micheletti et al., 2006) and bioconversion (Doig et al., 2002)(Ferreira-
Torres et al., 2005). Very few have dealt with DSP operations. Jackson et al. (2006)
have developed a microscale depth filtration technique to study the filtration char-
acteristic of E. coli broth and the interaction between fermentation and primary
recovery. Some work has already been published on chromatography, in particu-
lar looking at the sequence of events involved (Chandler and Zydney, 2004)(Mazza
et al., 2002)(Rege et al., 2004)(Rege et al., 2006).

E
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