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Abstract

This study investigated the impact of pH heterogeneities on large scale CHO fed batch
cultivations by the usage of a two-compartment scale down system. It is known that
base addition from the top of bioreactors leads to a pH gradient as a consequence of
long mixing times. These pH heterogeneities are assumed to have an influence on the
physiology and the productivity of recombinant protein producing mammalian cells.

Therefore, an experimental approach was developed to determine the size and the
average pH of an alkaline zone, which can occur in a 10 m? bioreactor, with a bench
scale reactor. To determine the size of the alkaline zone, a bromthymolblue indicator
was used to display the formation of the alkaline zone. The average pH of the alkaline
zone was determined by using several pH probes placed in different areas of the
bioreactor. We found that base addition from the top of a bioreactor leads to an alkaline
zone with a volume of 5% of the initial reactor volume and an average pH amplitude of
0.25 units at a mixing time of 120 s. This experimental method for the determination of
alkaline zone parameters could be used as an addition to CFD simulations.

An alkaline zone with the obtained parameters was subsequently mimicked in CHO
Fed Batch cultivations which were carried out with a two-compartment scale down
system. In comparison to a control cultivation without an alkaline zone, no obvious
changes in growth behaviour nor in the productivity of the cells could be observed.
Further it was demonstrated that the formation of metabolites like lactate, ammonium
or the uptake of glucose are not affected by the presence of an alkaline of this size and
pH.

This work extends the findings of previous studies in the research field of pH
heterogeneities since it was the first time that an alkaline zone of such a low size and
pH amplitude was mimicked. Furthermore, the results suggest that submerse addition
of the base in large scale cultivations might not be necessary.
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1 Introduction

1 Introduction

Mammalian cells play a major role as expression systems for the production of
recombinant proteins in the biopharmaceutical industry. These cells can be used to
produce vaccines, monoclonal antibodies (mAbs) and recombinant therapeutic
proteins like hormones and enzymes. Between 2010 and 2014, 66% of all new
biopharmaceutical products, which were approved by the U.S Food and Drug
Administration (FDA) or the European Medicines Agency (EMA), used a mammalian
cell line as expression host (Walsh 2014). The preference of mammalian over non-
mammalian based expression systems for the production of biopharmaceuticals is a
trend which steadily increased in the last 20 years. Their main advantage is that they
have the capacity for efficient post-translational modifications and they are able to form
glycosylation patterns which are compatible with and bioactive in humans (Kim, Kim,
and Lee 2012). Another advantage of all mammalian cells is their ability to secret the
product directly into the surrounding medium, while most bacteria are not able to do
that.

Furthermore, almost all (95%) therapeutic mAbs are nowadays produced with
mammalian cells (Frenzel, Hust, and Schirrmann 2013). Besides their use as
therapeutics, antibodies are also used as detection probes in research and
diagnostics. For example, in immunoblot assays, as marker in flow cytometry or for the
diagnosis of pathogens and toxins.

Out of the remarkable variety of different mammalian cell lines, only a few types are
used for production. Typical mammalian cell lines in use are Chinese hamster ovary
(CHO) cells, fibroblast cells from baby hamster kidney (BHK-21), epithelial cells from
human embryonic kidney (HEK-293), mouse myeloma derived cells (NSO) and human
retina derived (PER-C6) cells (Walsh 2014; Wurm 2004).

The most commonly used cell line out of this group of different cell types are CHO
cells. CHO cells were first isolated from tissue samples of female inbred Chinese
hamster by Tjio and Puck (1958). They are frequently used, because they are the best
studied mammalian cells. They are demonstrated as safe, which allows for an easier
approval process from regulatory agencies like the EMA or FDA.

The biggest disadvantages of mammalian cells, in comparison to other common host
types, are their much lower growth and expression rates (Frenzel, Hust, and
Schirrmann 2013). As a consequence of the lower growth, mammalian cells could
easily be overgrown by any other organism. Also, the used media composition favours
contaminations, because it provides a large variety of nutrients and substrates which
can be metabolised from bacteria, yeast or fungi. Another aspect which favours
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contamination and also increases production costs is the missing possibility to
autoclave the media since many ingredients are not stable at high temperatures.

Nowadays, the majority of mammalian cell culture processes are carried out with cells,
which are able to grow in suspension culture. According to Wurm (2004), adherent
cells (which are the natural occurring morphology) must grow at least for 6 passages
in special suspension forcing medium to form suspension cells.

Most high yielding processes today are Fed Batch cultures performed in stirred tank
reactors (STR), whereby the limiting media components are added in small volumes
or semi-continuously. Different production strategies include perfusion processes,
which work continuously or intensified Fed Batches (W. C. Yang et al. 2016). Such
perfused cultures achieve even higher cell densities than Batch and Fed Batch cultures
(Wurm 2004). Another trend in terms of cultivation is the use of disposable single-use
bioreactors made of a variety of different plastics. Their main advantage lies in their
flexibility in relation to changing processes. For example, when a small factory wants
to use the same equipment for the production of different biopharmaceuticals, single-
use bioreactors are a useful way to switch fast between different production setups.

1.1 Problem Statement

It is well known that bioprocess scale up is a big issue during process development in
the pharmaceutical industry. Usually, previously mentioned cell culture processes are
developed in small lab-scale bioreactors and are then scaled up to larger reactors in
pilot scale and at last to bioreactors for commercial production (Health and Kiss 2007).
The aim of a scale up procedure is to produce equal product titers, while maintaining
productivity and product quality (Schmidt 2005).

Such a process transfer from a small bench scale bioreactor to commercial production,
which is up to 1000 — 4000 times bigger, cannot be carried out without complications.
For example, the biggest reactors used for industrial cell culture cultivations have a
capacity of about 20000 L (Nienow 2006). To keep complications minimal, there are
several strategies for the scale up of a bioprocess. All of these strategies focus on
keeping a size independent parameter of the process constant. Examples include the
specific power input, the impeller tip speed, the impeller shear rate, the specific impeller
pump rate, the mixing time (MT) or the Reynolds number (Chisti 1993; Lara et al. 2006;
Varley and Birch 1999).

Since all of these parameters have an impact on each other, it is not possible to keep
them all constant simultaneously. The constant specific power input is the most often
used scale up parameter for cell culture cultivations (Langheinrich and Nienow 1999).

2



1.1 Problem Statement

As reported by Lara et al. (2006), a constant specific power input, a constant impeller
tip speed or a constant Reynolds number would extend the circulation time (= mixing
time/4) extremely, when scaling up from a 3L bench reactor to a 10000 L production
reactor. On the other hand, a constant circulation time would lead to a 25-fold higher
specific power input and agitation speeds which are not practicable (Lara et al. 2006;
J.-D. Yang et al. 2007). Furthermore, the mixing time is not a readily measurable
variable and therefore it is not functional for scaling up processes from 3 to 10000 L.
Moreover a constant impeller tip speed would lead to unpractical agitation speeds
around 9 rpm in 2500 L pilot scale reactors (Varley and Birch 1999). Hence,
compromises must be made between the specific power input, the agitator speed, the
impeller tip speed and the mixing time to provide enough mixing with a cost-effective
power input at a level where cells are not harmed.

Since all mammalian cells lack a cell wall, they are very sensitive to hydrodynamic
shear forces caused by stirrer agitation and aeration (Neunstoecklin 2014; Osman,
Birch, and Varley 2002). For this reason, much lower agitator speeds than for other
host organisms like bacterial cells must be used (Langheinrich and Nienow 1999).
These lower agitation speeds result in longer mixing times and therefore have a big
impact on homogenous distribution of nutrients, temperature, dissolved oxygen
concentration and pH in large scale bioreactors. Especially the pH is of interest at cell
culture cultivations, due to the formation of lactate in the early stages of the process.
As lactate is acidic, usually alkali additions from the top of the reactor are used for pH
control. These additions can cause local pH deviations of diverging size and intensity.
In the further course of this thesis these pH deviations are designated as alkaline
zones. Generally, the pH in mammalian cultivations is controlled by using an open CO2
/ HCO? buffer system. Therefor gaseous CO: is added to control the equilibrium
between CO:2 and bicarbonate. But this only works in the early stages of a cell culture
cultivation since the formation and accumulation of lactic acid alters the equilibrium pH
by reducing the bicarbonate concentration. A critical point is reached when there is not
enough bicarbonate available for keeping the equilibrium pH and then the addition of
base starts to control the pH (Osman, Birch, and Varley 2002). It was also stated by
Varley and Birch (1999) as well as Langheinrich and Nienow (1999), that a submerse
addition of base in a better mixed zone of a large bioreactor is not possible due to
sterility issues and problems with clean-in-place (CIP) built-in components.

Some studies in the last 10 years focused on the investigation of the impact of alkaline
zones on the critical quality attributes of different cultivation processes. For example
Cortés et al. (2016) investigated the influence of alkaline zones on Escherichia coli,
Osman, Birch, and Varley (2002) on GS-NSO cells and Nienow et al. (2013) as well as
Brunner et al. (2017) on CHO cells. All of these studies used two-compartment scale
down systems (TC) to mimic pH heterogeneities which can occur in large scale STRs.

Such scale down systems consist of two interlinked reactors of different size. A smaller
3



1.1 Problem Statement

reactor for the simulation of the alkaline zone and a bigger reactor, which mimics the
bulk of the cultivation broth.

A major problem in this research field is, that only little is published about the volume
and the maximum pH which is reached in these zones. The existence of such pH
heterogeneities is known since years (Ozturk 1996), but the size and the intensity of
alkaline zones were not investigated in depth. Especially for the volume of the alkaline
zone, which is created by the top addition of base, a lack in literature exists.
Furthermore, most of the previously mentioned studies estimated volumes for this zone
without performing pre-studies.

One typical way to estimate the volume of an alkaline mixing zone in large STRs are
simulations based on computational fluid dynamics (CFD). Due to a lack of computing
power and too little data to feed the models, CFD is at the moment only able to simulate
mixing of particles flows in bioreactors. Hence alkaline zones which are also formed
by molecular mixing at low stirrer speeds cannot be displayed in an accurate way (Xing
et al. 2009). In case of molecular mixing, the influence of diffusion on the mixing quality
is considered. In, addition, it is not easy to transfer CFD models to other reactor setups
respectively to reactors with other configurations.

In summary, one can say that there are three major problems in existing studies in the
research topic of pH heterogeneities in mammalian cell culture. First of all, the volume
of the alkaline zone in previously mentioned studies of Osman et al. (2002), Brunner
et al. (2017) and Nienow et al. (2013) was only approximated. Secondly, the used pH
amplitudes were much higher than it is realistically in industrial processes since they
wanted to simulate extreme conditions. And at last some studies added fetal calf serum
to their media, whereby it is hard to evaluate the impact of alkaline zones on the
physiology and the productivity of the cells. This is due to the fact that fetal calf serum
contains many growth factors and other protectives like antioxidants and anti-
proteases, it usually provides a better growth behaviour even under stress conditions
(Lewinska et al. 2007).

Another well-known problem, which is often neglected in calculations, is the
degradation of glutamine in cell culture media due its low stability in solution. Glutamine
is the primary nitrogen and additionally an energy source for the cultivation of
mammalian cells. Glutamine can become the limiting nutrient throughout the cultivation
and needs to be fed in addition. Besides the temperature, also the pH and the
composition of the media have an effect on the degradation behaviour of glutamine
(Ozturk and Palsson 1990). This results in glutamine concentrations being measured
during a cultivation which do not show how much is consumed by the cells. It is rather
a combination of how much is degraded and consumed. Therefore, the share of
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glutamine which is degraded should be taken into account for subsequent calculations
of the specific glutamine consumption rates.

1.2 State of the Art

1.2.1 Two compartment systems

This part will mainly focus on the different TC setups and advantages and
disadvantages when using a TC system instead of a single reactor. TC systems
generally consist of two interlinked reactors where one reactor should mimic the bulk
of the cultivation broth while the other one should simulate a zone of a large-scale
reactor where heterogeneities can occur. As mentioned in the previous sub-chapter
(1.1), many studies on the investigation of large scale heterogeneities were carried out
with TC systems over the last decade. Such systems were already used for the
simulation of dissolved oxygen, substrate, nutrient, temperature and pH
heterogeneities or for the simulation of hydrodynamic stress. The use of TC systems
in scale-down studies is necessary since different zones, which occur due to low mixing
quality in large scale reactors cannot be simulated in small bench reactors in a
satisfying way. Another advantage of TC systems in comparison to one compartment
systems is, that shorter circulation times can be simulated and that not all of the cells
are harmed by some influencing parameter simultaneously (Lara et al. 2006).

Overall, there only exist two different experimental reactor setups for TC systems. The
first one uses two interlinked STRs of different size and the second one uses a STR
connected with a plug flow reactor (PFR). Coarser differences exist only in generation
and control of the flow between the two reactors. Common systems in this field are for
example peristaltic pumps which are supposed to create destructive shear forces or
syringe pumps which have the disadvantage that they can only create small flows. In
addition, it must be mentioned that the use of peristaltic pumps might be no problem
when cultivating microbial cells since they are normally protected against shear forces
by a cell wall.

The first TC system which was used for the investigation of pH heterogeneities, was
published by Amanullah et al. (2001). They investigated the influence of pH variations
on Bacillus subtilis with a TC system made of an STR connected with a PFR. The
biggest advantage of such a setup is, that investigated parameters can be detected
time-resolved in a PFR. Latest research already used three-compartment reactor
systems built up of one STR and two PFRs (Lemoine et al. 2015). At last, it must be
mentioned, that much more two-compartment studies were performed with microbial
than with mammalian cells.
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1.2.2 pH heterogeneities

This section will give an overview about different studies concerning the impact of pH
inhomogeneities on different organisms in large scale cultivations. A summary of the
most important process parameters from previous studies in contrast to our study can
be found in Table 1. Furthermore, parameters for a typical 10 -12 m® mammalian cell
Fed Batch process, stated from Langheinrich and Nienow (1999) and Nienow (2006)
can be found in this table.

Cortés et al. 2016:

In their study, an alkaline zone with 5 % of the working volume was simulated with two
interlinked STRs. They performed several E. coli batch cultivations with different
residence times. Since an E. coli cultivation needs much higher stirrer speeds than a
cell culture cultivation, it is likely that their used residence times between 60 and 240
s were overestimated. For the generation of the alkaline zone, they added 5 M NaOH
in the small compartment (SC) of their TC when the sensor in the big compartment
(BC) fell below a defined pH set-point. With the used residence times, pH gradients of
up to 2 units (for 240 s residence time) were created. For a more realistic residence
time of 120 s they obtained a pH amplitude of 0.8 units, which resulted in a remarkable
decrease in p of 36% and a yield of biomass on substrate (Yxs) of 14%.

Osman, Birch and Varley 2001:

Their study used GS-NSO mouse myeloma cells for batch cultivations with an
estimated volume for an alkaline zone of 14.3 %. They performed experiments with
single pH perturbations of longer duration in single STRs and multiple perturbations of
shorter duration in a TC consisting of two interlinked STRs. In their experiments, they
simulated the influence of the alkaline zone with pH deflections of 0.8 and 1.8 units
with respect to their set pH value of 7.2.

Experiments with a single pH perturbation of 0.8 (pH 8) units did not result in a
decrease of viable cell density (VCD) after 90 min of deflection. But a perturbation of
1.8 (pH 9) units for 10 min caused a VCD decrease of 15 %. Since they did not observe
a decrease in VCD for the lower pH deflection, they only investigated pH perturbations
of 1.8 units for the experiments in the TC system. For this purpose, 0 -100 shots with
a pH amplitude of 9 and a duration of each shot of 200 s were performed. This resulted
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in a decreased VCD with an increasing number of perturbations and with decreasing
time between the perturbations.

One big problem regarding their experiments was, that they counteracted the alkaline
perturbations with HCI since the bulk of the medium was not able to buffer pH shots of
this intensity. This resulted in high osmolalities, which impairs cell growth and distorts
the effects caused by the alkaline zone (Kimura and Miller 1996; Ozturk and Palsson
1991). Another issue is the addition of FCS, which most likely distorted the results.

Nienow et al. 2013:

Nienow et al. tried to simulate the impact of an alkaline zone in CHO Fed Batch
cultures. For their experiments, they used a TC system built of a STR connected with
PFR which simulates an alkaline zone of 5 %. Furthermore, the cells were cultivated
in defined medium without FCS. Addition of base, with an unmentioned pH amplitude,
was performed in the PFR and for residence times between 60 and 120 s.

Their experiments led to an unexplainable variation in VCDmax and pmax from run to
run. According to Nienow et al., this is an indicator that the use of peristaltic pumps for
the exchange between the reactors induces changes in cell growth. Furthermore, the
whole process duration of runs with recirculation was shorter than the runs without
recirculation between the reactors. In addition, no obvious change in product quality
regarding glycosylation patterns and protein mass was observable.

Brunner et al. 2017:

Brunner et al. performed CHO Fed Batch cultivations with a two-compartment setup
built of two interlinked STRs. They simulated an alkaline zone with 5 % of the total
volume and a pH of 9 at a mixing time of 240 s. The parameters used for their simulated
alkaline zone were based on a literature study. The pH perturbations were
counteracted with HCI to reach the desired mixing time of 240 s. This led to an
increased osmolality, which was not physiological. For this reason, they only evaluated
the possible impact of an alkaline zone until 120 h of process time. After 120 h, they
reached a critical osmolality, which made it impossible to distinguish between effects
caused by osmolality or the alkaline zone. Their experiments showed a negative
influence of the alkaline zone on the specific growth rate and the VCDmax. Besides that,
they have not found any influence on product formation or on the formation of other
metabolites.
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Table 1: Comparison of different approaches for the investigation on the impact of pH heterogeneities
on bioprocesses.

Realistic Our Brunner et Nienow. Osman et al.
range approach al.
Cell type Mammalians CHO CHO CHO GS-NSO
Reactor type STR STR + STR STR + STR STR + PFR STR+STR
pH 0.2-0.8 0.25 2 - 0.8and 1.8
Amplitude
Frequency of when needed when needed @ when needed - 6 - 90 min
amplitude
Mixing time 120-360 120 240 180-360 200
[sec]
Volume of 0.5-5 5 5 5 14.3
alkaline zone
[%]
Process type Fed batch Fed batch Fed batch Fed Batch Batch
Process whole whole whole - 10
duration cultivation cultivation cultivation

1.2.3 Glutamine Degradation

It is already known since years that glutamine is unstable in cell culture medium.
Decomposition increases with increasing pH and temperature (Genzel et al. 2005; Lin
and Agrawal 2015; Ozturk and Palsson 1990). The composition of the medium is also
crucial, because high amounts of phosphate ions in the media accelerate the
decomposition of glutamine. Since every medium has a different phosphate
concentration they also should have different decomposition rates. For this reason
Ozturk and Palsson (1990) tested four common cell culture media for their first order
decomposition rates. Used media were IMDM, RPMI, DMEM and OptiMem with
different amounts of fetal calf serum since they expected it to have a positive influence
on glutamine decomposition. Decomposition studies were performed in T-flasks with
10 mL working volume which were incubated at 37 °C and 5% CO: for several days.
In their experiments, they tested the influence of different pH values and sera
concentrations on glutamine decomposition. In addition, they investigated the impact
of glutamine degradation on the specific glutamine uptake rate with an IgG producing
hybridoma cell line in a 1.5 L batch process. Depending on the used media they found
an error rate on specific glutamine consumption rate (gein) and specific ammonium
formation rate (gnHa+) between 200 and 300% in the exponential growth phase of the
batch process.
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1.3 Goal and scientific hypothesis

Based on the problems mentioned in chapter 1.1, the mixing time was set constant for
the scale down model since it is the most important parameter in the formation of a pH
gradient. The underlying hypothesis is, that basic parameters like the mixing time and
specific dosage rates can be used for comparison of pH heterogeneities in large scale
cultivations for the production of recombinant proteins. Since there exists a lack in
literature about the size and the intensity of alkaline zones, another goal was to develop
a simple experimental method to determine the volume and the average / maximum
pH of an alkaline zone due to base or feed addition from top. The hypothesis was, that
with fixed mixing time (MT) and specific base addition rates, which are common in
large scale processes, the volume of the alkaline zone could be visualised with an
indicator dye. Also, the pH of this zone could then be measured by using pH probes
which are directly placed into the centre of the visualised zone. This should lead to
reliable results as both, the average pH and the percentage volume of the alkaline
zone are a result of the mixing time, the composition of the base as well as their dosage
rates.

Furthermore, the obtained values for the volume of the alkaline zone and the average
pH of this zone should be implemented in the existing two compartment system to run
cultivations. The used TC system consisted of two interlinked STRs where the medium
was pumped over two peristaltic pumps between the reactors. Our intention was that
these cultivations should mimic the impact of an alkaline zone which is present in CHO
Fed Batch cultivation for the production of recombinant mAbs in a 10 m? reactor. The
hypothesis was, that the impact of the alkaline zone in terms of physiology and
productivity is not that strong as stated in previous studies (Cortés et al. 2016; Osman,
Birch, and Varley 2002).

In addition, we wanted to investigate the impact of glutamine degradation in the
medium. Typical temperatures used for CHO cultivation are known to accelerate the
spontaneous glutamine decomposition and thus falsify the specific glutamine uptake
rates. Therefore, we needed to perform degradation studies with medium in shake
flasks at several pH and temperature set points. We assumed that especially in the
Batch phase of the cultivation more glutamine is degraded than consumed since the
glutamine in the medium is not very stable at the used temperatures.
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2 Material & Methods

2.1 Materials

2.1.1 Chemicals and laboratory equipment

All chemicals used in the laboratory or for the HPLC measurement, as well as the
whole laboratory equipment is listed with their usage in Table 9 and Table 10 (see
Appendix).

2.1.2 Reactor Equipment

The complete reactor equipment, which was used for the Fed Batch cultivations is
listed in Table 11 (Appendix). Cultivations were controlled with the process information
management system Lucullus PIMS version 3.2.5. In addition, this software logged
and saved the online data of the cultivations.

2.1.3 Cell line, media and feeds

The CHO cell line which was used for all cultivations during this master thesis was
provided by our industrial partner Sandoz GmbH. These cells are used to produce a
monoclonal antibody. The cells were stored in cryo-vials filled with DMSO (dimethyl
sulfoxide) at -196°C in a liquid N2 container.

For the experiments, two different types of media were used. A pre-culture medium
and a main-culture medium. Both of them were specially designed for the used CHO
cells by our industrial partner Sandoz GmbH. The pre-culture medium was used for
maintaining the pre-culture while the main-culture medium was used for the Fed Batch
cultivations.

Furthermore, three different feeds were added during Fed Batch cultivations. All liquids
for the cultivations were filtered with 0.2 um bottle top filtration units. The exact names
as well as the composition of the used media, feeds and cell line are confidential.

10
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2.2 Methods

2.2.1 Cell Thawing and Preculture

The frozen cells were stored at room temperature to thaw for a few minutes before
they were added to 10 mL of cold pre-stage medium. The cell suspension was then
centrifuged at 180 g at 4°C for 5 min before resuspending the pellet with fresh pre-
warmed medium. The whole suspension was then transferred into a sterile Erlenmayer
flask containing 30 mL pre-warmed medium. This thawing procedure should result in
VCDs of 1-3 x 10° cells / mL. Cultivation was performed in an orbitally shaking
incubator at 36.5 °C, 10% COz2 in the environment and an agitation of 120 rpm.

The preculture was maintained for at least 6 passages to ensure stable protein
expression. Splitting of the cell suspension was performed according to the SOP of
Sandoz.

2.2.2 Cedex HiRes and Cedex BioHT

The cell analyser Cedex HiRes was used for the determination of viable cell density,
viability, aggregation and average cell diameter. For this purpose, 300 uL of cell
suspension were used as a sample. The cell analyser used the trypan blue exclusion
assay to differentiate between living and dead cells. After staining with trypan blue, the
analyser took several pictures and counted the number of living and dead cells.

The bioprocess process analyser Cedex BioHT uses enzymatic assays for the
determination of metabolites. All assays are based on colour change of the sample
solution induced by a substrate-enzyme reaction. This colour change was measured
via UV absorption. The device was used to measure the concentration of glucose,
glutamine, glutamate, lactate and ammonium. Furthermore, it determined the
enzymatic activity of lactate dehydrogenase (LDH). The cell-free supernatant of the
cultivation samples was directly used for this analysis.

2.2.3 One Compartment Fed Batch cultivations

All performed one compartment (OC) cultivations were carried out in a 3.6 L bench
scale reactor. The working volume at the beginning was set to 2.2 L. It contained pre-
warmed mainstage medium, which was inoculated with the pre-culture. The starting
viable cell density (VCD) was set to approximately 3 x 10° cells/mL.
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2.2 Methods

A total aeration rate of 30 mL/min with a mix of Oz, N2, CO2 and air was controlled with
mass flow controllers. The reactor was aerated submersly. The flow of O2 and CO2
were control by a step controller in the process information and management software
(PIMS) to a setpoint for dissolved oxygen (dOz2) in the cultivation broth of 40% and 12.5
% pCOz2in the off-gas. Since O2 and CO2 flow were controlled, the N2 resulted as the
remaining available flow of the maximum flow (30 mL/min). Before the cultivation was
started, a one-point calibration for the dO2 probe at 100% and for the CO:2 offgas sensor
at 0.04% with compressed air was performed.

The Batch phase of the cultivation was run at a constant temperature of 36.5 °C and a
constant pH of 7.0 with an agitation speed of 140 rpm. The pH value was controlled
within the dead-band of £0.01 by either the addition of 1 N NaOH or by the addition of
1 N HCI. Furthermore, a passive pH shift from 7.00 to 6.90 and a passive temperature
shift from 36.5 to 33°C were initiated after 60 h of the process to induce the switch from
lactate production to lactate consumption. All pH probes were two-point calibrated
before autoclaving the reactor. If necessary, a one-point recalibration was performed
during the cultivation. This was only necessary when the pH difference between the
intern measurement and the extern measurement (from sampling procedure) was
higher than 0.1.

In the Fed Batch phase of the cultivation three different feeds were added. The glucose
containing feed was added in form of bolus shots (see Chapter 2.2.8) while the other
feeds were added at constant rates with 0.4 % respectively 2 % of the starting volume
per day. Moreover, a 0.1 % solution of an anti-foam agent was added manually over a
peristaltic pump if it was required. The cultivations were terminated, by the time the
viability of the cells fell under 75 %.

2.2.4 Two compartment Fed Batch cultivations and experimental
setup

A TC scale down setup (illustrated in Figure 1) was already developed in our research
group (Brunner et al. 2017). It consists of two reactors of different sizes, which are
interlinked over peristaltic pumps. One pump was set to a constant pump rate of 200
mL/min while the other one was controlled with a PID controller of the PIMS to maintain
the exact weight of 5 % from the total weight in the SC. Through the constant pump
rate of 200 mL/min, a mixing time of 120 s could be simulated. In addition, both reactors
were covered with aluminium foil to prevent light induced damage of the medium.

All feeds (the same as for OC cultivations) were added to the BC of the TC setup. Also,
inoculum and acid (1N HCI) were added to the BC.
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2.2 Methods

Temperature and pH shifts were conducted like OC Fed Batch cultivations after 60 h
of process time. Moreover, the same pH and temperature thresholds were used as for
OC Fed Batch cultivations.

The NaOH addition (for the generation of pH amplitudes) was performed with a
separate peristaltic pump. Shots were conducted when the pH signal in BC fell below
a lower threshold of 6.99 before shift, respectively 6.89 after pH shift. Approximately
3.5 g of 0.25 N NaOH were added in 5 s for each shot to create the desired pH
amplitude. Moreover, an interval of 125 s (120s for MT plus 5 s for base addition)
between two NaOH additions was controlled with a timer. By that, no accumulation of
NaOH in any of the compartments should occur.

Further, different aeration strategies for the SC were already tested in our research
group. Previous experiments showed a threefold lower VCD (data not shown) in SC
batch cultivations when using submerse aeration instead of headspace addition. This
was caused by the MFCs which were not able to control such low flows which were
needed for the aeration of the SC. For this reason, a submerse aeration in BC and
headspace aeration in SC was conducted. All relevant process parameters are
summarized in Table 2.
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Figure 1: Schematic setup of two compartment system. The solid red arrow (1) illustrates the point of
base addition in the shot experiment and the dashed blue arrow (2) marks the point of base addition for
the control experiment. The larger reactor on the left side has a working volume of 2.85 L and the smaller
reactor on the right side has a working volume of 0.15 L. Both reactors were equipped with pH probes,
temperature probes, dOz probes and with an off-gas analyser.
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Table 2: Process parameters of the TC Fed Batch cultivations for the SC and the BC.

Process BC set-point SC set-point
Parameter

Agitation speed 140 rpm 140 rpm

Aeration 25 mL / min 25 mL / min

Aeration type submerse headspace

do2 40 % 40%

pCO2 12.50 % 10.00%

N2 flow 25 mL / min - CO2 - O2 25 mL / min - 2.5 ml / min - O2
VR,0 2850 g 150 g

Time of shifts after 60 h of the process after 60 h of the process
Temperature 36.5/33°C 36.5/33°C

pH 7.0/6.9 7.0/6.9

Feed rate 1 60g/d -

Feed rate 2 12g/d -

Feed rate glucose  bolus -

2.2.5 Control strategy for two compartment cultivation runs

An illustration of the used experimental design and control strategy for the TC
experiments is shown in Figure 2. The reactors in the upper row stand for the
cultivations of the first run where the shot-experiment was performed with the TC setup.
This experimental run contained of a TC-cultivation with base addition into the small
compartment (SC). In addition, a control cultivation with the same pre-culture in a
single reactor system was carried out. Base addition in the SC should mimic the
influence of an alkaline zone on the cultivation of CHO cells. The reactors in the lower
row of Figure 2 symbolize the control experiments. In this case, base was added in the
big compartment (BC) of the TC system. When the same amount and concentration of
base as in the shot experiment is added for each shot, the pH amplitude in the BC
should be much lower as for base addition in SC. This should occur because the base
has 19 times higher volume available in the BC for mixing. The comparison of the shot
experiment with the control experiment was performed as follows. First the two STR
cultivations, as well as the two TC cultivations were compared with each other (blue
arrow ‘2’). The differences in physiology between the STR cultivations are caused by
variations of for example the pre-culture. These deviations were then considered for
the cultivations with the TC system (blue arrow ‘1°).
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Figure 2: Experimental design and control strategy to compare the cultivations. Green arrow marks the
reactor where the base was added. Above the dashed line are the cultivations from the shot experiment
in the two-compartment system (left) as well as the control cultivation in a single reactor (right). Under
the dashed line are the cultivations of the control experiment. Blue arrows mark how the cultivations
were compared with each other.

2.2.6 Product titer quantification

The quantification of the product was performed with an inhouse HPLC method based
on the product analytics of our industrial partner Sandoz GmbH. This validated method
was already established for the product quantification in our research group.

It is an affinity chromatography method with a protein A column, where the mAb binds.
The binding step was performed with phosphate buffer (supplemented with NaCl) at a
pH value of 7.5. NaCl was added to supress non-specific binding (Tsumoto et al. 2007).
An increase in ionic strength accomplished the elution of the product. For this purpose,
a HCI/NaCl buffer with a pH value of 2.0 was used. The product concentration was
determined with an UV detector at an absorbance wavelength of 280 nm. After elution
of the product a regeneration step with acetic acid was performed before the next
measuring cycle was started. One complete cycle lasted 3 min. Samples for the
product quantification were prepared as described in Chapter 2.2.7. Moreover, the
used standard dilution series was prepared by dilution of a mAb stock solution
(provided by Sandoz) of known concentration with a BSA/K2POa4 buffer.
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2.2.7 Sampling procedure

Cultivation samples were taken in time intervals of approximately 12 h. 5 mL of the
cultivation broth were drawn with a 10 mL syringe and instantly discarded. This was
done because the cells in the sampling tube were not exposed to the reactor
conditions. Then, another 7 mL of the cultivation broth were drawn as a sample. The
first measurement which was immediately performed after sample drawing was the
determination of the viable cell density, viability, and aggregation with the cell analyser
(Cedex HiRes). This measurement had to be performed as soon as possible to ensure
an accurate measurement. Meanwhile, the rest of the cultivation broth was centrifuged
for 10 min at 180 g and cooled to 4 °C. The supernatant was used for measurements
like product titer quantification or for the analysis with Cedex BioHT while the cells were
discarded. Osmolality of the supernatant was determined directly after the
centrifugation step. The other analyses were performed when all samples of
cultivations were collected. Therefore, the supernatant was portioned and stored in 1.5
mL Eppendorf tubes at -20°C.

2.2.8 Data evaluation

All equations to calculate the specific rates of the cultivations are based on the
publication of Sauer et al. (2000).

Equation 1 shows how the integral of viable cell density (IVCD) from the start of the
cultivation (to) to a certain time point (t) can be determined.

t

t
IVCD=jVCD*VR*dt=Z
to

to

VCD; * Vg i + VCDiiq * Vg itq
2

Eq. 1

* (Lie1 — t;)

The IVCDs and the differences of the total number of viable cells are used to calculate
the specific growth rate (1) between two timepoints ti and ti+1 and with the subscript |
as the interval (Equation 2).

_ VCDjyq * Vpiy1 —VCD; * Vi, Eq. 2
B IveD

Hj

The glucose feed for the Fed Batch cultivations was added in form of bolus shots
whereat the desired glucose concentration in the reactor was 11.1 mM. Equation 3
calculated the volume of the needed bolus.
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_ (11-1 mM — [Glc]reactor) * VR Eq. 3
Bolus [Glc]feed

Following Equation 4 was used to determine the specific glucose consumption rate
(gaic) between two timepoints ti and tj1.

o [Glc]i+1 * VR,i+1 - [Glc]i * VR,i + [Glc]feed * VBolus EQ- 4
Q6ic.j = IVCD

Almost the same equation as for qcic was used for the determination of the specific
glutamine consumption rate (gein) as shown in Equation 5. The amount of added
glutamine containing feed which was measured with balances. These values were
directly converted to a volume afterwards since a density of 1 g/L was presumed.

_ [Gln]i+1 * VR,i+1 - [Gln]i * VR,L’ + [Gln]feed * ered EQ- 5
Geinj = IVCD

Equation 6 shows how the specific production rate (Qeroduct) Was calculated for a
discrete time interval.

_ [mAb]iy1 * Vg g1 — [mAD]; x Vg Eq. 6
QProduct,j - IVCD

Following Equations 7, 8 and 9, the specific rates for lactate, ammonium (NH4*) and
lactate dehydrogenase (LDH) were calculated. In general, a negative specific rate
stands for consumption of the certain substrate or metabolite, while a positive specific
rate stands for production. Further, quon was the only specific rate in our experiments
which was calculated with an activity instead of a concentration.

_ [Lacliy1 * Vgip1 — [Lac]; x Vg, Eq. 7
QLac,j - IVCD
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[NH4+]i+1 *Vpit1 — [NH4+]i * Ve

Uvn,*j = IVCD

LDHiyq * Vg i1 — LDH; % Vi
Qonj = IvCeD
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3.1 Estimation of the volume and the pH of alkaline mixing zone

3 Results and Discussion

3.1 Estimation of the volume and the pH of alkaline
mixing zone

As mentioned earlier, our aim was to determine the volume and the pH of the alkaline
mixing-zone of a large bioreactor by using a scale-down model. This was performed
because previous studies from Osman et al. (2002) and Nienow et al (2013) did not
show how they gathered/estimated these parameters. Therefore, two parameters,
which play a major role in the formation of inhomogeneities, the mixing time and the
specific addition rate of base/feed were kept constant. Mixing time is the time required
to attain reactor homogeneity after a step change in an arbitrary variable (Lara et al.
2006).

3.1.1 Determination of mixing time with pH probes

Common methods like iodine-starch discoloration or CFD for the determination of
mixing time are not practicable for a parallel determination of the volume of the alkaline
mixing zone. In the case of CFD, the existing models are at the moment only
acceptable for mixing particles and not for mixing on a molecular level. And the iodine-
starch discoloration method could not be combined with a parallel estimation of the pH
of the alkaline mixing zone.

Therefore, a new method based on the signal of two pH probes was established.
Similar methods with either only one pH probe, or methods which only work in bigger
STRs (in range of 50 L or higher) are already reported (Xing et al. 2009; Zhang et al.
2014). The main problem in small lab scale bio reactors (<5L) is, that the base drops
penetrate the liquid surface for approximately 5 cm which equals about 20% of the total
height while in a bigger reactor it would penetrate only for approximately 5% or less of
the toatal height.

For this reason, two pH probes, one in the height of penetration depth and one in the
lower third of the reactor were installed. As reactor, a STR with a working volume of
3L stocked with a double blade stirrer was chosen. The experiments have been
performed with water supplemented with the indicator dye methyl-red at room
temperature. Indicator dye was added for three reasons. First, to determine the
penetration depth of the base drops. Second, to get an idea in which height the mixing
lasts the longest and therefore to know where to put the lower pH probe. At last to
compare the time which is needed for a full colour change with the mixing time obtained
with the two-pH-probe method. The mixing time was evaluated at five different stirrer
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3.1 Estimation of the volume and the pH of alkaline mixing zone

speeds and at each stirrer speed experiments were performed in triplicate. Since the
test had to be comparable, a defined amount of base was added. For this purpose, 1
mL of 2N NaOH was added with a syringe through a port on the top of the reactor in
form of a pulse. The signals of the two pH probes were recorded with Lucullus PIMS.
Unfortunately, this software only recorded the time in steps of 5 s and interpolated the
missing points between two signals. For this reason, the pH probe lag (time between
addition of base and delivery of the pH signal) was determined manually by using a
stop watch. As proposed, this probe lag was also included in the calculation of mixing
time. Mixing time was estimated over pH values, normalised to the final pH value,
which was reached after complete mixing according to Equation 10 (Xing et al. 2009).

pH(t) — pHi‘ Eqg. 10

H(t =
p ( )TLOTm ‘pHend _ le

PH()norm... normalised pH value [-]
pHend... pH value after complete mixing [-]
pHi... initial pH value [-]

t... time [s]

Figure 3 shows how the mixing time was calculated with normalised pH values. At a
normalised pH value of 1, complete mixing was achieved. Usually mixing time studies
were performed with homogeneity criteria of 95% or 99%. For example, a homogeneity
of 95% is reached when the difference between normalised pH of the upper probe and
the normalised pH of the lower probe results in 0.05. The time when the difference is
0.05 could be used as the end of mixing time (Equation 11).

Mixing Time = teng — tstare + tprobe-lag Eg. 11
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Figure 3: lllustration of normalised pH signals from upper pH probe (red line) and lower pH probe (blue
line) at a stirrer speed of 20 rpm after the addition of 2 N NaOH. The point where homogeneity of 95%
was reached is marked with a black arrow.

Obtained results for the mixing time at 95% and 99% homogeneity at different stirrer
speeds can be observed in Figure 4. As one can see, both homogeneity criteria show
the same trend for mixing time at agitator speeds higher than 30 rpm. At an agitator
speed of 20 rpm the replicates for a homogeneity of 99% differ from each other in
comparison to all the other measurements. These results are in line with the mixing
times observed via colour change of the used methyl-red indicator. The mixing times
obtained with the indicator showed the same trend, but with an offset of approximately
20 s. The offset was caused by the small pH range (4-6) in which this indicator shows
colour differences, whereas the pH change through base addition was much higher.
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Figure 4: Calculated mixing times and associated error bars for 95% homogeneity (black dots) and 99%
homogeneity (red dots) at different stirrer speeds.

The results for these experiments are also displayed in Table 3. Although these results
indicate a good correlation between mixing time and agitator speed, they may not be
transferable to other STRs of the same size. Especially at low stirrer speeds, the
penetration depth of the base or built-in-components like the pH probes or the aeration
have a big influence on the flow profile, which is not comparable between different
reactors. Such flow profiles alter the mixing in reactors significantly. Furthermore, these
experiments did not include the disturbance generated by cells, which have a big
influence on the viscosity of the medium.

Table 3: Average of mixing times at homogeneity of 95% and 99% for different agitator speeds.

Agitator speed [rpm] av. MT 95% [s] av. MT 99 [s]
20 122.1 274.0
30 88.5 139.5
40 75.2 111.3
50 37.5 83.7
60 30.0 69.0
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3.1 Estimation of the volume and the pH of alkaline mixing zone

As reported by Lara et al. (2006) realistic mixing times for CHO cultivations in a scale
of 10 m3 are between 120 — 360 s. Therefore, for subsequent experiments like the
estimation of the volume or the pH of the alkaline mixing zone (see chapter 3.1.2 and
3.1.3), an agitator speed of 20 rpm was chosen. This stirrer speed results in a mixing
time of approximately 120 s at a homogeneity of 95%. In practice, a homogeneity of
95% can be used to determine mixing time (Xing et al. 2009).

After the results for the agitator speed and the corresponding mixing time were
obtained from experiments with water, it was proven that the same results could be
obtained with cultivation medium. Cultivation medium contains pH-buffering
substances like NaHCOs, which might have an influence on the mixing time. Therefore,
the same experiment was performed with cultivation medium in triplicates at the
desired agitator speed of 20 rpm. The buffering agents had almost no influence on the
mixing time and a mixing time of 120.6 £ 3.2 sec was obtained.

3.1.2 Determination of the volume of the alkaline mixing zone

Our intention was to develop an experimental method for the determination of the
volume of the alkaline zone with the parameters obtained in the previous chapter. As
discussed earlier, CFD may not be the best way for the determination of the volume,
since the current CFD models are designed for mixing particles instead of molecules
and they also work with many simplifications. The hypothesis was, that the percentage
of the volume of the alkaline zone in a small STR should be the same as in a big
reactor. But only when it is generated with the same mixing time and with the same
specific dosage rate of base. In this section, we present an experimental approach by
using the indicator dye bromothymol blue for the visualisation of the alkaline zone. As
bromothymol blue shows a colour change from yellow (pH < 6) over green (pH ~ 7) to
blue (pH < 7.6) it serves as indicator dye for the visualisation of the alkaline zone in a
cell culture process. Besides the ideal working range, this indicator dye was the only
one which delivered recognizable colour changes when added to the culture medium
used for the experiments.

The formation of the alkaline zone was filmed with two cameras which were placed
orthogonal to each other in front of the 3L reactor. Furthermore, two pH probes were
placed in the reactor to check the pH value in centre of the alkaline zone. From the
obtained videos, several screenshots were taken in defined time-steps. Starting point
for the synchronisation of the videos was the time when the drop from the base addition
reached the liquid surface. These obtained screenshots were imported to the image
editing software IrfanView® where the borders of the alkaline zone were marked. The
next step was to measure the three main dimensions of the cloudy like alkaline zone
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3.1 Estimation of the volume and the pH of alkaline mixing zone

and to figure out which geometric body could fit the shape of the cloud the best. Used
geometric bodies for the fitting were a ring segment, a globe, a cone, a cylinder, a
hollow cylinder and an ellipsoid. The experiments were performed with two different
alkaline reagents in triplicates at an agitation speed of 20 rpm. The first alkaline reagent
was a Tyrosine-Cysteine feed (TyrCys) with a pH value of approximately 9 and the
second was 0.5 N NaOH. Addition of the reagents took either place dropwise with the
same volumetric dosage rates as used by our industrial partner in a 10000 L reactor
or in form of shots. As the TyrCys feed has a lower pH in comparison with the NaOH,
it did not show a remarkable formation of an alkaline zone when added dropwise.
Therefore, only the TyrCys results for the shot experiments were taken in
consideration. The same was done for the addition of NaOH, since in industry the base
is only added (in form of shots) when the pH drops below a defined set point. The
needed volume of the NaOH shots was an average value, calculated from the base-
balance signals of a complete CHO cultivation process in a 10000 L reactor.

Figure 5 demonstrates how the determination of the volume of the alkaline zone was
accomplished. As one can see, the first pH probe was placed in a height of 5 cm below
the liquid surface in a position for the incoming NaOH or TyrCys drops to directly
encountered the probe and deliver a signal. Shortly after drops reached the height of
the pH probe, they began to diffuse, what resulted in a growing blue cloud. Generally,
the cloud had the form of an ellipsoid or a ring segment after the first 8 seconds. The
cloud reached its biggest size usually after 10 s and after 60 s it always formed a cone
in the centre of the reactor. After 10 s the clouds’ centre also reached the second pH
probe.

Figure 5: Example for the volume determination of alkaline mixing zone after the
addition of 0.5 M NaOH in form of a shot. Red borders indicate the shape of the
alkaline zone.
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3.1 Estimation of the volume and the pH of alkaline mixing zone

Figure 6 shows the results for the volume in the form of the percentage of the whole
operating volume of the reactor. As mentioned before, the maximum size was reached
after 10s with a volume of 5.41% for TyrCys and 5.37% for NaOH (Results are also
shown in Table 4). These results correlate well with the estimated volumes which
Brunner et al. and Cortes et al. estimated for their studies. Only Osman et al. used a
much higher volume for the simulation of the alkaline zone since they wanted to
simulate extreme conditions. This in combination with the used high pH amplitudes is
does not realistically simulate a large-scale process.

® TyrCys
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Time [s]

Figure 6: Time course for the volume of the alkaline zone in percent of the total reactor volume. This
image illustrates the calculated volume with the relative error after the addition of NaOH (blue squares)
and TyrCys (red squares) in form of defined shots.
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Table 4: Calculated results for the average percentage of the volume of the alkaline zone after addition
of NaOH and TyrCys

Time TyrCys av. Volume NaOH av. Volume
[s] [%] [%]
0 0,55 0,33
1 1,12 0,64
8 4,46 4,70
10 541 5,37
60 2,45 1,93

However, this is not a totally exact way for the volume determination, but it gives at
least a qualitative answer about the size and the shape of such alkaline zones.
Additionally, these experiments showed, that besides the agitation speed also the
volume of the added reagent, as a variable parameter, has a big impact on the volume
and the shape of the alkaline zone. Further influencing parameters which are constant
are the penetration depth, the accumulation in dead angles and the built-in
components.

3.1.3 Determination of the pH amplitude of the alkaline mixing zone

While the previous chapter mainly focussed on the volume of the alkaline zone, this
chapter also takes its maximum and average pH into account. Hence, we present in
this section a simple experimental method where the alkaline zone of a 10 m?3 reactor
is simulated in order to evaluate the maximal and the average pH value of this zone.
The performed experiments used almost the same setup as already described in
chapter 3.1.1. Only the position of the upper pH probe was changed. The new height
of the probe was set to 6 cm below the liquid surface, because generally the alkaline
zone has its centre at this height. For the experiments, the addition of 0.5 N NaOH or
TyrCys feed was either performed dropwise with calculated dosage rates or in form of
shots as already outlined in the previous chapter. The dosage rates as well as the
strength of the added alkaline solutions are oriented at the values of a 10 m?3
cultivations of our industrial partner, Sandoz GmbH. The shots of each alkaline solution
were performed in triplicates, while the pH signal for the dosage rate experiments was
recorded for a whole hour.

As visible from Figure 7, the dropwise addition with defined dosage rates of TyrCys
feed (a) as well as the dropwise addition of NaOH (b) led to a minor pH increase over
time. Since the alkalinity of the TyrCys feed and the corresponding dosage rate were
too low, only small pH amplitudes (blue curve) which arise from the addition of the feed
were observed. The single drops of TyrCys feed created only a very small average
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3.1 Estimation of the volume and the pH of alkaline mixing zone

ApH of 0.004 and these amplitudes only existed for approximately three seconds.
Because NaOH, as a strong base, has a higher pH than the TyrCys feed, the dropwise
addition of this alkaline solution has a bigger influence. Due to the accumulation of
some NaOH drops near the pH probe ApH maxima of up to 0.746 were reached. For
both experiments the maximal ApH value, as well as the average value of all the
amplitudes was evaluated and the results are listed in Table 5. In case of the dosage
rate experiment with the addition of NaOH, the obvious outlier visible in Figure 7 b was
excluded from the calculation of the average pH value of the amplitudes.
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Figure 7: Dropwise addition of TyrCys feed (a) and 0.5 N NaOH (b) with specific dosage rates used for
10 m? cultivations. The blue curve shows the signal of the upper pH probe and the red curve the signal
of the lower pH probe

Subsequent experiments, where the alkaline solutions were added in form of shots,
used different volumes of the added substance, since different dosage rates are used
during a cultivation. The added shot volume of the alkaline TyrCys feed was 12 mL
which relates to 0.4% of a cultivation starting volume. For the NaOH experiments, shots
with a volume of 0.5 mL and a molarity of the base of 0.5 were used to mimic a large-
scale bioprocess. The results of these experiments are illustrated in Figure 8. As it is
visible from the red curve in Figure 8 a, each shot of TyrCys caused an increase of the
pH of about 0.05 after complete mixing. For the addition of NaOH (b) this increase was
only about 0.006 since a much lower amount was added in comparison to the TyrCys
feed where the whole daily demand was added in one shot. The maximum ApH, as
well as the average of the pH amplitudes were calculated in the same way as at the
dosage rate experiments. The results are listed in Table 5. Although, the TyrCys
addition resulted in more than fourfold higher pH amplitudes than the NaOH addition,
the volume of the formed alkaline zone was nearly the same in both cases. That might
indicate that the type of the used base has a bigger influence on the volume of the
alkaline zone than the added volume or the concentration of the added base.
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Figure 8: Three shots with 12 mL of TyrCys feed (a) and 0.5 mL of 0.5 N NaOH (b) to cultivation media.
The blue curve shows the signal of the upper pH probe and the red curve the signal of the lower pH
probe

Based on the shot experiments it was also possible to prove the efficient functioning of
2-pH-probes method for the determination of mixing time. An average mixing time for
these shots of 121.05+2.94 s was obtained at a homogeneity criterion of 95%.

Previous studies of Langheinrich and Nienow (1999) observed pH perturbations of up
to 0.8 units in an 8 m? reactor with base addition from top. In comparison to the studies
from Brunner et al. (2017) and Osman et al. (2002) who also tried to determine the
impact of an alkaline zone on a mammalian cell culture process, values obtained in
this study are much lower. Brunner et al. used a pH amplitude of 2 units for their
cultivation, as they wanted to simulate extreme conditions. Osman et al. used a pH
amplitude of 1.8 units for their multiple shot experiment, since they did not find any
influence on the cells growth behaviour for a 90 min lasting single pH perturbation with
0.8 units.

As both studies enlarged the strength of their alkaline zones in order to simulate
extreme conditions, a stronger influence on the physiology that could occur in real
processes is possible. Our obtained values are only in line with the lower pH amplitude
used by Cortés et al. (2016) who investigated the impact of an alkaline zone on E.coli.

However, the preferred way for adding base in industry is in form of single shots. But
the results from the NaOH shot experiments should be considered critically. One major
problem in the shot experiments was that the accumulation of added base was
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neglected because the next shot was only performed, when complete mixing was
achieved. In reality, the time between two shots can be much shorter, whereby base
accumulates. Hence, the average pH amplitude of the dropwise NaOH addition with a
value of 0.251 should better represent the pH of the alkaline zone since the NaOH had
enough time to accumulate. Therefore, this value was chosen as the pH amplitude for
the following cultivations. Moreover, this value fits better with the results obtained from
Langheinrich and Nienow (1999), who investigated the alkali addition in large scale cell
culture processes. In their experiments, they used a one compartment scale down
system with a working volume of 0.23 m3. This reactor had the same geometrical
proportions as industrial reactor with a working volume of 8 m3. For scale down studies,
they kept the energy dissipation rate at a constant value. With this setup, they observed
pH amplitudes of 0.3 in average and 0.8 as maxima.

Table 5: Maximum pH and average pH of the alkaline zone for different alkaline solutions and addition
strategies.

Experiment Max. ApH Avg. ApH Avg. of ApH maxima
TyrCys dropwise 0.022 0.004+0.001 0.014
NaOH dropwise 0.746 0.055+0.034 0.251
TyrCys shot 0.224 0.223+0.031
NaOH shot 0.066 0.052+0.022
3.2 Glutamine Degradation

As already stated, suspended glutamine in cell culture media is not very stable with
regard to high temperatures or low pH values (Ozturk and Palsson 1990; Tritsch and
Moore 1962). Other publications also showed that for a constant phosphate
concentration, the decomposition of glutamine rises with higher pH values (Arii et al.
1999; Lin and Agrawal 2015). Due to common process conditions, glutamine breaks
down to ammonium and pyrrolidonecarboxylic acid. Besides the lack of glutamine as
a substrate, the rising ammonia levels can impair growth and productivity of the cells.
Our intention was to determine the glutamine degradation constants for several pH-
temperature pairs and implement the results into the calculation of the specific
glutamine uptake rate. This had to be done, because we assumed that a high amount
of glutamine is degraded during the Batch phase of a cultivation process, rather than
being consumed by the cells. For the determination of the degradation constant Kgeg,
three experimental runs were performed in 500 mL shake flasks filled with 120 mL
industrial mainstage medium. Since statistical accuracy was necessary, each
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experimental run was performed in triplicates. The first run was executed at a pH of 7
and a temperature of 36.5 °C, the second at a pH of 7 and at a temperature of 33 °C
and the third run at a pH of 6.9 with a temperature of 33°C. These settings ensured a
coverage of all pH-temperature pairs, which occur during a typical Fed Batch cultivation
with CHO cells. Temperature was controlled directly through an incubator, while the
pH of the medium was controlled over the percentage of COz2 in the environment of the
shake flasks. Since the medium used a bicarbonate buffer system, the needed CO:
concentration of 12.5 % for pH 7 and 15 % for pH 6.9 could easily be determined in a
nomogram. A nomogram is a diagram where the pH of the medium is plotted over the
NaHCOs concentration and the percentage of CO2. As all incubators are not
completely airtight, the pH of the medium was checked manually via a pH meter at
each sample. At each run, samples were taken in triplicate at five different times and
further analysed for their glutamine and ammonia content with an automated
metabolite analyser and with an amino acid method for RP-HPLC. Figure 9 shows the
time course of glutamine concentrations for the three different pH-temperature pairs.
As it is visible, the slope for the red circles (pH 7 and 36.5°C) is the highest, followed
by the slope of the blue triangles (pH 6.9 and 33°C). From this figure, it can also be
seen that a 3.5°C higher temperature has a bigger influence on the glutamine
degradation than a 0.1 lower pH. Measurement data from the automated metabolite
analyser (Cedex BioHT) showed, that for 1 mol of glutamine which decomposed almost
1 mol of ammonium was formed (data not shown). This proves the reliability of the
used measurement method, since the difference between the concentration of
decomposed glutamine and the concentration of formed ammonium is very low.
Furthermore, the error bars of the triplicate measurements are very low in comparison
to the concentration.
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Figure 9: Time course of glutamine degradation with error-bars. Media were incubated at pH 7 and
36°C (red circles), at pH 7 and 33°C (green squares) and pH 6.9 at 33°C (blue triangles).

Another bottle of medium was used for the determination of kieg under storage
conditions. Typical storage conditions for this kind of medium were 21 °C without pH
control and light protected in plastic bottles. Calculation of kieq Used the following
Equation 12.

. [Gln] Eq. 12
In G,
t

kdeg =

where [GIn] is the glutamine concentration, t is the time, kdeg the first order rate
constant and the subscript 0 stands for the initial concentration. This degradation
constant was calculated for each sampling time and the average values are shown in
Table 6. A 3.5°C higher temperature causes a 48% higher degradation constant, while
a 0.1 lower pH only causes a 29% higher degradation constant. Furthermore, the
degradation constant under storage conditions (pH 7.22 and 21°C) is approximately
four times lower than the degradation constant for the Batch phase (pH 7 and 36.5°C)
of the performed CHO cultivation. Under this aspect, it is not necessary to take the
glutamine decomposition while storage into account for further calculation. In addition,
these results are similar to the values reported from Ozturk and Palsson (1990) for
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RPMI medium at the same temperature and pH pairs. As RPMI is a widely used
medium in CHO processes, the obtained kgeg values are trustworthy enough to
implement them into the calculations for the specific glutamine uptake rate.

Table 6: Calculated glutamine degradation constants for different pH-temperature pairs.

pH [] T[*C] Kdeg [-]
7 36.5 0.0023

7 33 0.0012
6.9 33 0.0017
7.22 21 0.0008

Equations 13-15 show how the calculated degradation constants could be
implemented into the calculation of the specific glutamine uptake rate. Equation 13
shows how the amount of degraded glutamine could be calculated for each process
time t from a starting concentration [GIn], and with the degradation constant.

[GIn deg]; = [GIn], * e Kdes*t Eg. 13

These concentrations include only the loss through degradation. For further
calculations, they need to be subtracted from the starting concentration to obtain a
degradation concentration difference Adeg (Equation 14).

Adeg; = [GIlndeg], — [GIn deg]; Eq. 14

At last the obtained values only need to be added to the measured concentration
values [GIn] and then could be used for the calculation of the specific uptake rate
(Equation 15).

[GIn_real]; = [GIn]; + Adeg; Eq. 15
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As an example, Figure 10 illustrates the difference between the specific glutamine
uptake rate with glutamine considered degradation for calculation (red circles) and
without (blue squares) for a random Fed Batch process performed in a 3 L STR. As it
is visible, for the first 20-30 h of the cultivation the corrected qcin is only about half as
high as without correction. That indicates, that in the early phase of a cultivation, when
the VCD is comparatively low, the decomposition of glutamine has almost the same
impact on gein as the uptake of the cells. The higher the cell concentration gets, the
lower is the impact of decomposition on the specific uptake rate. Glutamine
decomposition was only considered for calculation until the addition of glutamine
containing feed started (after ~80 h). Afterwards the concentration of glutamine stayed
nearly constant.
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Figure 10: Comparison of the specific glutamine uptake rates with included glutamine degradation
(orange circles) and without (blue squares).

3.3 pH heterogeneities

Within this section all obtained parameters from the previous chapter 3.1, were used
to simulate the impact of alkaline zones, which have been reported in large scale
bioreactors (Langheinrich and Nienow 1999; Lara et al. 2006), on CHO Fed Batch
cultivations in a TC system. Our intention was to determine the impact of pH
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heterogeneities on the physiology and the productivity of an industrial CHO Fed Batch
process

3.3.1 Control strategy and Experimental design

The aim was, to determine the influence of an alkaline zone on the physiology of CHO
cells. For this purpose, two CHO Fed Batch cultivations with a two-compartment
system (explained in chapter 2.2.4) were performed. In one cultivation, the alkaline
zone is imitated by the smaller reactor of the TC system. The second cultivation,
without a simulated alkaline zone, serves as comparison. This resulted in two problems
since only one TC system was available for the cultivations.

The first problem was that a direct comparison with a single reactor system was not
possible, since our TC cultivations showed a completely different growth behaviour,
then cultivations in a single reactor. This is likely caused by the higher stress conditions
due to pumping of the cells between the reactors over a peristaltic pump (Mulholland,
Shelton, and Luo 2005; Nienow et al. 2013). Another problem could also be that the
temperature decreases in the plastic tubes, which connect the two reactors, since they
are not isolated against heat loss. Besides the heat loss, the plastic tubes are also
permeable for gases like CO2 and Oz which need to be exactly controlled over the
whole process. In addition, these transparent plastic tubes do not protect the medium
from ambient light, which leads to the degradation of essential cell culture media
components (Calvet, Li, and Ryder 2014; Stoien and Wang 1974).

The second problem was, that when only one TC setup is available, the experiments
had to be performed successively. Hence, the precultures, which are used for the
inoculum, have a different age and are not completely similar. Because of that, the
results of different TC cultivations could not directly be compared. For this reason, a
single reactor cultivation with the same preculture as used in the TC cultivation has to
be carried out in parallel for each experimental run. All these single reactor cultivations
have to be performed exactly the same way. That means the cultivation parameters
like temperature, aeration, pH, dO2 and pCO:2 should be regulated in the same way.
Therefore, a control strategy as shown in Chapter 2.2.5 was set up to provide a way
for comparison of the cultivations.

3.3.2 Characterisation of pH shots

Experiments for the determination of the average pH amplitude of an alkaline mixing
zone showed, that an amplitude of 0.25 units could be reached in an industrial CHO
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cultivation (see chapter 3.1.3). The other experiment for the volume determination of
the mixing zone led to a volume of 5% of the initial reactor volume. This led to a reaction
volume of 150 mL in the small compartment of the used TC system. To reach the
desired pH amplitude in the small compartment in the shot experiment, pre-studies had
to be performed. The goal was to reach this amplitude with the lowest possible amount
of base. This was necessary because otherwise the cultivation broth would be diluted
too much.

Furthermore, the base had to be added as fast as possible, in order to receive an
accurate mixing time profile. The lowest amount of base which could exactly be
pumped via the peristaltic pump were 3.5 mL. Therefore, several 3.5 mL shots of NaOH
with different molarities were added to 150 mL of stirred cultivation medium to
investigate, how big the resulting rise in pH is. The NaOH with a molarity of 0.25 led to
an average pH amplitude of 0.248. The combination of the volume and the molarity of
the base was checked in a test cultivation which has been cancelled after 60 h (data
not shown). A comparison of the osmolality profiles of the single reactor and the TC
system showed differences of approximately 30 mOsm/kg after 60 h. Since the single
reactor used 1 M NaOH, less shots of base were needed to control the pH level than
in the TC system. This led to a higher dilution and a resulting lower osmolality in the
TC system. For the following experiments, the osmolality of the 0.25 M NaOH had to
be increased with NaCl. 0.155 mol/L of NaCl was added to create a similar osmolality
profile as in the single reactor. Hence, the following TC shot experiment, as well as the
control experiment used 0.25 M NaOH supplemented with 0.155 mol/L NaCl for pH
control. During cultivation, the base was only added when the pH value in the big
compartment dropped below a certain threshold. For the first 60 h of cultivation the pH
threshold was set to 6.99 units and after the pH shift from 7.00 to 6.90 it was set to
6.89. The pH signals of both compartments were recorded in time steps of 5 s for the
entire Fed Batch cultivation.

Figure 11 shows the pH trajectories in the shot experiment for both compartments over
the whole cultivation process. As it is visible, the purple line (pH of the BC) was stable
before and after the pH shift. This indicates that the pH control worked satisfactory
within the set limits. The blue line (pH of SC) shows many amplitudes which each
represent a single addition of base into the SC. On the first glance, the frequency of
the pH amplitude looks constant. Only after approximately 30 h a small gap is visible.
This gap was caused by an external re-calibration of the pH probes followed by an
automated addition of HCI. Overall 294 base shots were performed in the shot
experiment. 56 base shots before the pH shift and 238 shots afterwards. All shots
together had an average amplitude of 0.23+0.02 pH units. In comparison, 292 shots
were added in the control experiment (base addition into the BC). This is in line with
the data of the NaOH balances. The shot experiment needed 1066 g of 0.25 M NaOH

supplemented with 0.155 NaCl, while the control experiment needed 1060 g of this
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kind of base. This small difference was accepted because the shot experiment lasted
two hours more than the control experiment. An illustration of three random shots in
detail is shown in Figure 12. The desired mixing time of 120 s, which was set over the
peristaltic pumps (with a flow rate of 12000 mL/h), was almost reached. The
determination of the mixing time was performed for 20 random overshoots, the same
way as already explained in chapter 3.1.1. For these 20 amplitudes, a mixing time of
11814 s could be reached. Furthermore, Figure 12 shows in detail, that the base shots
in the SC led to small pH changes of about 0.006 units in the BC.

7.6
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Figure 11: pH profile for the TC Fed Batch cultivation with base shots in the SC. Blue curve
illustrates the pH signal of the small compartment and the purple curve the pH signal of the big
compartment. Overall 294 shots were performed. 56 shots before and 238 shots after the pH shift with
an average amplitude of 0.23+0.02 units.

The same small amplitudes were obtained in the control experiment, where the base
was added in the BC. As the rise of pH in the BC was so small, a negative effect on
the cultivation could be ruled out. In comparison to the experiments of Brunner et al.
(2017), no counteracting of the pH overshoots with HCI was needed. This could be
achieved because the rise of pH in BC as a consequence of base addition in the SC
was extremely small. It is also visible that the time interval between two shots is not
constant since the base was only added when the pH of the BC has fallen below the
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threshold. This kind of pH-overshoot control is similar to the experiments of Brunner et
al. (2017). The time between two base shots ranged between half an hour and two
hours when the re-calibration of the pH probes is neglected. For all these reasons, it
can be assumed that both TC cultivations are comparable in terms of pH perturbations.
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Figure 12: Detail of three random pH overshoots in shot experiment. Purple line shows the pH of the
big compartment and the blue line the pH of the small compartment.

3.3.3 Osmolality profile

Previous studies from Brunner et al. (2017) or Osman, Birch, and Varley (2002)
observed, that the simulation of high pH amplitudes in a TC system lead to an increase
in osmolality. In both studies, the executed pH perturbations were counteracted with
HCI. This resulted in an additional rise in osmolality. They added HCI to decrease the
time, for which the cells are exposed to a too high pH. Commonly, cell culture media
are designed to have an osmolality between 260 and 320 mOsm/kg to mimic the
osmolality of serum at approximately 290 mOsm/kg (Ozturk and Palsson 1991).
Several studies focussed on the harmful effect of high extracellular osmolality on the
growth of CHO cells (Kimura and Miller 1996; Ozturk and Palsson 1991; Zhu et al.
2005) and animal cells in general (Pasantes-Morales et al. 2017). A high extracellular
osmolality has a negative impact on cells nutrient and ion transporters and furthermore
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causes a swelling of the cells which usually results in a lower specific growth rate. For
these reasons, the experiments of Brunner et al. (2017) and Osman, Birch, and Varley
(2002) were only evaluated for the early phase of the cultivations. Nevertheless, it is
proven that the final product titer is not affected through higher osmolalities since the
cells try to compensate the lower growth rate with a higher specific production rate
(Ozturk and Palsson 1991; Zhu et al. 2005). Other studies of our research-group (data
not shown) showed, that the used cells tolerate osmolalities between 280 and 360
mOsm/kg. As already mentioned, without addition of NaCl to the base, the osmolality
would slowly decrease with an increasing number of executed shots of base. In such
cases, a lowering osmolality can reach the lower critical value of 280 mOsm/kg. Figure
13 shows the osmolality profile for the four cultivations. On the first glance it is visible,
that the osmolality of all cultivations rose until the end of the process. This can be
explained by the missing lactate consumption which usually occurs in a CHO Fed
Batch cultivation. Moreover, the osmolality was almost the same for the first 60 h. Then
a passive pH shift from 7.00 to 6.90 was executed for all cultivations. Afterwards, the
osmolality of the OC control cultivation (purple circles) increased in comparison to the
OC shot cultivation (light blue circles). This was caused by an external re-calibration of
the pH probes followed by an automated addition of HCI until the pH set-point was
reached. After about 100 h, the gap between the OC cultivations further increased.
This might be caused by the lesser production of lactate in the OC shot cultivation
(between 100 and 170 h of process time) combined with the earlier consumption of
ammonium. Nevertheless, both OC osmolalities rose roughly in parallel after 160 h of
cultivation (OC shot measurement at 150 h might be considered an outlier). Further,
none of the experiments reached the lower osmolality limit and only the OC control
cultivation reached the upper osmolality limit of 360 mOsm/kg. Since the limit was
reached for the first time in the death-phase of the cultivation, no influence on the
growth-physiology and the productivity can be assumed. It is also visible, that both TC
cultivations (blue and red squares) had almost the same profile over the whole process.
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Figure 13: Osmolality over process time for the TC cultivations and the corresponding OC cultivations.
Almost same profile for all cultivations except OC control run (purple circle). Higher osmolality after
Temp. and pH shift because of calibration problems. No lactate consumption at all cultivations and
therefore osmolality increases over the whole process.

Based on the results, it can be assumed, that at least both TC cultivations are
comparable in terms of osmolality.

3.3.4 Physiology and Productivity

The following three figures (14-16) show measurement data obtained with the Cedex
HiRes. Figure 14 displays the viability of the TC and OC Fed Batch cultivations over
the whole process time. It is visible that the TC cultivations (red and blue squares)
show a completely different trend than the OC cultivations (purple and light blue
circles). The viability in both TC cultivations already decreased early in the process,
while the viability of the OC cultivations was constant until 180 h of process time.
Almost the same trend for viability in TC cultivations was observed by Brunner et al.
(2017) who used the same setup. The permanent decrease in viability might be
explained by the higher stress conditions in the two-compartment system (Nienow et
al. 2013). Nevertheless, the viability was consistent within the used reactor setups. For
this reason, both TC cultivations as well as both OC cultivations can be compared in
terms of viability.
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Figure 14: Viability over process time for the TC cultivations (red and blue squares) and the
corresponding OC cultivations (purple and light blue circles). Viability in TC cultivation decreases earlier.
Viabilities for the different systems are the same.

The lower viability of the TC cultivations was also reflected in lower viable cell densities
(VCD) which are presented in Figure 15. Until 60 h of process time, the VCD was
approximately the same for all four cultivations. After 60 h, a pH shift (from 7.0 to 6.9)
and in parallel a temperature shift (from 36.5 to 33°C) was executed. It is possible, that
these shifts had a negative influence on the growth in the TC cultivations (red and blue
squares), because the VCD curves of the different reactor setups were drifting apart.
This resulted in a maximum viable cell density (VCDmax) of the OC cultivations which
was almost twice as high as the VCDmax of the TC cultivations. This might have
occurred due to accumulated stress factors caused by the experimental setup of the
TC system. The most important factor is the shear stress caused by the peristaltic
pumps which are used to exchange the cultivation broth between the reactors. Also,
the tubing which was used to link the SC and the BC might have caused problems
since they were transparent and not isolated against heat loss. Due to transparency of
the tubes, reactive oxygen species (ROS) could be formed as consequence of ambient
light (Calvet, Li, and Ryder 2014; Kanner and Fennema 1987; Stoien and Wang 1974).
In addition, these tubes were also permeable for gases like CO2 or O2 which are used
for the aeration. Because of the heat loss in the tubes, the reactors were also
permanently over-heated and hence might impaired the cells which are closer to the
reactor wall.
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Further, OC cultivations reached their VCDmax at approximately 192 h while TC
cultivations reached their VCDmax after the approximately 183 h. Before the
experiments were carried out, it was assumed that the TC control run should have a
better growth performance as the TC shot run since the operating conditions were
slightly better (no simulated alkaline zone). The results showed the opposite with a
VCDmax of the TC control cultivation of only 80.6% of the VCDmax from the TC shot
cultivation. Both control cultivations, the OC as well as the TC cultivation had a lower
VCDnmax than the shot cultivations. The values for the VCDmax and the corresponding
times when they were reached are listed in Table 7. The VCDmax of the OC cultivations
should generally be the same because both were operated the same way. The only
difference between them was the age of the pre-culture. Nevertheless, the VCDmax of
the OC control cultivation reached only 82.4% of the VCDmax of the OC shot cultivation.
As the percentage of the differences in VCDmax between both OC cultivations and both
TC cultivations were quite similar, a problem due to an older pre-culture was assumed.
All cultivations used a pre-culture from the same cell-thawing procedure. However, the
pre-culture was three weeks older when it was used for the control experiments. More
passages in the pre-culture medium which contains methotrexate (MTX) as selection
marker may have induced a change in the metabolism of the cells. Further the VCDmax
at TC shot cultivations was in the same range as at the experiments of Brunner et al.
(2017) and Nienow et al. (2013) although they used higher pH amplitudes. A
comparison of the VCDmax of the TC control was not conducted because of the different
age of the pre-culture.

Table 7: Measured values for VCDmax and their corresponding process time.

Cultivation VCDmax tvcbmax
[10°cells/mL] [h]

OC shot 130.1 193.0

OC control 107.0 191.2

TC shot 67.1 181.4

TC control 54.1 184.3
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Figure 15: VCD over process time for the TC cultivations and the corresponding OC cultivations.
Maximum VCD for the TC cultivations is significantly lower than for the OC cultivations. Remarkable
differences between OC cultivations although they were performed under the same conditions. Contrary
to the assumption, the TC control run has a lower VCDmax than the TC shot run.

Another aspect of importance regarding TC cultivations of CHO cells is the cell-cell
adhesion, called aggregation. Usually, CHO cells form aggregates under suboptimal
growth conditions. These aggregates are formed around dead or degrading cells and
they are generally more sensitive to shear forces than single cells (Renner et al. 1993).
Figure 16 displays the measured percentage of aggregation for the TC and the OC
Fed Batch cultivations. It can be observed in Figure 16, that the aggregation of both
OC cultivations (circles) were significantly higher at the end of the process than for the
TC cultivations (squares). This could be caused by two reasons. Either the higher
aggregation in the OC experiments was caused by the higher VCDs or the aggregates
in TC experiments were permanently destroyed by the peristaltic pumps. It is highly
probable, that the peristaltic pumps, which are used for the media exchange between
the SC and BC generate additional shear-stress (Mulholland, Shelton, and Luo 2005;
Nienow et al. 2013). Furthermore, the TC cultivations might have a higher aggregation-
rate because of the suboptimal growth conditions. But at the same time these
aggregates might be destroyed faster because of higher shear forces in comparison to
a single reactor system. This could also be linked to the lower viability and the earlier
LDH release which was observed in TC cultivations. The smaller differences which
could be observed within the same reactor setups could be caused by the differences
in VCD. Since both control cultivations had a lower VCD than their corresponding shot
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cultivation at the same viabilities, a higher number of dead cells must be present in
shot cultivations. As already explained, aggregates are formed around dead cells and
for this reason the aggregation is higher in shot experiments.
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Figure 16: Aggregation over process time for the TC cultivations and the corresponding OC cultivations.
TC cultivations show a lower aggregation. This might have occurred because of peristaltic pump caused
shear forces.

Lactate dehydrogenase (LDH) is one of the most prominent markers for cell lysis in
mammalian cell culture (Klein et al. 2015). As it can be seen in Figure 17, the release
of LDH in cultivations in the TC system started considerably earlier than in the OC
system. This indicates, that cells in the TC start to lyse earlier, which was likely caused
by the TC reactor setup. The released amount of LDH at the end of the process was
approximately the same for the parallel running cultivations. Both cultivations from the
shot experiment reached a higher LDH value than the cultivations from the control
experiment. Differences between the cultivations which are not setup dependent, could
be attributed to the different VCDs.

The product titer, which is illustrated in Figure 18 was determined as explained in
chapter 2.2.6. As already assumed, the product titer was much lower in the TC
cultivations because the product end concentration mainly depends on the VCDmaxand

on the process duration. Approximately the same percentual differences as the
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VCDmax between shot and control experiment were also obtained for the final product
concentration. In comparison with Brunner et al. (2017), the TC shot cultivation
reached almost the same product end concentration as in their experiments, although
they had a much higher pH amplitude. Further they did not find any remarkable
difference in product concentration between TC shot and TC control cultivation. Since
their VCDmax and other metabolite concentrations in their TC shot experiment are quite
similar to our values, an influence of the alkaline zone on the product titer can be

excluded.
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Figure 17: LDH activity per litre over process time for the TC cultivations and the corresponding OC
cultivations. The formation of LDH starts earlier (after 60) for both TC cultivations, although the VCDs
were lower than for OC cultivations.
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Figure 18: Product concentration over process time for the TC cultivations and the corresponding OC
cultivations. Maximum product concentration was much lower for TC cultivations. There are remarkable
differences between OC cultivations although they were performed the same. Contrary to the
assumption, the TC control run has a lower maximum product concentration than the TC shot run.

3.3.5 Metabolites

The substrates glucose (Glc) and glutamine (GIn) were consumed throughout the
cultivation. Further, these substrates were also fed in the later stages of the process.
Glucose was added as bolus, while glutamine was added as a constant feed. Lactate
(Lac) and ammonium (NH4*) are waste-products and they were produced during the
cultivations. For a deeper insight into the physiological behaviour of the cells, specific
rates were calculated. These specific rates and their interpretation will be subject of
Chapter 3.3.6.

As shown in Figure 19, none of the cultivations switched to lactate consumption in the
later stages of the process. Normally lactate is consumed in CHO Fed Batch cultures
due to a metabolic shift. A comparison with the experiments of Brunner et al. (2017)
showed that they had the same problems concerning lactate consumption with their
TC cultivations. Therefore, the missing lactate consumption in TC cultivations could be
attributed to the reactor setup. However, their OC cultivations showed a switch to
lactate consumption. The only difference of OC cultivations in this work in comparison
to their OC cultivations, was the additional pH-shift. They only performed a temperature
shift from 36.5 to 33°C, while in this study also a pH shift from 7.00 to 6.90 was
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executed in parallel. Hence it seems that the additional pH shift caused the absence
of the lactate consumption in OC cultivations. Further the differences in lactate
concentrations among the four Fed Batch cultivations were quite small.

Figure 21 presents the time course of the glucose concentration for all four Fed Batch
cultivations. None of the cultivations were glucose limited. This is an indication for a
well established feeding strategy. Moreover, it can be observed from Figure 21 that the
time course of glucose concentration was almost the same for all cultivations.

The time course of the ammonia concentration is presented in Figure 20. As it can be
seen, all cultivations followed almost the same trend until 80 h of process time. In
addition, it is visible that both OC cultivations reached a higher maximum ammonium
concentration than the TC cultivations. Further the ammonium concentration
decreased in both OC cultivations after 220 h of the process while it stayed almost
constant in both TC cultivations after 80h. Moreover, it is visible that both control
cultivations reached higher concentrations than the shot cultivations.

Figure 22 shows, that glutamine never got limited in all four Fed Batch cultivations
since it was fed with a constant rate in the later stages of the process. Furthermore, it
seems as more glutamine was fed throughout the TC control cultivation (red squares)
than consumed by the cells. This could be explained by the lower VCD and a resulting
lower demand in glutamine at TC control experiment. This observation also correlates
with the time course of glutamate concentration (Appendix Figure 23).
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Figure 19: Lactate concentration over process time for the TC cultivations and the corresponding OC
cultivations. Almost the same profile for all cultivations was present. No metabolic shift to lactate
consumption was observed.
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Figure 20: Ammonium concentration over process time for the TC cultivations and the corresponding
OC cultivations. All cultivations show a similar behaviour with a rising ammonium concentration until
~100 h. After this cultivation time, the concentration stayed nearly constant in TC cultivations while it
dropped at OC cultivations.

47



3.3 pH heterogeneities

57‘
Be
i
-
Qe
43.25 - .° e OC centrol
— ‘: ° ® OC shot
g " Dpe ® TC control
o - =  TCshot
E o5t ‘2 §
E < .
g .e_
o !i .
15.75 o .
L
$ = = °
r I W ge e’ o
" ¢ ! .. o %o
4] 80 160 240 320

Process Time [h]

Figure 21: Glucose concentration over process time for the TC cultivations and the corresponding OC
cultivations. Almost the same profile for all cultivations. No shift to Lac consumption.
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Figure 22: Glutamine concentration over process time for the TC cultivations and the corresponding
OC cultivations. Almost the same glutamine consumption until 100 h. Same trend for all cultivations
except TC control (red squares) could be observed. It seems as more glutamine was fed at TC control

than it was consumed.
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3.3.6 Specific Rates

The average of the specific rates listed in Table 8 were calculated as the average of
all specific rates from the start of the cultivation until the end of growth after 190 h. As
already mentioned in Chapter 3.3.1, the TC cultivations could not be directly compared
with the corresponding OC cultivations. For this reason, the percental differences
between the average of the specific rates from both OC cultivations were calculated
as a first step. These percental differences were assumed to be caused by differences
in the pre-culture since it was three weeks older at control cultivations. Another
possible explanation for the differences might be the higher osmolality in the OC control
run. Since the osmolality raised much earlier than the physiological parameters
showed any differences it might be less likely that this is the cause of the differences.
As a second step, the percental differences between the average of the specific rates
for both TC cultivations were calculated. After that, these results were corrected with
the percental difference of the OC cultivations. Thereby, only the influence of the
alkaline zone on the specific rates was investigated. In addition, plots with the specific
rate of the control cultivation over the specific rate of the shot cultivation were made
(Appendix Figure 25 - 28). As the samples were taken at the same time throughout the
whole experiment, both cultivations could be directly compared within these plots. They
were mainly made to prove, if the calculated averages of the specific rates contain any
outlier. Therefore, a linear fit and a confidence interval of 95% were added. Since all
the compared specific rates lie within the confidence interval the linear fit could be
accepted and no outliers in the calculation of the average of the specific rates can be
assumed. Further, these plots confirmed the trend to a higher or lower specific rate of
the shot experiments in comparison to the control experiments which was apparent
from the calculations of the average of the specific rates.

For the comparison of the specific rates with previous studies, only the results from
Brunner et al. (2017) could be considered since Cortes et al. (2016) had a different
organism and Osman et al. (2001) as well as Nienow et al. (2013) only provided the
specific growth rate in their publications.

As already expected from VCD results, the specific growth rates (u) of both OC
cultivations were higher than the specific growth rates of the TC cultivations. Besides
that, shot cultivations also showed a higher growth in comparison with the control
cultivations of the same reactor setup. The subtraction of the OC variability from the
difference between both TC growth rates resulted in a 3 % higher growth rate caused
from the alkaline zone. This result must be considered very critical because the
percental difference is very small and there is always variation in biological systems.
Further, these values were calculated from average values which may contain outliers.
Obtained average growth rates were much lower than the average growth rates from
Brunner et al. (2017). This could be attributed to the longer time interval, which was
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used for the calculation of the average of the specific rates. Generally, the specific
growth rates are higher in the early phase of a process and then decrease with
increased process duration.

Table 8: Calculated average (between 0 h and 190 h of the process) of the specific rates for the TC and
the OC cultivations.

Average of specific rate OC control OC shot TC control TC shot

H [107%/h] 1.85 1.91 1.52 1.61
deic [pmol/(cell *d)] -2.37 -2.35 -3.25 -3.02
dein [pmol/(cell *d)] -0.60 -0.50 -0.53 -0.54
Qproduct [pg/(cell *d)] 20.75 20.89 15.35 15.49
Qrac [pmol/(cell *d)] 2.08 1.98 2.91 2.81
gnHat [pmol/(cell *d)] 0.43 0.38 0.38 0.41
qrox [pU/(cell *d)] 11.80 9.11 37.88 41.51

Table 8 displays the average values for the specific glucose uptake rate (qaic). It is
visible that the TC cultivations had a higher demand in glucose than the OC
cultivations. It was calculated, that the difference in OC cultivations of gqeic amounted
to 0.85 %. Therefore, it was assumed, that the variability of the OC cultivations had no
effect on the glucose uptake of the cells. The resulting influence of the alkaline zone
can be accounted for a lower qcic of 6.23 % in TC shot experiment. This result
correlates well with the observations of Brunner et al. (2017), since they also observed
a lower demand in glucose when simulating an alkaline zone. As they performed more
intense pH perturbations, they also observed a notably stronger impact on gaic.

Glutamine is undergoing a degradation, as already described in Chapter 3.2. Hence,
a predetermined correction factor was implemented for the calculation of the specific
glutamine consumption rates (qcin). The resulting averages of qein for the growth phase
of all four Fed Batch cultivations can be found in the third row of Table 8. The average
values of gein were almost the same for all cultivations. Therefore, it can be assumed,
that the glutamine consumption, as well as the ammonium formation were not strongly
affected by the reactor setup. After the deduction of the percental variability of the OC
cultivations, a 14,8 % lower gcin could be observed for the TC shot cultivation in
comparison to the TC control cultivation. That means that cells needed a lower amount
of glutamine when they were exposed to an alkaline zone. The ammonia formation
(gnwa+) rate, which is linked to qein showed almost the same trend contrariwise.

As already assumed, the average of the specific product formation rate (geroduct) Was
higher at both OC cultivations since they were performed under gentler conditions. The
influence of the OC cultivation variability was 0.68%. The TC cultivations showed only
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a minimal difference of 0.22% after deduction of the OC variability. Hence, it was
assumed that the simulated alkaline zone has no influence on the specific rate of
product formation. This is in accordance with the findings of Brunner et al. (2017). They
also did not find any differences even at harsher conditions.

The averages of the specific lactate formation rates (qLac) are listed in Table 8. A higher
formation of lactate was observed in both TC cultivations. Furthermore, the formation
was also higher for the control cultivations. They were comparable with the shot
cultivations in the corresponding setup. This could be attributed to the variance of the
OC cultivations. The variation in OC cultivations showed a 4.8 % higher qrac for the
control in comparison to the shot cultivation. A 1.36 % lower grac was found for the
cultivation with the simulated alkaline zone after accounting for the OC variability. The
result is not substantial, since this difference is quite low. Brunner et al. (2017) came
to the same findings under harsher conditions. Hence, it was assumed that an alkaline
zone has no influence on the formation of lactate.

As already mentioned in Chapter 3.3.4, the LDH release was much higher for TC
cultivations than for OC cultivations. By calculating the average of the specific LDH
release rates (quon), a 22.8% higher release for the OC control run was observed in
comparison to the OC shot cultivation. This difference could either be attributed to the
older pre-culture in the control cultivations or to the differences in osmolality. Applied
on the percental differences between the TC shot and TC control cultivations, this
resulted in a 32.4 % higher LDH release caused by the alkaline zone. Although this
value is quite high, a higher LDH formation due to an alkaline zone seems possible
because higher LDH values indicate a higher stress level of the cells.
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4 Conclusion

This master thesis was dedicated to the investigation of pH heterogeneities which are
described for large scale cell culture cultivations. It has been demonstrated, that long
mixing times lead to a pH gradient in process scale cell culture reactors due to base
addition from the top (Langheinrich and Nienow 1999). Several studies already
investigated the influence of an alkaline zone on the physiology of mammalian cells
with TC scale down setups (Brunner et al. 2017; Nienow et al. 2013; Osman, Birch,
and Varley 2002) but they mainly simulated extreme conditions which are less likely to
occur in industrial processes.

The first task of this study was to determine the size and the intensity of an alkaline
zone which occurs in a 10 m3 reactor. Therefore, a 3 L bench scale reactor was used
in a scale down approach for the experimental determination of the volume and the
average pH of the alkaline mixing zone. In addition, a method has been established for
the determination of the mixing with two pH probes in a 3 L reactor. It was feasible to
fix the volume of the alkaline zone to approximately 5% of the initial reaction volume
with an average pH amplitude of 0.25 units at a mixing time of 120 s. The determined
volume of 5% is identical to the volume used by Nienow et al. (2013) and Brunner et
al. (2017). However, the determined value for the pH amplitude is much lower than
those used in previous studies. Since Osman et al. (2001) and Brunner et al. (2017)
wanted to simulate extreme conditions, the current study could extend their findings
for moderate conditions. In contrast to previous mentioned studies, where the
parameters of the alkaline zone have been chosen based on literature, this study has
used a simple experimental method to determine these parameters.

The second task was to investigate the impact of an alkaline zone with the obtained
parameters on the physiology and productivity of CHO cells. The smaller reactor in this
setup was used to mimic the alkaline zone with previously determined size and pH
amplitude. Throughout the experiments, no remarkable influence on the specific
growth rated p and the VCDmax could be attributed to the alkaline zone. It is highly
probable, that the pH amplitude of 0.25 has been too low to generate any effect on
these parameters. This result extends the findings of Osman et al. (2001) and Brunner
et al. (2017) who used much higher pH amplitudes with a resulting negative influence
on i and VCDmax. Also, neither an influence on qp nor on final product titer due to an
alkaline zone has been observed. This is consistent with the findings of Brunner et al.
(2017) and Nienow et al. (2013). Further it was demonstrated that the formation of
metabolites like lactate, ammonium or the uptake of glucose are not affected by the
presence of an alkaline zone of mimicked size and pH. This mirrors the findings of
Brunner et al. (2017) who also could not find any influence of an alkaline zone on these
metabolites under even harsher conditions. Only the release of LDH and the
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consumption of glutamine were influenced by the alkaline zone. LDH was released
earlier in both TC cultivations due to higher cellular stress caused by the setup itself
and in addition a 32.4% higher qLon has been observed in the presence of an alkaline
zone. The specific glutamine consumption was 14.8% lower in the presence of an
alkaline zone which stands in contrast to the observations of Brunner et al. (2017) who
did not find any effect on qen caused by an alkaline zone. Moreover, the
implementation of the glutamine degradation constant led to a 20% lower average
value for gcin.

This work extended the knowledge about alkaline zones since it was the first time that
such small pH amplitudes and no acid counteraction of the pH perturbations have been
used. In addition, a new experimental approach has been established for the
determination of the volume and the pH of an alkaline zone as an alternative to
commonly used CFD studies. Furthermore, a method for determination of the MT with
two pH probes in a 3L bench scale reactor has been developed. Since the influence of
an alkaline zone of determined size and intensity on CHO growth behaviour and
productivity was quite low, a submerse addition of base might not be necessary in large
scale cultivations. For longer MT, which result in alkaline zones of higher intensity a
stronger impact might be visible. In such cases, the exchange of NaOH against a
weaker base may also lead to alkaline zones of smaller size and intensity.

Throughout the experiments, several problems and limitations of the existing TC
system have been observed. By the usage of the TC setup a much lower VCDmax
(50%) and lower p (15 %) have been found in comparison with OC cultivations. The
evidence suggests that these problems are setup dependent. Also, a missing lactate
shift and earlier LDH release in TC cultivations are already known from previous
experiments of Brunner et al. (2017). This might be a result of many accumulated
stress factors. In addition, also the usage of an older pre-culture at the control
experiments as well as the parallel executed pH and temperature shift had a negative
impact on the growth behaviour and the metabolism of the cells.

Therefore, we would suggest for future work either to purchase a second TC setup for
comparison or to improve the existing one to gain a higher comparability to the OC
setup. Future work on pH heterogeneities should focus on the investigation of alkaline
zones for MT of 240 s and 360 s to cover the whole area which is possible for CHO
cultivations in the size of 8 m® — 10 m3. Overall, the findings of the performed
cultivations in this study are promising but should be replicated.
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Table 9: Used chemicals
Name Usage Manufacturer Country
O, Process control Air Liquide FRA
CO. Process control Air Liquide FRA
N> Process control Air Liquide FRA
HCI 37 % acid for pH control Carl Roth GER
NaOH base for pH control Carl Roth GER
NaCl buffer, osmolality control ~ Sigma - Aldrich USA
Glycerol 85 % lubricant Héanseler AG CH
Mikrozid liquid disinefection Schulke GER
Buffers pH 4.01 and pH Calibration Hanna USA
7.0 Instruments
NaH.PO, HPLC buffer Carl Roth GER
NaN; HPLC buffer Carl Roth GER
K,PO, HPLC buffer Carl Roth GER
K;H-PO, HPLC buffer Carl Roth GER
BSA HPLC buffer Carl Roth GER
Methanole HPLC buffer Fischer scientific ~ USA
Acetic acid HPLC buffer Carl Roth GER
Acetonitrile HPLC buffer Fischer scientific ~ USA
OPA derivatisation agent Molekula ENG
Boric acid derivatisation agent Fluka CH
MPA derivatisation agent Sigma - Aldrich USA
FMOC derivatisation agent Sigma - Aldrich USA
18 AA standard mix standard Sigma - Aldrich USA
Asparagine standard Merck USA
Hydroxyproline standard Carl Roth GER
Glutamine standard Carl Roth GER
Norvaline standard Sigma - Aldrich USA
Sarcosine standard Sigma - Aldrich USA
Taurine standard Carl Roth GER
Tryptophane standard Merck USA
Methyl red sodium salt | indicator dye Sigma - Aldrich USA
Bromothymole blue indicator dye Carl Roth GER
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Table 10: Used laboratory equipment

Device / Equipment Specification Manufacturer Country

Bottle top filters Stericup 0.1u 500, 1000 mL  Merck Milipore USA

Shake flasks Polycarbonate with vent cap Corning USA
250-1000 mL

Serological pipettes Rotilabo 2, 5, 10, 25, 50 mL Carl Roth GER

Syringes Plastipak Luer-Lok 5, 10, 50 BD USA
mL

Eppendorf tubes Safe-Lock 1.5 , 2.0 mL Eppendorf GER

Centrifuge tubes Centrifuge  tubes  with VWR USA
conical bottom 15,50 mL

Pipette tips Ultra tip 200, 1000 pL Greiner AT

HPLC vials screw top vials 12 x 32 mm  Sigma - Aldrich ~ USA

Glass bottles Schott 100, 250, 500, 1000, DURAN GER
2000 mL

Analytical scale AZ 124 Sartorius GER

Incubation shakers Minitron Infors HAT CH

Laminar air flow Herasafe KS 12 Thermo USA

Scientific

Osmometer OM 806 Loser GER

pH meter pH 3110 WTW GER

Centrifuge Z36HK Hermle GER

Magnetic stirrer RH B S000 IKA GER

Water purification Milli-Q Synergy UV Merck Milipore USA

system

Cell Analyzer CEDEX Hi-Res Roche CH

Bioprocess Analyzer CEDEX Bio HT Roche CH

HPLC system UltiMate 3000 Thermo USA

Scientific

HPLC software Chromeleon 7.2 Dionex USA

Protein A column POROS PA Applied USA
Immunodetection  2.1x30 Biosystems
mm, 20pm

Amino acid column Zorbax Eclipse AAA 3.5 um, Agilent USA
3x150 mm

Autoclave Systec V-150 Systec GER
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Table 11: Used reactor equipment

Name Specification Manufacturer Country
Control tower Labfors Cell Infors HT CH
Big vessels 36L Infors HT CH
Small vessel 0.75L Infors HT CH
Off-gas analyser BluelnOne Cell BlueSens GER
dO_ probes Visi Ferm DO Arc 225 Hamilton USA
pH probes Easy Ferm Plus K8 200 Hamilton USA
MFC red-y smart series Vaogtlin CH
Balance feeds Entris Sartorius GER
Balance reactor 36 KO0.2 Kern DS GER
Balance acid / base New Classic MF Mettler Toledo USA
Peristaltic pump feeds | Preciflow Lambda CH
Instruments
Peristaltic pump TC Ecoline Ismatec GER
Peristaltic pump base | IPC Ismatec GER
shots
Air filter 0.22 pm Acro 37 TF PALL USA
Air filter 0.22 pm Vacushield PALL USA
Silicone tubes 3x7, 4x8, 5x10, 6x12 mm VWR USA
Luer-lok connectors different types VWR USA
Feed bottles Schott 100, 250, 500, DURAN GER

1000, 2000 mL
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Figure 23: Time course for the concentration of glutamate for TC and OC cultivations. OC shot
cultivation was the only one were glutamate was consumed at the end of the process.
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Figure 24: Time course for CHO cell’s diameter for TC and OC cultivations. Cells in OC shot cultivation
had a higher diameter after 160 h than in the other cultivations.
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Figure 25: Comparison of specific glucose uptake rate of two compartment control run (y-axis) and two
compartment shot run (x-axis). Data points are given as black dots, solid line illustrates the linear fit and
the dashed line illustrates the 95% confidence interval.
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Figure 26: Comparison of specific glutamine uptake rate of two compartment control run (y-axis) and
two compartment shot run (x-axis). Data points are given as black dots, the solid line illustrates the linear
fit and the dashed line illustrates the 95% confidence interval.
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Figure 27: Comparison of specific lactate production rate of two compartment control run (y-axis) and

two compartment shot run (x-axis). Data points are given as black dots, the solid line illustrates the linear
fit and the dashed line illustrates the 95% confidence interval.
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Figure 28: Comparison of specific ammonium formation rate of two compartment control run (y-axis)

and two compartment shot run (x-axis). Data points are given as black dots, the solid line illustrates the
linear fit and the dashed line illustrates the 95% confidence interval.
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